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On the role of transducin GTPase in the quenching of 
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The rate of GTP hydrolysis in the active site of transducin and that of the release of the phosphate thus 
formed have been measured. The former step has been found to be a rate-limiting one. The rate constant 
for GTP hydrolysis is equal to 0.027 s -1 at 23°C, and 0.07 s 1 at 37°C. Bedsides, it has been shown that 
the rate of GTPase reaction on the transducin ~-subunit does not depend on the concentration of a complex 
of transducin fl- and y-subunits or on the presence of cGMP phosphodiesterase and a 48 kDa protein from 
rod outer segments. According to the results, GTP hydrolysis on transducin proceeds too slowly to account 

for the rapid quenching of a phosphodiesterase cascade in rod outer segments. 
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1. INTRODUCTION 

It is known that the phosphodiesterase cascade 
in photoreceptor cells comprises two amplification 
steps [1]. At the first step the photoexcited rhodop- 
sin activates T by catalyzing the exchange of T- 
bound GDP for GTP and as a result the complex 
of  T~ and GTP dissociates from T~,7; at the second 
step T~-GTP activates PDE. In consequence, the 
bleaching of one rhodopsin may cause the 
hydrolysis of  up to 105 cGMP molecules per s [2]. 

A significant property of the phosphodiesterase 
cascade lies in its capacity not only for rapid light- 
induced activation but also for a sufficiently rapid 
quenching after the light flash. Thus, it was shown 
that complete termination of  cGMP hydrolysis in 

Correspondence address: V.Yu. Arshavsky, Moscow 
State University, Moscow 119899, USSR 

Abbreviations: ROS, rod outer segments; PDE, cyclic 
nucleotide phosphodiesterase; T, transducin; T,, T~, T~ 
and T~, c~, ~, 7 and a complex of fl- and 7-subunits of 
transducin, respectively. 

an ROS suspension occurs in less than 4 s after the 
flash [3]. 

It is clear that rapid quenching of the 
phosphodiesterase cascade should take place at 
both steps. At the first step, this is due to rhodop- 
sin phosphorylation that causes a considerable 
decrease in the rate of T activation [4-8]. The 
phosphorylation effect can be apparently en- 
hanced as a result of the binding of an ROS cyto- 
plasmic 48 kDa protein to phosphorylated rhodop- 
sin [9]. 

It is traditionally assumed that the termination 
of  PDE activation at the second step is accounted 
for by the GTPase activity of  T [1]. However, ac- 
cording to [10-12], this reaction proceeds too slow- 
ly ( -  tenth of seconds) to be responsible for the 
rapid inactivation of the cascade. In principle, two 
possibilities may be postulated to overcome the 
above contradiction: 

(i) During the hydrolysis of T-bound GTP rapid 
cleavage of a phosphodiester bond between the 
and y phosphates of  GTP takes place and, conse- 
quently, rapid inactivation of PDE occurs, but Pi 
is still bound to the protein, possibly via a covalent 
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bond [13]. At the next step, the rate limiting one, 
Pi is slowly released from the GTPase  active site; 
thus the release of  Pi by no means correlates with 
the inactivation of  PDE. I f  this explanation is cor- 
rect, it will be clear that the rate of  the GTPase  
reaction, measured under the conditions of  GTP  
excess over T [10,11], will only show the rate of  Pi 
release f rom the active site of  GTPase  but will 
reveal nothing about the real rate of  GTP  
hydrolysis. Moreover,  even under single-turnover 
conditions (if T is in molar excess over GTP),  
which allow one to measure the rate of  GTP  
hydrolysis in the GTPase  active site, an assay of 
the Pi formed in the course of  the reaction (as in 
[12]) would not provide an unequivocal answer, 
for there is some possibility that a relatively long- 
lived complex, T-Pi-GDP,  where Pi is covalently 
bound to the protein, may be formed [13]. 
Therefore,  we may come to an unequivocal solu- 
tion only by determining the rate of  GDP ap- 
pearance in the active site of  T under 
single-turnover conditions. 

(ii) The known estimates for the rate of  GTP  
hydrolysis on T apply only for in vitro conditions 
and do not indicate the real rate of  the GTPase  
reaction in ROS where there may be some accelera- 
tion mechanism connected, for instance, with the 
effect of  certain cytoplasmic components on T, .  

Here,  we have investigated both options. 

2. E X P E R I M E N T A L  

ROS and photoreceptor disks were isolated in 
cold under dim red illumination according to [14]. 
The rhodopsin concentration in the preparations 
was determined as in [4]. Phosphorylated 
photoreceptor  disks were obtained in conformity 
with the method described in [4]. 

T and PDE were extracted according to [15], 
and thereupon purified on DEAE-cellulose [16]. 
The final purification of  both T and PDE was per- 
formed by gel filtration on a Superose 12 HP  
10/30 column as in [17]. 48 kDa protein was 
isolated as in [18]. The protein concentration was 
determined as described by Bradford [19], using 
bovine serum albumin as standard. 

The GTPase activity of  T was estimated by 
measuring the amount  of  Pi and GDP formed in 
the reaction. In either case the measurements were 
performed at 23 or 37°C in 30-/zl samples in 20 mM 

Hepes-KOH buffer (pH 7.5) containing 150 mM 
NaC1, 5 mM MgC12, as well as photoreceptor 
disks, T and GTP and the required concentration. 
To determine the Pi release rate, the reaction mix- 
ture was supplemented with [y-32p]GTP (0.1 #Ci in 
a sample). The reaction was arrested by adding 10 
/A of  1 mM HCIO4 and 0.5 ml of  activated charcoal 
(100 mg/ml)  in 50 mM K phosphate buffer (pH 
7.5), cooled to 0°C. After 10 min incubation the 
charcoal was sedimented by centrifugation and the 
amount  of  32pi in the supernatant was measured. 
To estimate the amount  of  GDP formed in the 
reaction, 0.1 /~Ci [14C]GTP was added to the 
samples. The reaction was arrested by adding 30/A 
of  0.5 M HC104, after which the mixture was 
neutralized with 15/A of 1 M KOH and 15/A of 140 
mM K phosphate (pH 7.5). After 10 min incuba- 
tion at 0°C, proteins and KC104 were sedimented 
by centrifugation and the content of  [~4C]GDP and 
[14C]GTP was determined in the supernatant after 
they had been separated on a Polyanion SI col- 
umn,  connected to the FPLC system (Pharmacia),  
as described in [20]. 

The rate constant of  the GTPase  reaction was 
determined under the conditions of  molar excess of  
substrate (GTP) over enzyme (T) and, vice versa, 
molar  excess of  enzyme over substrate. In both 
cases the reaction was carried out in the presence 
of  a large amount  of  bleached rhodopsin, as GTP  
binding to T proceeds in several milliseconds [21] 
and does not limit the rate of  the GTPase  reaction. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows GTPase  reaction rate determination 
by means of the Pi increase in the reaction mixture; 
the measurements were made under GTP  excess 
over T. The rate constant was found to be 0.026 + 
0.001 s -1 at 23°C and 0.07 + 0.002 s - t  at 37°C, 
i.e. in good agreement with literature data [10-12]. 
The rate of  GDP formation in the T active site was 
estimated under T excess over GTP  (fig.2A). In 
this case the rate constant was equal to 0.027 ___ 
0.002 s -1 at 23°C (the same value was obtained 
after measurement of  the Pi increase, fig.2B). 

The coincidence of GTPase  reaction rate con- 
stants in either case (substrate in excess over en- 
zyme and vice versa) indicates that the total rate of  
this reaction is determined by G T P  hydrolysis in 
the T active site and is not limited by Pi release 
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Fig. 1. GTPase activity under GTP excess. The reaction 
mixture (see section 2) contained 3 #M T, 50 #M GTP 
and bleached photoreceptor disks (10 #M rhodopsin); 
upon incubation, the amount of formed Pi was assayed. 

from the protein. Thus, in reconstituted systems 
containing T and photoreceptor membranes GTP 
hydrolysis on T does proceed too slowly to explain 
the rapid quenching of a phosphodiesterase 
cascade [3]. 
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Fig.3. Dependence of the GTPase reaction rate constant 
on dilution of the reaction mixture. The samples (see sec- 
tion 2) contained l0 #M T, 8 #M GTP and completely 
bleached photoreceptor disks (10 #M rhodopsin); upon 
mixing and subsequent rapid dilution of the samples 

(1-2 s), the amount of formed Pi was assayed. 
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It is possible, however, that a photoreceptor cell 
has some unknown mechanism of GTPase ac- 
celeration. In conformity with this hypothesis, we 
verified the possibility of  GTPase activation dur- 
ing the interaction of  T~-GTP with some ROS pro- 
teins. 

From a variety of ROS proteins we selected T#~ 
complex, as well as PDE and the 48 kDa protein. 

Fig.2. The determination of rate constants for the GTPase reaction under T excess, according to GDP (A) and Pi (B) 
formation. The reaction mixture (see section 2) contained 10 #M T, 8 #M GTP and bleached photoreceptor disks (10 

#M rhodopsin). 
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The point is that all these proteins interact in some 
way with T~ or with T as a whole: T ~  and T~ 
produce a reversibly dissociating complex [11], 
PDE is activated by T,~-GTP [1] and the 48 kDa 
protein apparently competes with T for rhodopsin 
[9] or for PDE [22]. 

The effect of  T~,~ on the rate of  G T P  hydrolysis 
on T~ was studied by means of a rapid (1-2 s) dilu- 
tion of the reaction mixture after the 'nucleotide 
charging'  of  T. I f  the reaction of GTP  hydrolysis 
on T,~ is of  first order, then the dilution should not 
affect the rate constant. But if the GTPase activity 
of  T~ (after it has bound GTP and dissociated 
f rom the complex with T ~ )  is sensitive to the 
presence of T ~ ,  then a change in the measured rate 
constant for the GTPase  reaction will be observed. 
As seen from fig.3, a significant dilution (up to 
1200-fold) in no way affects the measured rate con- 
stant of  the GTPase  reaction, and consequently, 
T ~  exerts no effect on the GTPase  activity of  T~. 

A negative result was also obtained in studying 
the PDE effect on GTPase,  with PDE being added 
to the reaction mixture in amounts equimolar to T 
(in the presence and absence of  1 mM cGMP).  We 
also did not succeed in detecting any effect of  the 
48 kDa protein irrespective of  the presence of  ATP  
and phosphorylated rhodopsin in the system. 

Thus,  it it still an open question as to whether 
the traditional view of  GTPase  as a mechanism 
accounting for a rapid quenching of  the 
phosphodiesterase cascade is correct. Preliminary 
measurement of  the GTPase  reaction rate in ROS 
preparations which were sealed during their isola- 
tion has shown that the rate constant is equal to the 
value obtained for the reconstituted system. So it 
is possible that the fast cascade quenching is 
caused not by the hydrolysis of  T-bound GTP but 
by other mechanisms, e.g. by a direct inhibitory ef- 
fect of  the 48 kDa protein on PDE. 
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