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aBSTRACT The light-activated cyclic GMP phosphodiesterase (PDE) of frog
photoreceptor membranes has been assayed in isolated outer segments suspended
in a low-calcium Ringer’s solution. Activation occurs over a range of light
intensity that also causes a decrease in the permeability, cyclic GMP levels, and
GTP levels of isolated outer segments. At intermediate intensities, PDE activity
assumes constant intermediate values determined by the rate of rhodopsin
bleaching. Washing causes an increase in maximal enzyme activity. Increasing
light intensity from darkness to a level bleaching 5 X 10° rhodopsin molecules
per outer segment per second shifts the apparent Michaelis constant (Km) from
100 to 900 pM. Maximum enzyme velocity increases at least 10-fold. The
component that normally regulates this light-induced increase in the Km of PDE
is removed by the customary sucrose flotation procedures. The presence of 1073
M Ca** increases the light sensitivity of PDE, and maximal activation is caused
by illumination bleaching only 5 X 10? rhodopsin molecules per outer segment
per second. Calcium acts by increasing enzyme velocity while having little
influence on Km. The effect of calcium appears to require a labile component,
sensitive to aging of the outer segment preparation. The decrease in the light
sensitivity of PDE that can be observed upon lowering the calcium concentration
may be related to the desensitization of the permeability change mechanism
that occurs during light adaptation of rod photoreceptors.

INTRODUCTION

Recent studies have indicated that the light-activated cyclic GMP phospho-
diesterase (PDE) of vertebrate photoreceptor membranes may be a central
element in regulating fast photoreceptor responses to illumination. In isolated
frog rod outer segments a light-induced drop in cyclic GMP levels mediated
by this enzyme can be extremely rapid, having a ¢1/2 of 125 ms, and the cyclic
GMP decrease mimics the light-induced permeability decrease of the plasma
membrane in several respects (Woodruff et al., 1977; Woodruff and Bownds,
1979). Yee and Liebman (1978), using a rapid assay technique, have shown
that PDE can be activated within milliseconds of light absorption. The cyclic
GMP drop apparently is responsible for the dephosphorylation of two minor
outer segment proteins. One suggestion has been that these proteins may be
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linked to permeability control (Polans et al., 1979). These observations,
together with recent electrophysiological studies (Lipton et al., 1977; Miller
and Nicol, 1979), have strengthened the hypothesis that cyclic GMP is an
intracellular transmitter that mediates between photon absorption by rhodop-
sin in the disk membrane system and the permeability decrease that occurs in
the plasma membrane (Hubbell and Bownds, 1979).

One reason for the present work has been to determine whether the activity
of the PDE enzyme can be matched to the behavior of cyclic GMP in intact
rod outer segments. We approached this issue by examining PDE in minimally
disrupted outer segments in a low-calcium Ringer’s solution used in studies on
permeability and cyclic GMP decreases in isolated outer segments (Bownds
and Brodie, 1975; Woodruff and Bownds, 1979). We hoped that the use of
such preparations might reveal the presence of control elements that are
removed by the purification and washing procedures used in some of the
published studies on this enzyme.

The work reported here demonstrates that gently prepared outer segments
can be made permeable enough to permit access of the exogenous radioactive
substrate needed to assay PDE while retaining important controlling elements.
Under these conditions, several regulatory factors have been found in addition
to the GTPase (Wheeler and Bitensky, 1977) and inhibitor components
(Dumler and Etingof, 1976; Berman and Usova, 1978; Liu and Wong, 1979;
Furaev et al., 1978; Hurley and Ebrey, 1979; Baehr et al., 1979) that have
been reported.

MATERIALS AND METHODS

Retinas were removed from dark-adapted bullfrogs (Rana catesbeiana or Rana grylio,
obtained from Lemberger Co., Oshkosh, Wis.) using the procedures described by
Woodruff et al. (1977) and Woodruff and Bownds (1979). They were then held by the
edge with forceps and gently rinsed in 15 ml of a Ringer’s solution: 115 mM NaCl,
2.5 mM KCI, 10 mM HEPES, 2 mM MgCl,, 1 mM dithiothreitol, pH 7.5, calcium
concentration buffered to ~10™° M by the addition of 10™* M CaCl; and 2.78 X 107°
M EGTA (Caldwell, 1970). Rod outer segments were detached by shaking the retinas
for 2 min in 0.5-1 ml of this Ringer’s solution supplemented with 0.8-1 mM GTP
(This solution is referred to in the text as GTP-Ringer’s). Centrifugation for 1 min at
1,200 g, followed by resuspension of the outer segments in 0.6-0.7 ml of fresh GTP-
Ringer’s solution, was used both to wash the outer segments and to permeabilize their
plasma membranes to ensure access of the [H%]cyclic GMP used for the PDE assay.
All of the outer segments appeared morphologically intact but were permeable as
assayed by the fluorescence technique of Yoshikami et al. (1974). After washing and
disruption, these preparations were found to retain micromolar levels of ATP as
assayed by high-pressure liquid chromatography (Biernbaum and Bownds, 1979). It
was also found that 1-5 uM levels of ATP were introduced as a contaminant in the
0.8-1 mM GTP used. In some experiments, outer segments were disrupted by
sonication for 5-10 s at 0°C with a Branson Sonifer (Branson Sonic Power Co.,
Danbury, Conn.). It was found that maximal PDE activity was proportional to the
number of permeabilized rods, as assayed using the fluorescent probe technique.
The suspension of washed and permeabilized outer segments then was added to an
equal volume of an assay mixture made in the same GTP-Ringer’s solution to obtain
the following final concentrations: 2-4 mM cyclic GMP (containing trace amounts,
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~3 X 10° cpm, of 8-[*H]cyclic GMP, 5 Ci/mmol; ICN Chemicals, Irvine, Calif.), 0.8-
! mM GTP, and 4-6 pM rhodopsin. The suspension was then divided into 50 ul
portions, which were exposed to various conditions of illumination for 1-5 min, using
the calibrated light source previously described (Brodie and Bownds, 1976). The PDE
reaction was quenched by adding either 100 ul of 10% trichloroacetic acid (TCA) or
by heating for 1 min in a 100°C sand bath. The samples quenched with TCA were
neutralized with 10 M KOH. Three portions of the outer segment suspension were
reserved for determination of rhodopsin content as previously described (Bownds et
al., 1971). Experiments were completed within 30-40 min after the animal was killed
to minimize possible time-dependent degradation of the system. All manipulations
were performed at room temperature and in the dark under infrared illumination
using an infrared image converter (F.J.W. Industries, Mt. Prospect, Ill.).

The amount of cyclic GMP that had been hydrolyzed was determined using
procedures adapted from Thompson et al. (1974). Quenched and neutralized samples
were added to 200 pl of Crotalis atrox venom (2 mg/ml, 50 mM Tris-HCI, pH 7.5), an
enzyme mixture that converts [*H])5-GMP (generated by the PDE from [*H]cyclic
GMP) to [*H]guanosine. After 10-15 min of incubation at 37°C, this reaction was
quenched by placing the samples in a 100°C sand bath for 1 min. After cooling, 200
or 400 pl of each sample were passed through an anion exchange column (DEAE-
Sephadex, A-25, Sigma Chemical Co., St. Louis, Mo., 7.5 X 0.5 c¢m, equilibrated with
50 mM Tris- HCI, pH 7.5). The radioactivity from the first 6 ml of eluant, which was
shown to contain >90% of the [*H]guanosine, was determined by placing a 0.6-ml
portion into 5 ml of Aquasol (New England Nuclear, Boston, Mass.) and counting in
a Searle Mark II Liquid Scintillation Counter (Searle Analytic, Inc., Des Plaines,
IlL.). (As a control, snake venom was omitted from the procedure to demonstrate that
the outer segment suspension did not generate guanosine from cyclic GMP by an

alternate pathway.) All reagents and enzymes were obtained from Sigma Chemical
Co.

RESULTS
Light Sensitivity of Phosphodiesterase

Previous papers in this series (Brodie and Bownds, 1976; Woodruff et al,,
1977; Woodruff and Bownds, 1979; Polans et al., 1979; Biernbaum and
Bownds, 1979) demonstrate that changes in outer segment permeability and
chemistry occur over a range of illumination that bleaches 5 X 10" to 5 X 10*
rhodopsin molecules per outer segment per second. (Each outer segment
contains ~3 X 10° rhodopsin molecules.) These changes have been measured
as responses to continuous illumination, and thus the data in this paper
monitor PDE activity as a function of the intensity of continuous illumination.

One goal of these experiments has been to determine whether the activity
of the PDE enzyme correlates with the actual changes in cyclic GMP measured
in intact outer segments (Woodruff et al., 1977; Woodruff and Bownds, 1979).
For this reason, initial measurements were carried out with procedures used
in those experiments (no washing or disruption of outer segments, 10% vol/
vol calf serum added to the GTP-Ringer’s solution). Under these conditions,
only 20-40% of the outer segments are disrupted sufficiently to allow access of
a fluorescent probe (see Methods), and presumably only this fraction is
accessible to the [*H]cyclic GMP substrate used to assay the PDE enzyme.
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Breakage of all of the outer segments present by sonication increases the
maximum activity threefold to fourfold, but does not influence the form of
the data shown in Fig. 1 a.

Fig. 1 a, then, shows one of five experiments demonstrating that PDE can
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Figure 1. Cyclic GMP phosphodiesterase activity expressed as a function of
light intensity. (¢) Minimally disrupted outer segments suspended in low-calcium
GTP-Ringer’s solution (see Methods) that contained 10% calf serum (vol/vol)
and [*H]cyclic GMP. Portions of the suspension were illuminated for 5 min at
the indicated intensities and then quenched. Each point represents triplicate
determinations (XSEM). Data are from one of five similar experiments. (b)
Outer segments made permeable by sedimentation and resuspension in fresh
GTP-Ringer’s solution (see Methods). Data are averaged from nine experiments;
in each, triplicate points were taken for every intensity. Maximal activities
varied from experiment to experiment, possibly because of differential elution
of controlling components (cf. Figs. 3 and 4). For this reason, a summary curve
was constructed by first averaging the maximal activities from the nine similar
experiments and then normalizing the data for each experiment to this maxi-
mum. The curve shown was obtained by averaging the separate normalized
curves from each experiment. This averaging procedure was also followed in
Fig. 5.
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be activated over a broad range of illumination. In this experiment, the
activity increases over 3—-4 log units of continuous light intensity and saturates
at an intensity bleaching between 5 X 10%® and 5 X 10* rhodopsin molecules
per outer segment per second. However, saturation at the higher light level
was observed in only two of the five experiments.

The removal of serum and disruption of the outer segments by washing (as
described in Methods) does not appear to dramatically change the behavior
of the enzyme (Fig. 1 b, average of nine separate experiments) except for an
increase in activity presumably caused by a more complete permeabilization
as well as a stabilization of the saturating level for the light response at 5 X
10° rhodopsin molecules per outer segment per second. Expression of maximal
activity requires that both exogenous GTP (0.8-1.0 mM) and 2 mM Mg*™ be
present (cf. Miki et al. [1973] and Chader et al. [1974]). More recent studies
demonstrate that the behavior shown in Fig. 1 a requires the presence of
micromolar levels of ATP. (High-pressure liquid chromatographic analysis
revealed, during the course of these experiments, that this ATP was introduced
as a contaminant of the 0.8-1 mM GTP added. This ATP requirement will
be discussed in more detail in a subsequent paper.)*

Intensity-response curves of the sort shown in Fig. 1 a and b are obtained by
incubating separate portions of suspended outer segments at the indicated
light intensities. After 5 min, the portions are assayed to determine how much
cyclic GMP has been hydrolyzed. It is important to demonstrate that the
light-induced hydrolysis is a linear function of time at each intensity tested;
otherwise the apparent broad range of response shown in Fig. 1 could be due
to exhaustion of substrate or nonlinearity in the light activation process. Fig.
2 demonstrates the required linearity for the range of intensities used and
makes clearer the finding that PDE activity reaches a steady-state value for
each level of illumination, although illumination and rhodopsin bleaching are
continuing. (In this regard, PDE activation is similar to light-induced de-
creases in permeability, cyclic GMP, and GTP in isolated outer segments.
These transitions assume steady-state values at intermediate levels of illumi-
nation.) Control experiments that demonstrate linearity were performed for
all of the subsequent conditions described in this paper (cf. Fig. 3).

Inkabitor (s) of Phosphodiesterase

Studies from several laboratories have shown the presence in outer segment
preparations of an endogenous inhibitor of PDE (Dumler and Etingof, 1976;
Berman and Usova, 1978; Liu and Wong, 1979; Furaev et al., 1978; Hurley
and Ebrey, 1979; Baehr et al., 1979). Under the conditions of these experi-
ments, it is found that specific activity of phosphodiesterase in the dark (the
number of cyclic GMP molecules hydrolyzed per rhodopsin molecule present
per min) increases twofold to fivefold as rhodopsin concentration falls below
4 puM. This suggests the dissociation of an inhibitor of the dark activity.
However, the specific activity of the enzyme activated by saturating illumi-
nation remains constant.

Washing outer segments not only in the GTP-Ringer’s solutions used in
this work but also in the media used by Yee and Liebman (1978) and Keirns
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et al. (1975) enhances both dark and maximal light activity approximately
twofold. Enhancement of illuminated activity by washing is illustrated in Fig.
3, which represents one of 23 experiments in which the effect of washing was
studied. In this case, the outer segments were sonicated to ensure maximum
access of [*H]cyclic GMP and to facilitate elution of inhibitor. The suspension
was then divided into two portions, one of which was washed to remove
inhibitor and then resuspended in fresh GTP-Ringer’s solution. Both were
then assayed for PDE activity in response to dim illumination (bleaching 5
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Ficure 2. Linearity of cyclic GMP hydrolysis at various light intensities.
Outer segments suspended in GTP-Ringer’s solution were exposed to the
indicated levels of illumination, expressed as rhodopsin molecules bleached per
outer segment per second (rhod./o.s.-s). Single portions were withdrawn at the
indicated times and assayed to determine the amount of cyclic GMP hydrolyzed.
The lines were determined by linear regression analysis. Similar data were
obtained in two further experiments, and in each the data were linear with r*
> 0.95.

X 10 rhodopsin molecules per outer segment per second). The washed
preparation is twice as active as the unwashed. In numerous preparations this
relationship is seen at all intensities tested. (The experiment shown in Fig. 3
was chosen to illustrate the effect of washing because it presents a further
demonstration of the linearity of the reaction. The effect of washing on dark
activity, however, is obscured by experimental error. The average increase in
dark activity caused by washing for the 23 separate experiments was 2.4-fold
[+£0.6 SEM].)

Outer segment preparations washed one time (as in Fig. 3) yielded the most
reproduceable data and were used in all subsequent experiments. Even under



RoBiNsON ET AL. Phosphodiesterase of Frog Photoreceptor Membranes 637

these conditions, variability in the maximum light activity is observed, with
some outer segment preparations showing specific activities as high as 250
moles cyclic GMP hydrolyzed per mole rhodopsin per minute.

Kinetic Analysis

The kinetic data shown in Fig. 4 in the form of Lineweaver-Burk graphs reveal
a complex picture of the light activation process. Work from several labora-
tories has suggested that light increases the maximum velocity of the PDE
enzyme (Vmax) without altering the concentration of cyclic GMP substrate
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Ficure 3. Effect of washing on PDE activity. Curve a shows the PDE activity
of outer segments after sonication and washing and resuspension in fresh GTP-
Ringer’s solution. Curve b indicates the activity observed in suspended outer
segments made permeable by sonication but not washed. Illumination bleaching
5 X 10® rhodopsin molecules per outer segment per second was used. Curve ¢
shows PDE activity of washed and unwashed outer segments left in the dark.

required for half-saturation of the enzyme (Michaelis constant, Kn). (Miki et
al., 1973; Chader et al., 1974; Yee and Liebman, 1978). In contrast, the
present studies demonstrate an increase in the apparent Ky during light
activation. The light-activated K varies from 0.5 to 1.5 mM in different
preparations (for five separate experiments, the average was 0.9 + 0.2 SEM),
perhaps reflecting variation in the concentration of some controlling compo-
nent. In the experiment shown in Fig. 4 (solid lines), as light intensity increases,
a graded increase in Vmax from 20 to 170 moles cyclic GMP hydrolyzed per
mole rhodopsin present per minute and a graded shift in the apparent K,
from 100 to 700 uM is observed. The Kn, shift is essentially complete at levels
of illumination that bleach 5 X 10° rhodopsin molecules per outer segment
per second. Substrate inhibition is observed as cyclic GMP concentration
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Ficure 4. Kinetic analysis of PDE activation. Portions of an outer segment
suspension were exposed to illumination at the indicated light intensities (solid
lines). After 1 min of illumination [*H]cyclic GMP was added to obtain the
indicated concentrations, and the incubations were continued for an additional
30 s to 2 min before the reactions were quenched by the addition of TCA. Each
point on the graph represents a single determination. The graph is a Lineweaver-
Burk plot showing PDE velocity as a function of the cyclic GMP concentration.
The increase in Vs is indicated by the decrease in the intercept with the
ordinate of the lines obtained for each light intensity (from 20 to 170 moles
cyclic GMP per mole rhodopsin per min); and the increase in Ky, that occurs
upon illumination is indicated by the shift to the right of the intercept with the
abscissa (from 100 to 700 pM cyclic GMP). The dashed line shows data for
outer segments prepared by sucrose flotation and exposed to saturating illumi-
nation. All lines are drawn using linear regression analysis.

approaches 4 mM (data not shown). (Caretta et al. [1979] have also reported
a twofold increase in K immediately after flash illumination of frog rod outer
segments.)

Light-induced shifts in Kn are observed in both washed and unwashed
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outer segments. In unwashed outer segment preparations, neither the presence
nor absence of serum, nor aging for 1.5 h, significantly influences the light-
induced Ky, shift. However, the presence of an easily removed component is
required. If outer segments are prepared with the customary sucrose flotation
and washing procedures (Yee and Liebman, 1978), Kn, is found to be 110 uM
and little influenced by illumination (Fig. 4, dashed line).

Regulation of Light Sensitivity by Calcium Ions

Fig. 5 demonstrates that the addition of calcium to the low-calcium Ringer’s
solution used in the experiments described above both increases PDE activity

100~

80 a

]

40~
zoi-{ﬁ

DARK

L | N | 2

102 103 104 10°
Light intensity (rhodopsin mofecules bleached /outer segment-g}
Figure 5. Effect of calcium on light sensitivity of PDE activation. In curve b,
outer segments were prepared by washing with a low-calcium (10™® M) GTP-
Ringer’s solution (see Methods). In curve a, outer segments were prepared in the
same low-calcium solution, but they then were washed by resuspending them in
the same solution with the calcium concentration brought to 1072 M. Curves a
and b represent data averaged from four and nine experiments, respectively.
Data were normalized as described in Fig. 1.

-

PDE activity (moles cyclic GMP hydrolyzed/mole rhodopsin-min)

and causes a sensitization of the light activation process. This is observed in
both washed and unwashed outer segments. In 1 mM Ca™*, maximum
activity is higher, and complete activation is obtained after light intensity has
been increased to a level bleaching 5 X 10? rhodopsin molecules per outer
segment per second (Fig. 5, curve a4). In contrast, light activation is not
maximal in ~10"® M Ca** until the intensity is increased to a level bleaching
5 X 10® rhodopsin molecules per outer segment per second (Fig. 5, curve 4). In
five separate experiments it was determined that the presence of 1 mM Ca**
does not have a large influence on the value of Ky, or its light-induced shift to
higher values (K, in saturating illumination was 1.0 £ 0.2 mM SEM). Rather,
an increase in apparent Vma, is observed at each intensity tested (between 5
X 10" and 5 X 10° rhodopsin molecules bleached per outer segment per
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second). Data for the higher intensity from one of these experiments are shown
in Fig. 6. The presence of 1 mM Ca*" causes a shift in Viax from 200 to 350
moles cyclic GMP hydrolyzed per mole rhodopsin per minute.

The magnitude of the effect of calcium diminishes if outer segments are
kept in the GTP-Ringer’s solution for more than 1 h, and this decay occurs
more rapidly if 107> M Ca** (rather than 107® M) is present. This may
explain why a calcium effect has not been emphasized previously (cf. Miki et
al. [1973] and Yee and Liebman [1978]). (It should also be pointed out that
a calcium inhibition of PDE noted by Yee and Liebman [1978] and Chader
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Ficure 6. Effect of calcium on kinetics of light-activated PDE. Outer segments
were prepared as described in Fig. 5 in solutions containing 107 M Ca** (closed
circles) or 107 M Ca™* (open circles) and then exposed to light bleaching 5 X
10° rhodopsin molecules per outer segment per second.

et al. [1974] was observed in the absence of Mg*™, a required cofactor. In the
present experiments Mg*™" is present at millimolar levels.)

DISCUSSION

The main finding of this work is that a number of different controls appear to
regulate the light activation of PDE. In the living rod outer segment, the
enzyme might, at different times, have either the desensitized response char-
acteristics shown in Fig. 1 a or the more sensitive response that can be observed
in high calcium (Fig. 5, curve a). It is clear that one goal of mechanistic studies
must be to isolate and define the factors controlling these variations.

The data in Fig. 1 a and 4 demonstrate that in outer segment preparations
maintained in 10~° M Ca*™* light activation occurs over at least 3 log units of
increasing light intensity (cf. Keirns et al. [1975] Yee and Liebman [1978]).
Over this range of illumination, light decreased outer segment permeability
(Brodie and Bownds, 1976), cyclic GMP levels (Woodruff and Bownds, 1979),
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GTP levels (Biernbaum and Bownds, 1979), and phosphorylation of two smali
proteins (Polans et al., 1979). At intermediate levels of illumination, PDE
activity appears to reach intermediate steady-state values, so that cyclic GMP
hydrolysis is a linear function of time rather than of total rhodopsin bleaching
(Fig. 2). In current experiments we are attempting to determine what factors
(pH, nucleotide concentrations, etc.) control this behavior.

Inhibitor(s) of PDE

This work has provided evidence of an inhibitor component, as has work from
other laboratories (Dumler and Etingof, 1976; Liu and Wong, 1979; Berman
and Usova, 1978; Yee and Liebman, 1978; Hurley and Ebrey, 1979; Baehr et
al., 1979). Detailed comparisons are difficult because those studies did not
employ the preparation conditions or the variety of illumination regimens
used here. The inhibition of PDE probably involves several factors, and several
categories of “inhibition” should be distinguished. Making outer segment
suspensions more concentrated inhibits dark PDE activity without altering
light activity, suggesting the presence of an inhibitor for the dark activity. Yee
and Liebman (1978) have found that increasing rhodopsin concentration to
>4 uM does not cause an increase in total PDE activity, also suggesting the
presence of an inhibitor of the dark activity. Washing the outer segments, on
the other hand, increases both dark and illuminated PDE activity, indicating
the removal of an inhibitor that influences both. If work with PDE in other
systems is taken as a guide, one expects to find complex controls. In the PDE
isolated from rat cerebrum, for example, protein factors that inhibit basal
activity are separate from a calcium-binding protein involved in activation
(Kanamori et al., 1979).

Kinetics of PDE

The apparent Ky, of ~100 M calculated for the PDE enzyme in the dark is in
approximate agreement with values obtained in other laboratories (70-160
uM) for both the dark and illuminated enzyme (Miki et al., 1973; Chader et
al., 1974; Yee and Liebman, 1978). In this work, however, it has been found
that light shifts the Kn to a significantly higher value (~0.9 mM). The K,
shift appears to require an easily removed component, for when outer segments
are prepared with the customary sucrose flotation and washing procedures,
very little shift in K, is observed on illumination, in agreement with the work
just cited.

One would like to account for the actual behavior of cyclic GMP in intact
rods (Woodruff and Bownds, 1979) on the basis of known kinetic parameters
for PDE and guanylate cyclase. Unfortunately, calculations that use the
kinetic values of Fig. 4 for PDE, and that assume a constant rate of synthesis
of cyclic GMP from the cyclase, yield much higher estimates of the light-
induced cyclic GMP decline than are actually observed at low light intensities,
even though estimates for saturating intensity are correct. This might be
explained by the presence in intact outer segments of PDE that is even less
sensitive to light than that reported here, or by the presence of a light-sensitive
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cyclase. (Little is known about the cyclase in this system, but current evidence
suggests that it is not light sensitive [see Pober and Bitensky, 1979, for a
review}.)

Sensttization of PDE by Calcium Ions

The data presented in Figs. 5 and 6 clearly demonstrate that the light
sensitivity of PDE can be shifted by altering the calcium concentration.
Dumler (1974) also has reported a slight stimulation of PDE caused by
calcium ions in a bovine rod outer segment preparation, and Liu et al. (1979)
have suggested that PDE changes from a calcium activator-dependent form
to a calcium activator-independent form during normal development of
canine retinas. The failure of reports from several laboratories (Miki et al.,
1973; Yee and Liebman, 1978; Chader et al., 1974; Goridis and Weller, 1976)
to note the effect of calcium reported here may be due to the removal of the
calcium binding control element by the purification procedures used.

Fig. 5 indicates an effect of calcium on maximal activity and sensitivity but
does not clearly show whether the intensity-response function shifts along the
intensity axis. More recent experiments in our laboratory (Kawamura and
Bownds)® using a pH assay for PDE activity (Yee and Liebman, 1978) have
determined that low calcium and ATP cause a net displacement of the curve
to the right, with the displacement being intermediate at a calcium concen-
tration of 1078 M. Current experiments are directed at determining whether
a distinct calcium binding protein is involved in this process.

Physiological Relevance of the Calcium Effect

It is possible that a calcium-induced shift of PDE sensitivity, such as the one
shown in Fig. 5, occurs in the living rod cell. Gold and Korenbrot (1980) and
Yoshikami et al. (1980) have demonstrated that light causes an efflux of
calcium from photoreceptors. If this efflux causes a lowering of cytoplasmic
calcium levels, a desensitization of PDE might be expected. The data of the
present paper are of limited usefulness in evaluating this possibility, because
PDE sensitivity has been monitored only at calcium concentrations of 107°
and 107 M. The cytoplasmic levels of calcium in the dark are not known but
could be in the 107® M range commonly assumed (Hagins and Yoshikami,
1974; Wormingthon and Cone, 1978), or even higher. Thus, it would be best
to demonstrate that a fall from these levels to 10~ or 10~ M desensitizes the
PDE. Such data will be provided in a subsequent paper (Kawamura and
Bownds).! If cyclic GMP, which is regulated by PDE, controls rod outer
segment membrane permeability (Hubbell and Bownds, 1979), this decrease
in PDE sensitivity may be part of the molecular mechanism underlying the
desensitization that occurs during light adaptation. However, the shifts in
sensitivity of PDE seen thus far move its intensity response curve by no more

! Kawamura, S., and M. Deric Bownds. Light-adaptation of the cyclic GMP phosphodiesterase
of frog photoreceptor membranes mediated by ATP and calcium ions. Submitted for publica-
tion.
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than 1 log unit of input light intensity and thus fail to offer a complete
explanation for the changes over several log units of intensity during light
adaptation of living photoreceptors. (A more complete discussion of pathways
that might regulate transduction is given elsewhere [Bownds, 1980].)

It should be emphasized that this paper presents only a few of the relevant
controls of PDE. A GTPase activity that can be involved in the activation-
inactivation sequence has been described by Wheeler and Bitensky (1977).
Furthermore, Liebman and Pugh (1979) have observed that bovine PDE
activated by a flash of light is inactivated more rapidly if ATP is present. The
desensitized behavior of PDE shown in Fig. 5 b requires the presence of
micromolar levels of ATP, and the light sensitivity of the enzyme is increased
by its removal (Kawamura and Bownds)." It is possible that rhodopsin
phosphorylation by ATP mediates this desensitization. A next step in under-
standing the control of PDE will be to determine the locus of action of the
various components—inhibitor, GTPase, K, regulator, Ca™* regulator, and
rhodopsin phosphorylation—now being enumerated.

We are especially grateful to Michael Woodruff for his involvement in early phases of this
work.

This work was supported by National Institutes of Health grant EY-99463, Neurosciences
Training grant GM-7507 (supporting P. R. Robinson), and a grant from Fight for Sight, New
York City. A Naito research grant supported travel expenses for S. Kawamura.

Received for publication 3 March 1980.

REFERENCES

Baenr, W., M. J. DEvLIN, and M. L. AppLEBURY. 1979. Isolation and characterization of cGMP
phosphodiesterase from bovine rod outer segments. J. Biol. Chem. 254:11669-11677.

Berman, A. L., and A. A. Usova. 1978. Localization of a protein inhibitor of phosphodiesterase
of cyclic nucleotides in the outer segment of a retinal photoreceptor. Biokhimiya. 43:388-392.

BiernBaum, M. S., and M. D. Bownbs. 1979. Influence of light and calcium on guanosine 5'-
triphosphate in isolated frog rod outer segments. /. Gen. Physiol. 74:649-669.

Bownps, M. D. 1980. Biochemical steps in visual transduction: roles for nucleotides and calcium
ions. Photochem. Photobiol. In press.

Bownps, D., and A. E. Brobik. 1975. Light-sensitive swelling of isolated frog rod outer segments
as an in vitro assay for visual transduction and dark adaptation. J. Gen. Physiol. 66:407-425.

Bownbs, D.; A. GORDON-WALKER, A, C. GAIDE-HuGuEeNIN, and W. Rosinson. 1971. Character-
ization and analysis of frog photoreceptor membranes. J. Gen. Physiol. 58:225-237.

Brobig, A. E., and D. Bownps. 1976. Biochemical correlates of adaptation processes in isolated
frog photoreceptor membranes. J. Gen. Physiol. 68:1-11.

CarpweLL, P. C. 1970. Calcium chelation and buffers. In Calcium and Cellular Function. A.
W. Cuthbert, editor. St. Martin’s Press, Inc., New York. 11-16.

CARETTA, A., A. Cavaceions, and R. T. Sorsi. 1979. Phosphodiesterase and GTPase in rod
outer segments: kinetics in vitro. Biochim. Biophys. Acta. 583:1-13.

CHaDER, G., M. Jonnson, R. FLETCHER, and R. BENsINGER. 1974. Cyclic nucleotide phospho-
diesterase of the bovine retina: activity, subcellular distribution and kinetic parameters. J.
Neurochem. 22:93-99.

DuMLER, 1. L. 1974. Phosphodiesterase of outer segments of retina: properties of activation and



644 THE JOURNAL OF GENERAL PHYSIOLOGY « VOLUME 76 - 1980

inhibition. Biokhimiya. 39:1091-1096.

DumLer, I. L., and R. N. ETINGOF. 1976. Protein inhibitor of cyclic adenosine 3":5’-monophos-
phate in retina. Biochim. Biophys. Acta. 429:474-484.

Furaev, V. V., I. L. DumLEr, A. W. Kazimirski, and R. N. ETincor. 1978. Purification of
phosphodiesterase of cyclic nucleotides of the outer rod segments of the retina; coupling of
the enzyme with the inhibitor. Dokl. Akad. Nauk SSSR. 243:247-250.

Gorp, G. H,, and J. 1. Korensrot. 1980. Light-induced Ca efflux from rod cells in intact
retinas. fnvest. Opthal. Visual Sci. ARVO Abstracts. 281.

Goripis, C., and M. WELLER. 1976. A role for cyclic nucleotides and protein kinase in vertebrate
photoreception. Adv. Biochem. Psychopharmacol. 15:391-412.

Hacins, W. A., and S. YosHikami. 1974. A role for Ca®* in excitation of retinal rods and cones.
Exp. Eye Res. 18:299-305.

Hueserr, W. L., and M. D. Bownps. 1979. Visual transduction in vertebrate photoreceptors.
Annu. Rev. Neurosci. 2:17-34.

Hurtey, J. B., and T. G. EBrey. 1979. Regulatory components of bovine rod outer segment
phosphodiesterase. Biophys. J. 25 (2, Pt. 2):314a. (Abstr.).

Kanamori, T., C. R. CREVELING, and J. W. DarEey. 1979. Calcium-dependent cyclic nucleotide
phosphodiesterase. Inhibition of basal activity by heat-stable factors from rat cerebrum.
Biochim. Biophys. Acta. 582:434-447.

KEerns, J. J., N. Mixi, M. W. Brtensky, and M. Keirns. 1975. A link between rhodopsin and
disc membrane cyclic nucleotide phosphodiesterase. Action spectrum and sensitivity to
illumination. Biochemistry. 14:2760-2766.

LieBman, P. A_, and E. N. PucH. 1979. The control of phosphodiesterase in rod disc membranes:
kinetics, possible mechanisms and significance for vision. Vision Res. 19:375-380.

Lieron, S. A., H. Rasmussen, and J. E. Dowring. 1977. Electrical and adaptive properties of
rod photoreceptors in Bufo marinus. II. Effects of cyclic nucleotides and prostaglandins. /. Gen.
Physiol. 70:771-791.

Lw, Y. P, G. Krisuna, G. Acurrg, and G. J. Cuaber. 1979. Involvement of cyclic GMP
phosphodiesterase activator in a hereditary retinal degeneration. Nature (Lond.). 280:62-64.
Lw, Y. P, and V. G. WonG. 1979. A heat-stable protein inhibitor of cyclic 3',5"-nucleotide

phosphodiesterase. Biochim. Biophys. Acta. 583:273-278.

Miki, N., J. Kemns, F. R. Marcus, J. FREeman, and M. W. Bitensky. 1973. Regulation of
cyclic nucleotide concentrations in photoreceptors: an ATP-dependent stimulation of cyclic
nucleotide phosphodiesterase by light. Proc. Natl. Acad. Sci. U. S. A. 70:3820-3824.

MiLer, W. H., and G. D. Nicor. 1979. Evidence that cyclic GMP regulates membrane
potential in rod photoreceptors. Nature (Lond.). 280:64-66.

Posegr, J. S., and M. W. BiTensky. 1979. Light-regulated enzymes of vertebrate retinal rods.

Adpv. ir Cyclic Nucleotide Res. 11:265-301.
Porans, A. S., HErMmoLIN, J., and M. D. Bownps. 1979. Light-induced dephosphorylation of

two proteins in frog rod outer segments. Influence of cyclic nucleotides and calcium. /. Gen.
Physiol. 74:595-613.

TuompsoN, W. J., G. BROOKER, and M. M. AppLEMAN. 1974. Assay of cyclic nucleotide
phosphodiesterase with radioactive substrates. Methods Enzymol 38:205-212.

WHEELER, G. L., and M. W. Bitensky. 1977. A light-activated GTPase in vertebrate photore-
ceptors: regulation of light-activated cyclic GMP phosphodiesterase. Proc. Natl. Acad. Sci. U.
S. A. 74:4238-4242.

Wooprurr, M. L., D. Bownps, S. H. Green, J. L. Morrisey, and A. SHEDLOVskKY. 1977.



RoBinsoN ET AL. Phosphodiesterase of Frog Photoreceptor Membranes 645

Guanosine 3',5-cyclic monophosphate and the in vitro physiology of frog photoreceptor
membranes. J. Gen. Physiol. 69:667-679.

Woobprurr, M. L., and M. D. Bownps. 1979. Amplitude, kinetics, and reversibility of a light-
induced decrease in guanosine 3’,5"-cyclic monophosphate in frog photoreceptor membranes.
J. Gen. Physiol. 73:629-653.

WormingToN, C. M., and R. A. Cone. 1978. Ionic blockage of the light-regulated sodium
channels in isolated rod outer segments. J. Gen. Physiol. 71:657-681.

YeE, R., and P. A. Liesman. 1978. Light-activated phosphodiesterase of the rod outer segment.
Kinetics and parameters of activation and deactivation. J. Biol. Chem. 253:8902-8909.

Yosuikami, S., W. E. Rosinson, and W. A. Hacins. 1974. Topology of the outer segment
membranes of retinal rods and cones revealed by a fluorescent probe. Science (Wash. D. C.).
185:1176-1179.

Yosuikamy, S., J. Georce, and W. A. Hacins. 1980. Light causes large fast Ca*™* efflux from
outer segments of live retinal rods. Fed. Proc. 39:2432.



