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ABSTRACT Mutations in the photoreceptor membrane
guanylyl cyclase RetGC-1 have been linked to autosomal
dominant cone–rod dystrophy. Three mutations were identi-
fied that alter strictly conserved residues within the RetGC-1
dimerization domain, a region predicted to form an amphi-
pathic a-helical coil. Here we report on a biochemical char-
acterization of one of the mutations, a substitution of cysteine
for arginine at residue 838. We generated this mutation in vitro
and measured its catalytic activity and sensitivity to guanylyl
cyclase activating protein 1 (GCAP-1) and GCAP-2. The
R838C substitution has several effects. It reduces the overall
catalytic ability of RetGC-1 and dramatically reduces stimu-
lation by GCAP-2, although GCAP-2 still appears to interact
with the protein. The R838C substitution also increases the
apparent affinity of RetGC-1 for GCAP-1 and alters the Ca21

sensitivity of the GCAP-1 response, allowing the mutant to be
stimulated by GCAP-1 at higher Ca21 concentrations than
wild type. The diminished response to GCAP-2, which we
propose is not likely the cause of cone–rod degeneration in
these patients, is interesting mechanistically because it sepa-
rates the ability to bind a specific GCAP from the ability to be
stimulated by it, and it also discriminates between the mech-
anisms of activation of GCAP-1 vs. GCAP-2. We suggest that
the gain-of-function effects of R838C on RetGC-1 stimulated
by GCAP-1, which are dominant in vitro and may cause an
abnormal increase in cGMP synthesis in dark-adapted pho-
toreceptors, may be the cause of the cone–rod degeneration.

Two membrane guanylyl cyclases, RetGC-1 and RetGC-2,
synthesize cGMP in mammalian photoreceptor cells. cGMP
gates cation channels, which control the membrane potential
and signaling states of rods and cones. Light stimulates deg-
radation of cGMP, causing the cGMP-gated channels to close.
This reduces intracellular Na1 and Ca21 concentrations, hy-
perpolarizes the cell, and slows neurotransmitter release.
Lowered Ca21 levels allow the Ca21-binding proteins guanylyl
cyclase activating protein 1 (GCAP-1) and GCAP-2 to stim-
ulate RetGCs. Acceleration of cGMP synthesis reopens chan-
nels and restores photosensitivity to the photoreceptor cell.

Recently, defects in the RetGC-1 gene were identified in
patients with dominant cone–rod dystrophy, an autosomal-
dominant disease causing initial degeneration of cones fol-
lowed by loss of rod photoreceptors (1, 2). Cone degeneration
causes an early loss of visual acuity and color vision that, as
rods degenerate, leads to progressive night blindness and
peripheral visual-field loss (3). Three mutations have been
described: two heterozygous, single missense mutations,
E837D and R838C (1), and a heterozygous, triple mutation,
E837D; R838C; T839M (2). In all three cases, the substitutions

are in conserved amino acids in the putative dimerization
domain of RetGC-1 (Fig. 1).

To better understand the connection between mutations in
the RetGC-1 dimerization domain and dominant cone–rod
dystrophy, we generated and expressed the single R838C and
E837D mutations in vitro. E837D is a conservative substitution
and was predicted to have little effect on activity. Our pre-
liminary work showing this mutant indeed has a mild pheno-
type prompted us to rescreen the original patient DNA for an
additional mutation. This study, including the biochemical
characterization of E837D, will be detailed in a separate paper.
In this report, we characterize the biochemical effects of the
R838C substitution, which dramatically alters the responses of
RetGC-1 to GCAP-1 and GCAP-2.

MATERIALS AND METHODS

Mutagenesis. The R838C point mutation was generated by
using the Altered Sites Kit (Promega). A 1.6-kb KpnIySphI
cassette containing the codon to be mutated was subcloned
from pBluescript-RetGC1 into the KpnIySphI sites of pAL-
TER1. Mutagenesis was performed with the 18-mer primer
ATCCGGAGTGCACGGAGG. After verification by DNA
sequencing, the plasmid was digested with AccI and AatII to
yield a 586-bp fragment. This fragment was used to replace the
equivalent fragment in the original pBluescript-RetGC1 plas-
mid. After sequencing to confirm the insertion of the mu-
tagenized fragment, the mutant RetGC-1 cDNA (3.6 kb) was
excised with HindIIIyXbaI and subcloned into the eukaryotic
expression vector pRC-CMV (Invitrogen).

Expression in Human Embryonic Kidney (HEK) 293 Cells.
Constructs were transiently transfected (calcium phosphate
method) into HEK 293 cells. Cells were harvested after 48 hr,
washed with PBS, and removed from dishes by agitation in PBS
with 0.2% EGTA. Cells were pelleted gently by centrifugation,
and pellets were swollen in homogenization buffer (10 mM
Tris, pH 7.5y5 mM MgCl2y5 mM 2-mercaptoethanol) for 10
min. Four strokes of a 26-gauge needle then were used to lyse
cells. Cell lysates were pelleted at 2,000 rpm at 4°C in a tabletop
microcentrifuge to remove large debris. The supernatant from
this spin was pelleted at 14,000 rpm, resuspended in homog-
enization buffer, and then frozen at –70°C in aliquots for use
during assays.

Western Blotting. Total membrane proteins from trans-
fected HEK 293 cells were electrophoresed on a 7.5% SDSy
PAGE gel and transferred to nitrocellulose membranes. West-
erns were performed by using a polyclonal antibody that
recognizes the kinase homology domain of RetGC-1 (4).
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GC Assays. Transiently transfected membranes containing
equal amounts of total protein were resuspended in GC buffer
(100 mM KCly50 mM Mopsy7 mM 2-mercaptoethanoly10
mM MgCl2y8 mM NaCly1 mM EGTA). All reactions also
contained 0.5 mM ATP. Measurement of guanylyl cyclase
activity was carried out at 30°C for the indicated times essen-
tially as described previously (5). Stimulated reactions con-
tained recombinant myristoylated bovine GCAP-1 or GCAP-2
that was prepared as described by Olshevskaya et al. (6), except
Fig. 5B, which used human GCAP-1 (provided by Krzysztof
Palczewski, University of Washington). Assays measuring
Mn21yTriton X-100 activity contained 1% Triton X-100 and
10 mM MnCl2 instead of MgCl2. All experiments shown were
repeated several times with similar results.

Ca21 Buffers. Ca21-EGTA buffers were prepared from
solutions of EGTA and EGTA saturated with CaCl2 by pH
titration in accordance with the method of Tsien and Pozzan
(7). Free Ca21 concentrations were calculated by using a
multifactor program (8).

Model for Regulation of RetGC by GCAP. The fraction of
RetGC in the active state was calculated based on equilibrium
between the states shown in Fig. 8A. ‘‘A’’ represents the active
state of the cyclase and ‘‘I’’ represents the inactive form. ‘‘G’’
represents GCAP, and ‘‘GCa’’ represents the fully Ca21-
liganded form of GCAP. The probability of being in the ‘‘A’’
state under any given set of conditions was calculated by using
the formula: PA 5 [A]y[A] 1 [I] (Eq. 1), where [A] 5 1 1
2[G]yKDA 1 (1ya) 3 (([G]yKDA)2) 1 2((bya)0.5)(([G][Ca])y
(KDAKCA) 1 (1ya)(([G][Ca])y(KDAKCA))2) and [I] 5 K(1 1
2[G]yKDI 1 (1ym) 3 (([G]yKDI)2) 1 2((nym)0.5)(([G][Ca])y
(KDIKCI) 1 (1ym)(([G][Ca])y(KDIKCI))2). The concentration
of GCAP in the unliganded form was estimated to be: [G] 5
GTy(1 1 (([Ca]yKGC)D), where GT is the total GCAP con-
centration, KGC is the dissociation constant for Ca21 binding
to GCAP, and D is a cooperativity factor.

RESULTS

The cone–rod dystrophy mutations are in strictly conserved
residues of the putative dimerization domain of RetGC-1. This
domain, which corresponds to amino acids 817–857, lies
between the kinase homology domain and the catalytic domain
of RetGC-1. It is considered to promote dimerization because
the corresponding domain of GC-A self-associates in a yeast
two-hybrid system (9) and because it is predicted to form an
amphipathic a-helical coil. We generated the R838C mutation,
a substitution of Cys for the basic amino acid Arg, in the
expression plasmid pRC-CMV-RetGC-1 and expressed the
mutant and wild-type RetGC-1 proteins in HEK 293 cell
membranes. The level of expression of R838C was equivalent
to wild-type RetGC-1 (Fig. 2 Inset).

The R838C Substitution Alters RetGC-1 Activity. To exam-
ine the catalytic ability of R838C, we assayed basal activity and
stimulation by Mn21yTriton X-100, which constitutively acti-
vates membrane GCs and is used to quantitate general cata-
lytic ability (10). Fig. 2 shows that R838C has reduced basal
and Mn21yTriton X-100 activities (2.3-fold reduction) com-
pared with wild type.

In the retina, RetGCs are activated by GCAPs, EF-hand
Ca21-binding proteins that stimulate RetGCs at Ca21 concen-
trations below '300 nM (11–14) and inhibit them at micro-
molar Ca21 concentrations (15, 16). Two GCAP isoforms,
GCAP-1 and GCAP-2, have been identified. Both activate
RetGCs, although they share only 40% identity in amino acid
sequence. Because it is not yet clear whether RetGC-1 is
activated physiologically by GCAP-1, GCAP-2, or both, we
assayed the ability of R838C to respond to GCAP-1 as well as
GCAP-2. As shown in Fig. 2, the behavior of R838C in
response to the different GCAPs is striking. R838C has
enhanced activity in response to 3.4 mM GCAP-1, but has a
severely reduced response to 3.4 mM GCAP-2 (14-fold reduc-
tion from wild type).

Titrations (Fig. 3) reveal that R838C, compared with wild-
type RetGC-1, has a higher apparent affinity for GCAP-1. The
K1/2 [GCAP-1] values were 3.2 6 0.31 mM for R838C, com-
pared with 16.8 6 6.7 mM for wild-type RetGC-1. R838C

FIG. 2. Measurement of R838C basal and stimulated activities.
Constructs were transiently transfected in HEK 293 cells, and har-
vested membranes were immunoblotted with an antibody to the
RetGC-1 kinase homology domain (Inset). The control lane labeled
pRC-CMV contained membranes transfected with the plasmid pRC-
CMV with no insert. Equal amounts of membrane protein were
assayed for 20 min for basal-, GCAP-1-, GCAP-2-, or Mn21yTriton
X-100-stimulated GC activities. For GCAP-stimulated samples, 3.4
mM GCAP-1 or GCAP-2 and 1 mM EGTA were added. MnyTx-
labeled samples contained 1% Triton X-100 and 10 mM MnCl2 instead
of MgCl2.

FIG. 1. Location of the dominant cone–rod dystrophy amino acid changes in the dimerization domain (dd) of RetGC-1. A comparison of the
sequences of several membrane GCs is also shown, including RetGC-2 (GC-F), the atrial natriuretic peptide receptor (GC-A), and the heat-stable
enterotoxin receptor (GC-C). The amino acid residues in boldface are conserved among these membrane GCs.

9040 Biochemistry: Tucker et al. Proc. Natl. Acad. Sci. USA 96 (1999)



saturates earlier than wild type when stimulated by GCAP-1 or
GCAP-2. When stimulated with GCAP-2, R838C has a very
reduced response (a 25-fold reduction in activity with 25 mM
GCAP-2).

Recently, a GCAP-1 mutation, Y99C, was identified in
patients with dominant cone dystrophy, a disease causing
degeneration only in cones (17). The mutation alters the Ca21

sensitivity of GCAP-1 so that it remains stimulatory at Ca21

concentrations that would be inhibitory for wild type (18, 19).
The consequent increase in cGMP in dark-adapted photore-
ceptors has been proposed as the cause of retinal degeneration
in cone dystrophy patients. With the Y99C GCAP-1 mutation
in mind, we examined the effect of the R838C mutation on the
Ca21 sensitivity of cGMP synthesis. We find that the R838C
mutation alters the Ca21 sensitivity of RetGC-1 activated by
GCAP-1 (Fig. 4). Below 500 nM Ca21, R838C behaves like
wild-type RetGC-1. However, significantly higher than normal
concentrations of Ca21 are required for suppression of GCAP-
1-catalyzed cGMP synthesis.

Coexpression of R838C with Wild-Type RetGC-1. To deter-
mine how R838C could cause a dominant phenotype in
patients who also have a normal RetGC-1 allele, we coex-
pressed R838C and wild-type RetGC-1 in HEK 293 cell
membranes. The total amount of DNA transfected was kept
constant by the addition of pRC-CMV to a total of 15 mg.
Western blots show that the total amount of R838C or
RetGC-1 DNA transfected correlates with the amount of
protein expressed and used in the assays (Fig. 5 C Inset). We
first examined the GCAP-1 sensitivity of R838C coexpressed
with wild-type RetGC-1 at a 1:1 ratio (2 mg each) compared
with RetGC-1 expressed alone (4 mg). We predicted that the
increase in GCAP-1 affinity, a gain of function, would be

dominant in our in vitro assay. Fig. 5A shows that, as predicted,
the coexpressed membranes are more sensitive to GCAP-1
than wild type, which is similar to the results with R838C
expressed alone.

We also analyzed the Ca21 sensitivity of the GCAP-1
response in coexpressed membranes (Fig. 5B). The previous
Ca21 titrations shown in Fig. 4 were done by using bovine
GCAP-1. To confirm that a similar change in Ca21 sensitivity
occurs when R838C is stimulated with human GCAP-1, we
repeated the titrations shown in Fig. 4. We saw a similar change
in Ca21 sensitivity with human GCAP-1 as we had seen
previously with bovine. We then tested the Ca21 sensitivity of
the coexpressed membranes. The coexpressed membranes
gave a similar Ca21 shift as R838C expressed alone, indicating
that the Ca21 shift induced by R838C is dominant in the
presence of wild-type RetGC-1.

In contrast to the dominant effects of R838C observed with
GCAP-1, we were unable to detect a dominant effect with
regard to GCAP-2 stimulation. As shown in Fig. 5C, GC
activity stimulated by GCAP-2 depends on the amount of
wild-type RetGC-1 in the coexpressed membranes, but not on
the amount of R838C. Membranes transfected with 2 mg of
RetGC-1 and either 0, 2, or 4 mg of R838C gave similar
responses to GCAP-2. In contrast, membranes transfected
with 4 mg of RetGC-1 had twice the amount of GCAP-2-
stimulated GC activity.

In the coexpression experiments reported in Fig. 5C, we
were unable to determine the precise ratio of wild-type and
mutant RetGC-1 expressed because the proteins colocalize on
immunoblots. To verify the GCAP-2 results and visually
discriminate between the two proteins, we repeated the coex-
pression experiments by using a mutant RetGC-1, DECD
RetGC-1, which lacks the extracellular domain but behaves
similarly to wild type in its responses to GCAPs (5). We
transfected cells with DECD RetGC-1 or with DECD RetGC-1
and R838C and performed GC assays on membranes contain-
ing equivalent amounts of DECD RetGC-1 (see Fig. 6 Inset).
Consistent with the results shown in Fig. 5C, the response to
GCAP-2 depended on the amount of wild-type DECD
RetGC-1, but not on the presence of R838C (Fig. 6). From
these experiments, it appears that the R838C mutation does
not have a dominant-negative effect with regard to GCAP-2
activation. We hypothesize that a person with one wild-type
RetGC-1 allele and one R838C allele would have an approx-
imately half-fold reduction in GCAP-2-stimulated GC activity.

GCAP-2 Interacts with R838C but Cannot Activate It.
Evidence suggests that GCAPs bind to RetGCs independently

FIG. 3. GCAP-1 and GCAP-2 titrations of R838C and wild-type
RetGC-1. GC assays were done as in Fig. 1 with indicated concen-
trations of GCAP-1 or GCAP-2. A curve was fit to each plot by using
the Hill equation v 5 [GCAP]n VmaxyK1/2

n 1 [GCAP]n. K1/2 [GCAP-1]
values derived from the curve fit were 3.2 6 0.31 mM for R838C, and
16.8 6 6.7 mM for wild-type RetGC-1.

FIG. 4. Ca21 sensitivity of R838C to GCAP-1 is altered. GC
activity was measured in transiently transfected membranes expressing
R838C (E) or wild-type RetGC-1 (F) stimulated with 8 mM bovine
GCAP-1.

Biochemistry: Tucker et al. Proc. Natl. Acad. Sci. USA 96 (1999) 9041



of Ca21 even though they activate RetGCs only at low Ca21

concentrations. GCAP-1 and GCAP-2 inhibit RetGC (15, 16),
protect RetGC from thermal inactivation (20), and protect
RetGC from proteolysis (4), all at high Ca21 conditions, where
they cannot activate. Despite this evidence, no RetGC mutant
has been reported that is known to bind but not be activated
by a GCAP. Because the R838C mutant appeared to respond
slightly (though not significantly) to GCAP-2, we considered
that the defect would be in activation and not binding. Direct
binding experiments of GCAP to RetGC have not yet been
possible, so we used an indirect method: we investigated
whether GCAP-2 can compete with and prevent activation by
GCAP-1.

GCAP-2 was shown previously to compete with a constitu-
tively active form of GCAP-1 at high Ca21 concentrations (16),
suggesting either that GCAP-1 and GCAP-2 bind to the same
or overlapping sites on RetGC-1 or that activation of GCAP-1
and GCAP-2 are mutually exclusive. We tested whether
GCAP-1-dependent activation of R838C could be blocked by
increasing concentrations of GCAP-2 (Fig. 7). If GCAP-2
competes with GCAP-1, then a decrease in total activity would
be observed because GCAP-2 does not activate R838C sig-
nificantly itself. We stimulated R838C with 2.5 mM GCAP-1
and 0, 1.7, 3.4, or 8.5 mM of either calmodulin or GCAP-2.

FIG. 5. Coexpression of R838C with wild-type RetGC-1. HEK 293
cell membranes were transiently transfected with wild-type RetGC-1,
R838C, or a mixture of both wild-type and R838C. (A) Response to
GCAP-1 was measured from cell membranes transfected with 4 mg of
wild-type RetGC-1 (F) or 2 mg of RetGC-1 and 2 mg of R838C (1:1
ratio) (E). Immunoblots of these membranes are shown in C Inset.
Similar results were obtained from independent experiments with
membranes transfected at the same ratios. (B) Ca21 titration of
wild-type RetGC-1 (E), R838C (F), and R838C coexpressed with
wild-type RetGC-1 (X’s) stimulated by 8 mg of human GCAP-1.
Wild-type and coexpressed membranes are the same as used in A. The
half-maximal [Ca21] for inhibition was 590 nM for wild-type RetGC-1,
1,230 nM for R838C, and 1,350 for coexpressed membranes. (C)
Measurement of GCAP-2 responses in cotransfected membranes.
Membranes from cells transfected with 2 mg of RetGC-1 (E), 4 mg of
RetGC-1 (r), 2 mg of RetGC-1 and 2 mg of R838C (F), or 2 mg of
RetGC-1 and 4 mg of R838C (Œ) were assayed for GCAP-2 stimulated
activity. Inset shows an immunoblot of equivalent amounts of total
membrane protein.

FIG. 6. Coexpression of R838C and DECD RetGC-1. HEK 293
cells were transiently transfected with 7.5 mg of DECD RetGC-1 or
R838C (5 mg) and DECD RetGC-1 (7.5 mg). Membrane proteins were
immunoblotted with an antibody to the RetGC-1 kinase homology
domain (Inset). Membranes containing equivalent amounts of DECD
RetGC-1 were assayed for GC activity for 20 min with indicated
concentrations of GCAP-2.

FIG. 7. GCAP-2 competes with GCAP-1 for activation of R838C.
GC activity was measured in transiently transfected membranes
expressing R838C stimulated with 2.5 mM GCAP-1 and indicated
concentrations of calmodulin (CaM) or GCAP-2.
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Addition of GCAP-2, but not calmodulin, reduced GCAP-1-
dependent activation of R838C by as much as 2.5-fold, indi-
cating that it competes effectively. The simplest interpretation
of this result is that R838C is competent in binding GCAP-2,
but is defective in being stimulated by the bound GCAP-2.

DISCUSSION

In this report, we characterize a mutation of RetGC-1 that was
identified first in patients with dominant cone–rod dystrophy.
The mutation, a substitution of Cys for Arg at residue 838
(R838C), is in a conserved amino acid in the putative RetGC-1
dimerization domain. We expressed this mutant protein in a
heterologous system (HEK 293 cells) and assayed its abilities
to synthesize cGMP and to be regulated. We find that R838C
has reduced catalytic ability and responds poorly to GCAP-2,
but its sensitivity to GCAP-1 is enhanced. We also find that
R838C also has an altered response to GCAP-1yCa21, such
that Ca21-dependent turnoff of R838C is impaired.

How might the altered response of the R838C mutant cause
dominant retinal degeneration? Because null alleles of
RetGC-1 in several reported cases of Leber’s congenital
amaurosis are deleterious only in homozygotes (21), it appears
that even a half-fold reduction in the amount of functional
RetGC-1 does not cause a significant visual defect, perhaps
because of the presence of protein encoded by the wild-type
allele or the other membrane cyclase, RetGC-2. The severely
reduced response of R838C to GCAP-2, which is not dominant
in the presence of wild-type RetGC-1, therefore should not, in
itself, cause a dominant disease phenotype. On the other hand,
we identified other properties of this mutant that cause a gain
of function and are dominant in our in vitro system even in the
presence of wild-type RetGC-1. R838C is less sensitive than
normal to suppression of its activity by Ca21yGCAP-1 and
shows an increased sensitivity to activation by GCAP-1. If the
localized concentration of GCAP-1 in the outer segments is
limiting, the increase in sensitivity could accelerate synthesis of
cGMP. The altered Ca21 sensitivity of R838C could cause
higher than normal rates of cGMP synthesis in dark-adapted
photoreceptors. The consequent alteration in the balance

between Ca21 concentration, enzyme activity, and cGMP-
gated channel activity may be the cause of the cone and rod
degeneration. Although a GCAP-1-mediated cause of degen-
eration is plausible, other possible causes of the disease, such
as a dominant effect of R838C on transport of RetGC-1 to
photoreceptor outer segments, cannot be dismissed based only
on our findings here. A R838C transgenic mouse model would
be especially useful in understanding further the cause and
progression of the disease.

The similarities between the R838C RetGC-1 mutation and
the Y99C mutation of GCAP-1 associated with dominant cone
dystrophy (18, 19) are intriguing. Both mutations cause a shift
in GCAP-1 Ca21 sensitivity so that Ca21-dependent turnoff is
hampered, which suggests the two diseases may have a similar
molecular etiology. Both diseases prominently affect cones,
which suggests that RetGC-1 and GCAP-1 may function more
prominently in cones. Although the precise localization of
RetGCs and GCAPs has been debated, a recent immunocy-
tochemical study of GCAPs in human retinas reported that the
relative ratios of GCAP-1 to GCAP-2 indeed were signifi-
cantly higher in cones than rods (22).

All three of the identified RetGC-1 mutations associated
with dominant cone–rod dystrophy are in conserved residues
in the dimerization domain of RetGC-1. The role of this
domain in membrane GC regulation is not fully understood.
The R838C mutation does not appear to simply block dimer-
ization, as originally suggested (1), because the catalytic do-
main of RetGC-1 appears to function as a homodimer (23, 24)
and R838C is catalytically active. Furthermore, it is unlikely
that abolishing dimerization in itself would produce a domi-
nant effect. The mutation does alter the Ca21 sensitivity and
affinity of the GCAP-1yGC interaction. Essentially, R838C is
easier to activate (via GCAP-1) and harder to turn off,
consistent with a stabilization of the active conformation of
RetGC-1.

To more fully dissect the molecular basis of the R838C
substitution, we generated the model shown in Fig. 8A of the
regulation of RetGC. ‘‘A’’ represents the catalytically active
state of the cyclase, and ‘‘I’’ represents the inactive state. The
fraction of cyclase molecules in the active state is determined

FIG. 8. (A) Equilibrium model for regulation of RetGC by GCAP and Ca21, as described in Discussion and Materials and Methods. For B and
C, the probability of the cyclase being in the active ‘‘A’’ state was calculated by using Eq. 1 (described in Materials and Methods) as a function of
GCAP concentration (B) and as a function of Ca21 concentration (C). The data points shown are taken from the GCAP-1 titration in Fig. 3. The
thick lines represent the calculated probability of being in the active state fit to the normal RetGC-1 data set. The values for the equilibrium constants
and cooperativity factors used for that fit were: KDA 5 1, KDI 5 .1, KCA 5 3.6, KCI 5 0.02, a 5 .025, b 5 5 3 105, m 5 5 3 105, n 5 1, K 5 70.
The constants KGC and D defined in Materials and Methods were 0.044 and 2.6, respectively. The thin lines represent a fit to the R838C data made
by keeping all the same values used for the normal RetGC-1 data except K, which was changed from 70 to 7 to simulate a mutation that makes
the transition to the active state more favorable. The total GCAP concentration, GT, used in this calculation was 10 mM.
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by the dissociation constants, KDA, KDI, KCA, and KCI; the
equilibrium constant K, which is equal to [I]y[A]; the coop-
erativity factors a, b, m, and n; and the concentrations of Ca21

and GCAP-1 as described in Eq. 1 (see Materials and Methods).
The darker lines in Fig. 8 B and C were calculated by using Eq.
1 and fit to our Ca21 and GCAP titration data for wild-type
RetGC-1 (solid circles). We used the model to investigate the
effect of shifting the equilibrium to favor the active state of the
molecule on the Ca21 sensitivity and sensitivity to GCAP-1.
The lighter lines in Fig. 8 B and C show the effects of shifting
the equilibrium constant ‘‘K’’ by a factor of 10 to favor the
active ‘‘A’’ state. The results fit well with the experimental data
from the R838C mutation (open circles). A similar result also
can be produced by decreasing the cooperativity factor, a,
which represents the degree of cooperativity of GCAP bind-
ing. Both of these events, stabilization of the active state and
enhanced cooperativity of GCAP binding, seem reasonable
based on the nature and location of the R838C mutation in the
dimerization domain of RetGC-1.

The R838C substitution is especially interesting mechanis-
tically because it demonstrates differential activation by
GCAPs and separates GCAP binding from activation. The two
retinal GCAPs are 40% identical overall, but most of the
homology resides in the central region of the molecules
containing the Ca21-binding EF-hands. The carboxyl and
amino termini of GCAP-1 and GCAP-2 are quite different.
Several groups have reported functional differences between
GCAP-1 and GCAP-2. Myristoylation is important for
GCAP-1 function, but not for GCAP-2 (6, 25). The Y99C
mutation of GCAP-1 causes a shift in Ca21 sensitivity (18, 19),
but the corresponding mutation in GCAP-2 does not (19). The
functional roles of the individual EF-hands of the GCAPs also
appear to be different (15, 16). Recent chimeric analyses of
GCAP-1 (26) and GCAP-2 (27) have pointed to the N and C
termini as important for activation and portions of the core as
important for inhibitionybinding. Because the central region is
somewhat conserved between GCAPs, it seems plausible that
binding occurs at the same or overlapping sites on RetGC.

The only other reported RetGC-1 mutants showing differ-
ential activation by GCAPs were mutants of bovine RetGC-1
(ROS-GC) that were missing the kinase homology domain or
that were substituted with the GC-A kinase homology domain
(28). These responded poorly to GCAP-1, but retained
GCAP-2 stimulation. It was not clear from that study whether
the defect was in binding or activation. The R838C mutant
should provide a useful tool for further analysis and dissection
of the mechanisms of RetGC activation, the differences be-
tween activation by GCAP-1 or GCAP-2, and the different
requirements for binding and activation.
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generating the model shown in Fig. 8. We also thank Krzysztof
Palczewski (University of Washington, Department of Ophthalmol-
ogy) for a gift of human GCAP-1. These studies were supported by
grants from the National Institutes of Health (EY06641) to J.B.H. and
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