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Guanylyl cyclase activating proteins (GCAPs) are calcium/magnesium binding proteins
within neuronal calcium sensor proteins group (NCS) of the EF-hand proteins superfamily.
GCAPs activate retinal guanylyl cyclase (RetGC) in vertebrate photoreceptors in response
to light-dependent fall of the intracellular free Ca2+ concentrations. GCAPs consist of four
EF-hand domains and contain N-terminal fatty acylated glycine, which in GCAP1 is required
for the normal activation of RetGC. We analyzed the effects of a substitution prohibiting
N-myristoylation (Gly2 → Ala) on the ability of the recombinant GCAP1 to co-localize with
its target enzyme when heterologously expressed in HEK293 cells. We also compared
Ca2+ binding and RetGC-activating properties of the purified non-acylated G2A mutant and
C14:0 acylated GCAP1 in vitro. The G2A GCAP1 expressed with a C-terminal GFP tag was
able to co-localize with the cyclase, albeit less efficiently than the wild type, but much less
effectively stimulated cyclase activity in vitro. Ca2+ binding isotherm of the G2A GCAP1
was slightly shifted toward higher free Ca2+ concentrations and so was Ca2+ sensitivity
of RetGC reconstituted with the G2A mutant. At the same time, myristoylation had little
effect on the high-affinity Ca2+-binding in the EF-hand proximal to the myristoyl residue
in three-dimensional GCAP1 structure. These data indicate that the N-terminal fatty acyl
group may alter the activity of EF-hands in the distal portion of the GCAP1 molecule via
presently unknown intramolecular mechanism.
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INTRODUCTION
Retinal guanylyl cyclase activating proteins (GCAPs) form a sub-
family within the neuronal calcium sensor (NCS) proteins group
of the EF-hand superfamily (reviewed in: Burgoyne, 2007). The
GCAPs are closely related to neurocalcin, hippocalcin, recoverin,
and other NCS proteins and share a number of typical features
for the group: they consist of two pairs of calmodulin-type EF-
hands (Ames et al., 1999; Stephen et al., 2006, 2007), of which
the N-terminal EF-hand 1 does not bind divalent cation, and are
modified at the N-terminus by fatty acyl group (Figure 1A). The
modification is commonly referred to as myristoylation, although
in mammalian retinal proteins, the N-terminal Gly group can be
fatty acylated by one of four different C14 and C12 derivatives
(Dizhoor et al., 1992; Johnson et al., 1994), all of which can be
found in GCAP (Palczewski et al., 1994).

Among the NCS proteins, GCAPs arguably have the most
clearly understood physiological function. The GCAPs regu-
late activity of retinal membrane guanylyl cyclase (RetGC) in
photoreceptors in a Ca2+-sensitive manner (Koch and Stryer,
1988; Dizhoor et al., 1994, 1995; Gorczyca et al., 1994) and
thus critically expedite recovery and light adaptation of rods
and cones (Mendez et al., 2001; Burns et al., 2002; Sakurai

Abbreviations: EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,N′ ,N′-
tetraacetic acid; GCAP, guanylyl cyclase activating protein; RetGC, retinal
membrane guanylyl cyclase; GFP, green fluorescent protein; NCS proteins,
neuronal calcium binding proteins.

et al., 2011). Rods and cones maintain partially depolarized
state in the dark by opening a fraction of cGMP-gated chan-
nels in the outer segment, thus allowing influx of Na+ and
Ca2+. In the light, when bleached photopigment activates pho-
totransduction cascade, cGMP becomes rapidly depleted by
light-activated phosphodiesterase and the cGMP-gated chan-
nels become closed, thus causing hyperpolarization of the
membrane—the first cellular step in visual signal detection
(reviewed in: Fu and Yau, 2007). Photoreceptors can quickly
recover from excitation and adapt to background illumination
by re-opening cGMP-gated channels, and GCAPs control one
of the key biochemical pathways expediting the recovery and
light adaptation. In response to illumination, GCAPs activate
cGMP re-synthesis via negative calcium feedback mechanism
that trails the excitation state of the photoreceptor (reviewed
in: Pugh et al., 1997, 1999). Ca2+ is constantly extruded from
the outer segment via Na/Ca, K-exchanger, in the dark, when
several percent of the cGMP-gated channels are open at any
given time, Ca2+ can re-enter the outer segment through the
open channels and accumulates in the cytoplasm at submi-
cromolar concentrations. In mouse rods, the measured steady-
state concentrations in the dark approach 250 nm (as high
as 410–560 nm free Ca2+ were reported in lower vertebrates)
and rapidly fall nearly 10-fold in the light, when the cGMP-
gated channels are shut down (Gray-Keller and Detwiler, 1994;
Sampath et al., 1999; Woodruff et al., 2002). Therefore, GCAPs
bind Ca2+ and maintain their inhibitory conformation that
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FIGURE 1 | (A) Structure of myristoylated GCAP1 [Stephen et al. (2007)]. Myristoyl residue buried inside the EF-1/EF-2 pair of EF-hands is shown in red.
(B) Dose-dependence of recombinant RetGC1 activation by myristoylated and G2A GCAP1 (mean ± SD). For details of the assay—see Materials and Methods.

decelerates RetGC in the dark (Dizhoor and Hurley, 1996;
Dizhoor et al., 1998). Mg2+ can actively compete with Ca2+
binding in EF-hand domains of GCAPs (Peshenko and Dizhoor,
2004), and at the low free Ca2+ levels in the light it converts
GCAPs into Mg2+-bound, RetGC activator state. This stimu-
lates cGMP synthesis and, therefore, allows the rod to timely
re-open the cGMP-gated channels and recover from the hyper-
polarization state. Following the completion of recovery, Ca2+
returned through the re-opened cGMP-gated channels converts
GCAPs back to their Ca2+-bound inhibitory form, thus com-
pleting the light-driven functional cycle of GCAP (reviewed in:
Dizhoor et al., 2010).

GCAPs exist in several isoforms (Imanishi et al., 2004), of
which GCAP1 (Gorczyca et al., 1994; Palczewski et al., 1994)
and GCAP2 (Dizhoor et al., 1994, 1995) are ubiquitous among
all tested vertebrate species. They regulate RetGC with dis-
tinctly different sensitivities to Ca2+ (Hwang and Koch, 2002;
Hwang et al., 2003; Peshenko et al., 2004, 2011) and, therefore,
sequentially activate RetGC at different phases of rod photore-
sponse (Makino et al., 2008). The two GCAPs also differ in their
requirement of the N-fatty acylation for their function. While
N-myristoylation has relatively modest impact on the regulatory
activity of GCAP2 in vitro (Olshevskaya et al., 1997), it is much
more critically needed for the activity of GCAP1 (Otto-Bruc et al.,
1997; Hwang and Koch, 2002). The best-known Ca2+-dependent
conformational change described for NCS proteins is a “calcium-
myristoyl switch”—Ca2+-dependent release of the myristoylated
N-terminus from the cavity created by alpha-helical structures
of EF-hands 1 and 2 (Zozulya and Stryer, 1992; Dizhoor et al.,
1993; Ames et al., 1995, 1997; Lim et al., 2011). In contrast, NMR
data argue that myristoyl chain does not undergo Ca2+-myristoyl
switch in GCAP1 and GCAP2 (Hughes et al., 1998; Lim et al.,
2009), and it remains buried inside the protein in the X-ray crys-
tal structure of GCAP1 (Stephen et al., 2007) (Figure 1A). In
this study, we addressed functional effects of N-fatty acylation in
bovine GCAP1 on its interaction with the target enzyme and the
ability to “sense” Ca2+.

MATERIALS AND METHODS
MUTAGENESIS
Mutations were introduced in bovine GCAP1 cDNA by “splicing
by overlap extension” technique using PCR reactions catalyzed by
high-fidelity Phusion Flash polymerase (Finnzymes). The resul-
tant products were ligated into the NcoI/BamHI sites of pET11d
(Novagene) vector, sequenced, and transformed into expressing
cell lines as described previously in detail (Peshenko and Dizhoor,
2006). RetGC1 tagged by mOrange was constructed by insert-
ing mOrange (Clontech) cDNA into a modified human RetGC1
cDNA-harboring pRCCMV plasmid (Laura et al., 1996) as fol-
lows. The XhoI-XhoI fragment of the vector was excised by XhoI
digest and self-ligation, then the coding region for the extracellu-
lar domain of RetGC1 was modified by ligating a linker fragment
into the HindIII/BsteII sites to introduce two new restriction
sites, NheI and AgeI beginning after 33 base pairs downstream
from the leader peptide-coding fragment. The mOrange cDNA,
PCR-amplified with the NheI and AgeI sites at the 5′- and 3′-
end, respectively, was ligated into the corresponding restriction
sites of the modified pRetGC1-RCCMV plasmid. The resultant
construct encoded 238 a.a. mOrange protein sequence down-
stream from the 51 a.a. leader peptide, replacing a short fragment,
Ala63–Phe68, of the RetGC1 extracellular domain.

GCAP1 PURIFICATION
Myristoylated bovine D6S GCAP1 was produced in BLR(DE3)
E. coli strains harboring yeast N-myristoyl transferase (NMT),
extracted from inclusion bodies and purified to ∼95% elec-
trophoretic purity using Ca2+ precipitation, butyl-Sepharose
chromatography, and high-resolution gel-filtration as previously
described in detail (Peshenko and Dizhoor, 2006). The express-
ing strain for non-myristoylated G2A GCAP1 lacked the NMT
plasmid.

Ca2+/EGTA BUFFERS
Ca2+/EGTA mixtures were prepared according to Tsien and
Pozzan (1989), protocol and verified with Ca2+ fluorescent
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indicator dyes as described previously (Peshenko and Dizhoor,
2006). The free metal concentrations in assays containg 2 mM
Ca2+/EGTA buffer were calculated using Bound and Determined
and MaxChelator software with proper corrections for pH, salt
and nucleotide concentrations, and temperature.

Ca2+ BINDING ASSAY
Ca2+ binding isotherms were obtained using previously described
modification of a fluorescent indicator dye titration approach
(Peshenko and Dizhoor, 2006). Briefly, each GCAP1 was diluted
from 300–350 μm stock solution to 20–40 μm final concen-
tration in 0.6 ml of 100 mm MOPS/KOH (pH 7.2), 40 mM
KCl, 1 mM dithiothreitol, and 0.5 μM BAPTA 2 (Molecular
Probes/Invitrogen). The mixture assembled in a plastic cuvette
was titrated at 23◦C with addition of 3 μl aliquots of calibrated
CaCl2 solution.

GUANYLYL CYLASE ASSAYS
RetGC activity was assayed as described previously (Peshenko
and Dizhoor, 2007; Peshenko et al., 2011). Briefly, the assay mix-
ture (25 μl) incubated at 30◦C contained 30 mM MOPS–KOH
(pH 7.2), 60 mM KCl, 4 mM NaCl, 1mM DTT, 2 mM Ca2+/EGTA
buffer, 1 mM free Mg2+, 0.3 mM ATP, 4 mM cGMP, 10 mM crea-
tine phosphate, 0.5 unit of creatine phosphokinase, 1 mM GTP,
1 μCi of [α-32P]GTP, 0.1 μCi of [8–3H]cGMP (Perkin Elmer),
PDE6 inhibitors zaprinast, and dipyridamole. The resultant
[32P]cGMP product and the [3H]cGMP internal standard was
analyzed by TLC using fluorescently backed polyethyleneimine
cellulose plates (Merck) developed in 0.2 M LiCl.

EXPRESSION OF RetGC1 IN HEK293 CELLS
HEK293 cells grown at 37◦C, 5% CO2, in high-glucose Dulbecco’s
modified Eagle medium (DMEM, Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen) were transfected using the
Ca2+-phosphate method (a Promega Profection protocol) with
40 μg per 100 μm culture dish of pRCCMV plasmid coding for
human RetGC1, and the membranes containing recombinant
RetGC1 were isolated as previously described in detail (Peshenko
et al., 2004).

CO-EXPRESSION OF RetGC1 AND GCAP1 IN HEK 293 CELLS AND
CONFOCAL LASER SCANNING MICROSCOPY
Fluorescently tagged GCAP1 was co-expressed in HEK293 cells
with human RetGC1 as previously described (Peshenko et al.,
2008, 2010). Cells grown in 2 cm2 cover slip chambers were
typically transfected with a mixture of 3 μg pRCCMV plas-
mid harboring RetGC1 cDNA and 0.02 μg of the GCAP1-GFP
pQBI25fN3 plasmid. In 24 h the cells were either viewed directly
or fixed with freshly prepared 4% paraformaldehyde at room
temperature for subsequent immunostaining. The images were
collected using FV1000 Spectral laser confocal system and ana-
lyzed using Olympus FluoView FV10-ASW software as previously
described (Peshenko et al., 2008).

RESULTS AND DISCUSSION
We tested the RetGC1—stimulating activity of a non-
myristoylated recombinant bovine G2A GCAP1 produced in

E. coli in comparison with the myristoylated GCAP1 (Figure 1B).
Both myristoylated and non-myristoylated protein were pro-
duced using D6S variant of GCAP1, required for high-efficiency
myristoylation in BLR(DE3) E. coli strain harboring yeast myris-
toyl transferase (Dizhoor et al., 1998; Krylov et al., 1999). To
ensure the complete lack of myristoylation, the N-terminal Gly2
(Figure 1A) replaced with Ala prevents recognition of GCAP1 by
NMT (Otto-Bruc et al., 1997). Molecular masses of the purified
non-myristoylated G2A GCAP1 and myristoylated GCAP1
verified by ESI-QTOF mass-spectrometry matched, within one
mass unit accuracy, their predicted molecular masses (23,365 and
23,561, respectively). Consistently with the previously reported
observations using native photoreceptor membranes (Otto-Bruc
et al., 1997; Hwang and Koch, 2002), the G2A GCAP1 stimulated
the activity of the recombinant RetGC1 expressed in HEK293
cells much less efficiently (Figure 1B).

The dose-dependence of the RetGC activation suggests that the
binding of the G2A GCAP1 to its target enzyme is impeded. It
needs to be emphasized that GCAP binding to RetGC cannot be
measured directly, because detergents required for extraction of
RetGC from the membranes inactivate GCAP/RetGC interaction
(Koch, 1991; Lambrecht and Koch, 1992). We, therefore, tested
GCAP/RetGC complex formation using previously described
semi-quantitative analysis of GCAP1-GFP co-localization with
RetGC in HEK293 cells (Peshenko et al., 2008) (Figure 2).
GCAP1-GFP expressed in the absence of the target enzyme
(Figure 2A) distributes in a diffuse pattern throughout the cell,
with similar intensity of the fluorescence in the cytoplasm and
the nucleus (with the exception of the nucleoli and vacuoles)
(Peshenko et al., 2008). The first EF-hand in GCAP1 and GCAP2
does not bind Ca2+, but has been implicated in target recogni-
tion/binding instead (Ermilov et al., 2001; Hwang et al., 2004).
Therefore, a mutation replacing the conserved CysPro in the
EF-hand 1 loop with Gly prevents RetGC stimulation (Hwang
et al., 2004). This mutation results in a diffuse pattern of GCAP1-
GFP, even when it is co-expressed with RetGC1 (Figure 2B).
In a sharp contrast, wild type GCAP1-GFP is co-localizes to
the membranes containing co-expressed RetGC1 (Figure 2C),
thus producing a “tennis racquet” membrane localization pattern
specific for GCAP1/RetGC1 binding, as was previously demon-
strated (Peshenko et al., 2008, 2011). The G2A GCAP1-GFP
co-localization with RetGC1 was generally similar to that of wild
type GCAP1, although not as sharply defined as for the wild
type (Figure 2D). This indicates that the lack of myristoylation
per se does not block RetGC/GCAP interaction, consistently with
the activity assay in Figure 1 and the earlier observations by
Hwang and Koch (2002) and Dell’Orco et al. (2010). However, a
semi-quantitative analysis performed on a large number of cells
reveals that the efficiency of the complex formation has been
reduced (Figures 2E,F). The quantification analysis is based on
the decrease of the fluorescence intensity in the nucleus relative to
the cell membranes, caused by absorption of the tagged GCAP1
by RetGC1 expressed in the membranes (Peshenko et al., 2008,
2011). In the absence of RetGC, the ratio of the GCAP1-GFP
compartmentalization between the cytoplasm and the nucleus
(excluding nucleoli) for average cell is close to 1, but in the pres-
ence of RetGC1 it drastically, almost 14-fold (Figure 2), increases
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FIGURE 2 | The effect of myristoylation on co-localization of GCAP1 with

RetGC in HEK293 cells. (A) GCAP1-GFP expressed in HEK293 cells without
RetGC1 produces diffuse pattern spreading over the cytoplasm and the
nucleus (Peshenko et al., 2008); a—fluorescence of GCAP1-GFP, b—same,
but superimposed on DIC image of the cells, c—GCAP1 GFP fluorescence
profile recorded across the cell along the black line in “b.” (B) GCAP1 GFP
mutant, in which a conserved CysPro pair in EF-hand 1 loop required for
interaction with RetGC is replaced by Gly (Hwang et al., 2004), was
co-expressed with RetGC1 tagged at the N-terminus with mOrange
variant of red fluorescent protein using protocol described in (Peshenko et al.,
2008, 2011); notice that the diffuse pattern of GCAP1-GFP persists despite
the presence of RetGC1. (C) Membrane localization of wild type
GCAP1-GFP (green) co-expressed with RetGC1 (red); a—fluorescence of

GCAP1-GFP, b—anti-RetGC1 immunofluorescence of AlexaFluor 568,
c—GCAP1 GFP (green) and anti-RetGC1 (red) fluorescence profile
recorded across the cell along the white line shown in “b”; the nuclei in
“c” were counterstained with TO-PRO3 (pseudo-blue). (D) Same as C,
but using G2A GCAP1-GFP mutant. (E) Distribution of GCAP1-GFP
fluorescence between the membranes and the nucleus quantified as
described in (Peshenko et al., 2008); each data point corresponds to an
individual cell; ◦—GCAP1-GFP expressed alone, •—GCAP1-GFP
co-expressed with RetGC1, •—G2A GCAP1-GFP co-expressed
with RetGC1. (F) The GCAP1-GFP fluorescence distribution ratio (mean ±
SEM) averaged from panel E demonstrates that the G2A GCAP1 mutant
compartmentalizes with the RetGC1, although less efficiently than the
wild type.
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in favor of the membrane localization (Peshenko et al., 2008).
Same analysis for the G2A GCAP1 yields more modest average
value of 6-fold. Therefore, although myristoylation is not essential
for the RetGC/GCAP binding, it evidently improves the efficiency
of the complex formation. At the same time, the lower level
of activation of the cyclase in Figure 1B as compared with the
less prominently decreased co-localization efficiency in Figure 2F
implies that there is additional effect of myristoylation—it has
to be involved in the creation of the conformation required
for the optimal cyclase stimulation within the GCAP/RetGC
complex. It also needs to be noted that the attachment of
the C-terminal GFP tag per se does not affect the regulatory
properties of GCAP1 as the Ca2+ sensor of guanylyl cyclase
(Peshenko et al., 2008).

The effect of N-myristoylation in GCAP1 on the cyclase bind-
ing and activation could a priori result from stabilizing effect of
the fatty chain buried inside the protein structure (Stephen et al.,
2007), such that in the absence of myristoylation GCAP1 becomes
more easily misfolded. Previous analysis of the non-acylated
GCAP1 by circular dichroism spectra (Dell’Orco et al., 2010)
argues that the metal-bound non-myristoylated protein is fairly
stable, at least at the level of the secondary structure. On the other
hand, the Ca2+ binding isotherms (Dell’Orco et al., 2010) also
suggested that at least one of the EF-hands in non-myristoylated
GCAP1 became unable to bind Ca2+ within submicromolar Ca2+
range. Hence, one could not rule out the possibility of partial mis-
folding of GCAP1 three-dimensional structure. However, the data
in Figure 3 argue that under the conditions of our experiments
the G2A GCAP1 is affected in a very subtle manner that merely
results in a slight change of its Ca2+ sensitivity, rather than critical
loss of Ca2+ binding affinity in any of the three metal-binding EF-
hands. The fluorescent indicator dye titration analysis (Peshenko
and Dizhoor, 2006) shows that the G2A GCAP1 has a normal sto-
ichiometry of Ca2+ binding—three per molecule, saturating at
low micromolar range of free Ca2+ (Figure 3B).

The overall apparent affinity of the G2A GCAP1 for Ca2+
in our experiments (Figure 3B) was markedly better than we
could expect for the non-myristoylated GCAP1 based on previ-
ous reports. The respective macroscopic equilibrium constants,
K1, K2, and K3, derived from the three-center binding model
(Figure 3B) were 2.0 × 107, 1.7 × 107, and 3.2 × 106 M−1 for the
myristoylated and 1.5 × 107, 1.0 × 107, and 2.2 × 106 M−1 for
the non-acylated G2A GCAP1. These values substantially devi-
ate from those observed by Dell’Orco et al. (2010)—2.5 × 108,
3.2 × 107, and 7.9 × 107 M−1 for myristoylated versus 6.3 × 107,
5.0 × 106, and 2.0 × 103 M−1 for non-myristoylated GCAP1.
The binding isotherm in our study (solid line) looks substantially
different from the isotherm “reconstituted” using the previously
reported (Dell’Orco et al., 2010) constants (dashed line)—both
reach the same binding stoichiometry, but in very different free
Ca2+ range. Based on our results, we can positively state that not
only the stoichiometry of Ca2+ binding does not change in the
non-myristoylated GCAP1, but it also reaches saturation within
nearly the same low micromolar range as myristoylated protein,
with only a slight right-shift of the binding curve (Figures 3A,B).
It needs to be mentioned that indirect evaluation of Ca2+ bind-
ing affinities was also performed previously using a complex

microcalorimetric pattern of heat release by GCAP1 in response
to Ca2+ binding (Lim et al., 2009). However, using the Ca2+
binding isotherm (such as in Peshenko and Dizhoor (2006)
and this study) is a more reliable approach to determine the
actual binding constants, because, unlike microcalorimetry, it
is not affected by a complex relationship between heat release
and absorption resulting from Ca2+ binding and conformational
changes in the GCAP1 molecule (Lim et al., 2009).

To verify that our analysis did not simply fail to reveal a
major difference between the two forms of GCAP1 due to an
insufficient resolution of the Ca2+ binding assay, we also tested
Ca2+ binding by non-acylated GCAP1 mutants in which we
inactivated one (EF-4) or two (EF-3 and EF-4) EF-hands using the
D144N/D148G (EF4−) and the D100N/D102G/D144N/D148G
(EF3,4−) substitutions, respectively, (Peshenko and Dizhoor,
2006). In both cases, we clearly observed the corresponding
decrease of Ca2+ binding by one (Figure 3C) or two (Figure 3D)
mol Ca2+ per mol GCAP1, respectively. So we find no indications
that any of the three metal binding EF-hands in the non-acylated
GCAP1 undergo possible misfolding severely affecting binding of
Ca2+. Therefore, the general fold of GCAP1 is highly unlikely
to be critically compromised by the absence of the myristoyl
group. It is much more likely that the fatty acyl group changes
GCAP1 structure in a fairly subtle manner, only slightly affecting
Ca2+ binding within the physiological free Ca2+ range.

The reason for the difference in the Ca2+ binding affinities
in our study and that by Dell’Orco et al. (2010) is not immedi-
ately apparent. The trace amount of EDTA (∼1:20 molar ratio
to GCAP1, or 1:60 per mol of Ca2+ binding sites) was neg-
ligible in our assays and could not skew the results by more
than few percent [which also would be toward lower, contrary
to the higher than in Dell’Orco et al. (2010), average affinity in
our experiments (Figure 3B)]. In the method we use (Peshenko
and Dizhoor, 2006), the fluorescent chelator indicator was also
present at a very low (∼1:60–1:40) molar ratio to GCAP1 (as low
as 1:180–1:120 per mol of Ca2+ binding sites), quite negligible
in comparison with the calcium buffer capacity of GCAP1 itself
and ∼40–60 times lower than in the method used by Dell’Orco
et al. (2010). This may have prevented some potential effect of the
chelator dye itself on the non-myristoylated protein. Alternatively,
the difference could be related to the use of the protein purifica-
tion protocol that more efficiently removes poorly folded fraction
of low-affinity GCAP1 in our study.

Despite the substantial quantitative difference, we would
nonetheless emphasize that we have a qualitative agreement
with the findings by Dell’Orco et al. (2010)—Ca2+-sensitivity
of the G2A GCAP1 is reduced compared to the myristoylated
form (Figure 3A). Even though the binding ratio at saturation
remained three Ca2+ ions per GCAP1, there was a slight shift of
the curve toward higher micromolar free Ca2+ range for the non-
myristoylated GCAP1. Evidently, it is the lack of myristoylation
what alters the properties of GCAP1, not the G2A mutation per se
(Figure 3A).

From the overall shift in Ca2+ binding affinity in non-acylated
GCAP1 (Figure 3A), the result shown in Figure 3D appears most
intriguing. The affinity of EF-hand 2, the only metal-binding site
left in the non-acylated D100N/D102G/D144N/D148G GCAP1
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FIGURE 3 | Ca2+ sensitivity of GCAP1 is affected by myristoylation.

(A–D), Ca2+ binding isotherms obtained using fluorescent indicator dye
BAPTA-2 titration protocol (Peshenko and Dizhoor, 2006). (A) Ca2+
binding by myristoylated D6S GCAP1 (◦), non-myristoylated
WT GCAP1 (•), and non-myristoylated G2A GCAP1 (�). (B) Comparison of
the experimental data for Ca2+ binding by G2A GCAP1 (�) with the
theoretical curve for three-center binding model calculated using previously
reported macroscopic association constants, 6.3 × 107, 5.0 × 106, and
2.0 × 103 M−1 (Dell’Orco et al., 2010) (- - -); the corresponding dissociation
constants are shown next to each trace. (C,D) Change of the binding
stoichiometry in non-myristoylated GCAP1 with one (D144N/D148G, C) or
two (D100N/D102G/D144N/D148G, D) EF-hands inactivated. The data were
fitted using two different models: panels (A,B)—by three-center binding
model, Cabound/GCAP = (K1Caf + 2K1K2Ca2

f + 3K1K2K3Ca3
f )/(1 + K1Caf +

K1K2Ca2
f + K1K2K3Ca3

f ), where K1, K2, and K3 are macroscopic equilibrium

constants; panels (C,D)—by simplified hyperbolic saturation function,
(Cabound/GCAP) = Bmax× Cafree/(Cafree + Kd ), where Cabound is the
concentration of Ca2+ bound to GCAP1, calculated as Cabound = Catotal –
Cafree, Bmax is mol of Ca2+ bound per mol of GCAP1 at saturation,
Kd is the apparent dissociation constant. The data shown are representative
from 3 to 5 independent experiments producing virtually identical results.
(E) Normalized activity of the recombinant RetGC1 expressed in HEK293
cells reconstituted with 10 μM purified myristoylated GCAP1 (◦) or G2A
GCAP1 (•) at different free Ca2+ concentrations and 1 mm free Mg2+. The
activities in each series were normalized by the maximal activity in the
corresponding series. The data were fitted by the equation,
A = Amax + (Amax − Amin)/(1 + (Cafree/Ca1/2)n), where A is RetGC activity,
Ca1/2 is the free Ca2+ concentration producing 50% effect and n is the
Hill coefficient. For other conditions of the assay see Materials and
Methods.

mutant (Figure 3D), remains high (Kd ∼ 0.04 μm ± 0.01), vir-
tually the same as in the myristoylated D100N/D102G/D144N/
D148G mutant [0.03 ± 0.01 μm, Peshenko and Dizhoor (2006)].
In other words, myristoylation appears to have a surprisingly
little effect on the high-affinity Ca2+ binding in the EF-hand 2
proximal to the fatty acyl group in the three-dimensional struc-
ture of GCAP1 (Figure 1). Instead of affecting metal binding in
the neighboring EF-hand 2, the myristoyl moiety, in a rather
paradoxical manner, seemingly influences the efficiency of Ca2+
binding in a more distal portion of the molecule (EF-hand 3 or 4).

In our previous studies (Peshenko and Dizhoor, 2007;
Peshenko et al., 2008), we identified the EF-hand 3/EF-hand
4 portion of the molecule as critical for the Ca2+-dependent
activator-to-inhibitor transition of GCAP1. In a good qualita-
tive agreement with the earlier observations of Hwang and Koch
(2002) and the shift in the Ca2+-binding isotherm to the higher
Ca2+ range (Figure 3A), the G2A GCAP1 regulated recombi-
nant RetGC1 with a noticeably lower sensitivity to Ca2+ [(Ca)1/2

increased from 260 nM in wild type to 520 nM in the G2A mutant
(Figure 3E)]. Since the high-affinity binding in EF-hand 2 does
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not seem to be critically affected by myristoylation (Figure 3D),
the observed changes in Ca2+ sensitivity of RetGC1 (Figure 3E)
are, again, likely attributable to the change in the function of EF-
hand 3 and/or 4. It also needs to be pointed that even though the
decrease in Ca2+ sensitivity of RetGC regulation by GCAP1 is rel-
atively modest, ∼2-fold, a shift like this can be large enough to
adversely affect the levels of free cGMP and Ca2+ in the dark and
provoke photoreceptor death in transgenic mice (Olshevskaya
et al., 2004; Woodruff et al., 2007). Therefore, the role of myris-
toylation in maintaining normal Ca2+ sensitivity of GCAP1 as a
Ca2+ sensor should be rather important for its normal physiolog-
ical function.

Our results indicate that myristoyl residue inside the GCAP1
molecule affects proximal structural element(s) involved in the
target enzyme recognition, such as EF-1 (see Ermilov et al., 2001;

Hwang et al., 2004), but also influences Ca2+ binding efficacy in
a more distal part of the molecule through a presently unknown
and somewhat paradoxical mechanism. The possibility that the
intramolecular interactions exist between the myristoyl moiety
and the remote portions of the GCAP1 structure also suggests
that such interaction can be affected by the environment of the
myristoyl group and deserves closer in-depth study. This study
is currently in progress and could provide a new insight into
the structure-function relationships underlying the Ca2+ sensor
action of GCAP1 as a member of the NCS protein group.
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