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ARTICLE INFO ABSTRACT

Small ubiquitin like modifier (SUMO) conjugation or SUMOylation of Barrestin2 promotes its association with
the clathrin adaptor protein AP2 and facilitates rapid B, adrenergic receptor (8,AR) internalization. However,
BRET disruption of the consensus SUMOylation site in Parrestin2, did not prevent Parrestin2's association with acti-
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RanGAP1 vated 3,ARs, dopamine D, receptors (D-Rs), angiotensin type 1a receptors (AT;,Rs) and V5 vasopressin receptors
[Sjlgli\ggmn (V2Rs). To address the role of SUMOylation in the trafficking of Barrestin and GPCR complexes, we generated

and characterized a yellow fluorescent protein (YFP) tagged Parrestin2-SUMO1 chimeric protein, which is re-
sistant to de-SUMOylation. In HEK-293 cells, YFP-SUMO1 predominantly localized in the nucleus, whereas YFP-
Parrestin2 is cytoplasmic. YFP-Barrestin2-SUMO1 in addition to being cytoplasmic, is localized at the nuclear
membrane. Nonetheless, Barrestin2-SUMOL1 associated robustly with agonist-activated B,ARs as evaluated by
co-immunoprecipitation, confocal microscopy and bioluminescence resonance energy transfer (BRET).
Barrestin2-SUMO1 associated strongly with the D,R, which forms transient complexes with Parrestin2. But,
Barrestin2-SUMO1 and Barrestin2 showed equivalent binding with the V,R, which forms stable complexes with
Parrestin2. Parrestin2 expression level directly correlated with the steady state levels of the unmodified form of
RanGAP1, which upon SUMOylation associates with nuclear membrane. On the other hand, Barrestin2-SUMO1
not only localized at the nuclear membrane, but also formed a macromolecular complex with RanGAP1. Taken
together, our data suggest that SUMOylation of Barrestin2 promotes its protein interactions at both cell and
nuclear membranes. Furthermore, Parrestin2-SUMO1 presents as a useful tool to characterize Parrestin2 re-
cruitment to GPCRs, which form transient and unstable complex with Parrestin2.

G protein-coupled receptor

Parrestin2 is a cytoplasmic protein, whose activity is regulated by
not only GPCR recruitment, but also by phosphorylation [7,8], ubi-

1. Introduction

PBarrestin2 (also called Arrestin3) is an adaptor protein that reg-
ulates signal transduction and trafficking of the seven-transmembrane
G protein-coupled receptors (GPCRs) [1-4]. Parrestinl and Barrestin2
are highly conserved mammalian proteins, which display high affinity
interaction with agonist-activated GPCRs that are phosphorylated on
specific serine/threonine residues by GPCR kinases (GRKs) [1]. [Par-
restins and GRKs uncouple the agonist-activated GPCRs from cognate
heterotrimeric G proteins blocking G protein and second messenger-
dependent signaling. Barrestins in turn provoke GPCR endocytosis and
additionally scaffold kinases resulting in PBarrestin-dependent signal
transduction [1,5]. In addition to GPCRs, Parrestins can bind other
types of cell-surface receptors, ion channels, and engage many signaling
and biochemical pathways [6].

quitination [9,10], and nitrosylation [11,12]. GPCR activation triggers
ubiquitination of lysine residues in Barrestin2 and the sites of ubiqui-
tination as well as the kinetics and patterns of ubiquitination have
distinct correlation to particular GPCR:Parrestin complexes [9,13]. For
example, activation of the angiotensin AT;, receptor (AT;,R) induces
ubiquitination at lysines 11 and 12 in Barrestin2, which is critical for
the formation of AT, R:Parrestin2 signalosomes [14]. Ubiquitinated
PBarrestin2 possesses greater binding affinity than non-ubiquitinated
PBarrestin2 with (a) activated GPCRs, (b) clathrin subunits and (c)
components of ERK signaling (c-Raf and ERK), which suggests a tight
relationship between Parrestin ubiquitination status, endocytosis and
the transmission of Parrestin-dependent signaling [9].

Parrestin2 is also regulated by covalent modification by SUMO
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(small ubiquitin like modifier) or SUMOylation [15,16]. Ubiquitin and
SUMO share little sequence identity, but adapt similar structural con-
formation, and both require a three step enzyme cascade for substrate
modification [17]. SUMOylation is generally targeted to a canonical
protein sequence (W-K-X-D/E), where W is an aliphatic amino acid, K is
the target site for the covalent modification by SUMO, X is any amino
acid and is followed by an acidic residue [17-21]. Additionally, SU-
MOylation and ubiquitination are dynamic and reversed by cognate de-
SUMOylases and de-ubiquitinases, respectively.

SUMOylation of lysine-400 on bovine Barrestin2 is critical for the
interaction of Parrestin2 and the endocytic adaptor protein2 (AP2), but
not for the translocation of Parrestin2 to activated B,AR and AT;,R
[15]. The consensus motif containing lysine-400 in bovine Barrestin2 is
not conserved in Parrestin homologs; for human Parrestin2, lysine-295
was shown to be the critical site for SUMOylation, which attenuated the
ability of Parrestin2 to inhibit TRAF6 dimerization and downstream
NFxB activation triggered by IL-1R [16]. Interestingly, human pPar-
restin2 SUMOylation is dynamically reversed by the deSUMOylase
SUMO specific protease 1 (SENP1) [16]. There is little information on
how SUMOylation affects Barrestin2 trafficking, an inherent property of
activated Parrestins, which transpires independent of G proteins [22].
To ascertain the functional effects of SUMOylation of Parrestin2, we
generated a Parrestin2-SUMO1 chimera, which is not targeted by de-
SUMOylases and would be persistently SUMOylated. We tested [ar-
restin-SUMO]1 for its binding to different GPCRs with low and high
affinities for Parrestin2 association. We also unexpectedly discovered
that SUMOylated Barrestin2 is associated with the nuclear membrane
and forms a macromolecular complex with the nuclear membrane
protein RAs-related Nuclear protein GTPase Activating Protein 1
(RanGAP1), suggesting novel functions for SUMOylated Parrestin2.

2. Materials and methods
2.1. Materials

The antibodies used for our studies include: anti-FLAG M2 (Sigma:
F3165), anti-HA 12CA5 (Roche: 11666606001), anti-B,AR H20 (Santa
Cruz: sc-569), anti-GAPDH-HRP (Cell Signaling: 3683), and anti-GFP/
GFP-variants (MBL International Corporation: #598). Alexa 594 con-
jugated secondary antibody was obtained from Invitrogen. For im-
munoprecipitation of YFP-fusion proteins, we used GFP Monoclonal
Antibody (3E6), A-11120, from Thermo Fisher Scientific. Horseradish
peroxidase-conjugated secondary antibodies were from GE/Amersham
or Rockland Immunochemicals. Anti-FLAG M2 affinity gel (Sigma:
A2220), Protein G Plus/Protein A-Agarose (Calbiochem: IP10),
(—)-Isoproterenol (Sigma: 12760), Dopamine (Sigma: H8502),
Angiotensin II (Sigma: A9525), Arginine vasopressin (Sigma: V9879),
N-Ethylmaleimide (Sigma: E1271), Triton X-100 (Sigma: T-9284),
Pierce™ anti-HA magnetic beads (Thermo Fisher Scientific: 88837) and,
DSP (dithiobis(succinimidyl propionate)) (Thermo Fisher Scientific:
22585). Lipofectamine 2000 was from Invitrogen.

The plasmid constructs, pcDNA3/mYFP-Barrestin2-K296R,
pcDNA3/mYFP-Barrestin2-SUMO1, and pCDNA3-FLAG-Barrestin2-
SUMO1 were generated by standard cloning and/or mutagenesis pro-
tocols. The plasmid constructs, pcDNA3/mYFP-farrestin2 and
pcDNA3/mYFP-Barrestin2-ubiquitin have been reported before [23].
B2AR-Rluc, was generously provided by Dr. Lefkowitz. VoR-Rlucll was
kindly provided by Dr. Michel Bouvier and HA-V,R, HA-D,R, and D,R-
Rlucll were kindly provided by Dr. Marc Caron. YFP-SUMO1 plasmid
was purchased from Addgene (#13380) [24].

2.2. Cell culture and transfection
HEK-293 cells purchased from American Type Culture Collection

(Manassas, VA) maintained in MEM medium containing 10% fetal bo-
vine serum and 100 pug/mL penicillin/streptomycin at 37°C in a
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humidified incubator at 5% CO,. Transfections were performed using
Lipofectamine 2000 reagent (Invitrogen). HEK-293 cells stably trans-
fected with FLAG-B2AR, used in these studies have been described
previously [25]. HEK-293 cells with stable expression of HA-AT,R, HA-
DR, or HA-V,R were generated by standard procedures using antibiotic
selection as reported before [22].

Human embryonic kidney 293 T (HEK-293 T) cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 4.5 g/
L glucose, 10% fetal bovine serum and 1% Antibiotic-Antimycotic
(Gibco) at 37 °C in a humidified atmosphere at 95% air and 5% CO,. For
transient expression of recombinant proteins, HEK-293 T cells were
seeded at a density of 6 x 10° cells in 35 mm cell culture dishes such
that they reach 40-50% confluence on the next day. Cells were then
cultured for 24h and transfected with vectors encoding BRET con-
structs as detailed below using calcium phosphate according to a pre-
viously published protocol [26]. HEK-293T cells are the preferred
model system for BRET assays because of their high transfection effi-
ciency of GPCR-Rluc constructs.

2.3. BRET assays

For assessing Parrestin2 recruitment to receptors, bioluminescence
resonance energy transfer (BRET) assays were performed in HEK-293 T
cells. We first completed titration assays which allowed to determine
the specificity of association among different interaction partners
[26-30]. To achieve this, a fixed amount of the donor-tagged (Renilla
luciferase, Rluc) construct was co-transfected with increasing amounts
of the corresponding interaction partner bearing the acceptor (YFP).
Donor-acceptor DNA ratios corresponding to the beginning of the sa-
turation plateau were subsequently used for single-point and dose-re-
sponse assays [31,32]. Two days after transfection, HEK-293 T cells
expressing different BRET pairs were washed with serum-free clear
MEM media (Gibco) and exposed to vehicle or stimulated for the in-
dicated times at 37 °C. BRET readings were acquired using Synergy
Neo2S plate reader (BioTek Instruments Inc.) and obtained 5 min after
manual addition of Rluc substrate, coelenterazine h (Promega) to a final
concentration of 5 pM.

The BRET signal generated was determined by calculating the ratio
of light emitted by YFP (520-550 nm) over the light emitted by Rluc
(440-480 nm). These values were then corrected by subtracting the
background signal (detected when the Rluc-tagged construct was ex-
pressed without acceptor) from the BRET signal detected in cells co-
expressing both donor and acceptor constructs. Agonist-induced BRET
values were calculated by subtracting net BRET values of non-stimu-
lated conditions from net BRET values corresponding to the stimulated
conditions.

2.4. Immunostaining and confocal microscopy

In experiments assessing Barrestin2 recruitment to receptors, HEK-
293 stably expressing FLAG-,AR, HA-D,R, HA-V,R, or HA-AT;,R were
seeded on poly lysine-coated 35-mm glass bottom plates at a density of
100,000 cells per dish. On the following day, cells were transiently
transfected with 500 ng of YFP-tagged constructs (YFP-Barrestin2-WT,
YFP-Barrestin2-K296R, YFP-Barrestin2-SUMO1, YFP-Barrestin2-Ub, or
YFP-SUMO1) using Lipofectamine 2000 (Invitrogen). Twenty-four
hours post-transfection, cells were serum-starved for 4 h, and either left
untreated or treated with respective agonists for the indicated times in
the figure legends. After stimulation, cells were fixed with 5% for-
maldehyde diluted in phosphate-buffered saline (PBS), permeabilized
with 0.1% Triton X-100 in PBS containing 2% bovine serum albumin
(BSA) for 20 min and subsequently incubated overnight at 4 °C with
appropriate primary antibody diluted in PBS containing 2% BSA with
no Triton X-100. The next day, cells were washed three times with PBS
and incubated with Alexa594 conjugated secondary antibody for 1h,
followed by repeated washes using PBS. Confocal images were acquired



K. Nagi, et al. Cellular Signalling 75 (2020) 109759

A B FLAG-Barr2 - |+ |- C

FLAG-parr2Kk29eR | = | = [+
HiSﬁ'SUMO1 -+ + + 0.3
IP: FLAG "

Rat  p-am2  29'LDGQLKHEDTNL IB:SUMO1 7| === So2 **

Mouse B-arr2  29'LDGQLKHEDTNL 1B parr2 " 5

Human B-amr2  2%LDGQLKHEDTNL : = o1

Bovine B-arr2 2901, DGQLKHEDTNL Lysates 2
IB: SUMOT (g s e 0.0 T

WT K296R

IB: parr2 50| o g BaT
IB: GAPDH = we v

O

E

Overla

Unstimulated
Unstimulated

izAR iarrz 0verla| D:R iarrz

leR larr2K296R Overlay D:R larrZKzgeR Overlay

Fig. 1. SUMOylation at the canonical site in Barrestin2 is not required for association with agonist-activated GPCRs.

(A) SUMOylation consensus motif (WKXE or LKHE) shown in the sequence alignment of rat, mouse, human and bovine Parrestin2. Lysine 295/296 shown is a
conserved site for SUMOylation. (B) HEK-293 cells were transfected with vector, FLAG-Parrestin2 or FLAG [arrestin2-K296R along with Hiss-SUMO1. FLAG im-
munoprecipitates were serially probed for Hiss-SUMO1 and Parrestin2. Lysates were analyzed for SUMO1, Barrestin2 and GAPDH as shown. (C) The bar graphs show
the means + SEM for the ratios obtained by dividing SUMO1 bands by the cognate Parrestin2 bands detected in the IP samples in panel B and the data is summarized
from three independent experiments. ** p = 0.006 versus WT, unpaired t-test. (D) HEK-293 cells stably transfected with FLAG-$,AR and either Parrestin2 or
Barrestin2-K296R were treated *+ agonist isoproterenol (Iso, 1 uM) for 5min, and cells were processed by immunostaining as described in “Methods” to visualize
subcellular distribution of the B,AR (in red channel) and YFP-Barrestin constructs (in green channel) by confocal microscopy. (E) Subcellular distributions of
Barrestin2 WT and K296R were determined as described for panel (D) except that cells expressed HA-D,R and treated + dopamine (10 uM). In panels D and E
representative images shown are from one of three independent experiments. For D and E, a portion of the overlay image of Iso or dopamine- treated cells is enlarged
to visualize the translocation of YFP-Parrestin2 constructs. Scale Bar = 10 um. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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using Zeiss LSM 510 laser-scanning microscope using multitrack se- 2.5. Cross-linking, immunoprecipitation and immunoblotting

quential with excitation (488 and 568nm) and emission (BP

505-550 nm and LP 585nm) filter sets. Images (1024 X 1024 pixels) HEK-293 cells stably expressing FLAG-$>AR, HA-D,R, or HA-V,R
were collected using either a 63 X or 100 x oil immersion lens. Images were transiently transfected with 2ug of YFP-Barrestin2-WT or YFP-
were processed for figure presentation using Adobe Photoshop soft- Parrestin2-SUMO1 using Lipofectamine 2000 (Invitrogen). Twenty-four
ware, and any increase or decrease of brightness/contrast was applied hours post-transfection, cells were starved in PBS containing 10 mM
to the entire image. The nuclear rim localization of YFP-Barrestin2- HEPES (pH7.4) for 1h and stimulated with vehicle or agonist
SUMOL1 is readily visualized in cells with low to moderate expression of (isoproterenol,1 uM; or AVP 0.1 uM, or Dopamine 10 uM) at 37 °C for
YFP-protein. In cells with high expression, this localization is present, desired times. After agonist-stimulations, B2AR stable cells were treated
and can be discerned by enlarging sections of the nuclear rim. with the crosslinker DSP to a final concentration of 480 nM, and plates
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Fig. 2. Subcellular distribution of YFP tagged Parrestin2, Barrestin2-SUMO1 fusion, SUMO1 and Barrestin2-Ub.
HEK-293 cells were transfected with YFP tagged Parrestin2 (A), Barrestin2-SUMO1, (B), SUMO1 (C) or Barrestin2-Ub (D) and serum-starved quiescent cells were
visualized using a confocal microscope. Representative images are shown from one of three independent experiments. Scale Bar = 10 um.

were rocked for 20 min at room temperature. Reaction was quenched
by adding 25 pL of 1 M Tris-Cl pH 8.5 per 1 mL volume of buffer in the
dish and rocked for additional 5 min at room temperature. For the HA-
D,R and HA-V,R samples, detection of protein association with
Parrestin2 did not require chemical crosslinking.

Harvested cells were washed with ice-cold PBS (pH 7.4) and solu-
bilized in an ice-cold lysis buffer (50 mM HEPES (pH 7.5), 2 mM EDTA,
250 mM NacCl, 10% (v/v) glycerol, and 0.5% (v/v) IGEPAL CA-630) that
was supplemented with phosphatase and protease inhibitors (1 mM
sodium orthovanadate, 1mM sodium fluoride, 1mM phe-
nylmethylsulfonyl fluoride, 5ug/mL leupeptin, 5pug/mL aprotinin,
1pg/mL pepstatin A, and 100 uM benzamidine). Cell lysates were
centrifuged at 13,000 rpm for 20 min at 4 °C to remove cell debris and
the supernatant containing solubilized membranes and cytosol was
recovered. Cell lysate protein concentrations were determined by
Bradford protein assay and equivalent pg of proteins were im-
munoprecipitated using anti-FLAG M2 antibody resin (for Fig. 4) or
Anti-HA magnetic beads from Thermo Pierce (for Figs. 7 and 9). Sam-
ples were rotated overnight at 4 °C, then washed three times with lysis
buffer to eliminate non-specific proteins and proteins bound to beads
were eluted in SDS-PAGE sample buffer. Samples separated on SDS-
PAGE were transferred onto nitrocellulose membrane (Bio-Rad) and
YFP-tagged Parrestin2 fusion proteins associated with FLAG-(3,AR, HA-
D,R or HA-V,R were revealed using anti-GFP antibody (MBL-598) and
anti-rabbit secondary HRP-conjugated antibody (1:3000; GE Health-
care). FLAG-B2ARs in each sample were detected by probing mem-
branes with anti-3>AR H-20 antibody (1:1000; Santa Cruz Bio-
technology) and the corresponding secondary antibody (15,000; GE
Healthcare). HA-D;R or HA-V,;R were detected using an anti-HA IgG
(Cell Signaling Technologies). Chemiluminescence detection reagents
(SuperSignal West Pico reagent, Pierce) were used to reveal the blotted
proteins, and relative intensities of the labeled bands were detected by
densitometric scanning using a charge-coupled device camera system
(Bio-Rad Chemidoc-XRS) and quantified with Image-Lab software (Bio-
Rad).

2.6. siRNA transfection and immunoblotting

HEK-293 or HEK-293T cells stably expressing the (,AR were
transfected with either non-targeting control siRNA or siRNA targeting
PBarr2 purchased from Dharmacon GE Healthcare Life Sciences as de-
scribed previously [5]. Early passage cells on 6-well dishes, at a con-
fluence of 40-50% were transfected with 3.5ug siRNA using Lipo-
fectamine 2000™ in serum-free media. After 4h, complete media was
added to the transfected cells, and then grown for 48 h at 37 °C before
conducting assays. Cells were serum starved for 1 h prior to stimulation
with 1 pM isoproterenol for 20 min. After stimulation, cells were solu-
bilized by adding 2 x-SDS-sample buffer, followed by disruption by
sonication. Equal amount of cell lysates were resolved on 10% SDS-
polyacrylamide gels (ProtoGel, National Diagnostics). RanGAP1,

Parrestins and GAPDH were detected by immunoblotting with rabbit
monoclonal anti-RanGAPlantibody (Abcam ab92360, 1:1000), anti-
PBarrestin (A1CT, 1:3000) and rabbit monoclonal anti-GAPDH (HRP
conjugate, CST 3683, 1:1000) respectively.

3. Results

3.1. Disruption of the consensus SUMOylation site in Barrestin2 does not
alter its plasma membrane translocation and interaction with activated
GPCRs

SUMOylation is targeted to a canonical protein sequence (¥-K-X-D/
E), where W is an aliphatic amino acid, K is the target site for the
covalent modification by SUMO, X is any amino acid and is followed by
an acidic residue [33]. A sequence alignment comparison of human, rat,
mouse and bovine Barrestin2 is shown in Fig. 1A displaying the cano-
nical SUMOylation site, LKHE in Parrestin2. Previous studies have
shown that lysine-295 in bovine and human Parrestin2 serves as a
target site for SUMOylation and mutation of lysine-295 did not elim-
inate but significantly reduced SUMO conjugation of Parrestin2
[15,16]. To test whether this is also true for rat Parrestin2, we com-
pared SUMOylation of rat Parrestin2 and Parrestin2-K296R over-
expressed in HEK-293 cells along with His-SUMO1 (Fig. 1B-C). SU-
MOylation was significantly decreased but not eliminated in farrestin2-
K296R suggesting the possibility that lysines in Parrestin2 that do not
conform to the consensus motif may be targeted for SUMOylation.

We next tested if the site-specific SUMOylation at lysine 296
(Fig. 1A) impacts Parrestin2 trafficking and localization in cells. We
compared trafficking and association of Parrestin2 and [arrestin2-
K296R with activated (,AR, DR, AT;,R and V,R in HEK-293 cells
(Fig. 1D-E, and Fig. S1). With these GPCRs, we observed similar pat-
terns of sub-cellular distribution of YFP-Barrestin2 and YFP-Barrestin2-
K296R in quiescent cells. Upon agonist activation, we observed tran-
sient plasma membrane translocation of both Parrestin2 as well as
PBarrestin2-K296R to the ;AR and D,R (Fig. 1D-E). We also detected
robust endosomal localization of AT;,R-Parrestin2 and V,R-Parrestin2
complexes, for both WT and K296R parrestins (Fig. S1A-B). Accord-
ingly, we infer that the SUMOylation at the consensus motif in Bar-
restin2 has negligible effect of the overall trafficking and GPCR affinity
of Barrestin2. In fact, to eliminate SUMOylation of bovine Parrestin2, a
total of four lysines had to be mutated, and only two of them were
within a canonical SUMOylation motif. Nonetheless, the 4KR-arrestin3
mutant still translocated and associated with the activated ($,ARs at the
plasma membrane [15]. Accordingly, either SUMOylation of lysine(s)
in non-canonical sequence motif or ubiquitination of Parrestin2, may
overcome the defect produced by the disruption of SUMOylation at the
canonical site.
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Fig. 3. Differential trafficking patterns of Parrestin2, Barrestin2-SUMO1, Barrestin2-Ub proteins following B>AR stimulation.

HEK-293 cells stably expressing FLAG-,AR were transiently transfected with either YFP-Barr2 (A), YFP-Barr2-SUMO1 (B), YFP-SUMO1 (C) or YFP-Barr2-Ub (D)
constructs. On the day of the experiment, cells were starved for 4 h in serum-free media and stimulated or not with isoproterenol (Iso, 1 uM) for the indicated times.
Cells were then fixed and permeabilized before being immunostained with H-20 antibody to label the B,AR. Confocal images show the receptor immunofluorescence
(red) and the YFP fluorescence (green). Colocalization (yellow) of the receptor with respective Parrestin2 fusion proteins is indicated in the overlay. Images shown
are from one of three identical experiments. In panel B, a section of the image for unstimulated condition (green channel) is enlarged to visualize puncta around the
nucleus, which is not conspicuous in bright cells. Scale Bar = 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

3.2. Subcellular distribution of Barrestin2-SUMO1 chimera

According to published studies, Parrestin2 binds the de-SUMOylase
SENP1 [16], and hence deducing the impact of SUMOylation on [ar-
restin2 trafficking could be elusive due to the dynamic nature of the
modification. To circumvent this issue, we generated a YFP tagged
Parrestin2-SUMOL1 chimera, which would be resistant to the enzymatic
activity of SENP1. YFP-Parrestin2-SUMO1 expressed in the cytoplasm
akin to YFP-Barrestin2; but, we also detected Parrestin2-SUMO1 at the
nuclear membrane (Fig. 2A-B). YFP-SUMO1 was predominantly

nuclear, and did not display the ring like distribution that we observed
with Barrestin2-SUMO1 (Fig. 2C). We analyzed the distribution of
mYFP-Barrestin2-SUMO1 (85 cells) versus mYFP-SUMO1 (80 cells), and
found that while all cells expressing Parrestin2-SUMO1 showed locali-
zation of YFP fluorescence at the nuclear membrane, none of the cells
transfected with YFP-SUMO1 showed this pattern. Previous studies
detected YFP-SUMO1 mostly in the nucleus and nucleolus, along with
punctate pattern at the nuclear membrane in HeLa cells that were
subjected to mitotic synchronization [24]; however, we did not observe
distinct localization of YFP-SUMOL1 at the nuclear membrane in HEK-
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Fig. 4. Parrestin2-SUMO1 fusion protein displays stronger association with
agonist-activated B,AR than Parrestin2.

(A) HEK-293 cells stably expressing the FLAG-B,AR were transiently trans-
fected with either vector, YFP-Barr2-WT or YFP-Barr2-SUMO1 and were ex-
posed or not to Isoproterenol (Iso, 1 uM) for the indicated times. FLAG-tagged
receptors were immunoprecipitated after chemical cross-linking and the IP was
probed with an anti-GFP antibody that recognizes YFP (MBL International
Corporation) and subsequently blots were stripped and reprobed with a $,AR
specific antibody, H-20. (B) Immunoreactivities of the different Barr2 fusion
proteins recovered were normalized to the cognate amount of receptors and are
expressed as ratio of relative intensities of the labeled bands. Statistical com-
parison was done using two-way ANOVA and shown as means + SEM of 4 in-
dependent experiments. # p < 0.05 versus respective unstimulated condition;
* p < 0.05 versus all other conditions, two-way ANOVA, Holm-Sidak's com-
parison.

293 cells. In addition, fusion of the cytoplasmic protein pyruvate kinase
with SUMO1, did not localize pyruvate kinase to the nuclear membrane
[34]. While YFP-SUMO1 was concentrated in the nucleus, and nucleoli,
we detected very little Barrestin2-SUMOL1 in the nucleus or nucleolus.
Thus the subcellular distribution of B-arrestin-SUMOL1 is different
compared with YFP-SUMO1, and is not due to trafficking properties of
SUMO1 itself, but rather represents the properties of Barrestin2-SUMO1
chimera and might mimic the localization of persistently SUMOylated
Barrestin2. Furthermore, although ubiquitin and SUMO1 have high
structural homology, B-arrestin-ubiquitin chimera was undetectable at
the nuclear membrane (Fig. 2D).
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3.3. Barrestin2-SUMO1 chimera associates with agonist-activated $,AR
with higher affinity than Barrestin2

We next compared the trafficking of Parrestin2-SUMO1, and
Parrestin2, in HEK-293 cells with stable expression of the ,AR. In
quiescent cells we observed minimal colocalization of Parrestin2 with
the B.AR; upon agonist activation, we detected translocation of
Parrestin2 (Fig. 3A, green) to the B>AR (shown in red, Fig. 3A) at the
plasma membrane after 5min of agonist stimulation. However, after
20 min of agonist activation, Barrestin2 and 3,AR dissociate from each
other and no colocalization is detected. For Parrestin2-SUMO1 we de-
tected plasma membrane translocation upon AR agonist activation,
and intriguingly we detected Barrestin2-SUMO1 in endocytic vesicles.
These B,AR-Parrestin2-SUMO1 complexes persisted with longer agonist
activation (Fig. 3B). Fig. 3C shows confocal images of cells stably ex-
pressing the B,AR and transiently expressing YFP-SUMO1. In both
quiescent and agonist-treated cells, the SUMO1 protein remained in the
nucleus. SUMO1 and Ub share the same structural properties, and
previously Parrestin2-Ub chimera demonstrated a robust binding and
endosomal colocalization with the B,AR [9,14,35]. Therefore, we next
compared the endosomal trafficking of Parrestin2-ubiquitin (Bar-
restin2-Ub) chimera with internalized B,ARs (Fig. 3D). The magnitude
of colocalization of internalized $,ARs and Parrestin2-Ub was much
greater than colocalization of Parrestin2-SUMO1 and f,AR. None-
theless, we observed an accelerated mobilization of ,AR and [ar-
restin2-SUMO1 in endosomal vesicles than with Parrestin2-Ub (com-
pare 5min, Iso images, Fig. 3B and D).

We also evaluated the association of Parrestin2-SUMO1 with ,AR
complexes, using chemical crosslinking (see methods) [9] and co-im-
munoprecipitation (Fig. 4). We used HEK-293 cells stably expressing
FLAG-3,AR and transiently expressed Barrestin2, or Barrestin2-SUMO1.
We immunoprecipitated the receptors under nonstimulated or stimu-
lated conditions (5 and 20 min, 1uM isoproterenol), and detected
Parrestin2 or Parrestin2-SUMO1 by Western blotting (Fig. 4A). Par-
restin2-SUMO1 binds to activated receptors ~2-3 fold more than the
WT Parrestin2 at 5min of isoproterenol stimulation (Fig. 4B). Accord-
ingly, Barrestin2-SUMO1, has an increased affinity for agonist-activated
ﬁzARS.

We next assessed whether the recruitment of Rarrestin2 fusion
proteins to the B,AR can be measured in living cells using the BRET-
based proximity assay. In this approach, we used titrations curves in
which HEK-293 T cells were transiently transfected with a fixed amount
of donor-tagged receptor subunits genetically fused to Renilla
Luciferase (f2AR-Rluc) and increasing amounts of YFP Parrestin2 ac-
ceptor constructs (YFP-PBarrestin2, YFP-Parrestin2-SUMO1 or YFP-
Parrestin2-Ub) (Fig. 5, A-C). Cells were then treated for 5min with
isoproterenol (1 uM) and BRET measurements followed immediately
afterward. Minimal BRET signal was detected in cells that were not
exposed to the agonist, which could be caused by random collisions
between energy donor and acceptors or from negligible constitutive
Parrestin2 recruitment [36]. However, when exposed to the agonist,
increasing concentrations of the acceptor construct induced a pro-
gressive increase in BRET signal until increments became minimal
[28,36]. This saturable increase in energy transfer at Barrestin2/B,AR
interfaces, indicates that all fusion versions of the regulatory protein
were specifically recruited to the receptor.

The specific ligand-induced Parrestin2 recruitment effects were
calculated by subtracting the BRET signal observed in control cells from
the total signal obtained when exposed to the agonist (Fig. 5D). For the
different pairs tested, YFP-Parrestin2-SUMO1 showed the highest
change in the net BRET value for the protein interaction with 3,AR (bar
graph inset of Fig. 5D) among Parrestin2 constructs. Taken together
with the confocal and immunoprecipitation analyses, we infer that YFP-
PBarrestin2-SUMO1 adopts a conformation that is more suitable to in-
teract with the C-terminus of the B,AR than YFP-PBarrestin2. On the
other hand, although YFP-Barrestin2-Ub shows robust recruitment to
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Fig. 5. BRET titration curves of Barrestin2, Barrestin2-SUMOI1, Barrestin2-Ub defining recruitment to the B,AR.

BRET signals were measured in HEK-293 T cells transiently transfected with a fixed amount of B,AR-Rluc and increasing amount of either YFP-Barr2-WT (A), YFP-
Barr2-SUMO1 (B) or YFP-Barr2-Ub (C). Cells were stimulated (squares) or not (circles) with Iso (1 uM) for 5 min. (D) Agonist-induced BRET changes were obtained
by subtracting the vehicle curve from the Iso-stimulated curve and correspond to the agonist effect. Histogram represent Bmax values generated from agonist-induced
BRET changes curves. Significance of agonist-induced changes was established by one-way ANOVA comparing signals generated by YFP-Barr2-WT to those generated

by YFP-Barr2-SUMO1 or YFP-Barr2-Ub cells *p < 0.05; **p < 0.01. Results correspond to mean =+

the membrane and colocalization with the receptor after 5 min agonist-
stimulation in confocal experiments (Fig. 3D), and in co-im-
munoprecipitation analyses [9,35], it showed the lowest ligand-induced
BRET signal. Therefore, although YFP-Barrestin2-Ub fusion protein as-
sociates tightly with the 2AR [9,14,35,37], it is likely that the or-
ientation of YFP-Parrestin2-Ub poises it in a conformation sub-optimal
for BRET [32]. Alternatively, the reciprocal patterns observed for BRET
for the Parrestin2-SUMO1 (increase in BRET) and Parrestin2-Ub (de-
crease in BRET) compared with Barrestin2 also suggests the existence of
a specific but different ligand-induced conformation for each of the
Parrestin2 fusion proteins.

3.4. PBarrestin2-SUMO1 shows enhanced affinity with the D2R but not with
the V2R

We next established the specificity of our observations with the
B2AR, by assessing whether Parrestin2-SUMO1 could interact with
other GPCRs in an enhanced capacity when compared with Parrestin2.
We chose the D,R, which possesses a similar trafficking ‘Class A' plasma
membrane recruitment of PBarrestin2 like the $,AR, and the V,R, which
has a very high affinity for Parrestin2 association. The DR leads to
activation of the inhibitory G protein (Gi) [38,39], recruits Barrestin2
transiently at the plasma membrane and internalizes without bound
Parrestin upon activation [40]. The V,R couples to the stimulatory G
protein (Gs) [41] but co-traffics with bound arrestin2, and forms
Parrestin2-ERK signaling complexes at endosomes [42,43]. Notably,
because of its high affinity to Parrestins, VoR C-tail residues are often
appended to other GPCRs to stabilize Parrestin2-receptor complex
[43,44].

We evaluated agonist-induced Parrestin2 recruitment to the D>R by
confocal microscopy (Fig. 6), coimmunoprecipitation (Fig. 7) and by
BRET (Fig. 8) in the same manner as described for the B,AR (Figs. 3, 4,
and 5). In quiescent cells, the overall patterns of Barrestin2, B-arrestin2-
SUMO1, SUMOL1, and Parrestin2-Ub sub-cellular distributions in HEK-
293 cells stably expressing the D,R, were identical to the patterns ob-
served with the (,AR expressing cells (Figs. 3 and 6). Although Par-
restin2 translocates to the plasma membrane upon D,R activation, its

SEM of 3 independent experiments performed in duplicates.

interaction with the DR is not stable (Fig. 6A). In contrast, both Bar-
restin2-SUMO1 (Fig. 6B) and Barrestin2-Ub (Fig. 6D), associate stably
with the D,Rs localized on endocytic vesicles along with internalized
D,Rs. We also observed substantial DoR internalization in endocytic
vesicles in cells expressing Parrestin2-SUMO1 compared to cells ex-
pressing Parrestin2 (Fig. 6A & 6B). On the other hand, there was no
change in YFP-SUMOL1 localization after D,R agonist-activation
(Fig. 6C).

We determined the association of Parrestin2-SUMO1 with D,R
complexes, using co-immunoprecipitation assay (Fig. 7). We used HEK-
293 cells stably expressing HA-D,R and transiently expressed Par-
restin2, or Parrestin2-SUMO1. We immunoprecipitated the receptors
under nonstimulated or stimulated conditions (5 and 20 min, 10 uM
dopamine), and detected Parrestin2 or Barrestin2-SUMO1 by Western
blotting (Fig. 7A). Barrestin2-SUMO1 binds to activated receptors ~3—4
fold more than the WT Parrestin2 at 20 min of stimulation (Fig. 7B),
although no significant difference in D,R-binding affinity was observed
between fBarrestin2 and Parrestin2-SUMOL1 at five minutes of agonist-
stimulation. Thus, SUMOylation status of Parrestin2 can enable its
persistent association with internalized D,Rs.

Concentration-dependent increase in BRET signals between Rluc-
tagged D,R and YFP-tagged [arrestin2 constructs corresponding to
PBarrestin2 recruitment to the receptor was observed (Fig. 8). As de-
tected for the (3,AR system, the agonist-mediated increase in energy
transfer was greater with YFP-Barrestin2-SUMO1 than with YFP-Bar-
restin2 for the D,R; additionally, the net-BRET signal was only minimal
for YFP-Parrestin2-Ub upon receptor stimulation (Fig. 8). We attribute
the weak signals for observed DoR-Barrestin2-Ub association by BRET
to its conformation being unfavorable for BRET.

We did not find any significant differences between Barrestin2 and
PBarrestin2-SUMOL1 in the pattern of sub-cellular colocalization with
activated V,Rs (Fig. 9A) and in the magnitude of interaction defined by
BRET (Fig. 9B). Concordantly, both Parrestin2 and Barrestin2-SUMO1
showed equivalent binding with agonist activated V,Rs as determined
by co-immunoprecipitation assays (Fig. 9C). We also found constitutive
interaction of YFP-Barrestin2-SUMO1 and HA-V,Rs which could be due
to an increased binding affinity due to exposure of hydrophobic regions
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Fig. 6. Trafficking of Barrestin2, Barrestin2-SUMO1, Parrestin-Ub in response to dopamine D2 receptor (D»R) stimulation.

HEK-293 cells stably expressing HA-D,R were transiently transfected with either YFP-Barr2 (A), YFP-Barr2-SUMO1 (B), YFP-SUMO1 (C) or YFP-Barr2-Ub (D)
constructs. Cells were serum-starved for 4h then stimulated or not with dopamine (Dop; 10 uM) for the indicated times. Cells were fixed, permeabilized and
immunostained for the D,R using anti-HA antibody. D,R detection is shown in red, YFP fluorescence in green and the overlay panels in yellow which represent
colocalization. Images shown are from one of two identical experiments. White arrows in panel B overlay images indicate colocalization of Barrestin2-SUMO1 and
D2R in endosomes. Scale bars = 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with detergent solubilization. Nonetheless, we could not detect a dif-
ference in binding affinity of Barrestin2 versus Barrestin2-SUMO1 with
agonist activated V,Rs by any of the approaches, namely sub-cellular
distribution by confocal analyses, BRET, and coimmunoprecipitation.
Because activated and phosphorylated V,R has a high affinity for Bar-
restins as evidenced by the utilization of V,R carboxyl tail residues to
enhance Parrestin binding to GPCRs that have low affinity for Parres-
tins [43,45], we believe that appending SUMO1 did not result in a
further increase in V,R-Barrestin2 association.

3.5. SUMOylation of Barrestin2 facilitates its protein interactions at the
nuclear membrane

Although Parrestins were discovered in the context of GPCR reg-
ulation, it is evident that they play a much broader role and regulate
many types of receptors, and scaffold enzymes of the ubiquitination
pathway and kinase phosphorylation cascades [2,13,46]. In HeLa cells
subjected to mitotic synchronization, SUMO1was localized at the nu-
clear membrane during interphase and at mitotic spindles during cell
division, but the paralogs, SUMO2 and SUMO3 did not show these
patterns of localization [24]. This was attributed to the changes in
RanGAP1 sub-cellular localization and the paralog-specific conjugation
of RanGAP1 with SUMO1 [24]. Interestingly, RanGAP1 is one of the
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Fig. 7. Parrestin2-SUMO1 fusion protein displays stronger association with
agonist-activated D,R than Parrestin2.

(A) HEK-293 cells stably expressing the HA-D,R were transiently transfected
with either vector, YFP-Barr2-WT or YFP-Barr2-SUMO1 and were exposed or
not to dopamine (DA, 10 uM) for the indicated times. HA-tagged receptors were
immunoprecipitated with anti-HA magnetic beads and the IP was probed with
an anti-GFP antibody that recognizes YFP (MBL, International) and subse-
quently blots were stripped and reprobed with an antibody that detects HA. (B)
Parrestin2 and Barrestin2-SUMO1 bands were divided by respective HA-D,R
band and the ratios are plotted for each sample from three independent ex-
periments. Statistical comparison was done using two-way ANOVA and shown
as means = SEM of 3 independent experiments. * p < 0.05 versus all other
conditions, two-way ANOVA, Holm-Sidak's comparison.

few SUMOylated proteins that does not localize in the nucleus, and
SUMOylation of RanGAP1 is required, but not sufficient for its locali-
zation at the nuclear envelope [34]. Studies have also indicated that
mere SUMOL1 fusion to cytosolic proteins does not target them to locate
to nuclear membranes, because fusion of SUMO1 to pyruvate kinase
does not instigate its localization at the nuclear envelope [34].

In HEK-293 cells used in our studies, SUMOL1 by itself is not loca-
lized at the nuclear membrane (Figs. 2, 4C, and 6C), and only Par-
restin2-SUMO1 is localized at the nuclear membrane (Figs. 2, 4B and
6B). Interactome studies have revealed that Parrestin2 but not [ar-
restinl can bind RanGAP1 [47]; moreover, the localization of RanGAP1
at the nuclear rim [34] overlaps that of the Barrestin2-SUMO1 construct
(Fig. 2). We hypothesized that Parrestin2 and its SUMOylation status
can regulate RanGAP1 protein association. It is well established that
RanGAP1 expressed in cells predominantly in the SUMOylated state.
This is illustrated in our immunoblots (Fig. 10), in which the RanGAP1
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antibody detects two bands, SUMO-RanGAP1 (~90 kDa) and RanGAP1
(~70kDa). When we overexpressed Parrestin2 in HEK-293 cells, we did
not detect a dramatic change in the levels of SUMO1-RanGAP1 (90 kDa
band, Fig. 10 A). On the other hand, in cells with Barrestin2 over-
expression, the unmodified RanGAP1 band (~70 kDa) was increased by
50% of the levels in vector transfected cells (Fig. 10B).

In HEK-293 and HEK-293T cells, which have different levels of
endogenous Parrestin2 expression levels, Parrestin2 knockdown by
siRNA had no effect on steady-state levels of SUMO-RanGAP1 (Fig. 10C,
Fig. S2). Nonetheless, we observed a significant decrease in the un-
modified RanGAP1 band (Fig. 10 C-D, Fig. S2). One possibility for the
apparent decrease in RanGAP1 in Parrestin2 depleted cells could be an
increase in RanGAP1 SUMOylation by Ran binding protein 2 (RanBP2)
SUMO E3 ligase [48], or a decrease in RanGAP1 deSUMOylation by
SENP1 that binds Parrestin2 [16]. Since most of the RanGAP1 in cells
exists as the SUMOylated 90 kDa species, and since the RanGAP1-spe-
cific antibody detects the 90 kDa band with high avidity, we were un-
able to discern corresponding changes in the SUMOylated RanGAP1
levels. On the other hand, these effects of Parrestin2 expression on the
expression level of unmodified RanGAP1 could be SUMO1-in-
dependent.

To further address the role of Barrestin2-SUMOylation on the sub-
cellular localization of RanGAP1, we evaluated the colocalization of
endogenously expressed RanGAP1 and overexpressed Parrestin2, or
Parrestin2-SUMO1 in HEK-293 cells + B,AR agonist stimulation
(Fig. 10E). We detected minimal colocalization of Parrestin2 and
RanGAP1 at the nuclear envelope (one or two punctate structures per
cell colocalizing both proteins). However, we detected a dramatic in-
crease in colocalization between Barrestin2-SUMO1 and RanGAP1, in
quiescent cells as well as in cells stimulated with ;AR agonist
(Fig. 10E, middle row). We also tested if Barrestin2-Ub changes the
localization of RanGAP1 (Fig. 10E). We failed to detect any significant
changes in RanGAP1 localization as well as any colocalization of Par-
restin2-Ub with RanGAP1, suggesting that ubiquitination of Parrestin2
may negatively regulate its interaction with RanGAP1.

To complement our confocal assessment, we performed co-im-
munoprecipitation of overexpressed YFP-Parrestin2, or YFP-Barrestin2-
SUMO1 and probed for endogenous RanGAP1 in the pull-downs of YFP
proteins (Fig. 10F). As a negative control, we used Parrestin2 that has
non-YFP tag to ascertain non-specific binding. In these assays, only the
SUMOylated form of Ran-GAP1 associated with Barrestin2 and the
unmodified RanGAP1 showed weak or no interaction (Fig. 10F). We
detected Parrestin2-SUMO-RanGAP1 binding in the absence of agonist,
which was slightly enhanced by a five-minute agonist-stimulation
(1.3 = 0.4 fold, n = 3). Parrestin2-SUMOL1 also associated only with
SUMO-RanGAP1, but quite strikingly, we detected a macromolecular
complex of Parrestin2 and RanGAP1, detectable by immunoblotting
with either Parrestin IgG or RanGAP1 IgG (Fig. 10F). We further tested
the interactions between Parrestin2 and endogenous RanGAP1 (Fig. S2)
by overexpressing FLAG-tagged constructs: Parrestin2, fBarrestin2-
SUMOL1. Here again, we detected Barrestin2 association with SUMO-
RanGAP1 and a macromolecular complex of Parrestin2-SUMO1 and
RanGAP1 (Fig. S2). These data suggest that Parrestin2-SUMOylation
increases its binding affinity with RanGAP1, and perhaps, SUMOylation
of PBarrestin2 may be required for its localization at the nuclear mem-
brane and interaction with RanGAP1. Additionally, Barrestin2 might
regulate steady state levels of de-SUMOylated RanGAP1, which could
proceed concurrently or independently of SUMO1 conjugation of
RanGAP1. Taken together, these results suggest a novel role for Par-
restin2 in harmonizing conjugation/deconjugation of SUMO1 at the
nuclear membrane.

4. Discussion

By analyzing a Parrestin2-SUMO1 fusion protein that remains per-
sistently SUMOylated we demonstrate that the intracellular trafficking
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Fig. 8. Determination of BRET between B-arrestin2 fusion proteins and agonist-activated D,R.

HEK-293 cells were transiently transfected with D,R-Rlucll along with YFP-Barr2-WT, YFP-Barr2-SUMO1 or YFP-Barr2-Ub and incubated with the indicated con-
centrations of dopamine for 15 min. BRET signals were measured as described in the Methods section and changes following agonist treatment are expressed as a
percentage of the BRET signal observed in unstimulated cells. Dose-response curves generated were compared by two-way ANOVA, which revealed an effect of drug
(P < 0.0001) and concentration (P < 0.0001) as well as an interaction (P < 0.0001). Histogram represent Bmax values of agonist induced BRET as means = SEM
of 4 independent experiments performed in duplicates. Significance of changes in energy transfer was established by one-way ANOVA comparing signals measured
for the recruitment of Barr2 fusion proteins to DoR-Rlucll *p < 0.01; **p < 0.001.
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Fig. 9. Barrestin2 and Parrestin2-SUMO1 bind to the activated V,R with similar affinities.

(A) Confocal images of quiescent or agonist-stimulated HEK-293 cells expressing HA-V,R (red channel) and either YFP-Barrestin2 or YFP-PBarrestin2-SUMO1 (green
channel). Scale bars = 10 pm. (B) and (C) BRET measurements were obtained as described in the Methods section and correspond to the vasopressin-induced (15 min
stimulation) Barrestin2 recruitment to the V,R. BRET signals were analyzed using unpaired t-test and data represent the mean + SEM of 3 independent experiments
performed in duplicates. (D) The protein association between HA-V,R and Parrestin constructs were determined as in Fig. 7. The blot panels are shown from one of
two independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of Parrestin2 is influenced by covalent modification by SUMOLI. We also present a novel role of Parrestin2 SUMOylation: binding
Although domain-specific conformational changes in Parrestins and potential regulation of RanGAP1, which is a GTPase-activating
[49-51] have been linked with their binding to representative GPCRs protein for the small G protein, Ran [57]. RanGAP1 is localized in the
and some protein partners, it is likely that additional molecular changes cytoplasm and at the nuclear envelope; incidentally, SUMOylated
in Barrestin would be required for its interaction with the broader re- RanGAP1 localizes at the nuclear membrane and the un-SUMOylated
pertoire of cell-surface receptors, cytosolic and nuclear proteins that RanGAP1 is mostly cytoplasmic [34]. RanGAP1 forms a functional
can potentially associate with PBarrestins and affect signal transduction. complex with RanBP2, ubiquitin carrier protein 9 (Ubc9, which is the
In this context, dynamic SUMOylation provides a new molecular me- unique E2 enzyme for SUMO conjugation), and SUMOL1 at the nuclear
chanism to direct Barrestin to specific sub-cellular compartments and pore complex [58]. Nonetheless, whether SUMOylation of RanGAP1 is
interact with cellular proteins. Moreover, although Ub and Ubls such as a cause or consequence of its localization at the nuclear membrane is
SUMO share marked structural similarity, the biological consequences unknown. Prior studies have linked SUMOylation with localization of
of SUMOylation are distinct from that of ubiquitination [52-56]. It is RanGAP1 and not with its GAP activity [34]. RanGAP1 was identified
highly likely that many of Barrestin's functional roles in GPCR-induced as a potential Barrestin2 binding protein in interactome studies [47],
signaling pathways leading to diverse cellular activities, such as mito- and our co-immunoprecipitation assays reveal that Barrestin2 mostly
genesis, apoptosis, differentiation and cell migration can be regulated binds the SUMOylated RanGAP1. Additionally, the localization of
by either ubiquitination or SUMOylation or perhaps by both mod- Parrestin2-SUMO1 at the nuclear membrane suggests that RanBP2
ifications. complex, which acts as a composite SUMO E3 ligase can SUMOylate

10
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(A) HEK-293T cells stably transfected with B,AR were transfected with vector or YFP-Barrestin2. 48 h later, cells were solubilized and analyzed for RanGAP1,
Parrestin2 and GAPDH by Western blotting. (B) The unmodified RanGAP1 band (70kDa) was divided by cognate GAPDH and plotted as ratio. The bar graph
summarizes values from three independent experiments. * p = 0.006, unpaired t-test. (C) HEK-293 T cells stably expressing B>AR were transfected with either control
siRNA or siRNA targeting Parr2. 48 h later, transfected cells were serum-starved for 1h and then stimulated with 1 pM isoproterenol for 20 min. Cell lysates were
resolved on 10% SDS-gels and immunoblotted for the indicated proteins. (D) The ratios of the band intensity of RanGAP1 (~70kDa) and GAPDH plotted as
means * S.E.M from three independent experiments. *, p < 0.05 versus control, two-way ANOVA and Holm-Sidak's test. (E) HEK-293 cells stably transfected with
B2AR were transiently transfected with the indicated YFP-Barrestin2 constructs. Cells were stimulated with agonist isoproterenol (1 uM) and fixed, permeabilized and
immunostained with RanGAP1 antibody (Ab92360, Abcam), shown in red. Images shown are from one of three independent experiments. (F) HEK-293 T cells were
transiently transfected with indicated plasmids and subjected to coimmunoprecipitation with GFP IgG (3E6, Thermo Fisher). IPs were probed for endogenous
RanGAP1, and for Parrestins. Blots shown are from one of three independent experiments. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

PBarrestin2 [59]. Furthermore, studies have shown that Parrestin2, but
not Parrestinl scaffolds Ubc9 [60,61], that can lead to SUMOylation of
RanGAP1 among other protein substrates. On the other hand, the de-
crease in just the unmodified RanGAP1 after Parrestin2 knockdown
suggests a role for Parrestin2 in scaffolding deSUMOylase activity to
tightly regulate SUMO-RanGAP1 at the nuclear membrane. Further in
depth studies are needed to establish the exact role of Barrestin2 and
RanGAP1 interaction and to discern whether this impacts Ran GTP
loading, or Ran nucleocytoplasmic shuttling.

Our characterization of Barrestin2-Ub and p-arrestin2-SUMOL1 chi-
meric proteins, show that these modifications improve the affinity of
Parrestin2 for activated GPCRs. However, we observed differences for
PBarrestin2-Ub/GPCR interaction based on the assay methodology:
while confocal imaging showed tight stable complexes of Parrestin2-
Ub/B2AR, as well as Parrestin2-Ub/D,R, BRET assays showed weak
signal for Parrestin2-Ub's interaction with both these GPCRs. We at-
tribute the low level in BRET signal detected to the conformation of
YFP-Parrestin2-Ub being unfavorable to receive energy from the donor
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[32]. Additionally the reciprocal patterns for BRET observed for the two
Parrestin2 fusion proteins as compared with the wild type also suggests
that these two chimeras have distinct conformations making them ei-
ther conducive or not for energy transfer. On the other hand, the in-
crease in BRET observed for Barrestin2-SUMO1 with GPCRs that have
weak affinity for unmodified Parrestin2, suggest that Parrestin2-
SUMO1 has a potential utility to screen for GPCR ligands that may
induce only a transient or unstable recruitment of Parrestin2. We also
found that SUMO1-fusion did not further enhance binding of Parrestin2
with the V,R, which engages Barrestin2 tightly based on the V2R's
carboxyl tail phosphorylation motif [62]. We believe that for GPCRs
that lack such a phosphorylation motif, Barrestin2 binding can be
boosted by appending additional interaction surfaces as accorded by
ubiquitin or SUMOL1.

Although Ub and SUMO are considered as ‘protein cousins’ and
share structural homology, covalent ubiquitination and SUMOylation
may poise Parrestin2 in unique structural conformations, providing
distinct protein association platforms for various Parrestin-binding
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partners, which bear non-covalent ubiquitin and/or SUMO binding
domains [63,64]. Future in-depth studies are needed to identify site(s)
of persistent SUMOylation in Barrestin2, and how the downstream
outcomes of SUMOylation intersect with those generated by ubiquiti-
nation in Barrestin-dependent signaling pathways.
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