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Biological Role of Arrestin-1 Oligomerization
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Members of the arrestin superfamily have great propensity of self-association, but the physiological significance of this phe-
nomenon is unclear. To determine the biological role of visual arrestin-1 oligomerization in rod photoreceptors, we expressed
mutant arrestin-1 with severely impaired self-association in mouse rods and analyzed mice of both sexes. We show that the
oligomerization-deficient mutant is capable of quenching rhodopsin signaling normally, as judged by electroretinography and
single-cell recording. Like wild type, mutant arrestin-1 is largely excluded from the outer segments in the dark, proving that
the normal intracellular localization is not due the size exclusion of arrestin-1 oligomers. In contrast to wild type, supraphy-
siological expression of the mutant causes shortening of the outer segments and photoreceptor death. Thus, oligomerization

reduces the cytotoxicity of arrestin-1 monomer, ensuring long-term photoreceptor survival.
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ignificance Statement

-

Visual arrestin-1 forms dimers and tetramers. The biological role of its oligomerization is unclear. To test the role of arrestin-
1 self-association, we expressed oligomerization-deficient mutant in arrestin-1 knock-out mice. The mutant quenches light-
induced rhodopsin signaling like wild type, demonstrating that in vivo monomeric arrestin-1 is necessary and sufficient for
this function. In rods, arrestin-1 moves from the inner segments and cell bodies in the dark to the outer segments in the light.
Nonoligomerizing mutant undergoes the same translocation, demonstrating that the size of the oligomers is not the reason
for arrestin-1 exclusion from the outer segments in the dark. High expression of oligomerization-deficient arrestin-1 resulted
in rod death. Thus, oligomerization reduces the cytotoxicity of high levels of arrestin-1 monomer.
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Introduction

Arrestin-1 [Arrl; (historic names are S-antigen, 48 kDa protein,
visual, or rod arrestin)], a member of the arrestin family selec-
tively expressed in the retina, is the key regulator of rhodopsin
signaling in rod photoreceptors. Arrl binds with high affinity to
light-activated rhodopsin phosphorylated by rhodopsin kinase,
which precludes light-dependent activation of the rod phospho-
diesterase (Wilden et al, 1986). Reversible oligomerization of
Arrl was described before its function in photoreceptors was
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elucidated (Wacker et al., 1977). Analytical ultracentrifugation
of purified arrestin-1 revealed monomer-dimer-tetramer
equilibrium in solution (Schubert et al., 1999). Self-association
via monomer—dimer-tetramer equilibrium was found to be a
common feature of bovine, mouse, and human Arrl (Hanson
et al., 2008a; Kim et al., 2011), suggesting that it must be bio-
logically important. However, the biological function of Arrl
oligomerization remains unclear. The identification of the key
Arrl residues involved in oligomerization provided the first
opportunity to examine the potential biological significance of
the Arrl oligomerization in living animals. Here we used
transgenic expression of an oligomerization-deficient mouse
Arrl in rods at varying levels, on the background of Arrl
knockout. We focused on addressing the following three ques-
tions regarding arrestin-1 self-association: (1) does it play a
role in quenching rhodopsin signaling in vivo?; (2) does it
affect arrestin-1 subcellular distribution in photoreceptors?;
and (3) does it affect photoreceptor health and survival? Our
data indicate that in vivo arrestin-1 self-association is not
required for efficient rhodopsin quenching and does not affect
its subcellular distribution in photoreceptors, but is necessary
for rod functionality and longevity.
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Materials and Methods

Ethics statement

Animal research was conducted in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and was approved by the Vanderbilt University Institutional Animal
Care and Use Committee/Office of Animal Welfare Assurance (protocol
ID M1800048-00). The protocol for suction electrode recordings was
approved by the Institutional Animal Care and Use Committee of the
University of California, Davis.

Construction of oligomerization-deficient mouse Arrl mutant and gener-
ation of transgenic mice

Double mutation F86A+F198A that suppresses self-association of mouse
Arrl (Kim et al,, 2011) was introduced into mouse Arrl ¢cDNA (a gift
from Dr. Cheryl Craft, University of Southern California) by PCR and
confirmed by dideoxy sequencing. The coding sequence of F86A+F198A
mutant (oligomerization-deficient Arrl, referred to as CM) with extended
5'- and 3'-UTRs followed by mpl polyadenylation signal was placed
under the control of the pRho4-1 rhodopsin promoter (Mendez et al.,
2000) and was used to create several transgenic lines, as described previ-
ously (Nair et al., 2005; Song et al., 2009). Transgenic lines were bred onto
an Arrl ™/~ background (Xu et al., 1997), and the levels of expression of
arrestin and rhodopsin were determined by Western blot in retinal ho-
mogenates, as described previously (Song et al., 2009, 2011). Mice of both
sexes were used.

Protein purification

Mouse Arrl was expressed in Escherichia coli and purified by sequential
heparin-Sepharose and Q-Sepharose chromatography, as described pre-
viously (Vishnivetskiy et al., 2014). Rhodopsin was purified from bovine
retinas, as described previously (Vishnivetskiy et al., 2007).

Animals

Mice were maintained under controlled ambient illumination on a 12 h
light/dark cycle unless otherwise specified. Genotype was determined by
standard PCR-based technique, and the mice of all transgenic lines were
regularly backcrossed to fresh breeders to maintain the genetic homoge-
neity of the colony. Mice of both sexes were used in the experiments,
and the experimental groups were balanced by sex.

CM expression in the different transgenic lines

Whole mouse retina homogenate preparation. Dissected retinas were
homogenized by pipetting and sonication (30 s at 15% maximum power;
sonic dismembrator Model 500, Thermo Fisher Scientific) in 100 mm
Tris-HCI, pH 8.0; 2 mm EDTA; 2 mm benzamidine; 1 mm PMSF (dis-
solved as 100 stock in DMSO). The homogenates were centrifuged for
3 min at 3000 rpm at 4°C in an Eppendorf 5417R centrifuge to pellet cell
debris. Supernatant was collected, and protein concentration was meas-
ured by Bradford Assay (Bio-Rad). Protein was precipitated by the addi-
tion of nine volumes of methanol, washed with 90% methanol, and
dissolved in SDS sample buffer.

Western blotting. The expression of Arrl and rhodopsin in different
lines was measured by quantitative Western blot, essentially as described
previously (Song et al., 2011). Briefly, aliquots of whole retina homoge-
nates containing 0.1-2.0 ng rhodopsin or 2-5 ng arrestin were subjected
to SDS-PAGE along with four standards containing known amounts of
the corresponding purified proteins in the same range. Rhodopsin and
arrestin standards were supplemented with the same amount of protein
from the retina of rhodopsin and arrestin knock-out mice, respectively,
that was present in experimental samples. The proteins were transferred
to an Immobilon-P (Millipore) membrane, which was blocked with 5%
nonfat dry milk in TBS containing 0.1% Tween-20 (TBST) for 60 min at
room temperature with gentle rocking. The membranes were rinsed
with TBST, and arrestin and rhodopsin blots were incubated overnight
at 4°C with gentle rocking with rabbit polyclonal anti-arrestin F431 anti-
body (1:10,000; Vishnivetskiy et al., 2014) or mouse monoclonal 4D2
anti-rhodopsin antibody (1:10,000; a gift from Dr. R.S. Molday;
Department of Biochemistry and Molecular biology, the University of
British Columbia, Canada), respectively, in TBST supplemented with 2%
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BSA. GAPDH and COX IV blots were incubated overnight at 4°C with
appropriate primary antibodies (rabbit polyclonal COX IV antibody
(1:1000; catalog #11-035-144, Jackson ImmunoResearch) and GAPDH
(1:500; Thermo Fisher Scientific). The blots were washed three times
with TBST and incubated 1 h at room temperature with HRP-conju-
gated anti-rabbit or anti-mouse secondary antibodies (1:10,000; Jackson
ImmunoResearch). After several washes, the bands were visualized with
WestPico Pierce chemiluminescence reagent (Thermo Fisher Scientific)
according to manufacturer instructions. Developed blots were exposed
to Super RX X-ray film (Fujifilm) for appropriate periods to ensure that
none of the bands to be used for quantification purposes are saturated
on the film. The signals were quantified using VersaDoc with
QuantityOne software (Bio-Rad), and the amount of arrestin and rho-
dopsin in experimental samples was quantified based on linear calibra-
tion curves using GraphPad Prism version 8.0.0 for Mac (GraphPad
Software). Alternatively, the bands were directly detected using C-Digit
(LI-COR) and Image Studio Digits software (version 1.14). Because rho-
dopsin always appears as a series of bands believed to represent mono-
mers, dimers, trimers, and higher-order oligomers, the sum of the signal
in all rhodopsin bands in each lane was used for quantification. The sig-
nal in corresponding areas of these “blank” lanes was subtracted from
the signal in standards and all other samples. Each protein in every eye
sample was quantified on two to three independent blots.

The analysis of retinal histology

At the indicated ages (from 6 to 52 weeks), mice were killed by an over-
dose of isoflurane, the eyes were enucleated and fixed in 4% paraformal-
dehyde at 4°C overnight, cryoprotected with 30% sucrose in PBS for 6 h,
and frozen at —80°C. Sections (30 pum) were cut and mounted on poly-
lysine-coated (0.1 mg/ml) slides. The sections were rehydrated for at
least 40 min in PBS, pH 7.2, and were incubated for 10 min in PBS with
0.1% Triton X-100, washed twice for 5min in PBS, and stained with
Invitrogen NeuroTrace 500/525 green fluorescent Nissl (Thermo Fisher
Scientific) in PBS (dilution, 1:100) for 20 min. The sections were then
washed with PBS with 0.1% Triton X-100 for 10 min, twice with PBS
(5min each), and kept overnight at 4°C in PBS. Mounted sections were
analyzed by confocal microscopy (LSM510 microscope, Zeiss). The outer
nuclear layer (ONL) was visualized by fluorescence in FITC (green)
channel, outer segments (OS) were viewed using differential interference
contrast (DIC). Two-channel images were acquired for quantitative
analysis. Nissl stains nucleic acids, providing a convenient method of
prominently labeling DNA-rich nuclei in the outer nuclear layer and
yielding the characteristic more diffuse staining of RNA-rich inner seg-
ments (ISs). It also helps to identify the outer segments that are essen-
tially free of nucleic acids and therefore contain no Nissl stain, but are
clearly visible in the DIC images.

The length of OS and the thickness of ONL were measured using NIS-
Elements (Nikon Instruments). The retinas of five mice (three sections per
mouse) for each genotype were used. Each side of the section was divided
into three segments according to the distance from optical nerve: central,
medium, and peripheral in both inferior and superior hemispheres, so
that the whole length of the section was divided into six segments. The
measurements were performed at five points spaced at equal distances
within each segment. Average values of each parameter for individual ani-
mals was used to calculate the mean and SD for each genotype.

Immunohistochemistry

The eyes were carefully enucleated, immediately immersed into fixing
solution [4% paraformaldehyde (Electron Microscopy Sciences) in 0.1 m
PBS, pH 7.2] and incubated 24 h at 4°C in the dark (dark-adapted eyes)
or in 45001lux light (light-adapted eyes). Fixed eyes were rinsed three
times with PBS, pH 7.2, cryoprotected overnight in 30% sucrose in PBS,
and frozen at —80°C. The eyes were cut into 30-um-thick sections. Free-
floating sections were blocked for 1 h in PBS with 0.3% Triton X-100
and 5% BSA at room temperature and then incubated with rabbit poly-
clonal anti-arrestin antibody C10C10 (a gift from Narsing A. Rao,
University of Southern California) in PBS with 0.03% Triton X-100, 1%
BSA (integrated circuit buffer). The best for quantification staining was
achieved after 48 h of incubation with the antibody at 1:1000 dilution for
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Table 1. Average kinetic parameters of WT and CM-77 light responses
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Dim flash Dim flash integration Flash sensitivity Saturating flash Collecting
Dark current (pA) SPR amplitude (pA) recovery (7ec) (ms) time (ms) l, (photons ,um’z) recovery 7p (ms) area (,umz)
WT 11.8£0.7 (18) 0.55 = 0.05 (18) 149 + 5.6 (18) 187 =12 (18) 46 + 2.7 (18) 163 8.6 (18) 0.42 = 0.05 (18)
M-77 129 =09 (17) 0.52 = 0.08 (17) 174 =16 (17) 246 * 28 (17) 52+ 45(17) 200 = 23 (16) 0.45 2 0.04 (17)

For each, p > 0.05. Parameters were determined as described in the study by Gross et al. (2012).

wild type (WT) and CM-77*"""~ and 5d of incubation with the anti-
body at 1:4000 dilution for CM-292*" /", free-floating sections at 4°C,
as judged by the intensity of staining of WT. After washing with PBS
buffer, the sections were sequentially incubated with biotinylated anti-
rabbit antibody (Vector Laboratories) and Invitrogen streptavidin-Alexa
Fluor-488 antibody (Thermo Fisher Scientific) at a dilution of 1:1000 for
1 h each at room temperature. After the final wash with PBS buffer, the
sections were mounted on Superfrost Plus Microslides (VWR) coverslip
by using Invitrogen Antifade reagent (Thermo Fisher Scientific) and
viewed by using the 40 1.3 PlanNeoFluor objective lens of a Zeiss LSM
510 laser-scanning confocal microscope. The immunofluorescence was
detected by excitation with a 488 nm laser line and an LP505 filter. The
same settings for the acquisition of all images were used to enable subse-
quent quantitative analysis. DIC images were acquired in parallel to
facilitate the identification of subcellular compartments. The total
amount of fluorescence in the outer segments, inner segments, outer nu-
clear layer, and synaptic terminals was determined using NIS-Elements
(Nikon Instruments) imaging software by creating a single-line fluores-
cence intensity profile across the photoreceptor layer and finding the
area under the curve for respective photoreceptor region. The percentage
of Arrl in each region was calculated as a fraction of total area under the
curve across the photoreceptor layer (see Fig. 7). The retinas of three to
four mice (three sections per mouse) of both sexes for each genotype
were used.

Electroretinography

Electroretinograms (ERGs) were recorded from 7- to 8-week-old mice
reared in 12 h light/dark cycle and dark-adapted overnight, as described
previously (Lyubarsky et al., 2002; Song et al., 2009). Under a dim red
light, mice were anesthetized by intraperitoneal injection of 15-20 keta-
mine, 6-8 xylazin, 600-800 mg/g body weight urethane in PBS. The
pupils were dilated with 1% tropicamide in PBS. Eye electrodes made
with a coiled 0.2 mm gold wire (catalog #D200, Diagnosys) were placed
on the corneas of both eyes, a tungsten needle reference electrode was
placed in the cheek, and a ground needle electrode was placed in the tail.
ERGs were recorded using E2 Desktop visual electrophysiology system
with software Espion Version 6.0.50 (Diagnosys). A Ganzfeld chamber
was used to produce brief (from 20 ps to 1 ms) full-field flash stimuli.
The light intensity was calibrated by the manufacturer and computer
controlled. The mouse was placed on a heating plate connected to a tem-
perature control unit to maintain the temperature at 37-38°C through-
out the experiment.

Single-flash protocol. A series of stimuli from 0.00025 to 138cd * s/
m? (or —3.6 to 2.15 log cd * s/m’, covering the range of 5.75 log units) in
steps of 0.2 log units was presented in an ascending order. Sufficient
time interval between flashes (from 20 s for low-intensity flashes up
to 3min for the highest intensity) was allowed for dark adaptation. To
increase precision, the responses to dim flashes were recorded two to
three times. The a-wave amplitude was measured from baseline to the a-
wave trough, and the b-wave amplitude was measured from the a-wave
trough to the b-wave peak. The retinal response from rods is called the
scotopic ERG, which has no discernible a-wave and a slow b-wave.

Double-flash protocol. The double-flash recording was used to ana-
lyze the kinetics of recovery (Lyubarsky and Pugh, 1996). A test flash
was delivered to suppress the circulating current of the rod photorecep-
tors. The recovery of this current was monitored by delivering a second
(probe) flash. The time interval between the two flashes was varied from
50 to 2000 ms. The intensity of the test and probe flash was —0.4 and
0.65 log cd * s/m”, respectively, corresponding to ~400 and ~4500 pho-
toisomerizations per rod (Lyubarsky et al., 2004). Sufficient time for
dark adaptation was allowed between trials, as determined by the

reproducibility of the response to the test flash. The response to a probe
flash recorded without a preceding test flash was used to normalize the
responses to probe flashes following a test flash. The normalized ampli-
tude of the probe flash a-wave was plotted as a function of time between
the two flashes. Instead of fitting the data points to a theoretical equa-
tion, which is based on certain assumptions that may not be correct for
all of the genotypes, we fitted curves with polynomial nonlinear regres-
sion using GraphPad Prism version 8.0.0 for Mac (GraphPad Software)
and considered R* > 0.95 as a criterion for a good fit. The time interval
necessary for half recovery was calculated from this fit (see Fig. 4).

Single-cell recording

Suction electrode recording was performed at the University of California,
Davis, according to an approved protocol from the Institutional Animal
Care and Use Committee and in compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Mice were
maintained in 12 h cyclic lighting conditions and dark-adapted overnight
before experiments. Suction electrode recordings were performed at 37°C
in oxygenated, bicarbonate-buffered Locke’s solution, as described previ-
ously (Gross et al., 2012). Briefly, the outer segment of an intact rod was
drawn into a polished glass pipette filled with 140 mm NaCl, 3.6 mm KCl,
2.4 mm MgCl,, 1.2 mm CaCl,, 3 mm HEPES, 0.2 mm EDTA, and 10 mm
glucose, pH 7.4. The pipette and bath electrode were electrically connected
to calomel half-cells by agar bridges, and the bath voltage was regulated by
an active clamp circuit to minimize electrical artifacts. The membrane cur-
rent was amplified by an Axopath 1B (Molecular Devices; filtered by an
eight-pole Bessel filter with 30Hz cutoff frequency, and digitized at
200 Hz using NiDAQ for Igor Pro (WaveMetrics).

The average single-photon response for each cell was estimated by
variance-to-mean analysis of an ensemble of dim flash responses (at least
25 responses with amplitudes of <20% of the dark current), and the
waveforms were averaged across cells of a given genotype. For analysis
of saturating responses (see Fig. 4C), the time spent in saturation (Tsat)
was defined as the time between the midpoint of the 10 ms flash and
10% recovery from saturation. One of the CM-77*""'" rods with normal
dim flash responses dramatically slowed when the flashes became satu-
rating. This cell was excluded from the Tsat analysis presented in Table 1
(and see Fig. 4). Neither including nor excluding the cell resulted in a
statistically significant difference between WT and mutant saturating
flash recovery 7, values.

Calculations of the concentration of CM monomers and dimers based on

its total expression level

As CM dimerizes, but does not form tetramers, the calculations of the
concentration of the monomer were based on the measured dimeriza-
tion constant of this mutant [Kp (dissociation constant) = 537 um; Kim
et al,, 2011] and its measured (see Fig. 2) expression level. The concen-
tration of WT Arrl in the ISs and cell bodies of C57BL/6] mice (at 100%
expression) is ~2000 uMm (Kim et al., 2011; Song et al., 2011). The distri-
bution of CM in rods resembles that of WT Arr1 (see Fig. 2). Total CM
concentration T=2D + M, where D and M are the concentrations of
dimer and monomer, respectively. By definition, the equilibrium Kp, of
dimerization is Kp = M*/D. As T=2D + M, the concentration of the
dimer D = (T - M)/2. Therefore, the concentration of the monomer is
the positive root of the quadratic equation 2M* + Kp x M - Kpx T=0.

Dark and light adaptation and dark rearing

Mice were kept in a standard 12 h dark/light cycle. For ERG and single-
cell recording, mice were dark adapted overnight (12-14 h). Dark-reared
mice were kept in a ventilated light-proof box from birth. Ear punches
for genotyping were taken from these mice at 21d of age in dim red
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light. Food and water in cages kept in light-proof
boxes were checked daily, cages were changed ev-
ery week, all in dim red light.

Light adaptation was performed for 1 h in a
box covered inside with reflective aluminum foil
for 1 h at 4500]ux (model DLM2000 digital light
meter, Mannix). Enucleated light-adapted eyes
were fixed in ice-cold 4% paraformaldehyde in 0.1
M PBS, pH 7.2, in the same intense light for 1 h,
and then overnight at 4°C in the refrigerator, and
processed, as described above.

Arrl fraction in dark-adapted OS

Mouse OSs were prepared by centrifugation on dis-
continuous OptiPrep (gradient medium; Sigma-
Aldrich), as described previously (Song et al,
2011). The amounts of Arrl, rhodopsin (to calcu-
late OS yield), and COX IV (to measure the OS
contamination with IS material) in purified OSs
(see Fig. 8) and total retina (see Fig. 2) were meas-
ured by quantitative Western blot. The fraction of
Arrl in the OSs was calculated using the total amount of Arr1 in the ret-
ina, the measured amount of Arrl in purified OSs (corrected by yield
based on rhodopsin, which localizes to the OS), and the amount of Arrl
in the OS fraction based on measured IS contamination and the fraction of
Arrl in dark-adapted ISs (determined by immunohistochemistry; see Fig.
7). Based on COX IV blots, IS contamination of the OS fraction was in the
range of 0.6-2.5%. Three independent OS preps, each from two mice, were
prepared for each line. Three measurements were used to calculate means
and SDs shown in Table 2. Rhodopsin and Arrl were quantified using cali-
bration curves constructed by running known amounts of purified proteins
on the same Western blot (see Figs. 2, 8).

Figure 1.

Experimental design and statistical analysis

GraphPad Prism version 8.0.0 for Mac (GraphPad Software) was used
for statistical analysis. In all cases when a repeated-measures design was
used, no sphericity was assumed and a Greenhouse-Geisser correction
applied. In all analyses, the SDs in all groups were not statistically differ-
ent as evidenced by the Brown-Forsythe test.

The histologic data on ONL thickness and OS length were analyzed
separately for each retinal subdivision by two-way ANOVA with geno-
type and age followed by Bonferroni’s post hoc comparison with correc-
tion for multiple comparisons to evaluate the effect of genotype across
ages. This analysis was followed by one-way ANOVA with genotype as
main factor separately for each age followed by Bonferroni’s post hoc
comparison.

The retinal histology in light- and dark-reared mice was analyzed by
repeated-measures ANOVA with retinal subdivision (central, middle, pe-
ripheral) as the within-group factor and light as the between-group factor
separately for each genotype and age. This analysis was supplemented by
Bonferroni’s multiple-comparison test to assess the effect of light.

For the a- and b-wave amplitudes, repeated-measures ANOVA, with
genotype as the between-group factor and flash intensity steps as the
within-group factor, was used. The ANOVA was followed by post hoc
comparison with Dunnett’s multiple-comparison test comparing the
mutant genotypes with the WT. The time of half-recovery (T}, was an-
alyzed using ANOVA with genotype as the main factor with post hoc
comparison of means by Dunnett’s test.

The light-dependent distribution of Arrl measured by immunohis-
tochemistry was analyzed by repeated-measures two-way ANOVA with
genotype as the between-group factor and subcellular compartment as
the within-group factor. The means of the mutant groups were com-
pared with that of WT by multiple-comparison post hoc Dunnett’s test.
The amount of Arrl in OSs detected by Western blot was analyzed by
one-way ANOVA with genotype as the main factor followed by
Bonferroni’s multiple-comparison test to compare all means.

For suction electrode recordings, comparisons between genotypes
for each measured parameter (time to peak, single photon response ampli-
tude, and time constant of recovery) were made using a two-tailed Student’s
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Arrestin-1 solution tetramer and mutations disrupting oligomerization. A, A model of the solution structure
of bovine Arr1 tetramer (Hanson et al., 2008b) with protomers shown in different colors. B, One of the protomer—proto-
mer interfaces with Phe197 of the two protomers shown as CPK model. €, Another protomer—protomer interface with
Phe85 shown as CPK model. Note that Phe197 and Phe85 in bovine Arr1 are homologous to Phe86 and Phe198, respec-
tively, in mouse Arr1. Double mutations F85A/F197A and F86A/F198A disrupt self-association of bovine and mouse Arr1,
respectively (Kim et al., 2011). Images were created in DS ViewerPro 6.0.

t test assuming equal variances. All error bars for single-cell recordings
reflect the SEM. In all cases, p << 0.05 was considered significant.

Results

Expression levels of self-association-deficient arrestin-1

For transgenic expression, we chose the mutant mouse Arrl-
(Phe86Ala, Phel98Ala) (Fig. 1A-C), which was previously
shown to be oligomerization deficient (Kim et al., 2011). It
has a dimerization constant almost 10 times higher than WT
(537 vs 57.5 um in WT) and no detectable tetramerization
(Kim et al., 2011). Five founders that transduced the trans-
gene to their progeny were bred onto an Arrl knock-out
(Arr1™7) background (Xu et al., 1997), so that the mutant
was the only form of Arrl present in rods. This yielded five
independent lines. Arrl and rhodopsin expression levels in
these lines were determined by Western blot in the whole retina ho-
mogenates (Fig. 2A,B). The data showed that created lines expressed
self-association-deficient Arrl-(Phe86Ala, Phel98Ala) (CM) at
different levels, from near-physiologic (CM-77""""", 77 %+ 3%;
CMI111*"/7, 111 £ 6%) to supraphysiologic [CM175™" ",
175 % 16% (p<0.01); CM292"/~, 292 15% (p < 0.001);
CM271¥" /=, 271 + 30% (p<0.001); Arrl expression in WT
C57BL mice represents 100%]. Rhodopsin expression in all
lines was not statistically different from WT (Fig. 2B).

Functional performance of photoreceptors expressing CM

The function of rods in mice expressing CM was first evaluated
by ERG. The ERG data were statistically analyzed by two-way
repeated-measures ANOVA. Genotype was the main variable of
interest and was treated as a between-group factor. Flash inten-
sity steps were treated as a within-group factor, since responses
to different light intensities were recorded from the same mice.
We found significant effect of genotype on the ERG a-wave
(F(524)y = 4.086, p=0.008). As expected, a-wave was affected by
flash intensity (F(3019,72.46) =251, p < 0.0001). The highly signifi-
cant genotype X flash intensity interaction (F(ss312) = 2.806,
P <0.0001) pointed to a change in the shape of the curve. The
high expression of CM [lines CM-271%/~ (p<0.01) and CM-
2923 /= (p <0.001)] reduces rod light response (ERG a-wave;
Fig. 3A,B) even at 7-8 weeks, when OS length and ONL thick-
ness in the retinas of these mice are essentially normal (see
below), suggesting that the functionality of the rods in these lines
is compromised even before histologic damage becomes detecta-
ble. Importantly, very high expression (~220% of WT) of WT
Arrl did not change rod light sensitivity (Song et al.,, 2011),
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Figure 2.  Expression levels of CM in different transgenic lines. A, Western blot showing
the levels of arrestin and rhodopsin in whole retina in WT mice (C57BL), and different trans-
genic lines, with indicated amounts of corresponding purified proteins used as standards.
Arr1 and rhodopsin were measured by quantitative Western blot, as described previously
(Song et al., 2011; for details, see Materials and Methods). Blots of representative samples
(of three per genotype used) are shown. GAPDH was used as a loading control. B,
Quantification of the expression of Arr1 and rhodopsin in whole mouse retina with indicated
genotypes. Mean == SD values are shown. Statistical significance of the differences (com-
pared with WT) is shown, as follows: **p << 0.01; ***p << 0.001.

suggesting that this change is specific for rods expressing high
levels of oligomerization-deficient mutant. The a-wave in lines
expressing lower levels of CM (CM-77*"""~, CM111™™ /", and
CM175"" ") was not statistically different from WT (Fig. 34,
B). The b-wave, reflecting the response of bipolar cells, was not
statistically different from WT in any CM-expressing line (F(s 4
= 2.454, p =0.0624 for genotype; Fig. 3A,B).

An important parameter that directly reflects Arrl function is
the Thar It is measured by ERG using a double-flash protocol
(Song et al., 2009). The first flash desensitizes rods. The ampli-
tude of the a-wave (expressed as a fraction of the response of
dark-adapted rods to the flash of the same intensity) in response
to the second flash, which is delivered at different time intervals
after the first, is used as a measure of rod recovery. The absence
of Arrl (Xu et al.,, 1997), rhodopsin kinase (Chen et al., 1999a),
phosphorylation sites on rhodopsin (Chen et al., 1995), or insuf-
ficient number of phosphorylation sites (Mendez et al., 2000)
greatly slows down photoresponse recovery. We found that the
effect of genotype, as detected by one-way ANOVA, was not
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significant (F(s 4y = 1.616, p=0.194). Ty values in CM-77*" """,
CM-111""""", and CM-175"""'" lines did not differ from those
in C57BL mice (Fig. 3C,D). Ty, in higher-expressing lines (CM-
271/~ and CM-292"""'") showed a tendency of being some-
what longer, but the difference did not reach statistical significance
(Fig. 3C,D). Thus, as measured by single- or double-flash ERG,
the in vivo functional performance of rods that expressed Arr1 at
near-physiological levels was not affected by oligomerization defi-
cit, at least in 7- to 9-week-old animals.

In normal rods, Arrl quenches rhodopsin activity in <40 ms
(Gross and Burns, 2010), and so even 10-fold variations in
arrestin binding to rhodopsin can be difficult to discern using
ERG. To examine more subtle changes in rhodopsin deactivation
that might arise from increased Arrl monomer concentrations,
we used suction electrode recordings from intact rods to measure
the electrical responses to both dim and bright flashes. Single-cell
recordings of rods of the CM-77*"""" line with near-physiologic
expression of CM revealed no statistically significant differences
in kinetic parameters from WT rods by ¢ test (Table 1). Most
notably, CM-77"""'" rods had normal light-driven changes in
photocurrent amplitude (Fig. 4A, Table 1), including single-pho-
ton responses that were indistinguishable from those of WT
C57BL rods (Fig. 4B, Table 1). In rods that underexpress WT
Arrl (Arr*’7), the single-photon responses are also indistin-
guishable from WT because of calcium feedback mechanisms,
but bright flash responses that are not subject to dynamic cal-
cium regulation remain in saturation for slightly longer times
(Tsat) at a given flash strength (Gross and Burns, 2010). The
consequence is a vertical offset in the Tsat versus flash strength
plot, which can be used to calculate both increases and decreases
in the active lifetime of rhodopsin of up to at least twofold
(Gross et al,, 2012). The saturating flash analysis of the CM-
77/~ rods showed no such vertical offset (Fig. 4C), consistent
with no change in rhodopsin lifetime arising from the profound
shift in equilibrium favoring the monomer. These results support
the conclusions that the Arrl monomer rather than oligomer is
the moiety responsible for quenching the activity of rhodopsin
(Hanson et al,, 2007b) and that Arrl binding is not rate limiting
for rhodopsin shutoff in dark-adapted rods (Gross and Burns,
2010).

Light-dependent arrestin-1 translocation

In the dark, Arrl in rods is at disequilibrium (Peet et al., 2004),
with the highest concentration in the ISs and the rest spread
throughout cell bodies in the ONL. Two models were proposed
to explain why only a small fraction of Arrl is present in the OS
in the dark. One model posits that Arrl is mostly localized to the
IS and cell bodies because of its low-affinity binding to microtu-
bules (Nair et al., 2004, 2005), which are abundant in these com-
partments (Eckmiller, 2000) and represent the highest-affinity
binding partner of Arrl in the absence of light-activated rhodop-
sin (Nair et al., 2005). We showed that Arrl monomers, dimers,
and tetramers bind microtubules comparably (Hanson et al.,
2007b). An alternative model explained Arrl absence from the
OSs in the dark by the size of the Arrl oligomers, which are too
big to fit between the discs, which greatly reduces the cytoplas-
mic volume available for their diffusion in the OSs (Najafi et al,,
2012). The mouse lines expressing CM, which yields greatly
increased concentration of the monomer, provided a perfect op-
portunity to test these hypotheses. The immunohistochemical
detection of Arrl in the CM-77*""'" line, which is expected to
have a 5.5-fold higher monomer concentration than WT C57BL
mice, showed that in the dark CM is largely localized to the ISs,
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cell bodies, and synaptic terminals (Fig. 5),
as in WT mice (Nair et al., 2005; Hanson
et al,, 2007a). The immunohistochemistry
data for both dark- and light-adapted reti-
nas were statistically analyzed by two-way
repeated-measures ANOVA with geno-
type as a between-group factor and subcel-
lular compartment as a within-group
factor. The analysis of the Arrl distribu-
tion in the dark-adapted retinas revealed
no significant effect of genotype (Fpo5) =
2.542, p=0.14). Post hoc comparison of
means to WT by Dunnett’s test showed no
significant difference of Arrl concentra-
tion in OSs in either genotype. The pro-
portion of CM in the OS in the dark was
equally low in all lines. Thus, even in the
CM-292""""" line, the relative concentra-
tion of CM in OS was similar to that of
WT Arrl (p=0.37; Fig. 5D). These data
suggest that the size of the Arrl oligomers
does not determine its subcellular localiza-
tion in rods in the dark. Surprisingly, in
the CM-77""""" line there was a redistrib-
ution of CM between ISs and ONL, with a
higher proportion of the CM detected in
the ISs and reduced presence in the cell
bodies (p =0.0025 for IS and p = 0.0054 for
ONL; Fig. 5D). Importantly, on light adap-
tation (1 h at 4500lux; see Materials and
Methods), CM translocated to the OS, as
does WT Arrl (Fig. 5A-C). Overall, the
effect of genotype on the Arrl distribution
in light-adapted rods was not significant
(two-way repeated-measures ANOVA ge-
notype factor, F,9) = 0.146, p=0.99; Fig.
5E). However, there was a highly signifi-
cant genotype x subcellular compartment
interaction (Fp7) = 231, p<<0.0001),
pointing to the differences in the subcellu-
lar distribution of Arrl among the geno-
types. That significant interaction was
driven by the behavior of Arrl in the
high-expression line CM-292"""'~, where
the distribution of the mutant differed
from both WT and CM-77"""'" mice. A
significantly smaller fraction of total mu-
tant translocated to the OS (p < 0.001),
with the rest remaining in the ONL
(p<0.001), IS (p<0.05), and synaptic
area (p < 0.01; Fig. 5E). This was expected,
based on our previous finding that rho-
dopsin interacts with Arrl at 1:1 ratio
(Hanson et al, 2007a; Bayburt et al,
2011), so that Arrl expressed in molar
excess over rhodopsin (rhodopsin was
expressed at essentially the same level in
all lines; Fig. 2A,B) has no partner to

translocate to and therefore remains in other cell compartments,

where it was in the dark.

To test our immunohistochemistry finding in dark-adapted
mice using a more quantitative approach, we prepared OS from
dark-adapted retinas of mice expressing different levels of CM
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Figure 3.  Functional performance of rods in mice expressing different levels of CM. ERG responses to single flashes of

increasing intensity in mice of indicated genotypes were recorded, as described in Materials and Methods. 4, B, The a-wave
(A) and b-wave (B) amplitudes were plotted as a function of flash intensity. Mean == SEM values from five animals per geno-
type are shown. The a-wave responses of higher expressors were lower than those of WT mice. Data analysis by repeated-
measures ANOVA with flash intensity as the within-group factor and genotype as the between-group factor revealed a highly
significant effect of CM concentration on a-wave amplitude (p << 0.001). The genotype x flash intensity interaction was
highly significant (p < 0.001), indicating differences in the shape of the curve. The mean values for the mutant mouse lines
were compared with WT mice for every intensity using Dunnett's multiple post hoc comparison test. **p <<0.01,
**¥p < 0.001, compared with WT mice for all flash intensities >0. There were no significant differences in b-wave between
any mutant line and WT mice. €, The normalized amplitude of the probe flash a-wave was plotted as a function of time
elapsed after the first flash. The intensities of the first (desensitizing) and second (probe) flash were 0.4 and 0.65 log cd * s/
m?, respectively. The interval between two flashes was varied from 50 to 2000 ms. To calculate the Ty recovery kinetics
were fitted by polynomial nonlinear regression, with R® > 0.95, as described in Materials and Methods. D, Calculated Ty
The mean = SD values for five animals per genotype are shown.

and quantified CM content in the OS (using rhodopsin to calcu-
late yield and mitochondrial marker COX IV to estimate OS
contamination with ISs, which are particularly rich in mitochon-
dria; Figs. 6A-C, 7A-D, Table 2). Complete data were collected
for lines expressing the lowest (CM-77*"""") and the highest
(CM-292"""'7) levels of CM. No significant effect of genotype
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Figure 4. (M-expressing rod photoreceptors have normal flash responses. A, Suction electrode recordings of families of
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were delivered at t=0 s. B, Population average single-photon responses calculated from WT (n=18) and 77~
(n="17) rods. Light shading represents SEM. C, Relationship between the time that a bright flash response remained in satura-
tion and the natural log of the number of photoexcited rhodopsins (R*) produced by the flash. The initial slope reflects the
dominant time constant of recovery for bright flashes, which was the same for mutant and WT rods. Error bars represent the
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retina; p<<0.0001). Similarly, the thick-
ness of ONL was significantly affected by
genotype (F(so6) = 51 for central, 20.5 for
middle, and 11.8 for peripheral; p<
0.0001). We found age-dependent
shortening of the OS and thinning of
the ONL in the highest expressors
(lines CM292*"'“and CM271"'~;
p<<0.001 at 16, 32, and 52 weeks in
both cases), a tendency to slower rod
demise in the CM175°™"'~ mice with
lower, but still supraphysiological,
expression (which did not reach sta-
tistical significance), and no visible
damage in lines expressing CM at
subphysiological or nearly physiolog-
ical levels (CM-77%"~/=, CM111%"~/~;
Figs. 8-10). Damage in the highest
expressors began earlier and was most
pronounced in the central retina, but
was also observed in other subdivi-
sions (Figs. 8-10).

To determine whether the damage
was light dependent, we compared
CM292*™'~ mice reared in a normal 12

SEM.

on the Arrl concentration in OS was found (one-way ANOVA,
F2,6) = 0.828, p = 0.4815). The results confirmed that only a small
fraction of CM in the dark-adapted rods is present in the OS,
similar to WT Arrl (Table 2). As the monomer concentrations
in the OS and cell bodies of CM-292""""" mice is ~12-fold
higher than in WT, these data confirm that the size of the Arrl
oligomers does not play a role in its exclusion from the OS in
dark-adapted rods.

Health and survival of photoreceptors

Rods need very high expression of Arrl to match rhodopsin lev-
els, so WT mice express 8 Arrl molecules per 10 rhodopsin mol-
ecules (Strissel et al., 2006; Hanson et al., 2007a; Song et al.,
2011). Previously, we found that high expression of enhanced
Arr1-3A mutant, which has a reduced ability to self-associate, is
toxic for rods, causing the shortening of rod OSs and photore-
ceptor death (observed as thinning of the ONL; Song et al,
2013). This is in sharp contrast to WT Arrl, which is harmless at
an equally high expression level (Song et al., 2011). Thus, we
hypothesized that monomeric Arrl is cytotoxic and that self-
association of Arrl is a cytoprotective mechanism (Song et al.,
2009). However, the Arrl-3A mutant had other structural and
functional features, such as the enhanced ability to bind unphos-
phorylated rhodopsin (Gurevich, 1998) and detached C-tail with
exposed AP-2 binding site (Moaven et al., 2013), which could
also be responsible for its toxicity.

Therefore, we compared the health and survival of rod photo-
receptors in lines expressing CM, which has no apparent differ-
ences from WT Arrl other than the greatly reduced ability to
self-associate (Kim et al., 2011). We assessed the rod morphology
by measuring the length of rod OS (Figs. 84, 9) and thickness of
the ONL (Figs. 8B, 10) up to 52 weeks. Two-way ANOVA with
genotype and age as main factors yielded highly significant
effects of genotype on the length of OS for all retinal subdivisions
(F(s,96) = 224 for central, 104 for middle, and 96.7 for peripheral

h light/dark cycle and in complete dark-

ness, using Arrl™’~ mice, where degen-

eration was shown to be light dependent
(Chen et al., 1999b), as a control (Fig. 11A-D). Two-way
repeated-measures ANOVA of the OS length in Arrl™/~ mice
yielded a significant effect of genotype for both 7 and 16 weeks of
age (F(2,12) = 49.7 and 440, respectively; p < 0.0001). Similarly, in
CM292*™'~ mice the effect of genotype was significant (7
weeks: F12 = 94, p=0.0035; 16 weeks: F 5 = 61.2,
p<0.0001). However, in contrast to Arrl '~ animals, where the
shortening of the OS was completely prevented by dark rearing,
the shortening of the OS in CM292*™ '~ occurred regardless of
environmental light (p < 0.001; Fig. 11A-D), similar to what we
found in mice expressing Arrl-3A mutant partially deficient in
self-association (Song et al, 2013). The damage tended to be
more pronounced in the central retina, as evidenced by signifi-
cant genotype X retinal subdivision (within-group factor) inter-
actions [p < 0.0001 for all except for CM292*™ '~ at 7weeks
(where it was not significant, p =0.34)].

Our studies with purified CM in vitro yielded a dimerization
constant of 537 um and did not detect tetramer formation (in
contrast to WT mouse Arrl with dimerization and tetrameriza-
tion constants of ~58 and ~63 um, respectively; Kim et al,
2011). Calculations based on these constants and expression lev-
els in different lines (Fig. 2B) suggest that the absolute concentra-
tion of the mutant monomer in cell bodies and the IS in the
dark, when the bulk of Arrl is localized in these compartments
(Nair et al., 2005; Hanson et al., 2007a), would be ~524 um in
CM-77*"""~, 651 um in CM-111"""", and ~846 um in CM-
175", and would reach ~1082 um in CM-271*"""" and
1128 um in CM-292"""'" lines, compared with 95 um in WT
C57BL/6] mice (Kim et al, 2011). Rods apparently tolerated
~500-650 pM, but higher levels were toxic (Fig. 3A). While the
data confirm cytotoxicity of the monomer, it appears that at the
normal level of Arrl in WT cell bodies in the dark (~2000 uwm;
Song et al, 2011) dimerization with a constant of ~500 um
would be sufficient to protect rods, as it would yield an ~590 um
monomer, which is slightly more than is present in the CM-
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Figure 5.  Arrestin-1 localization in the dark- and light-adapted rod photoreceptors. A-(, Mice with the indicated genotypes (A—C) were dark adapted overnight (DARK) or exposed to light
(2700 lux for 1 h; LIGHT). Eyes were fixed and processed for Arr1 immunohistochemistry using C10C10 anti-arrestin-1 antibody (Knospe et al., 1988). The positions of the 0Ss, ISs, ONL, and syn-
aptic layer (SYN) are indicated. D, E, The proportion of Arr1 localized in the 0Ss of dark-adapted (D) and light-adapted (E) mice was quantified by the intensity of Arr1 immunostaining (green)

in three images per animal from three animals per genotype. Mean = SD values are shown.

The two-way ANOVA with genotype and rod compartment as main factors yielded no significant

effect of genotype (p=0.99) but a highly significant genotype x compartment interaction (p << 0.0001). *p << 0.05; **p << 0.01; ***p << 0.001, compared with the corresponding compart-
ment in WT mice, as detected by independent multiple comparison of means with Dunnett’s multiple-comparison tests.

77*"'~ mice and less than in CM-111"""'" mice. It is worth
noting that predicted concentrations of the dimer in CM lines
would also far exceed ~200 um in WT photoreceptors (Kim et
al,, 2011), reaching ~500 um in CM-77*""'", ~780 um in
CM111™/7, ~1320 um in CMI175'7, ~2170 um in

CM292*™ /=, and ~2350 um in CM271*" '~ lines. Thus, the
data are also consistent with the hypothesis that high Arrl dimer
concentrations, which are never reached in WT photoreceptors
because of tetramer formation, could be harmful. However, the
properties of human Arrl, which readily dimerizes but has a
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Figure 6. The expression of (M and its presence in the 0S of dark-adapted rods. A,
Western blot showing the levels of arrestin in the 0S preparations in WT, and different trans-
genic lines, with indicated amounts of corresponding purified proteins used as standards.
Arr1 and rhodopsin were measured by quantitative Western blot, as described previously
(Song et al., 2011). Blots of representative samples (of three per genotype used) are shown.
The amounts of rhodopsin were equalized to show the differences in Arr1 levels. B, Absolute
amount of Arr1 in the 0S of dark-adapted mice of indicated genotypes. Arr1 in each trans-
genic line was measured by quantitative Western blot in three independent S preparations.
Mean = SD values are shown. Statistical significance of the differences is indicated, as fol-
lows (one-way ANOVA with genotype as the main factor followed by Bonferroni’s multiple-
comparison test): **p << 0.01; ***p << 0.001. C, The proportion of (M localized in rod 0S of
dark-adapted mice. The fraction of Arr1 in the dark-adapted 0S was quantified by Western
blot. The level of contamination by the IS material was determined by comparison of mito-
chondrial marker COX IV present in the whole retina and 0S preparation. The fraction of Arr1
in the IS for correction purposes was determined by immunohistochemistry (Fig. 7) in three
images per animal from three animals per genotype per dark condition. Mean == SD values
are shown. Additional data for CM-111"""/=, C(M-175""""~, and CM-271""""" lines are
shown in Figure 7.
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Figure 7.  The expression of (M and levels in Ss in different transgenic lines. A, B, Westemn
blot showing the levels of arrestin-1 in the rod outer segments in WT and different transgenic lines,
with indicated amounts of corresponding purified proteins used as standards. Arr1 and rhodopsin
were measured by quantitative Western blot, as described previously (Song et al,, 2011). Three in-
dependent OS preparations used for each genotype are shown. The amounts of rhodopsin (Rho)
were equalized to show the differences in Arr levels. €, D, To test the purity of the 0S fraction and
the extent of contamination with inner segment material, aliquots of whole retina (containing
30 ng of rhodopsin) and ROS homogenates (containing 150 ng of rhodopsin) from mice of indicated
genotypes were run side by side on an SDS-PAGE gel. Western blots were developed with rabbit
polyclonal antibody against mitochondrial marker COX IV (catalog #11-035-144, Jackson
ImmunoResearch) and HRP-conjugated secondary anti-rabbit antibody (catalog #4844, Cell
Signaling Technology). Only blots where calibration curves showed r# > 0.95 were used.

Table 2. Arrestin-1 expression and distribution in dark-adapted rods
Fraction of Arr1

Arr1 expression Fraction of Arr1

Line (% of WT) in the IS in the 0S

(57bl (WT) 100 258 * 1.9% 3.26 = 0.86%
M-7777=/= 77 +3 205 =+ 3.9% 2.55 * 0.69%
M-2927"/~ 292+ 15 359 + 2.7% 3.05 *+ 0.48%
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was significant in all retinal subdivisions (p << 0.0001; as was the genotype X age interaction, p << 0.0001). The statistical significance of the differences is shown, as follows: *p << 0.05,
0 < 0,001 to WT; $p << 0.001 to CM77°™ /=, CM111°™ /=, and CM175°™/~; #p < 0.01 to (M77°"/~ and (M111%™~/~, and p < 0.05 to C(M175"/~; @p < 0.01 to C(M175"™ '~ and
me—'=; Ip < 0.001 to M277™" /=, according to Bonferroni post hoc comparison following separate one-way ANOVA for each retinal subdivision and age. N=5 mice/genotype/age.
Representative sections showing ONL and 0S in different lines are presented in Figures 9 and 10, respectively.

fairly high tetramerization constant (224 um; Kim et al,, 2011),  Hanson and Gurevich, 2006; Ostermaier et al., 2014; Peterhans
suggest that the toxicity of the dimer is unlikely. et al., 2016) and different biophysical methods (Hanson et al,,
2006; Zhuang et al.,, 2013). This localization was confirmed by

Di . the crystal structure of the Arrl complex with rhodopsin (Kang
1scuss1.on ) ) . o et al., 2015; Zhou et al., 2017). In tetrameric Arrl, these receptor
The key biological function of Arrl in photoreceptors is its bind- binding surfaces are shielded by sister protomers both in crystal
ing to rhodopsin that is necessary for the rapid shutoff of the (Granzin et al., 1998; Hirsch et al, 1999) and in solution
light response (Chen et al,, 1995). Arrl is known to oligomerize, (Hanson et al., 2008b). Direct measurements of interprotomer
and this ability is conserved in mouse, bovine, and human pro-  gistances by double electron-electron resonance showed that
tein (Kim et al., 2011), suggesting its functional importance. only monomeric Arrl binds rhodopsin (Hanson et al., 2007b),
Two different crystallization studies yielded essentially the  supporting an earlier hypothesis that Arrl oligomers are storage
same tetramer of Arrl (Granzin et al, 1998; Hirsch et al, 1999).  forms (Schubert et al., 1999). However, all these studies were per-
Subsequent studies showed that the solution tetramer of Arrl is  formed in vitro using purified proteins. The role of Arrl oligo-
structurally distinct from the crystal tetramer (Hanson et al,  merization in quenching rhodopsin signaling in vivo in the
2007b): Arrl oligomerizes as a symmetrical diamond-shaped  native environment of a functional rod, where numerous other
dimer of dimers (Hanson et al., 2008b; Fig. 1). Receptor binding  proteins are present, has never been tested. The elucidation of
elements on Arrl were localized to the concave sides of both  the structure of Arrl solution tetramer and key residues involved
domains by mutagenesis (Vishnivetskiy et al, 2000, 2011; in its oligomerization (Hanson et al, 2008b) allowed for the
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Figure 9.

construction of Arrl mutant (CM) with severely reduced ability
to oligomerize (Kim et al., 2011), which preserved all other
known functions (Kim et al., 2011). Here we used transgenic
expression of CM to explore the biological role Arrl oligomeri-
zation in living mice. As we were unable to determine Arrl and
CM oligomerization status inside rod photoreceptors in vivo, our
conclusions are based on the assumption that CM mutant in vivo
has the same oligomerization defect we found in vitro using puri-
fied proteins: it has an ~10-fold higher dimerization constant
than WT Arrl, and, in contrast to it, it does not form tetramers
(Kim et al., 2011).
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arr1-/-
CM-292
7 weeks 16 weeks 32 weeks 52 weeks

High expression of CM causes progressive loss of photoreceptor cells. Confocal images of middle retina sections of WT and mice expressing CM at indicated ages. ONL was visual-
ized by staining with green fluorescent Nissl. OPL, Outer plexiform layer; INL, inner nuclear layer.

Our data show that CM quenches light-induced rhodopsin sig-
naling normally, as determined by ERG and single-cell recordings
(Figs. 3, 4). This is consistent with in vitro data that the Arrl mono-
mer is the species that binds rhodopsin (Hanson et al., 2007b).
These data are the first in vivo evidence that the monomer is neces-
sary and sufficient to bind and terminate rhodopsin signaling.

In dark-adapted rods, Arrl is largely localized in rod IS and
cell bodies, and translocates to the OS in bright light. The mecha-
nism of Arrl translocation is energy independent, suggesting
that it moves by diffusion (Nair et al., 2005; Rosenzweig et al,,
2007; Slepak and Hurley, 2008). In fact, it was calculated that the
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arr1-/-

CM-175
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16 weeks

7 weeks

High expression of (M causes progressive shortening of rod 0Ss. Combined DIC and green fluorescent Nissl images of the middle retina sections of WT and mice expressing

cmArr1 at indicated ages, enlarged to show 0S more clearly. The positions of 0Ss, ISs, and ONL are shown on the left.

amount of energy that would be required for active transport
of Arrl is unrealistic (Gurevich et al., 2011). However, there
is a controversy regarding the mechanisms that determine
subcellular localization of Arrl in rods. Our model posits
that Arrl localization depends on its interaction with its
binding partners: rhodopsin in the light and microtubules
in the dark (Nair et al., 2005). Upon illumination, rhodop-
sin becomes the highest-affinity binding partner, driving
Arrl into OS, whereas in the dark rhodopsin is inactive,
allowing Arrl to bind with lower affinity to microtubules
abundant in the IS and ONL (Eckmiller, 2000). An alterna-
tive model posits that the exclusion of Arrl from OS in the
dark is because of it oligomerization: oligomers are simply
too large to fit into spaces between disks (Najafi et al.,
2012).

The availability of mice expressing CM that generates much
higher steady-state levels of monomers allowed us to test these
competing hypotheses directly. We found that only a small frac-
tion of CM localizes to the OS in the dark regardless of its expres-
sion level, similar to WT Arrl (Figs. 5, 6). This is inconsistent
with the exclusion of Arrl from the OS being because of the size
of its oligomers (Najafi et al., 2012). Importantly, CM, just like
WT Arrl, readily translocates to the OS on illumination (Fig.
5A-C,E), demonstrating that in vivo Arrl monomer is the spe-
cies that binds light-activated rhodopsin. Thus, our data suggest
that Arrl localization in the dark- and light-adapted photorecep-
tors is determined by its interaction with the highest-affinity

partners available in each condition: activated phosphorylated
rhodopsin in the OS in the light and microtubules in the dark
(Nair et al., 2005).

The key difference between WT Arrl and CM, both of which
demonstrate the same rhodopsin binding specificity (Kim et al.,
2011), is in their effect on rod health and survival. While WT
Arrl is harmless even at high supraphysiological expression lev-
els (Song et al., 2011), CM at twofold to threefold higher than
normal levels causes the shortening of the OS and photoreceptor
death (Figs. 8-10). This effect is light independent (Fig. 11) and
roughly proportional to its expression level (Figs. 8-10). Even
before the damage becomes visible, the rods of higher ex-
pressor lines (CM-271*""/~ and CM-292*""'") do not per-
form as well as the rods of WT mice or CM lines with lower
expression (Fig. 3).

Arrl needs to be expressed at high levels in rods to quench
rhodopsin signaling under bright illumination (Chen et al,
1999b). The apparent toxicity of monomeric or, possibly, dimeric
Arrl might explain robust self-association of Arrl in evolution-
ary distant mammalian species, mice, cows, and humans (Kim et
al., 2011). However, it appears to contradict structurally and
functionally normal rods in CM-77*"""" and CM-111*""'" lines
(Figs. 3, 4, 8), where the concentration of the monomer and
dimer greatly exceeds that in WT animals. The contrast between
WT and CM lines is particularly great in rod ISs and cell bodies
in the dark, since when Arrl concentrates in OS on light expo-
sure, it does so via binding to rhodopsin as a monomer in all
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Figure 11.  The damage caused by supraphysiological expression of CM is light independent. 4, B, Combined DIC and green fluorescent Nissl images of the retina sections of 7-week-old (A)
and 16-week-old (B) mice of indicated genotypes, enlarged to show the 0S more clearly. The positions of 0Ss, ISs, and ONL are shown on the left. , D, The length of the 0S measured in the
central, middle, and peripheral retina were the average of inferior and superior hemispheres. Mean == SEM values from five animals per genotype are shown. The length of 0S was compared
separately for each age by two-way repeated-measures ANOVA with retinal subdivision as the within-group factor and genotype as the between-group factor followed by Bonferroni post hoc
test for each retinal subdivision. The CM-292" "~ mice were significantly different from WT mice regardless of light exposure at both ages across retinal subdivisions (p < 0.01 at 7 weeks;
p << 0.0001 at 16 weeks). In contrast, Arr1 "~ mice kept in a normal light cydle significantly differed from WT mice at both ages (p < 0.0001). The dark-reared Arr1~/~ mice were no differ-
ent from WT mice but were significantly different from light-exposed mice at both ages (p << 0.0001). Statistical significance of the differences is shown, as follows (color coded): *p << 0.05;
#*6y < 0,001 compared with WT mice; a p < 0.05, € p < 0.001 compared with A1/~ dark mice. Note that dark rearing preserves the 0S in Arr1~'~ mice, whereas the damage in CM-

292"~ animals is not affected by light.
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cases. Thus, it is conceivable that the excess of the monomer
and/or dimer exerts its harmful effect not in the OS, but in the IS
and/or cell bodies. As CM translocates to the OS in the light nor-
mally (Fig. 5A-C,E), its concentrations in the IS and cell bodies
in mice expressing it at near-physiological levels are greatly
reduced for ~12 h every day. The amount of Arrl that can trans-
locate to the OS in the light is limited by the amount of rhodop-
sin in this compartment, as the stoichiometry of Arrl binding to
rhodopsin is 1:1 (Hanson et al.,, 2007a; Bayburt et al,, 2011). Thus,
in higher-expressing lines CM-271"""" and CM-292*""'~,
where Arrl is in molar excess over rhodopsin, high monomer and
dimer concentration in the ISs and cell bodies would persist
throughout the light period, possibly causing sustained damage.
The molecular mechanism whereby excessive levels of monomeric
Arrl harm photoreceptors, whereas oligomeric WT protein does
not, remains to be elucidated.

To summarize, here we demonstrate that in living animals
Arrl self-association does not play a role in quenching light-
induced rhodopsin signaling, does not affect subcellular distribu-
tion of Arrl in rods, but prevents harmful effects of monomeric
Arrl, thereby preserving long-term photoreceptor viability.
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