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SYNOPSIS

B-Arrestins are known to regulate G protein signaling through interactions with their downstream
effectors. Here, we report that B-arrestinl associates with the G protein f1y2 subunits in transfected
cells, and purified B-arrestinl interacts with GB1y2 derived from in vitro translation. Deletion
mutagenesis of B-arrestinl led to the identification of a region, comprising amino acids 181-280, as
being responsible for its interaction with GB1y2. Overexpression of B-arrestinl facilitates GB1y2-
mediated Akt phosphorylation, and inhibition of endogenous B-arrestinl expression by small
interfering RNA (siRNA) diminishes this effect. Through investigation of nuclear factor kB (NF-
kB), a transcription factor regulated by Akt signaling, we have found that overexpression of -
arrestinl significantly enhances GB1ly2-mediated nuclear translocation of NF-«xB proteins and
expression of a NF-kB-directed luciferase reporter. Overexpression of -arrestinl also promotes
bradykinin-induced, Gpy-mediated NF-«xB luciferase reporter expression, which is reverted by
silencing the endogenous B-arrestinl with a specific SIRNA. These results identify novel functions
of B-arrestinl in binding to the B1y2 subunits of heterotrimeric G proteins and promoting Gpy-
mediated Akt signaling for NF-xB activation.
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INTRODUCTION

Receptors bearing seven transmembrane structures that are functionally coupled to
heterotrimeric guanine nucleotide-regulatory proteins (G proteins)! respond to a wide range
of stimuli, including light, hormones, odorants, chemoattractants, and neurotransmitters.
Agonist stimulation of these G protein-coupled receptors (GPCRs) triggers the activation of
heterotrimeric G proteins by catalyzing the exchange of GDP for GTP on G protein a subunits.
The resulting changes in the G protein By subunits conformation, and their dissociation from
Ga, lead to activation of numerous downstream effectors including phospholipase Cj3, adenylyl
cyclase, ion channels, mitogen-activated protein kinase (MAPK), and phosphatidylinositol 3-
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Kinase (PI3K) [1]. Agonist occupancy of GPCRs also initiates desensitization and
internalization of the receptors, leading to termination of GPCR-mediated signaling.
Homologous desensitization of GPCRs requires G protein-coupled receptor kinases and a
group of adapter proteins termed B-arrestins [2-4]. Recent findings demonstrate that, in addition
to their roles in GPCR desensitization and internalization, g-arrestins can function as GPCR
signal transducers by forming protein complexes with signaling molecules downstream of G
proteins [5]. B-arrestins interact with a large number of cellular proteins, many of them
signaling molecules, and together form the B-arrestin interactome [6]. Among the signaling
molecules that interact with B-arrestins are the Src family tyrosine kinases [7], components of
the MAPK signaling cascade [8,9] and the regulatory subunit of Type 1A PI3Ks [10]. Others
have reported that B-arrestins interact with several components of the classical nuclear factor
kB (NF-kB) signaling pathway, including IxBa, IxB kinase (IKK) a and 8, and NF-«xB-
inducing kinase, resulting in the stabilization of 1xBa and reduction in NF-«B activation [11,
12]. These findings indicate that the effects of -arrestins are pleiotropic, and whether it
positively or negatively regulates NF-kB and other cellular functions may be dependent on the
cell type, the activation states, and the stimuli used for cell activation.

One of the major signaling pathways downstream of Gy is the PI3K-Akt pathway, which
plays a critical role in cell survival and inhibition of apoptosis [13,14]. Activation of the
transcription factor NF-xB contributes to the anti-apoptotic effect of Akt [14,15]. The
transcription factor NF-xB, which can be homo- or heterodimer consisting of different subunits,
is critical to the inducible expression of many genes involved in immunity, inflammation, and
cell survival [16,17]. The most abundant form of NF-«xB is a heterodimer consisting of the p65
(RelA) and p50 subunits, in which p65/RelA contains the transcriptional activation domain.
Agonist stimulation of many GPCRs leads to the activation of NF-«xB via Gag, Gal3, and/or
Gpy [18-21]. We have previously reported that stimulation of the B2 bradykinin receptor
(B2BKR) and D2 (long) dopamine receptor causes Gpy-dependent NF-kB activation [22,23].
B2BKR-induced NF-kB activation involves Gag, GBy, PI3K, Akt, and the activation of
IKKp for NF-kB signaling. In comparison, the D2 dopamine receptor-induced NF-xB
activation uses a mechanism that involves GBy-dependent recruitment of the c-Src tyrosine
kinase and does not seem to require IxBa degradation [23]. Interestingly, the D2 dopamine
receptor agonist-induced NF-«B activation is significantly enhanced by overexpression of p-
arrestinl (also termed arrestin-2) [23]. These results suggest that, in the activation state, the
ability of B-arresinl to promote GPCR signaling may surpass its inhibitory effect through
binding of 1kBa, resulting in a net increase in NF-kB activation.

Studies conducted by others have shown that the B-arrestin2 interaction with Akt and the
phosphatase PP2A is believed to be important for dopaminergic neurotransmission and
behavior [24]. To further understand the mechanism of GBy-mediated NF-«B activation, we
investigated the potential interaction between these G protein subunits and B-arrestinl and the
biological function of B-arrestinl in NF-«xB activation. We report here that B-arrestinl interacts
with GB1y2. Moreover, B-arrestinl facilitates the activation of the serine/threonine kinase Akt
that is a downstream effector of GBy. The increased Akt activity in turn contributes to the
GBly2-mediated NF-xB activation.

EXPERIMENTAL

Reagents

Bradykinin was purchased from Sigma-Aldrich. Pertussis toxin was obtained from
Calbiochem. Bovine arrestin-2 (B-arresinl) was purified using a previously described
procedure [25]. Protein A/G-Sepharose beads and antibodies against GB1, Gy2, or actin were
purchased from Santa Cruz Biotechnology. An antibody against AU5 was purchased from
Covance. Antibodies against Akt and phospho-Akt (serine 473) were obtained from Cell
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Signaling Technology. An anti-human B-arrestinl antibody was obtained from BD
Biosciences. A GB1 subunit expression vector (FLAG-tagged at its N-terminus) and Gy2
expression vector (HA-tagged at its N-terminus) were obtained from the University of
Missouri—Rolla cDNA Research Center. The expression vectors for AU5-tagged B-arrestinl
and NF-xB luciferase reporter were described previously [23]. The expression vectors of
B2BKR and the Gy scavenger T8BARK-myc with a BARK (B-adrenergic receptor kinase or
GRK2) carboxyl-terminal fragment were previously described [22,26]. The siRNA
oligonucleotides for control (Cat No: 4611) or B-arrestinl (SiRNA ID: 5026) were purchased
from Ambion.

transfection, and luciferase reporter assay

All cells were derived from American Type Culture Collection (ATCC). HEK293 and HeLa
cells were maintained in DMEM supplemented with 10% heat-inactivated fetal bovine serum,
2 mM L-glutamine, 100 1U/ml penicillin, and 50 ug/ml streptomycin. HeLa cells (~ 70%
confluence) in 6-well plates were transfected with empty vectors or plasmid expression vectors
coding for a 3 x xB-directed luciferase reporter, B2BKR, and p-galactosidase (B-gal), as
indicated in the associated figure legends. The total cDNA concentration in each sample was
adjusted to 1 pg by addition of the empty vector pCl (Promega) to minimize variations in
transfection efficiency. Transient transfection was performed as described [27] using the
Lipofectamine Plus reagent or Lipofectamine 2000 (Invitrogen), according to the
manufacturer's instructions. Twenty-four hours after transfection, cells were serum-starved for
16-18 h, washed twice with PBS, and assayed with or without agonist stimulation. Reporter
lysis buffer (Promega) was then added to the cells. The expressed luciferase activity was
measured in a Femtomaster FB12 luminometer (Zylux) or Wallac Victor 1420 Microplate
Reader (PerkinElmer). Unless otherwise indicated, all luciferase assays were performed with
duplicate or triplicate samples, and 2-4 independent experiments usually were conducted. Data
were plotted using the GraphPad Prism 4 software (GraphPad Software).

In vitro translation

In vitro translation was conducted with a TNT system (Promega) in the presence of [35S]-
methionine, 0.5 pg each of DNA for the GB1 and Gy2 expression vector (in pcDNA3.1), for
90 min at 30°C. As a negative control, 1 ug of the vector DNA was added to the translation
reaction. Approximately half of the resulting translation product was incubated with 200 ng of
purified bovine B-arrestinl for 1 h at 4°C. Immunoprecipitation was carried out with an anti-
Barrl antibody (1:100 dilution) immobilized on protein-A/G beads. Both the supernatant and
immunoprecipitates were collected. The immunoprecipitated proteins were eluted, boiled, and
analyzed by SDS-PAGE and autoradiography.

Deletion mutagenesis

B-arrestinl deletion mutants were generated using PCR, with oligonucleotide primers based
on the desired sequences. A carboxyl terminal AU5 tag was encoded with the 3’ primers. After
25 cycles of amplification, the PCR products were subcloned into the pCl expression vector.
The sequences of the cDNA inserts were verified by automated DNA sequencing.

Immunoprecipitation

This experiment followed a previously proven procedure [28]. Cells in 100 mm dishes were
harvested using 1 ml ice-cold lysis buffer (50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 1 % igepal
ca-630, 0.5 % Sodium Deoxycholate, 0.1% SDS, 2 mM EDTA) containing a cocktail of
protease and phosphatase inhibitors (Sigma-Aldrich). Cell samples in centrifuge tubes were
sonicated for 10 second at 4°C and centrifuged at 14,000 x g to remove insoluble material. The
supernatant in each tube was incubated with 20 ul protein A/G-Sepharose beads for 2 h at 4°
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C and centrifuged at 14,000 x g for 1 min. The supernatant then was transferred into fresh tubes
and incubated with 10 pl of the selected antibody overnight at 4°C. Immuno-complexes were
isolated the next morning by the addition of 20 ul protein A/G-Sepharose beads followed by
incubation at 4°C for 4 h. Immunoprecipitates were then washed five times with modified lysis
buffer (containing 1 mM Sodium orthovanadate), the last wash used lysis buffer without
detergent. Washed immunoprecipitate pellets were dissolved in 50 pl 2 x Laemmli sample
buffer. Proteins were denatured by heating to 95°C for 5 min, and the protein A/G-Sepharose
were removed by centrifugation at 14,000 x g for 1 min at room temperature (23°C) before
electrophoresis.

Western blot analysis

Proteins from whole cell extracts were separated on 8%, 10%, or 12% acrylamide SDS-PAGE
gels by electrophoresis at 50 mA. Proteins were then electrotransfered to nitrocellulose
membranes at 100 V for 1 h at 4°C. The membrane was pretreated with 5% non-fat milk in
TTBS (20 mM Tris-HCI, pH 7.5, 120 mM NaCl, 0.05% Tween-20) for 1-2 h at room
temperature. Incubation with primary antibody was done at 4°C in TTBS with 5% BSA, for
16 h. The membrane was then washed for 10 min, 3 times, with TTBS and incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. After 3
washes with TTBS, the bound antibody was detected by enhanced chemiluminescence (Pierce
Biotechnology).

EMSA (electrophoretic mobility shift assay)

RESULTS

Nuclear protein extracts were prepared as described [18]. A double-stranded NF-xB
oligonucleotide, containing the forward strand sequence 5'-
AGTTGAGGGGACTTTCCCAGGC-3' (Promega), was end-labeled using [y-32P]-ATP and
T4 polynucleotide kinase. EMSA was performed according to a previously described
procedure [18] using 6% acrylamide gels and 0.5 x TBE buffer (1 x TBE =89 mM Tris/borate
and 2 mM EDTA). The gels were dried, and an autoradiograph was taken using a
Phospholmager cassette (Molecular Dynamics). Results were analyzed using software from
Molecular Dynamics.

B-Arrestinl interacts with GB1ly2

It is well documented that B-arrestinl not only interacts with phosphorylated GPCRs, but also
binds to a variety of signaling molecules downstream of these receptors [5]. However,
interactions between B-arrestins and heterotrimeric G protein subunits have not been well
characterized. In this study, we examined the association between G protein f1y2 subunits with
B-arrestinl in co-immunoprecipitation assays. In p-arrestinl-transfected human embryonic
kidney 293 (HEK?293) cells, an antibody against the endogenous GB1 subunit co-
immunoprecipitated B-arrestinl, which was subsequently detected by Western blotting (Figure
1A, top panel, Lane 3). This result was confirmed by overexpression of GB1 together with 3-
arrestinl, which further enhanced the amount of B-arrestinl precipitated by the anti-Gp1
(Figure 1A, top panel, Lane 4). However, overexpression of Gy2 together with p-arrestinl did
not lead to additional increase in the amount of the associated p-arrestinl (Figure 1A, top panel,
Lanes 5 and 6, compared to Lanes 3 and 4). In a parallel experiment, an anti-Gy2 was able to
co-immunoprecipitate a small amount of B-arrestinl (Figure 1B, top panel, Lane 3). However,
the amount of B-arrestinl that was co-precipitated by the anti-Gy2 did not increase by
overexpression of Gy2 (Lane 4), unless GB1 was also overexpressed in the same cells (Lane
5). Therefore, it is likely that B-arrestinl co-immunoprecipitation with Gy2 using the anti-
Gy2 antibody (Figure 1B, Lane 3) reflects an indirect interaction due to Gy2 association with
Gp1. Reciprocal experiments employing an anti-AU5 antibody to immunoprecipitate the AU5-
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tagged p-arrestinl showed a similar pattern of interaction, i.e., an increased association between
B-arrestinl and GB1y2 was detectable only when GB1 was overexpressed (data not shown).
These results suggest an interaction between GB1 and p-arrestinl.

To further determine whether B-arrestinl directly interacts with GB1y2, a radiolabeled
preparation of GB1 was made from in vitro translation in the presence of [3°S]-methionine. A
Gy2 expression vector was included to facilitate synthesis and formation of the GB1y2
heterodimer, which increases its expression [29]. The radiolabeled GB1y2 was incubated with
purified bovine B-arrestinl at 4°C for 1 h. Immunoprecipitation was carried out using an anti-
B-arrestinl antibody. As shown in Figure 2, a radiolabeled GB1 was co-immmunoprecipitated
from samples containing the GB1 and Gy2 expression vectors, but not in samples with the
control vector (pcDNA3.1 without insert). The anti-p-arrestinl antibody precipitated
significantly more (~3-fold) radiolabeled GB1 in the presence of purified B-arrestinl than in
its absence, suggesting a direct interaction between p-arrestinl and GB1. Based on radioactivity
of the sample, the B-arrestinl-associated Gp1 is approximately 1.63% of the total in vitro
translation products.

Amino acids 181-280 of B-arrestinl constitute a critical determinant for B-arrestinl
interaction with GB1y2

Four B-arrestinl deletion mutants were prepared, tagged with an AU5 epitope at their carboxyl
termini, and expressed in the HEK293 cells (Figure 3). All four truncated B-arrestinl constructs
were able to express in the transfected cells, albeit at different levels (Figure 3B, bottom panel).
Immunoprecipitation was carried out using an anti-p1 antibody, which recognizes both the
endogenous and the recombinant GB1 (Figure 3B, top panel, Lanes 2 and 3, respectively). An
anti-AU5 monoclonal antibody was used to detect the full-length and mutant B-arrestinl
constructs. An anti-FLAG monoclonal antibody, which detects the FLAG-tagged recombinant
Gp1, was used for evaluation of equal loading of samples (Figure 3B, middle panel). Of the
four B-arrestinl mutants, three were found to associate with GB1 (Figure 3B, top panel). The
Barr1-180S mutant, however, was not co-immunoprecipitated with the anti-Gp1 antibody,
suggesting that this truncated p-arrestinl construct was unable to interact with GB1. Because
both Barr1-280S and Parrl-180N were found to associate with GB1, the result suggests that a
structural determinant for GB1 binding is located in a region consisting of amino acids 181-280
of B-arrestinl.

B-Arrestinl enhances GB1ly2-mediated Akt phosphorylation

The finding that p-arrestinl interacts with GB1y2 prompted us to investigate the function of
B-arrestinl in GBy downstream signaling. One of the major downstream signaling molecules
of GBy is Akt which, when activated, undergoes auto-phosphorylation. As shown in Figure
4A, exogenous expression of GB1y2 resulted in Akt phosphorylation at Ser473. Whereas
expression of B-arrestinl alone did not increase Akt phosphorylation (Figure 4A, upper panel,
Lanes 3 and 4), expression of B-arrestinl together with GB1y2 significantly enhanced the level
of Akt phosphorylation (Lanes 5 and 6). The relative levels of Akt phosphorylation were
quantified and shown in a bar graph.

To further investigate the role of B-arrestinl in Akt activation, we examined the effect of small
interfering RNA (siRNA)-mediated knockdown of B-arrestinl on Gfy-mediated Akt
phosphorylation in response to GPCR activation. The effectiveness of siRNA-mediated
inhibition of B-arrestinl expression was first determined. HeLa cells, which were also used in
reporter assays described below, were transiently transfected with an AU5-tagged fB-arrestinl
expression vector, together with either a control SiRNA or a B-arrestinl-specific SiRNA. After
24 h, cell lysate was prepared for Western blotting. As shown in Figure 4B, introduction of the
B-arrestinl-specific SiIRNA into the cells reduced the expression level of the AU5-tagged B-
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arrestinl in a dose-dependent manner. Maximum inhibition was observed with 20 nM of the
SiRNA oligonucleotide, a concentration that was sufficiently low to avoid off-target effects
[30]. The B-arrestinl-specific sSiRNA also reduced the level of endogenous p-arrestinl when
applied at concentrations of 1, 5 and 20 nM (Figure 4C).

We next investigated the effect of B-arrestinl knockdown on GBy-mediated Akt activation. In
experiments described above, cotransfection of Gy does not permit a time-dependent
measurement of agonist-induced Akt activation. Therefore, we expressed the B2 bradykinin
receptor (B2BKR), which mediates Akt activation in part through Gy [22], for time-dependent
stimulation of Akt phosphorylation. HelLa cells were transiently transfected with a B2BKR
expression vector, with either the control siRNA oligonucleotide or B-arrestin1-specific SIRNA
oligonucleotide. Twenty-four hours after transfection, the cells were serum starved for 16 h
and then stimulated with bradykinin for 0, 15, and 30 min. As shown in Figure 4D, bradykinin
increased Akt phosphorylation after 15-30 min of stimulation in the control group (Lanes 2-3).
In the presence of the B-arrestinl-specific SiRNA, the bradykinin-induced Akt phosphorylation
was markedly reduced (Lanes 5 and 6, compared to Lanes 2 and 3). This result suggests that
B-arrestinl facilitates bradykinin-induced, GBy-mediated Akt activation.

B-Arrestinl enhances GB1ly2-mediated NF-kB activation

Previous reports suggested that the PI3K—Akt pathway plays an important role in NF-xB
activation [15,22,31-34]. Our observations that B-arrestinl interacts with GB1 and also
promotes GPy-mediated Akt phosphorylation prompted us to investigate its role in GB1y2-
mediated NF-xB activation. Accordingly, we performed an NF-kB-driven luciferase reporter
assay in HeLa cells. The cells were transiently transfected with expression vectors coding for
an NF-«kB luciferase reporter, GB1, and/or Gy2, with or without the B-arrestinl expression
vector. Coexpression of GB1y2 induced a tenfold increase in NF-kB luciferase reporter activity
(Figure 5A). This activity was further enhanced by overexpression of B-arrestinl (p < 0.01).
Likewise, overexpression of p-arrestinl enhanced Gply2-mediated NF-kB nuclear
translocation and DNA binding in a gel mobility shiftassay (Figure 5B, Lanes 5 and 6 compared
to Lane 2). We have shown in a previous study that overexpression of B-arrestinl in the absence
of agonist stimulation or Gy coexpression does not significantly alter NF-«xB luciferase
reporter expression [23].

To investigate the role of B-arrestinl in GPCR-induced and Gpy-mediated NF-«xB activation,
we used B2BKR as a model because activation of NF-xB through B2BKR is known to involve
GBy, PI3K and Akt [22]. In HeLa cells transiently transfected with expression vectors coding
for B2BKR and the NF-kB luciferase reporter, stimulation with bradykinin produced more
than 40-fold induction of the NF-«xB luciferase reporter activity (Figure 6A). The dependence
of this activation on GBy was shown by coexpression of a Gpy scavenger, the B-adrenergic
receptor kinase carboxyl terminal fragment (BARK-c), which abolished this effect (Figure 6A).
Coexpression of B-arrestinl significantly enhanced the bradykinin-induced NF-xB activity (p
< 0.01; Figure 6A), and the increased luciferase reporter activity was also blocked by PARK-
c. B-arrestinl potentiated bradykinin-induced NF-kB activation in a dose-dependent manner
(Figure 6B) when its expression vector was used in the range of 0.1 to 0.4 ug DNA per sample.
The expression levels of B-arrestinl was determined by Western blotting and shown in Figure
6C.

To further examine the role of B-arrestinl in Gpy-mediated NF-«xB activation, we conducted
a reciprocal experiment in which the expression of B-arrestinl was inhibited by a specific
siRNA used in Figure 4. HeLa cells were transiently transfected with expression vectors coding
for the NF-«B luciferase reporter and B2BKR and either the control sSiRNA or the B-arrestinl-
specific SIRNA. Our results demonstrate that the B-arrestinl-specific SIRNA dose-dependently
inhibited bradykinin-induced NF-«B luciferase reporter activity (Figure 6D). When the B-
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arrestinl siRNA was used at fixed concentration (5 nM), increasing the concentrations of the
B-arrestinl cDNA expression vector reversed the inhibitory effect of the siRNA in a dose-
dependent manner (Figure 6E).

DISCUSSION

Previous studies have demonstrated that B-arrestins play a critical role in GPCR desensitization
[2-4]. More recent evidence suggests that, in addition to their negative regulation of GPCR
activation, p-arrestins also enhance GPCR signaling through interaction with effectors
downstream of G proteins [5]. Examples for this function include B-arrestinl interaction with
c-Src and components of the MAPK cascade [7-9]. In this study, we found that B-arrestinl can
also associate with GB1y2 and promote the activation of Akt, a downstream effector of the
Gpy heterodimer. This association most likely is mediated through an interaction between p-
arrestinl and GB1 because it is not affected significantly by overexpression of Gy2. Also,
results from in vitro translation experiment demonstrate an association of p-arrestinl with
GB1, indicating a direct interaction between these proteins. Our findings provide a previously
unrecognized interaction between B-arrestinl and a 3 subunit of heterotrimeric G proteins, and
support a role of B-arrestinl in regulating GPCR functions through its interaction with
components of the GPCR signaling pathways.

In HeLa cells, overexpression of B-arrestinl facilitates GB1y2 downstream signaling through
enhancement of Akt phosphorylation. Since the potentiation of Akt phosphorylation can be
reverted by siRNA-mediated silencing of endogenous p-arrestinl, there is a correlation
between B-arrestinl expression level and GBy-mediated Akt activation. The mechanism
underlying the observed potentiation effect by p-arrestinl may involve its direct interaction
with GB1y2, although other signal-promoting functions of p-arrestinl cannot be excluded due
to its scaffolding functions as discussed below. Our results provide a possible mechanism for
arecently reported function of B-arrestinl in a-thrombin-induced rapid phosphorylation of Akt
[35,36]. Activation of Akt by a-thrombin receptors predominantly depends on the function of
GpBy released from Gai2 and Gaq [10]. Therefore, -arrestinl interaction with signaling
components, such as GB1y2, can possibly contribute to GBy-mediated Akt phosphorylation.
B-arrestinl also contributes to insulin-like growth factor 1-mediated Akt activity as reported
[37], suggesting that the enhancement effect of B-arrestinl on Akt activation is not confined
to one type of stimulus. Because B-arrestins are scaffolds for a large number of signaling
molecules [5], they can facilitate the formation of multiple signaling complexes and contribute
to the increased Akt activity. B-arrestin2 interaction with Akt and the phosphatase PP2A is
believed to be important for dopaminergic neurotransmission and behavior [24]. Additionally,
immunoprecipitation experiments have identified B-arrestinl interaction with a catalytic
subunit of PI3K, p110y, which is a class 1B enzyme activated by the GBy heterodimers [38].
Therefore, B-arrestinl may enhance Gpy-mediated Akt activity through its interaction with
GpB1y2 and other signaling molecules.

Our findings that overexpression of B-arrestinl enhances GB1y2-mediated NF-«B activity, and
that sSiRNA-mediated silencing of endogenous B-arrestinl significantly reverses this effect,
suggest that B-arrestinl plays a role in the regulation of NF-«B transcriptional activity through
Gpy signaling. Bradykinin, acting through B2BKR, induces potent NF-«xB activation in a large
part through GBy-mediated signaling. As shown in Figure 6, scavenging Gy effectively blocks
the bradykinin-induced NF-kB activation and its potentiation by p-arrestinl, supporting a
critical role of GBy in NF-«xB activation downstream of B2BKR. NF-kB is an important
antiapoptotic factor [39-41], and the potentiation effect of B-arrestinl on Gpy-mediated Akt
activation may promote cell survival through NF-«B activation. Akt, known for its suppression
of apoptosis [13], stimulates the transcriptional potential of NF-«xB partially through
phosphorylation and transactivation of p65/RelA [15,42]. Thus, B-arrestinl association with
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GpBy may be one of the mechanisms for optimal Akt signaling through GPCRs. This notion is
supported by published results demonstrating that expression of B-arrestins is responsible for
the protection from GPCR-mediated apoptosis [43] and enhancement of GPCR-mediated
antiapoptotic effect [44].

Two recent reports showed that p-arrestins directly interact with 1xBa through its carboxyl
terminal domain, and, when overexpressed, inhibit TNFo-induced IxBa degradation and NF-
kB activation [11,12]. Although these results differ from the potentiation effect we observed
in the current study, there are several possible explanations for the discrepancy. First, -
arrestinl can have opposite roles in different systems. B-arrestinl promotes signaling
downstream of a large number of GPCRs. Therefore, it may enhance NF-«B activation through
interactions with signaling molecules such as GB1y2 and protein kinases. B-arrestins may also
limit the basal activity of NF-xB through binding and stabilizing IxBa. Therefore, the outcome
of NF-xB activation depends on the balance of the two signaling events. In the case of certain
GPCRs that rely primarily on GBy for downstream signaling, the balance may be in favor of
NF-kB activation as demonstrated in this study and in a previously published report [23].
Conversely, for GPCRs that primarily use Gq for signaling, the NF-xB activation pathway is
mediated mainly by the Gag-Ca?*-PKC pathway [21,45], and the net outcome may be different.
The M1 muscarinic receptor that was used in one of the published studies [11] is strongly
coupled to Gag and can be susceptible to B-arrestinl-mediated stabilization of IkBa. -arrestin-
mediated signaling through GPCRs can lead to biased agonism [46], indicating the diversity
of its role in biological functions. Secondly, the current model entails that B-arrestins inhibit
NF-kB activation through reduction of IkBa degradation following serine phosphorylation at
positions 32 and 36 [12], which is induced by many physiological stimuli including TNFa.
NF-xB activation mechanisms that do not involve IkBo degradation [47] are less likely to be
subjective to this inhibitory mechanism. The D2 dopamine receptor-mediated NF-«xB
activation requires GBy and involves tyrosine phosphorylation of 1kBa, but not its degradation
[23] 2. Likewise, Akt stimulates NF-«B activation primarily through p65/RelA
phosphorylation that enhances the transactivation potential of this NF-xB component [15,42].
This activation process is in parallel with, but not subsequent to, IkBa degradation. Finally,
although p-arrestins can regulate steady-state level of NF-kB activation, and may have an
important role in preventing excessive activation of this transcriptional factor, numerous
cellular activation mechanisms can overcome this inhibition. Therefore it is not surprising that
cells respond to physiological stimuli such as TNFa and IL-1f with a potent NF-kB activation
despite the presence of endogenous B-arrestins. A growing number of GPCRs have been shown
to mediate NF-«B activation in cells that express B-arrestins [21], indicating that the signaling
capability of B-arrestinl may overwhelm its inhibitory effect upon agonist stimulation and,
thereby, lead to increased NF-«B activation. p-arrestinl is known to translocate to nuclei upon
delta opioid receptor activation and can regulate the recruitment of the histone acetyltransferase
p300 [48]. P300 is a transcription cofactor, and its recruitment is expected to increase
transcriptional activity. However, published information only indicates upregulation of a very
limited number of genes such as p27 and c-fos [48], and it remains unclear whether the nuclear
localized B-arrestinl positively regulates NF-xB activation.

B-arrestinl may regulate the transcriptional activity of multiple transcription factors through
its interaction with GBy. As reported previously, B-arrestinl enhances the transcriptional
activation of lymphoid enhancer factor, mediated by the non-conventional GPCR frizzled
receptors, via a direct interaction with phosphorylated disheveled proteins [49]. Therefore,
different mechanisms may be involved in B-arrestinl-mediated regulation of GPCR signaling
and gene transcription. The finding that p-arrestinl enhancement of Akt activity and NF-xB

2\, Yang and R.D. Ye, unpublished data.
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activation depends on GB1y2 indicates that B-arrestinl can potentially play an important role
in regulating Gpy-mediated cell survival, cell proliferation, and differentiation. For instance,
in B-arrestinl transgenic mice, rapid xenograft tumor progression is observed [50]. The
accelerated growth of tumors in these mice is PI3K-dependent, and relies on the increased
expression of matrix metalloproteinase 9. These findings are consistent with our observation
that B-arrestinl promotes Akt activation. More recent studies also demonstrate interactions
between Gy subunits and other proteins that result in either positive or negative regulation of
cellular functions [51-53]. An interaction between B-arrestinl and GB1y2 provides a possible
mechanism for scaffolding that may facilitate signal complex formation by bringing the
relevant proteins to proximity. Further investigation of the detailed molecular interactions
between B-arrestinl and different Gy dimers will be necessary to understand its function in
cell signaling.
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Figure 1. Interaction between B-arrestin 1 and Gp1y2 in transfected cells
(A) HEK 293 cells were transiently transfected with the expression vectors for AU5-tagged
B-arrestinl (BArrl), FLAG-tagged GB1, and HA-tagged Gy2 as indicated, and the control
vector pCl when needed for normalization of the total cDNA input. After 48 h, cell lysate was
prepared for immunoprecipitation (IP) with an anti-Gp1 antibody. Top panel: A representative

Western blot (IB) showing detection of the AU5-tagged B-arrestinl in the anti-Gp1

Page 12

immunoprecipitates. Lane 1, molecular markers with the sizes in kilodalton indicated on the
left. The contents in Lane 2 to 6 are indicated at the bottom of the figure. The same nitrocellulose
membrane was stripped and blotted again with anti-FLAG to detect the precipitated Gp1,
present in Lanes 2, 4, and 6 (second panel). Equal amounts of cell lysate before

Biochem J. Author manuscript; available in PMC 2009 September 17.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 13

immunoprecipitation were used for Western blot to determine the expression level of Gy2 by
anti-HA (third panel) and B-arrestinl by anti-AU5 (bottom panel). (B) HEK 293 cells were
transfected similarly as above. Top panel: An anti-Gy2 was used for IP, and the associated
BArrl was detected by anti-AUS in a representative Western blot. The same nitrocellulose
membrane was stripped and the associated GB1 was detected by anti-FLAG (second panel).
Cell lysate before immunoprecipitation was collected for Western blots to detect the expression
level of Gy2 by anti-HA (third panel) and p-arrestinl by anti-AU5 (bottom panel). The blots
shown are representative of at least 3 experiments with similar results.
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Figure 2. Interaction between B-arrestin 1 and radiolabeled, in vitro translated Gp1

In vitro translation (IVT) was conducted with rabbit reticular lysate using a coupled
transcription-translation system, in the presence of [3°S]-methionine as described in Materials
and Methods. (A) Four microliters of the IVT product (in 50 pl total volume) was loaded to
SDS-PAGE and autoradiograph was conducted to show major IVT products. The radiolabeled
Gy2, which is separate from the GB1 under denaturing condition, is not visible on the gel due
to its small size (69 amino acids). (B) The radiolabeled IVT products, from reactions containing
Gp1 and Gy2 DNA or the empty vector (p)cDNA3.1), were incubated with 200 ng of purified
bovine B-arrestinl for 1 h. B-arrestinl (BArrl) interaction with the radiolabeled GB1 was
determined after immunoprecipitation (IP) with an anti-p-arrestinl polyclonal antibody
immobilized on protein A/G Sepharose beads. Both the beads and the supernatant were
collected. One-third of the immunoprecipitate was applied to the SDS gel (top panel), showing
in autoradiograph an enrichment of the radiolabeled GB1 (arrow) only when the IVT products
were incubated with the purified bovine B-arrestinl. The radiolabeled GB1 that remains in the
supernatant is shown in the bottom panel (with one-sixth of the supernatant loaded to SDS gel).
Based on radioactivity, approximately 1.63% of the total IVT products were complexed with
the bovine B-arrestinl and immunoprecipitated. A representative autoradiograph from two
repeating experiments is shown.
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Figure 3. Identification of a structural determinant of B-arrestinl in its interaction with GB1y2
Deletion mutants of B-arrestinl were prepared as described in Materials and Methods and
schematically shown in (A). Expression vectors coding for the 4 deletion mutants and the full-
length p-arrestinl were individually expressed in HEK 293 cells by means of transient
transfection (bottom panel in B). A FLAG-tagged Gp1 construct was co-transfected with each
B-arrestinl construct, and expression level of the tagged Gp1 was determined by Western
blotting using an anti-FLAG monoclonal antibody (middle panel in B). Interaction between
GB1 and the AU5-tagged B-arrestinl constructs was determined with Western blotting (upper
panel) using an anti-AUS5, after immunoprecipitation of GB1 from cell lysates with an anti-p1
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antibody. The size of the molecular markers (Lane 1) is shown on the left side. The experiment
was repeated 2 more times and results similar to the ones shown were obtained.
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Figure 4. Role of B-arrestinl in Gply2-mediated Akt phosphorylation

(A) Akt phosphorylation by GB1y2, in the presence or absence of exogenous p-arrestinl. HeLa
cells were transiently transfected with different amounts of expression vectors (ug DNA) as
indicated under the bottom of the blots. After 24 h, cells were serum-starved overnight, and
cell lysate was prepared for Western blotting. Representative results of three experiments are
shown in three panels: Levels of phosphorylation of Akt at Ser473 (Upper panel); total Akt
levels (Middle panel, using the same nitrocellulose membrane); and levels of transfected [3-
arrestinl (Lower panel, with the stripped nitrocellulose membrane probed using an anti-AU5
for the AU5-tagged B-arrestinl). The relative Akt phosphorylation levels are shown in the bar
graph after normalization against total Akt. ** : p<0.01. (B) Inhibition of B-arrestinl expression
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by siRNA. HeLa cells were transfected with the same amount of expression constructs for
AUb5-tagged B-arrestinl, together with a control siRNA (Ctrl-si, 20 nM) or a siRNA for 3-
arrestinl (Barrl-siRNA) at 3 different concentrations. After 24 h, cell lysate was prepared for
Western blotting using anti-AUS5 to detect the AU5-tagged p-arrestinl. (C) HeLa cells in 6-
well plates were transfected with 20 nM of control siRNA (Ctrl-si) and 3 different
concentrations of B-arrestinl siRNA (Barrl-si) as shown. After 24 h, cell lysate was prepared
and endogenous B-arrestinl levels were detected by anti-human B-arrestinl. The same
nitrocellulose membrane was stripped, and the levels of actin were shown as loading controls.
(D) Effect of the siRNAs on bradykinin (BK)-induced Akt phosphorylation. HeLa cells were
transiently transfected with expression vectors for B2BKR (0.2 ug), the control siRNA (Ctrl-
SiRNA, 20 nM) or B-arrestinl siRNA (BArrl-siRNA, 20 nM). After 24 h, cells were serum-
starved for 16 h and then stimulated with 100 nM BK for 0, 15, and 30 min. Cell lysate was
prepared for Western blotting. Upper panel: Antibody detection of Akt phosphorylation at
serine 473. Lower panel: Antibody detection of total Akt that serves as a loading control. The
bar graph shows relative phospho-Akt levels after normalized against total Akt (n=3). **
indicates p< 0.05.
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Figure 5. -Arrestinl enhances Gply2-mediated NF-kB activation

(A) NF-«B luciferase reporter assay. HeLa cells in 6-well plates were transiently transfected
with the expression vectors (in pg) for the NF-«xB luciferase reporter, GB1, and Gy2, with or
without a BArrl expression vector as indicated. After 48 h, serum-starved cells were harvested,
and luciferase reporter gene activities were measured in a Femtomaster FB12 luminometer.
Lower panel: Lysate was prepared from HeLa cells transfected as above for Western blotting
to detect the expression of FLAG-tagged Gp1, HA-tagged Gy2, and AU5-tagged B-arrestinl
using antibodies against the respective tags. (B) Electrophoretic mobility shift assay. HelLa
cells in 60 mm dishes were transfected with expression vectors (in pg) as shown. After 24 h,
cells were serum-starved for 16 h, and nuclear proteins were harvested for DNA-protein
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binding assay with [y-32P]JATP-labeled double-stranded NF-kB oligonucleotides. The DNA-
protein complexes were separated on a 6% acrylamide gel. NF-xB is marked with a bracket.
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Figure 6. Role of B-arrestinl in B2BKR-induced NF-kB activation

(A) B2BKR-mediated NF-«kB luciferase reporter expression. Hel a cells were transfected with
expression vectors for B2BKR, BARK-c, B-galactosidase with or without B-arrestinl at a total
cDNA concentration of 1.0 pug. Twenty-four hours after transfection, cells were serum-starved
for 16 h, and then treated with either a vehicle (assay buffer) or BK (100 nM) for 5 h. Relative
luciferase activities were measured and normalized against activities of p-galactosidase and
shown as fold induction over control. (B) Dose response based on the amount of the B-arrestinl
expression vector used for transfection of HeL a cells. Total DNA concentration was adjusted
to 1.0 ug with the pClI vector. Luciferase reporter assay was conducted similarly as described
in (A). (C) Cell lysate was prepared from HeL a cells transfected as above for Western blotting,
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showing DNA dose-dependent expression of B-arrestinl as detected by anti-AU5. (D)
Increased inhibition of BK-induced NF-«B luciferase reporter by the p-arrestinl siRNA, used
at 3 different concentrations. HelLa cells were transfected with constructs for B2BKR, B-
galactosidase and the control siRNA (Ctrl-siRNA, 20 nM) or different concentrations of the
B-arrestinl siRNA (BArr1-siRNA), for 24 h. Serum-starved cells were treated with a vehicle
or 100 nM BK for 5 h. Relative luciferase activities were measured and normalized against p-
galactosidase activities and shown as a fold induction over the control. (E) B-arrestinl dose-
dependently reversed the inhibitory effect of B-arrestinl siRNA. The luciferase assay was done
similarly as in (D) above. For all luciferase assays, duplicate samples were taken, and at least
3 independent experiments were conducted to produce mean + SEM.
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