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(Background: Arrestin-1 with enhanced binding to unphosphorylated active rhodopsin (Rh*) has therapeutic

Results: Manipulation of the rhodopsin binding surface of arrestin-1 greatly increases its binding to Rh*.
Conclusion: Stable arrestin-1 with high binding to Rh* can be engineered with and without the ability to self-associate.
Significance: The affinity of arrestin-1 for Rh* and its propensity to oligomerize can be independently changed by targeted
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Arrestin-1 preferentially binds active phosphorylated rho-
dopsin. Previously, a mutant with enhanced binding to unphos-
phorylated active rhodopsin (Rh*) was shown to partially com-
pensate for lack of rhodopsin phosphorylation in vivo. Here we
showed that reengineering of the receptor binding surface of
arrestin-1 further improves the binding to Rh* while preserving
protein stability. In mammals, arrestin-1 readily self-associates
at physiological concentrations. The biological role of this phe-
nomenon can only be elucidated by replacing wild type arres-
tin-1 in living animals with a non-oligomerizing mutant retain-
ing all other functions. We demonstrate that constitutively
monomeric forms of arrestin-1 are sufficiently stable for in vivo
expression. We also tested the idea that individual functions of
arrestin-1 can be independently manipulated to generate
mutants with the desired combinations of functional character-
istics. Here we showed that this approach is feasible; stable
forms of arrestin-1 with high Rh* binding can be generated with
or without the ability to self-associate. These novel molecular
tools open the possibility of testing of the biological role of
arrestin-1 self-association and pave the way to elucidation of full
potential of compensational approach to gene therapy of gain-
of-function receptor mutations.

Rod photoreceptors mediate night vision in vertebrates.
Rods demonstrate remarkable single photon sensitivity (1) and
unusual reproducibility of a single photon response (2—4).
These features require biochemically perfect signaling cascade
with virtually no noise, enormous amplification, and extremely
rapid shutoff. Light activates rhodopsin, which then sequen-
tially catalyzes GDP/GTP exchange on numerous molecules of
its cognate G protein transducin (5). Within 30— 60 ms, active
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rhodopsin (Rh*)* is phosphorylated by GRK1, whereupon vis-
ual arrestin-1° specifically binds light-activated phosphorylated
rhodopsin (P-Rh*), ensuring timely signaling shutoff (6, 7).

Genetic defects in this rapid and efficient two-step shutoff
mechanism invariably result in visual disorders. Loss-of-func-
tion mutations in arrestin-1 (8) or GRK1 (9) cause Oguchi dis-
ease, a form of stationary night blindness. Mutations in rhodop-
sin that lead to the loss of GRK1 phosphorylation sites result in
retinal degeneration (10). Although in principle loss-of-func-
tion mutations can be cured by gene replacement therapy, in
the case of gain-of-function defects, such as the loss of phos-
phorylation sites resulting in unquenchable signaling, viable
therapeutic strategies remain to be developed.

We have recently proposed a compensational approach
using enhanced arrestin-1 mutant that binds Rh* with much
higher affinity than wild type (WT) arrestin-1 to reduce exces-
sive signaling by unphosphorylated rhodopsin (11, 12).
Although, the first proof-of-principle study showed that com-
pensational gene therapy works in vivo, it also revealed the lim-
itations of existing phosphorylation-independent arrestin-1
mutants (11). Enhanced arrestin-1 improved functional per-
formance of phosphorylation-deficient rods, facilitated their
recovery, and prolonged their survival, but “compensated”
shutoff was still significantly slower than in WT animals with
normal Rh* phosphorylation (11). Thus, improved enhanced
arrestin-1 mutants with higher affinity binding to Rh* and suf-
ficient stability for in vivo expression have to be designed.

Mammalian arrestin-1 at physiological concentrations found
in rods (13-15) robustly self-associates, forming dimers and
tetramers (16 —18). Only monomeric arrestin-1 binds rhodop-
sin (18), because receptor binding surfaces in the tetramer and
both possible dimers are shielded by sister subunits (19). Arres-

2The abbreviations used are: Rh*, active rhodopsin; P-Rh*, light-activated
phosphorylated rhodopsin; MDT, monomer-dimer-tetramer; GPCR, G pro-
tein-coupled receptor.

3 We use systematic names of arrestin proteins: arrestin-1 (historic names
S-antigen, 48-kDa protein, visual, or rod arrestin), arrestin-2 (B3-arrestin or
B-arrestin1), arrestin-3 (B-arrestin2 or hTHY-ARRX), and arrestin-4 (cone or
X-arrestin; for unclear reasons its gene is called arrestin 3 in the HUGO
database).
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tin-1is the only signaling protein in the visual system that forms
inactive “storage” oligomers, and the biological significance of
this phenomenon is unclear (20). To elucidate the role of arres-
tin-1 self-association in photoreceptors, the consequences of
the replacement of WT arrestin-1 with a constitutively mono-
meric mutant iz vivo must be determined. In addition, it is
unknown whether oligomerization needs to be preserved in a
therapeutically effective enhanced mutant with high Rh* affin-
ity. These in vivo experiments require a stable constitutively
monomeric version of arrestin-1 as well as enhanced mutants
both with normal and absent ability to oligomerize.

Here we report extensive redesign of the rhodopsin binding
surface of arrestin-1 that yielded mutants with significantly
higher affinity for unphosphorylated Rh*. We identified further
enhanced arrestins, constitutively monomeric forms, and a
mutant that combines inability to self-associate with high Rh*
binding, all of which are stable. These proteins are promising
candidates for in vivo evaluation of the potential of compensa-
tional gene therapy and for elucidation of the role of arrestin-1
oligomerization.

EXPERIMENTAL PROCEDURES

Materials—[y->*P]ATP, [**C]leucine, and [*H]leucine were
from PerkinElmer Life Sciences. All restriction and DNA mod-
ifying enzymes were from New England Biolabs (Ipswich, MA).
Rabbit reticulocyte lysate was from Ambion (Austin, TX), and
SP6 RNA polymerase was prepared as described (21). Cell cul-
ture reagents and media were from Mediatech (Manassas, VA)
or Invitrogen. All other reagents were from Sigma.

Mutagenesis and Plasmid Construction—For in vitro tran-
scription mouse arrestin-1 (generous gift of Dr. Cheryl Craft,
University of California) was subcloned into pPGEM2 (Promega,
Madison, WTI) with “idealized” 5-UTR (21) between Ncol and
HindIII sites as described (70). All mutations were introduced
in transcription construct by PCR using the strategy previously
described (23). All constructs were confirmed by dideoxy
sequencing. For the expression in HEK293 cells, coding
sequences with 5'-UTR were excised from pGEM2 constructs
using EcoRI and HindIII restriction sites and subcloned into
pcDNAS3 vector (Invitrogen) with a modified multiple cloning
site as described previously (24, 25). In vitro transcription,
translation, and preparation of phosphorylated and unphos-
phorylated rhodopsin were performed as described recently
(26, 27).

A direct binding assay was performed as described (26).
Briefly, 1 nm arrestin-1 (50 fmol) was incubated with 0.3 ug of
P-Rh* in 50 ul of 50 mMm Tris-HCL, pH 7.4, 100 mM potassium
acetate, 1 mM EDTA, 1 mm DTT for 5 min at 37 °C under room
light. Samples were cooled on ice, and bound and free arrestin-1
was separated at 4 °C by gel filtration on a 2-ml column of Sep-
harose 2B-CL. Arrestin-1 eluting with rhodopsin-containing
membranes was quantified by liquid scintillation counting.
Nonspecific “binding” was determined in samples where rho-
dopsin was omitted and subtracted.

In Vitro Arrestin Stability Assay—Translated radiolabeled
arrestin-1 was incubated for 0.5—4 h at the indicated tempera-
tures and cooled on ice. The binding of arrestin-1 in these sam-
ples to P-Rh* was compared with that of control sample kept on
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ice as described above except that 2 nm arrestin-1 (100 fmol/
sample) was used.

Cell-based Stability Assay—HEK293 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% serum as described (28). Cells were transfected with 3 ug of
DNA per well of a 6-well plate using Lipofectamine according
to manufacturer’s instructions. After 36 h cells were serum-
starved overnight and then kept at 37 °C (control) or at 40 °C for
3 h. Cells were washed with PBS and non-enzymatically
detached from plates with 2 X 500 ul of Versene. Cells were
pelleted by centrifugation at 4 °C for 10 min at 300 rpm (Eppen-
dorf centrifuge 5417R) and resuspended in 400 ul of 50 mm
Tris-HCI, pH 7.4, 100 mm NaCl, 1 mm EDTA, 1 mm DTT sup-
plemented with Complete protease inhibitors mixture (Roche
Applied Science) and 1 mm PMSF. Cells were lysed by sonica-
tion (Sonic Dismembrator Model 500, Fisher Scientific) 3 X 5s
at 30% power. Unbroken cells and debris were pelleted by cen-
trifugation at 4 °C for 10 min at 14,000 rpm (Eppendorf centri-
fuge 5417R), and the supernatant was frozen in aliquots and
stored at —80 °C until used. Total protein was measured using
Bradford reagent (Bio-Rad), and the expression of different
forms of arrestin-1 was determined by Western blot with anti-
arrestin rabbit polyclonal antibody (14). To determine func-
tionality of soluble arrestins, equal volumes of lysates (10 ul)
were incubated with or without (nonspecific) 1 ug of P-Rh* in
50 wl of 50 mm Tris-HCL, pH 7.4, 100 mMm potassium acetate, 1
mM EDTA, 1 mm DTT for 5 min at 37 °C in room light. The
samples were cooled on ice, loaded onto 0.1 ml of 0.2 M sucrose
in binding buffer, and centrifuged 20 min at 100,000 rpm in
Beckman TL-120 tabletop ultracentrifuge (rotor TLA120.1).
Supernatants were removed, and pellets were dissolved in 50 ul
of SDS sample buffer. One-tenth of each sample along with
one-tenth of the input were subjected to SDS-PAGE and ana-
lyzed by Western blot with anti-arrestin antibody (14) followed
by HRP-conjugated anti-rabbit secondary antibody, with
detection by SuperSignal Pico (Pierce). Nonspecific binding
(the amount of arrestin-1 pelleted in the absence of rhodopsin,
likely due to aggregation, was subtracted from binding to P-Rh*.
Protein survival was calculated as the ratio of the fraction of
arrestin-1 in lysate of cells incubated at 40 °C that specifically
bound to P-Rh* to the bound fraction in lysates of control cells
kept at 37 °C.

Arrestin-1 Purification and Analysis of Its Self-association—
Mouse arrestin-1 mutants were expressed in Escherichia coli and
purified essentially as described (29). All light-scattering meas-
urements were made with a DAWN EOS detector coupled to an
Optilab T-rEX refractometer (Wyatt Technologies) after gel
filtration on a QC-PAK GFC 300 column (7.8 mm inner diam-
eter X 15 cm) (Tosoh Bioscience). The arrestin samples (100
wl) at different concentrations were incubated in fresh 5 mm
DTT for 30 min at room temperature to disrupt covalent inter-
arrestin disulfide bonds and injected onto the column at 25 °C
at a flow rate of 0.6 ml/min in 50 mm MOPS, 100 mMm NaCl, pH
7.2. The column did not resolve oligomeric species but simply
acted as a filter to remove highly scattering particulates. Light
scattering at 7 angles (72—126°), absorbance at 280 nm, and
refractive index (at 658 nm) for each sample were taken for a
narrow slice centered at the peak of the elution profile (18). The
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experimental weight-averaged molecular weight values were
obtained from the protein concentration and light scattering
data using ASTRA 5.3.4.20 software (Wyatt Technologies). The
weight-averaged molecular weight data were analyzed using
the two-step monomer-dimer-tetramer (MDT) model,

Kaim K
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2M<—D 2D<«—T
REACTION 1

where M, D, and T are monomer, dimer, and tetramer, respec-
tively. The data for arrestin-1 carrying F86A/F198A mutations
did not fit the MDT model and was fitted using the monomer-
dimer model instead. Details of the analysis have been previ-
ously described (30, 70). Except where noted, the equilibrium
constants are given in terms of the corresponding dissociation
constants, Kp gimer Kp,aim) ad Kp ieiramer (Kpter)- The errors
in equilibrium constants were determined from least-squares
fitting of the data to MDT or monomer-dimer model taking
into account an estimated error of = 1 kDa in the computed
values of the average molecular weight (70).

RESULTS

The first enhanced arrestin-1 mutant used iz vivo to com-
pensate for the defect in rhodopsin phosphorylation was preac-
tivated simply by the elimination of one of the conformational
constraints that holds arrestin-1 in its basal state (11). Triple
alanine substitution of the bulky hydrophobic residues anchor-
ing the C-tail (yielding arrestin-1-3A mutant) promotes its
detachment, thereby facilitating arrestin-1 transition into a
high affinity rhodopsin binding state and arrestin-1 binding to
Rh* (31). The replacement of WT arrestin-1 in GRK1-deficient
mice with the arrestin-1-3A mutant resulted in an ~3-fold
acceleration of Rh* shutoff but did not bring the recovery rate to
the WT level (11). Single cell recording from rods expressing
the arrestin-1-3A mutant suggested that it allowed Rh* reacti-
vation (11). Thus, arrestin-1-3A complexes with Rh* were not
stable enough to survive longer than it takes Rh* to decay to
opsin.

Elimination of Phosphate Binding Positive Charges Does Not
Enhance Arrestin-1 Binding to Rh*—Multiple positive charges
in bovine arrestin-1, including Lys-14, Lys-15 (32), Arg-18 (33),
Lys-163, Lys-166, Lys-167, Arg-171, and Arg-175 (34) were
shown to bind rhodopsin-attached phosphates. Mouse arres-
tin-1 also carries all of these positive charges: Lys-15, Lys-16,
Arg-19, Lys-164, Lys-167, Lys-168, Arg-172, and Arg-176.
Therefore, we hypothesized that a mismatch between the pres-
ence of these positive charges on the receptor binding surface of
arrestin-1 and the absence of negatively charged phosphates on
the C terminus of Rh* destabilized the complex. To test this
idea, we replaced phosphate binding lysines and arginines (Fig.
1A) with neutral hydrophilic glutamine with hydrogen-bond-
ing capability, introducing K15Q, K16Q, R19Q, R172Q,
K164Q, K167Q, and K168Q mutations. Although R176E muta-
tion per se in mouse arrestin-1 significantly increases the bind-
ing to Rh*, it was not introduced because previously we found
that it greatly reduces protein stability (11). Neutralizing muta-
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FIGURE 1. Elimination of phosphate-binding residues does not improve
the binding of phosphorylation-independent arrestin-1 mutants to Rh*.
A, the structural model of mouse arrestin-1 (based on bovine arrestin-1 crystal
structure PDB 1CF1 (37)) shows surface residues mutated in this study (blue,
positive charges; red, negative charge). B-D, shown is the binding of WT
mouse arrestin-1 and indicated N-domain (residues 1-177) mutants, where
positively charged phosphate binding residues were replaced with gluta-
mine, constructed on the background of either arrestin-1-(L374A/V375A/
F376A) (3A) or truncated arrestin-1-(1-377) (Tr) to four functional forms of
rhodopsin. The colors of the bars are: white, dark P-Rh; black, P-Rh*; horizon-
tally striped, dark Rh; green, Rh*. The means = S.D. of two experiments, each
performed in duplicate, are shown. Note that R172Q is the only mutation that
marginally increases Rh* binding of parental L374A/V375A/F376A and trun-

cated arrestin-1-(1-377) mutants.
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tions were introduced, singly or in groups, in the context of the
two arrestin-1 mutants that were successfully expressed
in transgenic mice, arrestin-1-3A and arrestin-1-(1-377) (11,
13, 14, 35). As expected, on both backgrounds, mutations elim-
inating phosphate binding charges significantly reduced arres-
tin-1 ability to interact with dark P-Rh (Fig. 1). Combinations
K15Q/K16Q and K15Q/K16Q/R19Q also reduced the binding
to P-Rh*, but only R172Q mutation marginally enhanced Rh*
binding (Fig. 1, B, C, and D). These data suggest that the pres-
ence of phosphate binding-positive charges is not the main fac-
tor destabilizing the complex of enhanced arrestin-1 with Rh*.

Selected Mutations on Arrestin-1 Surface Engaged by Other
Parts of the Receptor Increase Rh* Binding but Reduce Thermal
Stability—Several mutations on the receptor binding surface of
the C-domain, such as K257E and E346K, were previously
shown to increase bovine arrestin-1 binding to Rh* in the con-
text of WT protein (36). Therefore, we introduced homologous
mutations K258E and E347K in mouse arrestin-1 (Fig. 2A).
These substitutions proved to act additively with the 3A muta-
tion and the deletion of the C-tail, enhancing arrestin-1 binding
to P-Rh* (Fig. 24), and especially to Rh* well beyond the level
achieved by the 3A mutation or C-terminal deletion alone.
Because the effects of all mutations tested were essentially the
same on the background of arrestin-1-3A and arrestin-1-(1—
377) (Figs. 1, B, C,and D, and 2A), we focused on arrestin-1-3A,
which showed higher expression levels in transgenic mice (14).
On arrestin-1-3A background the addition of R172Q mutation
to K258E, E347K, or K258E/E347K combination further
increased Rh* binding without appreciably affecting the inter-
action with P-Rh* (Fig. 2B). The best combination (3A +K258E/
E347K/R172Q) yielded the level of Rh* binding virtually indis-
tinguishable from that of WT arrestin-1 to P-Rh* (Fig. 2B).

Because many activating mutations reduce arrestin-1 stabil-
ity (11, 31) and only sufficiently stable proteins can be success-
fully expressed in vivo at physiologically relevant levels (11),
next we tested the stability of these mutants (Fig. 2C). To this
end, radiolabeled WT mouse arrestin-1 and mutants produced
in cell-free translation were incubated at elevated temperature
for varying periods of time, and then their ability to specifically
bind P-Rh* was compared with that of the control samples kept
on ice. WT arrestin-1 as well as the 3A and truncated (1-377)
mutants did not lose any activity after 60 min of incubation at
39 °C (Fig. 2C). Mutations E347K, K258E, and their combina-
tion somewhat reduced arrestin-1 stability on both back-
grounds, and the addition of R172Q to any mutation or combi-
nation further reduced arrestin-1 stability (Fig. 2C). Thus, the
most potent ligands of Rh* in this series are less stable than the
3A mutant successfully used in vivo (11).

Neutralization of Surface Charges Is Less Detrimental for Sta-
bility than Charge Reversal—Surface residues in soluble pro-
teins often stabilize the structure via intramolecular interac-
tions with neighboring side chains. Therefore, we analyzed the
available crystal structure of highly homologous bovine arres-
tin-1 (37) and then ascertained that the residues of interest are
conserved in the mouse protein (Fig. 34 shows mouse residue
numbers). R172Q reduced the stability of all arrestin-1 mutants
tested (Fig. 2). Arg-172 appears to form a salt bridge with Glu-
149, which in turn contacts Lys-151. The R172Q mutation is
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likely to weaken or destroy the interaction of this residue with
Glu-149, which would in this case become fully engaged by
Lys-151. We reasoned that replacing Lys-151 with aspartic acid
would likely prevent that, making the interaction via H-bond
between Glu-149 and GIn-172 more likely. Importantly, the
homologous K150E mutation in bovine arrestin-1 did not sig-
nificantly affect the binding to P-Rh* or other forms of rhodop-
sin (36). Another reason the R172Q mutation could reduce the
stability is inappropriate H-bonding of Gln with some of the
neighboring residues. We reasoned that replacing Arg-172 with
an alanine should solve this problem. The K258E and E347K
mutations also appear to be detrimental for arrestin-1 stability
(Fig. 2). Judging by bovine arrestin-1 structure, Lys-258 forms a
salt bridge with Asp-139 (Fig. 34), which would be destroyed by
K258E mutation introducing a negative charge that repulses
Asp-139. The replacement of Lys-258 with a neutral glutamine
would prevent the repulsion and likely create an opportunity
for H-bonding to preserve the stabilizing effect of the salt bridge
in the WT protein. Glu-347 forms a salt bridge with Lys-333
and H-bond with Thr-335 (Fig. 3A). Lys-347, introduced by
E347K mutation, would repulse Lys-333; in addition, its longer
side chain allows the end amino group to reach all the way to
Ser-345. The modeling shows that replacement of Glu-347 with
glutamine, which has exactly the same geometry and no charge,
would prevent both repulsion of Lys-333 and unnatural
H-bonding to Ser-345. The replacement of Glu-347 with histi-
dine, which has only a partial positive charge at neutral pH and
shorter side chain, would moderate the repulsion of Lys-333
and also prevent H-bonding with Ser-345.

To test these predictions, on the arrestin-1-3A background
we added K151D mutation to the R172Q/E347K and R172Q/
K258E combinations, made the R172A/E347K combination to
compare with R172Q/E347K, and generated three “milder” ver-
sions of the K258E/E347K combination: K258E/E347Q,
K258E/E347H, and K258Q (Fig. 3B). Because two additional
mutations, R291E and Q328K increased the binding of bovine
arrestin-1 to Rh* (36), we constructed homologous mutants of
mouse arrestin-1: R292E, its less drastic version R292Q, and
H329K (note that in WT mouse protein bovine GIn-328 is
replaced with His-329). The data show that the H329K and
R292E mutations increase Rh* binding, whereas the R292Q
does not; the R172A mutation is less effective than the R172Q;
the K151D mutation decreases Rh* binding of any combination
it is added to; the combinations K258Q/E347K and K258E/
E347H work as well as the original K258E/E347K (Fig. 3B).
Based on these data, we generated several combinations of the
most effective mutations and constructed the K258Q/E347H,
K258Q/E347H/R292E, K258Q/E347H /H329K, and K258Q/
E347H/R292E/H329K combination mutants on the arrestin-
1-3A background (Fig. 3C). We found that R292E does not act
additively with the K258Q/E347H combination, whereas in the
context of the K258Q/E347H/H329K mutant it actually
reduces Rh* binding (Fig. 3C). Interestingly, the H329K muta-
tion significantly increased the binding of the K258Q/E347H
mutant to both P-Rh* and Rh*. Moreover, the absolute level of
the K258Q/E347H/H329K mutant binding to Rh* is even
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FIGURE 2. Reengineering of the rhodopsin binding surface of the C-domain improves Rh* binding of phosphorylation-independent arrestin-1 base
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mutants. The means =+ S.D. of two-three experiments, each performed in duplicate, are shown in all panels.

higher than achieved with P-Rh* by WT arrestin-1, making it by
far the most potent Rh* ligand constructed (Fig. 3C).

Next, we tested the stability of the combination mutants
yielding high Rh* binding, extending the incubation time to 2 h
to make the test more rigorous (Fig. 3D). The results showed
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that the R172Q mutation reduces the stability of the K258E/
E347H combination to the same extent as that of K258E/E347K
(compare Figs. 2C and 3D). We also confirmed that the K258E/
E347K combination is significantly less stable than parental
arrestin-1-3A and found that both the K258Q/E347H and
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FIGURE 3. Design of stable arrestin-1 mutants with high Rh* binding. A,
a structural model of mouse arrestin-1 (based on bovine arrestin-1 crystal
structure 1CF1 (37)) show the residues mutated in this series. B and C,
shown is binding of WT mouse arrestin-1 and the indicated mutants con-
structed on the background of arrestin-1-(L374A,V375A,F376A) (3A) to
P-Rh* (black bars) and Rh* (green bars). D, indicated translated arrestins
were incubated for 30, 60, or 120 min at 39 °C, and their specific binding to
P-Rh* was compared with that of controls kept on ice (0 min). Note that
charge neutralization mutations preserve the stability much better than
charge reversals. The means = S.D. of two experiments each performed in
duplicate are shown in all panels.

K258Q/E347H/H329K mutants essentially retain the stability
of arrestin-1-3A. Considering that the arrestin-1-3A was suc-
cessfully expressed in transgenic mice at fairly high levels (11),
these data suggest that both the K258Q/E347H and K258Q/
E347H/H329K mutants might be stable enough for in vivo
expression.
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Mutant Stability in Cells Follows the Same Pattern as in the in
Vitro Assay—To closer mimic the intracellular environment
that these proteins will be facing in rod photoreceptors, we
expressed several arrestins in HEK293 cells. We chose the
K258Q/E347H+3A mutant, the K258Q/E347H/H329K+3A
mutant, with stable WT arrestin-1 and the arrestin-1-3A
mutant as positive controls as well as the much less stable
K258E/E347H/R172Q+3A mutant for comparison. Three
hours before lysis one plate with cells expressing each mutant
was kept at 37 °C (control), whereas a second plate was incu-
bated at 40 °C. The cells were lysed and centrifuged to remove
debris and aggregated proteins. To measure possible loss due to
aggregation during the 3-h incubation at 40 °C, 2 ug of total
protein from each cell lysate was analyzed by Western blot with
rabbit polyclonal anti-arrestin antibodies (14). We found a
slight reduction of soluble arrestin-1 level in the lysates of cells
incubated at 40 °C, which in no case exceeded that observed for
WT protein (Fig. 4A). Next, we tested the ability of these pro-
teins to bind P-Rh* in our standard extensively characterized
direct binding assay (26, 27, 31-36, 38 —43) using lysates of cells
expressing various mutants (Fig. 4B). Arrestin-containing
lysates were incubated for 5 min at 37 °C with or without 1 ug of
P-Rh in room light, and rhodopsin-containing membranes
were pelleted by centrifugation. We compared the total amount
of arrestin-1 added (input (7)) with that bound to P-Rh* (Rk) or
non-specifically aggregated (us) in samples containing no rho-
dopsin. In all cases at least half of the arrestin added bound
P-Rh*, and very little was pelleted in the absence of rhodopsin
(Fig. 4B). All mutants performed similarly to WT, with the
exception of the K258E/E347H/R172Q+3A mutant, which
demonstrated increased nonspecific aggregation and lower
specific binding, in agreement with its reduced stability in the in
vitro survival test (Fig. 3D). The ratio of specifically bound frac-
tion of each arrestin from cells incubated at 40 and 37 °C was
used to estimate protein survival (Fig. 4B). This parameter was
found to be ~100% for WT arrestin-1 and 3A mutant, >80% for
the K258Q/E347H+3A mutant, and lower for the other two
mutants (Fig. 4B). These results match in vitro survival test (Fig.
3D) remarkably well. Both tests suggest that the K258Q/
E347H+3A mutant, with significantly higher Rh* binding than
3A (Fig. 3C), demonstrates stability comparable to the 3A
mutant (Figs. 3D and 4B).

Elimination of Arrestin-1 Self-association Is Compatible with
Enhanced Rh* Binding— Arrestin-1 that retains normal ability
to bind P-Rh* but does not self-associate is necessary to test the
biological role of its oligomerization in photoreceptors. There-
fore, we performed both cell-based and in vitro stability tests
with the two previously designed constitutively monomeric
mouse arrestin-1 mutants, F86A/F198A and F86A/F198A/
A349V (19, 70). We found that these mutants express at least as
well as WT arrestin-1 in HEK293 cells, and both survive 3 h of
incubation of cells at 40 °C at least as well as WT (Fig. 5A4). The
fraction of the two mutants in cell lysates that specifically
bound P-Rh* was similar to that of WT arrestin-1 (Fig. 5B).
Both constitutively monomeric mutants showed essentially the
same ~100% survival, estimated as the ratio of specifically
bound fraction of WT and mutant arrestin-1 from cells incu-
bated at 40 and 37 °C (Fig. 5B). In full agreement with these
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data, the in vitro testing at 39 °C of both constitutive monomers
demonstrated even higher stability than 3A mutant (Fig. 5C).
Thus, in contrast to activating mutations, substitutions dis-
abling self-association of arrestin-1 do not appear to adversely
affect protein stability (Figs. 3-5).

Mutations preventing oligomerization of arrestin-1 introduced
on WT background were shown not to affect the binding to rho-
dopsin and microtubules (70). On the basis of the multifunc-
tionality of arrestin proteins (44 —46) and demonstrated feasi-
bility of changing individual functions without affecting others
(28, 47-49), it was suggested that combinatorial mutagenesis
can generate arrestins with essentially any desired set of func-
tional characteristics (12, 46). To test this idea, we combined
the double mutation F86A/F198A that renders arrestin-1 con-
stitutively monomeric with several mutations enhancing bind-
ing to Rh* including 3A, K258Q/E347H+3A and K258Q/
E347H/H329K+3A, and compared these proteins with
parental mutants where only a single function was changed
(Fig. 6). We found that although the addition of FS6A/F198A to
enhancing mutations does not appreciably affect P-Rh* inter-
action, the binding to Rh* of constitutively monomeric-en-
hanced arrestins was somewhat reduced compared with the
parental forms where the same activating mutations were
introduced on WT background (Fig. 6A4). However, arrestin-1
carrying combinations of K258Q/E347H+3A and K258Q/
E347H/H329K+3A with F86A/F198A largely retained its high
binding to unphosphorylated Rh* (Fig. 6A). Finally, to deter-
mine the suitability of these mutants for in vivo testing, we
performed harsher in vitro stability test, measuring the survival
of these proteins at 42 °C (Fig. 6B). At this temperature even
WT arrestin-1 shows some inactivation, whereas the arrestin-
1-3A mutant, which was successfully expressed in rods of trans-
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genic mice, lost ~50% of activity by 4 h (Fig. 6B). These condi-
tions also revealed the difference between the two constitutive
monomers: F86A/F198A is almost as stable as WT, whereas
F86A/F198A/A349V demonstrated ~50% survival, similar to
3A (Fig. 6B). The F86A/F198A double mutation somewhat
reduced the stability of the less robust K258Q/E347H/
H329K+3A, and it did not significantly affect the survival of
K258Q/E347H+3A (Fig. 6B). This test revealed that the stabil-
ity of K258Q/E347H+3A on both WT and constitutively
monomeric background is comparable to that of 3A mutant.
Thus, both forms of enhanced K258Q/E347H+3A as well as
constitutively monomeric mutants are suitable candidates for
in vivo expression.

Because the effect of the F86A/F198A double mutation on
arrestin-1 self-association was only tested on the WT back-
ground (70), we determined the ability to oligomerize of the
enhanced K258Q/E347H+3A mutant and the combination of
K258Q/E347H+3A with F86A/F198A. To this end both pro-
teins were expressed in E. coli and purified, and their self-asso-
ciation was quantitatively tested by multiangle light scattering
(18, 19, 70). We found that the K258Q/E347H+3A mutant
retained the ability to form dimers and tetramers (Fig. 7). How-
ever, its self-association was reduced relative to WT mouse
arrestin-1 (70). Although the data were readily fitted to the
MDT model, log K, and log K., were 3.35 * 0.05 and 3.85 *
0.28, which translates into K 4, and K, . of 447 * 7 and
141 = 10 um, respectively. Similar to what we previously found
for mouse arrestin-1-F86A/F198A, the data for the K258Q/
E347H/H329K+3A + F86A/F198A combination mutant (Fig.
7) could not be fitted by the MDT model but were fitted by a
simpler monomer-dimer model, with log K;, = 2.43 + 0.16,
which corresponds to K, 4., = 3,715 * 245 um. Thus, on both
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to the bound fraction in lysates of control cells kept at 37 °C. Quantification in
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was compared with that of controls kept on ice (0 min). The means = S.D. of two
independent experiments are shown.

WT (70) and the K258Q/E347H+3A background (Fig. 7), the
F86A/F198A double mutation reduced dimerization about
10-fold and totally eliminated tetramerization.
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The data (Figs. 6 and 7) show that self-association and bind-
ing to unphosphorylated Rh* are not completely independent
of each other, which could be expected as the mutations neces-
sary to change both functions localize to the concave sides of
the two arrestin-1 domains (Fig. 7A). Nonetheless, targeted
reengineering of mouse arrestin-1 yielded new forms where
two of its functional characteristics, the level of Rh* binding,
and the ability to self-associate, were differentially affected,
generating expected combinations.

DISCUSSION

Rhodopsin is a prototypical class A G protein-coupled recep-
tor (GPCR). GPCRs are the largest and arguably the most struc-
turally and functionally diverse family of signaling proteins in
mammals (50, 51), with ~800 subtypes in humans and other
primates and much larger numbers in most mammals
(SEVENS database). Mutations in different GPCRs underlie a
variety of genetic disorders (52). In particular, about a dozen
gain-of-function mutations resulting in excessive receptor sig-
naling underlie disorders ranging from retinal degeneration
(10) to dwarfism, hypo- and hyper-thyroidism, and several
forms of cancer (52). In some cases, constitutive activity of the
receptor results in its excessive phosphorylation and associa-
tion with arrestin. Constitutive desensitization of human vaso-
pressin receptor mutant underlies nephrogenic diabetes insip-
idus (53), whereas in the case of rhodopsin it results in night
blindness or retinal degeneration (54).

Despite technical challenges, the treatment strategy for loss-
of-function mutations is conceptually straightforward; gene
replacement therapy introducing a functional version of the
affected protein is the most logical approach, as was recently
demonstrated in the case of Leber congenital amaurosis asso-
ciated with deficit of RPE65 (55-58). However, gain-of-func-
tion mutations pose a conceptual problem; these mutations are
dominant, which means that the second perfectly normal allele
does not help. Theoretically, mutant mRNA can be targeted by
appropriately designed ribozyme that spares normal mRNA.
The ribozyme must be extremely efficient, as even low expres-
sion of non-phosphorylatable rhodopsin induces retinal degen-
eration (59). In addition, it has to be very selective, because
mutant and normal mRNA sometimes differ by as little as a
single nucleotide, as in case of frameshift mutations (10). The
combination of these characteristics may not be practical.

The only alternative proposed so far is compensation: bal-
ancing a receptor that signals too much with hyperactive arres-
tin or a receptor that cannot be phosphorylated with a phos-
phorylation-independent arrestin mutant (for review, see Refs.
12 and 46). However logical this sounds, a recent proof-of-prin-
ciple study testing this approach in the visual system in vivo
demonstrated that existing enhanced arrestins are not effective
enough to achieve full compensation (11). Here we describe
extensive targeted redesign of the rhodopsin-binding surface of
arrestin-1 to generate mutant forms with much higher affinity
for unphosphorylated Rh* that have a potential to achieve more
effective phosphorylation-independent shutoff. We found that
the combination of a triple alanine substitution that forcibly
detached the arrestin C-tail from the body of the molecule and
facilitated arrestin transition into the active high affinity recep-

JOURNAL OF BIOLOGICAL CHEMISTRY 3401



Visual Arrestin-1 with Special Functional Characteristics

A 45-

l P-Rh* (J Rh*

40-
— 351
o
E 30
T
5 25
[}
K]
£ 20
§ 154
<
104
X []
N [
WT 3A 3A 3A F86A F86A 3A 3A 3A
K258Q K258Q F198A F198A F86A K258Q K258Q
E347H E347H A349V F198A E347H E347H
H329K F86A H329K
F198A F86A
F198A
B Survival at 42°C = 60' [ 120' WM 240'
53_100‘ = = = = = = = = =
= H H H H = H = H = H = =
T e 751F = = H = =l H| = H
58 1E z z Hq B E H| z :
= '%5 S01H H H = = = = = =
X < = = H| H| = = N = =
CRaE SN MEIA MEN BE I S0 E TN LW E I 2l
olH = = = = = HI H H
WT 3A 3A 3A F86A  F86A 3A 3A 3A
E347H E347H F198A F198A F86A E347H E347H
K258Q K258Q A349V F198A K258Q K258Q
H329K F86A H329K
F198A F86A
F198A

FIGURE 6. Enhanced binding to Rh* can be achieved with and without ability to self-associate. A, the binding of WT mouse arrestin-1 and the indicated
mutants to P-Rh* (black bars) and Rh* (white bars) are shown. B, to rigorously compare protein stability, indicated translated arrestins were incubated for 60,
120, or 240 min at 42 °C, and their specific binding to P-Rh* was compared with that of controls kept on ice (0 min). The means = S.D. of two independent
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tor binding state (31, 60— 62) with a re-engineered rhodopsin
binding surface yields mutants that bind Rh* better than WT
arrestin-1 binds its natural target, P-Rh* (Fig. 2). However,
many activating mutations reduce thermal stability of the pro-
tein (Figs. 2, 3, 4, and 6). We found that less drastic changes are
not as detrimental for protein stability (Figs. 2 and 3). In partic-
ular, replacement of charge reversal with charge neutralization,
such as changing K258E to K258Q or E347K to E347H, pre-
serves most of the gain in Rh* binding while improving protein
survival at elevated temperatures (Figs. 3 and 4). Similarly, the
H329K mutation, which moderately increases the positive
charge in this position, does not adversely affect arrestin-1 sta-
bility (Fig. 3). Moreover, the K258Q/E347H+3A mutant shows
equally impressive stability in vitro and in cells subjected to
elevated temperatures (Figs. 3, 4, and 6), which makes it a good
candidate for in vivo testing and a promising tool for gene ther-
apy of genetic disorders associated with defects in rhodopsin
phosphorylation. It should be noted that we only tested the
binding of these mutants to unphosphorylated light-activated
WT rhodopsin. Additional tests with actual disease-causing
rhodopsin mutants, particularly the truncated form lacking the
C terminus (10), are necessary to fully evaluate therapeutic
potential of enhanced phosphorylation-independent arrestins.
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Bovine, mouse, and human arrestin-1 robustly self-associate
at physiological concentrations, forming dimers and tetramers
(70). Yet only monomeric arrestin-1 can bind P-Rh* (18). Arres-
tin-1 is present in rods and cones at very high concentrations
(13-15), exceeding those achieved by non-visual arrestins in
any cell (63, 64) by 4 orders of magnitude. Its propensity to
oligomerize in different mammalian species suggests that this
phenomenon must be biologically important. The most
straightforward approach to elucidation of the role of arrestin-1
self-association in photoreceptor physiology is the replacement
of WT protein with a constitutively monomeric mutant that
retains all other normal arrestin-1 functions. We showed that
mouse arrestin-1 with mutations disabling its self-association is
stable enough for this purpose. Moreover, we showed that defi-
cient oligomerization can be successfully combined with
increased ability to bind unphosphorylated Rh*, identifying sta-
ble enhanced mutants that can be generated with or without the
ability to self-associate. These are the first proof-of-principle
results demonstrating the feasibility of engineering proteins
with desired combinations of functional characteristics.
Depending on the role of arrestin-1 self-association in photo-
receptors, the most therapeutically efficient enhanced mutants
could be those that either self-associate or lack this ability.
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Molecular tools described here will help to answer these impor-
tant biological questions.

Remarkable sequence similarity in the arrestin family (45)
along with conservation of the three-dimensional structure
among all four vertebrate subtypes (33, 37, 65, 66) suggests that
homologous substitutions in non-visual arrestins will likely
similarly enhance the binding of arrestin-2 and -3 to unphos-
phorylated forms of their cognate GPCRs. Enhanced forms of
arrestin-2 and -3 proved to be useful tools to study GPCR sig-
naling (60, 61, 67) and trafficking (47). The versions of inher-
ently promiscuous non-visual arrestins with increased specific-
ity for individual receptor subtypes (23, 27, 68) have therapeutic
potential in disorders associated with excessive GPCR signaling
(12, 20, 46).

Targeted redesign of signaling proteins and regulatory path-
ways (11, 12, 22, 28, 46, 48, 69) has been proposed as a novel ther-
apeutic approach for diseases where signaling imbalance underlies
the pathology. However, activating mutations often destabilize the
basal conformation, thereby reducing protein stability. This is a
critical difficulty in developing more active mutants engineered to
rebalance cell signaling. Here we demonstrate that protein reengi-
neering guided by high resolution structure allows one to create
mutants with desired functional characteristics that retain a signif-
icant proportion of the stability of parental WT protein perfected
over millions of years by evolution.
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