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ABSTRACT: Rod outer segment guanylate cyclase 1 (ROS-GC1) is a member of the subfamily of Ca2+-
regulated membrane guanylate cyclases; and it is pivotal for vertebrate phototransduction. Two opposing
regulatory modes control the activity of ROS-GC1. At nanomolar concentrations of Ca2+, ROS-GC1 is
activated by Ca2+-binding proteins named guanylate cyclase activating proteins (GCAPs). However, at
micromolar concentrations of Ca2+, ROS-GC1 is stimulated by S100â [also named calcium-dependent
(CD) GCAP]. This mode is not linked with phototransduction; instead, it is predicted to be involved in
retinal synaptic activity. Two point mutations, E786D and R787C, in ROS-GC1 have been connected
with cone-rod dystrophy (CORD6), with only one type of point mutation occurring in each family. The
present study shows that the E786D mutation has no effect on the basal catalytic activity of ROS-GC1
and on its activation by GCAP1 and S100â; however, the mutated cyclase becomes more activated by
GCAP2. The R787C mutation has three consequences: (1) it causes major damage to the basal cyclase
activity, (2) it makes the cyclase 5-fold more sensitive to activation by GCAP1; and 3) converts the
cyclase into a form that is less sensitive to activation by GCAP2 and S100â. Thus, the two CORD6-
linked mutations in ROS-GC1, which occur at adjacent positions, result in vastly different biochemical
phenotypes, and they are connected with very specific molecular defects in the Ca2+ switching components
of the cyclase. These defects, in turn, are proposed to have a profound effect on both the machinery of
phototransduction and the retinal synapse. The study for the first time defines the biochemistry of CORD6
pathology in precise molecular terms.

Vertebrate rods and cones are highly differentiated retinal
neurons that generate electric signals in response to captured
photons. The biochemical process by which these signals
are generated is called phototransduction (reviewed in refs
1 and 2). Two pivotal molecules of phototransduction are
Ca2+ and cyclic GMP, which are interlocked in a reciprocal
feedback loop (3, 4). The captured photon causes a decline
in the level of cyclic GMP and closure of the cyclic GMP-
gated cation channels. This results in the lowering of
intracellular Ca2+ from ∼500 nM in dark-adapted photore-
ceptor cell to below 100 nM after illumination (5-9). The
decrease of intracellular Ca2+ activates the rod outer segment
(ROS)1 membrane guanylate cyclase (ROS-GC1). Increased
synthesis of cyclic GMP along with the inactivation of the
phototransduction cascade leads to the reopening of the cyclic
GMP-gated channels and restoration of the dark current of
the photoreceptors.

Four subtypes of membrane guanylate cyclases have been
cloned from the retina. Two are peptide receptors and two
are not. The peptide receptors, ANF-RGC (10, 11) and CNP-
RGC (12), have no role in phototransduction (2). The non-
peptide receptors, ROS-GC1 (13, 14; structure in ref15
corrected in GenBank accession no. M92432) and ROS-GC2
(14, 16, 17), belong to the subfamily of ROS-GC. They
reside in photoreceptors and mimic the native cyclase activity
under conditions of phototransduction, i.e., their cyclase
activities are cooperatively activated by low Ca2+, with K1/2

near 100 nM, and are progressively inhibited with increasing
Ca2+ concentrations (16-18). Hence, they are regulated
intracellularly by Ca2+ and meet the criterion of being linked
with phototransduction (3). The physiological significance
of the heterogeneity in ROS-GCs and its relationship with
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rod-cone expression pattern is not known. However, the
emerging evidence strongly supports the physiological
linkage of ROS-GC1 with phototransduction in ROS: (1)
To date, only ROS-GC1 presence in ROS has been demon-
strated biochemically via its purification from ROS and
partial sequencing (19, 20); (2) mutations that cause loss of
ROS-GC1 expression lead to defects in retinal morphology
as well as visual transduction in human (21) and chicken
(22); and (3) only ROS-GC1 mutations specific to a rod-
specific abnormality, Leber’s congenital amaurosis (LCA1)
(21), explain the disease phenotype in molecular terms (23).

A recent study has mapped two mutations, collectively
termed cone-rod dystrophy type 6 (CORD6), to human
chromosome 17p12-p13, where the gene of ROS-GC1 is also
localized (24). Each mutation is linked with a single amino
acid substitution in ROS-GC1: E786D or R787C in an
individual patient (24). Typical phenotypic characteristics of
CORD-linked diseases are that they first cause deterioration
of cone photoreceptor cells and then of rod photoreceptor
cells (24). Thus, the disease damages both cones and rods:
At the early stage of the disease, there is photophobia and
loss of color vision, followed by night blindness and macular
degeneration at the later stage (24). Hence, ROS-GC1 is
linked not only with rod-specific phototransduction but also
with cone-specific phototransduction.

In line with the membrane guanylate cyclase family trait,
ROS-GC1 is a single transmembrane-spanning protein with
an extracellular segment and an intracellular segment of
almost equal length (13). A 26 amino acid transmembrane
domain partitions the two segments (13-15). The intracel-
lular domain is composed of modular blocks and contains
at least three distinct Ca2+ signaling modules, which regulate
the core catalytic cyclase module (model in Figure 6 of ref
25). Regulation by Ca2+ is indirect, via Ca2+-binding
proteins: two isoforms of guanylate cyclase activating
protein, GCAP1 and GCAP2, activate ROS-GC1 at 100 nM
free Ca2+ or below (26-30); a different type of Ca2+-binding
protein, S100â, also termed as CD-GCAP, activates
ROS-GC1 at micromolar free Ca2+ (31-33). Regulation by
GCAPs is linked with phototransduction (18, 25, 27),
whereas regulation by S100â is presumably linked with
retinal synaptic activity (31-33).

The present study was undertaken to analyze the effect of
the two CORD6-linked mutations on the phototransduction-
and/or synaptic-linked components of ROS-GC1 and thus
to define the biochemistry of the CORD6 pathology in
precise molecular terms.

MATERIALS AND METHODS

Construction of ROS-GC1 Mutants. Two CORD6-related
ROS-GC1 mutants, E786D and R787C, were constructed.
The numbering corresponds to the mature ROS-GC1 protein
(13). Both mutations required a single nucleotide change.
The GAG codon for glutamic acid was changed to the GAC
codon for aspartic acid, and the CGC codon for arginine was
changed to the TGC codon for cysteine. The mutations were
introduced by the technique of coupled priming mutagenesis
(18, 23) with the ampicillin-repair primer (for selection) and
the following mutagenic primers: 5′-GACCTGATCCGG-
GACCGCACAGAGGA for E786D, and 5′-CTGATCCGG-
GAGTGCACAGAGGAGCT-3′ for R787C (the mutated

nucleotides are in boldface type and underlined). The mutated
recombinants were sequenced to confirm their identities.
They were then individually subcloned into a pcDNA3
expression vector (Invitrogen).

Insertion of N-Terminal FLAG Epitope into ROS-GC1 and
Its Mutants. FLAG (DYKDDDDK) epitope was inserted into
ROS-GC1 immediately after the signal peptide cleavage site
(13, 23). The construct is named FLAG-ROS-GC1. FLAG-
E786D and FLAG-R787C ROS-GC1 mutants were built by
substituting theSfiI/BamHI fragment of FLAG-ROS-GC1
cDNA in pcDNA3 expression vector with theSfiI/BamHI
fragment of the ROS-GC1 mutants.

Expression and Purification of Recombinant GCAP1 and
GCAP2. The bovine GCAP1 cDNA was expressed in
Escherichia coliER2566 strain carrying the plasmid pBB131
(a kind gift of Dr. J. Gordon) encoding yeast N-myristoyl-
transferase. The protein was purified as described previously
(23). The bovine GCAP2 cDNA was expressed in Sf9 insect
cells and purified to homogeneity as described in ref34.

Expression Studies. COS-7 cells (simian virus 40-
transformed African green monkey kidney cells), maintained
in Dulbecco’s modified Eagle’s medium with penicillin,
streptomycin, and 10% fetal bovine serum, were transfected
with the expression constructs by the calcium phosphate
coprecipitation technique (35). Sixty hours after transfection,
cells were washed twice with 50 mM Tris-HCl (pH 7.5)/10
mM MgCl2 buffer, scraped into 2 mL of cold buffer,
homogenized, centrifuged for 15 min at 5000g, and washed
several times with the same buffer; the pellet represented
the crude membranes.

Guanylate Cyclase Assay. The crude membranes were
assayed for guanylate cyclase activities as described previ-
ously (36). Briefly, the membranes were preincubated in an
ice bath with or without GCAP1, GCAP2, or S100â in the
assay system containing 10 mM theophylline, 15 mM
phosphocreatine, 20µg of creatine kinase, and 50 mM Tris-
HCl (pH 7.5) and adjusted to the appropriate free Ca2+

concentrations with precalibrated Ca2+/EGTA solutions
(Molecular Probes). Total assay volume was 25µL. The
reaction was initiated by the addition of the substrate solution
containing 4 mM MgCl2 and 1 mM GTP. Incubation (37
°C, 10 min) was terminated by the addition of 225µL of 50
mM sodium acetate buffer (pH 6.2) followed by heating in
a boiling water bath for 3 min. The amount of cyclic GMP
formed was determined by radioimmunoassay (37).

Western Blot. After boiling in gel-loading buffer [62.5 mM
Tris-HCl, (pH 7.5), 2% SDS, 5% glycerol, 1 mMâ-mer-
captoethanol and 0.005% bromophenol blue], 20µg of
membrane protein was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in a buffer
(pH 8.3) containing 0.025 M Tris, 0.192 M glycine, and 0.1%
SDS. The proteins were transferred to Immobilon membranes
(Millipore) in the same buffer but containing 5% methanol.
The blot was incubated in Tris-buffered saline (TBS, pH 7.5)
containing 100 mM Tris-HCl, 0.9% NaCl, and 0.05% Tween-
20 (TBS-T) with 5% powdered nonfat Carnation milk
(blocking buffer) overnight at 4°C and rinsed with TBS-T.
The anti-FLAG monoclonal antibodies (Sigma) were added
at 1:300 dilution in the blocking buffer and the incubation
was continued for 1 h. After the blot was rinsed with
TBS-T, the incubation was continued with the secondary
antibody conjugated to horseradish peroxidase in blocking
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buffer (1:20 000) for another hour. Finally the blot was
treated with SuperSignal blaze chemiluminescent substrate
(Pierce) for 5 min according to the manufacturer’s protocol.
The immunoreactive band was detected by exposing the blot
to Kodak X-ray film for 15 s.

Surface Plasmon Resonance Measurements. SPR spec-
troscopy was applied to test interaction between peptides that
encompass the region surrounding amino acid (aa) residues
786 and 787 of ROS-GC1 and the Ca2+-binding proteins
GCAP1, GCAP2, and S100â. Peptides representing the
region aa 744-807 in bovine ROS-GC1 were synthesized
with a multipin peptide synthesis kit (Chiron Mimotopes).
The manufacturer’s protocol was modified according to ref
38. Each peptide was 12 aa long and overlapped with the
preceding one by 10 amino acids. The peptides were
numbered 54-80, according to an internal laboratory system.
Binding of peptides to GCAP1, GCAP2, and S100â was
tested by recording sensograms with a BIAcore system using
BIAcore control software 1.2. Each Ca2+-binding protein was
immobilized on the surface of a dextran-coated sensor chip
via a cysteine thiol group as described previously (39).
Immobilization levels were 0.3 pmol/mm2 for GCAP1 and
GCAP2 and 0.4 pmol/mm2 for S100â. A control surface was
made by immobilizing cysteine. Peptides were dissolved or
suspended in running buffer (40 mM MOPS, pH 7.1, 60 mM
KCl, 10 mM NaCl, 10 mM MgCl2, 0.005% Tween 20, and
0.01% BSA) and 2 mM ethylene glycol bis(â-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA) (-Ca2+) or 2 mM
Ca-EGTA (+Ca2+) as indicated. Free Ca2+ concentration was
adjusted and calculated as described previously (39): solu-
tions labeled-Ca2+ contained 1 nM free Ca2+, and solutions
labeled+Ca2+ contained 24µM free Ca2+. The concentration
of peptides was 0.5 mg/mL (approximately 0.3 mM).
Undissolved material was removed by a short centrifugation
step (5 min, 15000g) and the supernatant was used to monitor
interaction with immobilized GCAP1 (GCAP2 or S100â)
as described below. The flow rate was set at 5µL/min. The
flow cell was equilibrated with running buffer for 10 min
before a normalization pulse of 1% glycerol in running buffer
was applied. After further equilibration for 10 min, 20µL
of a peptide solution was injected and the resonance signal
was recorded at the end of the injection. Peptide solutions
were injected over a surface coated with GCAP1, GCAP2,
or S100â and over a control surface, where cysteine had been
immobilized. The surface was then regenerated with a pulse
of 10 µL of 0.5% sodium dodecyl sulfate (SDS), followed
by 10 µL of 0.1 M CaCl2. Changes in resonance signal
evoked by the peptide injection were normalized to the 1%
glycerol pulse. The normalized specific response was then
calculated by subtracting the normalized response obtained
with the control flow cell from the normalized response
obtained with the GCAP1-, GCAP2-, or S100â-coated flow
cell.

RESULTS

E786D Mutation in ROS-GC1 Does Not Affect Its Basal
Cyclase ActiVity; R787C Mutation Damages It. CORD6 is
heterogeneous. Two missense mutations in ROS-GC1 gene,
E786D and R787C, have been linked with this disease in
four British families (24). Each afflicted family contains only
one of the above mutations. Both of these mutations are in
exon 18 of the gene (40-42). The two residues, E786 and

R787, are adjacent to each other and are invariant between
its human, dog, rat, mouse, and bovine forms (Figure 1).
Thus, they are conserved. To elucidate the biochemical
consequences of the E786D and R787C mutations on the
basal state of ROS-GC1, the mutations were created in the
wild-type cloned ROS-GC1. The cyclases were expressed
in a heterologous system of COS cells where, under native
conditions, there is no expression of ROS-GC1. Leader
sequence of all constructs was retained to ensure proper
translocation and folding of the proteins. The cell membranes
expressing the recombinant guanylate cyclases were tested
for basal activity. To ensure that these activities are
represented by equal amounts of the proteins, their expres-
sions were assessed in parallel. A highly immunogenic FLAG
epitope (DYKDDDDK) was inserted into the cyclases
immediately after the signal peptide cleavage site (13).
Insertion of FLAG sequence does not affect the basal cyclase
activity (23). The FLAG constructs were expressed in COS
cells. The membranes were subjected to a Western analysis
with anti-FLAG monoclonal antibodies. The blots showed
single immunoreactive bands of almost equal intensity
(Figure 2B), indicating comparable expression of the pro-
teins.

The basal guanylate cyclase activities of the wt-rROS-
GC1 and E786D were almost equal, about 130 and 120 pmol
of cyclic GMP min-1 (mg of protein)-1, respectively (Figure
2A). Thus, the E786D mutation does not affect the basal
activity of ROS-GC1.

The basal guanylate cyclase activity of the R787C mutant
was about 30 pmol of cyclic GMP min-1 (mg of protein)-1,
which was only about one-fourth the wt-rROS-GC1 activity
(Figure 2A). This indicates that, in contrast to the E786D
mutation, which has no influence, the R787C mutation causes
a major loss in the intrinsic cyclase activity of ROS-GC1.

E786D and R787C Mutations Result in Different Respon-
siVeness of ROS-GC1 to GCAP1 and GCAP2. GCAP1 and
GCAP2 activate ROS-GC1 at low Ca2+ concentrations, but
the target site in ROS-GC1 is different for GCAP1 and
GCAP2 (25, 34). To determine the biochemical consequences
of E876D and R787C mutations under the Ca2+ concentration
that mimics light-adapted photoreceptors, COS cell mem-

FIGURE 1: Schematic representation of the ROS-GC1 protein. The
following denote the predicted domains: LS, leader sequence; EXT,
extracellular (intradiscal) domain; TM, transmembrane domain.
Numbers indicated correspond to the mature protein (13). Alignment
of the human, dog, rat, mouse and bovine amino acid sequences
(GenBank accession numbers M92432/AJ222657, Y15483, L36029,
L41933, L37089, respectively) in the region surrounding positions
786 and 787 is shown. The location of overlapping peptides 54-
80, used in binding experiments, is also indicated.
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branes expressing the wild type and the mutants were
incubated with incremental concentrations of purified re-
combinant GCAP1 or GCAP2 at a fixed (10 nM) Ca2+

concentration. The membranes expressing wt-rROS-GC1
served as control.

GCAP1 stimulated the wild type and E786D in a dose-
dependent fashion, with almost identical stimulatory patterns
(Figure 3A). The maximal cyclase activation was about
5-fold over the basal value; the half-maximal effective
concentration (EC50) of GCAP1 was reached at about 1µM,
and saturation at about 3µM. The results indicate that E786D
mutation will not alter the light-adapted state of the photo-
receptors.

In contrast to the E786D mutation, ROS-GC1 with the
R787C mutation responded to saturating concentrations of

GCAP1 with a 25-fold activation over the basal value (Figure
3A). Thus, the mutant was 5-fold more responsive to GCAP1
than the wild type. The EC50 value of GCAP1 for the mutant
and the wild-type cyclase was the same, however. Therefore,
the mutation converts ROS-GC1 into a state where it is 5-fold
hyperactive to a GCAP1 signal.

E786D and R787C mutations showed opposite effects on
GCAP2 regulation of ROS-GC1. Here, the former mutation
converted ROS-GC1 into a form that was more responsive
to GCAP2 at saturating concentrations (Figure 3B), and
intriguingly, the R787C mutant was less responsive to
GCAP2 (Figure 3B). There was no change in the EC50 value
with any of the mutants. Thus, the mutations differentially
alter the GCAP1- and GCAP2-mediated regulation of
ROS-GC1.

To determine the biochemical consequences of the muta-
tions on the dark- and light-adapted state of photoreceptors,
Ca2+-dependent modulation of cyclase activity was inves-
tigated at maximal GCAP1 or GCAP2 concentrations and
at varying concentrations of Ca2+. The pattern was identical
for the wild-type and mutated cyclases (Figure 4A,B). The
cyclase activity increased when the free Ca2+ concentration
decreased. Half-maximal activation of ROS-GC1 by GCAP1
or GCAP2 was at about 120 nM free Ca2+, irrespective
whether the wild type or the mutants E786D and R787C
were tested. Thus, the mutations do not alter the Ca2+

sensitivity of the switching mechanism; they only alter the
activation process by GCAP1 and GCAP2.

E786D Mutation Does Not Alter the S100â-Mediated
ActiVation of ROS-GC1; R787C Mutation Lowers It. Besides
regulation by GCAPs (vide supra), ROS-GC1 is activated
by S100â (CD-GCAP) at micromolar Ca2+ concentrations
(31-33). To determine the biochemical consequences of
E786D and R787C mutations on the regulation by S100â,
the membranes expressing the mutants were incubated with
incremental concentrations of S100â, at a fixed, high (1 mM)
Ca2+ concentration. In parallel, under identical conditions,
the membranes expressing wt-rROS-GC1 were analyzed.
S100â stimulated wt-rROS-GC1 and both mutants in a dose-
dependent fashion; in each case, half-maximal activation of
the enzyme occurred at∼1 µM and saturation between 2

FIGURE 2: Expression of the wt-rROS-GC1, E786D, and R787D
mutant proteins. (A) Guanylate cyclase activity. COS7 cells were
individually transfected with the appropriate expression constructs,
and the membranes were prepared as described under Materials
and Methods. These were assayed for guanylate cyclase activity.
The experiment was repeated three times for reproducibility. (B)
Western blot. Proteins (20µg of COS7 cell membranes containing
FLAG-ROS-GC1, FLAG-E786D, or FLAG-R787C) were subjected
to SDS-PAGE. After electrophoresis the proteins were transferred
to Immobilon membranes, and the blots were incubated with anti-
FLAG monoclonal antibody and with the secondary antibody as
described under Materials and Methods. Immunoreactive bands
were visualized by exposing the blots to Kodak X-ray film. The
experiment was repeated three times with membranes prepared from
separate transfection experiments.

FIGURE 3: Effect of GCAP1 (A), GCAP2 (B), and S100â (C) on the cyclase activity of the wt-rROS-GC1 and mutant proteins E786D and
R787C. COS7 cells were transfected with appropriate expression constructs and the membranes were prepared as described under Materials
and Methods. These were assayed for guanylate cyclase activity in the presence of 10 nM Ca2+ and incremental concentrations of GCAP1
or GCAP2, and in the presence of 1 mM Ca2+ and indicated concentrations of S100â. Each experiment was done in triplicate and repeated
at least three times with separate membrane preparations. The depicted curves are from one typical experiment. Error bars are within the
sizes of the symbols.
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and 4µM (Figure 3C). The stimulation of all the cyclases
was Ca2+-dependent, with EC50 occurring at∼15µM (Figure
4C). However, at saturating S100â concentration, R787C
mutant was significantly less active than the wild type or
the E786D mutant. Thus, the E786D mutation does not alter
the S100â-dependent response. The R787C mutation, on the
other hand, decreases it.

Region Encompassing the CORD6-Related Amino Acids
Is Not InVolVed in Binding of GCAPs and S100â. Are E786D
and R787C mutations in ROS-GC1 located in a region that
directly binds GCAP1, GCAP2, or S100â? This issue was
resolved by a surface plasmon resonance study.

GCAPs or S100â were individually immobilized on a
sensor chip. Synthetic peptides covering the region aa 744-
807 of ROS-GC1 (Figure 1) were applied in the mobile
phase. Amino acids E786 and R787 are present in peptides
70-75 (peptide 70,776YSSNLEDLIRER787; peptide 75,
786ERTEELELEKQK797). The results are presented in
Figure 5. No binding of GCAP1, GCAP2, or S100â was
observed with peptides 65-80 (aa 766-807) in the absence
or presence of Ca2+. However, small responses were
observed with peptides 56-59 (aa 748-765). In the case of
GCAP1 and GCAP2 with peptides 56-59, the response
signals were larger in the absence of Ca2+ than in the
presence of Ca2+ (compare Figure 5 panels A and B). In the
case of S100â with peptides 56-59, the binding signals were
smaller under both Ca2+ conditions than the signals observed
with GCAP1 and GCAP2; however, the binding responses
were slightly larger in the presence of Ca2+. As a positive
control for binding we used a peptide from the intracellular
region, 507DWVWLKK FPGDR518. This peptide contains a
phenylalanine at position 514 that is mutated to a serine in
the retinal disease LCA1 (21). The mutated ROS-GC1 is
not activated by GCAP1 (23), indicating that this region is
critical for regulation by GCAP1 and a possible site for
interaction. Binding of GCAP1 to this peptide was observed
by SPR spectroscopy with a 3-4-fold higher amplitude of
the response signals than binding to peptides 56-59 (data
not shown). Binding of GCAP1 to ROS-GC1 probably
occurs via a multipoint attachment including the sites
represented by these peptides (D507-R518 and 56-59).

We conclude from these results that the CORD6-related
amino acids are not located within the binding sites for
GCAPs or S100â.

DISCUSSION

In this study an attempt has been made to define the
biochemistry behind the pathology of two types of CORD6
in molecular terms. Both CORDs are the direct consequences
of ROS-GC1 mutations. One involves E786D, and the other,
R787C (24). ROS-GC1 is a pivotal molecule of phototrans-
duction machinery and also, seemingly, of retinal synaptic
activity (2). The enzyme is designed to sense and adjust its
activity according to the fluctuating levels of intracellular
free Ca2+ in the outer segments of rods and cones. The
fluctuation, in turn, regulates the concentration of the cyclic
GMP pool, which gates the cation channels. Since Ca2+

enters the cell via the cGMP-gated channels and is extruded
via the Na+/Ca2+, K+ exchanger, the Ca2+ levels and ROS-
GC1 activity are interlocked in phototransduction. In the
present study the effect of CORD6 mutations on the
modulation of ROS-GC1 phototransduction and the synaptic
activity components has been analyzed. On the basis of these
findings, an attempt has been made to define the phenotype
of each dystrophy in molecular terms. The effects of each
mutation on different aspects of visual transduction in an
otherwise competent retina have been analyzed. The study
has revealed several intriguing aspects, which are discussed
under the following headings.

Phototransduction: (A) Dark Current.A basic operational
principle of the phototransduction machinery is the mainte-
nance of the optimum level of cytoplasmic cyclic GMP in
the dark state. This keeps fractional (∼5%) cyclic GMP
channels open (2). The estimated cyclic GMP is∼4 µM,
resulting from its balanced synthesis and hydrolysis. The
E786D mutation has no influence on the intrinsic ROS-GC1
activity. Thus, the dark state of the photoreceptors would
not be affected.

In contrast to the E786D mutation, the R787C mutation
reduces the intrinsic ROS-GC1 activity by about 4-fold. Only
one-fourth of the required cyclic GMP is produced. This
would result in a lowered steady-state level of cyclic GMP

FIGURE 4: Ca2+ dependence of wt-rROS-GC1, E786D, and R787C guanylate cyclase activities in the presence of 4µM GCAP1 (A), 15
µM GCAP2 (B), or 4µM S100â (C). Membranes of COS7 cells expressing wt-rROS-GC1, E786D, or R787C were assayed for guanylate
cyclase activity in the presence of saturating concentrations of GCAP1, GCAP2, or S100â and increasing concentrations of free Ca2+. The
results were normalized to the values presented in Figure 3. Each experiment was done in triplicate and repeated two times. The results
presented are from one representative experiment. Error bars are within the sizes of the symbols.
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in dark-adapted photoreceptor cell. This, in turn, will
drastically reduce the open state of the cyclic GMP-gated
channels, causing a reduction in dark current in the photo-
receptors. Concomitant with the reduction of dark current is
a decrease of cytoplasmic Ca2+ due to the operation of the
exchanger. However, this fall in cytoplasmic Ca2+ would
not be caused by light but by the defects of the R787C mutant
(vide infra). An affected photoreceptor cell would sense a
kind of light-adapted status, although it is in the dark state.
The lowered Ca2+ level will in turn trigger the Ca2+-
dependent feedback signals by the Ca2+-sensorssGCAP1,
GCAP2, recoverin, and calmodulin. Thus, the mutant pho-
toreceptor would adapt at lower light intensities for a given
background light than normal cells. This will cause a shift
in the response-intensity curve to lower light intensities.
The affected individuals will, therefore, suffer from poor
vision in bright light. This is, indeed, an affliction observed
in CORD6 patients (24).

(B) GCAP1 Signaling. The R787C mutation makes ROS-
GC1 hyperactive to modulation by GCAP1. The lower basal
activity of the R787C mutant is fully compensated by this
increased response to GCAP1. This would, however, lead
to a dramatic change in the cGMP homeostasis in an affected
cell. Thus, the cyclase mutation is predicted to have two

physiological consequences: (1) It would greatly accelerate
the recovery phase, and (2) it would compensate for the lower
basal cyclase activity by increasing the GCAP1-dependent
amplitude of modulation. The mutation has tricked the
cyclase: the recovery phase would be greatly shortened and
the photoreceptor would be put in a sustained state of “false”
photoexcitation.

Both E786D and R787D are adjacent to each other,
occurring in the predicted dimerization domain of the cyclase.
Yet the E786D mutation affects neither the basal nor the
GCAP1-dependent cyclase activity. However, both of these
activities are affected by the R787C mutation. The change
from E to D is very conservative and is anticipated to cause
little configurational change in the cyclase, and hence, also
in its basal and activated states. The mutation at residue 787
involves an R to C change, which is drastic. The change
involves transformation of a charged residue to a hydropho-
bic residue, which, in turn, is highly reactive due to its
sulfhydryl group. Normal catalysis of cGMP formation
occurs at a dimer interface (43) and a very recent study has
shown that activation by GCAPs involves the dimerization
of ROS-GC1 (44). Apparently, the dimer formation is
disturbed in the R787C mutant, leading to lower cyclase
activity. Modulation by GCAP1 would then facilitate the

FIGURE 5: Binding of ROS-GC1 peptides to immobilized GCAP1, GCAP2, and S100â in the absence of Ca2+ (A) and in the presence of
Ca2+ (B). Ca2+-binding proteins were immobilized via thiol coupling as described under Materials and Methods. Peptides were applied in
running buffer containing 1 nM free Ca2+ (A) or 24 µM free Ca2+ (B). Maximal amplitudes of binding signals were determined and
normalized to a pulse of 1% glycerol. Nonspecific binding to a control surface was subtracted. Binding signals are expressed as normalized
specific response. All runs were performed in duplicate. Dotted lines indicate the standard deviation of the overall mean.
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formation of the correct dimer interface in the mutant
resulting in the observed 25-fold activation of ROS-GC1.
That the mutation, indeed, affects the dimerization step and
does not affect the GCAP1 binding step is in accord with
the results of this study, where SPR screening shows that
the hypothetical dimerization domain of ROS-GC1 does not
contain the GCAP binding domain.

(C) GCAP2 Signaling. At a biochemical level, an ex-
tremely intriguing finding of this study relates to the GCAP2
activation of E786D mutant, without having much effect on
the R787C mutant. This indicates that the E786D mutation
selectively turns “on” the GCAP2 switching cyclase mech-
anism. This also indicates that GCAP1 and GCAP2 act at
two different sites in ROS-GC1, supporting the same
previous conclusion, which was based on the biochemical
studies involving hybrid technology (25, 34).

At a physiological level, consequences of the selective
alteration of GCAP2 switch in E786D are difficult to
interpret. The immunocytochemical presence of GCAP2 has
been shown both in the rods and in the cones (45); however,
no conclusive view has been reached about the precise role
of GCAP2 in rods and cones. Factoring this in with the
information that CORD6-linked ROS-GC1 mutations are
primarily related first to the cone and then to the rod
dystrophy (24), the cone GCAP2 in E786D dystrophy will
accelerate the recovery phase. But it will have no effect in
the R787C dystrophy.

Retinal Synapse. ROS-GC1 has also a putative role in
retinal synaptic activity. The present study shows that the
R787C mutation in ROS-GC1 also disables the activation
of the enzyme by S100â. The S100â-dependent cyclase
activity is halved in the mutant. Because the mutant in its
basal state is only one-fourth as active as the wild type, this
indicates that about 90% of the synaptic cyclase component
has been damaged. It is, therefore, predicted that the synapse-
related retinal functions in the individuals with this mutation
will be severely affected. This prediction is in accord with
a recent study where a cone-rod photoreceptor dystrophy
has been related to a distortion of cone photoreceptor pedicles
(46).

In conclusion, this study, for the first time, has shown the
precise biochemical effects of two ROS-GC1-linked cone-
rod dystrophies that cause significant damage in phototrans-
duction and, presumably, at the retinal synapse. The findings
have been applied to define the disease phenotypes in exact
molecular terms.
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