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Regulation of Arrestin Translocation by Ca®>" and Myosin III
in Drosophila Photoreceptors

Roger C. Hardie,' Akiko K. Satoh,? and Che-Hsiung Liu!
'Department of Physiology, Development and Neuroscience, Cambridge University, Cambridge CB2 3EG, United Kingdom and ?Department of Biological
Sciences, Graduate School of Science, Nagoya University, Nagoya, 466-8601, Japan

Upon illumination several phototransduction proteins translocate between cell body and photosensory compartments. In Drosophila
photoreceptors arrestin (Arr2) translocates from cell body to the microvillar rhabdomere down a diffusion gradient created by binding
of Arr2 to photo-isomerized metarhodopsin. Translocation is profoundly slowed in mutants of key phototransduction proteins including
phospholipase C (PLC) and the Ca”*-permeable transient receptor potential channel (TRP), but how the phototransduction cascade
accelerates Arr2 translocation is unknown. Using real-time fluorescent imaging of Arr2-green fluorescent protein translocation in
dissociated ommatidia, we show that translocation is profoundly slowed in Ca** -free solutions. Conversely, in a blind PLC mutant with
~100-fold slower translocation, rapid translocation was rescued by the Ca*>" ionophore, ionomycin. In mutants lacking NINAC (cal-
modulin [CaM] binding myosin I1I) in the cell body, translocation remained rapid even in Ca** -free solutions. Inmunolabeling revealed
that Arr2 in the cell body colocalized with NINAC in the dark. In intact eyes, the impaired translocation found in trp mutants was rescued
in ninaCtrp double mutants. Nevertheless, translocation following prolonged dark adaptation was significantly slower in ninaC mutants,
than in wild type: a difference that was reflected in the slow decay of the electroretinogram. The results suggest that cytosolic NINACis a
Ca’"-dependentbinding target for Arr2, which protects Arr2 from immobilization by a second potential sink that sequesters and releases
arrestin on a much slower timescale. We propose that rapid Ca®"/CaM-dependent release of Arr2 from NINAC upon Ca*" influx
accounts for the acceleration of translocation by phototransduction.

Introduction

Photoreceptors are highly polarized cells with membrane-rich
photosensory compartments separated from the rest of the cell
body. It has recently become widely recognized that several pho-
totransduction proteins translocate between these compart-
ments in response to light, representing a form of long-term light
and dark adaptation (for review, see Frechter and Minke, 2006;
Slepak and Hurley, 2008). One of the best-studied examples is
arrestin, which terminates the light response by binding to
photo-isomerized rhodopsin (metarhodopsin). In dark-adapted
photoreceptors most arrestin localizes to the cell body in both
vertebrate and insect photoreceptors, but on illumination trans-
locates to the photosensory compartment (Broekhuyse et al.,
1985; Alloway et al., 2000; Kiselev et al., 2000; Lee et al., 2003;
Peterson et al., 2003; Calvert et al., 2006; Slepak and Hurley, 2008;
Satoh et al., 2010). In fly (Drosophila) photoreceptors the photo-
sensory compartment is represented by the rhabdomere, a light-
guiding, rod-like stack of ~30,000 densely packed apical
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microvilli loaded with rhodopsin and proteins of a phototrans-
duction cascade mediated by heterotrimeric Gq protein, phos-
pholipase C (PLC), and Ca®"-permeable “transient receptor
potential” (TRP) channels (for review, see Wang and Montell,
2007; Katz and Minke, 2009; Yau and Hardie, 2009; Hardie,
2012).

Although the possible role of active transport by molecular
motors remains debated (Lee and Montell, 2004; Calvert et al.,
2006; Strissel et al., 2006; Orisme et al., 2010), recent evidence in
both vertebrate rods and Drosophila microvillar photoreceptors
supports an essentially passive diffusional model of arrestin
translocation, down gradients established by light-regulated
“sinks” (Nair et al., 2005; Slepak and Hurley, 2008; Satoh et al.,
2010). We recently provided evidence that metarhodopsin (M) is
the major light-activated sink in fly rhabdomeres by showing that
the dominant arrestin isoform (Arr2) translocated in a 1:1 stoi-
chiometric relationship to the number of rhodopsin photo-
isomerizations (Satoh et al., 2010). We also showed that Arr2
translocation was very rapid (7 ~10 s), but profoundly slowed in
mutants of various phototransduction proteins including Gq,
phospholipase C (PLC) (norpA), and the major Ca** -permeable
TRP channel (Satoh et al., 2010). Our evidence suggested that
Ca*" influx via the light-sensitive channels was required to ac-
celerate Arr2 translocation, possibly by releasing Arr2 from a
Ca“—dependent cytosolic sink (Satoh et al., 2010). However,
direct evidence for the role of Ca** was lacking, while the identity
of the putative cytosolic sink and the mechanism(s) mediating
the acceleration remained unresolved.
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Here, we show directly that Ca** is both necessary and suffi-
cient to accelerate Arr2 translocation and provide evidence that
the Ca®"-regulated cytosolic sink is the cytosolic isoform of
NINAC, a calmodulin (CaM) binding myosin III. Our evidence
also suggests the existence of another potential Ca®" dependent
cytosolic sink, which sequesters and releases arrestin on a much
slower timescale, and that NINAC protects Arr2 from sequestra-
tion and immobilization by this site. The data support a mecha-
nism for the Ca’*-dependent translocation of Arr2 that is
remarkably similar to a previously proposed disinhibitory mech-
anism of Ca’"-dependent inactivation of M required for rapid
termination of the light response (Liu et al., 2008).

Materials and Methods

Flies. Flies (Drosophila melanogaster) were reared in the dark on the stan-
dard cornmeal/agar diet at 25°C. Both male and females were used. Mu-
tants included norpA?* (null mutant of PLC) (Bloomquist et al., 1988;
Pearn et al., 1996); trp**’ (null mutant of light-sensitive TRP channel)
(Scott et al., 1997); ninaCt?** (null mutant of NINAC Myolll) (Montell
and Rubin, 1988), ninaC*”7%, and ninaC*'?? (transgenic lines expressing
only cytosolic p132 or rhabdomeric p174 NINAC isoforms, respectively)
(Porter et al., 1992); and ninaC*“’, a transgenic line expressing a NINAC
construct lacking the CaM binding domain common to both NINAC
p132 and p174 (Porter et al., 1995). Null rac2® mutants (Ngetal, 2002)
were obtained from a stock maintained in Cambridge, UK, and the mu-
tation confirmed by sequencing. Green fluorescent protein (GFP) imag-
ing was performed using flies expressing Arr2-GFP driven by the Rh1
promoter as previously described (Satoh et al., 2010). Double mutant
combinations and mutants expressing Rh1-Arr2-GFP were generated by
genetic crosses using standard balancers. Rhodopsin content measured
by M fluorescence was near maximal (compared, e.g., to “wild-type”
w'!18 flies fed on a B-carotene-enriched diet) except in ninaC’?*° (where
levels were ~2-fold reduced). All fly stocks were on a white (w'''®) back-
ground to eliminate compound eye-screening pigments, except weak eye
pigmentation from the mini-white marker gene in RhI-Arr2-GFP. Con-
trols using cn,bw to eliminate even this weak pigmentation showed no
significant differences in Arr2-GFP translocation (Satoh et al., 2010).

Live GFP imaging. Fluorescence from the deep pseudopupil (DPP) of
intact flies was measured by a photomultiplier tube (PMT), essentially as
previously described (Satoh et al., 2010). Briefly, transgenic flies express-
ing Arr2-GFP in photoreceptors R1-R6 were fixed with low melting
point wax in truncated Eppendorf pipettes, mounted on a micromanip-
ulator on the stage of a Nikon Eclipse TE300 microscope and observed
with a 20X/0.35 NA Fluor objective. The DPP was cropped via a rectan-
gular diaphragm and sampled at up to 500 Hz using a PMT (Cairn
Research) collecting fluorescence excited by a blue (470 nm peak) ultra-
bright light-emitting diode (LED) and imaged/measured via 515 nm
dichroic and OG515 long-pass filters. Data were recorded and analyzed
using pClamp10 software (Molecular Devices). Photoreisomerization of
M to rhodopsin (R) was achieved by long wavelength light delivered by
an ultrabright orange LED (Thorlabs) via the front port of the micro-
scope. In some experiments a 75W Xe arc lamp and a monochromator
(Photon Technology Instruments) were used to deliver precisely defined
wavelengths.

It is important to know that fly M is thermostable and absorbs maxi-
mally at ~570 nm, while the R state absorbs maximally at 480 nm. The
two states are photo-interconvertible; hence, the fraction of pigment in
the M state is determined by the spectral content of illumination, reach-
inga photo-equilibrium (after sufficiently long and intense illumination)
determined by the ratio of the R and M photosensitivity spectra (Minke
and Kirschfeld, 1979; Belusic et al., 2010). Photo-equilibration was typ-
ically achieved within 100-200 ms for the blue excitation LED (generat-
ing ~70% M, 30% R) and 1-2 s for the orange LED (generating ~2%M,
98% R) (Satoh et al., 2010). Thus the blue illumination used to excite
Arr2-GFP fluorescence rapidly (~100 ms) generates a large number of M
molecules, which bind Arr2, creating the gradient that drives its translo-
cation. Following orange light, virtually all M is photoreisomerized to R
(which no longer binds Arr2) resulting in rapid (<10 s) reverse translo-
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cation back to the cell body. Unless otherwise stated, translocation mea-
surements using blue excitation were made after photo-equilibration
with orange light, followed by a 30—60 s dark-adaptation period, which is
sufficient time to allow full reverse translocation of Arr2 out of the rhab-
domere (Satoh et al., 2010).

Imaging of dissociated ommatidia. Fluorescence from dissociated om-
matidia was measured on the same microscope using freshly dissociated
ommatidia prepared as previously described for electrophysiological
patch-clamp experiments (Hardie, 1991; Hardie et al., 2002). Ommatidia
were imaged with a 40X oil-immersion objective through a glass cover-
slip forming the floor of a Perspex recording chamber. Images were
captured using 125 ms exposures at up to three frames s ~' by a Scion
Firewire camera. To minimize exposure to potentially damaging light
levels, single translocation runs were typically restricted to only 12's. The
average intensity was measured in regions of interest in rhabdomere
and cytosol using Image]. Standard bath contained the following (in
mm): 120 NaCl, 5 KCl, 10 N-Tris-(hydroxymethyl)-methyl-2-amino-
ethanesulfonic acid, 4 MgCl,, 1.5 CaCl,, 25 proline, and 5 alanine, pH
7.15. Ca**-free bath was identical except for the omission of CaCl,
and the addition of 1.6 mM EGTA. Ionomycin (14 um) was dissolved
from a 14 mm dimethylsulfoxide stock in (Ca**-containing) bath
solution, in which NaCl had been substituted for LiCl to inactivate
extrusion of Ca®" by the Na "/Ca®" exchanger. Both Ca®"-free and
ionomycin-containing solutions were applied by pressure ejection
from a closely positioned puffer pipette. All chemicals were ordered
from Sigma-Aldrich.

Electrophysiology. Electroretinograms (ERGs) were recorded as de-
scribed previously (Satoh et al., 2010). Briefly, intact flies were immobi-
lized with low melting point wax in truncated Eppendorf tips.
Recordings were made using low resistance (~10 M) glass microelec-
trodes filled with fly Ringer (140 mwm NaCl, 5 KCl, 1.5 CaCl,, 4 MgCl,)
inserted into the eye. The indifferent electrode was a similar electrode
inserted into the head capsule near the ocelli. Signals were amplified by a
Neurolog NL102 DC preamplifier (Digitimer) and sampled and analyzed
using pClamp software (Molecular Devices). Light was provided by a 75
W Xenon arc lamp and monochromator, delivered to within 5 mm of the
eye by a liquid light guide (diameter 5 mm).

Indirect immunohistochemistry. Fixation and staining methods were as
previously described (Satoh and Ready, 2005; Satoh et al., 2010). Primary
antisera were rabbit anti-NinaCp132 (1:100; a gift from Dr. Montell) and
chicken anti-Arr2 antibody (1:100). Samples were examined and images
recorded using a Bio-Rad MRC1024 or Olympus FV1000 confocal mi-
croscope. Flies were either dark adapted and dissected using infrared
illumination and infrared-sensitive eyepieces or illuminated with satu-
rating blue light before fixation and dissection as previously described
(Satoh and Ready, 2005).

Results
Ca’* dependence of Arr2 translocation in dissociated
ommatidia
The blue excitation required to excite Arr2-GFP fluorescence
rapidly (within ~100 ms) establishes a photo-equilibrium with a
high proportion (~70%) of M, which binds Arr2 thus creating a
gradient that drives translocation (Satoh et al., 2010). We previ-
ously monitored Arr2-GFP translocation in real time in vivo by
imaging its fluorescence in the rhabdomeres using the DPP in
completely intact flies (see Materials and Methods). To allow
direct manipulation of Ca®", we used instead a preparation of
freshly dissociated ommatidia. This ex vivo preparation has been
extensively used in electrophysiological patch-clamp experi-
ments (Hardie, 1991; Hardie et al., 2002), and the photoreceptors
remain viable and fully functional for at least 1 h in simple Ringer
solutions. Importantly, for the present experiments, it allows
rapid perfusion of the extracellular solution and resolution of
subcellular detail.

In wild-type flies expressing Arr2-GFP, arrestin translocation
induced by blue excitation light could be readily imaged in dis-
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Figure 1. Arr2-GFP translocation in dissociated ommatidia is Ca™ dependent. 4, Frames
from movies of Arr2-GFP fluorescence in otherwise wild-type ommatidium (125 ms exposures,
sampled at 3 Hz). In the first frame (t = 0 s) fluorescence is seen in both cell body (c) and
rhabdomeres (r), but not in nucleus (n). By 12 s under control conditions (above), fluorescence
in the cell body had decreased and increased in the rhabdomere. In the same ommatidium
perfused with Ca®* -free EGTA-buffered solution, there was little change after 12 s. Ai, Time
course of fluorescence increases (ratio of average fluorescence in rhabdomere and cytosol)
under the two conditions (mean from n = 6 ommatidia). 4ii, Bar graph summarizing data,
expressed as relative increase in the rhab/cyto ratio over 12 s (mean = SEMn = 6). B, Similar
measurements made in null norpA™** mutant lacking PLC. In normal bath (control), there was
now no obvious changein the fluorescence distribution; however, in measurements made ~30
s after brief application of aCa™ ionophore (ionomycin, 14 jm dotted trace), robust translo-
cation was observed. Bi, Bii, Summary of time course and relative increase in the rhab/cyto ratio
over the 12 s measurement period asin 4 (n = 6). Scale bar, 5 wm. Significance levels (paired,
two-tailed t test): **p < 0.005; ***p << 10 ~© with respect to same cell controls.

sociated ommatidia as a rapid decrease in cytosolic fluorescence
mirrored by an increase in rhabdomere fluorescence (Fig. 1). To
quantify the signal, we measured the average fluorescence inten-
sity in a region of interest in the rhabdomere and divided this by
that of a region in the cell body—a metric that minimizes any
effect of bleaching during the experiment. Under control condi-
tions, this ratio rapidly increased by ~40% within 12 s, with a
time constant of 5-10 s, similar to that measured in vivo using
fluorescence of the DPP. Translocation could be rapidly reversed
by subsequent photoreisomerization of M to R with long wave-
length (orange/red) light; following which translocation could be
repeated by another blue stimulus (typically after ~1 min in the
dark). To test whether translocation required Ca?" influx, the
ommatidia were perfused with Ca?"-free, EGTA buffered solu-
tion from a puffer pipette. Strikingly, under these conditions
there was virtually no change in fluorescence over the same time
course. However, when normal Ca®"-containing bath was re-
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stored, and following M— R photoreconversion by orange light,
robust translocation could again be elicited by R— M conversion
with blue excitation. These results indicate that Ca®" influx was
indeed required to facilitate rapid translocation.

We previously found that translocation in vivo was pro-
foundly slowed in norpA mutants, which lack PLC activity and
have no response to light. Correspondingly, in ommatidia pre-
pared from norpA™?* flies expressing Arr2-GFP, virtually no
translocation (change in fluorescence) was detected during 12 s
of blue excitation. However, in measurements made after brief
(~10s) puffer pipette application of the Ca** ionophore, iono-
mycin (14 puMm), rapid translocation was rescued to at least wild-
type performance with rapid reversible clearance of cytosolic
Arr2-GFP and an increase in rhabdomeric signal (Fig. 1 B). To-
gether, these experiments demonstrate that after R—M conver-
sion by blue light, Ca** is both necessary and sufficient to
accelerate Arr2 translocation without any products of PLC
activity.

Role of NINAC in Ca**-dependent acceleration

of translocation

One mechanism by which Ca*" influx might accelerate translo-
cation is if Arr2 is bound to a target in the cell body and Ca®"
promotes its release from this cytosolic sink. A candidate for such
a sink was suggested by a previous study, which indicated that
Arr2 can bind to the NINAC myosin III in the microvilli in a
Ca**/CaM-dependent manner (Liu et al., 2008). NINAC exists in
two isoforms: a 174 kDa protein (p174), which localizes exclu-
sively to the rhabdomere, and a shorter (132 kDa) cytosolic pro-
tein (Porter et al., 1992). Because both share an identical CaM
binding site, we wondered whether NINAC p132 might represent
a similar Ca**/CaM-dependent cytosolic binding partner for
Arr2. As a first test we asked whether NINAC p132 and Arr2
colocalized in dark-adapted retina. Indeed, in double immuno-
labeling experiments we found that NINACp132 was extensively
colocalized with Arr2 in dark-adapted ommatidia, with both
showing a similar textured distribution throughout most of the
cell body (Fig. 2E).

IfNINAC is a Ca*"-dependent binding target responsible for
tethering Arr2 in the dark-adapted cell body, we predicted that
under Ca®"-free conditions Arr2 would be free to diffuse and
translocate in ninaC mutants. Indeed, in marked contrast to
wild-type flies, the time course and extent of Arr2-GFP translo-
cation monitored in dissociated ninaC****> ommatidia was very
similar, whether measured in normal Ca**-containing bath or
when perfused with Ca>" -free solution buffered with EGTA (Fig.
2). The Ca** dependence of Arr2 translocation appeared to be
due to the cytosolic NINAC p132 isoform, because ninaC*'”*
mutants lacking rhabdomeric p174, but still expressing cytosolic
p132, again showed strong inhibition of translocation by EGTA
perfusion (Fig. 2C). Consistent with a role of NINAC as an Arr2
binding target, the initial dark-adapted distribution of Arr2 was
strongly dependent upon the distribution of NINAC. In null
ninaC"?** mutants and ninaC*'”* mutants lacking rhabdomeric
p174 NINAC, Arr2-GFP-relative fluorescence levels in the rhab-
domere were initially lower than in wild-type, while in ninaC*'*?
mutants lacking only the cytosolic p132 isoform, the initial rhab-
domeric fluorescence was much higher (Fig. 2 D). While not sys-
tematically analyzed, it was clear that the absolute fluorescence of
Arr2-GFP in ninaC"” was considerably weaker than in a wild-
type background, consistent with the reduced level of Arr2 ex-
pression previously reported in ninaC**** (Liu et al., 2008).
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NINAC-dependent biphasic
fluorescence increase

Arr2-GFP translocation in ninaC-null mu-
tants, measured in vivo from the DPP, is
similar in time course to that observed in
wild-type flies (Satoh et al., 2010). Never-
theless, measurements made with high
time resolution reveal a subtle difference.
On a wild-type background the Arr2-GFP
fluorescence increase follows a distinctive
biphasic time course, with a very rapid in-
crease in fluorescence over a period of
~500 ms, followed by a more gradual in-
crease (7 ~10s). Although the overall time
course of translocation in ninaC"**-null
mutants was similar, this initial rapid
phase was always conspicuously absent.
The rapid phase was specifically depen-
dent upon NINAC in the microvilli as it
was still observed in ninaC*'*? mutants
but not in ninaC*'”* flies lacking the rh-
abdomeric isoform (Fig. 3). By fitting a
double exponential function to the first 5 s
of the traces in otherwise wild-type flies,
the time constant of the rapid phase was
estimated at 265 = 16 ms (mean = SEM
n = 11). A similar rapid phase was also
detected in wild-type (but not ninaC) dis-
sociated ommatidia (Figs. 1, 2).

Because the initial rapid fluorescence
increase required the presence of the rh-
abdomeric form of NINAC, we hypothe-
sized that, rather than representing an
improbably rapid phase of translocation,
this initial phase represents a change in
the fluorescence efficiency of Arr2-GFP
dependent upon binding to NINAC in the
rhabdomere. Thus previously, we pro-
posed that in the dark-adapted state, Arr2
isbound to NINAC, and that upon illumi-
nation, Ca®" influx into the rhabdomeric
microvilli releases Arr2 from NINAC via a
Ca2+/CaM—dependent action (Liu et al.,
2008). We suggest that when bound to
NINAC in the rhabdomere, Arr2-GFP
fluorescence is partially quenched, and
that the rapid fluorescence increase repre-
sents unquenching as Arr2 is released
from NINAC following Ca*" influx.

If this is the case, long wavelength illu-
mination, which itself causes no net
change in the M fraction, but which still
elicits large light-induced Ca** influx,
should also be able to release Arr2 from
NINAC. We therefore predicted that the
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Figure 2.  ninaC mutants lacking cytosolic Myolll do not require Ca** influx for rapid translocation. A, Frames from movies of
Arr2-GFP fluorescence in ommatidium of ninaC*>*-null mutant. In the first frame (t = 0 s) fluorescence is evenly distributed
throughout the cell body and rhabdomeres, but by 12 s the thabdomere s brighterin both control (1.5 mmCa ) solution (top) and
in the same cell perfused with Ca2 " -free, EGTA- buffered solution (bottom). B, Time courses of fluorescence increase (ratio of
average fluorescence in rhabdomere and cytosol). €, Bar graph summarizing data, expressed as relative increase in the rhab/cyto
ratio over 12s. In wild-type (data from Fig. 1) and ninaC* "’ mutants lacking just the rhabdomeric p174isoform, translocation was
suppressed in EGTA-buffered solution, but not in ninaC’?* (mean == SEM n = 47 ommatidia; *p << 0.005). D, Representative
images of Arr2-GFP fluorescence at t = 0s (i.e., dark adapted) in dissociated ommatidia from wild-type nina(®?* ninac*"*
(expressing only cytosolic NINAC) and ninaC>"*? (expressing only rhabdomeric NINAC) flies. Right, Quantification showing initial
dark-adapted ratio of rhabdomere to cytosol fluorescence (mean == SEM, n = 414 ommatidia). All ninaC alleles were signifi-
cantly increased/decreased with respect to wild-type (**p << 0.001; ***p << 10 > unpaired, two-tailed ¢ test). E, Transverse
section of dark-adapted wild-type (w'’’®) ommatidium immunolabeled with Arr2 (left) and NINAC p132 antibodies (center)
merged image (right). Apart from the presence of Arr2 in the rhabdomeres, there is tight colocalization (representative of n = 5
flies). Scale bar, 5 um.

rapid phase should no longer be detected if measured immedi-
ately after such a long wavelength stimulus, because Arr2 should
already have been released. To test this we first established a
photo-equilibrium with most pigment in the R state with a bright
540 nm stimulus, waited 20 s (sufficient for full reverse translo-
cation), and then delivered a second 540 nm stimulus at varying
times before inducing and measuring translocation as usual with
blue 470 nm excitation (Fig. 3). As predicted, when measured

immediately (50 ms) after the end of the 540 nm stimulus, the
rapid phase was essentially abolished, but then recovered rap-
idly as the dark period between the two flashes was increased,
with a time constant of ~3 s (Fig. 3C,E). This was strictly
dependent upon NINAC as the kinetics of fluorescence in-
crease in ninaC"**’-null mutants was unaffected by the timing
of the second light pulse (Fig. 3D). We suggest that this behav-
ior represents the rapid Ca*>*-dependent release of Arr2 from
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the rapid phase ~500 ms after light on-
set). On this measure, the slowing of
translocation in ninaC was significantly
more pronounced than in wild-type, and
could be fitted by a single exponential
time constant of ~8 min dark-adaptation
time. A very similar behavior was also
observed in ninaC*“’ mutants lacking
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A second cytosolic sink with slow sequestration and

release kinetics

We previously reported that Arr2 translocation measured after 10
min dark adaptation is somewhat slower than after 30 s to 1 min
dark adaptation (Satoh et al., 2010). Here, we confirmed this
finding and explored the change in translocation kinetics in more
detail. By varying the dark adaptation time we found that trans-
location in otherwise wild-type flies gradually slowed over a time
course of 20—-30 min; however, the rapid increase in fluorescence,
which we attribute to unbinding of Arr2 from rhabdomeric
NINAC p174, appeared unaffected (Fig. 4 A). Interestingly, we
found an even more pronounced time-dependent slowing of
translocation in ninaC"*?*® photoreceptors, which was also more
conspicuous because of the absence of the initial rapid phase (Fig.
4B). To quantify this behavior we estimated the time taken to
reach 50% maximum increase in fluorescence (t,,,), discounting
the initial rapid phase in wild type (by zeroing the baseline after

Rapid fluorescence increase, dependent on rhabdomeric NINAC. 4, Arr2-GFP fluorescence measured in vivo from the
DPP in an otherwise wild-type fly and a ninaC">*-null mutant. The wild-type (wt) trace is characterized by an early rapid phase
lasting ~0.5 s thatis absentin ninaC. B, Same traces on a faster timescale, plus traces from ninaC*">2, which retains the fast phase
and ninaC*"”, which lacks this component. Representative of n = 20 (wild-type or ninaC">*) and n = 6 ninaC'>? or ninaC*'”*
att =0, and fF after 10 s) for comparison of kinetics. €, Arr2-GFP fluorescence in a wild-type
fly measured 30 s after 10s photo-equilibrating green (540 nm) illumination (G,). A second 4 s green stimulus (G,) was delivered
atvariable delays (DA) before the blue (B) excitation triggered translocation. When excited 0.05 s after termination of the second
pulse, the fast phase was almost eliminated, but recovered rapidly (arrowheads) as the dark-adaptation period (DA) was increased
t01055. D, Using the same protocol in ninaC*?>* the second pulse made no difference (0.05 and 10 s only shown). E, Time course of
the recovery of the fast phase (as in €) measured as the relative incremental increase in fluorescence averaged between 0.3 and
) after onset of blue excitation. Mean = SEM n = 5, data fitted with single exponential (7 = 2.6 5).

10 15 or compartment(s). We suggest the most

likely mechanism for this behavior in #i-
naC mutants is release from a second
Ca**-dependent site/compartment with
binding/sequestration kinetics (under
low Ca** conditions in the dark) on the
order of minutes and release kinetics (fol-
lowing light-induced Ca** influx) on the
order of tens of seconds.

In wild-type photoreceptors, a rather
different behavior was observed (Fig. 4 D):
following prolonged dark adaptation,
brief orange pre-illumination resulted ina
reduced initial fluorescence on subse-
quent blue excitation, presumably repre-
senting movement of Arr2 out of the rhabdomere (see further
below). The initial translocation then appeared accelerated com-
pared with controls kept for the same time in the dark without
pre-illumination, but at later stages followed a time course that
approximately overlapped the control time course. In further
marked contrast to ninaC mutants, only a very brief pre-
illumination was required for this effect, with a 100 ms orange
flash essentially as effective as 60 s.

We interpret these results as follows: in ninaC mutants, Arr2
slowly (7 ~ 8 min) becomes sequestered in the dark by one or
more binding site(s)/compartment(s), which then release Arr2
on a relatively slow timescale of several seconds (7 ~15s) during
orange pre-illumination. Without pre-illumination, transloca-
tion in ninaC in response to blue light after several minutes in the
dark is substantially slowed for the same reason (i.e., slow seques-
tration in the dark followed by slow release from this second
sink). We suggest that in wild-type cells, Arr2 is protected from
sequestration by this potential sink because it binds with higher
affinity to NINAC under the low Ca** conditions prevailing
in the dark. Following light-induced Ca** influx, however,
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NINAC’s affinity for Arr2 drops dramati-
cally resulting in rapid release on a subsec-
ond timescale (Fig. 3). The less severe
slowing of translocation with dark adap-
tation still seen in wild-type flies might
represent the gradual movement of Arr2
(presumably still bound to NINAC) into
regions of the cell, on average more dis-
tant from the rhabdomere. The effect of
pre-illumination in wild-type photore-
ceptors can be interpreted as rapid release
of Arr2 from NINAC in the microvilli, re-
sulting in a net redistribution of Arr2 into
the cell body thus accounting for the re-
duced initial fluorescence (see further
below). Translocation measured immedi-
ately after this then starts more rapidly as
there is now a new pool of cytosolic Arr2,
which has just vacated the rhabdomere.

Electrophysiological correlates of
slowed translocation

We previously reported that the time
course of translocation could be resolved
in the decay of ERG responses to carefully
calibrated stimuli (Satoh et al., 2010). In
fully dark-adapted cells with high R (and
low M) fraction, ~25% of the cell’s Arr2 is
already in the rhabdomere in the dark
(equivalent to ~100 molecules per mi-
crovillus). This “first responder” pool of
Arr2 rapidly binds to and inactivates M
until it is all bound (i.e., until ~100 rho-
dopsin molecules per microvillus are
photo-isomerized to M equivalent to an
M fraction of ~10%). Until this happens,
the ERG recovers rapidly to baseline (f,,,
~2-35); however, any M generated in ex-
cess of ~10% can only be inactivated by
Arr2 from the cytosolic pool translocating
from the cell body, and hence with stim-
ulation generating >10% M, the ERG
decays more slowly reflecting the time
course of translocation (Satoh et al.,
2010). We therefore predicted that the
time course of the ERG decay to wave-
lengths generating >10% M should show
a similar dependence on the preceding
dark-adaptation period, with a more pro-
nounced slowing expected in ninaC mu-
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Figure4. Evidence for an alternative cytosolic sink in ninaC mutants. A-C, Effect of dark adaptation (DA). 4, Arr2-GFP translo-

cation measured from the DPPin a control fly (expressing Arr2-GFP on arr2 mutant background), after 30, 5 min, and 30 minin the
dark following photo-equilibrating orange illumination. Although the rapid phase (arrow) was unaffected, translocation was
slower after prolonged dark adaptation. Inset, Shows detail of first 5 5. B, Similar protocol in ninaC"**-null mutant. The fast phase
was absent, but the slowing of translocation with dark adaptation was more pronounced. G, t, , of translocation as a function of
dark adaptation time in ninaC mutant (ninaC*>*, solid symbols; ninaC*“', open symbols) and wild-type backgrounds. Mean =+
SEM (n = 56 flies). ninaC"?** data fitted with a single exponential (T = 7.6 min). DF, Effect of pre-illumination. D, Translo-
cation time course of Arr2-GFP in wild-type background measured (from DPP) after 0.5 and 15 min DA (solid traces) and after 15
min DA, but with either 0.1 or 30 s orange pre-illumination immediately (~2 s) before measurement (gray traces). As in 4,
translocation was slowed following 15’ DA; orange pre-illumination resulted in a reduced initial fluorescence signal, whereafter
translocation was initially faster, finally approximately overlapping the 15 min DA “control” trace. Pre-illumination with even 0.1
orange light was sufficient to achieve most of the effect (representative of n = 5). Inset, Shows first 5 s. E, Similar protocol in
ninaC*?%*: translocation was even slower, now after only 10 min DA. Orange pre-illumination after 10 min DA accelerates translo-
cation, but at least 60 s were required to accelerate translocation to rates seen after only 0.5 min DA. F, t, , of Arr2-GFP transloca-
tion in 10 min dark-adapted ninaC"?** flies as a function of the duration of orange pre-illumination delivered immediately before
measuring translocation (mean = SEM n = 4). Data fitted with single exponential (14.9 s). Open symbol: control, ¢, , for
translocation measured after only 0.5 min DA in the same flies.

NINAC asymmetry allows Ca>*-dependent translocation

tants. As shown in Figure 5 this was indeed observed, with decay
time course to a 537 nm stimulus (generating ~20% M), in-
creasing as the dark-adaptation period was increased, but with a
significantly more pronounced slowing measured in ninaC mu-
tants (Fig. 5B). Note that the wavelength for these experiments
was carefully chosen individually in each fly to achieve a similar
translocation-limited slowing of the ERG decay, but without in-
ducing the “prolonged depolarizing afterpotential,” which en-
sues when the amount of M generated out titrates all available
arrestin (Dolph et al., 1993). It was necessary to select slightly
shorter wavelengths (Fig. 5B, 532 nm) for this experiment in
ninaC mutants because of their lower rhodopsin/Arr2 ratio (Sa-
toh et al., 2010).

without net M generation

The rapid, albeit slight, reduction in Arr2-GFP fluorescence seen
following orange pre-illumination in a wild-type background,
but not in ninaC mutants (Fig. 5), was interpreted as rapid Ca**/
CaM-dependent release of Arr2 from rhabdomeric NINAC, re-
sulting in a net redistribution of Arr2 to the cytosol, despite no
net change in M fraction. However, we also propose that Ca*"
influx releases Arr2 from the cytosolic NINAC p132 isoform in a
similar manner. Hence, if this interpretation is correct, it pre-
sumably relies upon an imbalance between the overall binding
capacity of rhabdomeric and cytosolic NINAC isoforms. To ex-
plore this further we investigated the consequence of generating
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Figure 5.  Electrophysiological correlates of slowed translocation. A, ERG recording from
wild-type (w’”"®) in response to 5 s photo-equilibrating 537 nm monochromatic light (bar)
after varying times in the dark. A response to 550 nm (dotted trace), which elicited no translo-
cation is also shown. There was a significant slowing of the decay as dark-adaptation time (in
each case following photo-equilibrating orange illumination) was increased from 0.5 to 20 min.
B, Similar protocol in a ninaC***-null mutant. The decay of the ERG was now more obviously
prolonged with increasing dark adaptation. The wavelength was adjusted individually for each
fly (in this case 532 nm) such that the ERG decay was limited by translocation time course (see
text and Satoh et al., 2010, for further details). €, Decay time of the ERG (t,,,: measured from
the end of the 5 s light pulse to 70% decay—i.e., the level indicated by arrows in A and B) as a
function of dark adaptation time in wild-type (wt) and ninaC"?* flies (mean + SEMn = 4-5).
ninaC data are fitted with a single exponential (7 = 4.5 min). The slowing of the response with
increasing dark time closely reflects the effect of dark adaptation on the translocation time
course (compare Fig. 4().

much larger imbalances by using flies expressing only the cytoso-
lic or rhabdomeric NINAC isoform, respectively. Specifically, in
ninaC*'”* mutants lacking rhabdomeric p174 we predicted that
Ca** influx induced by long wavelength light should release cy-
tosolic Arr2 from p132 resulting in net redistribution of Arr2GFP
into the rhabdomere. Conversely, in ninaC*'?? photoreceptors
lacking the p132 cytosolic isoform, we predicted that Ca*" influx
alone would result in a net movement of Arr2-GFP out of the
rhabdomere.

To test these predictions, we measured rhabdomeric Arr2-
GFP fluorescence in the DPP of intact flies. Before blue excitation
the eye was stimulated with two 4 s pulses of photo-equilibrating
orange (O) illumination, which sets the M fraction to low levels
(<2% M). The flashes were either delivered together, followed by
30 s dark adaptation before the blue (B) test excitation (30 s DA),
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Figure 6.  Arr2 translocation driven by NINAC asymmetry. Arr2-GFP fluorescence in rhab-
domeres measured from DPP with 15 blue (B) excitation. Before excitation the eye was stimu-
lated with two 4 s pulses of photo-equilibrating orange (0) illumination delivered either
together but allowing 30 s dark adaptation before the blue (B) test excitation (30 s DA) or
separated by 30's, with the second pulse terminating only 1 before the blue excitation (15 DA).
A, In wild-type controls, expressing both rhabdomeric and cytosolic forms of NINAC, there was
a slight decrease in Arr2-GFP fluorescence (movement out of rhabdomere) when the orange
light was delivered only 1's before measurement (two repeated traces for each condition). B, In
contrast, in ninaC*""* flies lacking rhabdomeric NINAC but with p132in the cell body there was
a significant increase in Arr2-GFP fluorescence in the rhabdomere (note also absence of the
rapid phase). €, In ninaC* " flies expressing rhabdomeric NINAC, but none in the cell body, the
same stimulus resulted in a large movement of Arr2-GFP out of the rhabdomere. D, Bar graph
summarizing data expressed as relative fluorescence increase (movement into rhabdomere) or
decrease (movement out of rhabdomere into cell body) in measurements made when the
second orange flash was delivered 15 before measurement compared with measurement made
with 305 DA. Data normalized with respect to total range of translocation (F,,, — Fin), Where
Fonin is the fluorescence at time 0 for whichever condition gave the lower fluorescence and £, ,,
determined after 60 s full translocation (data not shown).

or separated by 30 s, with the second pulse terminating only 1 s
before the blue excitation (Fig. 6, 1 s DA). Under these condi-
tions, Ca2" levels should have returned to low basal levels after
30 s, while the second 4 s orange flash would generate massive
Ca** influx, but without any net change in the M fraction.

In control flies (which included flies expressing Arr2-GFP on
wild-type, ninaC"™>*°/+ heterozygotes, and arr2’ mutant back-
grounds) when the second flash was delivered 1 s before testing (1
s DA), there was a slight (7% n = 12), but highly significant
(two-tailed ¢ test p < 10 ~°) reduction in the level of Arr2-GFP in
the rhabdomere (Fig. 6A) as also noted above (Fig. 4 D). How-
ever, in ninaC*"* flies lacking the rhabdomeric NINAC isoform,
there was a small (6%), but highly significant (p < 10 ~7) increase
in Arr2-GFP fluorescence indicative of net translocation into the
rhabdomere as predicted. In ninaC*'?? flies lacking cytosolic
p132, the effect of delivering the second flash only 1 s before
measurement was yet more pronounced, with a ~40% reduction
in normalized fluorescence, indicating a large net reverse trans-
location out of the rhabdomere into the cell body (Fig. 6C). This
reflected abnormally high levels of Arr2 in the dark-adapted rh-
abdomere, presumably sequestered by binding to rhabdomeric
p174 under low Ca** conditions, now unopposed by a p132 sink
in the cytosol (Fig. 2 D).
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Rescue of rapid translocation in trp and
norpA by ninaC mutation

Arr2 translocation is slowed by at least an
order of magnitude in phototransduction
mutants such as trp and norpA, where there
islittle orno Ca" influx (Satoh etal., 2010).
In #rp mutants (lacking the major light-
sensitive channel), Ca" influx is reduced,
both because the remaining TRP-like
(TRPL) channels have a reduced Ca** per-
meability, and also because the electrophys-
iological response to light decays to baseline
within seconds of bright illumination (Co-
sens and Manning, 1969; Hardie and
Minke, 1992); while in null norpA mutants
there is no response to light at all. If, the
impaired translocation in norpA and frp is
due to failure of Ca**-dependent release of
Arr2 from NINAC, we predicted that trans-
location might be rescued in ninaC™*;
trp’® and  norpA*?:ninaC™*  double
mutants. To test this we expressed Arr2-
GFP in ninaC™;trp™ and norpA™*ni-
naC™* double mutants and monitored
translocation in vivo using the DPP.

As previously reported (Satoh et al.,
2010), in single #rp mutant controls trans-
location initially starts normally, but stalls
after ~5 s (presumably due to the decay of
thelight response) and then proceeds with
a profoundly slowed time course. As pre-
dicted, however, in the ninaC"*;trp’*
double mutant, full translocation was ob-
served with a time course almost as fast as
that in wild-type or ninaC single mutant
backgrounds (Fig. 7 A, B), even though the
electrophysiological light response decays
in a similar manner to single rp mutants
(Fig. 7C).

In norpAP?*-null mutants, as previ-
ously described, translocation is even
more severely impaired than in trp with
only a relatively small increase in fluores-
cence with a time course ~10-fold to 100-
fold slower than in wild type (Satoh et al.,
2010). In contrast to the rescue just de-
scribed for trp mutants, in norpAP 24,
ninaCt?*> double mutants, there seemed
to be no rescue of Arr2 translocation, and
Arr2-GFP translocated very slowly with a
time course similar to that seen in norpA
controls (Fig. 7C). This would, however,
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Figure7. Translocation in ninaCtrp and norpA;ninaC double mutants. A, Arr2-GFP fluorescence increase measured from
DPP in an otherwise wild-type fly and a trp>*-null mutant. As previously reported, translocation in trp mutants “stalls”
after a few seconds and then progresses very slowly. A fast phase is, however, still apparent. B, In contrast, Arr2-GFP
translocation in ninaC®?*;trp>* double mutant is rescued and similar to ninaC single mutant control (n = 4). C, ERG
responses to the 10s bright yellow illumination (same intensity) in trp, ninaC**;trp, and ninaC"?>* (representative of n =
3 flies). D, Arr2-GFP translocation in norpA™*%;ninaC"?* double mutants (two examples) and norpA™** control (dotted
trace). In both cases translocation was extremely slow compared with wild type. E, As previously reported, rapid translo-
cation in a norpA™* control (actually norpA;ninaC/+) was rescued by anoxia induced by streaming argon over the fly; but
largely suppressed in the first measurement 30 s after return to air. F, In contrast, in norpA”*;ninaC"?** double mutants,
near normal translocation was still observed 3 min after return to air, finally stalling after 7 min. G, Time course of
suppression of Arr2-GFP translocation on return to air after rescue by argon in norpA”*;ninaC’?* and norpA controls
(norpAP*%ninaC*3%/+ heterozygotes from same vials). F, ., is the fluorescence increase after 40 s blue excitation (as in
E and F) normalized to maximum increase seen under argon (Mean == SEM n = 3-5).

als), rapid translocation was rescued by anoxia, but stalled within

be consistent with the existence of the proposed second Ca>" -
dependent sink. Thus, in norpAP24;ninaCP235 flies there is
never any light-dependent Ca** influx, and in the absence of
NINAC, we would therefore predict that Arr2 should have
become firmly bound or sequestered through this second
Ca’*-dependent sequestration mechanism.

To test this further we exploited our recent demonstration that it
is possible to rescue Arr2-GFP translocation in norpA by anoxia,
which leads to Ca** influx by spontaneous activation of the light-
sensitive TRP channels (Satoh et al., 2010). In single norpA mutant

o ; 5 .
controls (in this case norpA™*ninaC**°/+ flies from the same vi-

only a few seconds of return to air (Fig. 7D) as previously reported
(Satoh etal., 2010). On our model, this is because Arr2 rapidly binds
to cytosolic NINAC as soon as the channels close and Ca®" is ex-
truded from the cell on re-oxygenation. In norpA**%ninaC*** dou-
ble mutants, however, the results were clearly different. Once again,
translocation was dramatically rescued by anoxia; however, now on
return to air, rapid reversible translocation could still be induced for
several minutes before finally stalling, presumably because of the
much slower immobilization by the second putative Ca®"-
dependent sequestration mechanism (Fig. 7F, G).
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Figure8.  Normal A2 translocation in rac2 * mutants. 4, Arr2-GFP translocation measured from DPP of wild-type and rac2*
mutant. Both fast (putatively representing dissociation of Arr2 from NINAC) and slow (translocation) phases were similar. B, Bar
graphs showing time constant (tau) of translocation, time constant of rapid phase, and extent of translocation (F,,,,,/F i) in rac2®
(mean == SEM n = 4) and wild-type controls (n = 11-12). No significant difference was observed in any of these parameters (t
testp > 0.5). €, Translocation as a function of wavelengthin rac2* mutants (mean = SEMn = 2); each point represents Arr2-GFP
fluorescence measured immediately (<100 ms) after onset of blue excitation following photo-equilibration to a different wave-
length of monochromatic light, normalized to F_,, (Satoh et al., 2010). Dotted line wild-type data replotted from Satoh et al.
(2010). D, Ommatidia labeled with a-Arr2 antibody in flies fixed in dark under infrared illumination (left) and after 3 minin the dark
following 2 min exposure to bright blue light (right) in wild-type (top) and rac2* mutants (bottom). Both show similar transloca-
tion to rhabdomeres (representative of n = 3 dark and 4 blue-adapted rac2* flies; and 47 wild type). Scale bar, 5 pm.

Translocation is normal in rac2 mutants

The results presented here are consistent with, and interpreted
within, a model of translocation whereby Arr2 is proposed to
move between cell body and rhabdomere by diffusion along gra-
dients established by cytosolic and rhabdomeric sinks (see Fig. 9).
This mechanism contrasts with an earlier model in which NINAC
was proposed as an obligatory molecular motor (Lee and Mon-
tell, 2004). Our repeated demonstration of robust translocation
in ninaC mutants is clearly inconsistent with this earlier model,
while indicating a novel role for NINAC in Ca**-dependent reg-
ulation. However, a recent report that Arr2 translocation was
severely impaired in mutants of the small GTP-ase Rac2 (El-
saesser et al., 2010) was difficult to understand on the relatively
simple diffusional model we propose. We therefore reinvesti-
gated Arr2 translocation in null rac2* mutants using both immu-
nocytochemistry of endogenous Arr2 and Arr2-GFP expressed in
the rac2® mutant background. In both cases, we found that Arr2
translocated normally, with no significant differences in either ex-
tent or time course from wild-type controls (Fig. 8). We also mea-
sured the spectral dependence of Arr2-GFP translocation in rac2*
mutants and found that Arr2-GFP translocated in a wavelength-
dependent manner indicative of a stoichiometric relationship with
photo-isomerized rhodopsin (M) as previously shown in wild-type
photoreceptors (Satoh et al., 2010).

Discussion

We previously proposed that Ca** influx via the light-sensitive
TRP channels is required for rapid Arr2 translocation, because
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2 the slow translocation in #rp mutants
could be rescued by genetic elimination of
Na*/Ca®" exchanger activity (Satoh et

N ] al., 2010). In the present study, we con-
o~ firmed the role of Ca®™ directly by imag-
ing Arr2-GFP translocation in dissociated

o ommatidia, and showing that extracellu-

lar Ca®* is required for rapid Arr2 trans-
location. Ca®" was not only required, but
also sufficient to enable rapid transloca-
tion without any products of PLC activity,
since the Ca?" ionophore, ionomycin,
fully rescued translocation in blind norpA
mutants lacking PLC. Significantly, we
found that the requirement of Ca** for
rapid translocation was obviated in null
mutants of NINAC (CaM binding
MyollI), with the cytosolic p132 isoform
of NINAC alone being sufficient to slow
down translocation in Ca**-free condi-
tions. This suggests that cytosolic NINAC
p132 acts as a Ca’"/CaM-dependent
“brake” on translocation by binding Arr2,
releasing it in response to Ca*" influx as-
sociated with the photoresponse. This
conclusion was further supported by find-
ing that the ninaC mutation rescued rapid
translocation in ¢rp mutants (in ninaCstrp
double mutants). However, the failure to
rescue translocation in norpA;ninaC mu-
tants, except under special conditions,
and the demonstration of significant
slowing of translocation following pro-
longed dark adaptation in ninaC mutants
also indicated the existence of a second
Ca**-dependent cytosolic sink.

ninaC phenotypes

Despite an earlier study reporting that Arr2 translocation was
impaired in ninaC mutants (Lee and Montell, 2004), as shown
here and previously (Satoh and Ready, 2005; Satoh et al., 2010),
Arr2 translocation, whether of endogenous Arr2 or GFP-tagged
Arr2, appears essentially intact in ninaC-null mutants. In fact, far
from being impaired, our results indicate that translocation can
be rescued by ninaC mutations under conditions where translo-
cation is slowed down by reduced Ca** influx. Although trans-
location was significantly slower in ninaC mutants following
prolonged dark adaptation, it was never prevented and full trans-
location was always achieved within ~2-3 min of appropriate
illumination.

A novel phenotype of nina -null mutants, and also
ninaC*'”* mutants lacking only the rhabdomeric p174 isoform,
was the complete absence of an early rapid increase in fluores-
cence routinely observed during the first ~500 ms of measure-
ments of Arr2-GFP fluorescence from the DPP of wild-type
photoreceptors or dissociated ommatidia. With a time constant
of ~260 ms, this rapid phase was ~40X faster than the overall
translocation (7 ~ 10 s) itself the fastest protein translocation
reported in a photoreceptor to date, and probably diffusionally
limited (Satoh et al., 2010). It therefore seems unlikely that the
fast phase represents a 40X faster, ninaC-dependent movement
of Arr2 from cell body into the rhabdomere. Instead we suggest
that it represents a change in the fluorescence efficiency of Arr2-

CP235
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Figure9. Multisink model for Ca2*-dependent Arr2 translocation. Left, In the dark-adapted state the visual pigment is in the rhodopsin state (R; blue) with negligible affinity for Arr2
(green). Most Arr2 is bound to either the cytosolic (p132) or microvillar (p174) isoform of NINAC, a CaM binding myosin I1I. NINACp174 is attached to a central actin filament found in each
microvillus (Hicks et al., 1996). In the cell body, Arr2 and NINAC p132 are shown associated with endomembrane, because cytosolic Arr2 was previously reported to colocalize with an
endomembrane marker (Satoh etal., 2010), but this is not critical for the model. In ninaC"?**-null mutants, Arr2 becomes bound or sequestered to an alternative cytosolic site with slow
kinetics (not shown). The identity of this site is unknown: one candidate may be a negatively charged phosphoinositide species on the endomembrane. By analogy with vertebrate rods,
microtubules are another candidate. Center, Bright long wavelength (orange) illumination leads to activation of the light-sensitive TRP channels, resulting in massive Ca ™ influx, which
rapidly (<1 s) releases Arr2 from both p174 and p132: any M (red) formed is rapidly inactivated by high-affinity binding to Arr2, which is now freely diffusible. In wild-type
photoreceptors orange light induces minimal translocation of Arr2 because only a tiny fraction (~1-2%) of the visual pigment is photo-isomerized to M. However, in mutants lacking
p132 or p174, the asymmetry in NINAC distribution results in translocation of Arr2 from rhabdomere to cell body or vice versa in response to orange light (Fig. 6). Right, Bright blue
illumination again activates Ca 2™ influx, thereby releasing Arr2 from NINAC; however, now the majority (~70%) of visual pigment is converted to M, which acts as a high-affinity sink

driving translocation to the rhabdomere (Satoh et al., 2010).

GFP asitisreleased (via Ca** influx) from the rhabdomeric p174
NINAC isoform. A lower fluorescence when bound to NINAC
might reflect crowding of the GFP-fluorophore, or could be
due to some other feature of the nano-environment of the
fluorophore when Arr2 is bound to NINAC in the microvilli.
This interpretation was supported by the ability to eliminate
the rapid phase by pre-illumination with long wavelength
light, which induces Ca** influx without net change in M. The
rapid phase then re-emerged with a time constant of ~3 s in
the dark, presumably representing rapid rebinding of Arr2-
GFP to NINAC (Fig. 3).

A second Ca’*-dependent cytosolic sink

After more than a few minutes in the dark, Arr2 translocation
into the rhabdomere became progressively slower, with clear
functional consequences in a parallel slowing of the decay of the
ERG (Figs. 4, 5). This gradual slowing was considerably more
pronounced in ninaC-null mutants, where we propose that it
represents binding or sequestration of Arr2 via one or more
NINAC-independent target(s) or compartment(s). Release from
such sites also requires activation of the phototransduction cas-
cade, and translocation could be accelerated back to levels typical
of short dark-adaptation times by pre-illumination with bright
orange light, which itself does not generate a net increase in M. It
seems likely that the rise in Ca®" is also responsible for release
from this site; however, we cannot exclude the involvement of
other products of the phototransduction cascade. The identity of
this second site or compartment remains a subject for future
investigation. Given previous reports that Arr2 can bind to phos-
phoinositides (Lee et al., 2003; Lee and Montell, 2004), negatively
charged phosphoinositide species on endomembranes, which
could be screened by Ca®", might represent promising candi-
dates. Drosophila Arr2 is an unusually basic (positively charged)
protein (Alloway and Dolph, 1999) and may thus have a strong
tendency to bind to such sites. The finding that the slowing of

translocation with dark adaptation was more pronounced in #i-
naC mutants suggests that one of the functions of cytosolic
NINAC may be to prevent immobilization of Arr2 by this alter-
native potential sink. Because the Ca*"-dependent release of
Arr2 from NINAC occurs on a subsecond timescale, this then
allows more rapid translocation (and hence recovery of the elec-
trical response) after a period in the dark.

A common mechanism for Ca”>*-dependent regulation of
response termination and translocation

Our results demonstrate that Arr2 translocation is accelerated
by Ca*” influx, and suggest that this is mediated by a disin-
hibitory mechanism, whereby NINAC p132 binds to Arr2 un-
der low Ca®" conditions in the dark, rapidly releasing it in
response to Ca’" influx associated with the photoresponse
(Fig. 9). Although inferred from essentially independent ex-
periments, this mechanism is strikingly similar to one previ-
ously proposed for the rapid, Ca**-dependent inactivation of
M during the light response itself (Liu et al., 2008). In that
study the time constant of M inactivation by Arr2 was found to
be accelerated from ~200 ms under Ca**-free conditions to
~20 ms following Ca** influx. This Ca*" dependence was
eliminated in both ninaC-null mutants, and in ninaC*'”* mu-
tants lacking the rhabdomeric p174 (but not in ninaC*'*? mu-
tants lacking cytosolic p132). The results also indicated a
disinhibitory mechanism, leading us to propose that Arr2 in
the microvilli was bound to rhabdomeric NINAC p174 under
low Ca** conditions in the dark, thus hindering its diffusional
access to activated M. Ca** influx via the first activated TRP
channels, then rapidly releases Arr2, allowing it to diffuse,
bind to, and inactivate M.

NINAC p132 and p174 share a common CaM binding site
(CBS) and although p174 has a second CBS not found in p132
(Porter et al., 1993, 1995), the pronounced slowing of trans-
location with dark adaptation in null ninaC"?’® mutants was
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recapitulated in mutants lacking the common CBS (Fig. 4E).
We therefore suggest that essentially the same mechanism un-
derlies the Ca*"-dependent rapid translocation of Arr2, but
now acting via NINAC p132 rather than p174 and working
over much larger distances (several micrometers as opposed to
the nanometer dimensions of single microvilli) and hence
slower timescales.

The proposed interaction between NINAC and Arr2 finds
some support from biochemical data reporting coimmunopre-
cipitation of Arr2 and NINAC in extracts from whole heads (Lee
and Montell, 2004). However, these authors also reported that
both Arr2 and NINAC had significant in vitro affinity for phos-
phoinositides. They proposed that the NINAC/Arr2 association
was indirect and mediated by both Arr2 and NINAC binding to
phosphoinositide-rich membrane. Although our results clearly
indicate that Ca**-dependent modulation of Arr2 binding to M
(Liu et al,, 2008) and Ca**-dependent translocation of Arr2 are
both dependent upon NINAC, we cannot exclude the possibility
that the interaction is mediated indirectly via a NINAC-
dependent target. Ultimate verification will require direct dem-
onstration of NINAC/Arr2 binding and its dependence upon
Ca**/CaM.

Concluding remarks
The regulated multisink model proposed here (Fig. 9) differs funda-
mentally from an earlier model in which NINAC was proposed as a
molecular motor transporting Arr2 in phosphoinositide-rich vesi-
cles (Lee and Montell, 2004). By contrast it shows strong par-
allels with current models for arrestin translocation in
vertebrate rods (Calvert et al., 2006; Slepak and Hurley, 2008).
Here, phosphorylated rhodopsin represents the light-activated
sink in the outer segments, while microtubules have been pro-
posed as the cytosolic sink in the inner segments (Nair et al.,
2005). There is also evidence indicating light-regulated accelera-
tion of translocation in vertebrate rods (Strissel et al., 2006). The
mechanism is unclear; however, intriguingly a recent study has
implicated roles for PLC and protein kinase C possibly stimulat-
ing release of arrestin from its cytosolic sink (Orisme et al., 2010).
Such regulated-sink models have the advantage of simplicity:
directed translocation requires no more than diffusion coupled
with regulated binding, can rapidly transport virtually unlimited
quantities of protein, and per se consumes essentially no energy
(Nair et al., 2005; Slepak and Hurley, 2008) (but see Orisme et al.,
2010). While it can be conveniently studied in photoreceptors
with their distinctive polarized morphologies and high concen-
trations of transduction machinery, translocation according to
the same general principles may represent a general and elegant
solution to the problem of directed movements of signaling
proteins.
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