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The B,-adrenergic receptor (,AR) is known to be lo-
calized to synapses and to modulate synaptic plasticity
in many brain regions, but the molecular mechanisms
determining ,AR subcellular localization are not fully
understood. Using overlay and pull-down techniques,
we found that the B;AR carboxyl terminus associates
with MAGI-2 (membrane-associated guanylate kinase
inverted-2), a protein also known as S-SCAM (synaptic
scaffolding molecule). MAGI-2 is a multidomain scaffold-
ing protein that contains nine potential protein-protein
interaction modules, including 6 PDZ domains, 2 WW
domains, and a guanylate kinase-like domain. The ;AR
carboxyl terminus binds with high affinity to the first
PDZ domain of MAGI-2, with the last few amino acids of
the B,AR carboxyl terminus being the key determinants
of the interaction. In cells, the association of full-length
B:AR with MAGI-2 occurs constitutively and is en-
hanced by agonist stimulation of the receptor, as as-
sessed by both co-immunoprecipitation experiments
and immunofluorescence co-localization studies. Ago-
nist-induced internalization of the B;AR is markedly in-
creased by co-expression with MAGI-2. Strikingly, this
result is the opposite of the effect of co-expression with
PSD-95, a previously reported binding partner of the
B;AR. Further cellular experiments revealed that
MAGI-2 has no effect on B;AR oligomerization but does
promote association of ;AR with the cytoplasmic sig-
naling protein p-catenin, a known MAGI-2 binding part-
ner. These data reveal that MAGI-2 is a specific ;AR
binding partner that modulates ;AR function and facil-
itates the physical association of the g;AR with intracel-
lular proteins involved in signal transduction and syn-
aptic regulation.

Norepinephrine is a potent regulator of synaptic plasticity.
For example, long-term potentiation of synaptic responses, a
phenomenon believed to underlie some forms of long-lasting
memory, is greatly promoted by noradrenergic stimulation in a
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number of brain regions (1-11). The effects of norepinephrine
on synaptic plasticity are mediated largely through activation
of the B,-adrenergic receptor (8,AR),' since mice lacking ;AR
fail to exhibit regulation of long-term potentiation by adrener-
gic stimulation (9). Pharmacological blockade of brain B;-adre-
nergic receptors not only hinders the development of synaptic
plasticity, it is also known to impair memory formation (12—
17), thus underscoring the physiological importance of ;AR
regulation of synaptic processes.

The family of B-adrenergic receptors includes three subtypes,
B1AR, B,AR, and B;AR, with B;AR and B,AR being the sub-
types found most abundantly in the brain. B,-Adrenergic re-
ceptors in the central nervous system are expressed mainly in
glia (18-20). In contrast, B;-adrenergic receptors are found
primarily in neurons and are particularly concentrated at syn-
aptic junctions (18, 19, 21, 22). The synaptic localization of the
B;AR in the brain is believed to be important for the aforemen-
tioned modulation of synaptic plasticity by B;-adrenergic recep-
tors (1-11), and it is therefore a point of major interest to
understand the mechanisms controlling 8;AR subcellular traf-
ficking in neurons.

Synaptic targeting of receptors and channels in the brain can
often be promoted by association of the receptors and channels
with specific scaffolding proteins (23). It was recently reported
that the B;AR can associate with the synaptic scaffolding pro-
tein PSD-95 (24). PSD-95 contains three PDZ domains, which
are conserved modules of ~90 amino acids that mediate asso-
ciation with specific motifs on the carboxyl termini of target
proteins (25). The third PDZ domain of PSD-95 specifically
associates with the carboxyl terminus of the B;AR, and this
interaction promotes the physical linkage of the $;AR to other
PSD-95-associated synaptic proteins such as N-methyl-D-as-
partate-type glutamate receptors and also regulates $;AR in-
ternalization (24).

While the interaction of B;AR and PSD-95 is likely to be
physiological important for 8;AR subcellular targeting in vivo,

! The abbreviations used are: B,AR, B,-adrenergic receptor; PDZ,
PSD-95/Discs-large/Z0-1 homology; MAGI, membrane-associated gua-
nylate kinase-like protein with an inverted domain structure; PSD-95,
post-synaptic density protein of 95 kDa; S-SCAM, synaptic scaffolding
molecule; NHERF, Na*/H* exchanger regulatory factor; mNET1, mu-
rine neuroepithelial cell transforming gene 1; nRapGEP, neural Rap
GDP/GTP exchange protein; CRIPT, cysteine-rich interactor of PDZ
three; PTEN, phosphatase and tensin homolog deleted on chromosome
10; PCR, polymerase chain reaction; GST, glutathione S-transferase;
CT, carboxyl terminus; His, hexahistidine-tagged; PAGE, polyacryl-
amide gel electrophoresis; WT, wild-type; HA, hemagglutinin;, HEK,
human embryonic kidney; PBS, phosphate-buffered saline; BS?,
bis(sulfosuccinimidyl)suberate.
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it should be noted that the distributions of ;AR (26-28) and
PSD-95 (29-31) are not identical. There are a number of cel-
lular populations where ;AR is known to be highly expressed
but PSD-95 is not detectable. The potential determinants of
B;AR targeting in neurons or other cells not expressing PSD-95
are unknown. We have identified another PDZ domain-contain-
ing scaffolding protein, MAGI-2 (membrane-associated guany-
late kinase inverted-2) (32), a protein also known as S-SCAM
(synaptic scaffolding molecule), as a high-affinity cellular bind-
ing partner of the B;AR. While MAGI-2 and PSD-95 are struc-
turally related PDZ proteins, we have found that they exhibit
diametrically opposed effects on ;AR internalization: MAGI-2
strongly promotes B;AR internalization, whereas PSD-95
markedly inhibits it. The studies reported here describe the
interaction of B;AR with MAGI-2, and furthermore, describe
the structural determinants of this interaction and its effects
on B;AR function.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—Mammalian expression plasmids
pcDNA3/Flag-B;AR and pcDNA3/Flag-B,AR were described before (24).
The mammalian expression plasmid for pPCMV/HA-B,AR was kindly
provided by Hitoshi Kurose (University of Tokyo). To express GST
fusion proteins of receptor carboxyl termini, 8;AR-CT (the carboxyl-
terminal 100 amino acids of the human B;AR), B,AR-CT (the carboxyl-
terminal 80 amino acids of the human B,AR), and a;,AR-CT (the
carboxyl-terminal 136 amino acids of the human «,,AR, prepared from
a c¢cDNA provided by Kenneth Minneman, Emory University) were
amplified by PCR and then subcloned into pGEX-4T1 using the EcoRI
and Xhol restriction sites. Point mutations of the B;AR-CT were intro-
duced by PCR and verified by ABI sequencing.

The MAGI-2 PDZ1, PDZ2, PDZ3, PDZ4, and PDZ5 constructs were
prepared via PCR from a human MAGI-2/AIP1 ¢cDNA (32). The MAGI-2
PDZ1 (corresponding to amino acids 420 through 559 of human MAGI-
2), PDZ2 (5699-743), PDZ3 (772-911), PDZ4 (915-1049), and PDZ5
(1140-1265) were inserted into the pET30A vector (Novagen) at the
EcoRI and Xhol sites. The PDZ1 domain of MAGI-1/AIP3 (32) (corre-
sponding to amino acids 446571 of human MAGI-1) was also prepared
via PCR and inserted into pET30A for expression as a hexahistidine-
tagged and S-tagged fusion protein. The PSD-95 “PDZ1+2” and “PDZ3”
constructs were prepared via PCR from a rat PSD-95 ¢cDNA kindly
provided by Morgan Sheng (Harvard Medical School). The PDZ1+2
(corresponding to amino acids 59-303 of rat PSD-95) and PDZ3 (corre-
sponding to amino acids 307-446) were inserted into pET30A using
EcoRI and Xhol sites introduced during PCR. The nNOS PDZ domain
(corresponding to amino acids 1-150, prepared from a rat nNOS ¢cDNA
kindly provided by Thomas Michel, Harvard Medical School) was also
prepared via PCR and inserted into pET30A at the EcoRI and Xhol
sites. The NHERF-1 PDZ domain constructs in pET30A have been
described previously (33, 34).

Monoclonal anti-GST antibody and polyclonal anti-His antibody
were from Santa Cruz. Monoclonal anti-hemagglutinin (HA) 12CA5
antibody was from Roche Molecular Biochemicals. Anti-B-catenin anti-
body was purchased from Transduction Laboratories (Lexington, KY).
Anti-Flag M2 antibody and anti-Flag M2 affinity gel were from Sigma.
Horseradish peroxidase-conjugated anti-mouse IgG and anti-rabbit IgG
secondary antibodies were from Amersham Pharmacia Biotech.

Cell Culture and Transfection—All tissue culture media and related
reagents were purchased from Life Technologies, Inc. HEK-293 cells
were maintained in complete medium (minimal essential medium plus
10% fetal bovine serum and 1% penicillin/streptomycin) in a 37 °C, 5%
CO, incubator. For transient transfection, 2 ug of total DNA was mixed
with LipofectAMINE (Life Technologies, Inc.) and added to 5 ml of
serum-free medium in 100-mm tissue culture plates containing HEK-
293 cells at ~50—80% confluency. Following a 3-h incubation, 6 ml of
complete medium was added. Twenty-four hours later, the medium was
replaced with fresh complete medium, and the cells were incubated for
an additional 24—48 h before harvesting. Whole cell extracts were
prepared by lysing cells in 1 ml of lysis buffer (20 mm HEPES, 150 mm
NaCl, 2 mm EDTA, 2 mMm benzamidine, 1% Triton X-100) on ice for 30
min. The lysates were clarified by centrifugation at 21,000 X g for 12
min at 4 °C. The clarified supernatants were then used in all following
in vitro GST pull-down or cellular co-immunoprecipitation experiments.
50 ul of such supernatant was diluted into equal amount 3 times sample
buffer and served as whole cell extract.
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Western Blotting—Samples (5-10 pg/lane) were run on 4—20% SDS-
PAGE gels (Novex, San Diego) for 1 h at 150 V and then transferred to
pure nitrocellulose. The blots were blocked in a buffer consisting of 2%
milk, 0.1% Tween-20 in PBS (“blot buffer”) for 1 h at room temperature
and subsequently incubated with primary antibody in blot buffer for 1 h
at room temperature. The blots were then washed three times with blot
buffer and incubated for 1 h at room temperature with a horseradish
peroxidase-conjugated secondary antibody in blot buffer. Following
three final washes with blot buffer and one wash with PBS, bands were
visualized via chemiluminescence with the ECL kit from Amersham
Pharmacia Biotech.

Pull-down Assays—GST fusion proteins were purified on glutathi-
one-agarose beads. Aliquots of the fusion protein/bead mixture in 1.5-ml
microcentrifuge tubes were blocked for 1 h with 1 ml of a 3% bovine
serum albumin buffer (containing 10 mm HEPES, 50 mm NaCl, and
0.1% Tween 20) on ice for 30 min. Equal concentrations of various
His/S-tagged fusion proteins were then incubated with the beads in 1 ml
of the 3% bovine serum albumin blocking buffer at 4 °C with end-over-
end rotation for 1 h. The beads were washed five times with ice-cold 3%
bovine serum albumin blocking buffer and washed once with harvest
buffer (20 mm HEPES, 150 mm NaCl, 2 mm EDTA, 2 mM benzamidine,
1% Triton X-100). The proteins were eluted from the beads with 1 X
SDS-PAGE sample buffer, resolved via SDS-PAGE, and transferred to
nitrocellulose. The His-tagged fusion proteins were detected via West-
ern blotting with S-protein horseradish peroxidase conjugate from No-
vagen (1:4000), and bands were visualized via chemiluminescence. For
experiments involving pull-downs from cell lysates, the procedure was
the same except that pulled-down proteins were detected on the West-
ern blot using appropriate antibodies (e.g. anti-B-catenin antibodies to
detect pulled-down B-catenin).

Immunoprecipitation—Cells were harvested and lysed in 500 ul of
ice-cold lysis buffer (10 mm HEPES, 50 mM NaCl, 5 mm EDTA, 1 mMm
benzamidine, 0.5% Triton X-100). The lysate was solubilized via end-
over-end rotation at 4 °C for 30 min and clarified via centrifugation at
14,000 rpm for 15 min. A small fraction of the supernatant was taken at
this point and incubated with SDS-PAGE sample buffer in order to
examine expression of proteins in the whole cell extract. The remaining
supernatant was incubated with 30 ul of anti-Flag M2 affinity gel
(Sigma) for 2 h with end-over-end rotation at 4 °C. After five washes
with 1.0 ml of lysis buffer, the immunoprecipitated proteins were eluted
from the beads with 1 X SDS-PAGE sample buffer, resolved by SDS-
PAGE, and subjected to Western blot analysis with appropriate
antibodies.

Overlay Assay—The binding of receptor carboxyl terminus GST fu-
sion proteins to His/S-tagged PDZ domain fusion proteins was assayed
via a blot overlay technique. The His/S-tagged PDZ domains (2 pg/lane)
were run on 4-20% SDS-PAGE gels (Novex, San Diego), blotted, and
overlaid with the receptor CT-GST fusion proteins (50 nM final concen-
tration) in a buffer consisting of 2% milk, 0.1% Tween 20 in PBS (blot
buffer) for 1 h at room temperature. The blots were then washed three
times with blot buffer and incubated for 1 h at room temperature with
a monoclonal anti-GST antibody. The blots were then washed again
three times with blot buffer and incubated for 1 h at room temperature
with a horseradish peroxidase-conjugated anti-mouse IgG secondary
antibody in blot buffer. Following three final washes with blot buffer,
the binding of the GST fusion proteins was visualized via chemilumi-
nescence as described above. In the reverse experiments, the GST
fusion proteins were run on SDS-PAGE gels, transferred to nitrocellu-
lose, and then overlaid with the His/S-tagged PDZ domains in blot
buffer. For these experiments, the bound His/S-tagged proteins were
detected via incubation of the blots with S protein horseradish peroxi-
dase conjugate (1:4000) followed by chemiluminescence.

Receptor Internalization—Receptor internalization was assayed us-
ing a previously described method (35). Briefly, HEK-293 cells in
100-mm dishes were transiently transfected with pcDNA3/Flag-8,AR
in the absence and presence of pcDNA3/HA-MAGI-2. One day after
transfection, cells were split into new dishes and grown overnight at
37 °C. On the second day, cells were treated with 50 uM isoproteronol
for 10 min. Cells were then immediately washed with PBS twice, placed
at 4 °C, and incubated with 1 mg/ml of the membrane-impermeable
cross-linking reagent BS? 30 min. After washing the cells with PBS
containing Tris (to quench any residual cross-linker), the cells were
harvested in lysis buffer (20 mm HEPES, 150 mm NaCl, 2 mm EDTA, 2
mM benzamidine, 1% Triton X-100). Cell lysates were resolved on SDS-
PAGE. Flag-tagged receptors were visualized via Western blot with an
anti-Flag M2 Ab followed by an horseradish peroxidase-conjugated
anti-mouse IgG Ab as described above. Bands for cross-linked-B;AR
(high-molecular band, representing surface receptor) and non-cross-
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linked-B;AR (56 kDa, representing receptor not on the surface) were
visualized via chemiluminescence and quantified using a densitometer.
Multiple control experiments revealed that intracellular proteins, such
as actin and tubulin, were not cross-linked by the BS? treatment,
indicating that the BS® was acting only on surface-expressed trans-
membrane proteins (actin and tubulin were both detected on the blots
with antibodies from Sigma). Receptor internalization was defined as
the percentage reduction in surface receptors following agonist stimu-
lation, relative to matched control cells that were not stimulated with
isoproterenol.

Immunofluorescence Microscopy—HEK-293 cells were transiently
transfected with pcDNA3/Flag-B;AR and/or pcDNA3/HA-MAGI-2. For-
ty-eight hours after transfection, cells were washed three times with
Dulbecco’s PBS and then incubated for 10 min at 37 °C in the absence
or presence of 50 uM isoproterenol. Following this incubation, cells were
fixed in 4% paraformaldehyde in PBS for 30 min at room temperature.
To visualize the subcellular localization of 3;AR and MAGI-2, cells were
blocked and permeabilized with a buffer containing 2% bovine serum
albumin and 0.04% saponin (“saponin buffer”) for 30 min at room
temperature. The cells were then incubated with anti-Flag M2 mono-
clonal Ab (Sigma) at a 1:500 dilution and/or a rabbit polyclonal anti-
MAGI-2 Ab (36) at a 1:500 dilution for 1 h at room temperature. After
three washes (1 min) with saponin buffer, the cells were incubated with
a Texas Red-conjugated anti-mouse IgG Ab (1:200) and/or a fluorescein
isothiocyanate-conjugated anti-rabbit IgG (1:200) for 1 h at room tem-
perature. After three washes (1 min) with saponin buffer and one wash
with PBS, coverslips were mounted and Texas Red-labeled receptors
and fluorescein isothiocyanate-labeled MAGI-2 were visualized with a
Zeiss LSM-410 laser confocal microscope. Multiple control experiments,
utilizing either transfected cells in the absence of primary antibody or
untransfected cells in the presence of primary antibody, revealed a very
low level of background staining, indicating that the primary antibody-
dependent immunostaining observed in the transfected cells was
specific.

RESULTS

In order to identify potential cytoplasmic binding partners of
the B;-adrenergic receptor, the carboxyl terminus of the human
B1-adrenergic receptor (B;AR-CT) was prepared as a GST fu-
sion protein and utilized in blot overlay studies of brain and
heart tissue, two areas where ;AR is abundantly expressed.
These studies were carried out in conjunction with yeast two-
hybrid screens of a brain ¢cDNA library utilizing the p;AR-CT
as bait. The yeast two-hybrid screens, as previously described
(24), yielded two interacting clones corresponding to overlap-
ping regions of PSD-95, a brain-specific protein of 95 kDa. In
contrast, the blot overlay studies with the p;AR-CT-GST re-
vealed a single major interacting band at ~170 kDa (Fig. 1).
This band was detected in brain but not heart (Fig. 1C), and
was not detected by overlays with GST alone (Fig. 1B). The
GST moiety of the B;AR-CT-GST fusion protein bound nonspe-
cifically to several bands in the heart and brain lysates, how-
ever, including a band in the range of 95-100 kDa. This non-
specific GST-binding band made it difficult to assess whether
the B;AR-CT-GST might be associating with a 95-kDa species
in the brain lysate corresponding to PSD-95. Nonetheless, the
170-kDa band detected specifically by the 8;AR-CT-GST in the
brain was clearly too large to correspond to PSD-95, and thus
we set out to identify this protein.

The B;AR-CT interacts with PSD-95 via the PDZ3 domain of
PSD-95 (24). Reasoning that the B;AR-CT interacting protein
observed in our blot overlays might exhibit structural similar-
ity to this domain, we performed BLAST searches with the
protein sequence of PSD-95 PDZ3. These searches revealed a
list of several dozen proteins exhibiting significant homology to
PSD-95 PDZ3, but the vast majority of these matches were
proteins of less than 100 kDa in size. The only protein on the
list that matched the size of the B;AR-CT-interacting protein
seen in our blot overlays was MAGI-2, a 170-kDa brain-specific
protein that contains several PDZ domains with significant
similarity to PSD-95 PDZ3. We therefore probed our samples of
the heart and brain lysate with an anti-MAGI-2 antibody (36)
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Fic. 1. Identification of a B,AR-CT binding partner that cor-
responds in size to MAGI-2. A, lysates from brain and heart tissue
were run on a 4—20% SDS-PAGE and Coomassie stained to visualize all
proteins. B, the same samples were also transferred to nitrocellulose
and overlaid with 50 nm GST, which did not bind specifically to any
proteins in the lysates. Several immunoreactive bands were evident in
both the brain and heart lanes, but these proteins were also detected in
anti-GST Western blots even when the blots were not first overlaid with
GST (data not shown). C, B;AR-CT-GST binds specifically to a 170-kDa
protein found in brain. Overlays with 50 nm B;AR-CT-GST and subse-
quent Western blotting to detect GST revealed a specifically labeled
band at 170 kDa in addition to the nonspecific bands that were also
detected in the control GST overlay. D, the ;AR-CT binding partner
matches MAGI-2 in size. Western blots with an anti-MAGI-2 antibody
revealed that the major immunoreactive band is 170 kDa in size and
found specifically in brain, consistent with the properties of the 3,AR-
CT binding partner.

and compared the results to those from the B;AR-CT-GST
overlays. As shown in Fig. 1D, the anti-MAGI-2 antibody rec-
ognizes a major band of ~170 kDa in the brain tissue, and this
band matches up precisely in size with the B;AR-CT interact-
ing protein observed in our overlay experiments.

We next directly tested the potential interaction of MAGI-2
with the B;AR-CT using purified fusion proteins. His-tagged
fusion proteins corresponding to PDZ1-5 of MAGI-2 were pu-
rified and examined in blot overlay experiments for binding to
the B;AR-CT-GST. As shown in Fig. 2A, the p;AR-CT-GST
bound robustly to PDZ1 and weakly or not at all to the other
four PDZ domains. When probed against a panel of various
PDZ domains, the B;AR-CT-GST bound not only to the first
PDZ domain of MAGI-2, but also to the first PDZ domain of a
related protein, MAGI-1, and also to the third PDZ domain of
PSD-95 (Fig. 2B, upper panel). The binding of the B;AR-CT-
GST to the MAGI-2 PDZ1 domain was comparable to the bind-
ing of the B;AR-CT-GST to PSD-95 PDZ3. No binding of the
B1AR-CT-GST was observed to PSD95 PDZ1+2, nor to the PDZ
domains of NHERF-1 or nNOS, demonstrating the specificity of
interaction between the B;AR-CT-GST and the MAGI PDZ1
and PSD-95 PDZ3 domains. In contrast to the 8;AR-CT-GST,
the B,AR-CT-GST did not bind at all to any of the MAGI or
PSD-95 PDZ domains (Fig. 2B, lower panel), but rather bound
specifically to PDZ1 of NHERF-1, as previously reported (33,
34).

In the reverse overlay experiments, where the His-tagged
MAGI-2 PDZ domains were overlaid onto blotted samples of
the B;AR-CT-GST and B,AR-CT-GST, strong binding of PDZ1
to the B;AR-CT was observed (Fig. 2C), but no binding of the
other MAGI-2 PDZ domains to the B;AR-CT-GST could be
detected (data not shown). Moreover, no binding of MAGI-2
PDZ1 to the B,AR-CT-GST or «a;,AR-CT-GST was observed,
further demonstrating the specificity of the interaction of
MAGI-2 PDZ1 with B,;AR. Saturation binding studies using the
blot overlay technique yielded an estimated binding affinity of
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Fic. 2. The B,AR-CT binds specifically and with high affinity
to the PDZ1 domain of MAGI-2. A, 3,AR-CT binds preferentially to
PDZ1 of MAGI-2. Equal amounts (2 ug) of purified His-tagged fusion
proteins corresponding to PDZ domains 1-5 of MAGI-2 were run on a
4-20% SDS-PAGE gel and transferred to nitrocellulose. Overlay of the
blot with B;AR-CT-GST (25 nM) revealed strong binding to PDZ1, weak
binding to PDZ2 and PDZ5, and no detectable binding to PDZ3 and
PDZ4. B, B,AR-CT binds as well to MAGI-2 PDZ1 as to PSD-95 PDZ3.
Equal amounts (2 ug) of purified His-tagged fusion proteins correspond-
ing to PDZ domains from PSD-95, nNOS, MAGI-1, MAGI-2, and
NHERF-1 were run on a 4-20% SDS-PAGE gel and transferred to
nitrocellulose. Overlays with p;AR-CT-GST (25 nm) revealed strong
binding to PSD-95 PDZ3 and MAGI-2 PDZ1, moderate binding to
MAGI-1 PDZ1, and no detectable binding to the first two PDZ domains
of PSD-95 or PDZ domains of nNOS or NHERF-1. In contrast, overlays
with B,AR-CT-GST (25 nM) revealed strong binding to NHERF-1 PDZ1
but no detectable binding to any of the other PDZ domains examined. C,
MAGI-2 PDZ1 binds specifically to B;AR-CT. In the reverse of the
overlay experiments described in the first two panels of this figure,
equal amounts (2 pg) of purified GST fusion proteins corresponding to
the carboxyl termini of various adrenergic receptor subtypes were run
on an SDS-PAGE gel and transferred to nitrocellulose. Overlay with
His/S-tagged MAGI-2 PDZ1 (20 nM) revealed strong binding to 8;AR-
CT-GST but no detectable binding to control GST, B,AR-CT-GST, or
a;AR-CT-GST. The data shown here, as well as those shown in the first
two panels of this figure, are representative of three to five independent
experiments each. Molecular mass standards (in kDa) are indicated on
the left. D, the interaction between B;AR-CT and MAGI-2 PDZ1 is of
high affinity. Nitrocellulose strips containing 2 pug of B;AR-CT-GST
(equivalent to lane 2 in the preceding panel) were incubated with
His/S-tagged MAGI-2 PDZ1 at 6 concentrations between 1 and 300 nM.
Specific binding of MAGI-2 PDZ1 did not increase between 100 and 300
nM, and thus the binding observed at 300 nM was defined as “maximal”
binding. The binding observed at the other concentrations was expressed
as a percentage of maximal binding within each experiment. The bars and
error bars shown on this graph indicate mean = S.E. (n = 3). The K, for
MAGI-2 PDZ1 binding to B;AR-CT was estimated at 10 nm.

MAGI-2 PDZ1 overlay

10 nu for the interaction of MAGI-2 PDZ1 with the B;AR-CT
(Fig. 2D).

In order to explore the structural determinants of the B;AR-
CT/MAGI-2 PDZ1 association, we prepared a number of point
mutations of the B;AR-CT as GST fusion proteins. The binding
of His-tagged MAGI-2 PDZ1 to these point mutants is shown in
Fig. 3A. The last five amino acids of the wild-type B;AR-CT are
SESKV. Mutation of the terminal valine residue to alanine
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Fic. 3. The last few amino acids of the B,AR-CT are the key
determinants for interaction with MAGI-2. A, mutations to alanine
at positions 0, —2, and —3 of the 8;AR-CT inhibit binding to MAGI-2
PDZ1. Purified GST fusion proteins (2 ug) corresponding to either the
wild-type B;AR-CT (denoted by its last five amino acids, “SESKV”) or a
point-mutated version of the B;AR-CT (denoted by sequential replace-
ment of each of the last five amino acids with alanine) were run on a
4-20% SDS-PAGE gel and transferred to nitrocellulose. Overlay of the
blot with His/S-tagged MAGI-2 PDZ1 (20 nM) revealed strong binding to
the wild-type B;AR-CT as well as to the mutant versions of the 8;AR-CT
with substitutions to alanine at —1 and —4. The valine-to-alanine
mutation at the terminal position, however, almost completely blocked
the binding of MAGI-2 PDZ1, while mutations to alanine at —2 and —3
also substantially inhibited the ,AR-CT/MAGI-2 PDZ1 interaction. B,
mutation of the last amino acid of the 3;AR-CT blocks association with
full-length MAGI-2. Purified fusion proteins corresponding to GST
alone (lane 1), B;AR-CT-GST wild-type (lane 2), and a p;AR-CT point
mutant with the terminal valine changed to alanine (“SESKA”; lane 3)
were adsorbed to glutathione-agarose beads and used to pull-down
full-length MAGI-2 from lysates prepared from HEK-293 cells trans-
fected with HA-tagged MAGI-2. The pulled down MAGI-2 was detected
with an anti-HA (12CA5) antibody via Western blot. MAGI-2 was ro-
bustly pulled down by the wild-type B;AR-CT-GST, but no detectable
MAGI-2 was pulled down with either control GST or the g;AR-CT-GST
point mutant, indicating that the last amino acid of the ;AR is critical
for association with MAGI-2. The data shown in both panels of this
figure are representative of three to four independent experiments, and
molecular mass standards (in kDa) are shown on the left of each panel.

completely blocked interaction of the B;AR-CT with MAGI-2
PDZ1. In contrast, mutation of the lysine residue at the —1
position to alanine had little effect on binding of MAGI-2 PDZ1.
Mutations to alanine at the —2 and —3 positions of the 8;AR-
CT significantly reduced binding of MAGI-2 PDZ1, whereas a
Ser to Ala mutation at —4 had little effect. Thus, three of the
final four amino acids of the B;AR (positions 0, —2, and —3)
are the primary determinants of binding to MAGI-2 PDZ1.
Since the terminal valine was found to be the most critical
residue for the interaction, we examined the binding of the
wild-type B;AR-CT (SESKV) and the SESKA mutant to full-
length MAGI-2 from lysates derived from HEK-293 cells trans-
fected with HA-MAGI-2. As shown in Fig. 3B, wild-type B;AR-CT
was able to pull-down a large amount of full-length MAGI-2 from
the lysates, whereas no detectable MAGI-2 was pulled down by
the SESKA point mutant.

We next examined the interaction of full-length ;AR with
MAGI-2 in a cellular context. HEK-293 cells were transfected
with Flag-B;AR and His-tagged MAGI-2 PDZ1, and co-immu-
noprecipitation of the two proteins was examined in the ab-
sence and presence of agonist stimulation (Fig. 4). Under basal
conditions, a significant amount of MAGI-2 PDZ1 could be
co-immunoprecipitated with the Flag-p;AR. Following a 10-
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Flag-B1AR + - + +
His-MAGI-2 PDZ1 - + + +
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IP: anti-Flag
36— IB: anti-His
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Fic. 4. Co-immunoprecipitation of MAGI-2 PDZ1 with full-
length B,AR is enhanced by agonist stimulation. HEK-293 cells
transfected with Flag-B;AR (lane 1), His-MAGI-2 PDZ1 (lane 2), or
Flag-B;AR and His-MAGI-2 PDZ1 together (lanes 3 and 4) were solu-
bilized and incubated with anti-Flag antibody coupled to beads in order
to immunoprecipitate the Flag-tagged receptor. As shown in the bottom
panel, immunoprecipitation of the Flag-B;AR was successful and fairly
even between the different samples. Co-immunoprecipitation of
MAGI-2 PDZ1 (top panel) was evident under basal conditions (lane 3)
and was consistently enhanced in samples where the cells had been
stimulated with 10 um isoproterenol for 10 min prior to solubilization.
These data are representative of four independent experiments. Molec-
ular mass standards (in kDa) are shown on the left.

min stimulation with the selective B-adrenergic receptor ago-
nist isoproterenol, the amount of co-immunoprecipitated
MAGI-2 PDZ1 was consistently increased. Quantification of
the immunoprecipitation results revealed that the amount of
MAGI-2 PDZ-1 co-immunoprecipitated in the presence of iso-
proterenol stimulation was 260% of the amount co-immunopre-
cipitated under basal conditions. These data reveal that the
B;AR associates constitutively in cells with the first PDZ do-
main of MAGI-2, and that the interaction can be promoted (or
perhaps stabilized) by agonist activation of the B;AR.

The interaction of full-length MAGI-2 with full-length 8;AR
in cells was next examined via immunofluorescence micros-
copy. HEK-293 cells were transfected with both B;AR and
MAGI-2, and immunostaining for both proteins was analyzed
in the absence and presence of isoproterenol stimulation. Im-
munostaining for 8;AR was localized primarily to the plasma
membrane under basal conditions (Fig. 5A), whereas MAGI-2
immunostaining was found diffusely spread throughout the
cytoplasm and along the plasma membrane (Fig. 5B). A signif-
icant but not striking overlap of ;AR and MAGI-2 immuno-
staining was consistently observed under basal conditions (Fig.
5C). Following a 10-min stimulation with isoproterenol, ;AR
immunostaining was still found mainly along the plasma mem-
brane, although significantly more ;AR was observed in the
cytoplasm, consistent with receptor internalization (Fig. 5D).
MAGI-2 localization was even more significantly altered fol-
lowing isoproterenol stimulation, with a significant fraction of
MAGI-2 now being found at the plasma membrane (Fig. 5E),
where it was much more clearly co-localized with ;AR immu-
nostaining than under basal conditions (Fig. 5F).

We next sought to understand the functional importance of
the B;AR/MAGI-2 interaction. Experiments examining cyclic
AMP generation induced by isoproterenol stimulation of 3;AR
expressed in HEK-293 cells revealed no significant difference
in EC;, between cells in which the ;AR was expressed alone
and cells in which the B;AR was co-expressed with MAGI-2
(data not shown). These observations are similar to previous
findings that PSD-95 co-expression does not alter cyclic AMP
generation induced by B;AR stimulation (24). Since the inter-
action of B;AR with PSD-95 was previously shown to inhibit
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MAGI-2

B1AR

Fic. 5. Immunofluorescence co-localization of B,AR and
MAGI-2 in cells. Flag-p;AR and HA-MAGI-2 were co-expressed in
HEK-293 cells and visualized via immunofluorescence. Under basal
conditions, B;AR-CT immunostaining was mainly localized to the
plasma membrane (panel A), while MAGI-2 was found both at the
plasma membrane and in the cytoplasm (panel B). Merging of these two
images (panel C), with the ;AR immunostaining shown in red and the
MAGI-2 staining shown in green, yielded a significant but not striking
degree of co-localization. When cells were stimulated with isoproterenol
(50 um) for 10 min prior to fixation, B;AR immunostaining was still
found predominantly at the cell surface (panel D), although more 3;AR
could be detected in the cytoplasm, presumably due to receptor inter-
nalization. MAGI-2 immunostaining was still found both at the plasma
membrane and in the cytoplasm (panel E), but the plasma membrane
immunostaining was much more pronounced following agonist stimu-
lation than under basal conditions, leading to a higher degree of B,AR/
MAGI-2 co-localization (panel F). These data are representative of six
independent experiments.

B;AR internalization (24), we studied the agonist-induced in-
ternalization of the B;AR expressed in HEK-293 cells in the
absence and presence of PSD-95 and MAGI-2 co-expression. As
shown in Fig. 6, a 10-min stimulation with isoproterenol re-
sulted in ~14% internalization of the ;AR. In the presence of
PSD-95 co-expression, B;AR internalization was markedly re-
duced, consistent with previous findings (24). Co-expression of
MAGI-2, however, had the opposite effect of PSD-95 co-expres-
sion, promoting ;AR internalization by nearly 3-fold.

Since MAGI-2 is believed to act primarily as a scaffolding
protein to link together cellular signaling proteins, we explored
whether MAGI-2 might be able to facilitate physical linkage
between the ;AR and another known MAGI binding partner.
B-Catenin is known to bind to PDZ3 of MAGI-2 (37, 38), and we
therefore performed pull-down studies examining the potential
interaction of B-catenin with B;AR-CT (Fig. 7A). In lysates
prepared from untransfected cells, no B-catenin could be de-
tected in association with the B;AR-CT. In cells transfected
with full-length MAGI-2, however, B-catenin robustly associ-
ated with the B;AR-CT. These data indicate that MAGI-2 can
act as a scaffold to physically link together two proteins, ;AR
and B-catenin, that bind to distinct MAGI-2 PDZ domains.

MAGI-2 is known to be capable of oligomerization (39), and
we therefore wondered whether association with MAGI-2
might promote cellular oligomerization of the g;AR. Many G
protein-coupled receptors are known to oligomerize (40). The
By-adrenergic receptor has been particularly intensively stud-
ied with regard to its oligomerization (41-43), but oligomeriza-
tion of the B;AR has not been reported. We studied B;AR
oligomerization via co-immunoprecipitation utilizing HEK-293
cells transfected with Flag-B;AR and HA-B;AR. As shown in
Fig. 7B, control experiments revealed that HA-B;AR expressed
alone was not detectably immunoprecipitated by an anti-Flag
antibody. However, when HA-B,;AR and Flag-p;AR were ex-
pressed together, the anti-Flag antibody not only immunopre-
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FiG. 6. Agonist-induced B,AR internalization is enhanced by
co-expression of MAGI-2 but inhibited by co-expression of PSD-
95. HEK-293 cells were transfected with Flag-B;AR alone or Flag-8;AR
in combination with either MAGI-2 or PSD-95. The cells were stimu-
lated for 10 min with isoproterenol (10 um) and the amount of receptor
lost from the cell surface was quantified relative to unstimulated cells.
Co-expression with MAGI-2 markedly promoted ;AR internalization
in response to the isoproterenol treatment, whereas co-expression with
PSD-95 markedly decreased the amount of agonist-induced receptor
internalization. The bars and error bars represent the mean + S.E. for
three independent experiments, each performed in duplicate.

cipitated Flag-B;AR, it also strongly co-immunoprecipitated
HA-B;AR. The amount of co-immunoprecipitation was un-
changed when the two receptors were co-expressed with
MAGI-2 or with PSD-95. These data suggest that the ;AR is
capable of homo-oligomerization in cells, and furthermore, sug-
gest that the efficiency of B;AR homo-oligomerization is not
altered by association with either MAGI-2 or PSD-95.

DISCUSSION

We have found that the carboxyl terminus of the 8;-adrener-
gic receptor binds with high affinity to the first PDZ domain of
MAGI-2. This interaction was first detected in blot overlay
studies, which were carried out in conjunction with extensive
yeast two-hybrid screens using the 8;AR-CT as bait. The yeast
two-hybrid screens identified PSD-95 as a high-affinity binding
partner of the B;AR-CT (24), while the biochemical approach
described here resulted in the identification of MAGI-2 as a
B;AR binding partner. There are many diverse approaches that
can be used in identifying intracellular proteins that interact
with cell surface receptors (44). Since each approach has its
own inherent strengths and weaknesses, it is often advanta-
geous to utilize several approaches together. The multiple ap-
proaches that we have taken with the 8;AR-CT have resulted
in the identification of two related proteins, PSD-95 and
MAGI-2, which bind to the same determinants on the distal
carboxyl terminus of the 8,;AR but have quite distinct effects on
B;AR function.

PSD-95 and MAGI-2 are both scaffolding proteins, but they
differ in terms of the set of intracellular proteins they are
known to bind. The set of known PSD-95-binding proteins
includes N-methyl-D-aspartate-type glutamate receptors (45),
Kv1.4 potassium channels (46), neuronal nitric-oxide synthase
(30), neuroligins (48), CRIPT (49), Citron (50, 51), Fyn (52),
Cypin (53), and ErbB4 (54). In contrast, the set of proteins
known to bind to MAGI-2 includes atrophin (32), N-methyl-D-
aspartate-type glutamate receptors (55), neuroligins (55),
d-catenin (37), B-catenin (37, 38), nRAP-GEP (57) and PTEN
(36). MAGI-2 has two close relatives, MAGI-1 (58) and MAGI-3
(59), which have distinct tissue distributions. MAGI-3 has only
recently been identified, but MAGI-1 is known to bind to a
number of intracellular proteins, including atrophin (32),
B-catenin (60), nRAP-GEP (61), the brain angiogenesis inhibi-
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Fic. 7. MAGI-2 promotes ;AR association with -catenin but
does not promote B,AR oligomerization. A, MAGI-2-dependent
association of B-catenin with 8;AR-CT. Lysates from either mock-trans-
fected HEK-293 cells (“mock,” lane 1) or cells transfected with MAGI-2
(lane 2) were incubated with glutathione-agarose beads loaded with
B;AR-CT-GST in order to perform pull-down assays. Endogenous
B-catenin was pulled down by the B;AR-CT from the MAGI-2-trans-
fected cells but not from untransfected cells, suggesting that MAGI-2
facilitates physical linkage of the B;AR-CT to B-catenin. B, B;-adrener-
gic receptors form oligomers in cells, and the extent of ;AR oligomer-
ization is not enhanced by co-expression of either MAGI-2 or PSD-95.
HEK-293 cells were transfected with Flag-B,AR alone (“Flag only,” lane
1), Flag-B,AR plus HA-B,AR (“Flag/HA,” lane 2), Flag-B,AR/HA-B,AR/
MAGI-2 (lane 3), or Flag-B,AR/HA-B,AR/PSD-95 (lane 4). The cells
were solubilized and incubated with anti-Flag antibody to immunopre-
cipitate the Flag-tagged p;AR. Western blots were then performed to
detect any co-immunoprecipitated HA-tagged 8,AR, which runs as dou-
blet in the range of 56—62 kDa in addition to higher molecular mass
bands that presumably represent ;AR complexes incompletely disso-
ciated by the SDS-PAGE sample buffer. Co-immunoprecipitation of
HA-B,AR with Flag-B;AR was clearly detected in all co-transfected
samples (lanes 2-4), and the extent of co-immunoprecipitation was not
significantly altered by co-expression of either MAGI-2 or PSD-95. Total
expression of Flag-B8,AR and HA-B,AR in the differentially transfected
samples was comparable, as assessed in separate Western blots (not
shown). These data, as well as those from the preceding panel, are
representative of three to four independent experiments each. Molecu-
lar mass standards (in kDa) are shown on the left of each panel.

tor (62), megalin (63), and mNET1 (64). In the experiments
described in the present report, we found that the PDZ1 do-
mains of MAGI-1 and MAGI-2 bind well to the B;AR-CT;
MAGI-3 is also a probable ;AR binder as well given that its
sequence is nearly identical to MAGI-1 and MAGI-2 in the
PDZ1 region. Thus, the set of intracellular proteins to which
the B;AR in a given cell may be physically connected is likely to
depend on whether the cell also expresses MAGI-1, MAGI-2,
MAGI-3, PSD-95, or some combination of these proteins. g;AR
functional properties, such as the rate and extent of agonist-
mediated receptor internalization (65—-68), are known to differ
markedly in different cell types, and the identification of B;AR-
interacting proteins with distinct tissue distributions is a key
step toward understanding the effects of cellular context on
B;AR function.

PSD-95 and MAGI-2 differ not only in their set of associated
intracellular proteins, but also in their effect on 8;AR internal-
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ization. B;AR internalization is markedly inhibited by associ-
ation with PSD-95 (24) but markedly promoted by association
with MAGI-2. This difference may arise from differential lipid
modification of PSD-95 versus MAGI-2: PSD-95 is known to be
palmitoylated (69) and strongly membrane-anchored (29, 69),
whereas MAGI-2 is not known to be lipid-modified and is not
strongly anchored to the plasma membrane (55). The palmitoy-
lation of PSD-95, in fact, plays a critical role in its ability to
inhibit the internalization of the Kv1.4 potassium channel (69),
which is consistent with the idea that the differential lipid
modification of PSD-95 versus MAGI-2 is a key to understand-
ing the differential effect of these two related proteins on ;AR
internalization.

While PSD-95 and MAGI-2 have distinct distributions in the
mammalian brain, their distributions do overlap significantly
and it is likely that there are many neuronal populations where
the two proteins are co-expressed. What are the likely conse-
quences of this for 8,;AR function and localization? PSD-95 and
MAGI-2 have been reported to have a direct physical interac-
tion via PDZ domain dimerization (39), and they also both bind
with high affinity to the GKAP/SAPAP class of scaffolding
proteins (55, 70, 71). Thus, in neurons expressing both PSD-95
and MAGI-2, it might be expected that the two proteins will
bind both to each other and to various other synaptic compo-
nents to help form the complex architecture of the post-synap-
tic density (72). Since both PSD-95 and MAGI-2 bind the B;AR,
they may work in a coordinated fashion to localize the ;AR to
synapses and regulate ;AR function.

Our mutagenesis studies indicate that three of the last four
residues of the B;AR-CT are the key determinants of the inter-
action with MAGI-2 PDZ1. Interestingly, several other proteins
known to bind PDZ1 of MAGI proteins have carboxyl-terminal
motifs very similar to that of the ;AR (SESKV). For example,
neuroligin-1 is known to associate with MAGI-2 PDZ1 (55) and
terminates in STTRV, meaning that it shares with the ;AR
the terminal valine residue, a basic residue at the —1 position,
a hydroxyl-bearing amino acid (S/T) at the —2 position and a
serine at the —4 position. Another MAGI-2 binding partner is
nRapGEP (57), which terminates in QVSAV and thus shares
with the B;AR the two residues determined by our mutagenesis
studies to be the most important for MAGI-2 binding (the
carboxyl-terminal SXV). The carboxyl terminus of a third
MAGI-2-binding protein, mNET1 (64), is even more similar to
the B;AR-CT, terminating in KETLV. This motif conserves the
three most important residues of the 3;AR-CT, at positions 0,
—2, and —3. Peptide library screening experiments to deter-
mine the optimal motif for association with MAGI-2 PDZ1 have
not yet been reported, but the ideal motif for binding to MAGI-2
PDZ1 may be approximated as E(S/T)XV, based on our work
and the previous work cited here. Furthermore, the high affin-
ity of the MAGI-2 PDZ1/B8,AR-CT interaction (K;, = 10 nm)
suggests that the B;AR-CT contains a motif that is close to
ideal for association with the PDZ1 domain of MAGI-2.

In both our co-immunoprecipitation studies and our immu-
nofluorescence experiments, the association of B;AR and
MAGI-2 occurred constitutively but was further promoted by
agonist stimulation of the receptor. Heptahelical receptors are
known to undergo significant conformational changes following
activation by agonist, and proteins that interact primarily with
the third intracellular loop of heptahelical receptors, such as G
proteins (73) and arrestins (74), usually associate preferen-
tially with agonist-activated receptors. For proteins that inter-
act with the carboxyl termini of heptahelical receptors, the
literature is more equivocal. In some cases, interactions are
promoted by agonist, as in the cases of NHERF association
with the By-adrenergic receptor (33) and cortactin-binding pro-
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tein 1 association with the SSTR2 somatostatin receptor (75).
In other cases, such as the interaction of PSD-95 with the ;AR
(24), no evidence for agonist-dependent regulation is evident.
The reason why the association of the g;AR with MAGI-2 but
not PSD-95 should be promoted by agonist is not clear, but it
may have to do with the aforementioned differential lipid mod-
ification of the two proteins. PSD-95 is known to be membrane-
anchored through palmitoylation (69) while MAGI-2 is not, and
thus MAGI-2 may be more prone than PSD-95 to rapid trans-
location within the cell in response to transient stimulation
such as agonist activation of a receptor. Alternatively, since
PSD-95 and MAGI-2 differ in the arrangement of their do-
mains, they may also differ with regard to the accessibility of
their PDZ domains for binding to the ;AR. The two proteins
clearly bind to the same motif at the distal ;AR carboxyl
terminus, but it may be that PSD-95 association is insensitive
to global changes in receptor conformation while the larger
MAGI-2 requires the ;AR to undergo an agonist-induced con-
formational change in order to have full access to the carboxyl
terminus of the receptor.

The B;- and PBsy-adrenergic receptors share 54% sequence
identity, bind to the same endogenous ligands, and couple
predominantly to the same G protein (G,), yet in many cells
they are known to exert markedly different physiological ef-
fects (76-78). Since B-adrenergic receptors are the molecular
targets for a number of commonly prescribed therapeutics, the
mechanisms by which the various BAR subtypes can have
differential effects on cellular processes have been an area of
intense research interest. We offer the perspective that the
cellular actions of B-adrenergic receptors are largely deter-
mined by the set of cytoplasmic proteins with which they can
associate. Interactions that are common to all BAR subtypes,
such as G, (73) and arrestins (74), probably underlie cellular
actions that are common to all the subtypes. Conversely, inter-
actions that occur differentially between BAR subtypes may be
expected to underlie cellular actions that are distinct between
BAR subtypes. Previously reported examples of unique inter-
actions between cytoplasmic proteins and specific B-adrenergic
receptor subtypes include the interaction of the NHERF pro-
teins with the B,AR (33, 34, 56), the interaction of the endophi-
lins with the B;AR (67), the interaction of Src with the g;AR
(47), and the interaction of PSD-95 with the B;AR (24). The
interaction of the B;AR with MAGI-2, as reported here, adds to
the short list of proteins known to bind specifically to one
subtype of B-adrenergic receptor. Elucidation of the molecular
basis for the unique cellular actions of the various B-adrenergic
receptors may contribute to the development of novel therapeu-
tics that can selectively target the signaling pathways of the
individual receptor subtypes.
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