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Abstract The beta-2 adrenergic receptor (B2AR), a
member of GPCR, can activate multiple signaling path-
ways and is an important treatment target for cardiac fail-
ure. However, the molecular mechanism about B2AR
signaling regulation is not fully understood. In this study,
we found that cystic fibrosis transmembrane conductance
regulator-associated ligand (CAL) overexpression reduced
B2AR-mediated extracellular signal-regulated kinase-1/2
(ERK1/2) activation. Further study identified CAL as a
novel binding partner of B2AR. CAL is associated with
B2AR mainly via the third intracellular loop (ICL3) of
receptor and the coiled-coil domains of CAL, which is
distinct from CAL/B1AR interaction mediated by the car-
boxyl terminal (CT) of B1AR and PDZ domain of CAL.
CAL overexpression retarded B2AR expression in Golgi
apparatus and reduced the receptor expression in plasma
membrane.
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Abbreviations

BARs Beta-adrenergic receptors

CAL Cystic fibrosis transmembrane conductance regula-
tor-associated ligand

CT Carboxyl terminal

ERK  Extracellular signal-regulated kinase

GST  Glutathione S-transferase

ICL  Intracellular loop

PDZ  PSD-95/discs-large/Z0O-1 homology

Introduction

Beta-adrenergic receptors (BARs) play important roles in
cardiovascular, respiratory, metabolic, reproductive and
central nervous systems. Pharmacological stimulation or
blockade of BAR signaling is the therapeutic mainstay in
cardiogenic shock, hypertension, ischemia, arrhythmias,
and heart failure (Dorn and Liggett 2008). B2AR is one of
the primary BAR subtypes responsible for cardiac response.
Activation of B2AR promotes cardiomyocyte hypertrophy
and thus plays a vital role in the development of human
heart failure (Heineke and Molkentin 2006; Nunn et al.
2010). Therefore, the study on the regulatory mechanism of
B2AR pathway activation would improve the understanding
of heart failure pathogenesis.

The regulation of BARs carboxyl terminal (CT)-bind-
ing protein on BARs function was widely concerned by
researchers. Compared to the multiple regulatory mecha-
nisms of B1AR pathway by its various CT-binding proteins
(He et al. 2004; Hu et al. 2000, 2003; Xu et al. 2001), the
regulation of B2AR pathway by its CT-binding protein
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was rarely reported (Hall et al. 1998; Yang et al. 2010).
We previously reported that cystic fibrosis transmem-
brane conductance regulator-associated ligand (CAL, also
known as GOPC or PIST), a PSD-95/discs-large/ZO-1
homology (PDZ) domain-containing protein, interacted
with B1AR-CT via its PDZ domain to regulate the sur-
face expression of B1AR, but it did not directly bind with
B2AR-CT (He et al. 2004). However, in this study we found
that CAL retarded B2AR-mediated ERK1/2 activation. Fur-
ther study revealed that CAL was associated with B2AR
via a novel mechanism distinct from PDZ domain of CAL
and B1AR-CT mediated interaction. CAL over expression
could also reduce cell surface expression of B2AR.

Materials and methods
Preparation of plasmids and fusion proteins

Flag-2AR and Hemagglutinin (HA)-CAL plasmids were
used as previously reported (Hall et al. 1998; He et al.
2004). B2AR-CT (the last 100 amino acids of B2AR),
B2AR-the third intracellular loop (ICL3, the amino acids
221-274 of B2AR), CAL-coiled coil (CC, the amino acids
83-200 of CAL), and CAL-PDZ (the amino acids 288-
371 of CAL) were amplified by PCR and subcloned into
pGEX-4T-1 vector for expression as GST fusion proteins.
CAL-CC was also subcloned into pET-30b vector for
expression as His fusion protein. These constructs were
verified by DNA sequencing. Fusion proteins were pre-
pared as reported before (Yang et al. 2010).

Cell culture, transfection and cell treatment

COS-7 and HEK293 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. Transfections were performed
following the protocol reported before (Yao et al. 2012).
COS-7 cells were serum starved overnight, then treated
with 10 pM P2AR agonist, isoproterenol (ISO, Sigma-
Aldrich Chemical Corp., St. Louis, MO, USA) for 5 min at
37 °C, or B2AR selective agonist salmeterol (Tocris Cook-
son, Ballwin, MO, USA) for 10 min at 37 °C, or pretreated
with B2AR selective antagonist ICI118,551 (Tocris Cook-
son) for 30 min before treatment with salmeterol to detect
the effect of CAL expression on B2AR-mediated ERK sig-
nal transduction pathway.

GST pull-down assay

GST fusion proteins pull-down assay was performed as
previously reported (Sun et al. 2013). The cells were lysed
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or mouse hearts were homogenized in ice-cold lysis buffer.
Purified GST fusion proteins were incubated with lysates
from cells or tissues, respectively. The eluted proteins were
analyzed by Western blotting.

Co-immunoprecipitation (Co-IP)

Co-IP was performed as described previously (Yang et al.
2010). Briefly, transfected COS-7 cells were harvested and
mouse hearts were homogenized in ice-cold lysis buffer.
Lysate supernatants were incubated with anti-Flag M2
mouse monoclonal antibody affinity gel (Sigma, MO) for
transfected cells, anti-B2AR antibody or IgG coupled with
protein G plus/protein A-agarose (Merck Millipore, Hong
Kong, China) for mouse heart lysates. After washing, the
immunoprecipitated proteins were analyzed by Western
blotting with monoclonal anti-HA or anti-CAL antibody.

Western blotting

Western blotting was performed as described before (Zheng
et al. 2010a). Briefly, sample aliquots corresponding to
25 ug of protein were resolved using 10 % sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to nitrocellulose membrane. The blots
were blocked for at least 30 min and then incubated with
primary antibody in the blot buffer for 1 h at room tempera-
ture or overnight at 4 °C. The blots were then washed three
times with 10 ml of the blot buffer each and incubated for
30 min at room temperature with a horseradish peroxidase
(HRP)-conjugated secondary antibody in the blot buffer.
Finally, the blots were washed three more times with 10 ml
of the blot buffer each and visualized by enzyme-linked
chemiluminescence. The primary antibody specific for
Flag was purchased from Sigma. Polyclonal anti-HA and
anti-His antibodies were purchased from MBL (Medical
and biological laboratories, Nagoya, Japan). Anti-B2AR
and anti-CAL were bought from Santa Cruz (Dallas, TX,
USA) and Prosci Research (Loveland, CO, USA), respec-
tively. The phospho-ERK1/2 assay was performed as pre-
viously described (Zheng et al. 2010b). The primary anti-
bodies specific for phospho-ERK1/2 (Thr 202/Tyr 204) and
total ERK1/2 were bought from Cell Signaling Technology
(Beverly, MA, USA). HRP-conjugated IgG secondary anti-
bodies were purchased from Amersham Biosciences (Pis-
cataway, NJ, USA). Western blot was quantified using the
NIH Image 1.62 (Zheng et al. 2010a).

Immunofluorescence microscopy
Immunofluorescence co-localization was performed as

described previously (Yang et al. 2010). Briefly, plasmids
were transfected into HEK293 cells. After fixation and
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permeabilization, cells were stained with mouse anti-Flag
antibody and rabbit anti-GM130 antibody (Abcam, Cam-
bridge, UK) for 45 min, followed by Alexa Fluor 488-con-
jugated anti-mouse IgG (Molecular Probes, Eugene, OR,
USA) and Alexa Fluor 647-conjugated anti-rabbit IgG
(Molecular Probes) for 30 min. Then, Alexa Fluor 594-con-
jugated anti-HA (Molecular Probes) was incubated for 1 h
and Hoechst 33258 (5 pg/mL) for 5 min. The slides were
visualized by a confocal microscope (Leica Microsystems,
LAS AF-TCS SP5, Heidelberg, Germany).

Receptor cell surface expression analysis

Receptor cell surface expression analysis was performed as
reported before (Cheng et al. 2011). Briefly, HEK293 cells
were transiently transfected with constructs of Flag-2AR
plus HA-CAL or Flag-B2AR alone, respectively. Cells were
pre-labeled with anti-Flag antibody or normal mouse IgG
alone as control in cold medium. After washing, the cells
were solubilized in lysis buffer. The lysates were incubated
with protein A-coupled agarose beads overnight at 4 °C and
collected. Then, the captured proteins were eluted from the
beads using loading buffer and separated by SDS-PAGE,
immunoblotted with anti-Flag antibody as primary antibody.

On-Cell Western

On-Cell Western was performed as described previously
(Chan et al. 2009). Briefly, HEK293 cells were transiently
transfected with constructs of Flag-B2AR plus HA-CAL or
Flag-B2AR alone, respectively, and split into a 96-well plate.
The cells were then incubated with 200 w1 HBS/BSA. After
fixation and blocking, the cells were incubated with primary
antibody overnight at 4 °C. Subsequently, secondary anti-
body (IRDye™ 800CW DonkeyaRabbit 1:800, Rockland,
Gilbertsville, PA, USA) was added and the cells were imaged
using the Odyssey (LI-COR Inc., Lincoln, NE, USA).

Statistical analyses

The results of western blotting were semi-quantitatively
analyzed by densitometry using Image J software. All data
were presented as mean £ SD and statistical significance
was analyzed by independent sample T test. Differences
were considered significant when P < 0.05.

Results

CAL reduces f2AR-mediated ERK activation

CAL was reported to inhibit the B1AR expression in
cell surface (He et al. 2004), so we further studied if

Bl1AR-mediated ERK signaling could also be regulated
by CAL expression. Meanwhile, B2AR was set up as a
negative control since B2AR-CT was reported not bind-
ing with CAL (He et al. 2004). Unexpectedly, our results
showed that B2AR-mediated ERK1/2 activation was sig-
nificantly reduced by CAL overexpression (P < 0.05,
Fig. 1a). When B2AR was expressed alone, ISO-stimu-
lated ERK1/2 activation increased to more than 3.3-fold
over that of control cells. Co-expression of CAL signifi-
cantly reduced ISO-stimulated f2AR-mediated ERK1/2
activation up to 57.6 % compared with that of B2AR-
alone expressing cells. HA-CAL alone overexpression
did not decrease ERK activation of cells compared with
that of control cells (Supplemental Fig. S1). These data
suggest that CAL is involved in regulating the signaling
of B2AR.

To verify these results, we further explored if CAL
inhibited ERK activation induced by a selective B2AR ago-
nist, salmeterol. Results showed that salmeterol stimulated
ERK activation in a dose-dependent manner (Supplemen-
tal Fig. S2), and salmeterol-induced ERK activation was
significantly inhibited by ICI118,551, a selective P2AR
antagonist (Supplemental Fig. S3), indicating that salme-
terol selectively induced B2AR-mediated ERK signaling
activation in COS-7 cells, which was consistent with previ-
ous reports (Kaya et al. 2012; Qian et al. 2009; Tan et al.
2007). When B2AR was overexpressed in COS-7 cells,
salmeterol-induced ERK activation increased to approxi-
mately 2-fold over that of control cells (P < 0.01, Fig. 1b).
However, when co-overexpressed with CAL, salmeterol-
induced ERK activation was robustly retarded (P < 0.05,
Fig. 1b). These data indicate that CAL specifically inhibits
B2AR-mediated ERK activation.

CAL is a novel binding partner of B2AR

CAL, an adaptor protein, usually exerts its function via
interaction with its binding partners (Cheng et al. 2004).
CAL expression retarded B2AR-mediated ERK1/2 activa-
tion, indicating that f2AR might interact with CAL, even
though B2AR-CT was reported not binding with it (He et al.
2004). Thus, we further detected the interaction of full-
length B2AR and CAL by co-immunoprecipitation assay.
We found that full-length HA-CAL was evidently co-
immunoprecipitated with full-length Flag-32AR (Fig. 2a).
To rule out the possibility that co-immunoprecipitation
between CAL and B2AR was mediated by HA-tag, we
transfected COS-7 cells with constructs of CAL alone, or
B2AR and CAL; subsequently, cells were solubilized and
incubated with IgG or anti-B2AR antibody coupled to affin-
ity gel. Co-IP of CAL with B2AR was evident and there
was no CAL signal detectable when IgG coupled to affinity
gel was used (Fig. 2b).
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Fig.1 CAL inhibits 2AR-mediated ERK activation. a CAL attenu-
ated p2AR-mediated ERK phosphorylation. COS-7 cells were trans-
fected with constructs of Flag-f2AR alone or in combination with
HA-CAL. Cells were treated with serum-free medium overnight after
48 h of transfection and then stimulated with ISO. b CAL inhibited
salmeterol-stimulated ERK activation mediated by f2AR. Constructs
of Flag-2AR or Flag-B2AR/HA-CAL were transiently transfected
into COS-7 cells. After serum deprivation, the cells were stimulated
with 1 M salmeterol for 10 min at 37 °C or pretreated with 10 pM
ICI118,551 for 30 min before salmeterol stimulation. ERK1/2 acti-
vation was detected with the western blotting. The effect of CAL on

In addition to the transfection experiments, we also stud-
ied the interaction of endogenous B2AR and CAL in mouse
heart tissue. Mice were killed, and their hearts were solubi-
lized, lysates were incubated with B2AR antibody or IgG
linked to protein A/G-agarose beads. Co-precipitated CAL
was detected by Western blotting with anti-CAL. Robust
co-immunoprecipitation of CAL with B2AR from heart tis-
sue was observed (Fig. 2c). These results indicate that CAL
is also a novel binding partner of f2AR.

The coiled-coil (CC) domains of CAL interact with the
third intracellular loop of $2AR

The protein sequence analysis shows that CAL contains
two CC domains and one PDZ domain (Fig. 3a). Both the
CC domains and PDZ domain have been demonstrated to
mediate protein—protein interaction, respectively (He et al.
2004; Tash et al. 2012; Watanabe et al. 2013). To elucidate
the structural determinant of the interaction between CAL
and B2AR, GST pull-down assay was performed using
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B2AR-mediated ERK1/2 activation was quantified. ERK1/2 activa-
tion was normalized to total ERK1/2 expression. Then, the results of
normalized pERK in agonist/antagonist-stimulated cell were divided
by those of agonist/antagonist-unstimulated same cells, and again it
was calculated by dividing pERK in receptor over-expressing cells by
that of control cells to obtain the final ratio of ERK activation. There
was a significant decrease in pERK immunoreactivity (*P < 0.05,
**P < 0.01, **P < 0.001) in cells co-transfected with Flag-2AR
and HA-CAL than in cells transfected with Flag-p2AR alone. Data
and error bars represent mean =+ standard deviation (SD) for three
independent experiments

GST-CAL-CC and GST-CAL-PDZ proteins, respectively,
to pull down lysates of COS-7 cells transfected with Flag-
B2AR. Results showed that the CC domains of CAL, but
not its PDZ domain, mediated its interaction with B2AR
(Fig. 3b), which is distinct from PDZ domain-mediated
CAL/B1AR interaction (He et al. 2004).

Lines of evidence indicated that GPCR associates with
its binding proteins not only via its CT, but also via its intra-
cellular loops (ICLs) (Borroto-Escuela et al. 2011; Chen
et al. 2011; Dong et al. 2012; Marion et al. 2006; Woods
2010). Interactions with G proteins occur mainly in ICLs
of the receptors. ICL1 and ICL2 in B2AR are short and
lack of extensive helicity to support transducer anchoring
(Parker et al. 2011), so ICL3 is the primary binding region
of G-proteins for 2AR (Kling et al. 2013). f2AR was also
reported to bind with its other partners via its ICL3 (Shiina
et al. 2000), so we proposed that CAL/B2AR interaction
might also act through its ICL3. To test this hypothesis, we
used GST-B2AR-ICL3 or GST-B2AR-CT fusion proteins,
respectively, to pull down HA-CAL protein expressed in
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Fig.2 CAL is a novel binding partner of B2AR. a CAL co-immu-
noprecipitated with B2AR. COS-7 cells transfected with constructs
of HA-CAL alone, or Flag-B2AR and HA-CAL, were solubilized
and incubated with anti-Flag antibody coupled to affinity gel. Co-IP
of HA-CAL with Flag-p2AR was evident and it was not detectable
when HA-CAL was expressed alone. b CAL co-immunoprecipitated
with B2AR. COS-7 cells transfected with constructs of CAL alone,
or B2AR and CAL, were solubilized and incubated with IgG or anti-
B2AR antibody coupled to affinity gel. Co-IP of CAL with f2AR was
evident and there was no detectable CAL when CAL was expressed
alone. ¢ B2AR interacts with CAL in native tissues. Solubilized
lysates from homogenized mouse heart tissues were immunopre-
cipitated with anti-32AR and analyzed by Western blotting with anti-
CAL antibody

COS-7 cells. As shown in Fig. 4b, a robust HA-CAL was
detected from the GST-B2AR-ICL3 pull-down complex,
while relatively weaker HA-CAL signal was detected from
the GST-f2AR-CT pull-down complex, indicating that
B2AR interacts with CAL mainly via its ICL3.

To further rule out the noise of over-expressed exog-
enous protein from the interaction, tissue lysates from the
hearts of mice were pulled down using GST-p2AR-ICL3
and GST-B2AR-CT fusion proteins, respectively. Con-
sistently, endogenous CAL strongly interacted with GST-
B2AR-ICL3, but weakly interacted with GST-B2AR-CT
(Fig. 4c). Therefore, ICL3 of B2AR mainly mediates CAL/
P2AR interaction.

Additionally, to verify the direct interaction between
CAL-CC and B2AR-ICL3, GST pull-downs were performed
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Fig. 3 CAL associates with B2AR via its coiled-coil (CC) domains.
a Schematic representation of full-length CAL, GST-CAL-PDZ and
GST-CAL-CC. b CAL interacted with B2AR via its CC domains.
Purified Glutathione S-transferase (GST) fusion proteins, GST-CAL-
CC or GST-CAL-PDZ were used in pull-down with lysates of COS-7
cells transfected with Flag-B2AR. Precipitates were subjected to
Western blotting with the anti-B2AR antibody (fop panel). The data
are representative of three independent experiments

with purified proteins. Results showed that a robust His-
CAL-CC signal was detected from the GST-p2AR-ICL3
pull-down complex, while no His-CAL-CC signal was
detected from the GST-B2AR-CT pull-down complex
(Fig. 4d), demonstrating that the direct interaction between
B2AR and CAL is mediated by B2AR-ICL3 and CAL-CC.

CAL entraps p2AR in the Golgi apparatus and retards
cell surface expression of f2AR

The interaction of CAL with B2AR was further examined
by immunofluorescence and confocal microscopy. HEK293
cells were transfected with Flag-B2AR in the presence or
absence of HA-CAL. Images showed that f2AR localized
primarily to the plasma membrane (Fig. 5a), whereas CAL
was punctually distributed in the cytoplasm (Fig. 5d), when
they were transfected individually. Cytoplasmic punctual co-
localization of Flag-B2AR and HA-CAL was detected when
CAL was co-transfected with B2AR (Fig. 5g-h), which indi-
cated that a significant fraction of total B2AR was colocal-
ized with CAL in the cytoplasm. Due to the Golgi localiza-
tion of CAL, we speculated that Flag-B2AR and HA-CAL
punctually co-localized in Golgi apparatus at cytoplasm.

To further elucidate the subcellular localization of B2AR
and CAL, fluorescence confocal microscopy studies were
performed again. In the same way, HEK293 cells were
transfected with constructs of Flag-B2AR in the presence

@ Springer



1460

L. Yang et al.

A
)
i 5ICL3
: CT

B
Lysates GST pull-down

+ + + + HA-CAL

- + - - GST

- - + - GST- B2AR-ICL3

- - - + GST-B2AR-CT

‘o—y S  * wB:HA

Coomassie
blue
staining

- GST
- GST- B2AR-CT
+ GST- B2AR-ICL3

W8 WB: CAL

Coomassie | GST pull-down
—..... blue

staining

WB: CAL I Lysates

+ His-CAL-CC
GST
GST-B2AR-ICL3
GST-B2AR-CT

|+ +
|+ 1+
[

+ |

WB: His

Coomassie | GST pull-down

blue
staining

WB: His | Lysates

Fig. 4 B2AR associates with CAL via its third intracellular loop
(ICL3). a Schematic representation of f2AR, GST-f2AR-ICL3 and
GST-p2AR-carboxyl terminal (CT). b Exogenous CAL interacted
with B2AR mainly via the ICL3 of receptor. Purified GST and GST-
B2AR-ICL3 or GST-B2AR-CT proteins were used to pull down
lysates of COS-7 cells transfected with HA-CAL followed by west-
ern blotting with anti-HA antibody. GST-f2AR-ICL3 pulled down
significantly more CAL than GST-f2AR-CT. Coomassie Blue stain-
ing demonstrated equal loading of the fusion proteins. ¢ Endogenous
CAL interacted with f2AR-ICL3. Purified GST, GST-p2AR-ICL3 or
GST-p2AR-CT proteins were used in pull-down assay with lysates
of homogenized mouse heart tissues. Precipitates were visualized
with the anti-CAL antibody. Consistent with exogenous protein pull-
down experiments, GST-B2AR-ICL3 fusion protein pulled down sig-
nificantly more CAL proteins than GST-32AR-CT. d Purified B2AR-
ICL3 directly interacted with His-CAL-CC fusion protein. Purified
GST, GST-B2AR-ICL3 or GST-f2AR-CT proteins were used in
pull-down with His-CAL-CC fusion protein. Precipitates were visual-
ized with the anti-His antibody. His-CAL-CC protein can be clearly
detected in GST-2AR-ICL3 fusion protein pull-down complex, but
not in GST-$2AR-CT pull-down complex. Coomassie Blue staining
demonstrated equal loading of the fusion proteins
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or absence of HA-CAL. Images showed that B2AR local-
ized primarily to the plasma membrane did not overlap
with the expression of the Golgi-associated protein GM130
(Fig. 5a—c), whereas CAL punctually distributed in the
cytoplasm overlapped with GM130 (Fig. 5d—f) when they
were transfected individually, indicating that B2AR local-
ized primarily to the plasma membrane and CAL localized
in Golgi apparatus. When CAL was co-transfected with
B2AR, the majority of B2AR was expressed in cytoplasm
and co-localized with CAL, overlapping with GM130
(Fig. 5g—j), which indicated that a significant fraction of
B2AR was co-localized with CAL in the Golgi apparatus
and CAL overexpression led to the entrapment of B2AR in
cytoplasmic Golgi apparatus.

The finding of colocalization study showed that CAL
co-localized with B2AR in Golgi apparatus, and indicated
that CAL expression entrapped B2AR in the cytoplasm and
reduced the expression of B2AR at cell plasma membrane.
So we further studied reduced expression of f2AR at cell
plasma membrane by CAL overexpression using recep-
tor cell surface expression quantitative analysis. HEK293
cells were transfected with Flag-B2AR in the presence or
absence of HA-CAL. Subsequently, live HEK-293 cells
were surface-labeled at 4 °C with Flag-specific antibody to
analyze surface receptor. Lysates were prepared after anti-
Flag antibody labeling, and receptor-antibody complexes
were immunoabsorbed onto protein A-agarose beads. The
immunoabsorbed proteins were then eluted and probed
with anti-Flag-specific antibodies. Immunoblot analysis
comparing detergent lysates prepared from Flag-f2AR
only-transfected cells versus both Flag-p2AR and HA-
CAL-transfected cells identified that Flag-B2AR expression
at plasma membrane was significantly reduced after co-
transfected with HA-CAL (Fig. 6a).

Meanwhile, we further verified the reduced expression
of B2AR at cell plasma membrane by CAL using On-Cell
Western. HEK293 cells were transfected with Flag-B2AR
in the presence or absence of HA-CAL and split into
96-well plates. Subsequently, primary anti-Flag antibody
following fluorescent secondary antibody was added. The
results of On-Cell Western also showed that the cell surface
expression of B2AR was reduced by approximately 40 %
in CAL-overexpressing cells when compared with that of
Flag-B2AR-transfected alone (Fig. 6b). Taken together,
these results demonstrate that CAL overexpression leads to
reduced expression of B2AR at cell plasma membrane.

Discussion
In this study, we found that CAL overexpression regulated

B2AR-mediated ERK activation. Further investigation iden-
tified a novel interaction of B2AR/CAL and the structural
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Flag-p2AR HA-CAL

Fig. 5 Entrapment of B2AR in Golgi apparatus of the cytoplasm by
interaction with CAL. CAL co-localized with f2AR in Golgi appa-
ratus of HEK293 cells. Constructs of Flag-B2AR and HA-CAL were
transfected into HEK293 cells alone or in combination. Flag-f2AR
was mainly localized to the plasma membrane and did not overlap

determinants of their interaction. The results showed that
B2AR interacted with CAL protein mainly via its ICL3, but
not CT. CAL interacts with B2AR via its CC domain, but
not its PDZ domain. These are substantially distinct from
CAL/B1AR binding. CAL overexpression can regulate
cell surface expression of B2AR. Thus, this study found a
novel protein—protein interaction and demonstrated a new
mechanism by which the functional activity of B2AR was
regulated.

Similar to some other GPCRs, the carboxyl terminal
(CT) of B2AR contains a PDZ-binding motif which has
been reported to bind to PDZ domain-containing proteins
to regulate receptor activity and expression (He et al. 2004;
Zhang et al. 2008). In this study, we found that the CT of
B2AR did not evidently mediate its interaction with CAL.
CAL, containing two CC domains and one PDZ domain,
has been reported to interact with multiple proteins via its
different domains. CAL binds to B1AR (He et al. 2004),
the cystic fibrosis transmembrane conductance regula-
tor (CFTR) (Amacher et al. 2013), and Frizzled protein
5/8 (Yao et al. 2001) via its PDZ domain, whereas CAL
interacts with Syntaxin 6 via its CC domain (Charest et al.

GM130

Overlay

Flag

Flag
+HA

with Golgi-associated protein GM130 (a—c), while CAL was punc-
tually dispersed in the cytoplasm and overlapped with GM130 when
they were expressed alone (d-f). While CAL and f2AR were co-
expressed, co-localization of CAL and B2AR at cytoplasm and over-
lapping with GM 130 was detected (g—j)

2001). In this study, we found that it was the CC domains
of CAL that mediated its interaction with f2AR.

B2AR-mediated ERK1/2 activation can be regulated by
the receptor binding with Ga protein or B-arrestin (Daaka
et al. 1997; Kobayashi et al. 2005; Shenoy et al. 2006)
or heterodimerization of 1AR and B2AR (Lavoie et al.
2002). This study found that 2AR-mediated ERK1/2 acti-
vation was regulated by a novel mechanism. That is, CAL
overexpression entrapped B2AR in the cytoplasm, which
was indicated by the receptor cell surface expression anal-
ysis (Fig. 6a) and On-Cell Western (Fig. 6b). Thus, CAL
overexpression resulted in attenuated P2AR functional
activity and p2AR-mediated ERK1/2 activation.

CAL is known to be predominantly located in the Golgi
apparatus and interact with syntaxin 6 (Charest et al.
2001). Syntaxin 6 interacts with the Rab5 effector EEA1
(early endosomal autoantigen) and tethers post-Golgi vesi-
cles to early endosome as well as the regulation of early
endosome fusion (Simonsen et al. 1999). Thus, we specu-
lated that the retention and accumulation of B2AR in the
cytoplasm resulted from CAL modulation of B2AR anter-
ograde trafficking from the ER-Golgi to the cell surface.
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Fig. 6 CAL retards cell surface expression of B2AR. a CAL reduced
B2AR expression in cell surface. HEK293 cells, transfected with
constructs of Flag-B2AR alone, or Flag-2AR and HA-CAL, were
pre-labeled with anti-Flag antibody. After the cells were lysed, anti-
Flag antibody-labeled Flag-f2AR was immunoprecipitated by pro-
tein A beads and then detected by immunoblotting. b CAL expres-
sion entrapped B2AR in the cytoplasm. COS-7 cells, transfected with
constructs of Flag-B2AR alone, or Flag-B2AR and HA-CAL, were
cultured in 96-well plates, subsequently fixed, and incubated with
anti-Flag antibody and fluorescent secondary antibody, then detected
using the LI-COR Odyssey. Integrated intensities were analyzed and
normalized by cell number. Results showed that CAL expression led
to the reduced Flag-f2AR expression at plasma membrane

Similar to this study, CAL has also been reported to play
a role in the vesicle transport of CFTR (Cheng et al. 2002,
2004) from the Golgi apparatus to the plasma membrane.
CAL decreased the cell surface expression of CFTR by
reducing the rate of anterograde CFTR trafficking to the
plasma membrane and favored retention of the CAL-CFTR
complex in the Golgi (Cheng et al. 2002). The Golgi appa-
ratus is required for the processing of complex sugar struc-
tures on many proteins and for the sorting of these pro-
teins to their correct subcellular destinations (Farquhar
and Palade 1998). Thus, CAL may play a role in the post-
translational modification of B2AR, such as glycosylation
(Mialet-Perez et al. 2004), thereby regulating the forma-
tion of mature B2AR competent for subsequent transport
to the cell surface. However, this hypothesis needs to be
further explored.

B2AR is mainly expressed in the heart and respira-
tory system. CAL is widely expressed in different tissues
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including the heart. B2AR-mediated ERK1/2 activation
plays a pivotal role in the development of myocyte hyper-
trophic growth and heart failure (Heineke and Molkentin
2006; Nunn et al. 2010). To further verify the modulation of
CAL on B2AR-mediated signaling in clinical samples, we
searched the expression value of CAL and B2AR activation
from Gene Expression Omnibus (GEO) heart failure data-
base [GEO accession (GSE3586)] in patients with dilated
cardiomyopathy (DCM, n = 13, DCM is a common cause of
heart failure). The expression levels of adrenergic pathway
gene set, a priori defined set of adrenergic pathway gene
(Supplemental Table 1), were used as an indicator for the
activation of adrenergic pathway (Martyniuk et al. 2013).
We used Gene set enrichment analysis (GSEA; http://www.
broad.mit.edu/gsea) to test the correlation of expression lev-
els of CAL and gene sets involved in adrenergic pathway in
DCM clinical samples. GSEA revealed that CAL was sig-
nificantly negatively associated with genes involved in the
adrenergic pathway, reminding CAL expression contributed
negatively to adrenergic pathway activation. In heart failure
(HF) mice model, CAL expression level was significantly
downregulated compared with control mice. Interestingly,
ERK activation level increased in contrast with reduced
CAL and the change of B2AR expression level was not
detected (Supplemental Fig. S3). This indicated that the low
expression of CAL was potentially related to ERK activa-
tion in heart failure. All these data further provide clinical
evidence for CAL to inhibit B2AR-mediated signaling, sug-
gesting that the regulation on CAL expression might be a
potential target for treating heart failure.

In summary, our results demonstrate that CAL interacts
with B2AR mainly via the third intracellular loop (ICL3) of
B2AR and the coiled-coil domains of CAL, and this inter-
action inhibits the cell surface expression of f2AR. These
results add CAL as a novel member to B2AR-interacting
proteins. The potential effect of this interaction on signal-
ing and functions of B2AR may help to develop potential
therapeutic measures for treating f2AR-associated diseases
such as heart failure.
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