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In retinal rod ceils, the absorption of a single pho- 
ton by a retinal chromophore in a rhodopsin molecule 
elicits a hyperpolarisation of the whole cell, by about a 
millivolt, for a few hundred milliseconds. This results 
from the closure of ionic channels in the plasma mem- 
brane of the photorecepting outer segment, which in- 
duces a reduction by about a picoampere of the large 
Na ÷ current that runs down a 35 mV potential differ- 
ence across the cell membrane. The power gain of the 
equivalent amplifier, i.e., the ratio of the energy of the 
signal generated at the cellular level ( ~  10- t2 A x 3.5 • 
10 -2 V x 1  s = 3 . 5 - 1 0  -~4 J) over the energy of the 
absorbed photon (50 kcal /mol  = 3.3.10-19 j), would 
thus be of the order of 105 . This amplifier has its 
maximal energy consumption in the resting state in the 
dark, for the generation of the large 'dark' membrane 
current that flows through open channels in the outer 
segment membrane. The current generators are the 
ATP dependent  N a ÷ / K  + pumps located exclusively in 
the plasma membrane of the inner segment, in which 
all the ATP producing mitochondria are confined. The 
current modulators are cGMP dependent  channels, 
located exclusively in the plasma membrane of the 
outer segment. 

The key intracellular signal transmitter is thus 
cGMP, whose concentration in the outer segment is 
modulated by illumination. This is a negative control 
with a very high gain: one photoexcited rhodopsin (R*) 
induces the activation of a few hundred cGMP phos- 
phodiesterases molecules (PDE). By hydrolysing 105 to 
106 molecules of cGMP to 5 'GMP (Fig. 1), enough to 
reduce its concentration locally by a few micromolar, 
the closure of a few hundred channels is induced [1,2]. 
The PDE activity results from a cascade of enzymatic 
activations: One R* catalyses the activation by GTP of 
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a few hundred molecules of transducin, a hetero- 
trimeric G-protein (TaGDpT/33,). The activated T a G T P  
subunits are released, diffuse away from R* and from 
T/3,/, and in turn activate, non-catalytically (i.e., by 
stoichiometric persistent binding), an equivalent num- 
ber of PDE molecules. Each PDE then starts hydro- 
lysing cGMP at the rate of a few thousand per s per 
PDE. This PDE activity ceases when the GTP in 
PDE-bound T a G T P  is itself hydrolyzed. The basal 
cGMP level was maintained in the dark and is regener - 
ated after a flash by guanylate cyclases that consume 
GTP. All the energy required for this stage of signal 
amplification is thus provided by GTP. A high GTP 
level ( ~  1 raM) is maintained in rod outer segments by 
a high NDP kinase activity which transphosphorylates 
GDP from ATP that flows in from the mitochondrion- 
rich inner segment. 

We will focus here on the energetics of this light-in- 
duced rhodopsin-transducin-PDE cascade. It has be- 
come an archetype for a large variety of signal trans- 
duction processes, mediated by heterotrimeric G-pro- 
teins, between '7 helices' membrane receptors (to sen- 
spry, hormonal or neuronal signals), and effector pro- 
teins that modulate internal second messengers or in- 
tracellular ionic flows. The visual cascade differs quan- 
titative, ly, however, from most other signal transduction 
processes by a larger amplification and faster activation 
and termination kinetics. We have developed a time- 
resolved microcalorimetry technique that enables us to 
monitor the yield and rate of heat released after a 
flash, and, thus, to analyse, under various metabolic 
conditions, the energetics of various stages of the reac- 
tion cascade, in vitro, in cattle retinal rod outer seg- 
ment suspensions [3,4]. The heat sensor is a 40 ~m 
thick poled poly(vinylidene difluoride) film, gold-plated 
on both faces, on the back side of a thin (0.4 mm) 
36 x 36 mm sample chamber, which can be illuminated 
through a thin transparent Mylar front window. Dila- 
tion from heating causes charge dispacements in the 



PVDF film, generating between its two metallic faces a 
displacement current proportional to the derivative of 
the film temperature, which is recorded by a high 
impedance preamplifier. The cell is glued on a heat 
insulating slab of balsa wood, which makes it adiabatic 
on the time scale of a minute, and is shielded from 
sonic and low frequency pressure waves. It is mounted, 
together with the preamplifier, in an air-tight cavity set 
between two 15 kg blocks of brass stabilized at 23°C 
inside a thick styrofoam box. The box has a double 
paned window through which the sample can be illumi- 
nated. The instrument impulse response time, limited 
mainly by the PVDF film heat capacity, is 140 ms 
(FWHM), as checked by flash-illumination of the cell 
filled with an absorbing dye. The sensitivity is of the 
order of 1 mcal/s. 

The rhodopsin photoexcitation steps are too rapid 
to be resolved by our technique. The retinal photoiso- 
merisation, completed within picoseconds, takes up 
about 30 kcal/mol from the photon energy, as was 
measured by classical slow microcalorimetry at liquid 
nitrogen temperature where the first intermediate 
'bathorhodopsin' is stable. Most of this energy is in- 
vested in the separation, upon retinal isomerisation, of 
the positive charge of the protonated Schiff-base bond 
of the retinal with Lys-296 (in the middle of transmem- 
brane helix VII) which moves away from the negative 
charge of Asp-ll3 (in helix l id  to which it was tightly 
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coupled in the dark ll-c/s conforma.tion [5]. At physio- 
logical temperature, the protein relaxes rapidly around 
the all-trans retinal which becomes deprotonated and 
decays in ~ 10 -4 s, with an enthalpy loss of about 15 
kcal, toward the 'Meta II' state which remains stable 
for seconds. Meta II is the enzymatically active R* 
state. Its activity results from the uncovering of a 
catalytic binding site for transducin on the cytoplasmic 
pole of the transmembrane receptor protein. The lack 
of a high-resolution structure of rhodopsin limits our 
understanding of the propagation of a conformational 
change from the retinal-bound Lys-296, and from the 
charge-coupled Asp-ll3, both located in the trans- 
membrane region, to this distant cytoplasmic surface of 
the protein. 

Transducin binds to R* by collision coupling. A high 
collision rate is allowed by the fast lateral diffusion of 
rhodopsin in the fluid membrane, and the even faster 
lateral diffusion of transducin which, being only re- 
tained onto the membrane surface by a lipid modifica- 
tion (farnesyl) of its T3, subunit, has its lateral mobility 
limited only by that of this protein-bound lipid in the 
membrane. The R*-T interaction induces the 'loosen- 
ing' of the nucleotide site in Ta and allows the fast 
release of the bound GDP, which can be exchanged for 
GTP. If GTP has been suppressed from the medium, 
the exchange reaction cannot proceed and 'empty' 
transducin will remain stoichiometrically bound to R*. 
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Fig. 1. Scheme of the rhodopsin-transducin cGMP-phosphodiesterase reaction cascade 
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The R*-Tempty interaction in this blocked transition 
state is extremely tight and can stabilise the conforma- 
tion of R* for 1 h, which would otherwise decay and 
release its retinal in a few seconds. The binding of 
GTP in the open and empty nucleotide site induces its 
closure and a conformational change of T a G T P ,  which 
dissociates from T/3y and from R*. As a catalyst, R* is 
released in the same state as before this first collision 
coupling, and is, therefore, able to activate other trans- 
ducin molecules catalytically. The time taken by R* to 
perform the chemistry of catalysis on transducin, as 
measured by near-infrared light scattering techniques, 
is 1.2 + 0.2 ms at the saturating level of GTP encoun- 
tered in the cell, and is not limited by lateral diffusion 
of the proteins. The exchange reaction is rapidly driven 
forward by the binding energy of GTP, which is larger 
than that of GDP in Ta.  We have measured the 
corresponding enthalpy release by time-resolved mi- 
crocalorimetry, using non-hydrolyzable G T P y S  instead 
of GTP to avoid interferences with the GTPase step. 
The time-course of the microcalorimeter signal corre- 
sponded to the fast exchange kinetics, and its inte- 
grated amplitude amounted to 2-3 kcal /mol  per bound 
GTPyS,  i.e., about 40% of the AH that would be 
released upon the hydrolysis of GTP to GDP + P. 

With GTP, but with no cGMP added, the PDE 
activation should not give rise to any significant mi- 
crocalorimetric signal. Only the inactivation step, cor- 

related with the hydrolysis of GTP in the PDE activa- 
tor T a G T P ,  should be observable. There remained a 
major puzzle of the visual transduction process: The 
kca t for GTP hydrolysis in transducin seems low, as 
usually measured biochemically in vitro (below 0.1 s- I ) ,  
whereas the termination of the physiological response 
requires the inactivation of the PDE to proceed with a 
kor r higher than 1 s - t .  Our time-resolved microcalori- 
metric technique suggested a solution to the puzzle by 
demonstrating the occurrence after a relatively strong 
flash of a heat pulse decaying within less than a sec- 
ond, and followed by a lower but persistent heat flow 
plateau. We interpreted the heat pulse as due to the 
enthalpy released, within a second at 23°C, by the fast 
hydrolysis of GTP in T a G T P  that interacted with the 
available pool of PDE. The low heat flow plateau 
would then correspond to the recycling, as long as 
some R* persists, of  the 'fast' transducin pool after its 
first row of GTP hydrolysis, at a rate governed by slow 
post-hydrolytic processes. The plateau was indeed 
rapidly suppressed when the same experiment was 
conducted in the presence of enough hydroxylamine to 
hydrolyse specifically the Schiff-base bond of all-trans 
retinal and to inactivate R* within seconds of its pho- 
toactivation. The hydrolysis of GTP in T a  in situ, 
where it activates the PDE, seems, therefore, to pro- 
ceed in less than a second, making it kinetically consis- 
tent with the physiological response. However, a sepa- 
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Fig. 2. Kinetic analysis of  the cascade from time-resolved microcalorimetric measurements of  the cGMP hydrolysis rate after flashing in the 

presence of  GTP or GTP',/S. 



rate type of experiment by a stopped flow technique 
combined with fast filtration (Antonny et al., unpub- 
lished data), reasserted that the hydrolysis of GTP is 
much slower in isolated T a G T P  that has been eluted 
from the membrane immediately after its activation 
(kcu t = 0.05 s -  I. This led us to suggest that the GTPase 
step is accelerated by the interaction of T a G T P  with a 
membrane-bound GAP (GTPase Activating Protein) 
that is here possibly a component of the effector, the 
PDE. 

The large AH of cGMP hydrolysis ( ~  12 kcal /mol)  
and high turn-over rate of an activated PDE ( ~  103 
cGMP molecules hydrolyzed per s) make time-resolved 
microcalorimetry very convenient to monitor PDE ac- 
tivity: in the presence of both GTP and cGMP, weak 
flashes elicit large heat signals which are almost en- 
tirely due to cGMP hydrolysis (Fig. 2). The rate of 
cGMP hydrolysis measured by its associated heat re- 
lease is directly proportional to the population of acti- 
vated PDE (PDE*). With GTP this population, builds 
up to a plateau after a slight delay, i.e., to a steady 
state level where production of PDE* is balanced by its 
destruction. The rising phase reflects the production of 
the PDE* and the bend to the steady state plateau 
reflects its deactivation. If deactivation depends on 
GTP hydrolysis, then with G T P y S  there should be no 
steady state but a continuously rising phase, which is 
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indeed observed. After very low intensity flashes ( ~  30 
photons / rod)  only a very small proportion of the total 
transducin and PDE pools are activated, and the rate 
of PDE activation and deactivation can be deduced 
from a simple analysis of the slope and curvature of the 
heat response. The deactivation rate of PDE is 1.7 s -  1. 
This deactivation requires GTP hydrolysis, which itself 
takes less than one second for the pool of T a G T P  that 
activates the PDE. This implies tliat the PDE is rein- 
hibited very quickly once the T a  is deactivated. The 
simple reset mechanism where endogenous GTP hy- 
drolysis turns off transducin, which then swiftly loses 
its activating power on PDE, as originally proposed 10 
years ago, seems valid, but with the supplementary 
postulate that the interaction between T ~ G T P  and 
PDE, which increases the hydrolysis rate of cGMP in 
PDE*, also increases the hydrolysis rate of GTP in the 
bound Ta .  
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