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Norihiko Takemoto?, Shuji Tachibanaki®®, and Satoru Kawamura?b:1

aGraduate School of Frontier Biosciences and "Department of Biology, Graduate School of Science, Osaka University, Suita, Osaka 565-0871, Japan

Edited by Jeremy Nathans, Johns Hopkins University School of Medicine, Baltimore, MD, and approved May 8, 2009 (received for review December 16, 2008)

Cones show briefer light responses than rods and do not saturate
even under very bright light. Using purified rod and cone homog-
enates, we measured the activity of guanylate cyclase (GC), an
enzyme responsible for cGMP synthesis and therefore recovery of
a light response. The basal GC activity was 36 times higher in cones
than in rods: It was mainly caused by higher expression levels of GC
in cones (GC-C) than in rods (GC-R). With identification and quan-
tification of GC-activating protein (GCAP) subtypes expressed in
rods and cones together with determination of kinetic parameters
of GC activation in the presence and absence of GCAP, we esti-
mated the in situ GC activity in rods and cones at low and high Ca2+
concentrations. It was revealed that the GC activity would be >10
times higher in cones than in rods in both the dark-adapted and the
light-adapted states. Electrophysiological estimation of the GC
activity measured in the truncated preparations of rod and cone
outer segments gave consistent results. Our estimation of the in
situ GC activity reasonably explained the rapid recovery and
nonsaturating behavior of cone light responses.

Ca?* | guanylate cyclase-activating protein | guanylate cyclase |
phototransduction | rods

In the vertebrate retina, there are 2 types of photoreceptors,
rods and cones. They differ in several aspects. Rods show
higher sensitivity to light than cones. Because of this difference,
rods mediate twilight vision and cones mediate daylight vision.
The range of light intensity where cones show light adaptation
is much wider than that of rods, and cones essentially do not
saturate even under very bright light (1). Time course of a
flashlight response of a cone is much faster than that of a rod,
which increases the time resolution of our daylight vision (2).

The molecular mechanism of generation and termination of a
light response is well documented in rods (3, 4): Rods use cGMP
as the second messenger that mediates photon absorption by a
visual pigment to the closure of the cGMP-gated cation channel.
The cGMP level in the outer segment (OS) decreases as a result
of hydrolysis by cGMP phosphodiesterase (PDE) that is acti-
vated in the light. The level of cGMP is restored after a light by
guanylate cyclase (GC), a synthesizing enzyme of cGMP from
GTP. Those studies were made mainly in rods. Although it is
known that a similar mechanism is present in cones (3-5), our
knowledge of cones is limited. In previous studies, however, we
have shown that some of the reactions essential for character-
izing light responses are quantitatively different between rods
and cones (6-8).

In rods and cones, the cytoplasmic Ca?* concentration de-
creases in the light, and GC is activated (9) by a family of
Ca?*-binding proteins, GC-activating proteins (GCAPs) (10,
11). Because cGMP directly determines the electrical activity of
rods and cones, the regulation of its synthesis is very critical for
the function of rods and cones. Electrophysiological analysis
using GCAP-deficient mouse rods showed that this family of
proteins is essential for normal recovery of a light response and
the reduction of light sensitivity of a rod during light adaptation
(12). Although many studies have been performed on GC
activity in rods, little is known about GC activity in cones.

In the present study, using purified carp (Cyprinus carpio) rods
and cones (6, 7), we measured GC activity, identified the
subtypes of GC and GCAP, and quantified them. We also
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determined the kinetic parameters of the activation of GC by
GCAP in rods and cones. Based on these parameters and the
quantified expression level of each subtype of GC and GCAP, we
estimated the in situ GC activities in rods and cones and tried to
explain briefer light responses and nonsaturating behavior of
light responses in cones.

Results

Higher Basal GC Activity in Cones Than in Rods. Using homogenates
of purified carp rods and cones, we measured GC activity. Fig.
14 shows the time course of cGMP synthesis in rod and cone
homogenates. We routinely quantified rods and cones by mea-
suring the amount of visual pigments in each sample, and the GC
activity in this study was defined in units of per visual pigment
present. This expression is useful for the comparison of the GC
activities per unit volume of the OS between rods and cones,
because (i) the density of the visual pigment in the OS is similar
between rods and cones (13) and (ii) GC was solely expressed in
the OS (see Expression of Different Subtypes of GC in Rods and
Cones). As shown in Fig. 14, GC activity is obviously much
higher in cones than in rods. The initial velocity of the reaction
inrods was 0.066 = 0.004 cGMP synthesized per pigment per min
(cGMP/pigment-min) at a high Ca?>* concentration (0.3 mM
CaCl,) and was 0.18 = 0.01 cGMP/pigment-min at a low Ca?*
concentration (0.8 mM EGTA). The activity we obtained at the
high Ca?" concentration was similar to that reported in bovine
rod OS (ROS) (9). The initial velocities of the reaction in cones
were much higher and were 2.4 = 0.6 cGMP/pigment-min at the
high Ca?* concentration and 2.7 = 0.7 cGMP/pigment-min at the
low Ca?" concentration (Fig. 1B).

It has been known that GC is activated by GCAP at low Ca?"
concentrations (10, 11). Consistently, our result showed that, in
both rods and cones, GC activity was higher at low Ca2?*
concentrations. However, the effect was small, which was prob-
ably because of dilution of GCAPs in our homogenates (see
GCAP mRNAs Expressed in the Carp Retina). Because addition
of GCAP did not affect the GC activity at high Ca?* concen-
trations (see Regulation of GCs by GCAPs), we concluded that
the basal GC activity, i.e., the activity at the high Ca?>* concen-
tration, is 36 (2.4/0.066) times higher in cones than in rods in our
purified homogenates.

The cGMP synthetic activity decreased with time during
incubation (Fig. 14). The underlying mechanism of this decrease
is not known. However, because excess amount of cGMP (2.5
mM) was present throughout the measurement (see SI Text) and
only a small portion of GTP (<15 uM) was allowed to be
converted to cGMP, the apparent decrease cannot be attributed
to a product inhibition or run-out of the substrate.

Author contributions: N.T., S.T., and S.K. designed research; N.T. and S.K. performed
research; N.T. and S.K. analyzed data; and N.T., S.T., and S.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AB469894, AB469895, AB469896, AB469897, AB469898,
AB469899, AB469900, AB469901, and AB469902).

1To whom correspondence should be addressed. E-mail: kawamura@fbs.osaka-u.ac.jp.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0812781106/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0812781106


http://www.pnas.org/cgi/data/0812781106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/content/full/0812781106/DCSupplemental
http://www.pnas.org/cgi/content/full/0812781106/DCSupplemental

Lo L

<\

25FA ‘B
cone = e
€ 20 A low Ca?* é 3 Eg‘?vhc(;;
g A high Ca?* <
215F g
- D
a 1or rod S 2
% @ low Ca?* o
© 5r O high Ca?* % 1
()
0 1
0 5 10 15 0

Reaction time (min) rod cone

Fig. 1. Time course of cGMP synthesis in rod and cone homogenates. (A)
Time course of cGMP synthesis in rod (circles) and cone (triangles) homoge-
nates measured at a high Ca2* concentration (0.3 mM CaCly, open symbols)
and a low Ca?* concentration (0.8 mM EGTA, filled symbols). The amount of
cGMP synthesized is expressed as the number of cGMP molecules per visual
pigment present and is plotted against time after addition of GTP. The result
is shown as mean + SD (n = 3). (B) Initial rates of cGMP synthesis in rod and
cone homogenates calculated from the data in A at 2.5 min after addition
of GTP.

Expression of Different Subtypes of GC in Rods and Cones. As shown,
the basal GC activity in our cone homogenates was much higher
than that in our rod homogenates (Fig. 1). This result suggested
that GCs in rods and cones could be different in their expression
levels and/or subtypes expressed.

To clarify this point, we first determined the GC subtype
expressed in carp rods and cones. The expression pattern of
phototransduction proteins including GCs and GCAPs in rods
versus cones varies among vertebrates (3, 12). In teleost, 4 types
of GCs, termed OIGC3, OIGC4 (OIGC-R1), OIGC5 (OIGC-C),
and OIGC-R2, have been cloned from ocular or retinal cDNA
libraries of medaka (14, 15). OIGC-R1 and OIGC-R2 are
expressed in rods, and OIGC-C is expressed in cones (15). By
using a carp retinal cDNA library, we screened the DNA
fragments corresponding to these GCs and obtained 3 of the carp
orthologs: GC-R1, GC-R2, and GC-C (Fig. S14). The carp
OIGC3 ortholog was not obtained probably because OIGC3 is
expressed in the eye (14) but not in the retina (15).

To identify the subtypes of GC expressed in rods and cones
and to quantify it, we raised specific antiserum against a C-
terminal partial peptide of each GC (Fig. S2A4). Using these
antisera or antibody obtained after purification, immunoblot
analysis was performed (Fig. S2 B-D). The result showed that
GC-R1 and GC-R2 were expressed in rods and GC-C was
expressed in cones. All of the GCs, GC-R1, GC-R2 and GC-C,
were present in the membrane fraction. The contents of GC-R1
and GC-R2 in the rod membrane fraction were 1.3 = 0.4 (n =
21) and 0.10 = 0.03 (r = 6) per 1,000 rod pigment molecules,
respectively (Fig. 2). Assuming that the visual pigment concen-
tration is 3 mM (13), these values can be converted to 3.9 + 1.2
and 0.3 = 0.1 uM, respectively. The content of GC-Cin the cone
membrane fraction was 24 * 7.4 per 1,000 cone pigments (72 =
22 uM; n = 13) (Fig. 2). It was evident that (i) GC-R1 was the
major GC subtype expressed in rods, (if) GC expressed in cones
was GC-C, and (iii) the expression level of GC was 17 (24/1.4)
times higher in cones. Because GC expression levels were
estimated by using C-terminal partial GC peptides as the molar
standards (see Materials and Methods), the estimated GC ex-
pression levels in rods and cones may slightly be overestimated
or underestimated. However, with different methods, we con-
firmed that our estimation is acceptable (see SI Text).

Previous studies showed that GCs in rods and cones are
expressed mainly in the OS (10, 16). Because our purified rods
and cones retain the inner segments (ISs) (6, 17), we tried to
confirm that GCs in carp are expressed in the OS. For this study,

Takemoto et al.

uM
Rod GOR1 3.9+1.2
e GC-R2 0.3+0.1
GCAP1 0.840.66
GCAP Ej_4 GCAP2 1.8£0.75
il L Il
0 0.5 1.0 15
Cone 72422
GC\GC-C > 3 |
GCAP| GCAP3 3312
L L L
0 10 20 30

Number of molecules per 1000 molecules of visual pigment

Fig. 2. Quantification of GCs and GCAPs in rods and cones. Quantified
expression levels of GC and GCAP in rods (upper half) and cones (lower half).
The expression levels are shown as the number of molecules present per 1,000
visual pigment molecules. The concentration of each molecule was calculated
based on the visual pigment concentration (3 mM) and is shown at the right
of each bar.

we used OS-rich and IS-rich preparations of rods and cones (8).
The result showed that the GC content expressed in units of per
visual pigment present did not change significantly even when
the IS content increased or decreased in rods (Fig. S34) or cones
(Fig. S3B), which indicated that GCs are present only in the OS
of rods and cones.

Although rods contain both GC-R1 and GC-R2, in the present
study, we assumed that GC-R1 and GC-R2 show similar specific
activity. From the measured amounts of GCs (Fig. 2) in rods
(GC-R;i.e., GC-R1 plus GC-R2) and in cones (GC-C), and their
activities in rods and cones (Fig. 1B), we calculated the specific
basal activities of GC-R and GC-C (Table 1). The result showed
that the specific basal GC activity is slightly (2 times) higher in
GC-Cthanin GC-R, and therefore, that the 36 times higher basal
GC activity in cones is caused mainly by a higher expression level
of GC-C over GC-R.

GCAP mRNAs Expressed in the Carp Retina. In Fig. 1, the Ca?" effect
on the GC activity was not observed significantly either in the
cone homogenates or the rod homogenates in contrast to
previous studies done in mammalian rods where the GC activity
is increased by 10 times or so (9, 11). These results suggested that
carp GCAP dissociated from GC or membranes in our rod or
cone homogenates so that the concentration of GCAP was too
low to exert its effect in our measurements in Fig. 1. To examine
the effect of GCAP on the GC activity, we then attempted to
determine the subtypes of GCAP expressed in rods and cones.
In previous studies, 3 GCAP proteins (GCAP1, GCAP2, and
GCAP3) have been confirmed to be expressed in photoreceptor
cells (18), and 3 additional GCAPs (GCAP4, GCAPS, and
GCAP7) have been suggested to be present in zebrafish cones

Table 1. Specific activity, Michaelis constant (Kmccar), and
expected concentration of each form of GC

Specific activity KmGcap: Concentration,
GC form (cGMP/GC-s) uM uM
GC-R
Basal 0.79 2.33
GCAP1-bound 11.8 2.0 0.45
GCAP2-bound 6.8 0.63 1.42
GCAP3-bound 13.1 0.23
GC-C
Basal 1.7 40.4
GCAP3-bound 5.7 1.8 31.6
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(19). To determine the subtypes expressed in the carp retina,
DNA fragments corresponding to the carp orthologs of these
GCAPs were obtained (Fig. S1B), and the relative abundance of
these mRNAs in the carp retina was analyzed by real-time
RT-PCR (Fig. S4). The result showed that GCAP1, GCAP2,
GCAP3, and GCAP5 mRNAs were expressed at high levels in
the carp retina, whereas GCAP4 and GCAP7 were not detected
appreciably.

Expression of Different Subtypes of GCAP in Rods and Cones. To
identify the GCAP subtype expressed in rods and cones, we
obtained recombinant GCAP1, GCAP2, GCAP3, and GCAP5
in Escherichia coli. Then, specific antiserum against each GCAP
was raised (Fig. S54), and expression level of each GCAP in rods
and cones was examined by immunoblot analysis (Fig. S5 B-D).
Signals of GCAP1 and GCAP2 were mainly obtained in the rod
soluble fraction, and signals of GCAP3 were mostly detected in
the cone soluble fraction (Fig. S5 B and C). The signal of GCAPS
was not detected in rods or cones (Fig. S5B). Thus, similarly as
GCs, rods and cones express different subtypes of GCAP. The
quantity of each GCAP expressed in rods or cones was estimated
by immunoblot analysis (Fig. S5 C and D). The contents of
GCAP1 and GCAP2 in rods were 0.28 + 0.22 (n = 18) and
0.60 = 0.25 (n = 16) per 1,000 rod pigments, respectively.
Assuming that the visual pigment concentration is 3 mM, these
values can be converted to 0.84 = 0.66 and 1.80 = 0.75 uM,
respectively. In cones, the content of GCAP3 was 11 * 3.9 per
1,000 cone pigments (33 * 12 uM; n = 4) (Fig. 2). Although the
expression level of GCAP molecules in cones was 13 times [33
uM/(0.84 uM + 1.8 uM)] higher than that in rods, the amount
of GCAPs is approximately half that of GC in both rods and
cones (Fig. 2).

To confirm that GCAPs were not lost during purification of
our rods and cones, we quantified GCAPs in the whole retina by
immunoblots. The contents of GCAP1 and GCAP2 were 0.3 and
1.0 per 1,000 rod pigments, respectively and were similar to those
obtained in our purified rods: 0.28 = 0.22 (GCAP1) and 0.60 =
0.25 (GCAP2) per 1,000 rod pigments. Quantification of
GCAP3 was difficult because it was not easy to measure the
quantity of cone visual pigments in the retinal homogenate.
However, if we assume that the population of cones is ~2% to
that of rods (6), our best estimate of the quantity of GCAP3 per
1,000 molecules of cone visual pigment was 7.3. The value was
close to that we obtained in our purified cones (11 = 3.9 per
1,000 cone pigments; Fig. 2). These results indicated that GCAPs
were not lost significantly during purification of our rods and
cones.

Regulation of GCs by GCAPs. The stimulatory effects of Ca?*-free
form of GCAPs on each of GC were measured. Rod GCs
(GC-R1 plus GC-R2) were activated by all subtypes of GCAP
examined (GCAP1-GCAPS; Fig. 34 and Fig. S6A4), whereas
cone GC (GC-C) was activated only by GCAP3 and GCAP4
(Fig. 3B and Fig. S6B). Because we neither detected the expres-
sion of GCAP4 (Fig. S4) nor GCAPS5 (Fig. S5B) in the carp
retina, we only studied the effects of 3 subtypes of GCAPs,
GCAP1-GCAP3.

Fig. 3 A and B shows the GC-R and GC-C activities, respec-
tively, as a function of added recombinant GCAPs. The data
were fitted by a Michaelis-Menten equation (solid lines in Fig.
3 A4 and B) to determine the maximum activity of GC and the
concentration of GCAP that induces half-maximal activation of
GC (Kmccar). Maximum activities of GC-R activated by
GCAP1, GCAP2, and GCAP3 were 0.99, 0.57, and 1.1 cGMP/
pigment-min, respectively, and that of GC-C activated by
GCAP3 was 8.2 cGMP/pigment-min. Assuming that the pigment
concentration is 3 mM, these activities could be converted to the
activities expressed in concentrations: 50, 29 and 55 uM cGMP
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Fig.3. Regulation of GCactivity by GCAPs. (A) Dose-dependent activation of
GC-R by recombinant GCAPs. GC activity was plotted against the concentra-
tion of GCAP added. The data were fitted by a Michaelis-Menten equation.
The result is shown as mean = SD (n = 3). (B) Dose-dependent activation of
GC-Cby recombinant GCAPs. The data for GCAP3 were fitted with a Michaelis—
Menten equation. The result is shown as mean =+ SD (n = 3). (C) Activation of
GC-R by GCAP1 and GCAP2. The GC-R activity was measured in the presence or
absence of GCAP1 and GCAP2, and at a high CaZ* concentration (open bar)
and a low Ca2* concentration (filled bar). All of the activities measured were
normalized to the activity measured in the absence of added GCAP at the high
Ca2* concentration. The result is shown as mean = SD (n = 6). (D) Activation
of GC-C by GCAP3. The GC-C activity was measured in the presence and
absence of GCAP3 and at a high Ca2* concentration (open bar) and a low Ca2*
concentration (filled bar). All of the activities measured were normalized to
the activity measured in the absence of added GCAP3 at the high Ca?*
concentration. The result is shown as mean = SD (n = 6).

synthesized per s for GC-R in rods with GCAP1, GCAP2, and
GCAP3, respectively, and 410 uM cGMP synthesized per s for
GC-C with GCAP3 in cones. Based on the expression levels of
GC-R in rods and GC-C in cones (Fig. 2), we calculated the
specific activities of GC-R and GC-C in the presence of GCAP
(Table 1). It was found that the specific activity of GC-R in the
presence of GCAP was generally higher than that of GC-C. The
Kmceap values were also determined (Table 1).

Because GCAP1 and GCAP2 were both expressed in rods
significantly (Fig. 2), it was examined whether the effects of
GCAP1 and GCAP?2 are additive under a pseudophysiological
condition (Fig. 3C): The concentrations of GCAPs were set to
be similar to those calculated as the concentrations in vivo (0.5
uM GCAP1 and 2.5 uM GCAP2; see Fig. 2). The results showed
that the activity in the presence of both GCAP1 and GCAP2 was
fairly equal to the sum of the activities elicited by either GCAP1
or GCAP2 (Fig. 3C, broken lines). This finding indicates that at
the physiological concentrations of GCAPs the effects of
GCAP1 and GCAP2 are additive. When GC-R was maximally
activated by GCAP1, GC-R was not activated further by addition
of GCAP2. However, when GC-R was maximally activated by
GCAP2, GCAP1 further increased the activity to the maximum
level that was achieved by a saturating dose of GCAP1. The
Ca?*-bound form of GCAPs did not affect the GC activity in
rods (Fig. 3C) or cones (Fig. 3D).

Higher GC Activity in Truncated COS Than in Truncated ROS. The
synthesis of cGMP from GTP was observed electrophysiologi-
cally by using a truncated preparation of a rod OS (tROS) (20)
and that of a cone OS (tCOS; see Fig. 44) at low Ca’*"
concentrations in the dark. In this study, because of technical
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Fig. 4. GCactivity in tROS and tCOS. (A) Diagram illustrating the truncation
and perfusion of tCOS. (B) Time course of generation of a current induced by
perfusion of 1 mM cGMP (thin traces) or 1 mM GTP (thick traces) in a frog tROS
(black traces) and a tCOS of carp red cone (red traces). Perfusion first with
¢GMP and then GTP was made for 3 tROS and 3 tCOS preparations. Traces of
the same color and pattern (continuous, broken, or dotted lines) indicate that
they were recorded in the same sample. The current amplitude is expressed as
the percentage of the maximum. The maximum current obtained by perfusion
with 1 mM GTP was similar to that obtained by 1 mM cGMP. (C) Calculated time
course of the rise of the mean intracellular cGMP concentration in tROS (black
traces) and tCOS (red traces) preparations. The mean cGMP concentration in
the OS was estimated by applying a Hill equation to the current induced by
GTP (see Higher GC Activity in Truncated COS Than in Truncated ROS). The
horizontal line indicates the cGMP concentration that induces 80% of the
maximum current. The pattern of a trace corresponds to that in B. (D) Time
course of the rate of change of cGMP concentration. Based on the cGMP
concentration increase shown in C, the rate of change of cGMP concentration
was calculated in a 200-ms time window for tROS (black traces) and tCOS (red
traces). Arrowhead indicates the rate in tCOS determined at the 80% satura-
tion of the current. The pattern of a trace corresponds to those in B and C.

difficulties of preparation of tROS of carp, we used frog tROS.
Then a ¢cGMP solution was internally perfused from the open
end of tROS or tCOS to measure the diffusion of a small
molecule like cGMP under the assumption that cGMP opens a
cGMP-gated channel without significant delays once the mole-
cule reaches to the channel. In both tROS and tCOS, the
membrane current started to flow on application of cGMP
without significant delays (thin black traces for tROS and thin
red traces for tCOS in Fig. 4B; n = 3 in both preparations; a
measurement in each sample is indicated by a continuous,
broken, or dotted trace).

Then, GTP instead of ¢cGMP was perfused at low Ca?*
concentrations in the tROS or the tCOS in which the diffusion
of cGMP had been measured before the application of GTP
(thick traces in Fig. 4B). In Fig. 4 B-D, the same continuous,
broken, or dotted trace pattern was used to indicate in which
sample the trace was recorded. In tROSs, the current was
observed with significant delays (Fig. 4B, thick black traces)
whereas in tCOSs the current started to flow with only slight
delays (Fig. 4B, thick red traces). Because the diffusion time
course of a small molecule like cGMP (and therefore probably
GTP also) was similar between tROS and tCOS (thin black and
red traces in Fig. 4B), the results clearly indicated that it took
more time in tROS to synthesize cGMP than in tCOS, which
showed that the GC activity in the truncated forms of the OS is
much higher in cones than in rods.

We then attempted to estimate the GC activity from the rate
of current rise in tROS and in tCOS. Fractional current ampli-
tude is described with a Hill equation:

Takemoto et al.

J/Jmax = [CG]H/(KmChanncln + [CG]n)’ [1]

where J is the current amplitude at the cGMP concentration,
[cG], Jmax is its maximum current, Kpnchanner i the cGMP
concentration that produces a half-maximal current, and n is the
Hill coefficient of the cGMP-gated channel. Reported Kichannel
value and n are 20—40 uM and 2-3, respectively, in rods (21, 22),
and 40-80 uM and 1.6-3.0, respectively, in cones (23, 24). By
adopting 30 uM as the Knchannel and 2.5 as the Hill coefficient
in rods, and 60 uM as the K channer and 2.3 as the Hill coefficient
in cones, we estimated the time course of the increase in the
mean cGMP concentration in the tROS preparation (black
traces in Fig. 4C) and the tCOS preparation (red traces in Fig.
4C). From these results, the rate of change of cGMP concen-
tration was calculated (Fig. 4D). Because the synthesized cGMP
could either be hydrolyzed by PDE or diffuse out of the OS (25),
the actual rate of cGMP synthesis would be higher than the rate
shown in Fig. 4D. However, under the assumption that the
hydrolysis or diffusion of synthesized cGMP was minimal, we
considered that the rate in Fig. 4D reflected the GC activity.
Because the calculated cGMP concentration is not reliable when
J/Tmax 1s close to 1, GC activity at the time when J// ., was 0.8 was
arbitrarily determined (in Fig. 4C, at 52 uM ¢GMP in tROS
indicated by a black horizontal line, and at 110 uM cGMP in
tCOS indicated by a red horizontal line). At this time point, the
rate was 29 uM cGMP synthesized per s in tROS (black
arrowheads in Fig. 4D) and 140-300 uM cGMP synthesized per
s in tCOS (red arrowheads in Fig. 4D). We obtained very similar
GC activities among 3 tROS preparations. It was probably
because at the time when we observed this amplitude of the
current in tROS, GTP diffused in the entire tROS uniformly
(compare thin and thick black traces in Fig. 4B) so that the
constant GC activity was elicited in the entire region of tROS.
In contrast, the determined GC activities in tCOS varied among
the 3 preparations. It was probably because diffusion of GTP
slightly different in each preparation of tCOS and depending on
the efficiency of the diffusion, the time course of cGMP synthesis
differed in each tCOS. Although it was not possible to determine
the GC activity at low Ca?* concentrations in tCOS uniquely, it
was evident that in tROS and tCOS, the minimally disrupted
preparations probably containing endogenous GCAPs, the max-
imum activity of GC is 5-10 times (140/29-300/29) higher in
cones. The activities at low Ca®* concentrations determined by
this electrophysiological method (29 uM ¢GMP synthesized per
s in rods and 140-300 uM cGMP synthesized per s in cones) are
similar to the maximum activities determined biochemically (50
uM cGMP synthesized per s in rods and 410 uM cGMP
synthesized per s in cones). Slightly lower values in the electro-
physiological determination could be caused by lower expression
levels of GCAPs than GC molecules in rods and cones (Fig. 2 and
see Discussion).

Discussion

In this study, we found that the basal activity of GC in a unit
volume of OS is 36 times higher in cones than in rods (Fig. 1).
We also found that carp rods and cones express different
subtypes of GC and GCAP. From quantification of GCs and
GCAPs, it was found that GCs are expressed more abundantly
by 17 times in cones than in rods and that the expression level
of GCAP is approximately half that of GC in both rods and cones
(Fig. 2). The kinetic parameters were determined in the reac-
tions of appropriate combinations of GC and GCAP in rods and
cones (Fig. 3). We further estimated the GC activities in tROS
and tCOS by measuring the current induced by application of
GTP and found that the activity was 5-10 times higher in tCOS
than in tROS (Fig. 4).
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Fig.5. Estimation of GC activity in carp rods and cones in vivo. Total activity
of GC was calculated from our present experimental results: expression levels
of GCs and GCAPs in rods and cones (Fig. 2), the determined specific activity of
GCAP-free and GCAP-bound form of a single GC molecule (Table 1), and
determined Michaelis constant in each pair of GC and GCAP (Table 1). GC
activity is expressed as the concentration of cGMP synthesized in ROS or COS
per s. The white bar represents the GC activity brought about by its basal
activity in rods and cones. The gray and black bars represent the activity of rod
GCs of the GCAP1- and the GCAP2-bound forms, respectively. The hatched bar
represents the activity of GCAP3-bound form of GC-C. The data in rods are
shown as an inset with an expanded activity scale.

Estimation of the GC Activity in Intact Rods and Cones. GCAPs
activate GC at low Ca?* concentrations. However, as we quan-
tified in this study (Fig. 2), the amount of GCAPs was approx-
imately half that of GC in both rods [(GCAP1 + GCAP2)/
(GC-R1 + GC-R2) = 2.6 uM/4.2 uM] and cones (GCAP3/GC-
C = 33 uM/72 uM). This result indicates that not all GC
molecules associate with GCAP molecules in intact cells. We
determined the specific activity of the GCAP-bound form of GC
in rods and cones (Table 1). Therefore, with determination of
each population of GC that is associated with each subtype of
GCAP, we can estimate the GC activity in intact photoreceptors.
There have been debates about the functional forms of GC and
GCAP: It has been suggested that GC and possibly GCAP, too,
form a dimer to function (26). In the following, however, because
the detailed activation mechanisms are not known yet, and
because it is likely that 1 GCAP molecule associates with 1 GC
molecule (27, 28), we simply assume that a single molecule of GC
is activated by a single molecule of GCAP (or a dimer form of
GC is activated by a dimer form of GCAP). Then, the binding
of GCAP to GC is expressed in the following scheme:

k1
GC + GCAP == GC-GCAP, [2]
k1

where k1 and k_; are the rate constants of the forward and the
backward reaction, respectively. Under the condition of equi-
librium, based on the quantified amount of each subtype of GC
and GCAP (Fig. 2) together with the Michaelis constant
(Kmceap; i.e., k—1/k+1) of each reaction (Table 1), concentra-
tions of GCAP-bound and -unbound forms of GCs in rods and
cones were determined (see SI Text). Then, using the specific
activity of each form (Table 1), the in situ GC activity was
calculated.

The result showed that, in rods, GC activity at a high Ca?*
concentration (3.3 uM/s) increases by 7 times (22 uM/s) by
lowering the Ca?* concentration, and in cones, GC activity at a
high Ca?* concentration (120 wM/s) increases by 2 times (249
1M/s) by lowering the Ca?* concentration (Fig. 5). Although the
magnitude of the increase in the GC activity in cones (2-fold) was
lower than that of rods (7-fold), the actual range of the regulation
of the cGMP synthesis covers a range of 130 wM/s in cones (from

11792 | www.pnas.org/cgi/doi/10.1073/pnas.0812781106

120 uM/s at high Ca?* concentrations to 249 uM/s at low Ca?*
concentrations). This range of the regulation in cones was 9 times
wider than that in rods (19 uM/s; from 3.3 to 22 uM/s). This
wider range of the regulation of cGMP synthesis seems to be one
of the mechanisms that characterize the cone light responses.

One question is why the basal activity of GC is much higher
in cones. It is known that cone pigments are less stable than rod
pigments, which leads to thermal activation of visual pigments
(29, 30). The resultant activation of PDE induces hydrolysis of
c¢GMP in the dark more in cones than in rods (29). Presumably,
the high basal rate of GC found in this study is required to
compensate for the high dark activity of cGMP hydrolysis in
cones. This rapid turnover mechanism of cGMP metabolism in
the dark and the wider range of the regulation of the cGMP
synthesis could contribute to establish a rapid equilibrium of the
cGMP concentration even when the system is perturbed by
exogenous factors like photons (31). We speculate that this is one
of the mechanisms that explain rapid recovery of a light response
observed in cones.

Possible Contribution of High GC Activity During Light Adaptation in
Cones. It has been known that cones essentially do not saturate
(1), which suggests that the recovery process of a light response
is very much effective in cones. As shown in the present study,
cones are able to synthesize cGMP at a rate of 250 uM/s at low
Ca?* concentrations. The maximum activity of cGMP hydrolysis
by PDE in cones was 18 cGMP hydrolyzed per pigment present
per s (6) that corresponds to 50 mM cGMP hydrolyzed per s.
Although this maximum PDE activity is much higher than our
estimated counteracting maximum activity of GC in cones, the
actual PDE activity would be much lower under in situ condi-
tions where the cGMP concentration is known to be much lower
than the Michaelis constant of PDE for cGMP (Knppg). This
point could be critical to consider the mechanism of the con-
tribution of GC on the light response in cones.

Let us assume that a very bright steady light stimulus is given
to a cone and PDE is maximally activated. Because of this PDE
activation, the cytoplasmic cGMP concentration could be de-
creased suddenly to a very low level. Then we could expect that
the cytoplasmic Ca?* concentration is reduced to its lowest level.
At this stage, GC is maximally activated to its highest level, 250
uM/s for instance. We now consider the equilibrium level of
c¢GMP under this condition: cGMP concentration would reach to
a stationary level when cGMP hydrolysis and cGMP synthesis is
balanced at 250 uM ¢GMP hydrolyzed and synthesized per s,
respectively. Eq. 3 shows a Michaelis—Menten relation of PDE
activity (V) as functions of the maximum PDE activity (Vmax),
Michaelis constant (Kmppe), and cGMP concentration ([c¢G]):

V/Vmax = [CG]/(KmPDE + [CG]) [3]

In Eq. 3, with the Knppg value of 100 uM (4), Vmax of 50 mM
c¢GMP hydrolyzed per s as above, and a PDE activity (V) of 250
M cGMP hydrolyzed per s, we can calculate that [cG] is 0.5 uM.
In other words, at 0.5 uM cGMP, the hydrolysis and the synthesis
of cGMP are balanced, and the cGMP concentration reaches an
equilibrated state.

At this concentration of cGMP (0.5 uM), based on Eq. 2 with
Kinchannet = 60 uM, n = 2.3, and [cG] in the dark to be 2 uM (4),
we found that 4% of the original dark current flows. In similar
calculations in rods, the remaining current was found to be
almost 0 (0.005%). The result of this sort of the calculation
depends on the parameters used. However, it is evident that the
maximum GC activity measured in our study can reasonably
explain why cones are relieved from saturation even under very
bright light.
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Materials and Methods

The detailed methods and materials used in this study are given in S/ Text.

Preparation of Purified Rods and Cones, and 0S-Rich and IS-Rich Rods and Cones.
Carp (C. carpio) rods and cones were purified with Percoll stepwise density
gradient (6, 7). The animal was cared for according to the institutional
guidelines. The OS-rich and IS-rich rods and cones were obtained as reported
(8). The OS was detached mechanically from the IS by passing through a nee-
dle, and the OS-rich and the IS-rich fractions were separated by centrifugation.

Measurement of GC Activity. GC activity was measured as described (32) with
some modifications.

Isolation of cDNA Clones for GCs and GCAPs. To determine the carp GC and
GCAP sequences, we synthesized degenerated primers based on the amino
acid sequence conserved among these teleost proteins (Table S1) and screened
the carpretinal cDNA library. The nucleotide sequences were determined with
an ABI PRISM 3100 DNA sequencer (Applied Biosystems).

Measurement of Expression Levels of GCAP mRNAs with Real-Time RT-PCR.
Real-time RT-PCR was performed as described (33) by using an ABI PRISM 7300
(Applied Biosystems). All PCRs were performed in duplicate by using cDNA
obtained from 3 animals. Primers used are shown in Table S2.

Expression and Purification of GCAPs. Expression vectors of carp GCAPs and
medaka GCAP1 (a kind gift from F. Tokunaga at Osaka University) were used
to transform competent E. coli BL21 (DE3) carrying pBB131, an expression
vector of N-myristoyltransferase (kindly provided by J. Gordon at Washington
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(32), and the proteins were purified by a DEAE-Sepharose CL6B column and a
Phenyl Sepharose CL4B column (GE Healthcare Biosciences). See Table S3 for
primers and vector used.

Preparation of Polyclonal Antisera and Quantification of GCs and GCAPs by
Immunoblot. Anti-GC-R1 and GC-R2 antiserum were raised in mice against the
GST-fused C-terminal peptides of GC-R1 and GC-R2, and anti-GC-C antiserum
was raised in a rabbit against a GC-C C-terminal peptide. Anti-GC-C specific
antibody was obtained by further affinity-purification with the GC-C peptide.
Anti-GCAP1, GCAP2, GCAP3, and GCAP5 antiserum were raised against re-
combinant medaka GCAP1, carp GCAP2, carp GCAP3, and carp GCAP5 in mice,
respectively.

GCs and GCAPs were quantified by immunoblot (7) by using recombinant
maltose-binding protein (MBP)-fused GC C-terminal peptides (34) (see S/ Text)
and recombinant GCAP proteins, respectively, as the molar standards.

Measurements of Membrane Currents from tROS and tCOS Preparations. The
membrane current of truncated preparations of a frog ROS or a carp red COS
was measured after perfusion with exogenous 1 mM ¢cGMP or 1 mM GTP as
described (35). For a stable current measurement in tCOS, suction electrodes
were made so that the inner diameter of the electrode became smaller
gradually along the long axis from the electrode tip.
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