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Summary 

Flash photolysis of cattle rhodopsin in solution 
theoretically and the results are found to be in good 

has been analysed 
agreement with the 

experimental results of Williams (1970). The values of various kinetic activa- 
tion parameters (i.e. activation energy, free energy of activation, entbalpy of 
activation, entropy of activation and the pre-exponential factor of Arrhenius 
equation) for the reactions metarhodopsin I + metarhodopsin I’, meta- 
rhodopsin I’ + metarhodopsin I, metarhodopsin I’ + metarhodopsin II and 
metarhodopsin II + metarhodopsin I’ have been determined. Also the 
quantum efficiency of the conversion of metarhodopsin I into rhodopsin has 
been determined. 

1. Introduction 

Williams [l, 21 has studied experimentally the effect of intense flashes 
of various durations on digitonin solutions of cattle rhodopsin at different 
temperatures. He found that the upper limits** to bleaching depend upon 
the duration of the flash, (2) the temperature of the solution and (3) the 
presence or absence of UV light in the flash. The upper limits to the 
bleaching by flashes of different durations (0.9 ms, 2 ms and 60 ms) 
reported by him were 50% at low temperatures and 88% at high temper- 

(1) 

atures. The 50% bleach is obtained when the thermal reaction is not so 
important and therefore the photo-equilibrium takes place between the 
visual pigment and its intermediate during the course of the flash. This was 
first observed by Hagins [3] in the case of rabbit rhodopsin. The 88% bleach 
implies that the system of visual pigment and intermediates comes into 

*B.D. Gupta is associated with the School of Bioscience Studies. 
**By upper limit to bleaching we mean that the percentage bleaching after the flash 

is unaffected by increasing the intensity of the flash. Such a flash intensity we shall here- 
after term the saturated intensity. 
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thermal equilibrium during the course of the flash. To explain his exper- 
imental results, Williams [ 1] proposed the following reaction scheme: 

Rhodopsin PS Metarhodopsin I + Metarhodopsin I’ 

--H’JF 

Metarhodopsin II 

In this scheme metarhodopsin I’ is an intermediate which was proposed 
by Williams [ 11. Its absorption spectrum is identical to that of meta- 
rhodopsin I but it cannot revert to rhodopsin by absorbing light. In the reac- 
tion scheme prelumirhodopsin and lumirhodopsin have not been considered 
because they are very short lived in comparison with the durations of the 
flashes used. 

In this paper we have made a theoretical analysis of the results of 
Williams’ experiment [ 1 J . From a comparison of our theoretical results with 
the experimental data [l] we have determined the value of the quantum 
efficiency of conversion of metarhodopsin I into rhodopsin and the values of 
the various kinetic activation parameters (Le. activation energy, free energy 
of activation, enthalpy of activation, entropy of activation and the pre- 
exponential factor of the Arrhenius equation) for the reactions meta- 
rhodopsin I + metarhodopsin I’, metarhodopsin I’ + metarhodopsin I, meta- 
rhodopsin I’ + metarhodopsin II and metarhodopsin II + metarhoclopsin I’. 

2. Theoretical analysis 

In the experiment to be analysed here, the solution of cattle rhodopsin 
was bleached by flashes (devoid of UV light so that metarhodopsin II does 
not absorb it) of 2 ms and 60 ms durations at various temperatures between 
1 “C! and 45 “C [I]. The concentrations of all the reactants taking part in the 
reaction have been reported at various temperatures after the duration 
flashes of saturated intensities. The reaction may be written as 

of the 

where k,, k2, k, and k4 are the rate constants and R, M,, M; and M2 rep- 
resent rhodopsin, metarhodopsin I, metarhodopsin I’ and metarhodopsin II 
respectively. 

We assume the conservation of the total number of molecules during 
the reaction, i.e. 

R(t) + M,(t) + M ;(t) + MP(f) = R. (1) 
where R, M1, M; and M2 are the instantaneous concentrations of R, M,, Mi 
and M2, and R0 represents the concentration (in chromophores per cubic 
centimetre) of rhodopsin when all the molecules are unbleached. The kinetic 
equations can be written as 
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dR 
z=-YR.M, JR(~) + YM,.R JM, (0 

Ml 
-=YR.M, JR(~)-YM,.R J~,(t)-klMl(t) +k&;(t) 
dt 

(2) 

(3) 

- = k&fl(t) - (k, + k&v;(t) + k*Mz(t) 
dt 

(4) 

- = k&(t) - k,M,(t) 
dt 

(5) 

where TA, B represents the quantum efficiency of the conversion of A-type 
molecules into B-type molecules and Jx( t) represents the absorption rate of 
the species X at time t (in photons absorbed per cubic centimetre per second) 
and is given by 

Jx(t) = jz J&i, t) dh (6) 
A, 

where X1 - hp is the wavelength range of the bleaching flash falling on the 
cell containing the solution and Jx(X, t) dX represents the number of photons 
with wavelengths between X and X + dX absorbed by X-type molecules per 
cubic centimetre per second. 

Since the experiment was performed on the solution of rhodopsin [ 11, 
Jx (A, t) can be written as (see for example ref. 4) 

Jx@, t) = 
~xc+wM~, 0 

H- 
(1 - evH) 

where 

H= bR(h)R(t) +aMM, (h)Ml(t) + aM; (h)M;(t))l (8) 

ax(h) represents the extinction coefficient of species X at wavelength h (in 
square centimetres per chromophore), 1(X, t) represents the spectral-temporal 
distribution of the intensity of the flash (in photons per square centimetre 
per second) and I represents the length of the cell containing the solution of 
rhodopsin (in centimetres). It may be noted that we have not taken Me into 
consideration in eqn. (8); this is due to the fact that it does not absorb in the 
region X1 - h2 used in the experiment [ 11. 

In the case of solutions of visual pigments the absorbance H is generally 
small. Therefore the self-screening effect will be negligible. Assuming H to be 
small in Williams’ experiment [I] we can for simplification neglect the higher 
order terms in the expansion of the exponential in eqn. (7) and we obtain 

Jx.0, t) = ax(X)X(t)O& 0 (9) 

For the spectral distribution of the intensity of the flash independent of 
time t we can write 
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I(& t) = fWw0 (10) 

where f(t) represents the normalized temporal distribution of the flash. The 
initial conditions for solving eqns. (2) - (5) are 

R=Ro M,=M;=Mz=O att=O 

To solve eqns. (2) - (5) the following parameters need to be known: 
(1) the extinction coefficients of rhodopsin (&a(h)) and metarhodopsin I 

(aMM,(x)h 

(2) the spectral distribution I(X) of the intensity of the flash; 
(3) the temporal distribution f(t) of theintensity of the flash; 
(4) the quantum efficiencies 7R,M, 

kz, k3 and k,. 
and rM,+ n and rate constants kl, 

In the present analysis it is assumed that the extinction spectra of 
rhodopsin and metarhodopsin I are identical to the extinction spectra 
obtained corresponding to their A,,, from the nomogram in refs. 5 and 6. 
The spectra obtained can be very well approximated by the following simple 
relations: 

aRtA) =aR(Xmax X < 498 nm 

X Z 498 nm 

X < 478 nm 

X 3 478 nm 

where [7, El] 

aR hnax = 498 nm) = 40600 1 cm-’ mol-1 

and 

aM ,hnax = 478 nm) = 45 000 1 cm-’ mol-l 

The wavelength dependence of the intensity of the bleaching flash used 
in Williams’ experiment-[ l] and reported in ref.-9 can be fitted 
the following simple relations: 

I(h) = 8.3 x 10131,(X - 390) X 4 444 nm 

= 3.15 X lO”7, exp 
(5Y&” 1’ 

444 nm < X < 

= 3.15 X 1015q exp 
(x93.55o9)2 

A > 509 nm 

where 77 is independent of wavelength and decides the intensity 

very well by 

509 nm 

of the flash. 
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Using the foregoing expressions for ax(A) and I(h) and h1 = 390 nm 
and X2 = 600 nm (the values used in the experiment), we obtain the follow- 
ing values for the absorption rates 

JR(t) = 3.743 x 101’(Y~(Xmax)~f(f)R(f) 

&(f) = 3.655 X 101’aCIL(Amax)9f(f)Ml(f) 
(W 

where 

ly in 

QR (Xmax ) = 1.58 X 10Mf6 cm2 chromophore-l 

It is clear from eqn. (12) that eqns. (2) - (5) cannot be solved analytical- 
terms of f(f). We have solved them using the following method. 
The number of incident quanta per sample area per flash is given by 

Q(T) = s,” 1(X, f) dX df = s”’ I(X) dX jf(f) df 

0 A, A, 0 
(13) 

where r represents the duration of the flash. Using [ 11 

Q(7 = 2 ms) = 1.7 X 101’ 

Q(T = 60 ms) = 5.1 X 1018 

and eqn. (13) we obtain 
r-2 mr 

9 
s 

f(f) df = 0.22278 
0 

and 

r=60ms 

71 $ f(f) df = 6.68351 
0 

If we substitute 

f(f) = fo = a constant 

and 

in eqn. (12), the solutions of eqns. (2) - (5) can be obtained. We have verified 
that the results so obtained at saturated intensities are same to those obtained 
after substituting eqn. (12) in eqns. (2) and (3) and solving them numerically 
using the Runga-Kutta method. This is also expected from the fact that the 
experimentally measured concentrations of the various reactants after 
flashes of saturated intensity are independent of the intensity. Using eqns. 
(14) and (15), eqn. (12) can be written as 
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JR(f) = 6587.53R(t) 

e&,(t) = 6432.66M1(t) 

The solutions of eqns. (2) - (5) so obtained can be written as 

k2k4 
ni+z+- --4k2k4 

ni 

and 

Mz = aRok,k3 

where 

ux = 
=pWl t) 

@l - nz)(n, - n3) 

u3 = 
exp(n3t) 

b3 --An3 --A 

a = 6587.53~~,~, 

21 =b+z+kl 

23 = bkzk4 

Y = k,(k3 + kd + kzk4 

u, = exp(n2 0 
(n2 --1xn2 --3) 

1 
u4 = 

nln2n3 

b = 6432.66~,~,, 

22 =y+bz 

z = k2 + k3 + k4 

n,, n2 and n3 are the roots of the equation 

ps+cYp2+pp+y=o 

where 

cY=a+z1 

Y = ay +z3 

The roots of eqn. (21) are [ 10) : 

WV 

(17) 

(13) 

(19) 

(20) 

(21) 

P=a(k, +z)+ bz+y 

I9 a 
n, = fcos--- 

3 3 

n2 = fcos $+120” 
( 1 

-; 
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n3 =fcos(; + 240°) -; 

where 

3g 8 =arccos - ( ) e f 
a2 

e=p-3 f- 2(-;r’2 
and 

g=(&3-- 9olP + 277)/27 

In the present analysis the quantum efficiency rn. M 1 of the forward 
reaction has been chosen to be 0.67 111, 121. Only five unknown para- 
meters, ‘YM,,R, kl, k2, k3 and k4, have to be varied to obtain a good agree- 
ment of the theoretical results with the experiment data [l] . 

3. Results 

The values of R, M,, M; and MS after flashes of two different durations 
(2 ms and 60 ms) and at various temperatures corresponding to saturated 
intensity are known experimentally [ 1 ] _ Therefore, in solving equations 
(17) - (20) we adjusted by trial and error the values of unknown parameters 
(rate constants and quantum efficiency) so as to obtain values of R, M1, M; 
and M2 equal to the experimentally known values. Another restriction on 
the choice of these parameters is that they should obey the Arrhenius equa- 
tion, i.e. log k = log F - E,/2.303R T, where k represents the rate constant 
(in reciprocal seconds) of the reaction at temperature T (in kelvins), E, the 
activation energy (in joules per mole), R the gas constant (in joules per mole 
per kelvin) and P the pre-exponential factor (in reciprocal seconds). The 
values of the rate constants so determined have been plotted for the reac- 
tionsM,+M~andMz+M~inFig.1andforM~+M,andM~+M2in 
Fig. 2. It can be seen from these figures that the values of rate constants 
obtained at different temperatures for four different reactions obey the 
Arrhenius equation. However, k3 and k, obtained at 10 “C and 15 “C show a 
slight disagreement. The straight lines drawn are obtained from the least 
square analysis of the Arrhenius plots. The value of the quantum efficiency 
*yMuI,,R. obtained iS 0.76. 

From the slopes of the lines drawn in Figs. 1 and 2 which are equal to 
-E,/2.303R we have determined the values of activation energies for four 
different reactions. The values determined are given in Table 1. In addition 
to this, we have determined the free energy of activation OF*, the enthalpy 
of activation AH’, the entropy of activation AS* and the pre-exponential 
factor F of the Arrhenius equation from the following formulas [13] : 
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TABLE 1 

Kinetic parameters of the decay of MI, Mi and Mz 

Reaction E, F AF* AH* MS 
(kJ mol-l) (s-l) (kJ mol-1 ) (kJ mol-l) (J mol-l K-l) 

Mi+Mi 118.09 3.96 x 1O23 57.44 115.66 198.71 
Mi + Ml 63.28 9.25 x 1013 56.66 60.85 14.29 
Mi + M2 37.60 5.28 x log 54.78 36.16 -66.96 
Mz+Mi 25.14 2.93 x 107 54.98 22.70 -110.16 

AF* 
kh 

=-RTln - 
kxT 

AH’=&-RT 

AS* = 
AH+ -AF* 

T 

and 

F = k exp(E,/RT) 

where h represents Planck’s constant and kB Boltzman’s constant. The values 
of the parameters determined are given in Table 1. The activation energy E, 
and the pre-exponential factor F give the rate of the reaction while the 
entropy of activation (determined using the values of free energy of activa- 
tion and enthalpy of activation) determines the conformational change of 
the molecule. From Table 1 it can be seen that the entropy of activation of 
the reaction M, + M; is largest. Thus we can conclude that the meta- 
rhodopsin I to metarhodopsin I’ transition is accompanied by very great 
conformational change. 

Baker and Williams [14] have reported that M1 + M; and M; + M2 
processes involve an entropy change of 42.3 cal mol-’ K-1 and 7.325 cal 
mol-l K-l re spectively. Also, they have reported the enthalpy changes for 
these two reactions to be 11.3 kcal mol-’ and 1.8 kcal mol-l respectively. 
From the results reported in Table 1 we can see that the entropy changes for 
M, + Mi and M; + M, processes are 44.1 cal mol-l K-l and 10.3 cal 
mol-’ K-1 re spectively and the enthalpy changes for these two reactions are 
13.1 kcal mol-1 and 3.0 kcal mol-’ respectively. It can be seen that these 
values obtained from our results are in good agreement with those reported 
by Baker and Williams [14]. 

In conclusion, we have determined the rate constants of the four reac- 
tions metarhodopsin I + metarhodopsin I’, metarhodopsin I’ + meta- 
rhodopsin I, metarhodopsin I’ + metarhodopsin II and metarhodopsin II + 
metarhodopsin I’ at various temperatures. From these rate constants, the 
values of kinetic activation parameters have been determined. We have also 



determined the value of the quantum efficiency of the conversion of meta- 
rhodopsin I into rhodopsin. 
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