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SUMMARY

Phototransduction in flies is the fastest known G
protein-coupled signaling cascade, but how this
performance is achieved remains unclear. Here, we
investigate the mechanism and role of rhodopsin in-
activation. We determined the lifetime of activated
rhodopsin (metarhodopsin = M*) in whole-cell re-
cordings from Drosophila photoreceptors by mea-
suring the time window within which inactivating M*
by photoreisomerization to rhodopsin could sup-
press responses to prior illumination. M* was inacti-
vated rapidly (+ ~20 ms) under control conditions,
but ~10-fold more slowly in Ca?*-free solutions.
This pronounced Ca?* dependence of M* inacti-
vation was unaffected by mutations affecting
phosphorylation of rhodopsin or arrestin but was
abolished in mutants of calmodulin (CaM) or the
CaM-binding myosin I1ll, NINAC. This suggests
a mechanism whereby Ca®* influx acting via CaM
and NINAC accelerates the binding of arrestin to
M*. Our results indicate that this strategy promotes
quantum efficiency, temporal resolution, and fidelity
of visual signaling.

INTRODUCTION

In any signaling cascade, it is important that each step is appro-
priately terminated in a timely fashion. This is particularly true in
phototransduction where rapid response termination is essential
for high temporal resolution, and perhaps nowhere more so than
in flies, which have the fastest known G protein-coupled signal-
ing cascade (reviews: Montell, 1999; Hardie and Raghu, 2001;
Hardie and Postma, 2008; Wang and Montell, 2007). In Drosoph-
ila, the key elements of this cascade, from rhodopsin to the light-
sensitive channels, are localized in a tightly packed array of
microvilli forming the light-guiding rhabdomere. Two classes of
channels, transient receptor potential (TRP) and TRP-like
(TRPL), are activated downstream of phospholipase C (PLC),
most likely by lipid products of PLC such as diacylglycerol
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(DAG), polyunsaturated fatty acids, and/or the reduction in phos-
phatidyl inositol 4,5 bisphosphate (PIP,) (reviewed by Minke and
Parnas, 2006; Hardie, 2007; Wang and Montell, 2007). The dom-
inant channel is highly Ca®* selective and encoded by the trp
gene (Montell and Rubin, 1989; Hardie and Minke, 1992). Activa-
tion of a single rhodopsin molecule by one photon results in a dis-
crete electrical event, the quantum bump ~10 pA in amplitude,
mediated by activation of ~15 TRP channels after a variable la-
tency of ~20-100 ms (Henderson et al., 2000). The associated
Ca?* influx transiently raises [Ca2*] to near millimolar levels in
the affected microvillus (Postma et al., 1999; Oberwinkler and
Stavenga, 2000). This Ca?* influx is critical for response kinetics
and amplification, mediating both positive and negative feed-
back via multiple molecular targets (Hardie, 1991, 1995; Smith
etal., 1991; Scott et al., 1997; Gu et al., 2005). However, despite
extensive investigation, in most instances the precise mecha-
nisms underlying this feedback are still only poorly understood.

The first stage of excitation is the photoisomerization of rho-
dopsin (R) to active metarhodopsin (M*) by the 17-cis to all-trans
photoisomerization of the chromophore (3-hydroxy-retinal); M*
is subsequently inactivated by binding to arrestin (see Figure 8).
In vertebrate photoreceptors, M* inactivation is Ca®* dependent
because M* must first be phosphorylated by a Ca®* (and recov-
erin) dependent rhodopsin kinase before arrestin can bind M*
(Kawamura, 1993). However, in flies, M* phosphorylation ap-
pears not to be required for arrestin binding (Plangger et al.,
1994; Vinos et al., 1997; Kiselev et al., 2000; but see Lee et al.,
2004), raising the question of whether M* lifetime can be modu-
lated by Ca®* and, if so, how? One possibility was suggested by
finding that arrestin itself is rapidly phosphorylated by CaMKII
(Matsumoto et al., 1994). However, a subsequent study reported
that this was not required for arrestin binding to M but instead
was required for arrestin to subsequently dissociate from R after
M had been photoreisomerized (Alloway and Dolph, 1999), leav-
ing no known mechanism for Ca?*-dependent M* inactivation in
Drosophila.

Here, we measured M* lifetime by exploiting the bistable
nature of invertebrate rhodopsins (Hillman et al., 1983; Stavenga,
1996), whereby M* can be instantaneously inactivated by photo-
reisomerization to the inactive R state (Hamdorf and Kirschfeld,
1980; Richard and Lisman, 1992). We found that M* inactivation
in Drosophila is indeed strongly Ca®* dependent. Our results
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Figure 1. Properties of R1-6 Photoreceptors Express-
ing Rh3

(A) Averaged, normalized whole-cell voltage-clamped re-
sponses to brief (1 ms) flashes (arrows) containing ~100 effec-
tive photons in R1-6 photoreceptors of wild-type flies (Rh1)
and flies expressing the UV-sensitive Rh3 opsin (p/Rh3]).

(B) Quantum bumps elicited by continuous dim illumination.
(C) Normalized responses to brief (1 ms) flashes in the pres-
ence (rapid) and absence (slow) of extracellular Ca®*.

(D) Responses to brief flashes in arr2° null mutant in otherwise
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wild-type flies (left) and p/Rh3] flies (right).

(E) Summary of kinetic parameters: time-to-peak (tpk) in the
presence and absence of Ca®*, decay time constant (7gec) in
Ca**-free solution and also in arr2° null background (mean =
SD, n = 4-10 cells per data point).

(F) Normalized rhodopsin (R) and metarhodopsin (M) absorp-
tion spectra for Rh1 (dotted lines: Amnax 470/560 nm) and Rh3
(330/460 nm); spectra based on nomograms (Govardovskii
et al.,, 2000); transmission spectrum of the GG495 filter is
also shown.

(G) Immunolocalization of Arr1 and Arr2 in 7-day-old p/Rh3]
and 0- to 2-day-old wild-type flies; in dark-adapted (D) eyes,
Arr2 was distributed both in the cytosol and rhabdomere,
while Arr1 was found predominantly in the cytosol. Within
5 min of the appropriate illumination (UV or blue), both had
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further suggest that this is achieved by a mechanism whereby
Ca?* influx acting via CaM and myosin Ill (NINAC) promotes
the binding of arrestin to metarhodopsin. This strategy,
combined with the ultracompartmentalization afforded by the
photoreceptors’ microvillar design, promotes quantum effi-
ciency, temporal resolution, and fidelity of visual signaling.

RESULTS

Light Responses Mediated by the UV Opsin Rh3

In order to measure the lifetime of M* in vivo, we used a powerful
but rarely used strategy that involves exciting the cell with a test
flash and then inactivating M* by photoreisomerization (Hamdorf
and Kirschfeld, 1980; Richard and Lisman, 1992). The logic is
that photoreconversion of M* should suppress the response to
a prior test flash as long as M* is still active, but not if M* has al-
ready been inactivated. Critically, the strategy relies on the ability
to rapidly reconvert the very same M* molecules that had been
initially excited, necessitating the delivery of brief, extremely in-
tense flashes capable of hitting all ~108 rhodopsin molecules
in the cell. For the case of the major rhodopsin in Drosophila
(Rh1), the overlap of the M and R absorption spectra makes

B
600

translocated to the rhabdomere: n = 7 flies (wild-type), 2 flies
(p[Rh3] D), and 5 flies (p[Rh3] UV).

0.0

such an approach impractical, as the reconverting
flash itself would also activate sufficient new R mol-
ecules to generate a near-saturating response. We
therefore used flies (p[Rh3]) in which Rh1 had been
replaced by the UV-absorbing rhodopsin, Rh3
(Feiler et al., 1992; Ranganathan et al., 1994), where
the R and M spectra are sufficiently widely sepa-
rated that long-wavelength light can reconvert M
with minimal excitation of R (Figure 1F).
We first characterized Rh3-mediated responses in order to
test whether they resembled responses mediated by Rh1 (Fig-
ure 1). In whole-cell voltage-clamped recordings from dissoci-
ated ommatidia, responses to brief UV flashes in p/[Rh3] cells
showed similar, albeit slightly slower, kinetics to responses
from wild-type photoreceptors; quantum bumps were also
similar in waveform, though slightly larger than in wild-type. Im-
portantly for this study, responses showed a similar dependence
on Ca?*, with an ~10-fold slowing of both onset and offset kinet-
ics when extracellular Ca* was removed (Figure 1C), indicating
that both positive and negative feedback by Ca®* influx were
intact.

Since M* inactivation is believed to be mediated by binding to
arrestin (Dolph et al., 1993), it was important to ask whether Rh3
interacts with arrestin in a similar fashion to Rh1. Drosophila pho-
toreceptors express two arrestin isoforms: Arr2, which is the
dominant isoform required for rapid inactivation of Rh1; and
Arr1, which can terminate the response more slowly in the ab-
sence of Arr2 (Dolph et al., 1993). A potential complication is
that both arrestins translocate to the rhabdomere during illumi-
nation (Kiselev et al., 2000; Lee et al., 2003; Satoh and Ready,
2005); in dark-adapted wild-type flies, Arr2 is widely distributed
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Table 1. Arrestin Levels in Mutant Backgrounds

WT p[Rh3]  ninaCP?®  ninaCk®  cam arr2®/+
Arr2 100% 136% 50% + 30% + 28% + 59% =
level 17% 16% 8% 12%
n 18 2 14 5 3 4

Values determined by densitometry of western blots (mean + SD, normal-
ized to levels in wild-type using tubulin as standard), see Experimental
Procedures and Figure S1 for further details.

throughout the cell with only a relatively small (~30%) fraction in
the rhabdomere, while Arr1 is almost exclusively localized in the
cell body. Immunocytochemistry showed that both Arr2 and Arr1
were similarly distributed in p/[Rh3] flies and that both translo-
cated reversibly in response to UV illumination (Figure 1G). We
also confirmed by western analysis that Arr2 was expressed at
wild-type levels in p/Rh3] flies (Table 1 and Figure S1 available
online).

To confirm functional involvement of Arr2 in inactivation of
Rh3, we used a null allele of the arr2 gene (arr2®%) and found
that responses in p[Rh3];arr2° flies showed a deactivation defect
very similar to that previously described in arr2 mutants. Namely,
responses initially inactivated normally due to Ca?*-dependent
inactivation of the channels but then failed to rapidly reach base-
line, leaving a secondary peak or shoulder that decayed over
several seconds (Figure 1D). Finally, the phenotypes of several
other phototransduction mutants, including norpA (PLC), Gagq,
ninaC, and cam (calmodulin), were reproduced when investi-
gated on the p/Rh3] background (Figure S2 and see below).
These results clearly establish that Rh3 interacts with Arr2 and
Arr1 in a similar fashion to Rh1 and utilizes the same excitation
and inactivation signaling machinery.

Photoreisomerization of M* Suppresses

the Light Response

The R and M states of Rh3 absorb maximally at 330 nm and
460 nm, respectively (Figure 1F; Feiler et al., 1992). Using
a long-wavelength cut-off filter (Schott GG495), it was possible
to reconvert >90% of M to R within the duration of a brief flash
(~1 ms) delivered by a high-voltage Xe flash lamp. By itself,
this yellow (Y) flash generated a modest response equivalent
to ~200 effectively absorbed photons, due to residual absorp-
tion by the long-wavelength flank of the R absorption spectrum.
When delivered 5 ms prior to a brief (1 ms) UV test flash, the re-
sponses summated, generating responses approximately equal
to the sum of the responses to Y and UV flashes delivered alone
(Figure 2B). However, when the Y flash was delivered 2-5 ms af-
ter the UV flash, the response was greatly reduced and was
barely larger than the response to the Y flash delivered alone
(Figure 2C). This indicated that virtually all of the M molecules
generated by the UV flash were reconverted to R by the Y flash
before they had had a chance to activate downstream elements
of the transduction cascade.

The effective lifetime of active M* was then probed by varying
the timing of the Y reconverting flash relative to UV excitation. Y
flashes almost completely suppressed the response to the UV
flash when delivered within 5 ms, but then their ability to
suppress the response decreased exponentially with a time con-
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Figure 2. Determination of Active M* Lifetime by M > R Photorecon-
version in p[Rh3] Flies

(A) Control responses to 1 ms UV flash (solid trace) and reconverting GG495
nm flash (Y) (dotted trace), each delivered alone —the timing of the flashes is
indicated by stimulus artifacts.

(B) When the Y flash was delivered 5 ms prior to the UV flash, the responses
summated, resulting in a slightly larger response (dotted trace) than to the
UV flash alone (solid trace). Timing of UV flash indicated by arrow, Y flash by
stimulus artifact.

(C) When the Y flash was delivered 5 ms after the UV flash, the overall response
(dotted trace) was greatly suppressed; after subtraction of the response to Y
alone (solid trace), there was virtually no residual response, showing that the
response to UV had been almost entirely suppressed.

(D) When Y was delivered 10 ms after UV, there was a clear but still greatly sup-
pressed residual response.

(E) Residual responses (after subtraction of the Y response template) with in-
creasing Y flash delays (10, 15, 20, 30, and 50 ms). After 50 ms (dotted trace),
there was very little remaining suppression compared to the UV control flash
(solid thick trace).

(F) Response as a fraction of the control response (///,.x measured from the
integral current) as a function of delay of the reconverting flash (mean + SD,
n = 9 cells). Data were fitted with a two-exponential function with 1 ms R > M
activation time course (fixed) to derive an effective M* decay time constant of
23 ms. Also shown are the normalized (inverted) control response time course
and its cumulative integral (note that the effective M* lifetime appears to be
ended by the peak of the response —and approximately follows the cumulative
integral with a left time shift of ~35 ms).

stant of ~20 ms, and flashes delivered more than ~50 ms after
the UV flash no longer caused significant suppression of the re-
sponse. Comparison of suppressed responses with the control
response (UV alone) showed that suppression first started ~20
ms after the reconverting flash (Figure 2E). This delay probably
represents the persistence of Gqg o subunits and PLC molecules
already activated by M* prior to the reconverting flash and which
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are still capable of generating a response. The suppression re-
flects inactivation (by reconversion to R) of M* molecules, which
had not yet activated sufficient G proteins to overcome threshold
for bump generation. Following this delay, the suppressed re-
sponses inactivated rapidly with a time course T4ec ~7 ms, which
is similar to the time course of inactivation of single quantum
bumps and is probably mediated by the Ca®*-dependent inacti-
vation of TRP channels.

M* Lifetime Is Ca%* Dependent
These experiments indicate that, under physiological conditions,
M~ is effectively inactivated with a time constant of ~20 ms. We
next asked whether this rapid inactivation depended upon Ca®*
influx by repeating the experiments in Ca?*-free solutions where
responses are prolonged ~10-fold. Strikingly, reconverting (Y)
flashes delivered even at very late times (>500 ms) during such
Ca?*-free responses were always capable of suppressing the
tail of the response (n = 14), demonstrating that M* had remained
active throughout most of the response and was required to sus-
tain the response over these durations (Figure 3). Suppression of
such responses by M* reconversion again first started after
a short delay of ~25 ms. The response then decayed with
a time constant of ~80 ms, providing a direct measurement of
the inactivation time course of events downstream of rhodopsin,
such as inactivation of the G protein-PLC complex and/or the re-
moval of excitatory messenger (e.g., metabolism of DAG by DAG
kinase) under Ca®*-free conditions.

To avoid inaccuracies that might arise from subtraction of the
Y flash response template, we also recorded from flies that had
been raised on a vitamin A-deprived (VA-) diet that reduced Rh3
concentration ~350-fold. Under these conditions, the Y flash
now elicited virtually no response at all by itself, so that suppres-
sion by M* reconversion and its kinetics could be directly re-
corded without needing to subtract a template. Examples shown
in Figure 3D directly confirm complete suppression with similar
kinetics (Tgec 82 + 14 ms, n = 7) to that derived after template sub-
traction in flies reared on normal diet (85 + 16 ms, n = 8).

These results directly demonstrate that, in the absence of Ca®*
influx, M* lifetime is the rate-limiting step controlling response
duration and decay. With this knowledge, and since the
response under Ca®*-free conditions scales strictly linearly
with intensity (R.C.H., unpublished data), the effective lifetime
of M* under Ca?*-free conditions can be most conveniently esti-
mated by simply fitting an exponential to the final tail of the flash
response. This yielded values of ~500 ms in p/Rh3] flies and
200-300 ms (mean 227 + 44 ms, n = 13) in wild-type photorecep-
tors (Figure 1E). The dramatic ~10-fold increase in the lifetime of
active M* in Ca®*-free solutions indicates that, in the presence of
extracellular Ca%*, M* inactivation is rapidly accelerated by the
Ca?* influx associated with the quantum bump.

Arr2 Overexpression Accelerates Response

Termination under Ca?*-Free Conditions

These results demonstrate that M* inactivation is strongly Ca®*
dependent in photoreceptors expressing Rh3. The similar Ca?*
dependence of Rh1- and Rh3-mediated responses (Figure 1)
implies that this is also the case in wild-type photoreceptors;
nevertheless, we sought independent confirmation that inacti-

- Y alone

UV alone
— UW&Y

— Y subtracted

Figure 3. M* Lifetime Is Greatly Prolonged in Ca®*-Free Solutions
(A) Responses from p[Rh3] photoreceptor in Ca®*-free solution to UV and Y
alone (dotted and stippled traces), superimposed on response to UV and Y de-
livered together with a 50 ms delay. After subtraction (thick trace), the residual
response was greatly suppressed with respect to the UV control and decayed
to baseline much faster.

(B and C) After delays of 200 and 400 ms, the Y flash still suppressed the light
response (solid trace, after subtraction of response to Y flash alone; dotted
traces, control response to UV flash alone). Similar results in n = 7 cells.

(D) Recording from vitamin A-deprived p[Rh3] fly (VA-) without template sub-
traction. The Y flash rapidly suppressed responses when delivered at both 100
and 900 ms after the UV flash (intensity ~500-fold brighter than in [A]-[C]). Inset
shows the suppression on a faster timescale after alignment of the two traces;
after a delay of ~25 ms, the response decayed to baseline with a time constant
of 82+15ms (n=7).

vation of M* by Arr2 is also rate limiting under Ca®*-free condi-
tions for Rh1. If this is the case, then increasing Arr2 levels
would be predicted to accelerate response inactivation. To
test this, we recorded from p[Arr2] flies expressing two extra
copies of a wild-type arr2 transgene, resulting in an approxi-
mate doubling of Arr2 protein level (Dolph et al., 1993;
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A
C
300—_
] B p/Ar2] 1 10]
D 2004 [ wt ]
E W
& | S sl
& 100~ 0'5.
g_.jll_"'_l 0.0_-
< o< FOB
&

Ranganathan and Stevens, 1995). As predicted, when recorded
under Ca®*-free conditions, photoreceptors from p[Arr2] flies
(four independent transformant lines) showed a greatly acceler-
ated response deactivation, with a decay time constant of
94 ms (Figure 4B). This was not significantly different from
the time constant of response inactivation following M > R re-
conversion under Ca®*-free conditions.

Paradoxically, and contrary to a previous report (Ranganathan
and Stevens, 1995), in the presence of physiological Ca*-con-
taining solutions, responses in p[Arr2] flies actually decayed sig-
nificantly more slowly than in wild-type photoreceptors (tgec ~40
ms, cf. ~12 ms in wild-type), indicating that inactivation of M* by
Arr2 is not rate limiting under physiological conditions (Figure 4A).
Further analysis revealed that the slow “decay” reflected the
generation of quantum bumps with longer latencies (data not
shown). In addition, sensitivity to light was substantially reduced
due to an ~5 fold reduction in effective quantum efficiency (Q.E.)
and an ~2-fold reduction in bump amplitude (Figures 4D and 4E).
While initially surprising, these phenotypes can be readily recon-
ciled with current models of quantum bump generation. Thus,
bump generation and amplification are thought to involve the se-
quential and stochastic activation of approximately five or more
G proteins and PLC molecules during the bump latent period
(Hardie et al., 2002). The reduction in Q.E. in p[Arr2] flies is pre-
sumably due to the increased levels of Arr2 resulting in a high
probability that M* is inactivated before it has a chance to activate
a G protein (or sufficient G proteins to initiate a quantum bump).
Furthermore, if only one or two G proteins are activated, the
reduction in net PLC activity can be expected to result in produc-
tion of smaller bumps with longer latencies. In these respects,
these phenotypes resemble those of hypomorphic G protein mu-
tants (Gaq), which also have reduced Q.E. and bump amplitude
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Figure 4. Effects of Overexpression of the
Wild-Type Arr2 Transgene

(A) In the presence of Ca?*, response decay in
p[Arr2] flies following a brief test flash (1 ms) was
significantly slower than in wild-type (dotted trace,
responses normalized).

(B) Under Ca*-free conditions, response de-
activation was greatly accelerated in p[Arr2] flies,
indicating that Arr2 is rate limiting under these
conditions.

(C) Time constants of response deactivation (rqec)
in the presence and absence of Ca?* (mean + SD,
n = 11-13 cells).

(D) Quantum efficiency (Q.E.) relative to wild-type

] was reduced ~5-fold in p[Arr2] flies.
: (E) Bump amplitude was reduced ~2-fold (mean +
=< 104 SD, n = 6 cells).
g
g ]
g |
] 5]
g' | and prolonged bump latencies (Scott
= et al., 1995; Hardie et al., 2002).
o- M* Inactivation Is Ca%* Independent
(0\ & in Arrestin Mutants
g Since M* is quenched by binding to the

dominant arrestin isoform Arr2 (Dolph
et al., 1993), our results imply that inacti-
vation of M* by Arr2 is strongly Ca®* dependent. If this is the
case, it may be predicted that the Ca?* dependence of M* termi-
nation would be altered or eliminated in arr2 mutants. We there-
fore investigated the Ca®* dependence of responses in the null
arr2® mutant. As previously reported (Dolph et al., 1993), re-
sponses to brief flashes in arr2°® flies show a prolonged decay
lasting several seconds, the tail of which could be fitted with a sin-
gle exponential of ~1400 ms (Figures 5A and 5E). In confirmation
of an earlier study (Scott et al., 1997), the slow deactivation was
seen to be due to the ability of single effectively absorbed pho-
tons to excite trains of quantum bumps (Figure 5B). This is inter-
preted as the ability of active M* to reactivate the transduction
cascade after a refractory period, probably induced by the mas-
sive Ca2* influx in the microvillus that supports the bump (Postma
etal., 1999; Oberwinkler and Stavenga, 2000; Mishra et al., 2007).
The duration of this refractory period was estimated from the
interval distribution between bumps in such trains and peaked
at ~100-150 ms, with shortest intervals of ~50 ms (Figure 5B).

Under Ca?*-free conditions, responses in arr2° were still very
significantly (>5-fold) prolonged compared to wild-type re-
sponses, with an intermediate time course observed in arr2°/+
heterozygotes (Figures 5C and 5E). This indicates that Arr2
also mediates response termination under Ca*-free conditions.
Significantly, the time course of response decay in arr2° mutants
under Ca®*-free conditions was now indistinguishable from that
measured in the presence of Ca2* (Figures 5D and 5E). This indi-
cates that M* inactivation in the absence of Arr2 is Ca®* indepen-
dent, consistent with the proposal that binding of Arr2 to M* rep-
resents the Ca?*-dependent step in M* inactivation. Since M*
inactivation in arr2 null mutants is believed to be mediated by
the minor arrestin, Arr1 (Dolph et al., 1993), these results also
imply that M* inactivation by Arr1 is Ca?* independent.
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Figure 5. Responses in arr2 Mutants

(A) Normalized flash response in wild-type and
arr2® null mutant. Inset shows the response on
a faster time base: note secondary peak (arrow)
that decays slowly in arr2°.

(B) Dim flashes containing only a single effective
photon in arr2® elicited trains of quantum bumps
(third flash was a “failure”); (right) bump interval
distribution from such trains.

E:

0

m

arr2®

1000

100

Tdec (MS)

10

Ca?* Dependence of M* Inactivation Is Not Mediated

via Phosphorylation of Rhodopsin

Drosophila Rh1 undergoes light-dependent phosphorylation and
Ca?*-dependent dephosphorylation (Bentrop and Paulsen,
1986; Steele et al.,, 1992; Byk et al., 1993; Lee and Montell,
2001; see Figure 8). Although most authors now suggest that
M* phosphorylation is not required for Arr2 binding or response
termination (e.g., Plangger et al., 1994; Vinos et al., 1997), Lee
et al. (2004) recently suggested a role for rhodopsin kinase in
regulating amplification, while the Ca?*- and CaM-dependent
rhodopsin phosphatase encoded by the rdgC gene has been
proposed to play a role in response termination (Vinos et al.,
1997; Lee and Montell, 2001).

Because of continuing uncertainty over the involvement of Rh1
(de)phosphorylation in response termination, we recorded from
two transgenic Rh1 mutants lacking the C-terminal phosphoryla-
tion sites, as well as a mutant of rhodopsin phosphatase rdgC. All
of these mutants had essentially wild-type responses, with no
defects in deactivation or the Ca?* dependence of M* deactiva-
tion (see Figure S3 and accompanying text). This strongly sug-
gests that phosphorylation and dephosphorylation of rhodopsin
play no direct role in M* inactivation or its Ca>* dependence.

M* Inactivation Is Calmodulin Dependent, but Not
Mediated by CamKII

Upon illumination, Arr2 is rapidly phosphorylated by CaMKIl at
a unique serine residue (Ser®®®), and this has been suggested
as a mechanism for Ca?*-dependent M* inactivation (Matsumoto
et al., 1994). This proposal was supported by finding that hypo-
morphic CaM mutants (cam) were defective in both CamKII func-
tion and M* inactivation (Scott et al., 1997). However, it was sub-
sequently reported that Arr2 phosphorylation was not required for
binding of Arr2 to M, but was required for Arr2 to dissociate from R
after photoreisomerization from M (Alloway and Dolph, 1999) and
also as a signal to prevent endocytotic internalization of R/M-Arr2
complexes (Kiselev et al., 2000; see Figure 8). According to these
studies, any deactivation defects in mutants defective in Arr2

bump interval (ms)

m Ca
[ OCa

(C) Normalized, averaged flash responses in Ca2*-
free bath: arr2®° decayed ~5-fold more slowly than
in wild-type (wt); arr2%/+ heterozygote (/+, dotted
line) was intermediate.

(D) Responses from arr2® in the presence (noisy
trace) and absence of Ca®*; after normalizing
and aligning the peaks of the responses (second-
ary peak in case of Ca?* response), the deactiva-
tion time courses were nearly identical.

(E) Response decay time constants (rgec first-
order exponentials fitted to tails of responses:
mean + SD, n = 4-13 cells per data point); note log-
arithmic scale.

500 1000

P
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phosphorylation might thus be explained as an indirect conse-
quence of the light-dependent sequestration of Arr2 by R/M.

To further test a possible role for Arr2 phosphorylation in M*
inactivation, we recorded from two arr2 mutants incapable of un-
dergoing phosphorylation by CamKII: Arr25%664 (a transgenic fly
with Ser®®® substituted for alanine) and arr2” (a C-terminal trun-
cation mutant lacking Ser*®®) (Alloway and Dolph, 1999). Re-
sponses in arr2’ appeared essentially wild-type in both Ca?*
and Ca®*-free solutions, and although we found a minor deacti-
vation defect in Arr25%%%4, response inactivation also remained
strongly Ca?* dependent (Figures 6A and 6C). The fact that re-
sponses in Arr25%664 were ~5-fold slower than in wild-type flies
in both Ca®* and Ca?*-free solutions is likely to be a consequence
of the low level of Arr2 protein (~20%) in these flies (Alloway and
Dolph, 1999). We also recorded from a variety of transgenic lines
with compromised CamKIl function, including RNAi knockdown
(Figure S4), but in all cases, response deactivation and its Ca®*
dependence were indistinguishable from wild-type controls.
These results suggest that neither Arr2 phosphorylation
nor CaMKIl play any direct role in M* inactivation or its Ca*
dependence.

Nevertheless, when we recorded from cam hypomorphs, we
found that, as previously reported (Scott et al., 1997), light re-
sponses displayed a pronounced deactivation defect, which ap-
peared to represent a failure in M* inactivation, since single pho-
ton absorptions produced long trains of quantum bumps, as is
the case in arr2 mutants (data not shown). However, in marked
contrast to Arr25%%%4, response deactivation was never acceler-
ated in the presence of Ca?* (Figures 6B and 6C). We tested the
hypothesis that the cam phenotype might be due to sequestra-
tion of Arr2 in R/M-Arr2 complexes by rearing cam flies on
a VA- diet so that there should no longer be sufficient Rh1 to se-
quester a significant fraction of Arr2. However, despite an ~350
fold reduction in Rh1 level, there was no rescue of the deactiva-
tion phenotype (Figure 6C).

Another explanation for defective M* inactivation in cam mu-
tants might be an altered subcellular distribution of Arr2—e.g.,
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CaM might be required for Arr2 to enter the rhabdomeres. How-
ever, immunolocalization of Arr2 in cam hypomorphs closely re-
sembled the wild-type pattern, with ~30% of the Arr2 in the
rhabdomeres in the dark (Figure 6D). We also considered the
possibility that the response deactivation defect in cam hypo-
morphs was not after all due to defective M* inactivation. To
test this, we generated cam hypomorphs expressing Rh3 opsin
(cam;p[Rh3]) and found that Y flashes delivered as long as 2 s af-
ter UV excitation completely suppressed the tail of the response
(Figure 6E), clearly confirming that the deactivation defect repre-
sented a failure to inactivate M*.

Myosin Il (NINAC) Is Required for Ca?*-Dependent

M* Inactivation

Our results indicate that CaM is required for Ca®*-dependent in-
activation of M* but that its effects are not mediated by CaMKIl or
RDGC. We therefore investigated another potential CaM-depen-
dent target, the NINAC myosin Il protein (Montell and Rubin,
1988). NINAC is a multifunctional protein with both myosin and ki-
nase domains and is also reported to be the major CaM-binding
protein in the photoreceptors (Porter et al., 1993). Null mutants of
ninaC (ninaC™%%) are defective in several aspects of response
deactivation, but despite extensive investigation (reviewed in
Montell, 1999), the molecular basis has never been satisfactorily
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Figure 6. Responses in Arr2 Phosphorylation Mutant
and cam Hypomorphs

(A) Flash responses in Arr25%6%4 showed a minor deactivation
defect in the presence of Ca®* (arrow), but under Ca®*-free
conditions response deactivation was ~10-fold slower (gray
trace).

(B) By contrast, responses to brief flashes in cam®3/cam>%?
hypomorph (cam) decayed with a similar time course in Ca*
and Ca?*-free (gray trace) solutions.

(C) Single exponentials fitted to the decay (rgec mean + SD,
Arr25%64 n = 8, cam n = 11 cells); vitamin A deprivation
(VA-, n = 3 cells) did not influence 74ec in cam mutants.

(D) Photoreisomerization of M in cam;p[Rh3] flies by a Y flash
rapidly terminated the response (cf. control response super-
imposed; n = 3).

(E) Immunolocalization of Arr2 in dark-adapted eyes from cam
mutants (n = 7 flies) and wild-type control.

Cca?*
0 Ca®*

resolved, although an undefined role in M* inactiva-
tion has been suggested (Porter et al., 1995;
Hofstee et al., 1996).

As previously reported (Hofstee et al., 1996),
flashes delivered to ninaC™3° photoreceptors
evoked responses with a slowly deactivating tail,
with a time constant of ~200 ms (Figure 7A).
When flash intensities were reduced to the level
of single photons, the deactivation defect was re-
flected in the generation of unequivocal multiple
bump trains (Figure 7B, p < 107'2, x2 test, n = 4,
see Experimental Procedures), indicating a defect
in M* inactivation. To confirm this interpretation,
we generated ninaC™%%;p[Rh3] flies expressing

Rh3 opsin and showed that the slowly decaying tail was rapidly
suppressed by photoreconversion of M to R (Figure 7C).
Significantly, the deactivation time constant of flash responses
recorded in ninaC™3®% in Ca?*-free solutions (tgec 208 = 76 ms,
n = 8) was now indistinguishable from that measured from the
same cells in the presence of Ca?* (231 + 92 ms), indicating
that the Ca®* dependence of M* inactivation was abolished
(Figure 7E). Since microvillar CaM levels are reported to be
greatly reduced in ninaC"2%° (Porter et al., 1993), this cannot dis-
tinguish between a direct involvement of the NINAC protein in
Ca®*-dependent inactivation or a requirement for CaM via
some other pathway. However, the latter possibility was effec-
tively excluded, since we also found a loss of Ca®*-dependent
M* inactivation in a ninaC transgenic mutant (ninaC*P) with tar-
geted deletion of the kinase domain (Porter and Montell, 1993),
and which has normal levels of CaM in the microvilli (Fig-
ure 7F). As in ninaC™?%®, the time constants of final response
inactivation in the presence and absence of Ca®* were indistin-
guishable, indicating that Ca* dependence of M* inactivation
was effectively abolished (Figures 7D and 7E). Since CaM levels
were normal in ninaC*P, this suggests that functional NINAC
protein itself is required to mediate rapid Ca-CaM-dependent
M* inactivation and that its kinase domain is required for this
function. However, kinase activity of NINAC appeared not to
be required, as a point mutation in the presumptive ATP-binding
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site (ninaCX*F), expected to render the kinase inactive (Li et al.,
1998), showed essentially wild-type behavior, with intact Ca®*-
dependent inactivation (Figure 7E). Interestingly, although
ninaC*P appeared to have lost Ca?* dependence of M* inactiva-
tion, other electrophysiological aspects of the ninaC null pheno-
type, which include the occurrence of spontaneous bump-like
events in the dark and an increased bump duration (Hofstee
et al., 1996), were not reproduced. In other words, ninaCP
appears to be specifically defective in Ca?*-dependent M* inac-
tivation, without the additional and potentially complicating phe-
notypes of the null mutation (ninaC"2%),

Strikingly, despite showing little or no Ca®* dependence,
response deactivation in ninaC® mutants under Ca®*-free con-
ditions was considerably faster (rgec ~100 ms) than in ninaC"2%°
or indeed than in wild-type flies (Figures 7D and 7E). Such an ac-
celeration suggests that the Ca%* dependence of M* inactivation
might be achieved, at least in part, by a disinhibitory mechanism.
Specifically, we hypothesize a mechanism whereby NINAC, or
a NINAC-regulated target, binds Arr2 under low-Ca®* condi-
tions, thereby restricting its access to M*, and that Ca/CaM pro-
motes the rapid release of Arr2. Such a model appears at odds
with the lack of any such acceleration in the ninaC™2%® null mu-

“\‘ "1:56 ‘{‘o bslgh

cam

Figure 7. NINAC Is Required for Ca%*-Dependent M*
Inactivation
(A and B) Flash responses in both the null ninaC™?%® mutant (A)
and ninaC*P lacking the kinase domain (B) showed a deactiva-
tion defect, with responses decaying with a similar time course
in Ca2* (top) and Ca®*-free solutions (rq4ec plotted in [E]).
(C) Dim flashes containing only a single effective photon in
ninaCP?%® mutants elicited trains of quantum bumps (note
“failure”).
(D) Photoreisomerization of M* in ninaC™?%%;p[Rh3] flies by a Y
flash rapidly terminated the response to a UV flash (dotted line,
control “UV only” response, n = 4).
(E) Deactivation time constants (74ec) from single exponentials
fitted to the response decay in Ca®* and Ca®*-free solutions. In
ninaCf?% and ninaC® mutants, 7gec in Ca®* and Ca?*-free
solutions was indistinguishable; however, responses in
ninaC**" remained strongly Ca?* dependent (mean + SD,
n = 6-14 cells—only 3 for 45KR).
I (F) Immunolocalization of CaM in ninaC® (n = 5 flies)
appeared similar to wild-type (n = 4), with strong labeling in
the rhabdomeres. Greatly reduced labeling in cam hypomorph
(n = 2) confirmed specificity of the antibody.

tant, which has similar kinetics to wild-type flies un-
L der Ca?*-free conditions. However, when we inves-
tigated the levels of Arr2 in ninaC mutants by
western analysis (Table 1 and Figure S1), we found
that Arr2 levels in both ninaC™3® (~50%) and
ninaC*P (~30%) were very significantly reduced
compared to wild-type levels. We found an even
greater reduction in Arr2 levels (~28% of wild-
type levels) in cam hypomorphs. In otherwise
wild-type flies, even a 50% reduction of Arr2 level
(in arr2®/+ heterozygotes) resulted in a deactivation
time constant of ~1000 ms under Ca?*-free condi-
tions (Figures 5C and 5E), which is up to 10-fold
slower than in any of these genetic backgrounds.
Thus, in both ninaC and cam mutants, response deactivation un-
der Ca®*-free conditions was in fact profoundly accelerated
compared to what would be expected on the basis of available
arrestin.

DISCUSSION

We have exploited the bistable nature of invertebrate rhodopsins
to measure the lifetime of activated metarhodopsin in Drosoph-
ila. Our approach, which measures the time window during
which photoreisomerization of M* can suppress the response
to light, was first used by Hamdorf and Kirschfeld (1980). Only
one other study has used this strategy, namely Richard and Lis-
man (1992), who exploited the relative lack of overlap of the R
and M spectra in UV opsins by recording from the UV-sensitive
photoreceptors in Limulus median ocelli. We adapted this strat-
egy for Drosophila by using flies engineered to express the UV
opsin Rh3 and found that the effective M* lifetime was very short
(Tgec =20 ms) under physiological conditions. Strikingly, M* life-
time was prolonged ~10-fold in the absence of Ca®* influx, indi-
cating that M-Arr2 binding is Ca%* dependent and that M* lifetime
is the rate-limiting step in response deactivation in Ca®*-free
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Figure 8. Rhodopsin Cycle and Role of NINAC in CaCaM-Dependent
M* Inactivation

Photoisomerization of rhodopsin (R) by short-wavelength light (480 nm for Rh1
or 330 nm for Rh3) generates active metarhodopsin (M*). M* continues to ac-
tivate Gq until it binds arrestin (Arr2) or is reconverted to R by long-wavelength
illumination (570/460 nm). M is serially phosphorylated by rhodopsin kinase
(RK), but this is not required for M* inactivation or Arr2 binding (Plangger
et al., 1994; Vinos et al., 1997; Kiselev et al., 2000). CaMKII-dependent phos-
phorylation of Arr2 at Ser®®® and photoreconversion of My, to Rpp is required
for the release of Arr,, (Alloway and Dolph, 1999). Phosphorylation of Arr2 also
prevents endocytotic internalization of M-Arr2 (Kiselev et al., 2000). In
Arr25%694 or mutants defective in CamKII, photoreconversion fails to release
Arr2. Finally, Ry, is dephosphorylated by the Ca-CaM-dependent rhodopsin
phosphatase (rdgC) to recreate the ground state, R (Byk et al., 1993; Vinos
et al., 1997; Lee and Montell, 2001). Our results suggest that under low-Ca%*
conditions Arr2 is prevented from rapid binding to M* because it is seques-
tered by NINAC or a NINAC-regulated target; however, Ca2* influx acting via
CaM rapidly releases Arr2. Each microvillus contains ~70 Arr2 molecules, en-
suring rapid quenching of M* once they are free to diffuse. The role of M* phos-
phorylation remains uncertain but may be involved in Rh1 internalization by the
minor arrestin, Arr1 (Satoh and Ready, 2005).

solutions. Further experiments led us to propose a mechanism
for Ca?*-dependent M* inactivation by Arr2, mediated by cal-
modulin (CaM) and myosin Il NINAC (Figure 8).

Mechanism of Ca%*-Dependent Arr2 Binding

Ca®* dependence of M* lifetime had not previously been demon-
strated in an invertebrate photoreceptor, and the consensus
from data in Drosophila suggested no obvious mechanism by
which M* lifetime could be regulated by Ca?*. Our finding that
M* inactivation was strongly Ca* dependent prompted us to
re-examine possible roles of Rh1 and Arr2 phosphorylation as
well as CaM. Although M* lifetime remained strongly Ca®* de-
pendent in mutants defective in rhodopsin and arrestin phos-
phorylation, the Ca®* dependence of M* inactivation was ef-
fectively eliminated in hypomorphic cam mutants. This
requirement for CaM appeared to be mediated by the myosin
I NINAC protein, since the Ca* dependence of M* inactivation
was effectively abolished in both the null ninaC™?*®* mutant and
an allele (ninaC*P) in which CaM levels in the microvilli were un-
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affected. NINAC, which is the major CaM-binding protein in the
photoreceptors, has long been known to be required for normal
rapid response deactivation (Porter et al., 1992), but the mecha-
nistic basis remained unresolved. Our results now strongly sug-
gest that it is specifically required for the Ca?*- and CaM-depen-
dent inactivation of M* by Arr2.

How might NINAC regulate the Ca®*-dependent inactivation of
M*? A clue comes from the finding that Arr2 levels were substan-
tially reduced in ninaC mutants. After taking this into account, the
lack of Ca%* dependence of M* inactivation in ninaC mutants was
in fact associated with a very pronounced acceleration of re-
sponse inactivation under Ca®*-free conditions. This was most
clearly revealed in ninaC*P, which appears to be specifically de-
fective only in Ca®*-dependent M* inactivation and does not
show the additional response defects of the null ninaC pheno-
type (e.g., Hofstee et al., 1996). This suggests a disinhibitory
mechanism whereby Ca®*-dependent inactivation of M* may
be achieved, at least in part, by the NINAC-dependent preven-
tion of Arr2-M* binding under low-Ca?* conditions. Specifically,
we suggest that in Ca®*-free solutions, or in the low-Ca* condi-
tions prevailing during the latent period of the quantum bump
under physiological conditions, Arr2 in the microvilli is predomi-
nantly bound to NINAC or a NINAC-regulated target, thus re-
stricting its access to M*. However, following Ca?*influx, CaCaM
would bind to NINAC, causing NINAC to release Arr2, which, as
a soluble protein, could then rapidly diffuse to encounter and
inactivate M* (Figure 8).

Interestingly, a recent study reported that NINAC can interact
with Arr2 in a phosphoinositide-dependent manner (Lee and
Montell, 2004). This interaction was described in the context of
a role of NINAC in light-induced translocation of Arr2, which
was reported to be disrupted in ninaC mutants. However, in-
volvement in translocation was challenged by a subsequent
study reporting that Arr2 translocation was unaffected in ninaC
mutants (Satoh and Ready, 2005). It will be interesting to see
whether the Arr2-NINAC interactions described by Lee and Mon-
tell (2004) reflect a role in the CaCaM- and NINAC-dependent
inactivation of M* reported here.

Functional Implications
M-Arr2 Binding Is Only Rate Limiting under Ca®**-Free
Conditions
It has long been known that responses under Ca*-free condi-
tions decay ~10-fold more slowly than in the presence of Ca®*
(Hardie, 1991; Ranganathan et al., 1991). Our results now estab-
lish that the inactivation of M* by Arr2 is the rate-limiting inactiva-
tion step in such Ca®*-free responses, with a time constant of
~200 ms in wild-type photoreceptors. Following inactivation of
M* by photoreisomerization under Ca?*-free conditions, the
response decayed with a time constant of ~80 ms. This also pro-
vides a unique and direct measure of the time constant(s) of the
downstream mechanisms of inactivation, which presumably in-
clude GTP-ase activity of the Gg-PLC complex (Cook et al.,
2000) and removal of DAG by DAG kinase (Raghu et al., 2000).
It will be interesting so see whether Ca?* also accelerates these
inactivation mechanisms.

By contrast, the failure to accelerate response decay by over-
expressing Arr2 in the presence of Ca2* (Figure 4) indicates that
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Table 2. Mutants Used

Allele Description Protein Level (%WT) Reference

arr2® null Arr2 mutant: stop codon at Tyr?° 0% Alloway and Dolph, 1999

arr2’ truncated at P?¢" 80% Dolph et al., 1993

PlArr25%654]-arr2%; genomic Arr2 transgene with Ser®®® mutated 21% Alloway and Dolph, 1999

abbreviated to Arr25%664 to alanine on arr2® null background

p[Arr2] genomic wild-type Arr2 transgene 193% Ranganathan and Stevens, 1995
on wild-type background

e, ninaE=""”, pinaclR3J; UV opsin, Rh3 under ninaE promoter; on 50% Feiler et al., 1992

abbreviated to p/[Rh3] ninakE null background

€® ,ninaE="”, ppinae [Rh14%%%]; Rh1 transgene, truncated at 356 ~50% Vinos et al., 1997

abbr. to Rh14%°¢

€°,ninaE&"”,pinae [RA1€ 5>A ], Rh1 transgene: 3 C-terminal serines ~75% Kiselev et al., 2000

abbr. to Rh1°™4 mutated to alanine

rdgCc3%¢ null allele of rhodopsin phosphatase 0% Steele et al., 1992

yw;cam®*?/cam®®; heteroallelic: cam®®® null over cam®®? hypomorph  ~10% Scott et al., 1997

abbr. to cam

ninaCF?%° null mutant of NINAC (myosin Ill) 0% Matsumoto et al., 1987; Montell

and Rubin, 1988

ninaC"?%%;p[ninaC®J; NINAC transgene lacking kinase domain >50% Porter and Montell, 1993

abbr. to ninaCkP (aa 17-284) on ninaC"2%° null background

ninaC"?%%;p[ninaC*<Fy; point mutation in ATP-binding site >50% Li et al., 1998

abbr. to ninaC*KA

CP235

of kinase domain on nina null background

inactivation of M* is not rate limiting under physiological condi-
tions. This can be understood by recognizing that the macro-
scopic kinetics are determined by the convolution of the bump
latency distribution and bump waveform (Henderson et al.,
2000), the latter probably terminated by Ca®*-dependent inacti-
vation of the light-sensitive channels. Until the Ca®* influx asso-
ciated with the quantum bump, the phototransduction machin-
ery in each microvillus is effectively operating under Ca®*-free
conditions. Our results suggest that it is the Ca* influx associ-
ated with each quantum bump that promotes M* inactivation,
and hence the timing of M* inactivation will be determined by
the bump latency distribution and not vice versa. This leads to
the, perhaps counterintuitive, concept that response termination
is rate limited, not by any specific inactivation mechanism, but
rather by the time course with which the cumulative probability
of bump generation approaches 100%.

Ca2*-Dependent M* Inactivation Promotes Sensitivity,
Fidelity, and Temporal Resolution of Phototransduction
Clearly, rapid quenching of M* is essential to maintain the fidelity
and high temporal resolution of phototransduction. In wild-type
cells, an effectively absorbed photon generates only one quan-
tum bump, but never (or extremely rarely) two or more; yet the
multiple bump trains observed in arr2, cam, and ninaC mutants
show that additional bumps are readily generated within
50-100 ms if M* fails to be inactivated (e.g., Figure 5B). To pre-
vent such multiple bumps without Ca®*-dependent feedback
would require such a high rate of Arr2 binding that many M* mol-
ecules would be inactivated before they had a chance to activate
sufficient G proteins to generate a quantum bump. This would re-
sultin an effective reduction in sensitivity, as is directly illustrated
by the phenotype of p[Arr2] flies overexpressing Arr2 (Figure 4).

These show not only a 5-fold reduction in Q.E. but also a reduc-
tion in bump amplitude and even an increase in bump latency,
which we attribute to a decreased rate of second messenger
generation. The mechanism we propose here provides an ele-
gant solution to this dilemma. Our analysis suggests that in the
low-Ca?* environment prior to Ca®* influx, much of the Arr2 in
the microvillus is bound to NINAC (or NINAC-regulated target),
thus allowing M* to remain active long enough to activate suffi-
cient G proteins to guarantee production of a full-sized quantum
bump with high probability. Only after the bump has been initi-
ated does Ca?* influx accelerate the inactivation of M* by releas-
ing Arr2, thus ensuring that only one bump is generated. This
strategy is complemented and enabled by the ultracompartmen-
talization afforded by the microvillar design, which ensures that
the Ca®* rise is both extremely rapid and largely confined to
the affected microvillus.

EXPERIMENTAL PROCEDURES

Flies

Drosophila melanogaster were raised in the dark at 25°C. The wild-type strain
was Oregon w'’"%; the mutant and transgenic lines used are summarized in
Table 2. Various genetic combinations (see Results) were generated by stan-
dard crosses using appropriate balancers.

For Vitamin A deprivation, flies were raised on a diet consisting of agar,
yeast, sucrose, and cholesterol (Isono et al., 1988). The reduction in rhodopsin
levels was estimated by counting quantum bumps in response to calibrated
stimuli, indicating an ~350-fold reduction compared to flies reared on the nor-
mal control diet (based on agar, cornmeal, glucose, and yeast).

Whole-Cell Recordings

Dissociated ommatidia from newly eclosed adult flies were prepared as previ-
ously described (Hardie, 1991; Hardie et al., 2001) and transferred to a record-
ing chamber on an inverted microscope at room temperature (20°C + 1°C). The
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standard bath contained (in mM) 120 NaCl, 5 KCI, 10 N-Tris-(hydroxymethyl)-
methyl-2-amino-ethanesulphonic acid (TES), 4 MgCl,, 1.5 CaCl,, 25 proline,
and 5 alanine. The Ca®*-free bath was identical except for the omission of
CaCl, and the addition of 2 mM Na,EGTA. The Ca®*-free solution was applied
by broad-mouthed (~10 um) puffer pipettes (Hardie and Mojet, 1995). The in-
tracellular solution was (in mM) 140 Kgluconate, 10 TES, 4 MgATP, 2 MgCl,,
1 NAD, and 0.4 NaGTP. The pH of all solutions was adjusted to 7.15. All chem-
icals were obtained from Sigma-Aldrich. Whole-cell voltage-clamp recordings
were made at —70 mV (including correction for —10 mV junction potential) using
electrodes of resistance ~10-15 MQ. Series resistance values were generally
below 30 MQ and routinely compensated to >80% for currents greater than
100 pA. Data were collected and analyzed using Axopatch 200 or 1-D amplifiers
and pCLAMP 9 software (Molecular Devices, Union City CA). Quantum bumps
were analyzed using “Minianalysis” (Jaejin Software Leonia, NJ).

Light Stimulation

Photoreceptors were stimulated via a green LED, with maximum intensity of
3 x 108 effectively absorbed photons s~ per photoreceptor, or, for cells ex-
pressing Rh3, a UV LED (Maplins UK, Amax 380 nm; maximum intensity of
~5 x 10° effectively absorbed photons s ). Unless otherwise stated, photo-
receptors were stimulated with brief (1 ms) flashes containing less than 500 ef-
fectively absorbed photons, generating responses in the strictly linear range.
Intensities were calibrated by counting quantum bumps at low intensities
(e.g., Henderson et al., 2000). To test whether single photons elicited single
or multiple quantum bumps, 100 or more brief (<1 ms) flashes containing
on average less than one effective photon were delivered, and the mean quan-
tal content (m) of the flash was calculated from the fraction (Pg) of flashes that
induced no quantum bumps (failures), according to the Poisson distribution:

m=—1,(Po) ™
the probability (P,) of flashes containing 1, 2, 3,...n effective photons is given by:

P,=e™ xm"/n! )

Wild-type photoreceptors conformed closely to the Poisson prediction
(p typically > 0.9 using the 2 statistic).

Quantitative photoreisomerization of Rh3 M* was achieved using a brief
(~1 ms) flash from a Hi-Tech Xenon arc XF10 flash unit (Rapp OptoElectronic,
Hamburg Germany) delivered antidromically via the fluorescence port of the
microscope and filtered by a Schott GG495 filter. The ability of this stimulus
to hit essentially every metarhodopsin molecule in the cell was demonstrated
by the almost complete suppression of the response to the UV test flash when
delivered within 2-5 ms of the UV test (e.g., Figure 2).

Immunolocalization and Western Blots

Indirect immunohistochemistry was carried out as previously described using
confocal microscopy of whole-mounted retinae (Satoh and Ready, 2005). Eyes
were dissected from young flies (0-2 days unless otherwise stated) and fixed
using infrared illumination and infrared-sensitive eyepieces. Primary antisera
were rabbit anti- Arr2 (gift from Dr. R. Ranganathan) and rabbit anti-Cam
(gift from Dr. C. Klee); secondary antibody was anti-rabbit labeled with Cy2
(1:300) (Amersham-Pharmica).

For western blots, 1-day-old fly heads were homogenized in RIPA buffer
(150 mM NaCl, 50 mM Tris-HCI [pH 8.2], 1% Triton, 0.5% sodium deoxycho-
late, and 0.1% SDS) with a Pellet Pestle (Kimble-Kontes, Vineland, NJ). The
sample proteins (diluted with SDS loading buffer to make 0.05 fly head per
lane) were fractionated by SDS-PAGE and transferred to Amersham Hy-
bond-P transfer membranes (GE Healthcare) in Tris-glycine buffer. The blots
were probed with primary rabbit antibodies: either 1/1000 dilution anti-a-tubu-
lin (Abcam, ab15246) or 1/1000 dilution anti-Arr2 and then subsequently with
1/3000 dilution anti-rabbit IgG peroxidase conjugate (Promega, w401B). The
signals were detected using ECL reagents (GE Healthcare).

SUPPLEMENTAL DATA

The Supplemental Data include four figures and can be found with this article
online at http://www.neuron.org/cgi/content/full/59/5/778/DC1/.
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