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Abstract: GRK2 and arrestin3, key players in the functional regulation of G protein-coupled receptors (GPCRs),
are ubiquitinated by Mdm?2, a nuclear protein. The agonist-induced increase in arrestin3 ubiquitination occurs
in the nucleus, underscoring the crucial role of its nuclear translocation in this process. Agonist-induced
increase in the ubiquitination of arrestin3 occurs in the nucleus, highlighting the pivotal role of its nuclear
translocation in this process. In contrast, GRK2 cannot translocate into the nucleus, thus facilitating the
cytosolic translocation of nuclear Mdm? is required to ubiquitinate GRK2 in the cytosol. Among the cellular
components and processes explored, arrestin, GBv, clathrin, and receptor phosphorylation were required for
the nuclear import of arrestin3, ubiquitination of arrestin3 in the nucleus, nuclear export of Mdm?2, and the
ubiquitination of GRK2 in the cytosol. In conclusion, our findings demonstrate that agonist-induced
ubiquitination of arrestin3 in the nucleus is interconnected to the cytosolic GRK2 ubiquitination.
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1. Introduction

Following agonistic stimulation of G protein-coupled receptors (GPCRs), GPCR kinases (GRKs)
phosphorylate the receptors to provide high-affinity sites for arrestins [1,2]. Arrestins connect the
activated receptors to endocytic adaptors, such as adaptor protein (AP)-2 and clathrin [3-5].

Both GRK2 and arrestin3 are known to undergo Mdm2-mediated ubiquitination when receptors
are activated by agonists [6-8]. Ubiquitination of GRK2 and arrestin3 could be an important cellular
process that controls receptor functions, for example, the downregulation of GRK2 and arrestin3 [7,9].

The Mdm?2 gene, which was originally identified as an oncogene from transformed BALB/c
mouse 3T3DM cells [10], functions as a RING finger-dependent E3 ubiquitin ligase [11-13]. Mdm?2
contains a nuclear localization signal (NLS) and nuclear export signal (NES), and it constantly shuttles
between the nucleus and the cytoplasm [14,15]. Mdm?2 is present at much lower levels in the
cytoplasm compared with the nucleus, and little Mdm?2 is detected at the plasma membrane to
regulate GPCRs [16]. Therefore, for a cytosolic protein to be ubiquitinated by Mdm?2, either the
cytosolic protein needs to move into the nucleus or Mdm?2 must move out of the nucleus.

A previous study indicated that the increase in the Mdm2-mediated ubiquitination of arrestin3
when GPCRs are activated by agonists occurs in the nucleus, and the pivotal factor governing this
process is the agonist-induced translocation of arrestin3 into the nucleus [8]. As expected from its
main distribution in the cytosol, GRK2 does not possess an NLS. Consequently, for GRK2 to undergo
ubiquitination by Mdm2, Mdm2 needs to translocate to the cytoplasm. According to our initial
experiments, it was noted that upon activation of GPCRs, Mdm2 translocated from the nucleus to the
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cytosol. However, further studies are required to elucidate the mechanism underlying this
phenomenon.

Both GRK2 and arrestin3 are ubiquitinated by Mdm?2, a process enhanced by GPCR agonist
stimulation. Despite some controversies, our experimental results suggest that Mdm2-mediated
ubiquitination of arrestin3 increases in the nucleus, while GRK2 ubiquitination increases in the
cytosolic region. Moreover, their ubiquitination processes are closely related. In this study, we
investigated the molecular mechanisms involved in the mutual regulation of GRK2 and arrestin3
ubiquitination across different subcellular domains.

2. Results

2.1. Comparison of the Trafficking Patterns of Arrestin3 and GRK2 between the Nucleus and Cytosol

Mdm?2, an E3 ubiquitin ligase, is located in the nucleus in its basal state, but it dynamically
translocates to the cytoplasm when certain external stimuli, such as agonists of G protein-coupled
receptors (GPCRs), are applied, resulting in the ubiquitination of cytosolic proteins [9,17]. Thus,
agonist-induced nuclear export of Mdm?2 can be the critical cellular event in the Mdm2-mediated
ubiquitination of cytosolic proteins.

Arrestin3, not GRK2, harbors the NLS, suggesting distinct interaction mechanisms with Mdm2. In
contrast to the interaction between arrestin3 and Mdm? in the nucleus after agonistic stimulation of
GPCRs [8], the interaction between GRK2 and Mdm2 occurred in the cytoplasm (Figure 1A). These
findings were further corroborated by immunocytochemistry. As depicted in Figure 1B and Figure 1C,
both arrestin3 and GRK2 were primarily localized in the cytosol under basal conditions. In cells exposed
to leptomycin B (LMB), an inhibitor of nuclear export, a fraction of arrestin3 was detected within the
nucleus, whereas GRK2 remained localized in the cytoplasm (compare vehicle- and LMB-treated cells).

2.2. Arrestin, Gy, Clathrin, and Receptor Phosphorylation are Involved in the Mdm2-Mediated
Ubiquitination of GRK2

As a first step to understanding the molecular mechanisms involved in the nuclear export of Mdm?2,
the cellular components involved in the GRK2 ubiquitination were searched. As reported previously [7],
knockdown of arrestin3 abolished GRK2 ubiquitination (Figure 2A). Arrestin3 knockdown effects were
restored with the co-expression of WT-arrestin3, not K11/12R-arrestin3 which fails to undergo Mdm?2-
mediated ubiquitination (Figure 2B). These results indicate that arrestin3 is necessary for GRK2
ubiquitination and further imply that the ubiquitination of arrestin3 is also essential.

Based on the results indicating that the ubiquitination of arrestin3 is implicated in the ubiquitination
of GRK2 (Figure 2B), we hypothesized that the factors involved in the ubiquitination of arrestin3, for
example, GBy and clathrin [8], would likewise play a role in the ubiquitination of GRK2.
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Figure 1. Roles of Mdm2-mediated GRK2 ubiquitination that occurs in the cytoplasm. (A) HEK-293
cells expressing B2AR or D2R (1.9-2.1 pmol/mg protein) were transfected with GRK2 and FLAG-
Mdm?2. Subcellular fractionation was conducted into the nuclear fraction (NF) and cytoplasmic
fraction (CF), and each fraction was immunoprecipitated with FLAG beads. Co-IP and IP were
immunoblotted with antibodies against GRK2 and FLAG epitope. Lysates were immunoblotted with
antibodies against lamin and B-actin. DA(+)/CF group (1.0 £ 0.0) was significantly different from DA(-
)/CF group (2.4 + 0.65) (p < 0.01, n = 3). (B) HEK-293 cells expressing D2R (1.9-2.1 pmol/mg protein)
were transfected with arrestin3-GFP. Cells were treated with 20 nM LMB for 3 hr. The y value between
DAPI and arrestin3 changed from 0.27 + 0.17 to 0.58 + 0.25 (p< 0.01, n = 6) upon LMB treatment. The
horizontal bars represent 10 pm. (C) HEK-293 cells expressing D2R (1.9-2.1 pmol/mg protein) were
transfected with GRK2-GFP. Cells were treated with 20 nM LMB for 7 hr. This image represents a
typical example of six cells exhibiting comparable patterns. The y value did not change significantly
with LMB treatment. The horizontal bars represent 10 um.
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Figure 2. The ubiquitination of arrestin3 is needed for the ubiquitination of GRK2. (A) Con-KD and
arrestin2/3-KD HEK-293 cells were transfected with D2R (1.7-2.1 pmol/mg protein), HA-Ub, and
FLAG-tagged GRK2. Cells were treated with 10 uM DA for 2 min and ubiquitination assay was
conducted. The knockdown efficiency of arrestin2 and arrestin3 was about 90%. **p < 0.01 compared
to other groups (n =3). (B) Con-KD and arrestin2/3-KD cells were transfected with GRK2 and FLAG-
Mdm?2 along with WT- or K11/12R-arrestin3. Cells were treated with 10 uM DA for 2 min. Cell lysates
were immunoprecipitated with agarose beads coated with antibodies against the FLAG epitope. Co-
IP/lysates and IPs were immunoblotted with antibodies against GRK2 and FLAG epitope. *P <
compared to corresponding Veh group (n = 3).

As shown in Figure 3A,B, sequestration of GBy or knockdown of clathrin inhibited the
ubiquitination of GRK2. Finally, a mutant of f2AR, GRK2-KO-B2AR, in which GRK2-mediated
phosphorylation sites (T360, 5364, S396, S401, 5407, S411) were altered, failed to mediate GRK2
ubiquitination (Figure 3C), suggesting that receptor phosphorylation is also involved in the
ubiquitination of GRK2.

Based on these results, we next investigated how these cellular components regulate the nuclear
export of Mdm2, which is a critical process necessary for the ubiquitination of GRK2.
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Figure 3. GPy, clathrin, and receptor phosphorylation are involved in the Mdm2-mediated
ubiquitination of GRK2. (A) HEK-293 cells expressing D:R (1.9-2.1 pmol/mg protein) were
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transfected with HA-Ub and FLAG-GRK2 along with either mock vector or GRK2-CT. Cells were
treated with 10 pM DA for 2 min. **p < 0.01 compared to other groups (n = 3). (B) Con-KD, CHC-KD,
and Cav1-KD cells were transfected with DR (1.7-2.2 pmol/mg protein), HA-Ub, and FLAG-GRK2.
Cells were treated with 10 uM DA for 2 min. Lysates from Con-KD, CHC-KD, and Cav1-KD cells
were immunoblotted with antibodies against actin and CHC or Cavl. *p < 0.01 compared to each
Veh group and CHC-KD cells (n = 3). The knockdown efficiency of CHC and Cavl was about 90%
and 87%, respectively. (C) HEK-293 cells were transfected with HA-Ub and FLAG-GRK2 together
with WT-B2AR or GRK2-KO-B:2AR. Cells were treated with 10 uM ISO for 2 min. **p < 0.01 compared
to other groups (n = 3). Receptor expression levels were between 1.7-2.1 pmol/mg protein.

2.3. Arrestin3 Shuttles between the Nucleus and Cytosol, Controlling the Subcellular Localization of Mdm?2
and the Ubiquitination of GRK2

Because the translocation of Mdm2 from the nucleus to the cytosol is necessary for the
ubiquitination of cytosolic proteins, we examined whether the cellular components shown in Figure
3 are involved in the nuclear export of Mdm?.

Initially, we investigated the impact of arrestins on the subcellular trafficking of Mdm?2. As depicted
in Figure 4A, under basal conditions, Mdm?2 was primarily localized in the nucleus in cells expressing
D2R, regardless of arrestin knockdown (Veh-treated groups). However, upon dopamine (DA) treatment,
Mdm2 translocated from the nucleus to the cytosolic region (Figure 4A, DA-treated/Con-KD). Notably,
this translocation was impeded by cellular arrestin knockdown (DA-treated/Arr-KD).

Because the agonist-induced cytosolic translocation of Mdm2 occurs in an arrestin-dependent
manner, we were curious whether the trafficking properties of arrestin3 are associated with its ability
to facilitate the agonist-induced nuclear export of Mdm?. For this, we utilized the mutants of arrestin3
targeting its nuclear localization signal (NLSX) [18] and nuclear export signal (NESX, L395A) [19]. In
NLSX-arrestin3, seven amino acid residues (158-162 and 170-171) were mutated to alanine.

As illustrated in Figure 4B,C, co-expression of WT-arrestin3, but not NLSX- or NESX-arrestin3,
restored GRK2 ubiquitination. These findings, along with the results shown in Figure 2B, indicate
that the nuclear entry of arrestin3, its interaction with Mdm?2 in the nucleus, and the subsequent
nuclear export of arrestin3 are crucial for the D2R activation-mediated nuclear export of Mdm?2, which
is necessary for GRK2 ubiquitination.

This assumption was further supported by two experiments. First, GRK2 ubiquitination was
inhibited when cells were treated with LMB (Figure 5A), which inhibits CRM1 and blocks the nuclear
export of proteins [20]. Next, we examined the nucleocytoplasmic shuttling of arrestin3 and Mdm?2
(Figure 5B). Approximately 1 min after DA treatment, arrestin3 moved from the cytosol to the nucleus
and then returned to the cytoplasm about 5 min after DA treatment. Mdm?2 started moving from the
nucleus to the cytoplasm about 3 min after DA treatment.
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Figure 4. The nuclear shuttling of arrestin3 is needed to export Mdm2 and GRK2 ubiquitination.
(A) Con-KD and arrestin2/3-KD HEK-293 cells were transfected with Mdm2-GFP and FLAG-tagged
D2R. Cells were treated with 10 pM DA for 2 min, and labeled with antibodies against FLAG. The
horizontal bars represent 10 um. In the Con-KD cells, the ratio of the space where Mdm?2 is observed
and the space surrounded by FLAG-D:R increased from 0.19 £ 0.03 to 0.87 £ 0.11 (p <0.001, n=7). In
arrestin2/3-KD cells, the ratios were 0.30 £ 0.07 and 0.25 + 0.07 (n = 7) for Veh and DA groups,
respectively. (B) Arrestin2/3-KD HEK-293 cells expressing D2R were transfected with HA-Ub and
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FLAG-GRK2 along with WT-arrestin3 or NLSX-arrestin3. Cells were treated with 10 uM DA for 2
min. *p < 0.05 compared to the Veh/WT group (n = 3). (C) Arrestin2/3-KD HEK-293 cells expressing
D2R were transfected with HA-Ub and FLAG-GRK?2 along with WT-arrestin3 or NESX-arrestin3. Cells
were treated with 10 uM DA for 2 min. *p < 0.05 compared to the Veh/WT group (n = 3).
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Figure 5. Nucleocytoplasmic traffic coupling between arrestin3 and Mdm?2 mediates the GRK2

ubiquitination in the cytosol. (A) HEK-293 cells expressing 2AR were transfected with HA-Ub and
FLAG-GRK?2. Cells were treated with vehicle or 20 nM LMB for 7 h, followed by 10 uM ISO for 2 min.
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*p < 0.01 compared to other groups (n = 3). (B) HEK-293 cells expressing D2R were transfected with
FLAG-arrestin3. Cells were treated with 10 uM DA between 0 to 10 min. Cell lysates were fractionated
into cellular and nuclear fractions and immunoblotted with antibodies against FLAG, Mdm?2, lamin
bl, and GAPDH. The cytosolic levels of arrestin3 significantly decreased between 1 and 3 min
following DA treatment (p < 0.001). The nuclear levels of arrestin3 significantly increased at 1 and 2
minutes post-treatment (p < 0.001). Both cytosolic and nuclear levels of Mdm?2 exhibited significant
changes at 1 min after DA treatment.

2.4. GByand Clathrin Regulate the Nuclear Shuttling of Arrestin3 that Determines the Nuclear Export of
Mdm?2

GPBy and clathrin play roles in the ubiquitination of GRK2 (Figure 3A,B), while arrestins are
particularly crucial, as they shuttle between the cytoplasm and nucleus [8]. Clathrin constitutes a major
component of coat proteins found on clathrin-mediated endocytic vesicles [21,22]. To elucidate their roles
in the nuclear shuttling of Mdm2 and arrestin3, we examined the influence of Gfy and the knockdown of
clathrin heavy chain (CHC) on the nucleocytoplasmic shuttling of Mdm2 and arrestin3.

Under basal conditions, Mdm2 was predominantly localized in the nucleus (Figure 6A,
Veh/Mock). Agonistic activation of D2R caused Mdm?2 to relocate from the nucleus to the cytoplasm
(DA/Mock). However, co-expression of GRK2-CT, which sequesters Gy, prevented this agonist-
induced cytoplasmic translocation of Mdm2 (GRK2-CT). As depicted in Figure 6B in the Mock/CHC-
KD panel, knocking down CHC did not alter the subcellular distribution of Mdm2 and D:R, but it
did prevent the DA-induced nuclear export of Mdm2.

In its basal state, arrestin3 was primarily located in the cytosol (Figure 6C, Veh/Mock). However,
upon DA stimulation following LMB pretreatment (LMB-DA/Mock), a portion of arrestin3
translocated to the nucleus. This translocation was partially inhibited by sequestering GBy
(LMB-DA/GRK2-CT) and more extensively hindered by CHC knockdown (LMB-DA/CHC-KD).

These findings suggest that GBy and clathrin are essential for the nuclear entry of arrestin3,
which consequently influences the nuclear export of Mdm?2.

2.5. Receptor Phosphorylation Mediate arrestin3 Ubiquitination and Nuclear Export of Mdm2 That Are
Needed for the GRK2 Ubiquitination

Next, we determined the roles of receptor phosphorylation in the ubiquitination of GRK2. For
this, GRK2-KO-B2AR in which the consensus GRK2 phosphorylation sites are mutated [23], and D2R-
IC23 in which all of the serine and threonine residues in the 2nd and 3rd intracellular loops are
mutated [24] were utilized.

As shown in Figure 7A, GRK2-KO-B2AR, which failed to mediate GRK2 ubiquitination (Figure
3C), also could not mediate arrestin3 ubiquitination. Agonistic stimulation of D2R caused the nuclear
export of Mdm2 (Figure 7B, compare Veh- and DA-treated cells expressing WT-D2R). In contrast,
D2R-IC23 failed to mediate the nuclear export of Mdm?2 (cells expressing D2R-1C23).

These results suggest that receptor phosphorylation is necessary for the ubiquitination of
arrestin3 and the nuclear export of Mdm2, both of which are required for GRK2 ubiquitination.
Furthermore, the ubiquitination of GRK2 is necessary for its interaction with the receptor (Figure 1D),
which is required for receptor phosphorylation.
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Figure 6. Roles of Gy and CHC in the nucleocytoplasmic translocation of Mdm?2 and arrestin3.
The results represent similar results from seven different cells. The horizontal bars represent 10 um.
(A) HEK-293 cells were transfected with Mdm2-GFP along with a mock vector or GRK2-CT. Cells
were treated with either vehicle or 10 uM DA for 2 min. In the mock-transfected cells, the ratio of the
space where Mdm?2 is observed and the space surrounded by FLAG-D:R increased from 0.24 * 0.08
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to 0.92 £ 0.15 (p < 0.001, n = 7). In the cells transfected with GRK2-CT, the ratios were 0.34 = 0.17 and
0.37£0.12 (n=7) for Veh and DA groups, respectively. (B) Con-KD and CHC-KD HEK-293 cells were
transfected with Mdm?2-GFP. Cells were treated with either vehicle or 10 uM DA for 2 min. In the
mock-transfected cells, the ratio of the space where Mdm?2 is observed and the space surrounded by
FLAG-D:R increased from 0.21 + 0.07 to 0.89 £ 0.13 (p < 0.001, n =7). In the CHC-KD cells, the ratios
were 0.24 + 0.18 and 0.27 + 0.17 (n = 7) for the Veh and DA groups, respectively. (C) Con-KD HEK-
293 cells were transfected with arrestin3-GFP along with a mock vector or GRK2-CT (upper 8 panels);
Con-KD and CHC-KD HEK-293 cells were transfected with arrestin3-GFP (left 8 panels). Cells were
treated with either vehicle or 20 nM LMB for 3hr, followed by 10 uM DA for 2 min. In the Mock/Con-
KD cells, the ratio of the space where Mdm?2 is observed and the space surrounded by FLAG-D:R
increased from 0.19 £ 0.08 to 0.87 £ 0.15 (p < 0.001, n = 8). In the GRK2-CT/Con-KD cells, the ratio
increased from 0.21 +0.12 and 0.56 + 0.42 (p < 0.05, n = 8) for Veh and LMB/DA groups, respectively.
In the Mock/CHC-KD cells, the ratios were 0.19 + 0.08 and 0.27 + 0.18 (p < 0.05, n= 10) for Veh and
DA/LMB groups, respectively.
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Figure 7. Roles of receptor phosphorylation on the ubiquitination of arrestin3 and nuclear export
of Mdm?2. (A) HEK-293 cells were transfected with HA-Ub and FLAG-arrestin3 along with WT-$2AR
or GRK2-KO-B:2AR. Cells were treated with 10 uM isoproterenol for 2 min. Ubiquitination was
conducted as described above. *p < 0.05 compared to other groups (n = 3). (B) HEK-293 cells were
transfected with Mdm2-GFP along with WT-D2R or D2R-IC23. Cells were treated with either vehicle
or 10 uM DA for 2 min. In the WT-D:zR expressing cells, the y value between DAPI and Mdm2 changed
from 0.95 + 0.12 to 0.52 = 0.15 (p< 0.001, n = 7) upon DA treatment. In the cells expressing IC23-D2R
expressing cells, the y values were 0.93 £ 0.17 to 0.92 £ 0.15 for the vehicle- and DA-treated cells (n =
7). The horizontal bars represent 10 um.
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2.6. Importin Complex is Involved in the Nuclear Import of Mdm?2 and Arrestin3

The nuclear movement of cytosolic protein molecules is commonly explained by the classical
nuclear import pathway that employs importin o/f complex [25,26]. In this pathway, a protein
containing a classical basic NLS, which acts as a cargo, binds to the importin a, an adaptor protein.
In collaboration with importin (3, which binds to the cargo and mediates interactions with the nuclear
pore complex, the cargo is transferred to Ran GTP in the nucleus [27,28]. Mdm2 possesses a clear
classical NLS sequence [14]. Arrestin3 also possesses an NLS sequence, and it was suggested that
arrestin3 enters the nucleus through binding with another protein that possesses an NLS sequence
[29]. Thus, it is likely that Mdm2 and arrestin3 have similar but somewhat different regulatory
mechanisms for their nuclear entry.

Arrestin3, which was located in the cytosol (Figure 8A, left/upper panel), was observed both in
the cytosol and nucleus when cells were treated with LMB (Figure 8A, left/lower panel). When
cellular importin B1 was knocked down, arrestin3 largely failed to translocate to the nucleus (Figure
8A, right panels).

Mdm?2, which was located within the nucleus at the basal state (Figure 8B, Veh/Con-KD), was
located both in the nucleus and cytosol after DA treatment (DA/Con-KD). Upon knockdown of
cellular importin (31, the localization of Mdm2 was detected in both the cytosol and nucleus at basal
state (Figure 8B, Veh/Impo-KD cells), suggesting that a portion of Mdm2’s nuclear entry under basal
conditions was compromised. Because Mdm?2 was already situated in the cytoplasm under basal
conditions in importin $1-KD cells, it was challenging to conclusively ascertain whether nuclear
export was further augmented by DA treatment.

Subsequently, we investigated whether the nucleo-cytoplasmic shuttling of arrestin3 and Mdm?2
mediated by the importinl complex is implicated in GRK2 ubiquitination in the cytoplasm. As
depicted in Figure 8C, activation of D2R resulted in GRK2 ubiquitination, which was hindered by
importin f1 knockdown.

These findings highlight that the nuclear entry of arrestin3 and Mdm?2 facilitated by the
importinl complex, along with the ubiquitination of arrestin3 within the nucleus via this mechanism,
are pivotal processes for GRK2 ubiquitination in the cytoplasm.

2.7. Interaction between Importin Bl and Arrestin3 is Supported by Gy Clathrin, and Receptor
Phosphorylation

According to our findings, the ubiquitination of GRK2 relies on the cytosolic translocation of
Mdm?2, which, in turn, is contingent upon the interaction between arrestin3 and Mdm?2 within the
nucleus. This process is facilitated by the nuclear entry of arrestin3 through the importin complex.
As Gy, clathrin, and receptor phosphorylation are pivotal for GRK2 ubiquitination, we investigated
their potential involvement in the final phase of the cascade responsible for GRK2 ubiquitination—
specifically, the nuclear entry of arrestin3 facilitated by the importin complex.

As anticipated, the interaction between importin 31 and arrestin3 increased upon agonist
stimulation of D2R. However, this augmented interaction was nullified by sequestering Gy (Figure
9A). Additionally, the knockdown of clathrin, but not caveolinl, also hindered the interaction (Figure
9B). Finally, the impact of receptor phosphorylation on their interaction was assessed using D2R-I1C23.
The augmented interaction between importin 31 and arrestin3 triggered by agonist stimulation of
D:2R was not observed with D2R-IC23, a mutant lacking phosphorylation sites [24] (Figure 9C).

In summary, these findings highlight that the ubiquitination of GRK2 by Mdm?2 is regulated by
the translocation of arrestin3 between the nucleus and cytosol, along with its interaction with Mdm?2
within the nucleus. Gy, clathrin, and receptor phosphorylation play crucial roles in facilitating these
processes.
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Figure 8. Involvement of importin complex in the nuclear entry of arrestin3 and Mdm2. (A) The
results represent similar results from seven different cells. The horizontal bars represent 10 um. (B)
Con-KD and importin B1-KD HEK-293 cells were transfected with arrestin3-GFP. Cells were treated
with either vehicle or 20 nM LMB for 8 hr. In the Con-KD cells, the yvalue between DAPI and arrestin3
changed from 0.21 £ 0.08 to 0.52 £ 0.12 (p < 0.001, n = 7) upon LMB treatment. In the importin f1-KD
cells, the v values between DAPI and arrestin3 were 0.17 £ 0.07 to 0.24 + 0.13 (n = 7) for the vehicle-
and LMB-treated cells, respectively. The horizontal bars represent 10 um. The knockdown efficiency
of importin B1 was about 93%. (C) Con-KD and importin B1-KD HEK-293 cells expressing D2R were
transfected with Mdm?2-GFP. Cells were treated with either vehicle or 10 uM DA. In the Con-KD cells,
the y value between DAPI and Mdm2 changed from 0.92 £ 0.18 to 0.57 + 0.22 (p < 0.001, n = 7) upon
LMB treatment. In the importin $1-KD cells, the ¥ values between DAPI and Mdm?2 were 0.87 + 0.17
t0 0.91 £0.23 (n=7) for the vehicle- and LMB-treated cells, respectively. The horizontal bars represent
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10 pm. (D) Con-KD and importin B1-KD cells expressing D:2R were transfected with HA-Ub and
FLAG-GRK?2. Cells were treated with 10 uM DA. **p < 0.01 compared to other groups (n = 3).
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Figure 9. Roles of GBy, CHC, and receptor phosphorylation on the interaction between importin 1
and arrestin3. (A) HEK-293 cells expressing D2R were transfected with FLAG-arrestin3 along with a
mock vector or GRK2-CT. Cells were treated with 10 uM DA for 2 min. Cell lysates were
immunoprecipitated with FLAG beads. Co-IP/lysates and IPs were immunoblotted with antibodies
against importin 1 and FLAG, respectively. *p < 0.05 compared to the Veh/Mock group (n = 3). (B)
Con-KD, CHC-KD, and Cav1-KD HEK-293 cells transfected with D2R and FLAG-arrestin3. Cells were
treated with either vehicle or 10 uM DA for 2 min. *p < 0.05 compared to the corresponding vehicle-
treated group and CHC-KD cells (n = 3). (C) HEK-293 cells were transfected with FLAG-arrestin3
together with WT-D2R or D2R-IC23. Cells were treated with 10 uM DA for 2 min. *p < 0.05 compared

to other groups (n = 3).

3. Discussion

GRK?2 and arrestins are central to the regulation and signaling of GPCRs [1,3]. Both GRK2 and
arrestin3 are targets of ubiquitination by Mdm?2, where arrestin3 ubiquitination plays a crucial role
in regulatory processes such as arrestin3 downregulation and receptor endocytosis [6]. Similarly,
GRK2 undergoes ubiquitination by Mdm2, contributing to GRK2 downregulation [7]. In the case of
arrestin3, it has been observed that upon agonistic activation of GPCRs, there is an augmentation in
the translocation of cytosolic arrestin3 into the nucleus, thereby facilitating Mdm2-mediated
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ubiquitination [8]. Given that GRK2 lacks an NLS and mainly resides in the cytoplasm, the relocation
of Mdm?2 from the nucleus to the cytoplasm becomes essential for GRK2 ubiquitination. Our research
was conducted with a focus on the regulatory pathways associated with the ubiquitination of
arrestin3, which is closely intertwined with the nucleocytoplasmic translocation of Mdm?2.

A typical model explaining GRK2 activation involves the following steps: Initially, an agonist
binds to the GPCR, leading to the activation of the receptor and the dissociation of the associated
trimeric GTP-binding proteins into Ga and Gy subunits. The free Gy subunit, along with plasma
membrane phospholipids, then recruits inactive GRK2 to the activated GPCR, allosterically
activating GRK2 and enabling it to phosphorylate the receptors.

The overall process of GRK2 ubiquitination triggered by agonist stimulation of GPCRs is
depicted in Figure 10. Fundamentally, the critical step determining cytosolic GRK2 ubiquitination
appears to be step 5, involving the movement of Mdm2 from the nucleus to the cytoplasm.

Impo @ "l

Nucleus

Figure 10. Diagram showing the interplay between arrestin3 and Mdm2 in the GRK2
ubiquitination. Arrestin3 gains access to the nucleus through the importin complex (3), facilitated by
the phosphorylation of receptors by GRK2, GBy, and clathrin (1, 2). Once in the nucleus, arrestin3
undergoes ubiquitination by Mdm2 (4) and moves to the cytoplasm along with Mdm2 (5). In the
cytosol, Mdm2 ubiquitinates GRK2 (6). Phosphorylated receptors increase their affinity for arrestins,
leading to the recruitment of ubiquitinated arrestins to the activated receptors (7). Subsequently,
Mdm2 returns to the nucleus through importin (8).

According to our experimental results, arrestin (Figure 2A), especially its ubiquitination (Figure
2B), is required for the ubiquitination of GRK2. Hence, it could be inferred that the factors governing
the nuclear entry of arrestin3 (steps 1 and 2), crucial for its ubiquitination, would likewise influence
the ubiquitination of GRK2. This hypothesis was indeed confirmed by our study findings (Figure 5
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and Figure 8). As Mdm?2 is a nuclear protein, and both arrestin3 and Mdm?2 contain NES, it is
presumed that Mdm?2 and ubiquitinated arrestin3 relocate from the nucleus to the cytoplasm driven
by the concentration gradient (step 4, Figure 5B).

Reportedly, clathrin is required for GRK2-mediated receptor phosphorylation [30]. This function
of clathrin was difficult to anticipate due to its typical role in facilitating receptor endocytosis [31,32].
However, it can now be elucidated by clathrin’s participation in the ubiquitination of GRK2 (Figure
3B). This is one piece of evidence supporting the idea that clathrin has functions beyond simply being
a coated protein of endocytic vesicles. This evidence suggests that clathrin possesses functions
extending beyond its conventional role as a coated protein of endocytic vesicles.

According to previous reports, the cytosolic localization of Mdm2 can result from the
overexpression of arrestin3 [29] or the presence of GPCRs with a high affinity for G@y [33,34]. This
phenomenon is significant as it may relate to GPCR desensitization characteristics [35,36], but it is
observed in the basal state without GPCR activation. In contrast, the increase in nuclear
ubiquitination of arrestin3 discussed in this study occurs in a dynamic situation induced by agonistic
stimulation of GPCRs.

Arrestin-3 has previously been shown to be ubiquitinated when bound to a GPCR on the plasma
membrane [6]. While this appears to conflict with our results, the discrepancy lies in the timing of
arrestin3 ubiquitination. The earlier study did not consider the interaction between arrestin3 and
Mdm? in the nucleus, leading them to observe ubiquitination at the cytosolic interface of the plasma
membrane.

4. Materials and Methods

4.1. Materials

Leptomycin B (LMB), dopamine (DA), isoproterenol (ISO), MBCD, 4',6-diamidine-2"-phenylindole
(DAPI), methyl-B-Cyclodextrin (MBCD), rabbit FLAG antibodies, and antibodies against B-actin,
agarose beads coated with anti-M2 FLAG antibodies, and anti-mouse or anti-rabbit horse radish
peroxidase (HRP)-labeled secondary antibodies were obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). Mouse monoclonal antibodies against clathrin heavy chain (CHC) and caveolin 1
(Cavl), and rabbit antibodies against lamin bl were purchased from BD Biosciences (San Jose, CA,
USA) and BD Transduction Laboratories (Franklin Lakes, NJ, USA), respectively. Monoclonal
antibodies against hemagglutinin (HA), Mdm?2, and importin 31 were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Rabbit antibodies against arrestin 2/3 were purchased from Cell
Signaling Technology (Danvers, MA, USA). Alexa 594-conjugated anti-rabbit antibodies and Alexa 647-
conjugated anti-rabbit antibodies were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Anti-rabbit HRP-conjugated secondary antibodies were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Anti-mouse HRP-conjugated secondary antibodies were obtained from Jackson
ImmunoResearch (West Grove, PA, USA). [*H]-Methylspiperone and [*H]-CGP-12177 (41.7 Ci/mmol)
were purchased from PerkinElmer Life Sciences (Waltham, MA, USA).

4.2. DNA Constructs

HA-Ub, FLAG-arrestin3, arrestin3-GFP, K11/12R-arrestin3-GFP, NLSX-arrestin3-GFP, NESX
(L395A)-arrestin3-GFP, GRK2, FLAG-GRK2, GRK2-GFP, FLAG-Mdm2, Mdm2-GFP, GRK2-CT, D:R,
FLAG-D:R, D2R-IC23, B2AR, and GRK2-KO-B2AR were described previously [8,22-24,37]. In, GRK2-
KO-B2AR, the consensus phosphorylation sites for GRK2 (T360, 5364, S396, 5401, S407, S411) were
mutated [23]. In D2R-IC23, all the serine and threonine residues located within the second and third
intracellular loops of D2R were mutated to alanine and valine residues, respectively [24]. This mutant
has been used to study phosphorylation-independent receptor functions previously [38].

4.3. Cell Culture

Human embryonic kidney (HEK-293) cells were obtained from the American Type Culture
Collection (Manassas, VA, USA) and maintained in minimal essential medium supplemented with
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10% fetal bovine serum, 100 units/mL penicillin, and 100 ug/mL streptomycin (Thermo Fisher
Scientific) in a humidified atmosphere at 5% COz. Mdm2-knockdown (KD) cells, CHC-KD cells,
Cav1-KD cells, and importin B1-KD cells were prepared by a selection of the cells stably transfected
with shRNA in pLKO.1 using 1 pg/mL puromycin [9,22,39,40]. Arrestin2/3-KD cells were prepared
by simultaneous transfection of shRNAs targeted against arrestin2 and arrestin3; the transfected cells
were selected using 500 pg/mL G418 and 1 ug/mL zeocin [40].

4.4. Immunoprecipitation and Immunoblotting

For immunoprecipitation, target proteins tagged with FLAG epitope were expressed in HEK-293
cells. The cells were lysed using either RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 0.5%
deoxycholate, and 0.1% SDS) or glycerol lysis buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol,
and 0.1% NP-40) for 1 h at 4°C. Subsequently, the cell lysates were centrifuged for 30 min at 14,000 xg. The
resulting supernatants were combined with 25 uL of anti-FLAG agarose beads (50% slurry) and incubated
for 2-3 hours at 4°C. The beads underwent three washes with ice-cold washing buffer (50 mM Tris pH
74,137 mM NaCl, 10% glycerol, and 1% NP-40), each lasting 5 minutes.

Immunoprecipitates were then subjected to analysis on SDS-PAGE gels and transferred onto
nitrocellulose membranes (Thermo Fisher Scientific). The membranes were subjected to overnight
incubation at 4°C with primary antibodies against the target proteins, followed by a 1 h incubation
at 20°C with the corresponding HRP-conjugated secondary antibodies. Visualization of protein bands
was achieved using a chemiluminescent HRP substrate (Thermo Fisher Scientific). The detection of
target proteins was accomplished with a chemiluminescent substrate, and the immunoblots were
quantified using the ChemiDoc MP imaging system from (BioRad, Hercules, CA, USA).

4.5. Immunocytochemistry

Cells expressing the relevant target proteins were seeded onto coverslips and fixed with a
solution comprising 4% paraformaldehyde and 0.2% Triton X-100 in PBS, maintaining this fixation
for 20 min at 20°C. Subsequently, the cells underwent incubation with PBS containing 3% FBS and
1% bovine serum albumin for 1 h, followed by a 1 h incubation with antibodies specific to the target
proteins at 20°C. Following three washes, the cells were subjected to incubation with Alexa 595-
conjugated anti-rabbit or anti-mouse antibody (Invitrogen, Carlsbad, CA, USA) diluted at 1:500. After
another three washes, the cells were mounted on slides using Vectashield (Vector Laboratories,
Burlingame, CA, USA) and visualized using a laser scanning confocal microscope (TCS
SP5/AOBS/Tandem, Leica Microsystems GmbH, Wetzlar, Germany). A range of 5 to 10 cells were
analyzed for each experimental group.

4.6. Image Processing

The images were imported into the Fiji version of the Image] image processing software. The
assessment of spatial overlap among distinct fluorescent labels (co-localization) was conducted
utilizing the Pearson correlation coefficient (y value) [41]. Subsequently, the level of co-localization
was categorized into three groups: strong (y value ranging from 0.50 to 1), moderate (0.30 to 0.49),
and weak (below 0.29).

4.7. Detection of Protein Ubiquitination

HA-ubiquitin (HA-Ub) was transfected into HEK-293 cells together with FLAG-tagged arrestin3
or GRK2. Following a period of serum starvation lasting 4-6 h, the cells were exposed to 10 pM DA
for 1-2 minutes. Cellular lysates were solubilized using a lysis buffer comprising 150 mM NaCl, 50
mM Tris pH 7.4, 1 mM EDTA, 1% Triton X-100, 10% (v/v) glycerol, 1 mM sodium orthovanadate, 1
mM sodium fluoride, 2 mM phenylmethylsulfonyl fluoride, 5 pg/mL leupeptin, 5 ug/mL aprotinin,
and 10 mM N-ethylmaleimide. Immunoprecipitation was carried out using FLAG beads. The
resulting immunoprecipitates underwent analysis via SDS-PAGE and subsequent blotting with
antibodies targeting HA and FLAG, each diluted at a ratio of 1:1,000.
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4.8. Subcellular Fractionation

Cell lysates were fractionated into cytoplasmic and nuclear fractions according to previous
studies [42,43]. In brief, cells were incubated with buffer-1 (10 mM HEPES/KOH pH 7.8, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, and 1 mM
NasVOs) for 20 min and centrifuged at 2,000 xg for 5 min. The supernatants were centrifuged for
another 10 min at 15,000 xg following which the supernatants were saved as cytoplasmic fraction.

The pellet from the first centrifugation step was washed with buffer-1 for 15 min and centrifuged
at 15,000 xg for 10 min. The resulting pellet was incubated with buffer-2 (20 mM HEPES/KOH pH
7.8, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 0.5 mM dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, and 1 mM Na3VO4) for 20 min and then centrifuged. After
centrifugation at 24,000 xg for 10 min, the supernatant was collected as a nuclear extract. Actin and
lamin B1 were used as reference proteins for cytosolic and nuclear fractions, respectively.

4.9. Statistics

Data are expressed as mean * standard deviations (SD). To control the unwanted sources of
variation, some results of immunoblotting are expressed as fold of control means. The increase in the
value of gel density was calculated by comparing each value with that of the mock group (usually
the first lane of the gel). Comparisons between groups were performed using Student’s ¢-test. For the
comparison of means among multiple groups, one-way ANOVA with Tukey’s post-hoc test was
used. A p-value < 0.05 was considered significant.

5. Conclusions

We have unveiled the molecular mechanism underlying GRK2 ubiquitination and its functional
implications. Our findings reveal that the ubiquitination of GRK2 induced by agonists in the cytosol
requires the nuclear export of Mdm2, along with arrestin3 ubiquitination within the nucleus.
Consequently, the ubiquitination processes of arrestin3 and GRK2 are intricately interconnected,
with the cellular pathways governing arrestin3 ubiquitination also playing a vital role in GRK2
ubiquitination. Through this study, we have provided new insights into previously reported but
challenging-to-understand molecular mechanisms.
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