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ABSTRACT: Calcium-signaling in cells requires a fine-tuned
system of calcium-transport proteins involving ion channels,
exchangers, and ion-pumps but also calcium-sensor proteins
and their targets. Thus, control of physiological responses very
often depends on incremental changes of the cytoplasmic
calcium concentration, which are sensed by calcium-binding
proteins and are further transmitted to specific target proteins.
This Review will focus on calcium-signaling in vertebrate
photoreceptor cells, where recent physiological and biochem-
ical data indicate that a subset of neuronal calcium sensor
proteins named guanylate cyclase-activating proteins (GCAPs)
operate in a calcium-relay system, namely, to make gradual
responses to small changes in calcium. We will further
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integrate this mechanism in an existing computational model of phototransduction showing that it is consistent and compatible
with the dynamics that are characteristic for the precise operation of the phototransduction pathways.

KEYWORDS: Calcium-signaling, cGMP, phototransduction

Critical biochemical reactions in rod and cone photo-
receptor cells are under the control of negative feedback
loops that determine the cell’s light sensitivity and its precise
operation under different light regimes.'~* One key factor that
is involved in various feedback loops is Ca®". Its concentration
is balanced by two transport systems: In the dark state of the
cell, the second messenger guanosine 3’,5'-cyclic mono-
phosphate (cGMP) binds to a cyclic nucleotide-gated (CNG)
channel in the plasma membrane, thereby opening the
channel,® which allows the influx of Na* and Ca**. The second
transport system in the plasma membrane is a Na*/Ca’*, K*-
exchanger that is extruding Ca®". Illumination of a photo-
receptor cell triggers the hydrolysis of cGMP, leading to the
closure of CNG-channels, but the continuous operation of the
exchanger is shuffling Ca®* out of the cell resulting in a
concomitant decrease of the cytoplasmic Ca**-concentration."”
Ca’-sensor proteins of the EF-hand superfamily of Ca*-
binding proteins are expressed in photoreceptor cells and
detect these changes in Ca’’. Among them are guanylate
cyclase-activating proteins (GCAPs) that constitute a subfamily
of the neuronal Ca**-sensor proteins.**™® GCAPs control the
activity of membrane bound guanylate cyclases in a Ca®'-
dependent manner and are therefore essential key factors in
shaping the rod and cone photoresponse under different light
regimes.”'® Two to eight different GCAP isoforms exist in
species from fish to human. The apparently redundant
expression of different GCAP forms in one cell type (rod or
cone cell) was puzzling at the time, when these forms were first
described. For example, mammalian GCAP1 and GCAP2 were
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found in rod and cone cells exhibiting almost identical
biochemical properties.u_14 However, a few years later,
electrophysiological recordings on transgenic mice lacking
GCAP1, GCAP2, or both indicated that these neuronal calcium
sensors have different roles in shaping the light response of a
rod cell™™'7 Soon after this report, detailed biochemical
studies showed that the Ca’*-sensitive activation profiles of
bovine GCAP1 and 2 differ, which provided a molecular basis
for interpreting the physiological data.'® The operation of
different GCAP forms in rod or cone cells can be described in a
Ca**-relay model,” for which we discuss in the following
sections the experimental evidence and its relation to cone—rod
diseases caused by GCAP1 mutations.

B CONTRIBUTION OF GCAP1 AND GCAP2 TO THE
FLASH SENSITIVITY OF PHOTORECEPTOR CELLS

Rods from transgenic mice lacking GCAP1 and 2 (GCAPs™7)
show a single flash response with a larger amplitude, a delayed
time-to-peak, and a larger integration time when compared with
wild-type mice (Figure 1)."> These characteristic features
demonstrate the importance of guanylate cyclase regulation by
GCAPs for the normal shape of the rod photoresponse.
Expression of GCAP2 on a GCAP™/~ genetic background
resulted in variable flash responses, but in general GCAP2
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Figure 1. Idealized single photon responses of mice rods. Responses of
rods from wild-type mice (black trace), from GCAPs ™/~ mice (green
trace), and from mice expressing GCAP2 on a GCAPs™/~ genetic
background (blue trace) were superimposed. Red arrows indicate the
time at which maximum amplitude is reached (time-to-peak). Traces
represent typical idealized responses and were drawn according to
published results in ref 15. The lower part of the figure shows the
change of intracellular Ca**-concentration during a light response.

expression could not rescue the initial rapid recovery phase
typically observed in wildtype rods (see black trace in Figure
1)."> Consistent with these observations are single photon
responses that were recorded from mice rods lacking GCAP2
(GCAP27/7), which have a slower recovery to the baseline.
Interestingly, the initial rapid recovery phase seems unchanged,
whereas the later part of the recovery phase is delayed (see
Figure 7 in ref 20). A recent complementary study” on mice
lacking GCAP1 (GCAP17/7) yields a qualitatively similar shape
of the flash response as shown in Figure 1, that is, larger
response amplitudes and delayed time-to-peak (the original
recordings shown in Figure 6A from ref 21 are reproduced here
in Figure 2A for comparison). However, Makino et al. report
also in their study”" that the single photon responses from WT
and GCAP17/~ rods show a remarkable heterogeneity (their
Figure 6C—E is reproduced here in Figure 2B—D) in
amplitudes and kinetics and some responses do not exhibit a
full recovery to the baseline within 2 s (Figure S in ref 21). It
remains therefore an open question for further investigations,

whether compensatory mechanisms change the transcription
and translation pattern of GCAPs."

Nevertheless, in comparison to WT rods, the time-to-peak is
shifted by ~100 ms in GCAP1~/~ rods®" and only about 12 ms
in GCAP27/~ rods® indicating that GCAPl and GCAP2
respond on a different time scale or on different free
cytoplasmic Ca®*-concentration during the photoresponse.

The cytoplasmic Ca**-concentration in mice is expected to
drop from its initial dark value around 250 nM to 20 nM within
a few hundred milliseconds.”® Different steady-state back-
ground light intensities probably adjust steady-state Ca®'-
concentrations at intermediate levels. Although this has not
been experimentally verified for mice rod or cone cells, one can
anticipate it from data obtained on amphibian rods, where
different intracellular Ca®* concentrations were measured at
different illumination conditions.>> While the precise value of
the changing range of Ca** also depends on the species (dark
values in the literature span a range from 250 to 800 nM, see,
for instance, refs 22—29), dynamic changes in Ca®" are believed
to strongly correlate with the illuminations state of the
photoreceptor cell.

Collectively, these results point to a differential operation
mode of GCAP1 and GCAP2 in rods and probably cones as
well. In the next paragraph, we will review the biochemical
studies that provide strong support of such a step-by-step
activation modus of rod guanylate cyclases.

B ACTIVATION PROFILES OF GCAP1 AND GCAP2
DIFFER IN KEY PROPERTIES

Although GCAP1 and GCAP2 fold into similar three-
dimensional structures that are also present as general folding
motives in other neuronal calcium sensor proteins,>>*' they
nevertheless display remarkable differences in their regulatory
properties. This was explicitly stated for the first time in two
biochemical in vitro studies by Hwang and Koch®* and Hwang
et al,,'® in which the authors used bovine recombinant GCAP1
and GCAP?2 reconstituted with either native guanylate cyclase 1
(ROS-GCl1 or GC-E) in bovine rod outer segment membranes
or tested GCAP function with ROS-GC1 expressed in HEK293
cells. The main findings of the studies were:
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Figure 2. Heterogeneity of light responses from WT and transgenic mice. Original recordings were adapted from Figure 6 of ref 21 (Makino et al,,
PLoS One 7, e47637) in accordance with the Creative Commons Attribution License. (A) Comparison of averaged dim flash recordings from WT,

GCAP17/~, and GCAPs1,27/~ as indicated. (B—D) Variability of integration times of single photon responses as observed by Makino et a
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(a) GCAPI1 is activating ROS-GC1 at higher free Ca*'-
concentration than GCAP2 (half-maximal activation
expressed as IC;y-value was at 700—1000 nM and at
100—200 nM, respectively).

GCAPs operate in a way that they increase the catalytic
efficiency (ko /Ky,) of the target ROS-GCI.
Myristoylation has a stronger impact on the activation
profiles of GCAP1 than on the one of GCAP2.

While these studies were focused on ROS-GCl1, subsequent
work showed that GCAP1 and GCAP2 also activate bovine
ROS-GC2 (alternatively named GC-F) with different Ca*-
sensitivities for each GCAP form (ICs, was 306 nM and 46 nM
Ca®* for GCAP1 and GCAP2, respectively).”> ROS-GC2 is a
second sensory membrane guanylate cyclase in ROS that is
expressed in a lower molar ratio to ROS-GC1. The exact ratio,
however, seems to differ among species. For example, the ratios
of ROS-GC1 to ROS-GC2 are 25:1 and 4:1 in bovine*® and
mice** outer segments, respectively. Biochemical studies on
mice further supported the emerging picture that both
guanylate cyclases are regulated in a differential manner by
both GCAPs.>* A summarizing sketch of these results is shown
in Figure 3: the Ca’'-dependent activation profiles of
photoreceptor guanylate cyclases in the presence of either
GCAP1 or GCAP2 represent a Ca**-relay mode of GCAP
action.
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Figure 3. Ca*"-dependent activation profile of the photoreceptor
guanylate cyclase is regulated by GCAP1 and GCAP2. The GC activity
is normalized to 100%. The curves are typical for mammalian GCAPs
and summarize the principal finding of many references (see main
text). The gray bar symbolizes the physiological range of cytoplasmic
Ca’ that changes from a high (dark gray) to a low value (light gray).

To achieve a better comparison of electrophysiological data
obtained from transgenic mice (see above) with data from
biochemical measurements, Peshenko et al. performed a study
using retinal homogenates from transgenic mice lacking the two
ROS-GCs and GCAPs in different combinations.>* Further,
Ca’*-dependent guanylate cyclase activities in retina homoge-
nates of GCAP1~/~ or GCAP2™/~ displayed a characteristic
shift of the Ca®'-dependent activation curves. While these
studies confirm a differential regulatory mode of GCAP1 and
GCAP2 action, the investigation by Peshenko et al. also
revealed differences between mouse and bovine rod cells. For
example, the ratio of the two GCs differed and their catalytic
constants were in general higher in mice (see above).

In agreement with a differential action of GCAPs is the
finding that GCAP1 and GCAP2 interact with different regions
on ROS-GC1.*7* Site-directed mutagenesis, the use of
synthetic peptides representing the interaction domains, and
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cross-linking studies in combination with mass spectrometry
revealed for GCAP1 a total of four interaction regions, where
two are located in the juxtamembrane domain and two were
found in the kinase homology domain.>**¢ While these target
regions are upstream from the cyclase catalytic domain, the
interaction site of GCAP2 is located downstream on the C-
terminal extension of the catalytic domain.>’~’

In summary, the biochemical data obtained from mice,
bovine, and purified recombinant samples is consistent with a
model in which GCAP1 is turned on at higher free calcium
concentration than GCAP2. Taking this observation into a
physiological context means that both GCAPs are operating in
a different time frame of the photoresponse, but also under
different illumination conditions characterized by a changing
pattern or oscillation of the intracellular Ca**-concentration.

B WHAT MECHANISMS CONTROL THE TUNING OF
CAZ*-SENSITIVITY?

Peshenko and Dizhoor demonstrated that GCAPs are Ca®*/
Mg*" sensors and that Mg** is a critical factor affecting the
Ca**-sensitivity."" Decreasing the Mg*"-concentration in the
incubation buffer can shift the Ca®-sensitivity of ROS-GC
regulation to lower Ca**-concentration while keeping a
difference between the IC;, values of GCAP1 and GCAP2.
Moreover, recent results indicate that both the apparent affinity
for Ca** of GCAP1 and GCAP2 and the dynamics of the
conformational changes upon metal binding are siﬁniﬁcantly
influenced by the presence of 1 mM free Mg**.*' Another
important factor involved in sensitivity regulation is the
covalent fatty acylation, mainly a myristoylation (as mentioned
already above) in GCAPI1, which has almost no effect in
GCAP2. Presence of the myristoyl group in GCAP1 is essential
to shift the Ca®'-sensitivity into the physiological range and
controls also the affinity of the GCAP1-ROS-GCl1 inter-
action.'®** Without an attached myristoyl group Ca*'-
saturated GCAP1 remains in an active conformation and can
significantly activate ROS-GC1 to about 20% of its maximal
activity.”>* The myristoyl group is located in a hydrophobic
pocket® and, in contrast to recoverin, it is not extruded by a
switch mechanism upon changes in Ca®'-concentration.
Interestingly, substitution of critical hydrophobic amino acids
(Leu and Val) in the pocket by more bulky Phe residues
restores almost the maximal activation of ROS-GC1 by GCAP1
and increases its affinity for ROS-GCI1, but filling (or
compensating) the hydrophobic pocket with bulky hydro-
phobic substituents does not change much the Ca*'sensitivity
of ROS-GC1 regulation.* A third parameter controlling the
Ca’*-sensitivity could be the intermolecular tuning of the Ca*'-
sensor with the corresponding target as this has been
experimentally observed for calmodulin,** but this is currently
a controversial issue in the case of GCAPs. The observation
that the control of GC by Ca®" via the GCAPs is cooperative,*
while the binding of Ca*" to individual GCAPs has been shown
to occur sequentially and without cooperativity,*"*¢ suggests
that the interaction with the target may influence the Ca*'-
affinity of the sensor. This issue however awaits further
clarification in future studies.

B WHAT ABOUT CONES?

Electroretinogram (ERG) recordings are sum potentials of
retinal cells responding to light stimulation. ERG recordings on
GCAPs™/~ mice indicated that deletion of GCAPs delayed the

dx.doi.org/10.1021/cn400027z | ACS Chem. Neurosci. 2013, 4, 909—-917



ACS Chemical Neuroscience

recovery of cone light responses, which were partially restored
in mice expressing transgenic GCAP1 on a GCAP null
background.'®'” In a more recent study, single-cell recordings
from cones of GCAPs™/~ mice gave a detailed picture of the
physiological function of GCAPs in cone photoreceptors.*’
Characteristic features of light responses were a 2-fold longer
time-to-peak and a 3-fold longer integration time, indicating
that GCAPs are required for an efficient shutoff of the response
on a short time scale, which is typical for cone response
kinetics. However, as the authors of the study noted, the impact
of GCAPs on modulation of the light response was smaller in
comparison to rods despite the fact that cones adapt to a larger
range of light intensities and have a wider span of dynamic
changes in intracellular Ca®*. But mice are nocturnal animals
and preferentially process olfactory information for orientation.
Cones of mice might therefore express proteins with reduced
capabilities. Thus, it will be worth testing whether animals with
a cone system similar to humans have a more elaborated
operation of GCAPs. Zebrafish, for example, possess four types
of cone cells expressing a total set of nine cone opsins, thereby
making the zebrafish retina responsive to visible and UV light.**
Due to the advantages of facilitated genetic manipulation and
rapid larval development, work on zebrafish vision has
increased tremendously in the past decade. Although we lack
so far information from single-cell recordings of zebrafish cones
with deletion of GCAPs, biochemical studies indicate a complex
regulatory system for ¢cGMP synthesis in zebrafish photo-
receptor cells. Rod and cone cells express a total of three
sensory guanylate cyclases and six different GCAP iso-
forms.” " Transcription of one guanylate cyclase (zGC3)
and four GCAPs (zGCAP3, zGCAP4, zGCAPS, and zGCAP?7)
has been exclusively found in cones, ! and expression on the
protein level has been demonstrated for zGCAP3.>> Two
isoforms, zGCAP1 and zGCAP?2, are expressed in rods and UV
cones. During development, the cellular transcription pattern in
the retina seems to change and may adapt to specific challenges
of the aqueous habitat.’>*" Using purified samples of
recombinant zGCAPs in biochemical reconstitution experi-
ments showed a pattern of different activation profiles,>>>*
which was similar to the ones observed with mammalian
GCAPs (Figure 3). One can group the six zebrafish GCAP
isoforms in two categories of different Ca®'- sensitivities,
zGCAP4 and 7 switching between different GC activation
profiles at higher Ca** compared to zGCAPI, 2, and 3. In
addition, zGCAPs exhibit different properties with respect to
Ca*"-binding and Ca**-induced conformational changes point-
ing also to a step-by-step action of GCAPs in zebrafish cones.>®

B THE CA®*-RELAY MECHANISM IN A
PHYSIOLOGICAL CONTEXT

The cytoplasmic Ca**-concentration decreases during the single
flash response of a rod cell from the dark state value to a level
well below 100 nM. Within the first 50 ms, the cytoplasmic
Ca®* has not reached its final value. This kind of intermediate
state triggers activation of mammalian GCAP1 (or zGCAP4
and 7 in the zebrafish retina; see Figures 3 and 4 for
comparison), which loses its bound Ca** and is transformed to
its: Mg**-bound activator state (Figure S). Several lines of
experimental evidence show that GCAP1 undergoes a
conformational change during this transformation, which is
further transmitted to the catalytic center of the target GC (e.g.,
refs 11, 13, 31, 32, and 36). Thus, GCAP1 steps into action and
causes a first pulse of rapid cGMP synthesis, which contributes
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Figure 4. Activity profiles of cone specific GCAPs from zebrafish. The
GC activity is normalized as in Figure 3. The curves were obtained by
measuring the GC activity in the presence of zGCAPs as indicated.
The figure is based on the original data published in ref 53, where a
bovine ROS membrane preparation containing ROS-GCs was used for
assaying zebrafish GCAPs.

to effectively shut off the photoresponse. A characteristic fast
response kinetics (Figure 1) is due to this step of cGMP
synthesis, which is not seen in trans%enic mice lacking GCAP1
or both GCAPs (Figures 1 and 2).">*' A further decrease of
cytoplasmic Ca®" on a time scale of 0.5—1 s triggers the
dissociation of Ca** from GCAP2 (or zGCAPI, 2, or 3 in the
zebrafish retina), which now undergoes a conformational
change leading to the activator state (Figure 5). The maximal
activities of both GCAP-ROS-GC complexes are partially
additive,” but it remains unclear whether both GCAPs act
synergistically on either ROS-GC1 or ROS-GC2 or whether
they act on different GCs, which may even include a switch
from a GCAPI to a GCAP2 modus. In order to investigate the
mechanistic implications of the Ca**-relay model of guanylate
cyclase regulation by GCAPs within its physiological context, a
recently developed comprehensive kinetic model of photo-
transduction can be used. The model is optimized for
amphibian rods and describes the synergic action of the
biochemical events occurring in a rod photoreceptor cell upon
light stimulation ranging over 5 orders of magnitude. The
output consists of the simulated time course of the photo-
currents, which can be compared with experimental electro-
physiological recordings.>® The modular nature of the model
allows the insertion of new mechanisms and the quantitative
effects on the overall network can thus be directly assessed.”*”
In such a framework, the addition of the Ca**-relay model can
be realized by assuming that the rate of cGMP synthesis by
ROS-GCl is regulated by both GCAP1 and GCAP?2 as follows:

d[cGMP]
dt

synth Amax Dmax
2+ my + 24 my
[Cage] () [Caje)(B)
1+ ICSCAP! 1+ IC?UCAPZ
S

where a,,, = 60 uM/s* is the maximal activation of GCl,
assumed to be the same for both GCAP1 and GCAP2,
[Ca®*g.] is the free intracellular calcium depending on the
illumination level, and ICs, (139 nM and 59 nM>*) and m (1.7
and 2.4 *?) indicate, respectively, the free Ca**-concentration
for half-maximal ROS-GCI1 activation contributed by the
specific GCAP and the Hill coefficient. We neglected any
specific contribution of cGMP synthesis by ROS-GC2, because
we lack at the moment essential data on putative switch
mechanisms between a ROS-GC1 and ROS-GC2 operation
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Figure 5. Ca®"-relay model of sequential GCAP action. Photoreceptor guanylate cyclases are dimers with one transmembrane domain in each
monomer. In addition, each monomer consists of one extracelllar domain (in rods, this domain is in the lumen of the disks), one juxtamembrane
domain (orange), and one kinase homology domain (light blue). Further, the dimerization domain (dark red rectangle) is important for the
formation of an active enzyme controlling the correct positioning of the two catalytic domains (blue). In the dark state of the cell, GCAPs are fully or
partially saturated with Ca** which keeps the guanylate cyclase activity at a very low level that is sufficient to keep a fraction of the CNG-channels in
the plasma membrane open. GCAPs form with the target guanylate cyclase a complex in the presence and absence of Ca?*, which enables a rapid
response to changing Ca**-concentration after illumination. When the intracellular Ca®*-concentration falls to an intermediate level, Ca** dissociates
form GCAPI. This process triggers a conformational change in GCAPI, leading to the activation of guanylate cyclase. When Ca®* reaches its final
lower intracellular level, GCAP2 turns into an activator. The different conformations of the guanylate cyclase are hypothetical and need to be verified
in future experiments. It is further suggested that GCAPs stabilize the transition states of the cGMP catalytic step, but experimental proof is also
lacking so far. The stepwise and reversible action of GCAPs would allow the cell to react on small incremental changes in Ca®* with a fine-tuned
response system.

modules (see above). However, the implementation of the scale compared to mouse photoresponse is due to the fact that
Ca’"-relay mechanism based on ROS-GC1 regulation is fully the model was developed for amphibian photoreceptors.

The computational implementation of the Ca**-relay model
allows assessing each term defining the rate of cGMP synthesis,
shown in Figure 6. The simulation of the photocurrent thus deriving the specific contribution of GCAP1 and GCAP2
generated by six flashes of increasing intensity leading from 1.5 regulation of ROS-GC1 over time. Figure 7 shows that, at dim
light intensities, when the Ca**-concentration decreases mildly
compared to the dark state, the most important contribution to
the cGMP synthesis (black line) derives almost entirely from

compatible with the typical kinetics of photoresponses, as

up to 11.5 X 10* photoisomerizations, that is, from very dim

light to saturating conditions, is in line with the typical

electrophysiological recordings. The significantly slower time- the GCAPIl-mediated stimulation of ROS-GC1 (blue line),
while the contribution of GCAP2 (red line) is modest. GCAP1
30 is thus the first calcium sensor stepping into action for a fast
activation of ROS-GC1 (and maybe ROS-GC2 as well).
2 However, already at intermediate illumination levels, the
20 contribution of GCAP2 becomes more prominent, and at
S saturating conditions (Figure 7E and F) it quantitatively equals
S that of GCAPI, although the activation profile is slower and,
< 10 due to the shorter time the cell spends at very low calcium, less
broad over the whole photoresponse time range. Overall, the
5 simulations show full consistence with the concept of Ca®'-

0 relay mechanism shaping the photoresponse of vertebrates.

0 5 10 15
time (s) B DISTURBANCE OF THE CAZ*-RELAY MODUS IN

RETINAL DISEASES

Figure 6. Simulated photocurrents of an amphibian rod stimulated by Cone and cone—rod dystrophies are hereditary diseases that

flashes of light of increasing intensity. The duration of each flash is 24

ms, and each stimulus leads to 1.54, 46, 280, 985, 30 400, and 115 000 cor.relate Wlt.h mutat19ns H.l retinal proteins. One gr.oup of
photoisomerizations of rhodopsin. The mathematical model used for patients carries mutations in the GUCAIA gene coding for
the simulation is the one reported in ref 57 in which the Ca**-relay human GCAP1 (for a summary, see refs 58 and 59. So far, only
mechanism has been implemented as described here. one very rare mutation was identified in GCAP2.% Nine
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Figure 7. Simulated time course of the synthesis of cGMP by GC1 under the Ca**-mediated regulation by GCAP1 and GCAP2 according to the
Ca’*-relay mechanism. Panels A—F refer to the same flashes of increasing intensity reported in Figure 6 (ie, panel A refers to 1.54
photoisomerization, panel B to 46 photoisomerizations, and so forth). Blue lines report on the contribution of GCAP1 to the rate of synthesis, while
red lines to that of GCAP2. The two contributions add up to form the overall rate (black line).

mutations found in GCAP1 have been investigated in more
detail including in particular the Ca®'-sensitive regulatory
properties. Eight mutations are found in or near the EF-hands 3
and 4, indicating an impairment of Ca**-binding and/or Ca*'-
dependent properties. When recombinant forms of these
GCAP1 mutants were investigated in reconstitution experi-
ments with membranes containing photoreceptor guanylate
cyclase, the Ca**-dependent activation profiles of ROS-GC1
were shifted to higher free Ca**-concentration.® ™®® Thus,
under normal physiological conditions these GCAP forms are
permanently active leading to continuous high synthesis rates of
cGMP. Some GCAP1 mutants would even require Ca'-
concentrations well above 100 uM to be turned off. These
findings demonstrate that an imbalance of the finely tuned
Ca’*-cGMP homeostasis can lead to severely impaired cellular
functions. Since GCAP1 and GCAP2 respond sequentially to
Ca® in a narrow range, the shifted response curve of GCAP1 is
setting the Ca**-relay operation modus out of control.

B OTHER CA%*-DEPENDENT FEEDBACK LOOPS

Two other Ca**-sensor proteins, calmodulin and recoverin, are
also mainly involved in regulation of phototransduction
processes. Ca**-calmodulin binds directly to the CNG-channel
and thereby decreases the affinity of the channel for its ligand
cGMP®~7" and Ca**-loaded recoverin inhibits rhodopsin
kinase in the dark state of the cell””’> When Ca?*-levels
drop after illumination, calmodulin dissociates from binding
sites in the CNG channel, making the channel susceptible for
lower cGMP concentration, which facilitates the reopening of
the channel at lower cGMP levels that are present in dark
adapted cells.

Experiments on photoreceptor cells of recoverin knockout
mice revealed that recoverin is an essential component of the
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light-dependent modulation of the lifetime of light-activated
rhodopsin.”* A more recent biochemical study also showed that
the Ca**-sensitive inhibition of rhodopsin kinase by recoverin
can be increased by the synergetic effect of calmodulin placing
the inhibitory action in a range of 0.05—1 uM free Ca®'-
concentration.”> This mechanism of shifting the Ca**-sensitive
regulation of the target enzyme rhodopsin kinase is reminiscent
of the Ca**-relay model described above for the GCAPs and its
physiological relevance is an open question for future studies.

Bl CONCLUSION AND PROSPECTS

GCAPs in the vertebrate retina are calcium-sensor proteins that
operate in a relay mode and make thereby the cell responsive to
incremental changes in intracellular calcium. Biochemical and
physiological data as well as results from a systems biology
approach support this Ca**-relay model, but also impose further
questions. For example, flash responses delivered in the
presence of background light showed that the flash sensitivity
of rods and cones of GCAP—/—mice displayed a deviation
from normal Weber-Fechner relation, indicating a partial loss of
adaptation mechanisms.'>*” These results lead to unresolved
questions such as how does a step-by-step action of GCAPs
operate under constant illumination or under different
background light intensities? Furthermore, is there a shift in
the Ca**-sensitivities of GCAPs under prolonged illumination?
Which other mechanisms beside the Ca**-dependent regulation
of ROS-GCs control light adaptation of photoreceptor cells?
Further, is the larger diversity of GCAPs in teleost fish the
molecular basis for the dynamic range extension in cone
adaptation of the fish retina? The heterogeneity and variability
of flash responses obtained with transgenic mice*" impose also
further questions about compensatory mechanisms (see above)
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and certainly reflect our incomplete understanding of GCAP
function.

GCAP1 and GCAP2 are also localized in the synaptic layer of
photoreceptor cells,">'* and it has recently been reported that
GCAP2 interacts with the ;)rotein ribeye that is part of the
synaptic ribbon structure.”®”” Further, overexpression of
GCAP2 leads to morphological changes of the ribbon
synapse.”® Does GCAP2 operate as a Ca**-sensor for more
than one target in synaptic terminals including ribeye and ROS-
GC1? The latter has also been localized in the outer plexiform
layer of vertebrate retinae and could be under control of
changing Ca’*-levels. Finally, a Ca®"-relay mode of operation
could involve other Ca®*-sensors as well regulating, for example,
synaptic vesicle release or light-dependent transport and
translocation processes.
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