|

) <

The University of Osaka
Institutional Knowledge Archive

Title BAREHAICEIT2EMEY VgL & DHIEEE
Author(s) |&1E, K&
Citation |KFRKZ, 2009, EHIHX

Version Type

VoR

URL

https://hdl. handle.net/11094/1085

rights

Note

The University of Osaka Institutional Knowledge Archive

https://ir. library. osaka-u. ac. jp/

The University of Osaka

: OUKA



Doctor Thesis

PR L HERIC BT DHEE ) ERIE & T Ol iEEEAS

Sensory Transduction Group (Prof. Kawamura)
Nanobiology Laboratories
Graduate School of Frontier Biosciences
Osaka University

Daisuke Arinobu

March 2010



Summary

In the vertebrate retina, there are two types of photoreceptors, rods and cones. Rods
mediate twilight vision and cones mediate daylight vision. Although both rods and cones respond to
light by evoking light responses, they are different in their response properties. Previous study
showed that visual pigment phosphorylation, a quenching mechanism of light-activated visual
pigment, is much more rapid in cones than in rods. In the present study, I measured the early time
course of this rapid phosphorylation with high time resolution and directly compared it with the
photoresponse time course in cones obtained under similar light conditions as those used for the
phosphorylation measurement. In this comparison, at the time of photoresponse recovery, almost two
phosphates were incorporated into a bleached cone pigment, which indicated that the visual pigment
phosphorylation coincides with the photoresponse recovery. Because the activity of visual pigment
kinase in cones is very high, cone pigment is readily phosphorylated at very high bleach levels,
which probably explains why cone photoresponses recover quickly even after a very bright light and
do not saturate under intense background light.

Visual pigment kinase, GRK1 in rods and GRK?7 in cones, is regulated by a neuronal
calcium sensor protein (NCS), S-modulin in rods and visinin in cones, in the carp retina. I compared
Ca*"-dependent regulation of GRK1 by S-modulin and that of GRK7 by visinin. I first measured the
expression levels of S-modulin and visinin, and estimated their concentrations in the outer segment.
The result showed that visinin in cones was 20 times more abundant than S-modulin in rods. I also
compared the dose-dependency and the Ca*"-dependency of the inhibitory effect of S-modulin on
GRKI in rods and that of visinin on GRK7 in cones. Based on these measurements I estimated the
inhibition of GRK in intact cells: the inhibition of GRK7 by visinin would be 2.5 times higher in
cones than in rods at the Ca®" concentration in the dark. Because the inhibition is lost under bright
light, this larger inhibitory effect in cones would expand the range of Ca®"-dependent regulation on
GRK?7 activity in cones. I also measured the dose-dependent and Ca**-dependent inhibitions on
GRK7 (cone GRK) by S-modulin (rod NCS) and those on GRK1 (rod GRK) by visinin (cone NCS).
Although S-modulin and visinin are expressed in a cell-type specific manner, I could not observe a

significant difference in their inhibitory activities. This finding could indicate that cell-type specific



expression of a protein does not always mean that the protein has a cell-type specific effect.
S-modulin and visinin may have cell-type specific roles in the regulation of reactions other than
visual pigment phosphorylation. A GRK7 peptide of the N-terminus region, the binding domain of
GRK to photoreceptor NCS, showed slightly higher affinity to S-modulin and visinin than the
corresponding GRK1 peptide. The higher affinity of N-terminal region of GRK7 to S-modulin and

visinin could cause the higher inhibition of GRK7 by S-modulin and visinin.



General introduction

We can see the external world under light conditions that range from dim to bright light,
where the difference of light intensity is almost a thousand-million-fold. Our eyes have an ability to
detect light signals of various intensities. For this ability, in the vertebrate retina, there are two types
of photoreceptor cells, rods and cones (Figure 1A). Although both types of the cells convert light
signals to neural signals, their characteristics of the photoresponse are different (Nakatani and Yau,
1989; Perry and McNaughton, 1991; Miller and Korenbrot, 1993; Burkhardt, 1994). The light
sensitivity of a rod is 10>-10° times higher than that of a cone (FigurelC). Because of the high
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Figure 1. Characteristics of rods and cones. (A) A rod and a cone brushed off the carp retina. The sketch
shows the structure of each cell. Both cells consist of two parts, the outer segment (OS) and the inner
segment (IS). (B) Families of photoresponses of a rod (left) and a red-sensitive cone (right) obtained by
giving light flashes of various intensities. Arrows indicate the timing of the delivery of a light flash. (C)
Flash intensity-response relations of rods and red-sensitive cones. (B and C), modified from Fig. 1 in

Tachibanaki et al. (2001).



light-sensitivity of a rod, rods mediate twilight vision. The time course of a rod flash response is slow
(Figure 1B). The recovery of a response delays significantly after termination of a light stimulus, and
because of this characteristics, in the twilight, it is no easy to detect an object moving quickly. Cones
are less sensitive to light (Figure 1C) and mediate daylight vision. Cones respond to on and off of a
light stimulus without significant delays (Figure 1B). This characteristic contributes to the improved
time resolution in the detection of light in cones over rods. Thus, the motion detection is easier in
cones than in rods.

The phototransduction cascade to generate a photoresponse in rods is well understood
(Figure 2) (Burns and Arshavsky, 2005; Lamb and Pugh, 2006; Fu and Yau, 2007). In rods, a photon
activates a visual pigment molecule. The activated visual pigment activates a GTP-binding protein,
transducin, by substitution of GTP for GDP. Activated transducin activates cGMP phosphodiesterase

(PDE) that hydrolyzes cGMP. As a result, cGMP concentration is decreased in the light. The
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Figure 2. Phototransduction cascade in vertebrate rods and cones. In the outer segment of a rod

and a cone, cGMP concentration decreased by light stimulation through this cascade (see details in

text). Modified from Fig.2 in Kawamura and Tachibanaki (2008).



decrease in the cGMP concentration causes closure of a cGMP-gated cation channel present in the
plasma membrane of the outer segment (OS), and therefore induces a hyperpolarizing light response.
The closure of the cGMP-gated channel blocks the entry of Ca®" that flows into the OS through this
channel in the dark. In the plasma membrane of the OS, a Na"/Ca*-K" exchanger continuously
extrudes Ca”" from the inside of the OS. As a consequence, cytoplasmic Ca®" concentration
decreases during a light response (Pugh and Lamb, 2000; Fain et al., 2001; Burns and Arshavsky,
2005). This decrease is detected by Ca**-binding proteins such as S-modulin and guanylate cyclase
activating protein (GCAP), and these proteins affect the hydrolysis and the synthesis of ¢cGMP,
respectively. It has been known that the decrease in the Ca®" concentration in the light is the key
event of light-adaptation. Especially, GCAP has been to shown to be essential for the decrease in the
light-sensitivity during light-adaptation. GCAP is known to be in an active form at low Ca”'
concentrations, and therefore, in the light. The increased synthesis of cGMP in the light is expected
to increase the number of the channels open to allow the increase in the inward current. As a result,
we can expect that the light response becomes small as the light stimulus continues, which is exactly
the consequence of light-adaptation.

It has been known that there are rod and cone versions of phototransduction enzymes.
From this result, the phototransduction cascades in rods and cones are thought to be basically similar.
It is therefore possible that the differences in photoresponse properties between rods and cones are
because of differences in the phototransduction reactions in rods and cones. As shown in Figure 1B,
termination of light response is very rapid in cones. In the present study, I focused on this quick
termination of light response in cones. Especially, I concentrated on the phosphorylation of activated
visual pigment that is the first reaction responsible for the termination of the phototransduction

cascade.



Part1l. Measurement of visual pigment phosphorylation time course

Introduction

To shut off a light response, the activated species of each player in the phototransduction
cascade must be inactivated at the cessation of light. The activated visual pigment is inactivated first
by phosphorylation of activated visual pigment by a G-protein coupled receptor kinase (GRK;
GRKI in rods). Arrestin then binds to the phosphorylated visual pigment to completely shut off its
activity (Maeda et al., 2003). In cones, a distinct visual pigment kinase (GRK7) has been reported in
some classes of vertebrate, including teleosts (Hisatomi et al., 1998; Weiss et al., 1998; Weiss et al.,
2001). In the study by Tachibanaki et al. (2001), visual pigment phosphorylation was at least 20
times faster in cones than in rods and completed within 1 sec after light flash in a membrane
preparation of purified carp cones (Figure 3). Similar rapid phosphorylation in blue cones was
observed in a living zebrafish (Kennedy et al., 2004). This rapid phosphorylation is probably one of

the underlying mechanisms of quick termination of a cone photoresponse. However, because the
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Figure 3. Time course of visual pigment phosphorylation in rod and the cone membranes. **P
incorporated into the visual pigment was quantified in rod and cone membranes. The bleach level was
1.9 % in the rod membranes and 4 % in the cone membranes. Modified from Fig. 3 in Tachibanaki et al.

(2001).



reaction was too rapid, the early phase of the phosphorylation reaction could not be measured
precisely in these studies. In this study, I tried to measure the rapid phosphorylation time course in

the cone membranes by using a rapid-quench apparatus.



Experimental Procedures

Preparation of rod and cone membranes

Carp (Cyprinus carpio) rods and cones were isolated in a carp Ringer’s solution (119.9
mM NaCl, 2.6 mM KCI, 0.5 mM CaCl,, 0.5 mM MgCl,, 0.5 mM MgSO,, 1 mM NaHCOs, 16 mM
glucose, 0.5 mM NaH,PO4, 4 mM HEPES, pH 7.5), and purified by centrifugation with using a
stepwise Percoll density gradient consisted of 30/45/60/70/75/90% (w/v) Percoll (Tachibanaki et al.,
2005). Purified rods and cones were washed additionally with a potassium gluconate buffer 1
(K-gluc buffer 1; 115 mM potassium gluconate, 2.5 mM KCl, 3 mM MgCl,, 0.2 mM EGTA, 0.1
mM CaCl,, 10 mM HEPES, 1 mM dithiothreitol, pH 7.5) by centrifugation (600 x g for 12 sec and
then 3,000 x g for 4 sec). The resultant purified rods and cones were frozen, freeze-thawed and
washed twice with a K-gluc buffer 1. An aliquot of the washed membranes was used to quantify the
amount of visual pigment in the rod and the cone membranes. The washed membranes were stored

in the dark at -80°C until use.

Phosphorylation assays

Phosphorylation assay was performed as described (Tachibanaki et al., 2005). Rod or
cone membranes (15 pl) were mixed with 10 pl of the K-gluc buffer 1 containing [y-"P] ATP, GTP,
and EGTA. The ATP concentration used was 1 mM in the measurements in the cone membranes,
and it was either | mM or 100 uM in the measurements in the rod membranes. After preincubation
for 30 sec, the sample was irradiated with a light flash. The bleach level of the visual pigments was
1.3% and 75% in rod membranes, and 2.5%, 23%, 54% and 95% in cone membranes. The reaction
was terminated by adding 150 uL of 10% (w/v) trichloroacetic acid. After centrifugation (20,000 x g
for 10 min), the precipitate was washed with K-gluc buffer 1 and subjected to SDS-PAGE, and the
amount of **P incorporated into the visual pigment band was quantified by using an image analyzer
(BAS 2500; Fuji Film, Tokyo, Japan). Dark activities, which were almost negligible, were always
subtracted to determine the light-dependent incorporation of **P. Phosphorylation of visual pigment
is expressed in units of the number of phosphates incorporated per visual pigment bleached (Pi/R*)

or total amount of phosphate (pmol of Pi).



Results

Visual pigment phosphorylation in rods and cones

Visual pigment activated by light is inactivated by the phosphorylation. To compare the
time course of visual pigment phosphorylation between rods and cones, 1 first purified rods and
cones from the carp retina (see Experimental Procedures). Briefly, rods and cones were brushed off
the retina (Figure 4A). The cells were purified by using a stepwise Percoll density gradient. Rods
were collected at the 45/60% (w/v) interface (Figure 4B), and cones were collected at the 75/90%
(w/v) interface (Figure 4C).

Percoll density ( %; w/v)

20pm

Figure 4. Purification of rods and cones from carp retina. Photoreceptor cells were brushed off the
retina (A). The mixture of rods and cones was layered on the top of a Percoll stepwise density gradient.
After centrifugation, rods were obtained at the 45/60% interface (B), and cones were obtained at the

75/90% interface (C). Modified from Fig. 1 in Tachibanaki et al. (2001).

In cones, the time course of visual pigment phosphorylation was measured previously
(Figure 3, Tachibanaki et al., 2001). However, the time course of the phosphorylation was too fast to
measure with manual operation used in that study. Thus, a rapid-quench apparatus shown in Figure

5A was constructed and visual pigment phosphorylation was measured by using this apparatus.
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Figure 5. Comparison of the rate of visual pigment phosphorylation between rods and cones.

(A) Schematic drawing of the rapid-quench apparatus (see text for details). (B) The color changes of
rhodopsin (from purple to orange) are the result of denaturation after adding TCA. Protein denaturation was
found to be completed 50-70 ms after the addition of TCA. (C) Phosphorylation time course in rod (filled
circles) and cone (open circles) membranes using the rapid-quench apparatus (n = 3). The bleach level was
1.3% in the rod membranes and 2.5% in the cone membranes. (D) Same phosphorylation time course as in
C at an expanded time scale. (Inset) Normalized carp red-sensitive cone photoresponses (n = 4) elicited by
a light flash of which intensity was similar to that used in the phosphorylation measurement (2.3% of the

red pigment bleached).
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Phosphorylation reactions were initiated by a light flash to the sample in a test tube, and
were terminated by adding trichloroacetic acid (TCA). The timing of the addition of TCA after a
light flash was controlled by a computer that opens an electric valve to supply a nitrogen gas pressure
(5 kg/cm®) to a syringe containing TCA. It takes 30 ms for the actual TCA delivery to the sample
from the opening of the valve. The delay was subtracted in data analysis. The time necessary to
quench the reaction after adding TCA was calibrated by observing color changes accompanied by
denaturation of rhodopsin (Figure 5B). TCA was added to a suspension of rod membranes at time 0
in the dark, and a photograph was taken by giving a light flash at various time intervals after adding
TCA. By visual observation of the color change from purple to orange, denaturation of thodopsin by
TCA was found to be completed 50-70 ms after adding TCA. This delay was not subtracted in data
analysis because of relative uncertainty of the time required for the color change.

Figure 5C shows the phosphorylation time course in rod and cone membranes at a slow
time scale, and Figure 5D shows the same at an expanded time scale. As seen, cone visual pigment
phosphorylation (open circles) is very rapid. The initial phosphorylation rate was 0.09 Pi
incorporated into an activated visual pigment per second (Pi/R*/sec) in rods and 4.8 Pi/R*/sec in
cones. The phosphorylation rate was 50 times faster in cones. In Figure 5D, inset shows the carp
red-sensitive cone photoresponses elicited by a light flash of similar light intensity (2.3 % pigment
bleach) used in the phosphorylation measurement (2.5 % pigment bleach) in Figure 5. The
photoresponses started to recover at 0.3 s after the light flash. At the time of this recovery, about two

phosphates were incorporated into an activated cone visual pigment.

Visual pigment phosphorylation at high bleach levels

It has been well known that rod responses remain saturated for >10 sec when the light
stimulus is intense (Pepperberg et al., 1992), whereas cone responses recover rather quickly even
after exposure to very bright light (Normann and Werblin, 1974; Burkhardt, 1994) (see Figure 6B
and C insets). As shown in Figure 5, the cone kinase activity is very high so that cone kinase may be
able to phosphorylate cone pigment even at very high bleach levels enough to recover photoresponse.
In Figure 6A, I measured the time course of rod and cone visual pigment phosphorylation at various

bleach levels in rod membranes and cone membranes. In Figure 6A, the total phosphorylation is
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Figure 6. Visual pigment phosphorylation at high bleach levels. (A) Phosphorylation time courses at
high bleach levels in rod and cone membranes. Phosphorylation time courses were measured at indicated
bleach levels in rod and cone membranes containing 7.5 pmol of visual pigment (n = 3 in both
membranes). (B and C) Initial phosphorylation rates determined in A were plotted as a function of bleach
level for the cone (B) and rod (C) membranes. (Insets) The normalized photoresponses elicited by bright
light flash (28% bleach) in carp red cones (four cells, B) and a bright light flash (0.3% bleach) in frog rods
(five cells, C). The dotted curves were drawn based on a Michaelis-Menten equation, V = V. S/ (S +
Ku), with K, = 10% bleach and V., = 3.1 Pi / sec for the cone membranes (B), and with K, = 0.61%

bleach and V,, = 0.037 Pi/ sec for the rod membranes (C).

plotted against time after a light flash. From the initial slope, the rate of total phosphorylation was
calculated and was plotted against bleach level (Figure 6B and C). In the cone membranes (Figure
6B), the total phosphorylation rate increased as the bleach level increased. In contrast, in the rod

membranes (Figure 6C), the rate stayed at almost a constant level when the bleach level was >3.9%.
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The result in Figure 6C suggested that in the rod membranes, rod kinase fully expresses its
activity at 3.9% bleach and the total phosphorylation rate does not increase even when more rod
pigment is bleached. In contrast, cone kinase seems to be able to phosphorylate bleached cone
pigment at much higher bleach levels (Figure 6B). These results probably explain the long saturation
in rod responses and quick recovery in cone responses at high bleach levels. For comparison,
saturated photoresponses of carp red-sensitive cones at bleach level of 28% (Figure 6B inset) and
those of frog rods at the bleach level of 0.3% (Figure 6C inset) are shown. The photoresponses of

carp rods were rather small in amplitude (<2 pA), and reliable measurements were not possible.
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Discussion
I showed the early time course of rapid visual phosphorylation in cones (Figure 5). This
rapid phosphorylation in cones probably explains why cone photoresponses recover quickly and do

not saturate under intense background light (Figure 6).

Comparison of time courses between pigment phosphorylation and photoresponse recovery

The study of the phototransduction mechanism has been performed mainly in rods, and it
has been generally known that rod visual pigment phosphorylation measured biochemically is much
slower than a rod photoresponse recovery. One of the problems present in this inconsistency is that
the light intensity usually used in the phosphorylation measurement is > 10” times higher than that
used in the photoresponse measurement so that both reactions cannot be compared directly. Because
the light intensity required for generation of a photoresponse is much higher in cones, it may be
possible to compare the time courses directly between pigment phosphorylation and photoresponse
recovery in cones.

In Figure 5D inset, I showed that carp red-sensitive cone photoresponses elicited by a light
flash of similar light intensity used in the phosphorylation measurement started to recover at 0.3 s
after the flash. At the time of this recovery, about two phosphates were incorporated into an activated
cone visual pigment. It is known that similar number of phosphates should be necessary for the
complete suppression of the light-activated visual pigment in rods (Mendez et al., 2000). Thus, the
result showed that the time course of visual pigment phosphorylation coincides with the
photoresponse recovery.

In intact photoreceptors, Ca®" concentration decreases in light (Pugh and Lamb, 2000;
Burns and Arshavsky, 2005; Fu and Yau, 2007), and this decrease would cause disinhibition of the
visual pigment kinase activity through inactivation of S-modulin/visinin (Kawamura, 1993;
Kawamura et al., 1996; Dizhoor et al., 1991). Because biochemical measurement in this study was
done at a constant low Ca*" concentration without the inhibition of visual pigment kinase by
S-modulin/visinin, the time course measured in this study could be a little bit faster than that
observed in intact cells. However, because the Ca>” concentration decrease in cones is rapid (t = 43

ms) (Sampath et al., 1999), its effect on the phosphorylation would not be so large in the case of

14



cones.
Phosphorylation at high bleach levels

The result in Figure 7 suggested that in cone membranes, cone kinase seems to be able to
phosphorylate cone pigment at much higher bleach levels. This result probably explains the quick
recovery in cone responses at high bleach levels. Quick recovery in cone responses seems to have
important roles during light adaptation. When a background light is given, both rods and cones are
initially hyperpolarized and then stabilized at a certain level. When an increment stimulus is given at
this point, both rods and cones are hyperpolarized. When a momentary decrease in background
illumination is given instead, rods do not respond, but cones depolarize quickly. This difference in
the response to a decrement stimulus is attributable to the difference in the speed of the recovery of a
photoresponse. In addition, rods are saturated with bright background light, but cones are hardly
saturated even under extremely bright background light. It is highly possible that very effective
phosphorylation of visual pigment in cones is one of the important underlying mechanisms of the

above kinds of behavior of cones.
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Part2. Comparison of Ca**-dependent regulation of GRK1 by S-modulin and
GRKT7 by visinin

Introduction

It is known that the activity of G-protein coupled receptor kinase (GRK; GRK1 in rods) is
inhibited in a Ca*"-dependent manner by a neuronal calcium sensor protein (NCS), S-modulin in
frog (Kawamura and Murakami, 1991; Kawamura, 1993) or its bovine orthologue, recoverin
(Dizhoor et al., 1991; Kawamura et al., 1993). Under dark-adapted conditions, the cytoplasmic Ca**
concentration is high. When GRK1 becomes active under this condition, the Ca**-bound form of
S-modulin/recoverin directly binds to GRKI1 to inhibit its kinase activity (Figure 7, upper)
(Gorodovikova and Philippov, 1993; Chen et al., 1995; Sato and Kawamura, 1997). With this
mechanism, S-modulin/recoverin prolongs the lifetime of activated visual pigment when the cell is
stimulated by a light flash under dark-adapted conditions. In contrast, when the cell is light-adapted,
cytoplasmic Ca®” concentration is low. Under this condition, the Ca*'-free form of
S-modulin/recoverin does not inhibit GRK1 so that the lifetime of activated visual pigment becomes
short (Figure 7, lower). Recent studies using recoverin knock-out mice support this view (Makino et
al., 2004; Sampath et al., 2005).

The above studies were performed mainly in rods. In cone photoreceptors, as described in
general introduction, similar phototransduction mechanism is known to be present, and a cone
version of a phototransduction protein is found in many of the animals. Previous studies showed that
a cone homologue of S-modulin/recoverin, visinin, is present in chicken (Yamagata et al., 1990) and
that frog visinin (Kawamura et al., 1993) inhibits phosphorylation of light-activated rod visual
pigment at high Ca>" concentrations as S-modulin does (Kawamura et al., 1996). However, the
inhibition of cone visual pigment kinase, GRK7, by visinin has not been measured due to a difficulty
in purification of cone photoreceptor cells in the amount sufficient to perform biochemical
measurements. In the present study, by using purified carp rods and cones, I measured both the
inhibition of GRK7 by visinin in cones and the inhibition of GRK1 by S-modulin in rods. I first
measured the expression levels of S-modulin and visinin, and estimated their concentrations in the

outer segment. I also compared the dose-dependency and the Ca®” concentration-dependency of the
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Figure 7. Scheme of visual pigment phosphorylation in dark-adapted and in light-adapted state.
(Top) In dark-adapted state, the cytoplasmic Ca*" concentration in a photoreceptor cell is in a range of
several hundred nanomolar (McCarthy et al. (1996) and Sampath et al. (1998)). Under this condition,
S-modulin binds Ca*" and inhibits GRK activity. The inhibition of GRK by S-modulin can probably
lengthen the lifetime of the activated visual pigment. (Bottom) In light-adapted state, the Ca”" concentration

decreases so that visual pigment phosphorylation is not inhibited by S-modulin. As a result, the lifetime of

the activated visual pigment decreases.

inhibitory effect of S-modulin on GRK1 in rods and that of visinin on GRK7 in cones. The result
showed that the maximum inhibition is higher in cones than in rods. However, although S-modulin

and visinin exhibit <70% amino acid identity in carp, they showed very similar inhibition effects on

GRKI1 and GRK7.

In previous studies, it has been shown that the N-terminal region of GRK1 (Higgins et al.,
2006; Ames et al., 2006) and that of GRK7 (Torisawa et al., 2008) are the binding sites to the

Ca”"-bound form of S-modulin/recoverin. Then, to investigate why the inhibitory effect of visinin on
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GRK?7 in cones is higher than that of S-modulin on GRK1 in rods, I also compared the association
and dissociation kinetics of the interaction of GRK1 with S-modulin in rods and those of GRK7 with

visinin in cones by using N-terminal peptides of GRK1 and GRK?7.
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Experimental Procedures

Preparation of S-modulin-free rod membranes and visinin-free cone membranes

Rods and cones purified by a stepwise Percoll density gradient were washed with and
subsequently suspended in a K-gluc buffer 1. To eliminate endogenous S-modulin from rod
membranes and visinin from cone membranes completely, the cells were first freeze-thawed, and the
thawed cells were centrifuged (100,000 x g for 20 min) to isolate the membrane fraction. The
membranes were washed twice with an EGTA buffer (potassium gluconate buffer 2 (K-gluc buffer 2;
115 mM potassium gluconate, 2.5 mM KCI, 3 mM MgCl,, 10 mM HEPES, 1 mM dithiothreitol, pH
7.5) supplemented with 5 mM EGTA), and then twice with the K-gluc buffer 2 to replace the buffer
solution. An aliquot of the washed membranes was used to quantify the amount of visual pigment in

the rod and the cone membranes. The washed membranes were stored in the dark at -80°C until use.

Expression and purification of carp S-modulin and visinin

Carp S-modulin and visinin were cloned by using a carp retinal cDNA library
(Shimauchi-Matsukawa et al., 2005), and the nucleotide sequences were determined (GenBank
accession numbers: AB193289 for S-modulin and AB507711 for visinin). The amino acid identity
between S-modulin and visinin in carp was 65.6%. The coding region of S-modulin and visinin were
amplified from the carp retinal cDNA library by PCR with a pair of primers, each of which
contained a site for a restriction enzyme. The sequences of the primers were:
5’-CATATGGGGAACACCAAGAG-3* (forward) and 5-GGATCCTTAATGCTTCTTCT-3’
(reverse) for S-modulin; 5’-CATATGGGGAATGCCAAAAG-3’ (forward) and
5’-GGATCCTTATTTTTGGGGCT-3’ (reverse) for visinin. The Ndel- and BamH1-digested cDNA
was ligated with pET-3a (Novagen, Darmstadt, Germany). The recombinant plasmids were
introduced into Escherichia coli BL21DE3 (Novagen) that was previously transformed with the
vector of yeast N-myristoyl transferase (Duronio et al., 1990). Recombinant myristoylated carp
S-modulin and carp visinin were overproduced in E.coli and purified with a phenyl Sepharose
column and a DEAE column as described previously (Kawamura et al., 1996). After purification,

samples were concentrated and the buffer solution of a sample was replaced with a K-gluc buffer 2.
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Phosphorylation assays for measurement of inhibitory effect of S-modulin and visinin
Phosphorylation assay for measurement of inhibitory effect of S-modulin and visinin was
performed as described above with some modifications. A reaction mixture was prepared by mixing
5 pL of S-modulin-free rod or visinin-free cone membrane suspension, 5 pL of an S-modulin or
visinin solution of various concentrations and 5 pL of a high Ca*"-concentration buffer (K-gluc
buffer 2 supplemented with 3 mM CaCl,) or a low Ca*"-concentration buffer (K-gluc buffer 2
supplemented with 3 mM EGTA). To determine the maximum inhibition and minimum inhibition
by S-modulin or visinin, the above extreme conditions (3 mM CaCl, or 3 mM EGTA) were used. An
ATP solution (10 pL) containing 2.5 mM [y—32P] ATP and 1.25 mM GTP in K-gluc buffer 2 was
added to the reaction mixture. The final concentrations of the components in a sample were 0.3 uM
rod or cone visual pigment, up to 1 mM S-modulin or visinin, 3 mM CaCl, or 3 mM EGTA, 1 mM
ATP and 0.5 mM GTP. When N-terminus peptides of GRK1 and GRK7 were used, they were
dissolved firstly in dimethylsulfoxide and then used as reported previously (Torisawa et al., 2008).
The bleach level of visual pigments was 75% in rod membranes and 95% in cone
membranes. Then, the reaction in the rod membranes was terminated by adding the acid at 40 sec
after the light flash, and the reaction in cone membranes was terminated at 0.5 sec after the light flash.
In both cases, the reactions were terminated during the phase where the phosphorylation level

increased linearly.

Immuno-quantification of endogenous S-modulin and visinin

Anti-S-modulin antiserum and anti-visinin antiserum were raised against bullfrog
S-modulin and visinin, respectively, in a rabbit as reported previously (Kawamura et al., 1993). To
quantify the amounts of S-modulin and visinin expressed in carp rods and cones, respectively,
immunoblot signal of S-modulin in purified rods and that of visinin in purified cones were compared
with those obtained from known amounts of recombinant carp S-modulin and visinin. Purified rod
and cone preparation were contaminated slightly (<2%) with cones and rods, respectively (Miyazono
et al., 2008). Although both of anti-S-modulin and anti-visinin antiserum cross-react to visinin and
S-modulin, respectively, mobility of carp S-modulin on SDS-PAGE gel is lower than that of carp

visinin as in the case of frogs (Kawamura et al., 1996). Therefore, it was possible to quantify
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S-modulin and visinin separately even in the present of contaminant.

Immunofluorescent staining of isolated photoreceptor cells

Carp rods and cones were isolated in the dark by using a Percoll density gradient similarly
described above. However, in the study of immunofluorescent staining, rods and cones were purified
simultaneously with a simplified method by using a stepwise Percoll density gradient consisted of
only 30 and 90% Percoll in the present of 4% (w/v) paraformaldehyde. Rods and cones were
obtained at the surface between 30 and 90% Percoll. They were collected and washed twice with and
suspended in the carp Ringer’s solution supplemented with 4% (w/v) paraformaldehyde. After the
cells were kept at 4°C for 12 h for fixation in the dark, they were mounted on an
aminopropylsilane-coated slideglass, and incubated for 15 min at room temperature to stick cells on
the surface of a slideglass. Then, the slideglass was rinsed with a phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCI, 8.1 mM Na,HPO,, 1.5 mM NaH,PO., pH 7.4). Mounted rods were
permeabilized with 0.05% (w/v) Triton X-100 in PBS and cones were permeabilized with 1% (w/v)
Triton X-100 in PBS (Chang and Gilbert, 1997). After wash with PBS three times, rods and cones
were air-dried overnight at room temperature. Then, to reduce non-specific adsorption of antiserum,
rods and cones were incubated at 4°C for 1 h in PBS containing 0.01% (w/v) or 0.2% (w/v) Triton
X-100, respectively, in the present of 1.5% (v/v) normal goat serum. After wash with PBS three
times, rods were incubated overnight at 4°C with anti-frog S-modulin antiserum (1:500 dilution).
Cones were also incubated overnight at 4°C with anti-frog visinin antiserum (1:500 dilution). Rods
and cones were then washed with PBS and incubated at room temperature for 30 min with

anti-rabbit IgG (Vector Laboratories, Burlingame, CA) conjugated with fluorescein isothiocyanate.

Calcium buffering

Solutions of different CaCl, concentrations and a fixed BAPTA concentration (1 mM
BAPTA) in K-gluc buffer 2 were prepared. The free Ca>" concentration in the solution was calibrated
with Fluo-3 by using commercially available Ca*"-concentration standard solutions (Calbuf-2; WPI,

Sarasota, FL).
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Peptides

A synthesized N-terminus peptide of carp GRKI1A (2-29 aa) was obtained from
GeneDesign (Ibaraki, Japan) and a synthesized N-terminus peptide of carp GRK7 (3-36 aa) was
obtained from GenScript (Scotch Plains, NJ). The purity of a peptide was > 80%.

To conjugate these peptides to an [Asys cuvette (see below), an additional cysteine was
introduced to the C-terminus of each of these peptides. There is a cysteine residue (Cys2) in the
N-terminus of carp GRK?7, but this cysteine residue was eliminated in the GRK7 peptide so that the

GRK?7 peptide was conjugated to the surface of the IAsys cuvette with its C-terminus.

S-modulin and visinin binding measurement

Ca*"-dependent binding of S-modulin or visinin to the synthesized N-terminus peptide of
GRK1 or GRK7 was monitored by a resonant mirror biosensor (IAsys; Affinity Sensors, Cambridge,
UK) (Torisawa et al., 2008). The N-terminus peptide of GRK1 or that of GRK7 was immobilized to
carboxymethylated dextran (CMD) on the surface of an [Asys cuvette according to manufacturer’s
protocol. Succimide ester-activated CMD was conjugated to the thiol group of the C-terminus
cysteine of the peptide through a linker, sulfosuccimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (Pierce, Rockford, IL).

For the measurement of a Ca*'-dependent binding of S-modulin or visinin to these
peptides, I first added 75 pL of a low Ca®*"-HEPES buffer (10 mM HEPES, 120 mM KCl, 20 mM
MgCl,, 0.002% (w/v) Tween 80, 0.3 mM EGTA, pH 7.5) to the peptide-conjugated cuvette, and
after stabilization of the resonance signal, I added 5 pL of S-modulin or visinin dissolved in the low
Ca”"-HEPES buffer to monitor the signal under the condition that no binding of S-modulin or visinin
to the peptide was expected. On addition of S-modulin or visinin under this condition, the signal
suddenly increased slightly most probably because of the increase in the refractive index induced by
addition of S-modulin or visinin. Then, the signal was monitored for 3 min, and the signal stayed at
almost a constant level during this period. The cuvette was then washed twice with the low
Ca”"-HEPES buffer to remove S-modulin or visinin. The cuvette was then equilibrated with 75 pL of
a high Ca’'-HEPES buffer (10 mM HEPES, 120 mM KCl, 20 mM MgCl,, 0.002% (w/v) Tween 80,
0.3 mM CaCl,, pH 7.5), and then 5 pL of S-modulin or visinin dissolved in the high Ca**-HEPES
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buffer was added. Under high Ca®" conditions, the signal increased significantly, most probably
because of the binding of S-modulin or visinin to the peptide. Thus, I calculated the Ca**-dependent
binding signal of S-modulin or visinin to the peptide by subtracting the signal observed under the
low Ca*" concentration from that observed under the high Ca®" concentration. All measurements
were performed at 25°C.
To determine the rate constants of association and dissociation of S-modulin to the GRK1

peptide, for example, I assumed a simple binding reaction:

Kon

S+P——» SP-=-=--(1),

Ko
where S is the concentration of S-modulin, P is the concentration of the peptide, and k,, and k,; are
the rate constants of association and dissociation, respectively. In this reaction, the rate of formation

of SP is expected as:
d[SP)/dt =k, [S] [P] - kex [SP] = = = - (2).
Because [SP] + [P] is constant, i.e., equation (2) can be rearranged to:
d[SP}/dt =Kk, [S] [Po] — [SP] (ka [S] + ket )= = = =(3).

I now assume that the concentration of unbound S-modulin ([S]) is approximately the same as the
initial concentration of S ([S;]), because only a small portion of S-modulin binds to the conjugated

peptide. Then, equation (3) can be written as follows:
d[SPY/dt =Kk, [S] [Po] — [SP] (ke [S] + ko )= = = =(4).

The value of [SP] is the amplitude of the signal. When the rate of rise of the signal (d[SP]/dt) is
plotted against [SP], the slope indicates the value of k,, [S;] + k. At a certain concentration of [S],

the slope, k., [Si] + k.5 was first determination, and then similar determinations were repeated at
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various [S;]. From the plot of the value of k,, [S] + k. against [S]] in the binding of S-modulin to the

GRKI peptide, k, is determined from the intersection with the y-axis.
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Results

Expression levels of S-modulin and visinin in the outer segment

In previous studies in frog rods and cones (Kawamura, S., 1993; Kawamura et al., 1993),
S-modulin and visinin were obtained in the soluble protein fraction at low Ca®" concentrations. At
high Ca®" concentrations, they bound to membranes, but significant portion of these proteins were
also obtained in the soluble protein fraction. During the course of the present study in carp, I realized
that carp S-modulin and visinin bind to membranes more firmly than those in frogs. As shown in
Figure 8, S-modulin probed by anti-S-modulin antibody (Figure 8A) and visinin probed by
anti-visinin antibody (Figure 8B) were almost exclusively present in the membrane fraction (ppt) at a
high (0.5 mM) Ca** concentration (high Ca”"), while they were eluted with successive washes from
the membranes under a low Ca®" condition (low Ca®’, sup). With this characteristic taken into
account, I tried to determine the concentration of S-modulin in the rod OS and that of visinin in the
cone OS.

Most of purified rods and cones retain a portion of inner segment (IS)
(Shimauchi-Matsukawa et al., 2008). For this reason, first I prepared a homogenate of rods and that
of cones to determine the content of S-modulin and visinin, respectively, in the whole part of the cell
(OS portion plus IS portion). By using anti-S-modulin and anti-visinin antiserum, homogenates of
purified rods and cones together with known amounts of recombinant S-modulin and visinin were
electrophoresed and immunoblotted (Figure 8C). Based on the calibration curve thus obtained, I
quantified the amount of S-modulin in the rod homogenate and that of visinin in the cone
homogenate (arrows in Figure 8D). The result showed that the content of S-modulin in the rod
homogenate was 0.013 £+ 0.004 (n = 12) per rod visual pigment, and that of visinin in the cone
homogenate was 0.38 & 0.13 (n = 9) per cone visual pigment. It has been known that S-modulin and
visinin localized throughout the entire photoreceptor cell (Dizhoor et al., 1991; Kawamura et al.,
1996; Strissel et al., 2005). To estimate the expression level of S-modulin in the rod OS and that of
visinin in the cone OS in the dark, I tried to determine the relative amounts of these proteins present
in the OS portion with an immunofluorescent study in a isolated cell that was kept in the dark

throughout.
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Figure 8. Expression levels of S-modulin and visinin in the OS of rods and cones. (A) Localization
of S-modulin at high and low Ca*" concentrations. The content of S-modulin was quantified in purified
rods (initial). Rods containing 100 pmol of rod pigment prepared in the Ringer’s solution at a high Ca*"
concentration (high Ca?") were homogenized and centrifuged. The contents of S-modulin in the soluble
fraction (sup) and in the precipitated membrane fraction (ppt) were quantified. An example of
immunoblot is shown in middle of the panel. Most of S-modulin was present in the membrane fraction
(ND: not detected). Similarly, purified rods prepared in the K-gluc buffer 1 at a low Ca*" concentration
(low Ca*") were homogenized and centrifuged and the content of S-modulin in a soluble fraction (sup)
was quantified (1st). The precipitate was suspended in the EGTA buffer and was centrifuged. The
content of S-modulin in the soluble fraction was quantified (2nd). This procedure was repeated, and the
content of S-modulin was quantified in the soluble fraction (3rd) and in the precipitated membrane
fraction (ppt) (ND: not detected). (B) Similar as in (A) except that cone homogenate containing 5 pmol
of cone pigment was used. (C) An example of quantification of S-modulin and visinin in rods and cones.
The immunoblot signals were obtained in the samples of rod (upper panel) and cone (lower panel)
homogenate. In addition, to obtain a calibration curve, known amounts of recombinant S-modulin (upper
panel) and visinin (lower panel) were electrophoresed and immunoblotted. (D) Calibration curve
obtained from quantification of the immunoblot signals in (C). The amount of S-modulin in rod
homogenate and that of visinin in cone homogenate were determined (arrows). (E-H)
Immunofluorescent staining of an isolated rod (E and F) and a cone (G and H). (I-L) Immunofluorescent
staining of an isolated rod (I and J) and a cone (K and L) by normal mouse antiserum. E, G I and K,
phase contrast image of a rod (E and I) and a cone (G and K). F, H, J and L, immunofluorescent image of
arod (F and J) and a cone (H and L). OS, outer segment; IS, inner segment.
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Immunofluorescent study showed that S-modulin in a rod (Figure 8F) and visinin in a
cone (Figure 8H) distribute throughout the purified cell in agreement with previous studies. The
intensity of the immunofluorescent signal in the OS relative to that in the whole part of the isolated
cell was determined. The result showed that 68.1 + 6.3% (n = 5) of S-modulin signal was localized
in the OS of a purified rod, and 54.9 + 8.2% (n = 8) of visinin signal was localized in the OS of a
purified cone. Based on my determination of the content of S-modulin expressed in the unit of per
visual pigment (see Figure 8A and B), the quantification of the fluorescent signal in the OS showed
that the amount of S-modulin in the rod OS was 0.0088 (0.013 x 0.68) per rod pigment. Assuming
that the overall visual pigment concentration is 3 mM in the OS and that the cytoplasmic volume of
the OS is about a half of the OS volume, S-modulin concentration in the OS cytoplasm was
calculated to be approximately 53 uM. This estimation is in good agreement with previous studies
(see Discussion). The amount of visinin in the cone OS was 0.21 (0.38 x 0.55) per cone pigment,
which corresponds to 1.2 mM under the same assumptions. The estimated concentration of visinin in

the cone OS was found to be 20 times higher than that of S-modulin in the rod OS.

Comparison of inhibition of visual pigment kinase by S-modulin and visinin

Calcium ion-dependent inhibitory effect of S-modulin on rod visual pigment kinase,
GRK1, was compared with that of visinin on cone visual pigment kinase, GRK7. Figure 9A shows
the dose-dependent effect of S-modulin on the GRK1 activity in rod membranes at a low (open
circles) and a high (filled circles) Ca®" concentration. Figure 9B shows the results of similar studies
of visinin on the GRK7 activity in cone membranes at a low (open triangles) and a high (filled
triangles) Ca’" concentration. To compare the inhibitory effect of S-modulin and visinin, the
magnitude of the inhibition at the high Ca*" concentration was calculated as the percentage of the
maximum phosphorylation observed at the low Ca*" concentration (Figure 9C). In both membranes,
the inhibition on visual pigment kinase was progressively increased as the concentrations of
S-modulin and visinin increased. The magnitude of the inhibition of GRK7 by visinin was slightly
larger than that of GRK1 by S-modulin: visinin inhibited the GRK7 activity by 80% (filled triangles
with thick solid line in Figure 9C) while S-modulin inhibited the GRK1 activity by less than 60%

(filled circles with thick solid line). The half effective concentration (ECs,) of S-modulin on the
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Figure 9. Concentration-dependent inhibition of visual pigment phosphorylation by S-modulin and
visinin. (A) Phosphorylation of light-activated visual pigment was measured in rod membranes at various
concentrations of recombinant S-modulin at a low (open circles) and a high (filled circles) Ca®"
concentration. (B) Similar as in (A), but the measurement was made in cone membranes with addition of
various concentrations of recombinant visinin at a low (open triangles) and a high (filled triangles) Ca®"
concentration. (C) By taking the phosphorylation level at the low Ca*" concentration to be 100% at each
concentration of S-modulin or visinin, inhibition of the phosphorylation was calculated and shown as a
function of S-modulin or visinin concentration. Inhibition of GRK1 by S-modulin (closed circles
connected with thick solid line) and by visinin (thin solid line), and inhibition of GRK7 by visinin (closed
triangles connected with thick solid line) and by S-modulin (thin dotted line) are shown. Result is shown
as mean + SD in three independent sets of measurement. Each curve in the panel shows the fitting by

Michaelis-Menten equation with a Hill coefficient of 1.

GRKI activity was 0.68 uM and that of visinin on the GRK?7 activity was 0.67 uM.

It was of interest to know which of the two, visinin or GRK7, is responsible for the higher
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inhibition of GRK7 by visinin. Therefore, the inhibition of GRK1 (rod GRK) by visinin (cone NCS)
and the inhibition of GRK7 (cone GRK) by S-modulin (rod NCS) were measured. The result
showed that visinin inhibited GRK1 activity only by 60% (thin solid line in Figure 9C) similarly as
S-modulin did, and that S-modulin inhibited GRK?7 activity by nearly 80% (thin dotted line)
similarly as visinin did. To avoid crowdedness, only the lines connecting mean values are shown. In
addition, half inhibition of a kinase, GRK1 or GRK7, was observed at very similar concentrations of
visinin and S-modulin, respectively. It was evident from these measurements that higher inhibition in
cones is attributed to the characteristic of GRK7 but not of visinin. Although S-modulin and visinin
are expressed in a cell-type specific manner and their amino acid sequence identity is 66% in carp
(see Experimental Procedures), they are functionally indistinguishable in terms of the effective

concentrations of these proteins.

Effective ranges of Ca®" concentration of S-modulin and visinin

To determine the difference in the Ca®*-dependency of the regulation on GRK1 and
GRK7 by S-modulin and visinin, the effective Ca*" concentration range of S-modulin and that of
visinin was compared. In Figure 10A, inhibition of GRK1 by 10 pM S-modulin (filled circles with
thick line) and that of GRK7 by 10 pM visinin (filled triangles with thick line) were measured at
various Ca®" concentrations. Because S-modulin and visinin were used at 10 uM concentration,
maximum inhibitions were slightly lower than those measured at the maximum doses in Figure 9C.
Although the inhibition of GRK7 by visinin was higher than that of GRK1 by S-modulin (compared
two thick lines) as was seen in Figure 9C, the EC,, values of the Ca*"-effect were not different in
these measurements. The values were 0.55 M Ca®" in the effect of S-modulin on GRK1 and 0.40
uM Ca?" in the effect of visinin on GRK7.

[ also measured the effect of Ca®* on the inhibition of GRK1 (rod GRK) by visinin (cone
NCS) and that of GRK7 (cone GRK) by S-modulin (rod NCS). As was seen in the measurement
Figure 9C, S-modulin and visinin gave indistinguishable results: the ECy, value of Ca>" concentration
in the inhibition of GRK7 by S-modulin was 0.48 uM (thin dotted line) and that of GRK1 by visinin
was 0.68 uM (thin solid line). In this measurement, it was confirmed that S-modulin and visinin are

functionally indistinguishable.
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Figure 10. Effect of Ca*" concentration on the inhibition of GRK activity by S-modulin and visinin.
(A) Inhibition of pigment phosphorylation in rod or cone membranes by 10 uM S-modulin or 10 uM
visinin is shown as a function of Ca*" concentration. Inhibition was measured in a sample containing rod
membranes and S-modulin (filled circles connected with thick solid line), rod membranes and visinin (thin
solid line), cone membranes and S-modulin (thin dotted line), or cone membranes and visinin (filled
triangles connected with thick solid line). Result is shown as mean + SD in three independent sets of
measurement. Each curve in the panel shows the fitting by Michaelis-Menten equation with a Hill
coefficient of 1.6. (B) Inhibition of GRK activity by S-modulin and visinin under a pseudo-intracellular
condition. GRK activity was measured in the presence of 53 pM S-modulin at 0.5 pM and 10 nM Ca*" in
rod membranes and in the presence of 1.2 mM visinin at 0.5 pM and 10 nM Ca*" in cone membranes. The
inhibition of phosphorylation at 0.5 puM Ca”" was calculated based on the phosphorylation at 10 nM Ca*"
(n=3).

Estimation of the inhibition of GRK in the intact rod and cone OS

In the study shown in Figure 10A, the EC,, value of the Ca* -effect were 0.55 uM Ca* in
rods (S-modulin and GRK1) and 0.4 pM Ca”" in cones (visinin and GRK7). These concentrations
are close to the level of Ca®* concentration in the rod and cone OS in the dark (Sampath et al., 1998;
Sampath et al., 1999), which indicates that the inhibition of GRK by S-modulin or visinin at the Ca*"
concentration in the dark is 50% or so. As shown in Figure 8, the concentration of visinin in the cone
OS (1.2 mM) was much higher than the concentration of S-modulin in the rod OS (53 uM). To know
the effect of these proteins in intact cells, inhibition of GRK1 by S-modulin and that of GRK7 by
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visinin were measured under a pseudo-intracellular condition at the Ca>" concentration in the dark, i.
e., in the presence of 53 pM S-modulin at 500 nM Ca** in rod membranes and 1.2 mM visinin at 500
nM Ca”" in cone membranes. The result showed that 21.7 + 5.1% of GRK1 activity was inhibited in
rod membranes and 53.2 + 7.0% of GRK?7 activity was inhibited in cone membranes (Figure 10B). It
was, therefore, indicated that the inhibition by NCS would be 2.5 (53.2/21.7) times higher in cones

than in rods at the Ca>" concentration in the dark.

Inhibition of S-modulin and visinin by N-terminal peptides of GRK

As shown above, S-modulin and visinin showed very similar properties on the
Ca*"-dependent inhibition on the photoreceptor GRKs (Figure 9 and 10). In previous studies, it has
been shown that the N-terminal region of rod kinase, GRK1 (Higgins et al., 2006; Ames et al., 2006)
and that of cone kinase, GRK7 (Torisawa et al., 2008) are the binding sites to the Ca>"-bound form
of S-modulin/recoverin. 1 then expected that an N-terminus peptide of GRK1 (most probably,
competitively) inhibits S-modulin and visinin activities equally and that an N-terminus peptide of
GRK?7 inhibits S-modulin and visinin activities equally. However, because the inhibition of GRK7
by S-modulin and visinin was higher than that of GRK1 by these proteins (Figure 9 and 10), I
expected further that the N-terminus peptide of GRK7 inhibits the S-modulin and visinin activities
more effectively than the N-terminus peptide of GRKI.

I used an N-terminal peptide of GRK1 or GRK7 known to contain the region that inhibits
the S-modulin/recoverin activity (Figure 11A). To measure the inhibitory effects of the peptides on
S-modulin and visinin, the kinase could be either GRK1 or GRK?7. For a practical reason, GRK1
was used in the following study. In the absence of S-modulin/visinin as control measurements, I first
measured the effects of the N-terminus peptide of GRK1 to GRK1 activity. GRK1 activity was not
affected by Ca®* (left halves of Figure 11B and C). Addition of S-modulin (left half of Figure 11B) or
visinin (left half of Figurel1C) inhibited the phosphorylation at a high Ca*" concentration to nearly
50% of the control in the absence of GRK1 peptide. Then the phosphorylation was measured in the
presence of the GRK1 peptide of various concentrations and in the presence of either S-modulin (left
half of Figure 11B) or visinin (left half of Figure11C). Addition of the GRK1 peptide in the absence

of S-modulin or visinin reduced the phosphorylation in a Ca*"-independent manner (left halves of
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Figure 11B and C, and thick line in left half of Figure 11D).

To quantify the extent of the inhibition by the peptides, firstly the activity of S-modulin or
visinin was defined (Torisawa et al., 2008): the difference of the amounts of phosphorylation at a low
and a high Ca®" concentration in the absence of a peptide was divided by the amount of
phosphorylation at the low Ca®* concentration, and then this value was regarded as the 100% activity
of S-modulin or visinin. After the activity of S-modulin or that of visinin in the presence of the
peptide was calculated in a similar manner, the concentration-dependency of the peptide on the
S-modulin and visinin activity was determined (thin and broken line, respectively, in left half of
Figure 11D). Although the inhibition of the activities of S-modulin and visinin almost completed by
10 uM peptide, the inhibition of GRK1 by the peptide did not seem to be completed even at 0.5 mM
peptide (see legend Figure 11D). This difference in the effective peptide concentrations indicated that
the peptide affected the GRK1 activity and the S-modulin or visinin activity in different ways. It has
been shown that the N-terminus region of GRKI1 (17-34 aa) is also the binding site to R*
(Palczewski et al., 1993). Based on this finding, we speculated that the peptide bound to R* in
addition to S-modulin and visinin, and inhibited their activities competitively. At the highest
concentration of the peptide examined (0.5 mM), the GRK1 peptide inhibited the S-modulin activity
to 44 + 11% and the visinin activity to 37 + 14% (left half of Figurel1E). Similar measurements
were carried out by using a GRK7 N-terminus peptide (right halves of Figure 11B, C and D). The
inhibitions of S-modulin and visinin were higher when the GRK7 peptide was used: the GRK7
peptide inhibited the S-modulin activity to 30 + 11% and the visinin activity to 21 + 9%. The GRK1
peptide, and the GRK7 peptide, too, inhibited the S-modulin and the visinin activity to the same
extent, but the inhibition was higher in the case of the GRK7 peptide as expected. One possibility to
explain this result was that the N-terminus of GRK?7 interacts more strongly to both S-modulin and
visinin than the N-terminus of GRK1. The binding of the peptides to S-modulin and visinin was then

directly measured.
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Figure 11. Inhibition of S-modulin and visinin by GRK N-terminus peptides. (A) N-terminus amino
acid sequences of carp GRK1 and GRK7. Amino acid residues in the synthesized peptides are indicated
in bold. In each peptide, a C-terminus cysteine residue was exogenously added (see Experimental
Procedures). (B and C) Visual pigment phosphorylation was measured in rod membranes in the absence
and presence of various concentrations of GRK1 N-terminus peptide or GRK7 N-terminus peptide in the
absence and presence of 10 uM S-modulin (+S-mod; B) or 10 pM visinin (+visinin; C) at a low (open
bars) and a high (filled bars) Ca*" concentration. The phosphorylation level without addition of a peptide
or S-modulin/visinin at the low Ca®" concentration was set to 100%. (D) Activities of GRK1 at the low
Ca" concentration in the absence of S-modulin or visinin (GRK1; thick line), S-modulin (S-mod; thin
line) and visinin (visinin, broken line) are expressed against peptide concentration. Smooth line
(S-modulin and visinin) was drawn according to Michaelis-Menten equation with a Hill coefficient of
1.0. Data points labeled as GRK1 did not fit to this equation so that they were connected with straight
line. (E) Relative S-modulin and visinin activities in the presence of 0.5 mM peptide. Results shown are
mean + SD (n=3-6).
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Binding of GRK1 and GRK7 peptide to S-modulin and visinin

The GRKI1 peptide or the GRK7 peptide was immobilized on the carboxymethylated
surface of an IAsys cuvette, and the Ca**-dependent binding of S-modulin and visinin to these
peptides was monitored by a resonant mirror biosensor. Time courses of Ca*"-dependent binding of
S-modulin to the N-terminus of GRKI peptide at various concentrations of S-modulin were
measured (Figure 12A, upper panel). In a measurement at an S-modulin concentration of [S;], the
value of k,, [S] + ks was determined (a circle shown in the lower panel of the Figure 12A; see
Experimental Procedures) in the rising phase of the signal (indicated as “on” in Figure 12A), and it
was plotted as a function of [S;] (association-dissociation plot; AD plot) (Figure 12A, lower panel).
From this AD plot, the association rate constant (k,) was determined from the slope and the
dissociation rate constant (k,) was determined from the intersection with the y-axis (see
Experimental Procedures). Similar measurements and determinations were made in the binding of
visinin to the GRK1 peptide (not shown), in the binding of S-modulin to the GRK7 peptide (not
shown), in the binding of visinin to the GRK7 peptide (Figure 12B). Although some of the results are
not shown, the AD plots of all of these measurements are summarized in Fig. 12C and D.

In Figure 12C, the binding of S-modulin to the GRK1 peptide is compared with that of
visinin to the GRK7 peptide. It was found that association (compare the slopes) and dissociation
(compare the y-axis) are both slightly faster in the binding of visinin to the GRK7 peptide than the
binding of S-modulin to the GRK Ipeptide. In Figure 12D, the binding of S-modulin to the GRK7
peptide and that of visinin to the GRK1 peptide are compared. The determined rate constants (k,, and
k.s) and the dissociation constant (K) calculated from the k,i/k,, value in each set of measurements
are summarized in Table 1. It should be monitored here that the above measurements were done at
high Ca®" concentrations, and therefore, the rate constants and the dissociation constant are all those
at high Ca>" concentrations. There were slight differences in the association rate constant (k.,), the
dissociation rate constant (k,z), and the dissociation constant (K;) among each pair of NCS and GRK
peptide. However, the K, values of the GRK7 peptide in the binding to S-modulin and visinin were
slightly lower (by 70-80%) than those of the GRK1 peptide (Table 1). This result was in agreement
with my expectation that the GRK7 peptide interacts with S-modulin and visinin more strongly than

the GRK1 peptide. In this table, the rate of dissociation constant determined in the dissociation phase
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Figure 12. Binding of S-modulin and visinin to the N-terminal peptide of GRK. (A) Binding signals
of S-modulin to an immobilized N-terminal peptide of GRK1 were monitored with a resonant mirror
biosensor (upper panel). After addition of S-modulin at time O, the signal increased because of
Ca**-dependent binding of S-modulin to the immobilized peptide. At 3 minutes after the addition of
S-modulin, S-modulin was washed out, and thus the binding signal decreased. The measurement was
repeated by changing the concentration of S-modulin. From the rising phase of the signal (indicated as
“on” in the upper panel), the value of k, [S] + ko at the S-modulin concentration of [S] was determined
(see text), and it was plotted against the S-modulin concentration (lower panel; AD plot, see text). (B)
Similar as in (A), but the measurement was made in the binding of visinin to a GRK7 N-terminus peptide.
(C) AD plot of the binding of S-modulin to the GRK1 peptide (open circles) and that of visinin to the
GRKY7 peptide (filled triangles). (D) AD plot of the binding of visinin to the GRK1 peptide (filled circles)
and that of S-modulin to the GRK7 peptide (open triangles).

of the reaction (indicated as “off” in Figure 12A, for example) is also shown (indicated as *k.; in

Table 1). The values were very similar to those determined in the analysis of an AD plot.
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Table 1. Kinetic parameters of the binding of the N-terminal peptides of GRK1 and GRK7 to S-

modulin and visinin.

peptide Koy (M™s™) Kot (™) Ko (M) *Kotr (57)
S-modulin  GRKI1 1.3+0.3 x 10° 3.4+0.7 x 10” 2.7+0.7 x 10 2.6+£1.0x 10"
GRK7 1.0£0.1 x 10° 2.3+0.7 x 10" 2.2+0.7 x 10° 29402 x 10"
visinin GRK1 1.0£0.1 x 10° 7.1£1.1x 10" 7.1£1.1 x 10 6.9+2.6 x 10"
GRK7 1.740.2 x 10° 8.5£1.5x 10 52412 x10° 8.142.2 x 10

The rate constants (k,, and k) were determined by analyzing the association phase of the [Asys signals shown

in Fig. 12A-D. The dissociation constant (Kp) was calculated from k,g/ko,. The value of k,gwas independently

determined (*k.g) from the dissociation phase of the signals. Values are shown as mean + SD (n=5-7).
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Discussion

I showed that the estimated concentration of visinin in the cone OS was found to be 20
times higher than that of S-modulin in the rod OS (Figure 8). However, S-modulin and visinin are
functionally indistinguishable (Figure 9 and 10A). The inhibition of GRK7 by visinin in cones would
be 2.5 times higher than that of GRK1 by S-modulin in rods at the Ca®" concentration in the dark
(Figure 10B). I further demonstrated that GRK7 N-terminus peptide inhibited the S-modulin and
visinin activity (Figure 11), and interacted with S-modulin and visinin more effectively than the

GRKI peptide (Figure 12 and Table 1).

Higher expression levels of NCSs over GRKSs in rods and cones

In the present study, I estimated concentration of S-modulin in the rod OS and that of
visinin in the cone OS (Figure 8). The estimated concentration of S-modulin in the carp rod OS was
53 uM, which was broadly in agreement with previous estimation of the S-modulin concentration in
the frog rod OS (40 uM and 140 pM in Kawamura et al., 1993 and Kawamura et al., 1996,
respectively). The visinin concentration in the carp cone OS (1.2 mM) was surprisingly higher when
compared with that of S-modulin in the rod OS. In frogs, similar high expression level of visinin was
actually observed: the molar ratio of S-modulin to visinin in a frog retina was found to be 10:7 even
though the content of cone pigments was only 2% of that of rod pigment (Kawamura et al., 1993). It
should be emphasized that, based on the following calculation, the expression levels of S-modulin in
rods and visinin in cones are much higher than those of GRKSs in rods and cones. The GRK/visual
pigment ratio is higher in cones than in rods (Tachibanaki et al., 2005; Wada et al., 2006) and that the
ratios were 0.004 in rods and 0.04 in cones (Tachibanaki et al., 2005). In my present study, I showed
that S-modulin/visual pigment and visinin/visual pigment ratios in the OS were 0.0088 and 0.21,
respectively (Figure 8). Therefore, S-modulin is present in the OS approximately 2 times more in
amount than GRK1 (0.0088/0.004), and visinin is 5 times more than GRK7 (0.21/0.04). This higher
ratio of NCS/GRK in cones would contribute to more effective inhibition of GRK in cones than in

rods in intact cells.
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Regulation of GRK activity in rods and cones

The maximal GRK7 activity in cones was ~0.4 phosphates incorporated per cone pigment
present per sec (Pi/pigment-s) based on Fig. 6B. Let me assume that a very bright light is given in the
dark and that GRK is activated fully. Just after this light stimulus, cytoplasmic Ca" concentration
would still be high so that the activated GRK7 activity is inhibited by 53% (Figure 10B). When the
Ca®" concentration decreases during light-adaptation, GRK7 activity would increase from 0.2 (0.4 x
0.53) to 0.4 Pi/pigment-s. Similar calculation shows that the maximal GRK1 activity in rods was
~0.0053 Pi/pigment-s (Figure 6C). Thus, GRK1 activity increases from 0.0012 (22% inhibition of
0.0053 Pi/pigment-s at the Ca>" concentration in the dark, Figure 10) to 0.0053 Pi/pigment-s during
light-adaptation. Therefore, the actual range of regulation on GRK?7 activity in cones (0.2
Pi/pigment-s) is much wider than the range of regulation on GRKI activity in rods (0.004
Pi/pigment-s). This wide range of regulation on GRK7 would contribute to the wide range of

regulation of cone light responses during light-adaptation.

Significance of cell-type specific expression of S-modulin and visinin

As reported previously in frogs (Kawamura et al., 1996), rods and cones express different
subtypes of NCS. The amino acid sequence analysis showed that S-modulin and visinin are 67%
identical in frogs (Kawamura et al., 1996) and 66% identical in carp (see Experimental Procedures).
In the present study, I compared the dose dependency and the effective Ca® concentrations of the
S-modulin and the visinin effects on GRK1 and GRK?7 activities (Figure 9 and 10). The results
showed that S-modulin and visinin were functionally indistinguishable. Although there is a cell-type
specific expression of S-modulin and visinin in carp photoreceptors, I could not find any simple
explanations why carp rods and cones have different subtype of NCS. This finding would be the
indication that cell-type specific expression of a protein does not always mean that the protein has a

cell-type specific effect.

Effective Ca?* concentration for S-modulin and visinin
In salamander rods, Ca®" concentration decreases from 670 nM in the dark to 30 nM in

the light (Sampath et al., 1998), and in salamander red-sensitive cones, it decreases from 410 nM in
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the dark to 5.5 nM in the light (Sampath et al., 1999). With this Ca®* concentration range, S-modulin
and visinin inhibited the visual pigment phosphorylation in the present study (Figure 10). The ECs,
values of the Ca®" concentration determined in the present study (0.4-0.55 uM) were several times
lower than the values reported by others (2-3 uM Ca™) (Chen et al., 1995; Calvert et al., 1995).
Although the reason of this inconsistency is not known, it may be the case that in the reconstituted
membrane system used in others’ studies, the effective Ca>" concentration was somehow higher than
that determined in the native membranes used in my studies. The study using recoverin knock-out
mice (Makino et al., 2004; Sampath et al., 2005) also supports the view that S-modulin/recoverin

functions under physiological Ca® concentrations.

Interaction between photoreceptor NCSs and GRK N-terminus peptides

In previous studies, the kinetics between recoverin and GRK 1 were reported (Levay et al.,
1998; Satpaev et al., 1998). In these studies, the association rate constant (k,,) and the dissociation
constant (k,;) were 1.0 x 10° M s™ and 1.0 x 10" s, respectively. The N-terminus region of GRK 1
is thought to form an amphipathic helix, and the hydrophobic side of this helix is thought to bind to
S-modulin/visinin (Higgins et al., 2006; Ames et al., 2006) at the groove in S-modulin/visinin
formed by binding of Ca®" (Tachibanaki et al., 2000). In the present study, although I used only the
N-terminus peptide, I obtained very similar values for the binding of S-modulin to GRK1 (k,, = 1.3 x
10° M s and k,; = 34 x 10" s7; Table 1). The result strongly suggests that the binding of
S-modulin/recoverin to GRK1 is mainly mediated by the interaction between S-modulin/recoverin
and the N-terminus of GRK 1. Although association and dissociation rate constants are similar in the
binding of GRK1 whole protein and its N-terminus peptide to S-modulin/recoverin, the K, value of
the GRK1 peptide (2.7 uM, Table 1) is slightly higher than that of the GRK1 whole protein
(approximately 0.7 uM, Figure 9). Because the association rate constant of the GRK1 peptide in the
present study (1.3 x 10° M s) is very similar to that of the whole protein (1.0 x 10° M ), a
slightly higher K, value in the peptide is probably because of faster dissociation of the peptide (3.4 x
10" s™) than the whole protein (1.0 x 10" s™). Faster dissociation could be because the peptide may
not be always in an ordered structure so that it could stay less stably in the binding site. The rates of

association and dissociation are significantly higher than those measured in other reactions such as
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the interaction between transducin Bysubunit and phosducin (k,, = 3.8 x 10° M s and k,; = 3.2 x
10* s (Xu et al., 1995) and that between transducin asubunit and PDE ysubunit (k,, = 7.9 x 10
M s and k;=2.6 x 107 s™) (Slepak et al., 1995).
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Part3. Autophosphorylation of GRK1 and GRK7

Introduction

Similarly as other rod proteins in phototransduction cascade, the properties of GRK1
molecule have been investigated well. Analysis of the primary sequence of bovine GRK1 reveals
that the kinase catalytic domain is located in the middle region of the sequence (Lorenz et al. 1991).
The N-terminus of bovine GRK1 contains a domain participating in the recognition of activated
visual pigment (Palczewski et al. 1993). Additionally, bovine GRK1 is modified by multiple
intramolecular phosphorylations at the C and N termini of the enzyme (Palczewski et al. 1992). It
has been shown that autophosphorylated bovine GRK1 lowers the affinity to S-modulin/recoverin
(Satpaev et al., 1998). In contrast, only a few studies have reported the properties of cone GRK,
GRK?7 (Tachibanaki et al. 2005; Wada et al. 2006; Osawa et al. 2008). In these studies (Tachibanaki
et al. 2005; Wada et al. 2006), it was shown that GRK7 has much higher kinase activity than GRK1
and its higher activity contributes to rapid turn-off of a photoresponse in a cone. It was of interest to
examine whether this high GRK7 activity and the interaction with visinin are modulated by GRK7
autophosphorylation. For this purpose, I focused on autophosphorylation of GRK1 and GRK7. By
using carp GRK1 and GRK?7, I observed GRK1 and GRK7 autophosphorylation and measured their

binding to S-modulin and visinin.
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Experimental Procedures

Expression and purification of recombinant GRK1 and GRK7

Recombinant carp GRK1 and GRK7 were expressed in Sf9 cells and purified based on
the method described previously (Chen et al., 1995). Briefly, harvested cells were suspended and
sonicated in a HEPES buffer (10 mM HEPES, 115 mM K-g potassium gluconate, 2.5 mM KCI, 2
mM MgCl, 1 mM dithiothreitol, pH 7.5) supplemented with 1 mM CaCl,. The lysate was
centrifuged (27,000 x g for 20 min), and the supernatant containing the kinase was collected. The
kinases were affinity-purified with nonacylated S-modulin as described in Tachibanaki et al. (2000)
and concentrated in K-gluc buffer 2. The amount of the expressed protein was quantified with

Coomassie brilliant blue staining after SDS-PAGE, using BSA as a standard.

Immunoblot analysis of autophosphorylated GRK1 and GRK7

As reported previously (Tachibanaki et al., 2005), anti-GRK1 antisera were raised against
the C-terminus of (409-563 aa) of carp GRK1 in a mouse. Anti-GRK?7 antisera were raised against a
partial peptide of carp GRK7 (TGLFDELNDPNRKE, corresponding to the sequence at 519-532 aa)
in a rabbit. Anti-GRK?7 antibodies were affinity-purified with the GRK7 peptide.

To measure the autophosphorylation of GRK1 and GRK7, 10 pL of 2 mM ATP in K-gluc
buffer 1 was mixed with 10 uL of 0.1 uM purified recombinant GRK1 or GRK7. After incubation
for 40 min at room temperature, the reaction was terminated by adding 150 pL of 10% (w/v)
trichloroacetic acid. After centrifugation (20,000 x g for 10 min), the precipitate was washed with
K-gluc buffer 1 and subjected to SDS-PAGE, and GRK1 and GRK7 were immunoblotted by
anti-GRK1 antisera and anti-GRK7 antisera, respectively. When GRK1 and GRK?7 undergo
autophosphorylation, each band of GRK1 and GRK?7 detected with anti-GRK1 antisera and
anti-GRK7 antisera, respectively, could be found at larger molecular weight because of incorporation

of phosphates into GRK1 and GRK?7.

Quantification of GRK1 and GRK7 autophosphorylation

Known amounts of purified recombinant GRK1 or GRK7 (5 pmol) were incubated with 1
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mM [y-""P] ATP in K-gluc buffer 1 at 25°C. At various incubation times, reactions were terminated
by mixing with 150 pL of 10% (w/v) trichloroacetic acid. After centrifugation (20,000 x g for 10
min), the precipitate was washed with K-gluc buffer 1 and subjected to SDS-PAGE, and the amount
of *P incorporated into the GRK1 or GRK7 band was quantified by using an image analyzer (BAS
2500; Fuji Film, Tokyo, Japan).

Binding measurement of GRK1 to S-modulin and GRK?7 to visinin

Ca*"-dependent binding of GRK1 or phosphorylated GRK1 to S-modulin and that of
GRK7 or phosphorylated GRK7 were monitored by [Asys. As has been used in the conjugation of
recoverin to CMD (Satpaev et al., 1998; Levay et al., 1998), S-modulin was linked to CMD in an
[Asys cuvette through the cysteine residue at the amino acid position of 39 (C39), the only cysteine
residue in S-modulin. Although C39 is the only cysteine residue in S-modulin, there are two cysteine
residues in carp visinin. The 3D structure of recoverin indicates that C39 is exposed to the surface of
the molecule and that V126, which is replaced by C126 in carp visinin, is also present at the surface,
although the latter seems to be surrounded by other residues. It is possible that either of the two
cysteine residues was linked to CMD in my present study, but both C39 and V126 (C126 in carp
visinin) are located at the opposite side of the molecule with respect to the reported binding site of
S-modulin/recoverin to GRK1 (Tachibanaki, et al., 2000). For this reason, I believe that the linkage
by the linker molecule probably does not affect the binding of GRK?7 to the binding site in a visinin
molecule.

I measured a Ca®"-dependent binding of GRK1 or phosphorylated GRK1 to S-modulin
and that of GRK7 or phosphorylated GRK?7 to visinin. Purified recombinant GRK1 or GRK7 was
added to the cuvette at a high or a low Ca*" concentration (0.3 mM CaCl, and 0.3 mM EGTA,
respectively) to monitor the binding of GRK1 to S-modulin or that of GRK7 to visinin. When

phosphorylated GRK 1 or GRK7 was used 0.1 mM ATP was added to the cuvette.
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Results

Autophosphorylation of GRK1 and GRK7 in vitro

Previous studies showed that bovine GRKI1 undergoes autophosphorylation in an
intramolecular reaction (Buczylko et al. 1991; Palczewski et al. 1992; Palczewski et al. 1995). It was
indicated that there are three autophosphorylation sites in bovine GRK1. In comparison with bovine
GRKI1 amino acid sequence alignment, there are three potential autophosphorylation sites in carp
GRKI and only one in carp GRK7 (Figure 13A). By using purified recombinant carp GRK1 and
GRK?7, I measured that carp GRK1 and GRK?7 actually undergo autophosphorylation (Figure 13B).
Purified recombinant GRK1 incubated without ATP was detected at 64 kDa (Figure 13B, -ATP).
After incubation with ATP, the signal was up-shifted and detected at 67 kDa (Figure 13B, +ATP).
When incubated additionally with protein phosphatase 2A (see legend in Figure 13), GRKI1 signal
was detected again at 64 kDa (Figure 13B, +PP2A). As shown in Figure 13B right panel, purified
recombinant GRK7 was slightly up-shifted after incubation with ATP (from 61 kDa to 62 kDa).
However, the mobility of GRK7 was less than that of GRK1. Thus, it is indicated that GRK1 and
GRK7 can be autophosphorylated in vitro, and that GRK1 has autophosphorylation sites more than
GRK7.

To determine how many phosphates are incorporated into GRK1 and GRK7 molecule, I
measured the stoichiometry of GRK1 and GRK7 autophosphorylation by using [y-""P] ATP. Figure
13C shows the time course of GRK1 and GRK?7 autophosphorylation. GRK1 autophosphorylation
reaction had a stoichiometry of about 3 phosphates per GRK1. On the other hand, about one
phosphate was incorporated into GRK7. As compared with bovine GRK1 amino acid sequence

alignment, there could be three autophosphorylation sites in carp GRK1 and only one in GRK7.

Autophosphorylation of GRK1 in rod membranes and that of GRK7 in cone membranes

By using purified rod membranes and cone membranes, I observed the status of
autophosphorylation of GRK1 and GRK?7 in rod and cone membranes, respectively. After incubation
for 40 min in the absence or in the presence of ATP in the dark, the status of autophosphorylation of
GRKI1 and that of GRK7 were measured (Figure 14). Similarly as in recombinant GRK1, GRK1

44



A
GRK1 —$ — X — ST

492 493

GRK7 —_—S
485

B GRK1 GRK7
e e
R Jv R R v
kDa X x?‘ >SQ X x?. xQQ
96.6=
67kDa c
85,8—-V‘— n‘GZkDa %
'vv" =
A 61kDa €
44.0= £

anti GRK1 anti GRK7

Time (min)

Figure 13. Autophosphorylation of recombinant GRK1 and GRKY. (A) Schematic diagrams of carp
GRK1 and GRK7. Amino acid positions of the kinase domain (shown as thick bars) and potential amino
acid residues for autophosphorylation (S or T) are indicated. (B) An example of immunoblot of
recombinant GRK1 (left panel) and GRK7 (right panel) probed with anti-GRK1 antisera and anti-GRK7
antisera, respectively. (Left panel) Purified GRK1 incubated for 40 min in a K-gluc buffer 1 without ATP
was detected at 64 kDa (-ATP). After incubation for 40 min in a K-gluc buffer 1 with ATP, GRK1 signal
was detected at 67 kDa (+ATP). After the sample incubated with ATP was centrifuged (20,000 x g for 10
min), the precipitate was washed with K-gluc buffer 1 and incubated additionally with protein phosphatase
2A, PP2A, for 15 min. It is known that phosphorylated bovine GRK1 is a substrate for PP2A. When
incubated with PP2A, GRK1 signal was detected again at 64 kDa (+PP2A). (Right panel) Similar as in left
panel except that purified GRK7 was used. GRK7 signal was detected at 61 kDa (-ATP) and up-shifted
slightly after incubation with ATP (+ATP). After incubated with PP2A, GRK7 signal was recovered at 61

kDa (+PP2A). (C) Time course of GRK1 (open triangles) and GRK7 (open circles) autophosphorylation
(n=23).

signal was detected at 64 kDa in the absence of ATP (Figure 14A, -ATP). The signal at 67 kDa was
detected slightly. When incubated with ATP (Figure 14A, +ATP), the signal intensity at 67 kDa was
increased (open arrow head in Figure 14A) and additional signals were detected between 64 kDa and

67 kDa band. It is probable that these are the bands of GRK1 in which one or two phosphates were
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Figure 14. Autophosphorylation of GRK1 and GRK?7 in purified rods and cones, respectively.
(A) An example of immunoblot of purified rod probed with anti-GRK1 antisera. Rods containing 250
pmol of rod pigment prepared in the K-gluc buffer 1 were used. Similarly as in recombinant GRK1 in
vitro, GRK1 signal of purified rods was detected at 67 kDa (open arrow head) after incubation with ATP
for 40 min in the dark (+ATP). When the sample was incubated with PP2A, the signal was recovered at 64
kDa (+PP2A, filled arrow head). 61 kDa signal was always detected even if the sample was incubated

with ATP or PP2A (arrows). (B) Similar as in (A) except that purified cones containing 5 pmol of cone

pigment were used.

incorporated because these bands were not detected after incubation with PP2A (Figure 14A,
+PP2A). Therefore, GRK1 has ability of autophosphorylation in rod membranes. However, almost
all of GRK1 molecule would not be phosphorylated in rod membranes in the dark because the signal
of phosphorylated GRK1 at 67 kDa was not detected sufficiently (Figure 14A, -ATP). A signal at 61
kDa was always detected in purified rods, and the mobility did not change even when the sample
was incubated with ATP or PP2A. It might be a non-specific signal.

Similar as in Figure 14A except that purified cones containing 5 pmol of cone pigment
were used (Figure 14B). When cone membranes were incubated in the absence of ATP in the dark
(Figure 14B, -ATP), phosphorylated GRK?7 signal was not detected (compared -ATP with +ATP in
Figure 14B). Therefore, GRK7 also would not be phosphorylated in cone membranes in the dark.
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Binding of phosphorylated GRK1 to S-modulin and phosphorylated GRK?7 to visinin

It has been reported that phosphorylated bovine GRK1 decreased GRK1-recoverin
binding (Satpaev et al., 1998). To investigate the binding of phosphorylated carp GRKI1 to
S-modulin, I measured the Ca**-dependent binding of unphosphorylated and phosphorylated carp
GRKI1 to S-modulin (Figure 15A). The response of phosphorylated GRK1 was slightly lower than
that of unphosphorylated GRK1, but time courses of binding to S-modulin were almost the same
(Figure 15A). It seems that there is no difference of binding to S-modulin in the presence or in the
absence of autophosphorylation of GRK1. Similar results were obtained by using GRK7 (Figure
15B).
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Figure 15. Binding of autophosphorylated GRK1 to S-modulin and autophosphorylated GRK?7 to
visinin. (A) Binding signal of unphosphorylated (thin line) and phosphorylated (broken line) GRK1 to an
immobilized S-modulin were monitored with [Asys. After addition of GRK1 at time 0, the signal increased
because of Ca**-dependent binding of GRK 1 to the immobilized S-modulin. At 3 minutes after the addition
of GRK1, GRK1 was washed out, and thus the binding signal decreased. The final concentration of GRK1
was 100 nM. (B) Similar as in (A), but the measurement was made in the binding of unphosphorylated
(thin line) and phosphorylated (broken line) GRK7 to visinin.
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Discussion

In the present study, I observed the autophosphorylation of GRK1 and GRK7 (Figure 13
and 14). The results showed that GRK1 and GRK7 can undergo autophosphorylation and GRK1 has
multiple autophosphorylation sites. Although GRK1 and GRK?7 have abilities to undergo
autophosphorylation, they seem to be in unphosphorylated form in the membrane in the dark (Figure
14). I also measured the GRK1/GRK7 autophosphorylation not in the dark but in the light. However,
phosphorylated GRK1 and GRK7 were not detected. I could not find light-dependent
autophosphorylation of GRK1 and GRK?7. It is interesting to know in what situation GRK1 and
GRK?7 undergo autophosphorylation under in vivo conditions.

I also compared the binding of unphosphorylated and phosphorylated GRK1 and GRK7
to S-modulin and visinin, respectively (Figure 15). Although I could not find any differences in the
binding of unphosphorylated and phosphorylated GRKs to S-modulin/visinin, the association and
the dissociation of GRK?7 to visinin seem to be faster than those of GRK1 to S-modulin (compared
the association and the dissociation phases in Figure 15A with those in Figure 15B). This fast
association and dissociation in the binding of GRK7 to visinin is consistent with the results using
GRK7 peptide (Table 1). GRK1/GRK7 bind to and phosphorylate activated visual pigments.

Autophosphorylation of GRK may affect the binding of GRK to visual pigment.
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Future perspectives

In the present study, I showed that GRK7 has much higher activity than GRK1 and
suggested a significant contribution of GRK7 in the turn-off mechanism of a photoresponse in cones.
I focused on the termination of photoresponse, especially inactivation of activated visual pigments.
Additionally, it is thought that there are differences in inactivation processes of G protein, transducin,
and ¢cGMP phosphodiesterase (PDE) between rods and cones. If transducin and PDE remain in the
active form even after activated visual pigments are inactivated, the photoresponse is not terminated.
Therefore, it is thought that each activated enzyme in cone phototransduction cascade is inactivated
faster than that in rod. It is necessary to examine the each inactivation process in detail for clarifying
the difference of photoresponse between rods and cones.

In this study, I showed that the range of regulation on GRK7 by visinin in cones in a
Ca”"-dependent manner is wider than that on GRK1 by S-modulin in rods, and indicated that this
wide range of regulation on GRK7 would contribute to the wide range of regulation of cone light
responses during light adaptation. However, in spite of cell-type specific expression, S-modulin and
visinin were functionally indistinguishable. This finding could be the indication that cell-type
specific expression of a protein does not always mean that the protein has a cell-type specific effect.
Actually, in some mammal cones, a cone specific protein is not present, or its rod type is expressed.
Alternatively, S-modulin and visinin may have cell-type specific roles in the regulation of reaction
other than visual pigment phosphorylation because S-modulin and visinin are distributed throughout
rods and cones, respectively. It would be interesting to study the roles of S-modulin and visinin
present in the cellular compartment other than the outer segment.

Like most protein kinases, GRKI and GRK7 have abilities to undergo
autophosphorylation. It has been reported that bovine phosphorylated GRK1 decreases the affinity to
S-modulin/recoverin, but I could not find decrease of binding of carp phosphorylated GRKs to
S-modulin/visinin. The role of autophosphorylation of GRK1/GRK7 has not been understood yet.
Autophosphorylation of GRK may affect the binding of GRK to visual pigment. This point would be
one of the future directions of the GRK1 and GRK?7 study.
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