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Cyclic GMP phosphodiesterase in frog rod outer segments is activated after flash illumination and is 
inactivated when left in the dark. ATP reduces the initial peak activity caused by dim flashes (with 50 tiM 
ATP being required for a half-maximal effect) and also accelerates inactivation (with 2 ixM ATP being 
required for a half-maximal effect). An acceleration of inactivation caused by ATP addition is 3-7-fold, 
depending on the preparation, and ATP effect can be observed even 1 min after a dim flash is given. The 
accelerated inactivation is also flash intensity-dependent. A low intensity of light causes more rapid 
inactivation than does a high intensity of light. ATP appears to control phosphodiesterase activity in various 
ways. 

Introduction 

The first event in vision is photon capture by 
visual pigments. In rod outer segments, the pig- 
ments are located on the disk membrane which is 
morphologically separated from the plasma mem- 
brane where electrical response generates in the 
light. Therefore, an intracellular transmitter is pos- 
tulated between the two sites. Recent work reveals 
that cyclic GMP a n d / o r  calcium are highly suita- 
ble as the candidates (see Ref. 1). 

Light introduces hyperpolarization of photore- 
ceptor cells by closing sodium channels [2,3]. Light 
is also known to decrease rapidly the cyclic GMP 
level in frog rod outer segments [4,5]. It has been 
shown that intracellular injection of cyclic GMP 
into toad rods causes depolarization [6]. Therefore, 
cyclic GMP in photoreceptor cells is postulated to 
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open sodium channels, possibly through phos- 
phorylation [7,8]. The enzyme responsible for the 
rapid decrease of cyclic G M P  is phos- 
phodiesterase, which hydrolyzes cyclic GMP to 
5 '-GMP and is activated in the light [9-12]. 

There are many factors reported which control 
phosphodiesterase activity in vitro. They are 
calcium [11,12], K m shift [11], GTP [13-16] and 
ATP [12,17,18]. Among them, the calcium effect 
and the K m shift can be detected only in minimally 
disrupted rod outer segments. This implies that 
some factors are easily eluted. Therefore, by using 
conventional methods for the isolation of rod outer 
segments, one may lose essential factor(s) for bio- 
chemical reactions underlying phototransduction 
in rod outer segments [11]. In the present work, 
the effect of ATP on phosphodiesterase activity 
was investigated using the minimally disrupted rod 
outer segment preparations. 

Previous work has shown that ATP accelerates 
phosphodiesterase inactivation after a brief ex- 
posure to light [12,17]. The effect is pronounced at 
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low concentrations of calcium [12]. It has been 
proposed that the phosphodiesterase inactivation 
mechanism together with the calcium effect under- 
lies light adaptation of phosphodiesterase under 
low intensity of light [12]. The present work con- 
centrated on further analysis of the inactivation 
process at a low concentration of calcium. The 
procedure used for continuous monitoring of 
phosphodiesterase activity was the pH assay 
method used in the previous study [12]. It becomes 
evident that ATP has a physiological role in regu- 
lating phosphodiesterase activity; however, the 
mechanism is rather more complicated than has 
been proposed by other investigators [17]. 

Materials and Methods 

In each experiment the retinas were prepared 
from one or two dark-adapted bullfrogs (Rana 
catesbeiana). Gently shaking with forceps for 1 
min, the rod outer segments were isolated from the 
retinas in 1-2 ml of 10 - 9  M calcium-Ringer's 
solution (115 mM NaCI, 2.5 mM KC1, 10 mM 
N-2-hydroxyethylpiperadine-N'-2-ethanesulfonic 
acid (Hepes), 2mM MgC12, 2.78 mM EGTA, 0.1 
mM CaC12, 1 mM dithiothreitol, pH 7.8). The 
suspension was diluted 5-8-fold to bring the 
rhodopsin concentration to 7-15 #M. No further 
purification was carried out because elutable fac- 
tors may be lost during the purification process 
[11]. As the ATP effect on phosphodiesterase in- 
activation is pronounced at low calcium con- 
centrations [12], the calcium level was kept at 10-9 
M. All manipulations were carried out under in- 
frared illumination. 

Phosphodiesterase activity was measured by the 
pH assay method described previously [12]. A 200 
/~1 portion of the outer segment suspension was 
made 1 mM in GTP by adding 5 /~1 of 40 mM 
GTP, since GTP is required for the activation of 
phosphodiesterase [13]. 10 /~1 of 80 mM cyclic 
G M P were added just before the light flash. The 
cyclic GMP concentration was chosen to be 4 mM 
so that is was over the K m of the light-activated 
phosphodiesterase (0.5-1.5 mM [11]). The condi- 
tions of ATP addition are specified in the legend 
to each figure. Proton release accompanied by the 
light-induced hydrolysis of cyclic GMP to 5'-GMP 
was monitored continuously by a pH microelec- 
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trode (MI 410, Microelectrodes Inc., Londonderry, 
NH)  and recorded on a pen chart recorder. The 
pH was allowed to drop from 7.8 to 7.7. The 
amount of hydrolysis was calibrated by back- 
titrating a known amount of 0.1 N NaOH. Phos- 
phodiesterase activity in unit time was calculated 
from the tangent of the pH profile and expressed 
as mol of cyclic GMP hydro lyzed /mol  of 
rhodopsin present per min. When the time course 
of phosphodiesterase inactivation was determined 
(Figs. 1 and 3), the tangent was determined at 
various time intervals after the flash. The calibrated 
light source (Sunpak Auto 411, Berkey Marketing 
Co., Woodside, NY) used an orange filter and the 
duration was 0.36 ms. Assuming first-order kinet- 
ics, the inactivation time constant was determined 
with the aid of Hewlett Packard Model 97 Com- 
puter. Optical measurement was done with a Cary 
14 Spectrophotometer. When ATP concentration 
was changed (Fig. 2), the total nucleoside triphos- 
phate concentration (GTP and ATP) was kept at 
nearly 1 mM to ensure that the free Mg 2÷ con- 
centration would be constant. Magnesium is known 
to be essential for phosphodiesterase activation 
[9,12], and nucleoside triphosphate chelates Mg 2 + 

10 - 9  M calcium-Ringer's solution was made 
with ultra-pure NaC1 and KCI from Alfa In- 
organics (Beverly, MA) and MgC12 was purchased 
from Johnson Matthey Chemicals (Royston, U.K.). 
Other chemicals were obtained from Sigma Chem- 
ical Co. (St. Louis, MO). 

Results and Discussion 

Phosphodiesterase is activated by a brief ex- 
posure to light and inactivated when left in the 
dark. This inactivation process is accelerated by 
the addition of 10 #M ATP (Fig. 1). The time of 
ATP addition after the flash was varied. The reac- 
tion maintained its potential ability to reduce 
phosphodiesterase activity rapidly for more than 1 
min. The rate of inactivation caused by the addi- 
tion of ATP at different time intervals was not 
significantly different. Assuming single first-order 
kinetics in Fig. 1, the inactivation time constant of 
the fast decay caused by the addition of ATP was 
calculated to be 0.098 + 0.007 s -  1 (a mean of four 
fast decays in Fig. 1). The decay observed when 
ATP was not added was found to consist of two 
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Fig. 1. Phosphodiesterase inactivation process maintains its 
ability for more than 1 min. A rod outer segment suspension in 
10 - 9  M calcium and 1 mM GTP was divided into five portions. 
Each portion was illuminated by a flash bleaching 0.001% of 
rhodopsin. The phosphodiesterase (PDE) activity was measured 
continuously by the pH assay method. Dark activity was 
subtracted and the net activity elicited by the flash is shown as 
a function of time after the flash. 10 btM ATP was added 
before (e) and at various time intervals after the flash: 20 (©), 
40 (zx) and 75 s (O). As a control no ATP was added ( x ). Each 
data was normalized to the peak activity measured in each 
portion at 5 s after the flash. Assuming first-order kinetics, the 
best-fitted lines were calculated and these are shown by solid 
lines. The time constants are 0.091 s -1 (O), 0.106 S -1  ( O ) ,  

0.102 s- I (zx) and 0.092 s i ([3). The data points without ATP 
(x)  consisted of two different first-order reactions (see text). 
The time constant for the slow decay (dashed line) is 0.0146 
s-I  and that for the fast decay is 0.104 s -I  (11). In five 
portions, the average dark activity was 32.6_+ 2.2 cyclic GMP/ 
rhodopsin per min and that of the initial peak activity after the 
flash was 190.0 + 17.4 cyclic GMP/rhodopsin per min. 

processes.  One was a slow decay and the o ther  was 
a fast decay  caused by  ATP.  When  one exponen-  
tial  decay was assumed only using da t a  poin ts  at 
80, 90 and 100 s after  the flash (broken line in Fig. 
1), we got an inact iva t ion  t ime cons tan t  of 0.0146 
s-~.  When  con t r ibu t ions  of this slow decay was 
sub t rac ted  f rom the observed decay,  we ob ta ined  a 
decay  of  f i rs t -order  with an inac t iva t ion  t ime con- 
s tant  of 0.104 s -~ (Fig. 1, It). This inac t iva t ion  
t ime cons tant  was comparab l e  with that  of 0.098 
___ 0.007 s -1  observed when exogenous A T P  was 
added .  The  fast decay  wi thout  exogenous A T P  
could  be a t t r ibu ted  to the presence of  a residual  
level of A T P  which was known to exist in our  

p r epa ra t i on  [12]. The slow decay could  be an 

A T P - i n d e p e n d e n t  process  and poss ib ly  a sponta-  
neous  decay.  Therefore,  in this p repa ra t ion  A T P  
increased the inac t iva t ion  rate about  7-fold. The  
magn i tude  of  accelera t ion of  the inact iva t ion  var ied  
f rom p repa ra t ion  to p repara t ion .  However ,  it was 
in a range of  3 -7 - fo ld .  Since nei ther  A D P  nor  
# , y - m e t h y l e n e  A T P  subst i tutes  for A T P  (da ta  not  
shown),  the la t ter  observa t ion  agrees with that  of 
L i e bma n  and  Pugh [18], the process  involves phos-  
pho ry l a t i on  with y -phospha te  of  ATP.  

In the i sola ted  rod outer  segments,  the cyclic 
G M P  level r ap id ly  decreases after  the onset  of 
light,  but  when a low intensi ty  of light is used, the 
level re turns  to the or iginal  da rk  level [4]. F o r  this 
to be possible,  phosphodies te rase  should re turn  to 
the dark  level somet ime after  the flash. The t ime 
required for this re turn  in the cyclic G M P  level 
af ter  1 s of  a flash b leaching  0.0017% of rhodops in  
is abou t  1 min [4]. In  the absence of ATP,  at 1 min 
af ter  the flash phosphodies te rase  act ivi ty  is about  
half  of the maximal  value el ici ted by  a flash 
b leaching 0.001% of  rhodops in  (Fig. 1). However ,  
with A T P  the reac t ion  of inact iva t ion  is accel- 
e ra ted  and at 1 min after  the flash b leaching  
0.001% of  rhodops in ,  phosphodies te rase  act ivi ty  is 
a lmost  10% of the peak  act ivi ty  (Fig. 1 and Ref. 
12). N o w  the re turn  of  phosphodies te rase  act ivi ty 
is comparab l e  in t ime scale with that  of cyclic 
G M P  in the i sola ted  rod  outer  segments.  

In a previous  repor t  (Fig. 11 in Ref. 12), it was 
found  that  A T P  not  only  increases the inact iva t ion  
t ime cons tan t  bu t  also reduces the init ial  peak  
act ivi ty  after  a sub-sa tura t ing  low intensi ty  of  light. 
To  examine the re la t ion be tween these two A T P  
effects, the concen t ra t ion  funct ion on the effects 
was de te rmined  (Fig. 2a and b). The ha l f -maximal  
inac t iva t ion  effect by  A T P  took place  at a con- 
cen t ra t ion  of  abou t  2 /~M (Fig. 2a) when the light 
b leaching  0.003% of rhodops in  was used. How- 
ever, the ha l f -maximal  effect on the ini t ial  peak  
act ivi ty  was observed at a concent ra t ion  of about  
50/~M, which was clearly different  f rom the half-  
max ima l  value for the inact iva t ion  t ime constant .  
Therefore,  it is clear  that  A T P  has two different  
effects on the phosphodies te rase  activity.  One is 
re la ted  to the inact iva t ion  t ime cons tan t  and  the 
o ther  to the ini t ial  peak  activity.  The inact ivat ion 
t ime cons tant  and  the peak  act ivi ty  sl ightly var ied 
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Fig. 2. Concentration effect of ATP on inactivation (a) and 
activation (b) of phosphodiesterase (PDE) activity. Rod outer 
segments were illuminated with a sub-saturating light flash 
bleaching 0.003% of rhodopsin in the presence of 4 m M  cyclic 
G M P  and in various concentrations of GTP and ATP. The 
initial peak activities were measured and the inactivation time 
constants  were determined as in Fig. 1. The total nucleoside 
triphosphate concentration was kept at nearly 1 mM. The data 
shown are the average (_+ S.E.) of five to ten separate experi- 
ments.  Open circles in b are the maximum phosphodiesterase 
activities elicited by the saturating intensity of the light flash. 

from preparation to preparation. The data shown 
in Fig. 2 are the average of 5-10 separate experi- 
ments and the inactivation time constant was mea- 
sured together with the peak activity in the same 
preparation. In the preparations shown in Fig. 2, 
ATP increased the inactivation time constant about 
3-fold and reduced the initial peak activity to 
about 60% of the maximum. 

In Fig. 2 the total nucleoside triphosphate (GTP 
and ATP) concentration was kept at nearly 1 mM 
(see Materials and Methods). One may expect that 
the effects of ATP come from the decrease in the 
GTP concentration. However, when the ATP con- 
centration was below 50 ~tM, the GTP concentra- 
tion was always 1 mM. With 50 /~M ATP, the 
inactivation acceleration is almost complete (Fig. 
2a) and the effect on the peak activity is about 
50% (Fig. 2b). This clearly illustrates that the 
effect shown is ATP-specific. 

Since it has been shown that ATP does not 
affect the maximal total phosphodiesterase activity 
under intense light (Ref. 12 and open circles in 
Fig. 2b), the result in Fig. 2b could be interpreted 
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as the sensitivity control of phosphodiesterase by 
ATP. That is, at a mmol level of ATP, phos- 
phodiesterase is more desensitized than at a/~mol 
level of ATP. This agrees with Liebman and Pugh 
[17]. The actual ATP level in frog rod outer seg- 
ment has been reported to be about 1 mM [19,20]. 

The inactivation time constant is a function of 
the intensity of the light flash. In the experiment 
shown in Fig. 3, where an ND 2.0 filter (bleaching 
0.01% of rhodopsin) was used, the time constant 
was 0.034 s-  1 whereas with an ND 3.5 filter it was 
0.077 s- i .  The constants varied from preparation 
to preparation. For example, the constant with an 
N D  2.0 filter varied from 0.021 to 0.041 s - l  in 
three different preparations. However, in one single 
preparation they were stable and always increased 
with the decrease in light intensity. 

We can assume that at certain time after a flash 
the phosphodiesterase activation and inactivation 
are still continuing and the amount of the active 
phosphodiesterase is a net product of these com- 
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Fig. 3. Phosphodiesterase inactivation rate depends on light 
intensity. In the presence of 4 mM cyclic GMP, rod outer 
segment suspensions in 10 -9  M calcium-Ringer's solution con- 
taining 0.5 mM GTP and 0.5 mM ATP were exposed to three 
different intensities of  light flash, which was attenuated by 
neutral density filters. Assuming first-order kinetics, the time 
constants  of the inactivation were calculated. The best fitted 
values are 0.034 s -  i (ND 2.0), 0.053 s -  l (ND 3.0) and 0.077 
s - I  (ND 3.5). Each point is an average (+S.E.)  of several 
experiments (the number  of the experiments are shown in 
parentheses in the figure). 
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peting reactions. When flash intensity is increased, 
the amount of active phosphodiesterase increases. 
If the activation and inactivation processes are 
independent of flash intensity, the inactivation 
time constant should not change, even if the phos- 
phodiesterase activity increases. This does not agree 
with the present work. Therefore, the results in 
Fig. 3 indicate that the activation process is en- 
hanced in time base a n d / o r  the inactivation pro- 
cess is inhibited, when a higher light flash intensity 
is given. 

When a series of light flashes are given, the 
subsequent flashes after the first flash give only a 
slight increase in phosphodiesterase activity com- 
pared with the activity elicited by the first flash 
[12]. Therefore, the first flash makes the activating 
reaction less sensitive to the subsequent flashes, 
while the inactivation process itself has a tendency 
to become ineffective when an intense light flash is 
given. Whatever the mechanism is, the findings 
shown in Fig. 3 may underlie the mechanism of 
the prolonged photoresponse in photoreceptor cells 
usually found when an intense light flash is given 
(for example, see Ref. 21), if cyclic GMP is in- 
volved in phototransduction mechanism. 

It has been suggested that a bleaching inter- 
mediate, presumably metarhodopsin II [18,22,23], 
interacts with a protein called G-protein and forms 
a G-protein-GTP complex [15,24-26]. The com- 
plex is found to activate phosphodiesterase [16]. 
One suggestion for the mechanism of phos- 
phodiesterase inactivation has been that metarho- 
dopsin II is quenched by phosphorylation [17]. 
However, this mechanism has been questioned (see 
Ref. 8). Another possibility is that phosphorylated 
substance(s) quenches active phosphodiesterase. In 
order to clarify this possibility, rod outer segments 
were exposed to the first flash in the presence of 
ATP and washed twice by centrifugation with 
10 - 9  M calcium-Ringer's solution without ATP. 
When the second flash was given 6.5 min after the 
first flash in the absence of ATP, the rod outer 
segments did not show the accelerated inactiva- 
tion. In control experiments, the washed prepara- 
tion showed the inactivation again in the presence 
of ATP 9 min after the first flash. Therefore, if a 
phosphorylated quencher is involved in the in- 
activation process, it is soluble or it has a lifetime 
shorter than 6.5 min. 

Though the entire mechanism of phos- 
phodiesterase inactivation by ATP is not clear at 
this point, it is possible that ATP shortens the 
lifetime of the G-protein-GTP complex. Since the 
initial peak activity is a function of the ATP 
concentration (Fig. 2b), the complex formation 
could also be reduced by ATP. 

From the present study, and the recent findings 
by Hermolin et al. [8], it can be said that further 
work is needed before the entire mechanism of the 
phosphodiesterase activation and inactivation se- 
quence can be understood. It is evident that ATP 
has at least two distinctive roles in controlling 
phosphodiesterase activity (Fig. 2). 
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