s
Insights into 2-adrenergic receptor
binding from structures of the

N-terminal lobe of ARRDC3

Shigian Qi,' Morgan O’Hayre,? J. Silvio Gutkind,? and James H. Hurley'-3*

"Department of Molecular and Cell Biology and California Institute for Quantitative Biosciences, University of California,
Berkeley, Berkeley, California 94720

20Oral and Pharyngeal Cancer Branch, National Institute of Dental Research, National Institutes of Health,
Bethesda, Maryland 20892

3Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

Received 29 August 2014; Revised 5 September 2014; Accepted 8 September 2014
DOI: 10.1002/pro.2549
Published online 12 September 2014 proteinscience.org

ABSTRACT: ARRDC3 is one of six known human «-arrestins, and has been implicated in the downreg-
ulation of the p2-adrenergic receptor ($2AR). ARRDC3 consists of a two-lobed arrestin fold and a
C-terminal tail containing two PPYX motifs. In the current model for receptor downregulation by
ARRDCS3, the arrestin fold portion is thought to bind the receptor, while the PPXY motifs recruit ubiqui-
tin ligases of the NEDD4 family. Here we report the crystal structures of the N-terminal lobe of human
ARRDCS3 in two conformations, at 1.73 and 2.8 A resolution, respectively. The structures reveal a large
electropositive region that is capable of binding phosphate ions of crystallization. Residues within the

basic patch were shown to be important for binding to p2AR, similar to the situation with p-arrestins.
This highlights potential parallels in receptor recognition between o- and p-arrestins.
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Introduction

Biological signaling cycles consist, at a minimum, of
an on switch and an off switch. The off switch is just
as critical as the on for biological function. Yet
robust “off” responses can frustrate pharmacological
interventions that activate natural “on” switches. An
example is the treatment of bronchoconstriction in
asthma by inhaled B2-adrenergic receptor (B2AR)
agonists, where drug efficacy may be limited in part
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by downregulation of B2AR following treatment.
This loss of efficacy following dosing is termed
tachyphylaxis. Downregulation is a long-term nega-
tive regulatory mechanism that consists of the inter-
nalization and proteolytic degradation of a receptor.
Often, although not always, the downregulation
begins with the sequential activation, phosphoryla-
tion, and ubiquitination of the receptor. Ubiquitina-
tion may precede or follow endocytosis, and in
downregulation, endocytosis is followed by sorting of
the receptor to the lysosome, where it is degraded.?

G-protein coupled receptors (GPCRs)® are ubig-
uitous cell surface receptors and are the largest
class of targets for clinically useful drugs. Their
deactivation is coordinated by the arrestin and
arrestin-related proteins.*® A common fold consist-
ing of two lobes, one N-terminal and one C-terminal,
defines the arrestin and arrestin-related class.
Each lobe in turn consists of a B sandwich fold. This
class consists of the c-arrestins, the B- and visual
arrestins, and the VPS26 proteins.’>” p- and visual
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arrestins have been by far the most extensively
studied of the three classes. The B- and visual
arrestins are most commonly associated with recep-
tor desensitization,® although they have also been
implicated in downregulation.® Unlike downregula-
tion, desensitization is reversible upon receptor
dephosphorylation and retrograde sorting to the
plasma membrane. VPS26 proteins are involved in
this latter retrograde sorting pathway.’

The a-arrestins have come the forefront of atten-
tion in recent years for their role as adaptors that
direct receptors to their destruction in the lysosomal
sorting pathway.>'%! Typically this occurs when PPXY
motifs of the o-arrestin recruit a WW domain-
containing ubiquitin ligase to the receptor.”1%12
Ligase-independent downregulatory functions have also
been reported? and direct interactions with the
ESCRT machinery in lysosomal sorting and shedding
microvesicle biogenesis have been proposed.’®'* The
genome of the simple eukaryote Saccharomyces cerevi-
siae encodes 14 o-arrestins, one VPS26 protein, but no
B-arrestins. The human proteome appears to contain at
least six a-arrestins, ARRDC1-5 and TXNIP. Thus, the
role of a-arrestins appears to be ancient, widespread,
and fundamental. The relationship between individual
a-arrestins and the receptors that they target seems to
be complex and partly redundant. ARRDC3 in particu-

Table 1. Statistics of Crystallographic Data Collection
and Refinement

ARRDC3(1-165) ARRDC3(1-180)

Beamline 8.3.1 at ALS 22-ID at APS
Data collection
Space group C2 P4,2,2
Cell dimension
a, b, c(A) 67.55, 36.16, 107.9, 107.9,
74.33 117.8
o, f,y () 90, 107.4, 90 90.0, 90.0, 90.0
Wavelength A) 1.11587 1.00000
Resolution (A) 30.0-1.73 50.000-2.65
(1.79-1.73) (2.74-2.65)
No. of reflections 17185 21676
Completeness (%) 96.7 (95.6) 98.9 (93)
Redundancy 3.8 (3.8) 5.1(2.4)
Ryym (%) 3.5 (15.1) 19.5 (72.7)
<I>/<o(D)> 21.6 (10.0) 3.7(0.7)
Refinement
Resolution (A) 28.8-1.73 32.0-2.80
(1.84-1.73) (2.72-2.80)
Ryor/Reree (%) 20.1/23.6 21.6/25.1
(22.3/25.4) (35.6/40.1)
Average B-factor (A) 39.442 71.529
protein
R.m.s. deviation
from ideality .
Bond length (A) 0.003 0.002
Bond angle (°) 0.766 0.538
Ramachandran plot
Favored (%) 96.3 96.82
Allowed (%) 3.7 3.18
Outlier (%) 0 0
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.

Figure 1. Structure of the N-terminal lobe of ARRDCS3 at
1.73 A. (A) Ribbon model of the overall structure. (B) Fourier
2F,—F. omit synthesis. An interactive view is available in the
electronic version of the article.

lar has been directly’®*7 or indirectly'® implicated in

the downregulation of B2AR by multiple lines of evi-
dence in a range of cell types and in mice.

Our laboratory has been seeking to understand
at the structural and mechanistic biochemical level
how ARRDC3 and other ARRDCs might direct the
ubiquitination and downregulation of the B2AR and
other GPCRs.'® This information might prove impor-
tant in designing downregulation antagonists that
could inhibit tachyphylaxis (loss of response) to recep-
tor agonists used to treat asthma and other condi-
tions. Currently, there is a void of information on
how a-arrestins might bind to GPCRs. The structure
of a vasopressin receptor phosphopeptide bound to B-
arrestin-12° recently showed that, at least for this p-
arrestin, all of the binding determinants are encoded
in the N-terminal lobe of the arrestin fold. Reasoning
that the N-terminal lobe of ARRDC3 might, by anal-
ogy with B-arrestin-1, be the locus for receptor bind-
ing, we determined its crystal structure. The
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.

B-Arrestin-1

TXNIP

Figure 2. Comparison of ARRDC3 to other arrestin fold pro-
teins. Superposition with (A) B-arrestin-1, (B) Vps26, and (C)
TXNIP, respectively. The molecules are colored yellow, light
blue, cyan, and blue, respectively. An interactive view is
available in the electronic version of the article.

structure was used to infer the role of a cluster of
basic residues on the concave face of the N-terminal
lobe (N-lobe for short) in receptor binding.

Results

Structure of the N-lobe of ARRDC3

A construct spanning residues 1-165 of human
ARRDCS3, along with vector-derived residues
Leu-Glu-Hisg, was crystallized in space group C2,
with one molecule per asymmetric unit [Table I; Fig.
1(A,B)]. The structure was determined to 1.73 A
resolution by molecular replacement with the N-lobe
of TXNIP2! The structure is essentially a core
arrestin B-sandwich, stripped to essentials [Fig.
1(A)]. The sandwich consists of one three- and one
four-stranded B-sheet, which respectively contain
strands 1, 2, and 5, and strands 3, 4, 7, and 8. The
only embellishment to the minimal pattern is that
strand 8 ends before the rest of the sheet, and the
short strand 6 takes its place in partnering with
strand 7. Neither the two small two-stranded sheets
of the N-lobe of TXNIP, nor the single o-helix of B-
arrestin, are present.

The lobes of the arrestin fold proteins are typi-
cally highly curved, thus most of their surface is
part of either a concave or a convex face. Compared
to other available structures of arrestin superfamily
proteins, this structure of the N-lobe ARRDC3 is
flatter than those of the visual and B-arrestins?®23
[Fig. 2(A)] and VPS262* [Fig. 2(B)], but similar to
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s

ca}ftion.

Figure 3. Lattice interactions occur primarily via the C-
terminus. (A) The overall packing of ARRDC3(1-165) mole-
cules in the crystal. (B) A close-up with the C-terminal vec-
tor-derived residues highlighted in red. (C) The overall
packing of ARRDC3(1-180) molecules in crystal. (D) A close-
up of the lattice dimers in the 1-180 crystal. An interactive
view is available in the electronic version of the article.

that of TXNIP2L%® [Fig. 2(C)]. This stems mainly
from a less curved conformation for the B3—p4 pair
in this structure, which are the two longest strands.
The conformation of the B3—f4 pair is inter-related
to the crystal packing in this structure. The lattice
[Fig. 3(A)] is held together primarily by the forma-
tion of a three-stranded B-sheet by a pairing in trans
between the internally unpaired edge of B4 and the
C-terminal portion of the construct (residues 162—
165 and the first five vector-derived residues), which
projects away from the rest of the molecule [Fig.
3(B)]. This indicates that, at least in the absence of
ligands, the N-lobe of ARRDC3 is capable of adopt-
ing an unusually flat shape.

Structure of the N-lobe bound to phosphate
ions

A second crystal form of the ARRDC3 N-lobe was
obtained, this time using a construct spanning resi-
dues 1-180. This protein was crystallized from a
high phosphate buffer in space group P4,2:2 with
two molecules in the asymmetric unit [Table I; Fig.
3(C,D)]. The structure was solved to 2.80 A resolu-
tion using as a search model the 1.73 A structure
described above. Residues beyond 168 are disordered
in the structure.

In this structure, the N-lobe adopts the highly
curved shape characteristic of the arrestin family
[Fig. 4(A,B)]. The two molecules in the asymmetric
unit wrap themselves about one another and about
a central channel containing at least ten ordered
phosphate ions in close proximity to one another

Structure of the N-terminal lobe of ARRDC3
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Figure 4. Structure of a curved conformation of ARRDC3 at 2.8 A resolution. (A) The overall structure of ARRDC3(1-180). (B)
Superposition of the two structures shows that B3 and 4 bend by about 45° compared to the 1-165 structure. ARRDC3(1-
180) and 1-165 are colored as orange and yellow respectively.

[Fig. 5(A-E)]. Basic residues that are contributed  His50, Lys52, His54, Lys56, Arg58, Lys85, Argl35,
by the concave faces of both molecules line the cen-  Lys139, His143, and Lys151 [Fig. 5(B-E)]. This
tral channel. These residues include Lys45, Lys48, leads to an exceptionally electropositive character

Figure 5. Bound phosphates of crystallization. Overall view of all of the phosphates belonging to one asymmetric unit of
ARRDC3(1-180) are shown with one of the two copies of the protein in the background. The density is from an F—F; omit syn-
thesis contoured at 2.00 with the phosphate ions removed. Density is displayed within a 3.0 A radius of any atom of a phos-
phate group. (B-E) Detail of the hydrogen bonds between phosphate groups and the ARRDC3(1-180) dimer. The phosphate
groups are labeled P1 to P10 and colored orange. Molecule A is yellow while molecule B is green.

Qi et al PROTEIN® SCIENCE ‘ VOL 23:1708-1716 1711



Figure 6. Electrostatic properties of ARRDC3 and N-lobes of
other arrestin fold proteins. Surfaces of (A) ARRDC3(1-180),
(B) TXNIP, and (C) B-arrestin-1. Color bars are scaled in units
of kT/e.

for the
[Fig. 6(A)].
The most similar available structure, that of
TXNIP, is electrically neutral in the region of its con-
cave face [Fig. 6(B)]. Most of the basic residues noted
above are replaced by hydrophobic or acidic residues
in TXNIP (Fig. 7), accounting for the difference in
electrical polarization. The N-lobe of B-arrestin-1 is,
like ARRDCS3, electropositive [Fig. 6(C)]. In the crys-
tal structure of the P-arrestin-l:vasopressin tail
phosphopeptide complex, the N-terminal part of the
phosphopeptide spanning residues 347-353 is bound
in this general region [Fig. 8(A,B)]. However, there
is little similarity in detail. In the overlaid struc-
tures, one of the phosphate ions is within 6 A of the
position of VR pThr347, while the others are farther
[Fig. 8(A)]l. The C-terminal part (354-367) of the
vasopressin tail peptide binds mainly to the N-
terminal B strand and the single helix o-helix of B-
arrestin-1, which are both absent in ARRDC3 [Fig.
8(A)]. Thus, while the N-lobes of B-arrestin-1 and
ARRDCS3 share a common capacity for binding a
large number of phosphate groups, the precise posi-

surface of ARRDC3 in this region
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tioning of the sites is different. They highlight that
these proteins are similar in the most general terms,
but must differ considerably in the molecular details
of receptor binding.

Basic clusters are involved in receptor

binding in cells

Given the striking clustering of phosphate ions in
the groove formed by the concave face of the N-lobe,
and the analogy to the VR: B-arrestin-1 structure,
we sought to test whether the basic face of the N-
lobe of ARRDC3 was important for receptor recogni-
tion. Residues directly involved in phosphate bind-
ing were mutated (Lys48, Lys52, Lysb56, Argh8,
Lys85, Argl35, Lys139) together with others nearby
or in regions equivalent to pSer/Thr binding sites in
the VR: pB-arrestin-1 structure (Arg33, Lys43,
Lys153) and elsewhere (Lys5, Lys7, Argl09,
Argl44). The following mutations were made, each
targeting one continuous basic patch on the surface
[Fig. 9(A,B)]: M1: K7E/R33E/R109E, M2: K5E/K43E/
R144E, M3: K56E/R58E/R135E/K153E, and M4:
K48E/R52E/K85E/K139E. Mutants M1 and M2 cover
parts of the surface not in binding
phosphates of crystallization; M3 is primarily and
M4 entirely comprised of phosphate-interacting
residues.

HEK293 cells stably expressing FLAG-B2AR
were prepared by lentiviral transduction, and
expression was verified by flow cytometry (Support-
ing Information Fig. S1). The stably transduced
HEK293 FLAG-B2AR cells were used to assay for
co-immunoprecipitation with wild type (WT) YFP-
ARRDC3 and with four variants encoding the
mutants M1-M4 described above. A robust interac-
tion between FLAG- B2AR and YFP-ARRDC3 WT
was observed by co-IP. Co-IP was disrupted by muta-
tions of lysine and arginine residues, to a greater
extent in M3 and M4 as compared to M1 and M2
[Fig. 9(C)]. Specifically, the binding to FLAG-B2AR
was abolished in the M4 mutant, indicating that
other basic patches contribute to the binding of
ARRDCS3 to B2AR, but the basic residues depicted in
Figure 9(A) and (B) in the context of the M4 muta-
tion define a surface area that is strictly required
for the association of ARRDC3 with B2AR. Collec-
tively, these data support that the electropositive
surface of ARRDC3, and in particular the portion
involved in binding phosphate ions of crystallization,
is important for its interaction with B2AR.

involved

Discussion

The two structures determined here confirm the
membership of ARRDC3 in the arrestin fold family.
Human ARRDC3 has sequence identity of 42 and
19% with human TXNIP and B-arrestin-1, respec-
tively. In terms of its overall fold, the N-terminal
lobe of ARRDC3 could be considered a stripped-

Structure of the N-terminal lobe of ARRDC3
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Figure 7. Structure-based alignment of N-terminal lobes of ARRDCs and B-arrestin-1. A three-dimensional alignment of
ARRDC3, TXNIP, and B-arrestin-1 was generated first. A multiple sequence alignment of other ARRDCs was then generated
and aligned with respect to the overlaid structures. The sequence of B-arrestin-1 is shown only for the subset of residues that
could be aligned with the ARRDCs. The secondary structure of ARRDC3 is show at the top of the alignment. Basic residues
involved in the electropositive surface are highlight with a blue background. “A” on the top means that these residues had been
mutated to Glu for the functional assay shown in Figure 9. “P” on top of sequence stands for the residues that interact with
phosphate groups. “*” at the bottom of sequence shows the residues of B-arrestin-1 that interact with the vasopressin tail pep-

tide complex structure.?®

down version on TXNIP. Whilst missing two small
B-sheets found in TXNIP, the core B sandwich is
largely superimposable. Despite the close similarity
in overall fold, key Cys residues of TXNIP are not
present in ARRDCS3, and it is not clear whether
their similar folds are used for common functions.

It is not surprising that the three-dimensional
structure is more distant from that of B-arrestin-1
given that the pairwise sequence identity is in the
twilight zone of significance. The electropositive sur-
face character of ARRDC3 is nevertheless more simi-
lar to that of B-arrestin-1 than it is to the neutral
surface of TXNIP. This likely related to the common
function of ARRDC3 and B-arrestin-1 in regulating
the internalization and inactivation of receptors that
are subject to phosphoregulation.

Qi et al.

Inspired by the finding that the main binding
site on B-arrestin-1 for a phosphopeptide from the
vasopressin receptor was found on the highly basic
concave surface of the N-terminal lobe,2’ we tested
the function of the equivalent region on ARRDC3. As
assessed by coimmunoprecipitation from cell culture,
this region is essential for the interaction between
ARRDC3 and B2AR. We have not, however, been able
to demonstrate direct binding between the ARRDC3
N-terminal domain and purified B2AR. It is therefore
currently uncertain whether the interaction between
the ARRDC3 N-terminal domain and B2AR is direct
or indirect. The exceptionally basic character of the
ARRDC3 concave surface does suggest that the
ligands for ARRDCS3 are likely to be highly negatively
charged, most likely as a result of phosphorylation.

PROTEIN SCIENCE ‘ VOL 23:1708-1716 1713



Figure 8. Speculative model for receptor phosphopeptide
binding to ARRDCS3. (A) The vasopressin phosphopeptide from
1JQI%° was docked onto the structure of ARRDC3(1-180) by
overlaying the backbones of the two N-terminal lobes. This
model indicates that the N-terminal of the phosphate tail of 3-
2AR might interact with ARRDC3 N-lobe in a similar mode to
B-arrestin-1, insofar as the electrostatic properties are con-
served and there are not extensive steric overlaps. The C-
terminal of phosphate peptide probably cannot bind in the
same way since 1 and a1 of B-arrestin-1 do not have counter-
parts in ARRDC3. ARRDCS3 is colored orange while B-arrestin-
1 is colored light blue. The unique 1 and «1 of B-arrestin-1 are
colored red. The phosphate peptide is colored green. (B) Elec-
trostatic surface representation of ARRDC3 with the peptide
from (A) shown and bound phosphate ions for comparison.

This point will be important for understanding how
ARRDC3 downregulates the B2AR, and may help
clarify whether ARRDC3 is a promising target for
inhibitors of B2AR agonist tachyphylaxis.

Materials and Methods

Cloning and protein purification

DNAs coding for residues 1-165 and 1-180 of
human ARRDC3 were subcloned into pHis-parral-
lel,2% for expression with TEV cleavable C- and N-
terminal Hisg tags, respectively. These constructs
were expressed in E. coli BL21-gold (DE3) cell (Agi-
lent Technologies). IPTG was added when the ODggg
reached 1.0. After incubation with 0.2 mM IPTG
overnight at 18°C, the cells were pelleted with cen-
trifugation at 4000g for 10 min. Cell pellets were
lysed in 25 mM Tris—HCI pH 8.0, 150 mM NaCl,
0.5 mM TCEP-HC], and 1 mM PMSF. The lysate
was centrifuged at 25,000¢ for 1 h at 4°C. The
supernatant was purified on Ni-NTA resin, followed
by a Hi Trap Q HP column. For 1-180 construct,
peak fractions were pooled and digested by TEV pro-
tease overnight at 4°C. Hisg-TEV was removed by
incubating with Ni-NTA resin for 0.5 h. The sample
was then applied to a Superdex 200 16/60 column
equilibrated with 150 mM NaCl, 25 mM Tris—-HCI
8.0. For the 1-165 construct, peak fractions from the
Hi Trap Q HP column were directly loaded onto the
Superdex 200 16/60 column. The Superdex 200
peaks were pooled and flash frozen in liquid No.

1714 PROTEINSCIENCE.ORG

Crystallization of the N-terminal Domain of
ARRDC3

Purified proteins were concentrated to 10 mg/mL
with a 10 kDa cutoff centrifugal filter (Millipore).
Crystals were grown by the hanging-drop vapor-

C

IP: FLAG (B2AR)
WB: ARRDC3

Input:
WB: ARRDC3

WB: a-tubulin

DNA: WT [ (4 WT M1 m2 M3 M4
Cells: HEK293 HEK293 FLAG-B2AR

Figure 9. Mutational analysis of the basic surface. (A) Resi-
dues were selected for mutation in four clusters and are
mapped onto the structure in the phosphate-bound confor-
mation. (B) Clusters of basic residues correspond to four
patches that cover the basic surface of the N-terminal lobe.
Saturating color is at =3.0 kT/e. (C) A co-IP assay was per-
formed by transfecting HEK293-FLAG-B2AR cells with WT
YFP-ARRDCS3 and mutant YFP-ARRDC3 plasmids (M1-M4,
corresponding to M1: K7E/R33E/R109E, M2: K5E/K43E/
R144E, M3: K56E/R58E/R135E/K153E, and M4: K48E/R52E/
K85E/K139E) or vector control (C). HEK293 cells lacking
FLAG-B2AR were transfected with YFP-ARRDC3 WT or vec-
tor control (C) and used as a control for nonspecific interac-
tions. Lysates were immunoprecipitated with anti-FLAG
affinity beads and probed for ARRDC3, and whole cell lysate
(input) was probed with «-tubulin or ARRDC3 antibodies as
controls for loading and expression.
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diffusion method at 21°C. The 1-180 protein was
mixed with well buffer composed of 0.75M
NH,H,PO,, 0.1M sodium citrate, 3.0% (w/v) 6-
aminohexanoic acid at a 1:1 ratio. Crystals appeared
with 24 h and grew to full size after 5 days. Crystals
were flash-frozen with liquid Ny in a cryo-protectant
solution of 20% (v/v) glycerol, 0.75M NHH5PO,,
0.1M sodium citrate. The 1-165 protein was crystal-
lized in 20% (w/v) PEG 3350, 0.1 M Tris—HCI 7.0,
0.2M (NH4)2SO4, 50 mM guanidine-HCI. Crystals
appeared within 1 week and reached full size after
21 days. The crystals were flash-frozen with liquid
Ny in 20% (v/v) glycerol, 20% (w/v) PEG 3350, 0.1M
Tris—HCI 7.0, 0.2M (NH4)2SO,4, 50 mM guanidine—
HCl.

Data collection and structure determination
Diffraction data for 1-180 and 1-165 were collected
at APS beamline 22-ID and ALS beamline 8.3.1,
respectively. A full data set from one single crystal
was processed with HKL2000 (HKL Research). Data
collection and processing statistics are given in
Table I. The structure of the construct of 1-165 was
solved by the molecular replacement method with
Phaser?” using the structure of the N-terminal lobe
of TXNIP (4GFX)?! as a search model. Model build-
ing and refinement were finished with ARP/wARP,2®
Coot,2° Refmac5,%® and Phenix.?! The structure of 1—
180 was solved by molecular replacement method
with PHASER using the structure of 1-165 as the
search model.

Immunoprecipitation
The pCR3.1 YFP-ARRDC3 plasmid was kindly pro-
vided by Dr. Martin-Serrano (King’s College). FLAG-
B2AR was cloned into the pLESIP lentiviral expres-
sion vector. Lentivirus of FLAG-B2AR was prepared
by transfection of HEK293t/17 cells with pLESIP
FLAG-B2AR, psPAX2, and VSV-G in a 3:2:1 ratio
using Turbofect transfection reagent (Thermo Scien-
tific) and 48 and 72 h viral supernatants were col-
lected. HEK293 cells were transduced by infection
with 0.45 um PVDF-filtered FLAG-B2AR lentivirus
with 6 pg/ml of polybrene and then selected with 1
pg/mL puromycin (Invitrogen) to generate a stable
line. Expression of FLAG-B2AR in HEK293 cells
was verified by flow cytometry using a FLAG-PE
conjugated antibody (Prozyme) and analyzed on a
FACSCalibur (BD Biosciences). Mutations in the
pCR3.1 YFP-ARRDC3 plasmid were prepared by
site-directed mutagenesis (QuikChange Lightning
Multi, Agilent) and confirmed by DNA sequence
analysis (NIDCR shared resource facility). Mutation
combinations included M1: K7E/R33E/R109E, M2:
K5E/K43E/R144E, M3: K56E/R58E/R135E/K153E,
and M4: K48E/R52E/K85E/K139E.

For co-immunoprecipitation assays, approxi-
mately 2 pg of YFP-ARRDC3 plasmid was trans-

Qi et al.

fected into the stable HEK293-FLAG B2AR cells (or
normal HEK293 control cells) in 6-well plates using
lipofectamine 2000 (Invitrogen). Due to stronger
expression of WT' ARRDC3 and M4 mutant com-
pared to the M1, M2 and M3 mutants, amounts of
plasmid transfected were appropriately adjusted to
result in similar expression levels in order to
compare levels of co-immunoprecipitation with
FLAG-B2AR. After 48 h after transfection, cells
were harvested with 300 pL lysis buffer comprised
50 mM Tris—-HCI (pH7.5), 100 mM NaCl, and 1%
Triton X-100 and clarified for 10 min at 15,000¢ at
4°C. A fraction of lysate (50 uL) was saved for input
lysate and the remaining lysate was used for immu-
noprecipitation with anti-FLAG M2 affinity beads
(Sigma) and rotated for 3 h at 4°C. Beads were
washed three times with tris buffered saline (TBS)
and eluted with sample buffer and boiled for 5 min.
Lysates were run on 10% SDS-PAGE gels for west-
ern blot analysis. ARRDC3 antibody was obtained
from Abcam (Cambridge, MA) and o«-tubulin anti-
body was from Cell Signaling Technologies (Beverly,
MA).
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