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Arrestins bind active phosphorylated forms of G protein-cou-
pled receptors, terminating G protein activation, orchestrating
receptor trafficking, and redirecting signaling to alternative
pathways. Visual arrestin-1 preferentially binds rhodopsin,
whereas the two non-visual arrestins interact with hundreds of
G protein-coupled receptor subtypes. Here we show that an
extensive surface on the concave side of both arrestin-2 domains
is involved in receptor binding. We also identified a small num-
ber of residues on the receptor binding surface of the N- and
C-domains that largely determine the receptor specificity of
arrestins. We show that alanine substitution of these residues
blocks the binding of arrestin-1 to rhodopsin in vitro and of
arrestin-2 and -3 to 32-adrenergic, M2 muscarinic cholinergic,
and D2 dopamine receptors in intact cells, suggesting that these
elements critically contribute to the energy of the interaction.
Thus, in contrast to arrestin-1, where direct phosphate binding
is crucial, the interaction of non-visual arrestins with their
cognate receptors depends to a lesser extent on phosphate bind-
ing and more on the binding to non-phosphorylated receptor
elements.

Arrestins are a small family of signaling regulators that pref-
erentially bind active phosphorylated forms of G protein-cou-
pled receptors (GPCRs),” blocking G protein coupling, switch-
ing the signaling to alternative pathways, and orchestrating
receptor trafficking (for review, see Refs. 1 and 2). Mammals
have four arrestin subtypes that demonstrate >50% amino acid
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conservation (1, 3, 4) and very similar elongated two-domain
structures in the basal state (5-9) (Fig. 14). Arrestin-1° (for-
merly known as visual or rod arrestin) and arrestin-4 (cone
arrestin) are predominantly expressed in photoreceptors (10,
11), whereas arrestin-2 and -3 (also know as B-arrestins 1 and 2)
are present in virtually every cell in the body (3, 4), with the
highest expression levels in mature neurons (12, 13). Broad
receptor specificity of both non-visual arrestins in vitro (14 —16)
and in living cells (17-19) suggests that these two subtypes
“serve” the great majority of ~800-3,400 GPCRs found in dif-
ferent mammalian species (SEVENS database). In contrast,
arrestin-1 shows high selectivity for its cognate receptor rho-
dopsin (8, 14, 20, 21). The precise structural basis of receptor
specificity of arrestin proteins remains to be elucidated. Recent
studies of arrestin-1 identified an extensive receptor binding
surface covering virtually all of the concave sides of both arres-
tin domains (22-25). Here we demonstrate that a similarly
extensive surface of the most abundant non-visual subtype,
arrestin-2, is involved in receptor binding and identify surpris-
ingly few residues that play key role in receptor interaction and
GPCR preference.

EXPERIMENTAL PROCEDURES
Materials

[y->*P]ATP, [**C]leucine, and [*H]leucine were from PerkinEl-
mer Life Sciences. All restriction enzymes were from New Eng-
land Biolabs (Ipswich, MA). Sepharose 2B and all other chem-
icals were from sources previously described (26, 27). Rabbit
reticulocyte lysate was from Ambion (Austin, TX), and SP6
RNA polymerase was prepared as described (28). 11-Cis-retinal
was generously supplied by Dr. R. K. Crouch (Medical Univer-
sity of South Carolina, Charleston, SC).

Construction of Arrestin-1/2 Chimeras and Mutagenesis

Bovine arrestin-1 cDNA (29) was a gift from Dr. T. Shinohara
(National Eye Institute, NIH, Bethesda, MD). Plasmids that
encode bovine arrestin-1, the prevailing long splice variant of
bovine arrestin-2 (3), and the most abundant short splice vari-
ant of arrestin-3 (3, 15) with an “idealized” 5’-untranslated

®We use systematic names for the arrestin proteins: arrestin-1 (historic
names: visual or rod arrestin, 48 kDa protein, or S-antigen), arrestin-2 (B-ar-
restin or B-arrestin1), arrestin-3 (B-arrestin2 or hTHY-ARRX), and arrestin-4
(cone or X-arrestin).
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region (28) under control of a SP6 promoter were described in
detail earlier (14, 15, 21). Mutations were introduced by PCR, as
described (23). All mutant constructs were confirmed by dide-
0Xy sequencing.

In Vitro Transcription, Translation, and Evaluation of Mutant
Stability

Plasmids were linearized using a unique HindIII site down-
stream of the coding sequence. In vitro transcription and trans-
lation were performed as previously described (21, 27). All
arrestin proteins were labeled by incorporation of [*H]leucine
and [**C]leucine with a specific activity of the mix of 1.5-3
Ci/mmol, resulting in the specific activity of arrestin proteins
within the range of 66 — 85 Ci/mmol (150 —230 dpm/fmol). The
translation of every mutant used in this study produced a single
labeled protein band with the expected mobility on SDS-PAGE.
Two parameters were used for the assessment of mutant rela-
tive stability, as described (30); that is, its yield multiplied by the
percentage of the protein remaining in the supernatant after
incubation for 10 min at 37 °C followed by centrifugation. This
integral parameter calculated for a mutant was expressed as a
percent of that for corresponding wild type (WT) arrestin. The
relative stability of all mutants used in this study exceeds 85%
that of the parental WT proteins.

Receptor Preparations

Rhodopsin—Urea-treated rod outer segment membranes
containing rhodopsin phosphorylated by endogenous GRK1
(also know as rhodopsin kinase) and regenerated with 11-cis-
retinal were prepared as described previously (31). The stoichi-
ometry of phosphorylation for the rhodopsin preparations used
in these studies was 3.2 mol of phosphate/mol of rhodopsin,
which ensures high affinity binding of arrestin-1 (31) and non-
visual arrestins (14).

Muscarinic Receptor—The human M2 muscarinic choliner-
gic receptor was expressed in Sf9 cells, purified by affinity chro-
matography, reconstituted into chick heart phospholipids, and
phosphorylated by purified GRK2 to a stoichiometry of 3.1-3.7
moles of phosphate/mole of M2 receptor, as described previ-
ously (14, 32).

Arrestin Binding to Receptors

Binding was performed, as described (14).

Rhodopsin—Briefly, in vitro translated radiolabeled arrestins
(50 fmol) in 50 mm Tris-HCI, pH 7.5, 0.5 mm MgCl,, 1.5 mm
dithiothreitol, and 50 mm potassium acetate were incubated
with 7.5 pmol (0.3 ug) of phosphorylated light-activated rho-
dopsin in a final volume of 50 ul for 5 min at 37 °C in room light.

Muscarinic M2 Receptor—Radiolabeled arrestins (50 fmol)
were incubated with 50 fmol of phosphorylated receptor in the
presence of 100 uM muscarinic agonist carbachol for 35 min at
30 °C. After incubation with either receptor, the samples were
immediately cooled on ice and loaded onto 2 ml of Sepharose
2B columns equilibrated with 10 mm Tris-HCI, pH 7.5, 100 mm
NaCl. Bound arrestin eluted with receptor-containing mem-
branes in the void volume (between 0.5-1.1 ml). Nonspecific
binding determined in the presence of 0.3 ug liposomes (less
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than 10% of the total binding and less than 0.5% of the arrestin
present in the assay) was subtracted.

Arrestin-2 Expression and Purification

Arrestin was expressed in Escherichia coli and purified as
described (33). The cysteine-less arrestin-2 (A2-CL) (C59V,
C125S, C140L, C150V, C242V, C251V, C269S) was used as a
base mutant for the introduction of unique cysteines. The best
substituting residue in each position was chosen based on our
high resolution crystal structure of arrestin-2 (6) to preserve
existing intramolecular interactions as much as possible. We
have previously shown that cysteine-less arrestin-2 is fully
functional in terms of receptor binding (34).

Electron Paramagnetic Resonance Spectroscopy

Arrestin cysteine mutants were dialyzed into 50 mm MOPS,
100 mm NaCl, pH 7.0, and labeled with a 10-fold molar excess of
2,2,5,5-tetramethylpyrroline-3-yl-methanethiosulfonate spin
label (MTSL; Toronto Research Chemicals, Ontario, Canada)
overnight at 4 °C to generate the R1 side chain, as described (22,
34). Final protein concentrations were determined by the BCA
protein assay (Pierce) using BSA as a standard. EPR samples
contained 25 uMm spin-labeled arrestin-2 and 250 um light-acti-
vated phosphorhodopsin in native disc membranes (26) in a
final volume of 10 ul. X-band EPR spectra were recorded for
samples in glass capillaries at room temperature over a 100-
gauge range with an incident microwave power of 10 milliwatts
on a Bruker ELEXSYS E500 fitted with a super high Q cavity.
Spectra shown are typically the average of 16 -36 scans, base-
line-corrected, and normalized to the same area for each
graphic overlay in Fig. 1B. For a qualitative interpretation of
EPR spectral line shapes, as used in the present study, the reader
is referred to Crane et al. (36) and Kusnetzow et al. (37).

Plasmid Construction for Bioluminescence Energy Transfer
(BRET)

The plasmids containing the sequences of the indicated
arrestins N-terminal-tagged with Venus (a variant of enhanced
yellow fluorescent protein (38); a generous gift from Dr. J. A.
Javitch, Columbia University) were constructed using a modi-
fied pGEM2 in vitro transcription vector (Promega, Madison,
WI) that is under the control of an SP6 promoter idealized
5'-untranslated region (28) with an upstream EcoRI site fol-
lowed by the coding sequence of arrestins between Ncol and
HindIII sites. Venus was amplified by PCR using the
5'-AGTCAGAATTCGCGATCGCGGCCACGATGGTGAG-
CAAGGGCGA-3' forward primer that adds EcoRI and AsiSI
sites upstream of the start codon and the 5'-TCTCCCCCAT-
GGAGTCGAGCGCTCGCCGAGACTTAAGTCCGGAGG-
TGGCCT-3' reverse primer that codes for a short spacer with
the SGLKSRRALDS sequence and an in-frame Ncol site. Venus
was subcloned between the EcoRI and Ncol restriction sites.
The arrestins were subcloned in-frame with the Venus-spacer
sequence using Ncol and HindIII sites. The Venus-arrestin
fusion proteins were subcloned into a pcDNA3 mammalian
expression vector (Invitrogen) modified as described (39, 40)
using the EcoRI and HindIII restriction sites. A plasmid encod-
ing Renilla luciferase variant 8 (RLuc8) (41) was a generous gift
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from Dr. Nevin A. Lambert (Medical College of Georgia,
Augusta, GA). RLuc8 was fused in-frame with the sequence of
the triple HA-tagged human f3,-adrenergic receptor (8,AR),
M2 muscarinic cholinergic, and D2 dopamine receptors pur-
chased from the cDNA resource center (Missouri S&T cDNA
Resource Center). To this end, the coding sequences of all
GPCRs were amplified by PCR using forward primers that
introduce EcoRI and AsiSI restriction sites upstream of the
receptor start codon and reverse primers that introduce an in-
frame SbfI restriction site. These fragments were subcloned
using EcoRI and SbfI sites in-frame with a C-terminal RLuc8.

BRET Assays

The well established BRET1 assay (42— 44) with Venus as the
acceptor and RLuc8 as the donor was used to characterize the
binding of Venus-arrestins to 3,-adrenergic receptor-RLuc8,
M2-RLuc8, and D2-RLuc8. COS-7 cells were transfected with
the indicated plasmids using Lipofectamine™ 2000 (Invitro-
gen) according to the manufacturer’s protocol (3 ul of Lipo-
fectamine™ 2000/1 ug of DNA). Increasing amounts of the
indicated Venus-arrestin constructs (0—12 pg) along with 250
ng of the indicated receptor plasmid and empty pcDNA3 to
equalize DNA were used to transfect 80 —90% confluent COS-7
cells on 60-mm dishes. Twenty-four hours after transfection,
cells were trypsinized and re-seeded at 100,000 —200,000 cells
per well onto white opaque 96-well microplates (Nunc, Roch-
ester, NY) for luminescence measurements or black opaque
microplates (Nunc) for fluorescence determination. Forty-
eight hours post-transfection, the medium was replaced with
PBS with Ca®>" and Mg>" containing 0.01% glucose (w/v), 36
mg/liter sodium pyruvate, and 25 mmol/liter HEPES, pH 7.2.
Coelenterazine-# (DiscoveRx, Fremont, CA) at a final concen-
tration of 5 um was added 8 min after agonist (25 uM isoprot-
erenol) stimulation, and luminescence was measured immedi-
ately using a POLARstar Optima dual channel luminometer
and fluorometer microplate reader (BMG Labtech, Cary, NC).
The light emitted by coelenterazine-# and Venus in each well
was measured simultaneously 5 times through a 465—485-nm
and a 522.5-547.5-nm bandpass filter, respectively. The net
BRET ratio was calculated as the long wavelength emission
divided by the short wavelength emission and expressed as the
relative change compared with unstimulated cells. The expres-
sion of each Venus-arrestin was evaluated using fluorescence at
535 nm upon excitation at 485 nm. The Venus-arrestin fluores-
cence, which is directly proportional to the expression levels,
was normalized by the basal luminescence from the 3,-adre-
nergic receptor-RLuc8 to account for variations in cell number
and expression levels. The curves resulting from the titration of
the various amounts of Venus-arrestin were fit by non-linear
regression to a one-site hyperbola model using Prism version
5.04 (GraphPad Software, San Diego, CA). To assess the differ-
ence between the respective WT and mutant arrestins curves, a
global fit algorithm was used.

RESULTS

Mapping the Receptor Binding Surface of Arrestin-2—An
extensive surface covering most of the concave sides of both
arrestin-1 domains was implicated in rhodopsin binding by sev-
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eral groups using a variety of methods (14, 22-24, 26, 45, 46).
Structural similarity within the arrestin family (5-9) as well as
the functionality of numerous chimeras with combinations of
elements from different arrestins (14, 21, 47) suggests that
homologous elements of arrestin-2 may be involved in receptor
binding. To test this hypothesis, we used site-directed spin-
labeling EPR spectroscopy (48, 49), which worked remarkably
well with arrestin-1 (22, 25, 50). The EPR spectra of spin-labeled
proteins contain information on the motional dynamics of R1
side chain and thus allow the elucidation of protein-protein
interaction sites. To use this method, we introduced unique
cysteines in different positions on the background of fully func-
tional cysteine-less arrestin-2 (34) and used receptor binding-
induced changes in spin label mobility (Fig. 1B) to determine
the receptor “footprint” on arrestin-2 (Fig. 1, Cand D). We used
light-activated phosphorylated rhodopsin (P-Rh*) as a model
receptor because both non-visual arrestins were shown to bind
it specifically in an activation- and phosphorylation-dependent
fashion (14—16,47). To determine the functional consequences
of mutations and labeling of arrestin-2, we incubated purified
spin-labeled arrestin-2 (25 um) with 250 um P-Rh* for 5 min at
37°C (23, 51). Arrestin-2 bound to rhodopsin-containing
membranes was pelleted by centrifugation. All 16 spin-labeled
cysteine mutants demonstrated similar (>95%) binding to
P-Rh* (supplemental Fig. S1). We expected dark P-Rh-arres-
tin-2 complex to form essentially as well as the P-Rh*-arrestin-2
complex based on our previous findings that non-visual arres-
tins bind comparably both dark P-Rh and P-Rh* (14-16, 47).

The spin labels at each site evaluated in arrestin-2 show rel-
atively high mobility, with the exception of sites 167 and 234,
consistent with their surface-exposed positions on the protein
(Fig. 1B). In sharp contrast to arrestin-1 (51-54, 93), at the
concentration used in the EPR experiments (25 uM), arrestin-2
does not demonstrate appreciable self-association (56). There-
fore, the observed changes in spin label mobility can be directly
attributed to the effects of receptor binding. The spin labels
attached to arrestin-2 at positions 68, 70, 71, 73, 167, 191,
234, 238, and 246 become substantially immobilized upon
binding to dark P-Rh. Strong immobilization of these surface
residues suggests that the binding of P-Rh causes the resi-
dues to come into direct contact with either the receptor
itself, the adjacent membrane, or with other arrestin ele-
ments. Although arrestin-2 does not bind membranes with
appreciable affinity, as very small fraction associates with
liposomes we use to determine nonspecific binding, in the
complex with receptor parts of the molecule may come into
contact with the membrane. Immobilized residues are local-
ized along the whole span of the concave surfaces of both
domains. This distribution resembles that observed for
receptor binding to arrestin-1, suggesting a similarly large
receptor footprint on all arrestins.

Spin labels at positions 33, 47, 81, 158, 250, 257, and 269
exhibit less dramatic immobilization upon arrestin binding to
the receptor (Fig. 1B). Smaller decreases in nitroxide mobility at
these positions, which are located on the non-receptor binding
surface and on the periphery of the receptor binding surface of
both arrestin-2 domains, indicate that these residues are not in
the closely packed interaction interface. The relatively subtle
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Arr + dark P-Rh
Arr + P-Rh*

FIGURE 1. Extensive receptor footprint on arrestin-2 identified by SDSL EPR spectroscopy. A, shown is the structure of arrestin-2 (6) with functionally
important elements indicated as follows: phosphate binding residues (red); elements that determine receptor specificity (green); interdomain hinge (yellow)
(image generated using ViewerPro 6.0). B, for each spin-labeled arrestin, normalized spectra in the absence (black) or presence of dark P-Rh (red) are compared
in the top overlays, and spectra in the presence of dark P-Rh (red) and P-Rh* (blue) are compared in the bottom overlays. The lowfield portion of the bottom
overlays for the finger loop spectra are magnified 2-fold in intensity to better illustrate the small changes in line shape. Cand D, the magnitude of the detected
changes in spin label mobility is color-coded on the arrestin-2 crystal structure as follows: gray, no change; light blue, small decrease in mobility; dark blue, large
decrease in mobility. C, changes upon interaction with dark P-Rh are shown. D, additional changes induced by light activation of phosphorylated rhodopsin

(P-Rh*) relative to those induced by binding to dark P-Rh are shown.

reductions in mobility could arise from indirect effects of
receptor binding, i.e. small structural rearrangements, protein
tumbling changes due to protein-protein docking, changes in
local backbone motion, and/or hydration changes due to recep-
tor contact with arrestin-2 residues within close proximity.
Irrespective of the origin of the changes, all sites showed some
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change upon binding to P-Rh, indicating that a large area of
arrestin-2 may be affected by receptor binding (Fig. 1C), similar
to the case for arrestin-1 (22).

The motional changes observed in the spectra at positions
V167R1 and S234R1 could be due to changes in rotational dif-
fusion of the protein upon binding to rhodopsin-containing
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N-domain element:
Arrl (49) PELVK
Arr2 (45) PEYEK
Arr3 (46) PDYEK
C-domain element:

RVY VILTC AFRYG REDED VLGLT FRKDL FVANV QS (86)
KVF VTLTC AFRYG REDED VLGLS FRKDL FIANY QA (87)

IRvy VSLTC AFRYG QEDID VMGLS FRRDL YFSQV QV (90)

Arrl (237) IKVLV EOfiTH vvLys spyvi AR EEAQE (268)
Arr2 (231) IKISV RQ ICLFN TAQYK AM EEADD (262)
Arr3 (232) IKVSV RQ ICLFS TAQYK AQ VEQBD (263)

FIGURE 2. Sequence comparison of the receptor discriminator regions in
three arrestin subtypes. The residues that differ between bovine arrestin-1
and arrestin-2 are shown in bold, and the residues that are exposed (accord-
ing to the crystal structure of both proteins) are underlined. Residues unique
for arrestin3 are italicized. Ten residues replaced with alanines in Figs. 5 and 6
are shadowed. The positions of the first and last residues are shown in paren-
theses before and after the sequence.

membranes. However, the motional changes observed in the
remaining highly mobile arrestin-2 spectra can be attributed to
internal changes in motion rather than rotational diffusion; the
small changes in motion observed for L33R1 upon binding to
the receptor serves as an internal control showing that rota-
tional diffusion effects are very small at sites with high mobility.

Although the largest changes occur upon binding to P-Rh,
small additional decreases in mobility are noted upon light acti-
vation, notably in the cluster of residues in the loop between
B-strands V and VI (positions 70, 71, 73) (termed the “finger
loop” in arrestin-1 (22)), which is also consistent with observa-
tions in arrestin-1 (22). The remaining sites examined showed
no further significant changes in mobility upon light activation
of the receptor (Fig. 1D). The difference in arrestin-2 binding to
dark P-Rh and P-Rh* by spin label immobilization (Fig. 1) was
much less dramatic than the ~2-fold difference observed in the
direct binding assay (14, 47). The reason for this is likely 4
orders of magnitude difference of arrestin-2 concentrations
used; that is, 1 nm radiolabeled arrestin in the binding and 25
M spin-labeled protein in EPR. As the result, a 10-fold differ-
ence in arrestin affinity for these two forms of rhodopsin would
translate into large disparity in binding at 1 nMm, but in EPR
experiments arrestin concentration would be >=>>K,, in both
cases, with essentially the same fraction of bound arrestin.
However, further changes induced by rhodopsin activation
reflect structural rearrangements within the arrestin-receptor
interface.

Identification of Arrestin Residues That Determine Receptor
Specificity—We recently found that the exchange of two ele-
ments between arrestin-1 and -2 completely reverses their
receptor preference (21). These elements encompass 3-strands
V and VI in the N-domain and XV and XVI in the C-domain
and adjacent loops, which cover almost half of the receptor
interaction interface in arrestin-2 (highlighted in green in Fig.
1A). Sequence comparison shows that 15 and 20 residues differ
in the N- and C-domain elements, respectively (Fig. 2). Accord-
ing to the crystal structures of both proteins (5, 6), most of these
residues are surface-exposed and may directly participate in
receptor binding. We have previously shown that “swapping”
elements important for receptor specificity between arrestin-1
and -2 has two effects; it reduces the binding to the receptor
preferred by the “acceptor” arrestin and increases the binding
to the receptor preferred by the “donor” arrestin (21). There-
fore, we used a similar approach to identify individual residues
that determine receptor preference. The introduction of non-
identical arrestin-2 residues, individually and in groups, into
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the N-domain element of arrestin-1 allowed us to exclude nine
that neither significantly reduced the binding to P-Rh* nor
increased the binding to carbachol-activated phosphorylated
M2 muscarinic acetylcholine receptor (P-m2 mAChR*) to the
level comparable with that of WT arrestin-2, leaving relatively
few “suspects” in this region (Fig. 3, A—C). Based on these data,
we constructed an arrestin-2 mutant (Y47L,L48V,E50G,
R51K,S86V), where these five residues were replaced with
the corresponding arrestin-1 residues and added groups of
arrestin-1 residues to the C-domain element in the context of
this base mutant (Fig. 3, D and E). Two triple mutations
(K250L,C251K,P252T and M255A,D259Q,T261K) yielded the
most dramatic increase in P-Rh* binding, whereas double
mutations (S234L,R236E, Y238V,D240N, and C242V,F244Y)
were less potent (Fig. 3E). The A247D,Q248Y double mutation
had no effect, excluding the role of these two residues in recep-
tor preference. Importantly, the effect of a quintuple mutation
(Y47L,L48V,E50G,R51K,S86V) was smaller than that of the
whole arrestin-1-derived N-domain element both in the con-
text of arrestin-2 and arrestin-2 with the C-domain element
from arrestin-1 (Fig. 3E), suggesting the involvement of addi-
tional residues in this element.

Therefore, we then constructed a series of N-domain
mutants where additional arrestin-1-derived residues were
added to these five substitutions and tested them on the back-
ground of arrestin-2 containing the arrestin-1-derived C-do-
main element (Fig. 3, F and G). The results indicate that the
combination of seven mutations (Y47L, L48V, E50G, R51K,
R65Q, L68I, and S86V) closely mimics the effect of the N-do-
main element. Using a similar gain-of-function approach, we
combined an increasing number of substitutions in the C-do-
main element that enhanced P-Rh* binding (Fig. 3E) and tested
them in the context of arrestin-2 with the arrestin-1-derived
N-domain element. The data show that the combination of 12
point mutations in arrestin-2 most closely mimics the effect of
the arrestin-1 C-domain element (Fig. 3G). Moreover, the com-
bination of 7 mutations in the arrestin-2 N-domain with 12
mutations in the C-domain has the same effect as the simulta-
neous introduction of complete N- and C-domain elements
from arrestin-1 (Fig. 3G). Thus, this set of 19 residues is suffi-
cient to switch receptor specificity of arrestin-2 to that of
arrestin-1.

However, because we initially tested (Fig. 3, A and E) and
then combined (Fig. 3G) groups of residues rather than individ-
ual residues, these data do not indicate that every one of these
19 residues is necessary. To test this, we reversed individual
point mutations in the context of the base mutant with 19 sub-
stitutions and compared the binding of these proteins to P-Rh*
(Fig. 4A). The results indicate that two mutations in the N-do-
main and three in the C-domain are not required. Based on
these data, we then constructed several combinations of rever-
sals with little to no effect on P-Rh* binding (Fig. 4B). These
data allowed us to exclude residues Tyr-47, Arg-65, Ser-234,
Arg-236, and Phe-244, thereby demonstrating that simultane-
ous substitution of 5 and 9 residues in the N- and C-domain,
respectively, is sufficient to create an arrestin-2 protein with
arrestin-1-like binding to P-Rh* (Fig. 4B). In addition, these
data identified 2 residues in the N-domain (Leu-68 and Ser-86)
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performed 2-3 times in duplicate. Means * S.D. are presented.
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and 3 in the C-domain (Asp-240, Asp-259, and Thr-261) that receptor specificity (Fig. 4), the magnitude of the effects of these

appear to play the most prominent roles in defining receptor
preference; the reversal of each of these individual mutations
reduced an observed increase in P-Rh* binding by 27-38% (Fig.
4A). Considering the size of the receptor-binding arrestin sur-
face (Fig. 1) and the number of individual residues ensuring
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point mutations is quite remarkable. This is in agreement with
our EPR data that show large line-shape changes for spin labels
at position Leu-68 as well as positions Tyr-238 and Thr-246,
which are close to Asp-240. To further test the importance
of the 14 residues identified, we introduced five N-domain
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Means = S.D. are presented.

along with 9 C-domain arrestin-1 residues into arrestin-2
(Arr2N5C9) as well as homologous 14 arrestin-2 residues into
arrestin-1 (Arr1N5C9) and found that these sets of substitu-
tions completely reverse receptor preference, at least as far as
P-Rh* is concerned (Fig. 4C).

Arrestin elements with different functions contribute to the
energy of the arrestin-receptor interaction. Several positively
charged residues interact with multiple receptor-attached
phosphates (23, 31, 57— 60). A least 10 exposed residues medi-
ate receptor subtype-specific binding, contributing to receptor
discrimination (Figs. 3 and 4 and Refs. 14-and 21). In addition, a
number of conserved non-phosphate binding residues are also
engaged by the receptor (Fig. 1 and Ref. 22). Because phosphate
binding and other conserved arrestin elements would readily
mediate the binding to any GPCR, the contribution of “receptor
discriminator” residues determines the extent of receptor sub-
type specificity that arrestin proteins can achieve. To gauge this
contribution quantitatively, we replaced key residues that
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determine receptor preference with alanines (Fig. 54) in arres-
tin-1 and measured the binding of the mutants to its cognate
receptor, P-Rh*. These mutations reduce the binding to varying
degrees, with the reduction roughly proportional to the num-
ber of altered side chains (Fig. 5, B and C). Interestingly, the
effect of any mutation strongly depends on the context; it tends
to be much greater when combined with other alanine substi-
tutions. For example, the I72A (NI1A in panel B; note that posi-
tion 72 in arrestin-1 corresponds to position 68 in arrestin-2 (cf.
Fig. 2)) mutation did not reduce the binding in the context of
WT arrestin-1 and slightly reduced it in the context of the pro-
tein with three alanine substitutions in the C-domain (compare
C3A and N1A/C3A) while reducing it by a third in the context
of arrestin-1 with eight alanines in the C-domain (compare
C8A and N1A/C8A). Similarly, the quadruple alanine substitu-
tion (V52A,G54A,K55A,172A; N4A) reduced binding by 15% in
the context of WT (compare WT and N4A), but in the context
of mutants with 3 and 8 alanines in the C-domain it reduced the
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FIGURE 5. Arrestin-1 residues that determine receptor preference
are key contributors to receptor binding. A, shown is the arrestin-1
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B, C,D,and E. Direct binding of arrestin-1-based mutants to P-Rh* (2-3 mol
of phosphates/mol of Rh) (B and C) or highly phosphorylated (at least
four phosphates/mol of Rh) P-Rh* (D) or dark inactive P-Rh (E) was deter-
mined as described under “Experimental Procedures.” The mutants are
designated as follows: N1A, point N-domain mutant 172A; N3A, triple
N-domain mutant V52A,G54A K55A; N4A, quadruple N-domain mutant
V52A,G54A,K55A,172A; C3A, triple C-domain mutant N246A,Q265A K267A;
C4A, quadruple C-domain mutant V244A,N246A,Q265A,K267A; C6A, six
substitutions in the C-domain V244A N246A,K257A,1258A,Q265A,K267A;
N8A, eight substitutions in the C-domain V244AN246A\V248A,1256A,
K257A,1258A,Q265A,K267A. Binding experiments were performed two-three
times in duplicate. Means = S.D. are presented.
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binding by 35 and 75%, respectively (compare C3A with N4A/
C3A and C8A with N4A/C8A). The effect of a triple substitu-
tion (V52A,G54A,K55A) in the N-domain (N3A in Fig. 5, panel
C) grew from 26% reduction in the context of WT (W'T versus
N3A) to 43-50% reduction in the context of C4A or C6A
mutants (Fig. 5C). The same tendency is apparent if one calcu-
lates the effect of C-domain substitutions. Binding decreases
due to another triple mutation (N246A,Q265A,K267A) (C3A),
from ~30% in WT to 42-45% in the N3A and N4A back-
grounds (compare C3A with WT, N3A/C3A with N3A, and
N4A/C3A with N4A in panel C). The effects of C4A and C6A
mutations also increased from ~50% in WT to ~75% reduction
in the context of N3A or N4A mutants (Fig. 5C). Importantly,
just 8 appropriately selected alanine substitutions reduce P-Rh*
binding ~5-fold. The same cooperativity was observed when
we used highly phosphorylated P-Rh* (4 or more phosphates)
instead of P-Rh* with a modest phosphorylation level (2-3
phosphates per molecule), although due to increased contribu-
tion of phosphate binding residues, the maximum decrease in
P-Rh* binding was reduced from 80 to 70% (Fig. 5, C and D).
None of the mutations dramatically reduced the binding to
dark P-Rh (Fig. 5E), which is mediated solely by the interactions
of highly conserved phosphate-binding elements with recep-
tor-attached phosphates (61). We found that even the most
disabling mutations did not reduce arrestin-1 binding to P-Rh*
to the level of dark P-Rh binding (Fig. 5, C—E), indicating that
other conserved receptor binding residues that were not
mutated support ~20% of the interaction.

Receptor Discriminator Residues Are Crucial for the Binding
of Non-visual Arrestins to Their Cognate GPCRs—Arrestin-1
has more phosphate binding residues than other members of
the family (8, 23, 57) and demonstrates the strictest dependence
on receptor phosphorylation, with the binding to P-Rh* requir-
ing at least three receptor-attached phosphates (31, 62) and
exceeding that of Rh* by 10 -20-fold (26, 59). In contrast, non-
visual arrestins show only a ~3-5-fold binding differential
(14-16, 19) and were reported to bind unphosphorylated
receptors in response to their activation (42, 63—68). Thus, it
appears that non-phosphate binding elements likely contribute
more significantly to the binding of non-visual arrestins to their
cognate receptors. To determine the contribution of receptor-
discriminator residues in non-visual arrestins, we constructed
mutants (termed NCA in Fig. 6) with alanine substitutions of
key receptor-discriminating residues: four in the N-domain
(Val-52, Gly-54, Lys-55, Ile-72 or Leu-48, Glu-50, Arg-51,
Leu-68 or Leu-49, Asp-51, Arg-52, Leu-69 in arrestin-1, -2, or
-3, respectively) and six in the C-domain (Val-244, Asn-246,
Lys-257, Thr-258, GIn-265, Lys-267 or Tyr-238, Asp-240, Cys-
251, Pro-252, Asp-259, Thr-261 or Tyr-239, Asp-241, Cys-252,
Pro-253, Asp-260, Q262 in arrestin-1, -2, or -3, respectively)
(Fig. 6, A-D). WT arrestins and NCA mutants were tagged with
Venus (enhanced YFP (38)) on the N terminus and co-ex-
pressed with M2 muscarinic cholinergic, 3,-adrenergic, and D2
dopamine receptor C-terminally-tagged with Renilla luciferase
(41) in COS-7 cells. Arrestin recruitment to the receptor in
response to agonist stimulation is reflected in BRET from lucif-
erase to Venus, which saturates with increasing Venus-arrestin
expression (42, 43) (Fig. 6). Although this assay is not as quan-
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experiment (representative of two to four independent experiments for each receptor/arrestin combination) are shown.

titative as in vitro direct binding, it has two important advan-
tages; it allows the measurement of arrestin interactions with
receptors that are not available in a purified form, and it does so
under the more physiological conditions of an intact cell. To
validate the assay, we confirmed earlier observations (14, 18, 32,
42,47, 69,71, 72) that both non-visual arrestins readily interact
with B,-adrenergic and M2 receptors (Fig. 6, E, F, H, 1, ], and K).
Unexpectedly, we found that the binding of arrestin-2 or -3 to
the D2 dopamine receptor could only be detected upon over-
expression of GRK2 (Fig. 6, Kand L). Arrestin-1 has much lower
affinity for B,-adrenergic and M2 receptors (14, 47), as reflected
in the absence of detectable BRET signal without GRK2 co-ex-
pression (data not shown). Its interactions with ,-adrenergic
and M2 receptors in cells can be observed only upon overex-
pression of GRK2 (Fig. 6, D and G). Arrestin-1 binding to non-
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cognate receptors appears to be largely driven by the receptor-
attached phosphates, because it is undetectable without GRK2
co-expression. However, receptor discriminator residues also
contribute, as NCA mutations in arrestin-1 obliterate detecta-
ble interaction with both receptors. We also found that NCA
mutations in both non-visual arrestins effectively prevented the
binding to M2 and D2 receptors and greatly reduced the
observed interaction with 3,-adrenergic receptor, demonstrat-
ing the crucial role of receptor-discriminator residues in these
interactions (Fig. 6, E, F, H, I, ], and K). Even in the case of
arrestin-3 binding to 3,-adrenergic receptor, which yields rel-
atively low BRET signal, NCA mutations reduce agonist-stim-
ulated (Fig. 61) as well as agonist-independent (Fig. 6L, (—)Iso
curves), binding. The latter appears to be specific, as was
observed previously in a direct binding assay with purified
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B,-adrenergic receptor (14—16). Thus, 10 residues in arrestin-2
and -3 that determine their receptor preference critically con-
tribute to the energy of their interaction with non-visual

GPCRs.
DISCUSSION

Arrestin binding to active phosphoreceptor is a complex
multi-step process (for review, see Ref. 61). It is driven by direct
arrestin interactions with two types of elements: receptor-at-
tached phosphates, which make every receptor look the same
and, therefore, are largely responsible for the binding to non-
cognate GPCRs, and non-phosphorylated cytoplasmic resi-
dues, unique for every receptor that likely determines arrestin
preference for particular subtypes. Visual arrestin-1 is the only
vertebrate subtype that shows clear specificity toward just one
receptor, rhodopsin (73). The disparity in numbers between
hundreds of non-visual GPCRs in vertebrates and only two
arrestins to regulate their signaling is striking (1).

The receptor binding surface has so far been mapped out
only on arrestin-1, where it was shown by a variety of methods
to be fairly extensive, covering a large part of the concave sides
of both arrestin domains (14, 2225, 45, 46, 74). Here we dem-
onstrate that an equally extensive surface of arrestin-2 is
engaged by the receptor (Fig. 1), suggesting that a large receptor
footprint is a common feature of arrestin proteins and likely
responsible for the very high affinity of the interaction (14, 71,
75-78). The sheer size of the receptor binding surface sug-
gested an idea that a single arrestin molecule could fit two
GPCRs in a dimer (79). However, a series of recent studies
clearly demonstrated that the physiologically relevant complex
comprises one arrestin bound to a single receptor molecule in
vertebrates (51, 78, 80 —82) and in Drosophila (83). Apparently,
the large area of receptor contact ensures the ability of arrestin
to effectively preclude G-protein interaction (84— 86).

So far only two structural elements that contribute to the
observed selectivity of arrestin-1 and broad specificity of non-
visual arrestins were identified. One is Val-90 in arrestin-1,
which is buried and participates in stabilization of the 3-strand
sandwich of the N-domain; its replacement with Ser or Ala
found in arrestin-2 and -3, respectively, makes the N-domain
more flexible and enhances arrestin-1 binding to non-visual
GPCRSs (6). The other is a uniquely loose conformation of the
receptor binding 3-strand X VI in arrestin-3, which is detached
from the B-sheet and appears to be responsible for reduced
selectivity of arrestin-3 for active phosphoreceptor (9). Here we
identified several exposed residues in the N- and C-domains of
arrestin proteins that largely determine their preference for
particular receptor subtypes. We also showed that these resi-
dues critically contribute to receptor interaction in arrestin-1,
-2, and -3, as their alanine substitution dramatically decreases
or completely prevents receptor binding (Figs. 5 and 6). The
deleterious effects of alanine substitutions at the non-phos-
phate binding residues in arrestin-1 are not as dramatic as in
non-visual subtypes, suggesting that the contribution of recep-
tor-attached phosphates to receptor interaction in arrestin-2
and -3 is smaller than in the case of arrestin-1. Based on our
data, we cannot exclude the possibility that the some of the
residues deduced from substitutions of arrestin-1 residues with
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FIGURE 7. Arrestin residues important for receptor binding. The structure
of arrestin-2 (6) with key functional elements shown is as follows: phosphate
binding residues (Lys-10, Lys-11, Arg-165, Arg-169, Lys-170), red; two previ-
ously identified (21) elements (residues 45-86 and 231-262 in the N- and
C-domain, respectively) that determine receptor specificity, green; individual
residues in these elements playing a key role in receptor preference (Leu-68,
Ser-86, Asp-240, Asp-259, Thr-261), dark blue CPK models; residues playing
supporting roles in receptor preference (Leu-48, Glu-50, Arg-51, Tyr-238, Cys-
242, Lys-250, Cys-251, Pro-252, Met-255), light blue CPK models; residues in
positions that showed significant immobilization by P-Rh* binding (Val-70,
Leu-71, Leu-73, Val-167, Leu-191, Ser-234, Tyr-238), light brown CPK models;
interdomain hinge (residues 173-184) (34, 39, 40, 50, 35), yellow. The image
was generated using ViewerPro 6.0.

those of arrestin-2 and vice versa affect receptor specificity
indirectly by altering the structure of the receptor-binding ele-
ments and do not necessarily directly contact the receptor.
However, in many positions the change of the side chain
impacts rhodopsin binding (Figs. 3 and 4), its elimination sup-
presses that binding of three different arrestins to multiple
GPCRs (Figs. 5 and 6), and nearby residues in arrestin-2 are
significantly immobilized by P-Rh* interaction. We believe that
in these cases direct engagement of these residues by GPCRs is
the most parsimonious explanation. In terms of their relative
contribution to receptor selectivity and binding energy, recep-
tor discriminator residues fall into two groups: five are abso-
lutely crucial and nine others play a supportive role (Fig. 7).
Although in a direct binding assay (Figs. 3 and 4) these were
identified essentially as discriminating between rhodopsin and
non-visual receptors, their crucial role in arrestin-2 and -3
interaction with three different GPCRs (Fig. 6) strongly sug-
gests that these residues play a more general role in the recog-
nition of particular receptor subtypes. This idea needs to be
tested experimentally. Interestingly, several arrestin-2 residues
significantly immobilized by receptor binding (Fig. 1) are in the
elements that do not play an appreciable role in receptor pref-
erence. These likely represent more “generic” elements engag-
ing different GPCRs.

Only two non-receptor binding partners, microtubules (34,
50) and calmodulin (87), interact at the same concave sides of
the two arrestin domains as GPCRs. Arrestins bind a wide vari-
ety of other signaling proteins, most of which engage the convex
non-receptor binding side of the molecule (for review, see Refs.
1 and 2), whereas clathrin and AP2, which mediate the traffick-
ing of the arrestin-receptor complex, interact with well defined
sites in the C termini of non-visual arrestins (88 —91). This spa-
tial arrangement allows independent manipulation of arrestin
interactions with these three types of binding partners, with a
view of constructing special mutants with therapeutic potential
(92). This approach was recently validated by the demonstra-
tion that “enhanced” arrestin-1, which binds unphosphorylated
active rhodopsin with high affinity, partially compensates for
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the deficit of rhodopsin phosphorylation in vivo (55). Many
human disorders are associated with excessive signaling by var-
ious GPCRs (70) that can be dampened by enhanced arrestins.
However, most cells express multiple GPCR subtypes, only one
of which is the mutant that needs to be restrained. Broad recep-
tor specificity of both non-visual arrestins would prevent selec-
tive targeting of a particular receptor. The small number of key
receptor discriminator residues identified here opens up the
possibility of constructing arrestins with greatly enhanced
receptor specificity, which would make selective targeting of a
group of receptors, or even an individual subtype, feasible.
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