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A model is described having the following features: Light induces Ca®* release from vertebrate rod outer
segments discs via pores composed of multimeric rhodopsin. Cytoplasmic Ca?* reversibly blocks Na*
channels of the surface membrane, with the time course of development and amplitude of the response
to light being influenced by restrictions on intradiscal Ca?* diffusion. The falling phase of response reflects
a decline in cytoplasmic [Ca®*] due to a Ca?*-binding protein controlled by cyclic GMP so that its binding
capacity is increased by the reduction in cytoplasmic [cyclic GMP] which follows rhodopsin bleaching.

Visual transduction

1. INTRODUCTION

The idea that Ca®* might act as the intracellular
transmitter for visual signalling in the vertebrate
photoreceptor (with reference particularly to the
rod photoreceptor) has been actively discussed
since it was put forward a decade ago [1]. While in-
itially received with enthusiasm, no doubt in large
measure because of the analogy which could be
drawn with other Ca?*-controlled biological
systems, the Ca®*-hypothesis has made little pro-
gress in its acceptability by workers in the field and
recently its standing has declined markedly. Three
factors have contributed to this:

(1) There has been a failure under certain experi-
mental conditions to observe Ca** movements
that would appear to be required by the hypo-
thesis;

(2) Certain features of the light-evoked surface
membrane response appear to indicate a
transduction mechanism with different kine-
tics from that offered by the hypothesis;

(3) An alternative model of intracellular transmis-
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sion involving a different transmitter sub-
stance (cyclic GMP) has appeared.

It is proposed here to show how much of the
criticism directed at the Ca2*-hypothesis can be
answered and to produce an extension to the
hypothesis which takes into account some observa-
tions made on cyclic GMP.

2. ESSENTIAL FEATURES OF THE
Ca**-HYPOTHESIS

A model for visual signal transduction, whereby
bleaching of a rhodopsin molecule situated in the
disc membrane in the interior of a rod outer seg-
ment affects the ionic permeability of the surface
membrane, is illustrated in section A of fig. 1. Ac-
cording to this, in the dark-adapted state (i.e.,
when there are no photically activated rhodopsin
molecules present) Ca’* is present in a high con-
centration (~20 nM) in the narrow intradiscal
space (constituting about 0.1 of the rod outer seg-
ment volume), while the concentration in the
cytoplasmic space (about 0.5 of the volume) is at a
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Fig. 1. A model of visual signal transduction in the rod
outer segment of the veretebrate retina. Action of Ca>*
as intracellular transmitter is shown in the section on the
right (A). Photo-activation of cyclic GMP-phosphodi-
esterase is shown in the middle section (B). Cyclic GMP-
controlled Ca®** binding and ATP-driven Ca**-pump
activity are shown in the section on the left (C). Short
double-headed arrows indicate  protein—protein
interaction. Other active sites on proteins are indicated
as follows: (O) site of reversible Ca** binding; (0) site
of reversible cyclic GMP binding; (@) site of GDP and
GTP binding and of GTP hydrolysis; (®) site of cyclic
GMP hydrolysis; (#) site of ATP hydrolysis.

much lower level (~1 zM). The first of these
figures for Ca* concentration is not to be equated
with Ca?* activity, since, with the paired mem-
branes of a disc separated by only 3 nm, one would
expect interaction of Ca?* with the membrane sur-
faces to be important. Despite this, Ca** activity
within the disc is still expected to be >100-times
that in the cytoplasm, thus providing a large driv-
ing force for an outward movement of Ca’* from
the disc. Also, the reduction of its activity need not
significantly restrict the amount of Ca’* that can
leave the disc, since its removal may occur largely
by exchange for other cations; viz., Na* and K*.

Following absorption of a photon and conver-
sion of a rhodopsin molecule to its active form
(probably metarhodopsin II), a passage is formed
across the disc membrane, through which Ca**
move from the intradiscal to the cytoplasmic space
(shown in the figure by the upward directed heavy
arrow). This passage is designated a ‘Ca’*-pore’,
although there are indications that it allows the
movement of a wide range of ions. The term ‘pore’
is used to indicate a water-filled, relatively non-
selective passage, as distinct from a more selective
‘channel’. The special position of Ca®* in connec-
tion with this pore is that it is expected to be the
only ion present and capable of moving through
the pore that is not in equilibrium across the disc
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membrane in the dark-adapted state. The number
of Ca®>* moving through the pore during the first
second after absorption of a photon (correspond-
ing to the time-to-peak of the surface membrane
response) is estimated to be ~5000 (a figure which
is arrived at on the basis that a single-photon
response of a frog rod outer segment would entail
an increase of ~5% in cytoplasmic Ca®* concen-
tration extending over ~5% of its volume). The
pore is considered to open with a mean delay of
~10 ms following photon absorption, as inferred
from a component of light-evoked conductance
change observed in suspensions of rod outer
segments and attributed to a non-selective ionic
permeability increase of the disc membrane [2]. In
the figure, the pore-forming structure is shown as
composed of n rhodopsin molecules, based on
observation of the saturation of the light-evoked
conductance change [3] and on protein separation
studies [4], which together suggest that 12 rhodop-
sin molecules of at least 2 forms are involved in the
pore structure. That a complex arrangement of this
sort is required might be expected on the grounds
that, apart from its terminal portions, the rhodop-
sin polypeptide chain is composed very largely of
non-polar amino acids [5], so that several such
chains would be needed to furnish a sufficient
number of polar side-groups to establish an hydro-
philic region penetrating the membrane.

Having passed through the pore, Ca?* will dif-
fuse in the cytoplasmic space to raise the concen-
tration adjacent to the surface membrane (shown
by the heavy arrow directed to the right). In this
membrane there are present Na*-channels which,
in the dark-adapted state, permit a nett inward
movement of Na® under the influence of the
electrochemical potential difference for Na* bet-
ween the cytoplasmic and extracellular spaces.
These channels are considered to be capable of be-
ing blocked by reversible combination of a Ca**
with a specific binding site on the cytoplasmic side
of the channel-forming structure or possibly within
the channel.

3. CRITICISM OF THE HYPOTHESIS

Objections to the fundamental idea of the
Ca?*-hypothesis (that is apart from details of pore-
and channel-forming structures) have come from a
number of directions. It has been argued that there
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is a lack of experimental evidence for an accumula-
tion of diffusible Ca®* in the discs or for a light-
evoked movement of Ca’* across the disc mem-
brane [6]. A possible way of discounting such
negative findings is to suppose that they are a con-
sequence of damage to the rod outer segment in the
preparation of material for examination. It is
perhaps significant that those studies which have
provided evidence for Ca** movements in support
of the hypothesis have depended on the use of un-
damaged rod outer segments; i.e., with the surface
membrane intact or even with the entire photo-
receptor cell intact in the retina [7—9]. This require-
ment for the surface membrane to be intact applies
also to observation of the disc-membrane conduc-
tance increase [10]. An implication of these fin-
dings is that some as yet unidentified diffusible
substance present in the cytoplasm is essential for
the functioning of the disc membrane.

Other objections have been based on the argu-
ment that the light-evoked response of the surface
membrane observed in the intact rod outer segment
(closure of Na*-channels) does not correspond in
its time course or in certain characteristics of its
amplitude to predictions from the hypothesis. It
may be noted in this connection that, even before
Ca’* was proposed as an intracellular transmitter,
the possibility was considered that the delay in
transmission of a visual signal could be accounted
for by diffusion [11]. It was shown, using certain
criteria for a threshold response of the retina, that
over a 10°~10°-fold range of stimulating light in-
tensities the same mathematical function as applies
for diffusion can be used to describe this delay.
The analysis however ignores the absolute time
scale of the delay in visual transmission. Consider-
ing the response of the rod outer segment surface
membrane, one finds that the time course of its ris-
ing phase is such that the postulated transmitter
substance, assuming it to be released uniformly
through the interior of the outer segment and to act
at the surface membrane, would have to have a dif-
fusion coefficient between 0.1-0.01 that of a sim-
ple water-soluble particle, such as the Ca**.

In view of the more delayed development of the
surface membrane response compared with that
predicted for Ca?* diffusion (especially in the case
of the large diameter amphibian rod outer seg-
ment), it has been widely accepted, as an alter-
native delay mechanism, that the time course for
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the closure of Na*-channels following rhodopsin
activation is determined by a succession of 4 first-
order reactions with similar rate constants [12]. In
[13] however, it has been argued that the time for
development of the surface membrane response
can be ascribed to the diffusion of Ca’* on the
grounds that Ca** will exist largely in an adsorbed
state due to electrical interaction with fixed
negative changes on the surface of the disc mem-
brane, so that only a small fraction of the Ca®* are
free to diffuse at any instant. This is expected to be
specially important in the intradiscal space, owing
to the narrowness of the gap between the mem-
branes of a disc. With intradiscal diffusion being
the major factor influencing the development of
response, it will also serve to account for the obser-
vation that the response is not significantly af-
fected by whether the region of the disc illuminated
is near the surface of the outer segment or near the
rod axis, at the maximum distance from the sur-
face membrane [14].

Yet a further objection to the Ca®*-hypothesis
has been based on the observation that unitary
responses, recorded as transient membrane cur-
rents generated in a single rod outer segment by
single-photon absorptions, display a strikingly
small variation in amplitude as well as in time
course [15, 16]. Statistical analysis of such unitary
responses shows their amplitude to be approxi-
mately normally distributed with a standard devia-
tion equal to ~1/3 of the mean. If one were to sup-
pose that the amplitude of response is proportional
to the amount of Ca?* released into the
cytoplasmic space, it would appear that this quan-
tity cannot be determined by the time that the pore
remains open. The reason is that for any simple
mechanism for initiating pore closure, as for exam-
ple by the dissociation of one particle (or molecular
group) from another, first-order kinetics would
apply. This means that in a set of pore operations
the time during which the pore remains open will
be distributed according to a decaying exponential
function with the most probable duration of pore-
open time being zero. The observed distribution of
amplitudes is quite different.

With closure of the pore being thus excluded as
a primary factor limiting the amount of Ca releas-
ed from the disc to generate the response, one may
assume that the pore remains open for an average
time extending beyond the time-to-peak of the
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response. Other factors may then be sought that
will limit the amount of Ca®* released by operation
of a single pore. The combined effect of slow in-
tradiscal diffusion of Ca®* and the sub-division of
the disc by incisures into lobes of fairly uniform
size might function in this capacity. In any case, as
a disc lobe (~1/20 of a frog disc or 2 of a mam-
malian disc) would contain ~40 000 Ca?*, a single
pore would be expected to deplete its Ca>* content
to the extent of at least 10% during the time of
development of the response.

4. LIGHT-INDUCED CHANGES IN CYCLIC
GMP

Recently, there has been a sudden shift of in-
terest away from the Ca’*-hypothesis toward a
rival hypothesis which aims to account for visual
transduction by a change in concentration of
cytoplasmic cyclic GMP. The starting point of the
cyclic GMP-hypothesis is the finding that in the
dark-adapted state cyclic GMP is present in the
cytoplasmic space at ~100 xM and that bleaching
of rhodopsin causes a fall in its concentration
[17-21}. The way in which this occurs is illustrated
in section B of fig. 1. Bleaching of rhodopsin, pro-
bably to the stage of metarhodopsin II, causes a
reaction site to appear on the protein allowing it to
combine with another protein of the disc mem-
brane variously termed ‘G-protein’, ‘GTP-binding
protein’ or ‘transducin’ (GP in the figure). This
protein adheres loosely to the cytoplasmic side of
the disc membrane. It is a trimer with a molecule
of GDP attached to the highest M; subunits (o). As
a consequence of the reaction with activated
rhodopsin, the GDP is exchanged from GTP pre-
sent in the cytoplasm. The G-protein then
dissociates from rhodopsin and separates into its
component subunits which leave the membrane to
diffuse in the cytoplasmic space. By this process a
single molecule of activated rhodopsin will react
successively with many molecules of G-protein.

The a-subunit of G-protein with attached GTP
has the capability of reacting with another protein
on the cytoplasmic surface of the disc membrane
or possibly on the surface of a different disc from
that on which the G-protein was initially situated.
This second protein is likewise a trimer and the
reaction of it with the a-subunit of G-protein plus
GTP causes its activation as a cyclic GMP-specific
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phosphodiesterase (PDE), probably through a
change in the relation between its subunits. The ac-
tive state of the enzyme is terminated by hydrolysis
of the GTP on the a-subunit to GDP. Through the
complete process, operating at low levels of
rhodopsin bleaching, a single bleached rhodopsin
molecule will activate several hundred phosphodi-
esterase molecules to give a rate of hydrolysis of
cyclic GMP which can reach 400000 molecules/s.
The time course over which this capacity to
hydrolyse cyclic GMP developes is considered to be
determined by diffusion of the active rhodopsin
photoproduct and G-protein in the disc membrane.
Experimental evidence for the reaction scheme has
come from biochemical work involving the separa-
tion of disc membrane proteins as well as measure-
ment of guanine nucleotide levels [22—24]. In addi-
tion indirect methods have been employed for de-
tecting cyclic GMP hydrolysis by the H* released
[25] and for reactions of the G-protein by light-
scattering changes of suspensions of rod outer
segments [26].

The idea that cyclic GMP would have an action
on the surface membrane, such that cyclic GMP
would be required to maintain Na*-channels in the
open condition (possibly by promoting phosphory-
lation of a channel-forming protein), makes this
substance a candidate for intracellular transmitter.
In this case, it would be a decrease in cytoplasmic
concentration that transmits the visual signal. The
consideration that cyclic GMP would have the pro-
posed action is based mainly on inference, as-
sociating observed light-induced changes in cyclic
GMP concentration with light-induced changes of
the surface membrane. There is however one type
of experiment which has been interpreted as giving
a direct indication of cyclic GMP acting on the sur-
face membrane [27]. This involves the injection of
cyclic GMP directly into a rod cell in the retina via
an intracellular micropipette which is also used for
recording the electrical response of the cell. The
result of cyclic GMP injection is a change in mem-
brane potential (depolarization) consistent with an
opening of Na*-channels, together with an in-
crease in latency of the light-evoked response. It is
further observed that the cyclic GMP effect on
membrane electrical properties is suppressed fol-
lowing an intense light stimulus which would be ex-
pected to cause activation of the phosphodiesterase
of the rod outer segment. While these results are
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consistent with the proposed action of cyclic GMP
to open Na'*-channels of the rod outer segment
surface membrane, it should be noted that the
technique employed suffers from the fact that
there is extensive electrical coupling between rod
cells in the retina. Because of this, massive changes
in electrical properties would have had to be pro-
duced in the cell into which the micropipette was
introduced to give the observed effects. It is possi-
ble under these circumstances that the effects have
been influenced by changes in electrical properties
of the cell other than those involving the Na™*-
channels of the outer segment.

A criticism of the cyclic GMP-hypothesis is that
in the intact rod outer segment, unlike the case for
fragmented material, the decline in cyclic GMP
content is found to take place with a delay of ~1 s
from the time of illumination and therefore is too
late to be involved in generation of the surface
membrane response [28, 29].

5. ACTION OF CYCLIC GMP IN AN
EXTENDED Ca**-HYPOTHESIS

The present proposal for a role of cyclic GMP
within the Ca®*-hypothesis is shown in section C of
fig. 1. The essential feature of the scheme is sug-
gested by the observation that cyclic GMP causes
a rapid release of absorbed Ca®* from disc mem-
branes prepared by mechanical disruption of rod
outer segments [30]. A graded action is produced
over 50—150 M cyclic GMP, which covers the
region of concentrations in which light-induced
changes of cyclic GMP have been observed in in-
tact rods. No effect is produced by cyclic AMP,
GMP, GDP or GTP. The effect does not require
nor is it influenced by the presence of ATP or
GTP. The effect is also independent of whether the
rhodopsin in the disc membrane has been bleached
or not. The magnitude of the effect indicates that
~1/4 of adsorbed, tightly bound Ca (with a
dissociation constant of ~1 xM) can be released by
cyclic GMP. The capacity for this tightly bound
Ca®" in the absence of cyclic GMP is measured to
be ~0.1 of the rhodopsin content (on a molar
basis). Accordingly, referred to volume of
cytoplasmic space the Ca?* capable of release by
cyclic GMP would amount to ~100 #M. Consider-
ing that the concentration of free Ca’' in the
cytoplasmic space is estimated to be only 1 xM, one
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is aware that even a small fractional change in
cyclic GMP concentration would have an ap-
preciable effect on the free Ca%* content. The high-
affinity binding is distinguished in Ca?*-
equilibration studies on bovine rod outer seg-
ment disc membrane from a low-affinity compo-
nent of binding with a capacity some 100-times
greater [31]. It is the latter which is considered to
be involved in slowing the diffusion of Ca?* by ad-
sorption, particularly in the intradiscal space.
The involvement of cyclic GMP-dependent bin-
ding of Ca®* in visual excitation is envisaged to be
as follows. Light-evoked hydrolysis of cyclic
GMP, taking place via the G-protein activation of
phosphodiesterase, leads to a fall in cyclic GMP
concentration of the cytoplasm. This in turn af-
fects Ca’*-binding sites on the disc membrane
which are considered to reside in a specific
Ca’*-binding protein (CBP). The dissociation of
cyclic GMP from this protein permits an uptake of
Ca?*, as the reverse of the process whereby addi-
tion of cyclic GMP causes a release of Ca?*. It is
presupposed that the association of cyclic GMP
with the protein is reversible. As an extension of
the Ca?*-hypothesis, it is proposed that the
cytoplasmic Ca?* concentration, after being in-
creased from its dark-adapted level by the release
of Ca** from the intradiscal space and after having
exerted its effect in closing Na*-channels of the
surface membrane, will then be reduced through
the uptake of ions by the Ca®*-binding protein.
(The last of these movements is indicated by the
downward directed heavy arrow in the figure.) Be-
tween the opening of the Ca®*-pore in the disc
membrane and the change in Ca®* binding, there is
expected to be an interval of ~1 s, caused by the
delay in the decline of cyclic GMP concentration
and this could be the main factor determining the
time-to-peak of the surface membrane response.
An evident difficulty with this scheme is that the
uptake of Ca®* by the Ca?*-binding protein cannot
be expected to balance the preceding release of
Ca®* from the intradiscal space, owing to the in-
dependence of these two processes controlling
cytoplasmic Ca®*. Thus, on completion of a
response the Ca?* concentration and hence the
fraction of Na*-channels in the open state will not
have returned to the dark-adapted condition. To
some extent fluctuations of the Ca>* concentration
would be limited by the circumstance that the
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dissociation constant for tightly bound Ca?* is in
the region of the prevailing concentration. Further
stability, with increased likelihood of reversibility
of response, would be achieved if the Ca®* concen-
tration were to affect the dark-adapted level of
cyclic GMP, so that a decrease in Ca** concentra-
tion would cause an increase in cyclic GMP con-
centration. This, together with the action of cyclic
GMP on Ca’* binding, would then constitute a
negative feedback loop. The required effect of
Ca** on cyclic GMP level has been observed [32].
It is possible that this occurs via a regulatory action
of Ca®* on guanylate cyclase, the enzyme responsi-
ble for synthesis of cyclic GMP.

Several phenomena involving changes in the
time course of the surface membrane response can
be explained by an action of cyclic GMP on the
falling phase. Exposure of the retina to a low con-
centration of IBMX (when the drug is expected to
act specifically as an inhibitor of the phosphodi-
esterase) causes a prolongation of the surface
membrane response for low levels of photic stimu-
lation [33]. Similarly, in mutant mice, heterozygous
for the retinal dystrophy gene (the C3H strain), for
which there is evidence of a reduction in the light-
regulated phosphodiesterase, the response has a
prolonged falling phase compared with that in nor-
mal mice [34]. This form of behaviour is consistent
with the light-induced reduction in cyclic GMP
being responsible for the falling phase of the
response in accordance with the present model. A
change of response in the opposite direction (an
accelerated falling phase with curtailment of the
time-to-peak) is produced by background illumina-
tion [35]. This effect appears to reach a steady state
in ~10 s from the onset of background illumina-
tion. It suggests a priming of the process controll-
ing the falling phase of the response by the con-
tinued presence of activated rhodopsin molecules.
One way in which this might occur is if more than
one G-protein molecule were required for activa-
tion of a molecule of phosphodiesterase. Another
way is if more than one molecule of cyclic GMP
were required to affect the Ca?*-binding protein.

6. MODIFICATION OF RESPONSE BY Ca®*

The short-term effects of variation in Ca®* con-
centration, produced either by changing the Ca®*
concentration of the extracellular solution or by in-
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troducing Ca®* or Ca?*-buffering reagents into the
cytoplasm of the outer segment, are quite different
from those described above. Provided the response
is in the linear region (i.e., there is a linear relation
between the intensity of light stimulus and the
amplitude of response) its time course is not af-
fected appreciably by changes of Ca®* which pro-
duce large changes in amplitude of response
[36—39). Increased Ca®* causes a reduction in
response amplitude which can be accounted for
most simply by blockage of a proportion of the
Na*-channels so that fewer of them are available
to be closed by the light stimulus. A decrease in
Ca’* has the reverse effect. The response is
augmented up to several times its amplitude under
normal Ca®*. This is accounted for by a larger
number of Na*-channels being in the open state
before the stimulus, which closes a fixed fraction
of channels that are open. These effects are clearly
directly explicable in terms of the Ca**-hypothesis,
with going beyond the proposal for a control site
on the Na*-channel which combines reversibly
with Ca®*.

Exposure of rod outer segments to a low concen-
tration of Ca?* (<1 xM in the extracellular
medium) for a prolonged period (> 5 min) results
in a different form of behaviour. The response to
a weak light stimulus, after having been initially in-
creased by exposure to low Ca?*, now becomes
drastically reduced in amplitude. This is consistent
with the Ca?*-hypothesis on the assumption that
the maintenance of cytoplasmic Ca®* at a low level
(below that prevailing in the dark-adapted state)
for an extended period causes a reduction in the
Ca’* content of the discs, so that the amount of
Ca’* released by the opening of a pore is cor-
respondingly reduced. Under these conditions a
new phenomenon appears — that of superlinearity
of the response to weak stimuli. The response
amplitude, instead of increasing in proportion to
the stimulating light intensity, increases more
steeply so that there appears to be a threshold for
eliciting a detectable response. This behaviour can
be accounted for by the existence of Ca2*-binding
sites which take up the small amounts of Ca?*
released from the discs in response to weak, effec-
tively subthreshold stimuli, but these sites become
saturated with stronger stimuli. Presumably, the
ability to detect this form of behaviour is
facilitated by the magnification of response for a



Volume 149, number 2

given amount of Ca2* released, due to the number
of Na*-channels available to be closed being in-
creased at the prevailing low cytoplasmic Ca’*
level, On the other hand, the low Ca2* level would
have an opposing effect through increasing the
cyclic GMP concentration, which, on the present
scheme, would reduce the number of exposed
Ca’*-binding sites.

7. PROCESS INVOLVED IN RESTORATION
OF INTRADISCAL Ca?**

The surface membrane response reflecting a rise
and fall of cytoplasmic Ca** concentration is, for
weak light flashes, completed in ~3 s. For stronger
stimuli, giving a response of maximum amplitude
(corresponding to closure of all the Na*-channels
of the surface membrane), the response is pro-
longed, but its falling phase is probably still deter-
mined by cyclic GMP-controlled binding of Ca**.
Restoration of the Ca** content of the intradiscal
space to its dark-adapted level is envisaged to be a
much slower process, being dependent on a Ca?*-
pump for the active transfer of Ca®* inward across
the disc membrane and probably requiring 5—10
min for its completion. As a preliminary step, this
will necessitate closure of the pore in the disc mem-
brane. There is uncertainty about the timing of this
event. It may conceivably correspond to phos-
phorylation of metarhodopsin II, which has been
observed to take place 1-2 min following flash
illumination and which has been proposed also as
the reaction terminating the susceptibility of the
rhodopsin photoproduct to combine with G-pro-
tein [40]. Another possibility is that pore closure
may closely follow the decay of metarhodopsin II.
In intact frog rod outer segments the time constant
for this has been found to depend on the fraction
of rhopsin bleached, with bleaches of <10%
yielding a time constant of <10 s [41]. Evidence is
lacking for a component of light adaptation at low
levels of bleaching which could be attributed to the
Ca’*-pore remaining open and hence the relevant
portion of the disc being incapable of accumu-
lating Ca**. However, if pore closure were as rapid
as the decay of metarhodopsin II, it would be dif-
ficult to differentiate its effect on responsiveness
from that of changes involving cyclic GMP.

With the pore closed, operation of the
Ca’*-pump will cause a gradual accumulation of
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Ca?* in the intradiscal space, returning the system
to its dark-adapted condition. This pump is en-
visaged to be no different from that found in many
other biological systems in which Ca®* has a
physiological role, with energy for the transport of
Ca’* against an electrochemical potential dif-
ference being provided by hydrolysis of ATP to
ADP. By analogy with the situation in vertebrate
striated muscle, in which the major protein consti-
tuent of the sarcoplasmic reticulum of M; 100000
has both a Ca®*-binding and a Ca?*-pump func-
tion [42], one is tempted to speculate that those
two functions of the rod disc membrane may
likewise reside in a single protein-constituted
system. In that case the two functional units
represented in section C of fig. 1 should be
combined.

8. CONCLUSION: MECHANISM OF
Ca** BINDING

In this model of visual transduction the major
innovative feature is the role of the Ca?*-binding
protein controlled by the cyclic GMP level of the
cytoplasm. It does not seem possible at present to
provide a molecular description of the functioning
of this protein. Evidently, the regulatory action of
cyclic GMP does not take place through activation
of a protein kinase, as in the usually observed
mechanism of action of cyclic AMP, since the ef-
fect of cyclic GMP is exerted in the absence of a
phosphate donor. A similar effect of cyclic GMP
on Ca’* binding in the absence of a phosphate
donor has been observed in a preparation of
microsomes from heart muscle sarcoplasmic
reticulum [43]. Furthermore, in the case of the rod
outer segment the possibility of Ca%* binding being
controlled by either phosphorylation or dephos-
phorylation appears to be excluded by studies that
have been made on light-induced changes of pro-
tein phosphorylation, in which there appears to be
no membrane-bound protein having the necessary
properties [44]. One is left to suppose that com-
bination of cyclic GMP with the protein induces a
configuration change which results in the disap-
pearance of one or more Ca®*-binding sites.

REFERENCES

[1) Hagins, W.A. (1972) Annu. Rev. Biophys. Bioeng.
1, 131-158.

165



Volume 149, number 2

[2] Falk, G. and Fatt, P. (1973) J. Physiol. 229,
185-220.

[3] Fatt, P. and Falk, G. (1977) in: Vertebrate
Photoreception (Barlow, H.B. and Fatt, P. eds) pp.
77-95, Academic Press, London, New York.

4] Fatt, P. (1981) Exp. Eye Res. 33, 31-46.
1
1

IIararava D A Tang [0 § A~ Awrall T
riargrave, r.A., rong, oS.o., MCuOWeHL, J.n.,

Mas, M.T., Curtis, D.C., Wong, J.K., Juscsak, E.
and Smith, D.P. (1980) Neurochem. Int. 1
231-244.

[6] Szuts, E.Z. (1980) J. Gen. Physiol. 76, 253—-286.

7 Hagins, W.A and Vncl—nlramr S. (1977 in:
i/ miagins W.A. and YoshiKkamil S>. (1977) mi

Vertebrate Photoreception (Barlow, H.B. and Fatt,
P. eds.) pp. 97-138, Academic Press, London,
New York.

[8] Yoshikami, S., George, J.S. and Hagins, W.A.
(1980) Nature 286, 395-398.

[9] Gold, G.H. and Kornbrot, J.I. (1980) Proc. Natl.
Acad. Sci. USA 77, 5557-5561.

[10] Falk, G. and Fatt, P. (1973) J. Physiol. 229,
221-239.

[11] Cone, R.A. (1964) J. Gen. Physiol. 47, 1107-1116.

[12] Baylor, D.A., Lamb, T.D. and Yau, K.W. (1979)
J. Physiol. 288, 589-611.

[13] McLaughlin, S. and Brown, J.E. (1981)
Physiol. 77, 475—487.

[14] Lamb, T.D., McNaughton, P.A. and Yau, K.W.
(1981) J. Physiol. 319, 463—496.

[15] Baylor, D.A., Yau, K.W., Lamb, T.D. and

Matthawe (G IIO']Q\ Sencorvy Drnr\necnc 2 NN-_0N5

Matthews, G. (1978) Sensory Processes 2, 300-305.

[16] Baylor, D.A., Lamb, T.D. and Yau, K.W. (1979)
J. Physiol. 288, 613-634.

[17] Goridis, C., Virmaux, N., Cailla, H.L. and
Delaage, M.A. (1974) FEBS Lett. 49, 167-169.

[18] Krishna, G., Krishnan, N., Fletcher, R.T. and
Chader, G. (1976) J. Neurochem. 27, 717-722.

[19] Orr, H.T., Lowry, O.H., Cohen, A.I. and
Ferrendelli, J.A. (1976) Proc. Natl. Acad. Sci. USA
73, 442445,

[20] Faber, D.B. and Lolley, R.N.
Neurochem. 28, 1089-1095.

[21] Woodruff, M.L., Bownds, M.D., Green, S.,
Morrisey, J. and Shedlovsky, A. {1977} J. Ge
Physiol. 69, 667—-679.

[22] Kiihn, H. (1980) Neurochem. Int. 1, 269-28S5.

[23] Fung, B.K., Hurley, J.B. and Stryer, L. (1981)
Proc. Natl. Acad. Sci. USA 78, 152-156.

18]
iyt

T Now
J. Ucdil.

a977n I

=

166

FEBS LETTERS

November 1982

[24] Kohnken, R.E., Eadie, D.M., Revzin, A. and
McConneil, D.G. (i981) J. Bioi. Chem. 256,
12502—-12509.

[25] Liebman, P.A. and Pugh, E.N. (1979) Vision Res.
19, 375—-380.

[26] Kiihn, H., Bennett, N., Michel-Villaz, M. and

Chabre, M. (1981) Proc. Natl. Acad. Sci USA
6873—-6877.

[27] Miller, W.H. and Nicol,
64—66.

[28] Kilbride, P. and Ebrey, T.G. (1979) J. Gen.
Physiol. 74, 415-426,

[29] Govardovskii, V.I. and Berman, A.L. (1981)
Biophys. Struct. Mech. 7, 125-130.

[30] Cavaggioni, A. and Sorbi, R.T. (1981) Proc. Natl.
Acad. Sci. USA 79, 3964-3968.

[311 Hendriks, T., Van Haard, P.M.M., Daemen,
F.J.M. and Bonting, S.L. (1977) Biochim. Biophys.
Acta 467, 175—184.

[32] Cohen, A.I., Hall, I. and Ferrendelii, J.A. (1978) J.
Gen. Physiol. 71, 595-612.

[33] Brown, J.E. and Waloga, G. (1981) Curr. Top.
Membr. Transp. 15, 369—380.

[34] Arden, G.B. and Low, J.C. (1980) J. Physiol. 308,

QN Q1M

ouU—olir.

[35] Bastian, B.L. and Fain, G.L. (1979) J. Physiol.
297, 493-520.

[36] Yoshikami, S. and Hagins, W.A. (1973) in:
Biochemistry and Physiology of Visual Pigments
{T anaer H ad) nn 244 _281% Qnr-nnnr Vearlao

allglr, i, LUy pp. A0 L0, Prigvi = ¥V Ulidg,

Berlin, New York.

[37] Brown, J.E. and Pinto, L.H. (1974) J. Physiol.
236, 575-591.

[38} Lipton, S.A., Ostroy, S.E. and Dowling, J.E.
(1977) J. Gen Physiol. 70, 747-770.

[39] Bastian, B.L. and Fain, G.L. (1981) Curr. Top.
Membr. Transp. 15, 341-368.

{40] Liebman, P.A. and Pugh, E.N. (1980) Nature 287,
734-736.

[41] Donner, K.O. and Hemild, S. (1975) Vision Res.
15, 985-995.

[42] Hasselbach, W. (1979) Top Curr. Chem. 78, 1-56.

1431

G.D. (1979) Nature 280,

...........

VV Cllcl lVl a.uu Lallls, U \17/7} DlUbllllll DlUPlly)

Acta 551, 406—419.

[44] Hermolin, J., Karell, M.A.,, Hamm, H.E. and
Bownds, M.D. (1982) J. Gen. Physiol. 79,
633—655.



