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ABSTRACT: We have recently shown that activation of retinal guanylate cyclase (retGC) by GC-activating
proteins (GCAPSs) is much stronger than that previously reported and that preincubation of photoreceptor
outer segment homogenates with ATP or its analogue, adenylyl imidodiphosphate (AMP-PNP), is required
for the strong activation [Yamazaki, A., Yu, H., Yamazaki, M., Honkawa, H., Matsuura, I., Usukura, J.,
and Yamazaki, R. K. (2003). Biol. Chem278 331506-33160]. Here we show that illuminated rhodopsin

is essential for development of the AMP-PNP incubation effect. This was demonstrated by illumination
of dark homogenates and treatments of illuminated homogenates witls-fdtinal and hydroxylamine

prior to the AMP-PNP incubation and by measurement of the GCAP2 concentration required for 50%
activation. We also found that the AMP-PNP incubation effect was not altered by addition of guanosine
5'-O-(3-thiotriphosphate), indicating that transducin activation is not required. It is concluded that illuminated
rhodopsin is involved in retGC activation in two ways: to initiate the ATP incubation effect for preparation
of retGC activation as shown here and to reduce thé €ancentrations through cGMP phosphodiesterase
activation as already known. These two signal pathways may be activated in a parallel and perhaps
proportional manner and finally converge for strong activation of retGC IBy-@ae GCAPs.

Since Bitensky and Miller suggested the involvement of  All membranous GCs, including retGC, are single-trans-
cyclic nucleotide in phototransductioh, ¢), many investiga- membrane proteins. The membrane-spanning domain sepa-
tors have contributed to the establishment of the regulationrates an ECD and the intracellular portion composed of a
of cGMP metabolism and its consequences for the system.KHD, a dimerization domain, and a catalytic doma8+(
Briefly, after absorption of light, rhodopsin stimulates GTP ~ 5). In retGC, the ECD is in the intradiscal space and the
GDP exchange ond* followed by dissociation of GTP- intracellular domains are in the cytoplasmic space of OS.
bound Ta from TBy. The GTP-bound @& activates PDE.  The identical topography as well as the similarity of
The resulting decrease in free cGMP concentration leads tointracellular domains3—5) suggests a similar regulatory
closure of cGMP-gated channels and hyperpolarization of mechanism in membranous GCs. However, in the prevailing
plasma membranes. The closure of channels also blocks Ca model, the mechanism of retGC activation is significantly
influx, while C&" efflux continues through a N&Ca*t different from that of peptide-regulated GCs. One of these
exchanger. The resulting decline in the freé‘Ceoncentra- differences lies in the signal and its reception for their
tion plays a crucial role in light adaptation and recovery activation. In peptide-regulated GCs, a specific peptide(s)
processes under dark conditions. Activation of retGCs (also binds to the ECD and the signal is transferred to the
termed ROS-GCs or GC-E and -F) by GCAPs is one of theseintracellular domain for their activatior3 (4, 6, 7). In retGC,
Cé&'-regulated mechanisms. it has been believed that an outside signal is not required
for its activation; i.e., the ECD is not involved in the
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natriuretic peptide to its ECD facilitates binding of ATP to essential for the development, but not the expression, of the
the KHD (3, 4, 18, 19). Once ATP is bound, a conformational AMP-PNP incubation effect. We also show that transducin
change occurs within the KHD that allows the protein to activation is not involved in signal transduction. On the basis
express enzymatic activity. Thus, the ATP-dependent con-of these results, we propose a new signal transduction
formational change is essential for its activation. However, mechanism for retGC activation.

the conformational change caused by adenine nucleotide

binding is not involved in the current model of retGC EXPERIMENTAL PROCEDURES

activation: its activation requires a simple interaction of
retGC with C&"-free GCAPs (the single-step mechanism).
It has been reported that adenine nucleotides affect retGC
activity in the assay20—23), but the effect has been believed
to modify only its activity.

However, we have recently suggested that the adenine
nucleotide-dependent conformational change in retGC may
be crucial for its activation 24). Preincubation of OS
homogenates with ATP or AMP-PNP greatly enhances retGC
activity stimulated by GCAPs (GCAP1 and -2,) and the
strong activation is due to a GCAP-dependent increase in
Vmax Without any alteration in the affinity of retGC for
GCAPs. Use of AMP-PNP suggests that binding of adenine
nucleotides, but not protein phosphorylation, is involved in
the incubation effect as an essential step. On the basis o
these and other result®4), we have proposed a new

Materials. Fresh retinas were isolated from dark-adapted
calf eyes obtained from a local slaughterhouse. The dark
adaptation was carried out in a light-tight container (3 h,
room temperature). Some preliminary studies were also
carried out using frozen dark-adapted bovine retinas prepared
as described previouslg4). Dark retinas were also obtained
from frogs Rana catesbianasr Rana grylig (38). Frogs
were dark-adapted overnight and killed without light. 11-
cis-Retinal was generously supplied by R. K. Crouch
(Medical University of South Carolina, Charleston, SC)
through the National Eye Institute. GCAP2, a myristoylated
form expressed iEscherichia coliwas a kind gift from A.

M. Dizhoor (Pennsylvania College of Optometry, Elkins
1Park, PA) and T. Duda and R. K. Sharma (University of
Medicine and Dentistry of New Jersey, Piscataway, NJ). A

mechanism for retGC activation (the two-step mechanism). GaIPain inhibitor, SJA6017, was an obliging gift from J. Inoue
First, ATP binds to retGC (presumably to the KHD) to (Senju Pharmaceutical Co., Ltd., Kobe, Japan).

produce a conformational change in retGC. Then, after Preparation of OS HomogenateSalf OS homogenates
reduction of the free G4 concentration, retGC is strongly ~Were mainly used in this study. OS were isolated from dark-
activated by GCAPs. The activation seems to be sufficient @dapted retinas under infrared ligl#9f and suspended in

to explain the high level of retGC activation estimated in Puffer A [10 mM HEPES (pH 7.5), 1 mM DTT, 0.1 mM
vivo (25—27). Very recently, we have also shown that this PMSF, 5uM leupeptin, and M pepstatin A] supplemented
incubation effect is mechanistically different from the adenine With 20 M SJAE017. The suspension {30 mg/mL
nucleotide effect that stimulates retGC activity in the assay Protéin) is termed OS homogenates. Preparation of OS from

(29). frozen dark-adapted bovin@4) and frog @8) retinas was
Other mechanisms have also been reported to regulatec@ried out as described. After being divided into small
retGC. llluminated rhodopsin regulates retGC activéty2s, portions and frozen with liquid ) these OS homogenates

29-33), and the regulation is explained by transducin Were stored in the dark at70 °C_. We note tha_t these OS
activation @5, 31—33), although the protein targeted by homogenates were prepared _W|th0ut sepe_lratlon of rod and
rhodopsin and/or transducin is unknown and the transducin©@ne OS. Thus, the preparation was a mixture of rod and
effect is contradictory. We have also shown that the cone OS, although rod OS are expected to be dominant.
N-terminus of RGS9-1 inhibits retGC activity, basal and _ Preparation of retGC Membranes Incubated with AMP-
GCAP-stimulated 34, 35). These observations imply that PNP. Preparation of these membranes was carried out as
retGC regulation may be closely associated with PDE described previously2d) with slight modification. Briefly,
regulation. In addition, phosphorylation of retGC was OS homogenates (1Q@y of protein) were suspended with
reported, although its function was uncle@g)( Stabilization ~ 200uL of buffer B [10 mM HEPES (pH 7.5), 5 mM Mggl|
of GCAP-stimulated retGC activity by adenine nucleotides 0.1 mM PMSF, &M leupeptin, and %M pepstatin A] and
was also reported{); however, its mechanism is unknown. incubated with 5 mM AMP-PNP for 5 min on ice unless
It should be emphasized that these mechanisms have not beeptherwise noted. The incubation period was chosen on the
integrated into the single-step mechanism for retGC activa- basis of the result depicted in Figure 1. The AMP-PNP
tion. concentration was chosen on the basis of our previously
As described above, our model for retGC activation Published data24). After the incubation, samples were
consists of two steps. As the first step, retGC develops centrifuged (350009 for 10 min at 4°C) and membranes
conditions to be activated (the development of the ATP were washed with 50@L of buffer A supplemented with
incubation effect), and as the second step, high retGC activity AMP-PNP (three times) and with 5Q4L of buffer C [10
is expressed by GCAPs (the expression of the ATP incuba-mMM HEPES (pH 7.5), 5 mM MgGJ 0.1 mM PMSF, uM
tion effect). In this study, we show the role of illuminated leupeptin, M pepstatin A, and 100 mM NacCl] (two times).
rhodopsin in the development of the ATP incubation effect. The AMP-PNP concentration in buffer A was same as that
We treat OS homogenates in three different ways: illumina- of the incubation. The membrane fraction was suspended in
tion of dark OS homogenates and treatments of illuminated buffer B and used as retGC membranes. As a control, OS
OS homogenates with idis-retinal and NHOH. Then, we homogenates were incubated without AMP-PNP and mem-
incubate these retGC membranes with AMP-PNP and branes were washed with buffers A and C.
measure GCAP2-stimulated retGC activity after washing out  Pretreatment of OS Homogenates with 11-cis-Retinal or
free AMP-PNP. We find that illuminated rhodopsin is NH,OH. All procedures for the 1tis-retinal treatment were
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—r r r Tt T 1 Tt 11 Mn?*, MnCl, (2 mM) was added instead of MgClretGC

+AMP-PNP,GCAP2 04pM membranes, prepared as described above, were used as the
o &9

-
<
T

| — enzyme source (47.5ug of protein). The reaction (10 min
——— at 33°C) was started by addition of the mixture of 1 mM
30 + AMP-PNP, GCAP2 02 4M . (final) GTP ([03?P]GTP) and 1 mM (final) cGMP ¢H]-

cGMP) and terminated as describe@]cGMP, the product,
and PH]cGMP were isolated fromo*?P]GTP as described.
The retGC activity in the text is expressed in nanomoles of
- cGMP formed per minute per milligram (units). Hydrolysis
of cGMP, monitored by reduction offjlcGMP, was
negligible since a Mg -free hypotonic buffer such as buffer
oo cear 2] A washed out PDE (data not shown). However, we show
ol » . the residual concentration ofH]cGMP after the assay to
0 1224 36 48 60 emphasize that PDE is negligible in these membranes and
Incubation time (tnin) that retGC activity obtained is not affected by hydrolysis of

FIQURE 1: Time course of the AMP-PNP incybation. effect. Frozen cGMP even under the conditions in which PDE, if present,
aliquots of OS homogenates were thawed immediately before the Id b tivated. W. I te that retGC-1 t
AMP-PNP incubation to prevent the loss of GCAP sensitivity before ©OUI0 D€ activated. vve also note that retL-1-was no

the incubation. The incubation was terminated at the same time by Separated from retGC-2 in all preparations we used. Thus,
adjusting its starting time. Centrifugation and washing of samples the retGC activity that was detected is the total activity of

were also carried out at the same time. OS homogenatesf00  retGC-1 and -2, although retGC-1 is expected to be dominant

were incubated with@, @, and A) or without @ and®) 5 mM _
AMP-PNP in 200uL of buffer B for the indicated periods of time because of the low level of retGC-23).

on ice. After the incubation had been terminated by centrifugation, Other Analytical MethodsProtein concentrations were

retGC membranes were washed with 500of buffer C (two times) measured with BSA as the standa#d); SDS-PAGE was

and suspended in 186L of buffer C. The retGC activity was i i ing i

measured in the presence of various concentrations of GCAP2: 0.4per_f0rmeq as descrlbe_d previoushp). Proteins in gels were

(® andm), 0.2 (&), and 0xM (O and0)). stained with Coomassie blue. In all re_sults, individual points
represent the average values of duplicate assays. All experi-
ments were carried out more than three times, and the results

of 1l<cisretinal by light was not desirable. First, OS experiments.

homogenates (150g) were illuminated fo1 s under room

light, and then the homogenates were incubated with or RESULTS

without 11<¢isretinal in 1 mL of buffer C supplemented with

10% BSA for 2 h onice. Under these conditions, ar20- Determination of the Incubation Period To Show the Effect
fold molar excess of ltisretinal over rhodopsin was of llluminated Rhodopsirkirst, we examined the relationship
present and the final concentration of ethanol, used for between the incubation period and the GCAP2-stimulated
dissolving 11eis-retinal, was 0.2% (w/v). After the incuba- retGC activity by incubating OS homogenates with AMP-
tion, excess ltis-retinal was removed as described previ- PNP under room light and measuring retGC activity with
ously @0) with slight modification. Briefly, 10uL of 1 M various concentrations of GCAP2 (Figure 1). We expected
NH,OH (pH 7.0) was added to the mixture, and the mixture that under these conditions OS homogenates would be
was further incubated (5 min, on ice). After centrifugation sufficiently illuminated to fully demonstrate a presumptive
(35000@ for 15 min at 4°C), membranes were washed with  light effect on the AMP-PNP incubation. We found that the
1 mL of buffer D [25 mM HEPES (pH 7.5), 1.5 mM Mgg&l AMP-PNP incubation enhanced GCAP2-stimulated retGC
0.5 mM DTT, 5uM leupeptin, and 70 mM NaCl] supple- activity in a time-dependent manner and that the increase
mented with 4% (w/v) BSA (two times) and with 1 mL of reached the maximum within-7 min when the retGC
buffer E (one time). In the case of NBH treatment, activity was measured with 0, GCAP2 (average of three
illuminated OS homogenates (100) suspended in 20@0L experiments). The linearity of the increase (up to 10 min)
of buffer C were incubated with NdDH (15-30 min, on was clearly shown by measuring retGC activity with a lower
ice). Following centrifugation (3500@dor 10 min at 4°C), concentration of GCAP2 (0,2M), indicating that the AMP-

5
=

- AMP-PNP, GCAP2 0.4 pyM

nmol ¢cGMP formed/min/mg
=

T

L

+ AMP-PNP, - GCAP2

membranes were washed with 500 of buffer C (two PNP effect develops linearly with incubation time (up to 10
times). min). These results strongly suggest that the presumptive
Measurement of retGC Acity. retGC activity was light effect can be measured in a linear range if OS

measured under room or infrared light as described previ- homogenates are incubated 86 min and retGC activity
ously (13, 15, 41) with minor modifications. Briefly, retGC  is measured with 0.4M GCAP2. We also found that when
activity was measured with or without GCAP2 in 20D of the incubation was carried out at higher temperatures, 10
buffer F [50 mM Tris-HCI (pH 7.5), 2 mM IBMX, 2 mM and 20°C, the retGC activity reached the maximum in less
EGTA, 15 mM phosphocreatine, 10y of creatine phos-  than 5 min (data not shown). These observations indicate
phokinase, and 10 mM Mgl The GCAP2 concentration  that development of the AMP-PNP effect is temperature-
was described in each experiment. These concentrations weréependent, although the effect develops rapidly even on ice.
chosen on the basis of the data previously reporgd). ( In these experiments, washing of retGC membranes with
When S100B-stimulated retGC activit§) was measured,  buffer A supplemented with AMP-PNP was omitted so the
EDTA was substituted for Cag(100 uM) and S100B (2 AMP-PNP exposure time could be determined precisely.
uM) was added. When retGC activity was measured with Under these conditions, all activities detected were higher
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Ficure 2: Effect of illumination on the AMP-PNP incubation effect. All procedures, except the illumination, were carried out under
infrared light. Dark OS homogenates (50€) were divided into four portions. Two portions @ndM) were kept in the dark, and the other

two portions © and®) were illuminated under room light for 5 min. These OS homogenatesy@P@ere then incubated (5 min, on ice)
with (O andO) or without @ andl) 5 mM AMP-PNP in 200uL of buffer B. After membranes had been washed, retGC activity was
measured with the indicated concentrations of GCAP2. (A) Calf OS homogenates. (B) Re#idc@MP concentrations during and after

the assay of retGC activity in panel A. Hydrolysis of cGMP during the assay of retGC activity was monitored using*HjuGMP. (C)

Frog OS homogenates.

than those in membranes washed normally because of high We then examined, using OS homogenates prepared from
basal activity. dark-adapted calf eyes, the possibility that light is a signal
When OS homogenates were incubated with AMP-PNP, for the AMP-PNP incubation effect. We found that illumina-
after the initial increase, only~5% of retGC activity tion of these OS homogenates prior to the AMP-PNP
stimulated by 0.4«M GCAP2 decreased in 45 min (from incubation clearly increased GCAP2-stimulated retGC activ-
39.0 units at 15 min to 37.0 units at 60 min). Comparison ity (Figure 2A). Without AMP-PNP, the illumination barely
of retGC activity measured with or without GCAP2 indicates increased the GCAP2-stimulated retGC activity. These
that the slow decline in retGC activity is not GCAP-specific. observations suggest that illumination of OS homogenates
However, without AMP-PNP, 20630% of the GCAP2- is crucial for the AMP-PNP incubation effect. In other words,
stimulated activity was reduced in 60 min (from 22.0 to 15.5 illuminated rhodopsin is involved in the development and/
units), although the retGC activity barely decreased for the or expression of the AMP-PNP incubation effect. We note
initial ~10 min. The activity measured without GCAP2 that residual concentrations oH]JcGMP used to monitor
appeared to be constant. These results indicate that the abiliteGMP hydrolysis activity were not changed before and
of retGC to be activated by GCAP2 is unstable in OS during the assay in all preparations (Figure 2B). This
homogenates even on ice, but the ability is protected with indicates that the cGMP hydrolytic activity is negligible in
added AMP-PNP. These results also imply that the AMP- all preparations and that PDE activity cannot account for
PNP incubation effect, expressed as the increase of GCAP-the difference between light and dark activities. We also note
stimulated retGC activity, declines with time in OS homo- that illumination similarly increased GCAP1-stimulated
genates. This indicates that frozen aliquots of OS homogenatesetGC activity (data not shown), suggesting that illuminated
should be thawed immediately before the AMP-PNP incuba- rhodopsin is also involved in the enhancement of GCAP1-
tion and that without AMP-PNP OS homogenates should stimulated retGC activity by AMP-PNP preincubatic.
be incubated for less tha2 h onice. Tucker et al. 7) We further note that the AMP-PNP incubation effect was
reported that the ability of retGC to be activated by GCAPs always measured under room light in our previous studies
was weakened by incubation at-387 °C, but not 4°C, in (24, 28).
washed membranes. The difference between OS homoge- After incubation of these OS homogenates with AMP-
nates and washed membranes suggests that a washabNP, GCAP2-stimulated retGC activities in membrane
protein(s) may be involved in the reduction of GCAP- fractions were measured under infrared and room light. We
stimulated retGC activity. found that the retGC activity was not altered by light (data
Requirement of Illumination for Strong retGC Agition not shown). The GCAP2 concentration required for 50%
by the AMP-PNP IncubatiorAs described above, retGC is  activation (56-70 nM) was also barely changed by illumina-
not responsive to peptides known to activate GC-A, and a tion (Figure 2A). These observations indicate that the action
search for peptides that might regulate retGC proved to be of illumination on the AMP-PNP incubation effect is exerted
futile. These negative results are understandable, in a sensehefore retGC activity is expressed, i.e., illuminated rhodopsin
because these studies were carried out without adeninds involved in only the development of the AMP-PNP effect.
nucleotides and/or conditions for expressing adenine nucle- It should be noted that the difference between light and
otide effects. We extend these studies by investigating dark retGC activities (Figure 2A) was only observed with
whether soluble fractions of OS homogenates were requiredthe AMP-PNP incubation for 5 min. With AMP-PNP
for the AMP-PNP incubation effect. The result was also incubation for 10 min, both light and dark retGC activities
negative (data not shown), suggesting that a peptide(s) inreached a similar maximum and a difference was not evident
OS homogenates, soluble or peripheral, may not be involved(data not shown). In addition, GCAP2-stimulated retGC
in the AMP-PNP effect. activity in dark membranes incubated with AMP-PNP was
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consistently higher than that in membranes incubated without 30
AMP-PNP. These observations suggest that a low-level
AMP-PNP incubation effect was developed in calf OS
homogenates without illumination. We believe that the effect
is due to incomplete dark adaptation. In the calf preparation,
all procedures prior to the dark adaptation, killing and
harvesting of eyes, were carried out under room light in a
local slaughterhouse. Dark adaptation of these eyes was
carried out fo 3 h atroom temperature; however, incomplete
dark adaptation is inevitable. Because of this technical
difficulty, we were unable to measure the bleaching level to
obtain 50% of the AMP-PNP incubation effect or the action
spectrum for the effect.

To test our explanation for this technical difficulty, we
attempted the same experiment using dark-adapted frog OS
homogenates (Figure 2C). Frogs were dark-adapted overnight
and killed without light, and OS were isolated under infrared Ilcisretinal - - - -+ 44 0 - 0 -k b
ight. We found that only 1015% of the AMP-PNR _Feute - S1ect ot Leiain, o e AEENT, foveeion
mcubatlor! effect that developed under saturated light WasIight. For the noniIIumignated samples, after the initial illumination,
detected in these dark-adapted frog OS homogenates. Irhj| procedures were carried out under infrared light. For the
addition, the difference in the AMP-PNP effect in dark and illuminated samples, after the initial illumination, the second
iluminated OS homogenates was observed even afterillumination was performed prior to the AMP-PNP incubation. All
incubation for 10 min (data not shown). These observations subsequent experiments were carried out in the dark. In each sample,

the homogenate (1 was incubated with or without a 20-fold
strongly suggest that the weak AMP-PNP effect observed molar excgess of it?sﬁgt)etinal in 1 mL of buffer E fo 2 h onice.

in dark-adapted calf OS homogenates (Figure 2A) is, in fact, After excess 1kis-retinal had been removed, retGC membranes
due to incomplete dark adaptation. We also note that this were incubated with or without 5 mM AMP-PNP in 1 mL of buffer

low level of the AMP-PNP incubation effect was sensitive A (5 min, on ice). After membranes had been washed, retGC
to NH,OH (data not shown). As described below, gcct:lxltoyzm membranes was measured with or without QN
abolishes a rhodopsin isomer(s) required for the development '
of the AMP-PNP incubation effect. Together, we conclude
that the AMP-PNP incubation effect is not developed if OS difficulty. In general, a long incubation (£24 h, on ice) is
homogenates are fully dark adapted. We note that frog OSrequired for complete regeneration of rhodopsin form opsin
membranes contain two retGCs, retGC-1 and -2, and thatwith 11<is-retinal @0, 48). However, such a long incubation
the structure of these retGCs is similar to those of bovine could not be carried out, since, without AMP-PNP, the ability
retGC @6). In addition, their basic characteristics, such as of retGC to be activated by GCAPs in OS homogenates
activation by GCAPs, are similar to those of bovine retGC slowly but consistently declines during incubation even on
(46), although other biochemical characteristics are slightly ice (Figure 1). We incubated OS homogenates witttisl-
different from those of bovine retGCL%, 46). Moreover, retinal fao 2 h onice. Thus, rhodopsin might not be
bovine recombinant GCAPs activate retGC in frog mem- completely regenerated, and its active forms might be still
branes 46, 47). Thus, results obtained by using frog OS present and develop the small AMP-PNP incubation effect.
homogenates are comparable to those of bovine OS homo4We note that the concentration of addedcigretinal was
genates. higher than usual4@) to accelerate the regeneration of
Reduction of the AMP-PNP Incubation Effect by Addition rhodopsin. Thus, measurement of the concentration of
of 11-cis-Retinal We also used ltisretinal to determine  regenerated rhodopsin was difficult because of the high 11-
whether regeneration of rhodopsin weakens the AMP-PNP cis-retinal concentration4@).
incubation effect (Figure 3). llluminated OS homogenates We also examine the effect of illumination on retGC
were treated with or without 1&is-retinal, and after excess activity in membranes pretreated with ti-retinal (Figure
11<cisretinal had been washed out, retGC membranes were3, right). The illumination was performed after incubation
incubated with or without AMP-PNP. All procedures were with 11<cis-retinal and washing out of 1dis-retinal but prior
carried out under dark conditions (Figure 3, left). With AMP- to AMP-PNP incubation, and after the illumination, all
PNP, GCAP2-stimulated retGC activity in membranes treated processes were carried out under dark conditions. Surpris-
with 11-cis-retinal (13. 2 units) was clearly lower than that ingly, the illumination further reduced GCAP-stimulated
in membranes treated without tisretinal (25.8 units). retGC activity in membranes treated with &i&-retinal. With
Without AMP-PNP, the retGC activities were barely changed AMP-PNP, the activity was reduced from 13.2 to 9.50 units
in membranes treated with or without tisretinal. These  (27.7%). Without AMP-PNP, the activity was also decreased
observations suggest that the AMP-PNP incubation effect, from 9.55 to 6.20 units (35.1%). However, without GCAP2,
its development, and/or expression are sensitive to the 11-the illumination barely reduced retGC activity. These ob-
cis-retinal treatment. servations suggest that a factor produced by illumination
It should be emphasized that the treatment withcikl- inhibits the interaction of retGC with GCAPs. The detailed
retinal did not reduce GCAP2-stimulated retGC activity to mechanism for the inhibition is unknown. However, it is
the level in membranes incubated without AMP-PNP (Figure possible that significant amounts of residual cig+etinal
3, left). We believe that this is due to the following technical might be still bound to a protein(s) other than opsin and/or

non-illuminated illuminated

25¢ -

204 -

15k -

nmol ¢GMP formed/min/mg

GCAP2: |1 | 2| g b il B | e i o
AMP-PNP . . 4 4 - - 4 4+ = =4+ 4= = ++



1904 Biochemistry, Vol. 45, No. 6, 2006

A

B

e a—

w
=)

“l-cis-retinal, *AMPPNP__—F
////

/

/ +11-cis-retinal, + AMPPNP

— [ N
wn =] 0
=3 ®
= =
T T

o

]

N
=
T

>
Residual PH|cGMP (%)

-11-cis retinal, ~AMPPNP =1

nmol cGMP formed/min/mg

»
=
T

+11-cis-retinal, -AMPPNP |

wn

L
01 02 03 04
GCAP2 (uM)

Ficure 4: Effect of 1leis-retinal on the AMP-PNP incubation
effect. retGC activity measured with various concentrations of

GCAP2. (A) Effect of 11leisretinal. Dark OS homogenates were
illuminated fa 1 s under room light. After the illumination, all

0 1
0 0.1

0.4

L .
02 03
GCAP2 (uM)

0
0

Yamazaki et al.

the AMP-PNP incubation effect. However, we cannot rule
out the possibility that 1tis-retinal bound to a site(s) other
than opsin also suppresses the development in an unknown
manner.

Reduction of the AMP-PNP Incubation Effect by Hydroxy-
lamine PretreatmentAs described above, the experiment
using 1leis-retinal presents technical difficulties, and the
conclusion that is obtained is circumstantial. Thus, we also
used another method, pretreatment of illuminated OS ho-
mogenates with NFOH, to show the involvement of
illuminated rhodopsin in the AMP-PNP incubation effect. It
is known that NHOH treatment of bleached OS membranes
causes a rapid decay of the active species of rhodopsin
required for transducin activatiob(@). First, as controls, we
examined the NBOH effect in membranes incubated without
AMP-PNP. After pretreatment with NM®H and washing
out of excess NKDH, OS membranes were incubated

procedures were carried out under infrared light. The homogenatewithout AMP-PNP, and the retGC activity in membranes

(150 ug) was incubated withG and @) or without O andm) a
20-fold molar excess of 1léis-retinal in 1 mL of buffer E for 2 h
on ice. After excess 1ltisretinal had been removed, retGC
membranes were incubated with @and) or without @ and M)

5 mM AMP-PNP in 1 mL of buffer A (5 min, on ice). After

was measured with M, GCAP2, or S100B (Figure 5A).
We found that retGC activity was slightly but consistently
increased by the treatment under all the assay conditions that
were tested and that a linear relationship existed between

membranes had been washed, retGC activity in membranes washe increase and the NBH concentrations. Residual

measured with the indicated concentrations of GCAP2. (B) Residual
[(H]cGMP concentration during the assay of retGC activity.
Hydrolysis of cGMP during the assay of retGC activity in panel A
was monitored using 1 mMIH]|cGMP. Symbols are the same as
those in panel A.

to membranes, although we washed out excesgditetinal,
and that after illumination a photoisomer(s) of di-retinal,
possibly alltransretinal, might weaken the interaction of
retGC with GCAP2. The possible binding of él&nsretinal

to membranes and its inhibitory effect on cGMP-gated
channels have been described previoud§).(

The result described above also implies the possibility that
the reduction of GCAP2-stimulated retGC activity by 11-
cis-retinal (Figure 3 left) is due to inhibition of the interaction
of retGC with GCAP2 by 1kisretinal bound to a site(s)
other than opsin. To rule out this possibility, we examined
the effect of 1leis-retinal on the AMP-PNP incubation effect
by changing GCAP2 concentrations in the assay (Figure 4).
All procedures were carried out under dark conditions. We
found again that 1tis-retinal specifically reduces GCAP2-
stimulated retGC activity in membranes treated with AMP-
PNP (Figure 4A). Under the conditions, the GCAP2 con-
centration required for 50% activation was barely changed
with or without 11€is-retinal (50-70 nM). This implies that
the interaction of retGC with GCAP2 is not affected by 11-
cisretinal regardless of its binding site. In other words,
exogenous 1tisretinal inhibits the development of the
AMP-PNP incubation effect.

We note that residual contents ofH|cGMP used to
monitor cGMP hydrolysis activity were not changed before
and during the assay (Figure 4B), indicating that cGMP
hydrolytic activity is negligible in all membrane preparations

concentrations of3H]cGMP used to monitor cGMP hy-
drolysis activity were barely changed (Figure 5B), indicating
that the cGMP hydrolytic activity was negligible and the PDE
activity was not altered by either the pretreatment with,NH
OH or components added to the assay. These results give a
clear indication that the catalytic domain of retGC was not
adversely affected by the NBH treatment. These observa-
tions also suggest that the BBH treatment increases retGC
activity by affecting a characteristic(s) of retGC common to
all the assay conditions that were tested.

However, the NHOH pretreatment differently affected
GCAP2-stimulated retGC activity in membranes incubated
with AMP-PNP (Figure 5C). The retGC activity declined
with the increase in the N¥®H concentration (up to 100
mM) and then increased. Extrapolation of the GCAP2-
stimulated retGC activity in membranes incubated without
AMP-PNP (Figure 5A) suggests that NBH (100 mM)
reduces the retGC activity to the level detected in membranes
incubated without AMP-PNP; i.e., Ni@H (100 mM)
abolishes~100% of the AMP-PNP incubation effect. The
extrapolation also suggests that the increase in the retGC
activity above 100 mM NEOH is similar to that in
membranes incubated without AMP-PNP; i.e., after the
AMP-PNP incubation effect had been completely abolished,
only the nonspecific activation of retGC by NBIH (Figure
5A) was observed. We note that the treatment with,@QH
(100 mM) completely inhibited GT¥S-dependent PDE
activity in OS homogenates (data not shown), indicating that
illuminated rhodopsin is abolished by the treatment. Residual
concentrations of3H]cGMP used to monitor cGMP hy-
drolysis activity were barely changed (Figure 5D), indicating
that the cGMP hydrolytic activity is negligible and residual

before and during the assay. We also note that BSA wasPDE was activated by neither the MBH treatment nor assay

added to the incubation with I1dis-retinal and a washing
buffer to remove excess Idsretinal. However, BSA
changed neither the AMP-PNP incubation effect (up to 10%
BSA) nor the GCAP2-stimulated retGC activity (up to 1%
BSA). Thus, all results described above are consistent with
our assumption that 1dis-retinal slows the development of

components. Together, these observations strongly suggest
that illuminated rhodopsin is required for the AMP-PNP
effect, its development, and/or expression.

We also checked the effect of NEIH pretreatment on
retGC activity measured with different GCAP2 concentra-
tions (Figure 6). OS homogenates were incubated with or
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Ficure 5: Effect of NH,OH pretreatment on the AMP-PNP
incubation effect. OS homogenates (18f) in 200uL of buffer C
were incubated with the indicated concentrations of,8H (20
min, on ice). After excess N¥®H had been washed out with 500
uL of buffer C (twice), membranes were incubated with or without
5 mM AMP-PNP in 20QuL of buffer A (5 min, on ice). (A) retGC
activity in membranes incubated without AMP-PNP. retGC activity
was measured with various component®) MnCl, (2 mM), Q)
MgCl;, (10 mM) and GCAP2 (0.xM), (®) MgCl, (10 mM) and
S100B (2uM), and @) MgCl, (10 mM). (B) ResidualjH]cGMP

concentrations after the assay of retGC activity in panel A.

Hydrolysis of cGMP during the assay of retGC activity was
monitored using 1 mM3H]cGMP. Symbols are the same as those
in panel A. (C) retGC activity in membranes incubated with AMP-
PNP. retGC activity was measured with)(or without @) GCAP2
(0.5 uM). As controls, retGC activity in membranes incubated
without AMP-PNP was also measured wit®)(or without @)
GCAP2 (0.5:M). (D) Residual H]cGMP concentrations after the

retGC activity assay in panel C. Symbols are the same as those i

panel C.

without 50 mM NHOH, and excess N¥®H was washed
out prior to the incubation with or without AMP-PNP (Figure
6A). With AMP-PNP, the NHOH pretreatment minimally
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Ficure 6: Effect of NH,OH pretreatment on the AMP-PNP
incubation effect. retGC activity measured with various concentra-
tions of GCAP2. OS homogenates (10§) were treated with@
andOd) or without © and®) 50 mM NH,OH in 600uL of buffer

C (20 min, on ice). After excess NBH had been washed out,
membranes were incubated with @andd) or without @ and M)

5 mM AMP-PNP. After membranes had been washed, retGC
activity was measured with the indicated concentrations of GCAP2.
(A) GCAP2-stimulated retGC activity. (B) ResidugH]JcGMP
concentrations after the retGC activity assay. Hydrolysis of cGMP
during the assay of retGC activity in panel A was monitored using
1 mM [?H]cGMP. Symbols are the same as those in panel A.
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Figures 2-4, our observations strongly suggest that an active
species of rhodopsin is required for the development of the
AMP-PNP incubation effect.

No Involvement of Transducin in the AMP-PNP Incuba-
tion Effect Rhodopsin is the prototypical receptor for G
protein-mediated signal transduction. Thus, the effect of
bleached rhodopsin might be mediated by transducin.
However, in our previous studie24, 28), the AMP-PNP
incubation effect was observed without adding GTP or its
analogues to the AMP-PNP incubation. This strongly sug-
gests that transducin is not involved in the signal transfer
from illuminated rhodopsin to the AMP-PNP incubation
effect. To establish this further, we examined the effect of
added GTRS on the AMP-PNP incubation effect (Figure
7A). The incubation was carried out under room light. We
found that GTRS (up to 10Q«M) did not alter the GCAP2-
stimulated retGC activity enhanced by AMP-PNP incubation.

rAgain, residual concentrations 6H]cGMP used to monitor

cGMP hydrolysis activity were not changed (Figure 7B),
indicating that the PDE content in membranes was negligible
and residual PDE was not newly activated by components
in the assay.

We also tried to confirm these observations by measuring

changed the basal activity (the activity measured without retGC activity with various concentrations of GCAP2 (Figure
GCAP2); however, the treatment reduced retGC activity 7C). We found that GTFS (100uM) did not affect GCAP2-
measured with GCAP2. Without AMP-PNP, the treatment stimulated retGC activity in membranes incubated with
did not change all retGC activities. Again, residual concen- AMP-PNP. The GCAP2 concentrations required for the 50%
trations of PH]cGMP used to monitor cGMP hydrolysis  stimulation (46-65 nM) were minimally changed with or
activity were not changed (Figure 6B). The GCAP2 con- without GTP/S, indicating that addition of GRS does not
centrations required for the 50% stimulation were barely alter the interaction of retGC with GCAP2. Again, residual
changed with or without NOH (50—-65 nM), indicating concentrations of3H]JcGMP used to monitor cGMP hy-
that the NHOH treatment does not change the interaction drolysis activity were not changed (Figure 7D). We also
between retGC and GCAP2. This implies that expression of examined the possibility that the transducin in the OS
the AMP-PNP effect is not altered by the MBH treatment; homogenates that were used might not be functional. We
i.e., only the development of the AMP-PNP effect is sensitive washed membranes with buffer C and examined the solu-
to the NHOH treatment. Together with results depicted in bilization of Ta (39 kDa) and B (36 kDa) by GTR'S from
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A B when AMP-PNP was added to the incubation (Figure 7A,C).
M= e Under these conditions, PDE and its activity were negligible
" | : . in these membranes, as described above, and transducin
L\ s e B 100 b \.V—C-I—u—F—-—.- .
o = o . . . subunits were also washed out. Thus, a change of charac-
R ks | teristics in an OS protein(s), other than PDE, by GSP
bound To or TBy and/or loss of transducin subunits may
60| ] enhance the GCAP2-stimulated retGC activity. We note that
the concentration of GTFS required for the increase is
R greater than 0.4M (Figure 7A), suggesting that endogenous
S e o oy GTP in OS homogenates is negligible. This implies that the
AMPPNPLGCAP 20 -log[GTPYS] (M) ] absence of an effect of G}B on the AMP-PNP incubation
__:\-5:\'- N W ol effect (Figure 7A,C) is not due _to the presence of saturated
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S, TR . . We have shown that preincubation of OS homogenates
o —A | Lo o § g with ATP or AMP-PNP greatly enhances GCAP-stimulated
S AN AT retGC activity @4) and that the incubation effect is mecha-
- -Jf'/ sof . nistically different from an adenine nucleotide effect that
stimulates retGC activity in the assa3§]. In this study, we
have suggested the illuminated rhodopsin, a typical receptor
Ve for G protein-mediated signal transduction, is essential for
8 dof 1 development, but not expression, of the AMP-PNP incuba-
- -AMPPNP, -GTPyS . . . . .
/& tion effect; however, transducin, the retinal G protein, is not
4 1 2r 1 involved in signal transduction. On the basis of these results
" , , , , . . . . . and our knowledge of PDE activation, we propose that
0 o1 02 03 04 0 01 0z 03 04 illumination of rhodopsin is involved in retGC activation in
SOAE 0 SCALS 00D two ways. It generates the ATP incubation effect on retGC,
Ficure 7: Effect of GTR’S on the AMP-PNP incubation effect.  as shown here, and it reduces thé'Gzaoncentration through

(A) GTPyS concentrations. OS homogenates (@) suspended sati ;
in 200 uL of buffer B were incubated withCqd and®) or without PDE aCtlvatI.On‘ as "?"ready established. These two pathways
(O and ®) 5 mM AMP-PNP in the presence of the indicated M&Y be activated in a parallel and perhaps proportional

concentrations of GT#S. After free nucleotides had been washed Mmanner and then converge to produce the large retGC
out with 500uL of buffer A with (O and®) or without © and®) activation by Céa"-free GCAPs.

ﬁqg“n'\q/'b'?a'\ﬂgépxgréthgsse;;rggz)cia%d ]?ggloczf Eb‘g:rr %(g"é%tiﬁgfé)é We used three different methods to show the requirement
activity in membranes was measured with ¢nd O) or without of illuminated rhodopsin for the AMP-PNP incubation

(m and @) 0.4 uM GCAP2. The 100% activity was 28.8 nmol of  effect: illumination of dark OS membranes (Figure 2) and
cGMP formed min* mg~*. (B) Residual {H]cGMP concentrations  pretreatment of illuminated OS homogenates withcikt-
after the retGC activity assay. Hydrolysis of cGMP during the assay retinal (Figures 3 and 4) and NBH (Figures 5 and 6). The

of retGC activity in panel A was monitored using 1 mRH[cGMP. . : . . e . )
Symbols are the same as those in panel A. The inset in panel gfirst method had an inevitable technical difficulty in prepara

shows SDS-PAGE of soluble fractions. After membranes had been tion of dark-adapted calf OS homogenates; however, the
washed in OS homogenates with buffer Gy 39 kDa) and B difficulty was overcome by using dark-adapted frog OS

(36 kDa) were solubilized with the indicated concentrations of homogenates. The second method also had two technical
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GTPyS and detected by SBFAGE. Lane C was without GHiS. e i i i
(C) retGC activity measured with different GCAP2 concentrations. dlfflcu_ltles, Incompl_e_te regeneratlo_n Of. rhodops!n gnder the
OS homogenates (10@) suspended in 20aL of buffer B were experimental conditions and an inability to eliminate the

incubated with [1 andm) or without © and®) 5 mM AMP-PNP effect of 11eis-retinal bound to a site(s) other than opsin.
in the presence{ andO) or absencelf and®) of 100uM GTPyS We could not overcome these difficulties. Thus, the conclu-
for 15 min on ice. After centrifugation, membranes were washed sjons are based on indirect evidence. However, results are
as described in panel A. retGC activity was measured with the ; ; ; ; PO ;
indicated concentrations of GCAP2. (D) ResidudH]JEGMP Conilstgnt V\Inth our as]?ll{]mpx:\ar;tgiltslluf:‘nlnatllon IS re.quwed
concentrations after the retGC activity assay. Symbols are the samd©F the development of the - efiect. In experiments
as those in panel C. using the third method, we clearly showed that pretreatment
of OS homogenates with NBH completely and specifically
the membranes. We found that added @$R>0.1 uM) inhibited the development of the AMP-PNP incubation effect.
solubilized both transducin subunits (Figure 7B, inset), Together, we conclude that illuminated rhodopsin is essential
indicating that transducin was functional. Together, our for development of the AMP-PNP incubation effect. On the
observations indicate that transducin activation is not requiredbasis of the results described here and previouz#, (ve
for the AMP-PNP incubation effect. propose now that the light signal accepted by rhodopsin is
GCAP2-stimulated retGC activity was slightly increased transduced into the binding of ATP to retGC (provably to
when OS homogenates were incubated with mko:]_ the KHD) and that ATP blndlng changes its conformation
uM) (Figure 7A). The slight increase was also observed in for the subsequent activation.
retGC activity measured with various concentrations of  Previous studies also suggested that illuminated rhodopsin
GCAP2 (Figure 7C). However, the increase was not evident is involved in retGC regulationd( 25, 29—33). In electro-
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physiological studies, Kondo and MilleBI) reported that loop(s) of rhodopsin may interact with the intracellular
light accelerated retGC activity. Cornwall and Fa2)also domain of retGC through a mediator and the ECD would
reported that the retGC rate was accelerated by illumination not be involved. In the interdiscal space, a mediator might
and that the estimated steady-state retGC velocity appearednteract with rhodopsin and the ECD. The E-Il loop of
to be a linear function of the amount of pigment bleached. rhodopsin is also a candidate for interacting with a mediator.
Further, the illumination effect was reversed only if the An extract in Mg*-free hypotonic buffers28) may allow
photopigment was regenerated. These results are consisteritdentification of a putative new mediator.
with our conclusion, indicating that the mechanism we have  Here we have shown that illumination is essential for the
proposed is physiologically relevant to retGC activation. development of the AMP-PNP incubation effect. This leads
They interpreted these observations as being the result ofto our model in which retGC is activated by GCAPs only
transducin activation; however, such an interpretation is when retGC changes its conformation upon binding of ATP
understandable since illuminated rhodopsin has a major roleto the KHD. However, it is also true that retGC is stimulated
in activating PDE through transducin activation in pho- by GCAPs without ATP binding, although the level of
totransduction. stimulation is low. How can we explain this low activity in

Biochemical studies also reported the involvement of our model? As discussed?4), we presume two retGC
rhodopsin and/or transducin in retGC regulation. Goldberg conformations in equilibrium: an inactive form without
and co-workersZ9) have reported a light-accelerated rate enzyme activity and possessing no ability to be stimulated
of cGMP synthesis; however, they did not describe th& Ca by GCAPs and an active form with enzyme activity that is
sensitivity of retGC activity. Pepe and co-workers have dependent on GCAPs. Without ATP binding, only a small
reported that illumination increases Taensitive retGC  fraction of retGC exists in the active form. The small increase
activity (9, 30) and that an antibody specific taxlsuppresses  in the retGC activity by exogenous GCAP2 would be due
the increase3d2). They did not use ATP or its analogue in to the portion of the active form whose GCAP2 sites are
any stage of their experiments. Thus, their results may notnot filled by endogenous GCAP2. Thus, exogenous GCAP2
be related to our results. On the other hand, Schnetkampbinds to the residual GCAP-free active form to express retGC
and co-workers33) have reported that light inhibits GCAP1-  activity; however, the observed retGC activity is not large
dependent retGC activity and that the inhibition is dependent because the fraction of retGC present as the active form is
on TaSy or TBy. Their finding may be related to our result small. Treatment with ATP (or AMP-PNP) in the presence
which shows that GCAP2-stimulated retGC activity was of illuminated rhodopsin produces ATP binding that shifts
slightly increased when OS homogenates were incubatedthe equilibrium from the inactive form toward the active
with only GTP/S and washed (Figure 7), since loss of form, and a large retGC activity is expressed if enough
transducin subunits may be a reason for the increase.GCAP is present. This concept is clearly supported by our
However, we did not further investigate the mechanism findings that the strong activation is obtained without
because the stimulation we observed was weak. In addition,changing the affinity of retGC for GCAPs and the level of
we could not envision the stimulation in vivo since the activation is increased with AMP-PNP concentratio?4)
stimulation is abolished by AMP-PNP (Figure 7), but the  In summary, we propose that illumination of rhodopsin is
ATP concentration in rod OS may not be reduced. Previous a trigger for two signal pathways for retGC activation and
studies reported that the ATP concentration inrod 0S4 3  that these two pathways ultimately converge for strong
mM (51) and not reduced by lighg). activation of retGC by Cd-free GCAPs. Obviously, further

In this study, in contrast to the studies cited above, we studies are needed. Mechanisms for the interaction of retGC
suggest that transducin is not involved in signal transduction with illuminated rhodopsin followed by binding of ATP to
from illuminated rhodopsin to retGC. It should be noted that retGC and for the turnoff of the AMP-PNP incubation effect
other groups have already reported that some illumination especially should be explored to establish our model.
effects are not dependent on transducin subunits. BalasubraHowever, it is clear now that our model for retGC activation
manian and Slepaksg) reported that the small G protein fits the function of retGC, rapid replenishment of cGMP in
Rac-1 is directly activated by illuminated rhodopsin. Also, OS after its reduction by PDE.
studies of light-dependent arrestin translocation indicated that
this process does not require active transducin subusdis ( ACKNOWLEDGMENT
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