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Abstract. Flash photolysis of rhodopsin in rabbit's retina has been analysed 
theoretically, and the results are found to be in good agreement with the experi- 
mental results of Hagins (1957). We have also obtained the variation of relative 
concentrations of rhodopsin, lumirhodopsin, isorhodopsin and metarhodopsin I 
during the period of the flash corresponding to two different intensities of the 
flash. It has been found that the quantum efficiencies of conversion of lumirho- 
dopsin into rhodopsin and isorhodopsin will lie in the range 0.24-0.45 and 
0.20-0.44 respectively; quantum efficiencies of conversion of metarhodopsin I 
into rhodopsin and isorhodopsin are found to have values greater than 0.52 and 
0.45 respectively and the quantum efficiency of conversion of isorhodopsin into 
lumirhodopsin has been found to be approximately 0.865. Also the maximum 
value of the rate constant of the reaction metarhodopsin I -~ metarhodopsin II at 
37 ~ C has been determined in decerebrated eye and it has been found that it is of 
the same order as found by Pugh (1975) in the case of human eye. 

Key words: Flash photolysis - Rhodopsin - Quantum efficiency - Rate con- 
stant. 

Introduction 

When a rhodopsin molecule absorbs a photon, photoisomerization of its retinal 
takes place and it is converted to prelumirhodopsin (Yoshizawa and Wald, 1963; 
Busch et al., 1972). Prelumirhodopsin further decomposes thermally over a series of 
intermediates - lumirhodopsin, metarhodopsin I, metarhodopsin II and para rho- 
dopsin - to all-trans-retinal and opsin (Yoshizawa, 1972). The half lives of these 
intermediates increase from prelumirhodopsin to final photo product. Apart from 
decaying thermally, these intermediates can undergo photoreversal to form rhodop- 
sin or isorhodopsin. Thus there is a competition between two reactions which are 
taking place in the presence of light; one is the thermal reaction and the other is the 
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photoreversal of the photoproducts. Significant photoreversal can only occur if these 
photoproducts can absorb sufficient amount of light before they decay. This can 
only happen if intense flashes of short duration are used to bleach the rhodopsin; a 
method often called flash photolysis. 

Hagins (1957) observed that if a flash of 20 ~s duration falls on rabbit's retina, it 
can not bleach more than half the rhodopsin molecules; this is independent of the 
intensity of the flash. Baumann and Ernst (1970) studied the flash photolysis of 
rhodopsin in case of frog using flashes of 2 ns duration and Pugh (1975) studied 
flash photolysis of rhodopsin in man using flashes of 600 ~s duration. 

If the duration of the flash is very small (~ few nano seconds) then the concen- 
trations of later products formed during the flash will be very small and therefore 
photoreversal will take place mainly from prelumirhodopsin. As the duration of the 
flash is increased, earlier products decay and the concentrations of later products 
increase. In the flash of 600 txs duration, since the half life of prelumirhodopsin and 
lumirhodopsin is much less than the duration of the flash, they soon decay to later 
products. However, the half life of metarhodopsin I is large compared to 600 p,s 
therefore only small amount of metarhodopsin II will be formed during the flash. 
Thus most of the photoreversal takes place from metarhodopsin I. This is the reason 
why Pugh (1975) in his theoretical analysis of experimental results did not consider 
prelumirhodopsin and lumirhodopsin in the decay scheme. In Hagins' (1957) flash 
photolysis experiment, the flash of 20 ~s duration is large compared to the half life of 
prelumirhodopsin but is small compared to the half life of lumirhodopsin, therefore a 
significant photoreversal will take place from lumirhodopsin. 

In this paper, we have made a theoretical analysis of the experimental results of 
Hagins' flash photolysis experiment. The theoretical results obtained by the adjust- 
ment of the quantum efficiencies (~L, R, FL, i, FI. L, F~I, R and FM,, i) are in good 
agreement with Hagins' experimental results on variation of relative concentration of 
unbleached photopigment with the intensity of the flash. However, the quantum 
efficiencies (except FL, R) which we have found out for rabbit's retina are much 
different from those in case of cattle (Hubbard and Kropf, 1958; Strackee, 1971). 
Also we have found out that the maximum photosensitivity of isorhodopsin is great- 
er than that of rhodopsin in the case of rabbit and we have determined the value of 
the rate constant KM1 -~ M2 at 37 ~ C in the case of decerebrated eye. 

Theoretical Analysis 

We have considered the following reaction model for 20 p~s flash bleach: 

Rhodopsin (498 nm) Isorhodopsin (485 nm) 

hv~ "Lumirhodop:in (495 nm)"/~hhv 
aMetarhodopsin I (478 nm)/ 

Metarhodopsin II (380 nm) 
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In this model we have not taken prelumirhodopsin because of its short half life as 
compared to the duration of the flash. Due to small rate constant of metarhodopsin 
II, the products (after metarhodopsin II) do not form in an appreciable amount 
during the flash. Therefore we have also not taken them in the reaction model. 

Assuming the conservation of total number of molecules, i.e. 
r(t) + l(t) + i(t) + ml( t)  + m2(t) = 1, 

the kinetic equations can be written as 

dr 
Ro - -  = - r ~ ,  L JR(t) + l&, R JL(t) + FM,, R JMI(t) (1) 

dt 

dl 
R0 ~-t = FR, L JR(t) -- (FL, R + FL, i) Jz(t)  + D,  t Ji(t) -- KL -. ~1 l(t) (2) 

di 
R~ ~-t = Fz., z JL(t) -- rz, z Jz(t) + P~h,, JMx (t) (3) 

dm 1 
Ro - -  = - ( v M , ,  R + vM,, I) sM,(t) + KL . ~,1 l(t) --  K~,I 

dt 

drn 2 
Ro - KM 1 ml(t)  

dt -~ M2 

-' M2 ml(t) (4) 

(5) 

where R 0 is the concentration (in chromophore per cm 3) of rhodopsin molecules 
when all the molecules are unbleached; r = R/Ro ,  l = L / R  o, i = I /Ro,  ml  = M1/Ro 
and m2 = M2/Ro represent the instantaneous relative concentrations of rhodopsin, 
lumirhodopsin, isorhodopsin, metarhodopsin I and metarhodopsin II respectively 
during the reaction; R, L, L M1 and M2 represent the concentrations (in chromo- 
phore per cm a) of respective molecules at any instant t; Fe, q represents quantum 
efficiency of conversion of P type of molecule into Q type of molecule, K A -. B 

represents the rate constant (in s -I) of the reaction A to B and Jx(t) represents the 
absorption rate of species X at time t (in photons absorbed per cm 3 per s) and is 
given by 

A2 

Jx(t)  = f Jx(R,  t) dR  (6) 
At 

where Aq to A 2 is the range of wavelength of bleaching light and Jx(A, t) dR repre- 
sents the number of photons with wavelength lying between A and A + dR absorbed 
by X-type of molecules per cm 3 per s. 

It can be easily shown that (Hagins, 1957) 

c~(x) x(t) in(x, 0 
Jx(A,  t) = ( i  - e - ~  (1 + b e - ~  

H 
where 

H = {c~n(R ) r(t) + olz(R ) l(t) + cez(A ) i(t) + ce~r (A) ml( t )}Rod 

(7) 

(8) 

C~x(A) represents the extinction coefficient of the species X at wavelength X (in cm 2 
per chromophore); I , (A ,  t) dA  represents spectral distribution of the intensity of the 
incident light falling on the retina with wavelength lying between A and R + dA (in 
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number of photons per cm 2 per s); b represents the reflectivity of the sclera and d 
represents the length of the eye receptor containing the photopigment (in cm). 

It may be noted that we have not taken metarhodopsin II into consideration in 
Equation (8); this is due to the fact that the extinction coefficient of metarhodopsin 
II is zero in the region of wavelength 41 to A 2. 

From the results of Hagins' experiment on reflection density at 20 ~ C for 4 = 
516 nm, the value of H is found to be 0.1 at t = 0 and it decreases at later times. 
Further, the initial value of H for 4 > 516 nrn would always be less than 0.1 because 
the extinction coefficient decreases with wavelength for 4 > 516 nm. Since the flash 
contains wavelength greater than 520 nm, the value of H is always less than 0.1. 
Therefore we can expand exponential terms in Equation (7) and neglect terms of 
higher orders; thus 

Jx(4, t) = o~x(4) x(t) Roln(4, t) 1(1 + b) - �89 (1 + 3b) HI .  (9) 

It is clear from Equation (9) that Equations (1)--(4) are non-linear coupled differ- 
ential equations. These equations can not be solved analytically. We have solved 
them numerically by using Runge-Kutta method (Scarborough, 1966) with the fol- 
lowing initial conditions: at t =  0 ;  r =  i ;  l = i =  rn 1 = rn 2 = 0 .  

Calculations 

The photosensitivity of rhodopsin in situ in the rabbit's retina has been reported to 
be 1.03 x 10 -16 cm 2 per chromophore at Amax (Hagins, 1954). Since the quantum 
efficiency of rhodopsin is close to 0.67 (Dartnall, 1968), the extinction coefficient of 
rhodopsin in Rabbit's eye at Area x will be 1.537 x 10 -16 cm 2 per chromophore. Using 
this value of o~ (Amax), the extinction coefficient of rhodopsin at 2 = 516 nm can be 
found from its absorption spectrum (Hagins, 1957) to be 1.45 x 10 -16 cm 2 per 
chromophore and using Equation (8) the value of R 0 d is found to be 6.89 • 1014 
chromophore per cm 2. 

In the present analysis, we have assumed that the absorption spectrum of rho- 
dopsin, lumirhodopsin, isorhodopsin and metarhodopsin I are identical in shape; the 
only difference is in the values of Amax and extinction coefficient at Amax. We have 
used the following values for extinction coefficients at Area x of various photopro- 
ducts: 

O~ L (Arnax)/Cea(Amax) = 1.18 
(Yoshizawa, 1972) 

or, (Am~)/c%(Amax) = 1.13 
(Hubbard and Kropf, 1958). 

-M1 (4m~,)/" ,(4ma,)  = 1.06 

The absorption spectrum of rhodopsin (Hagins, 1957) can be fitted well by the 
following simple relation for 4 > /Z :  

o~x(4 ) = c%(4 = Z) exp { - - l -~ - - )  } ' X  - Z 2 (10) 

where Z = 505 nm for rhodopsin. The values of Z for lumirhodopsin, isorhodopsin 
and metarhodopsin I are 502 nm, 492 nm and 485 nm respectively. Similarly, the 
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variation of  intensity of  the flash with time can be fitted by the following rela- 
tions: 

I,(:1, t) = lo(:l) 1 - exp - ~ 0 ~< t ~< 8 ~s 

10(A) exp I--( '  - 8.0 )2[ = t > 8 ~xs. (11) 
[ \ 10.4 / ) 

The spectral distribution of  the intensity of  the bleaching, i.e./0(:l ) can be approxi- 
mated by the following relation (Hagins, 1957): 

I 0 (A) = I0 A >~ 520 nm (12) 
= 0 A < 520 n m .  

Since C~x(A ) decreases very rapidly as A. increases [Eq. (10)]; we may, without 
committing any appreciable error, replace :12 by oo in Equation (6); this simplifies 
our calculation. The value of  A~I is 520 nm. 

The other parameters which will be used in the analysis are the reflectivity of  the 
sclera, the rate constants and quantum efficiencies. The value of  the reflectivity of  
the sclera of  the excised eye is nearly 0.41 (Hagins, 1957). Treating the thermal 
reaction as simple first order process, the rate constant K L -. U~ in solution at --20 ~ C 
has been reported to be 4.5 x 10 -4 s -1 and the enthalpy of  activation (AH) to be 
60 kcal/mole (Matthews and Wald; as quoted by Hubbard et al., 1965). The reported 
values of  KM~ -~ M2 for rabbit in situ are 30 s -x at 12 ~ C and 600 s -~ at 26 ~ C; the 
value of  A H  is 37.6 kcal/mole (Abrahamson and Wiesenfeld, 1972). Using Arrhe- 
nius equation (Hagins, 1957) and the values of  various parameters as given above, 
we find, KL ~ M~ = 0.20 x 102 s -~ and KM~ ~ M2 -- 5.6 s -1 at 5 ~ C, and K L -~ M~ = 5.23 
X 103 S -1 andKM~ ~M2 = 1.83 x 102 s -1 at 20 ~ C. 

Results of Theoretical Analysis 

1. Quantum Effieieneies." 

To the knowledge of  authors, there are no data available about the concentration of  
isorhodopsin formed after a flash of  20 ~s duration (having saturated intensity) 1 on 
the rabbit eye in situ. Therefore we have considered different values of  the ratio (~) 
of  isorhodopsin to rhodopsin concentrations just after the flash of  saturated inten- 
sity. 

Case L When no Isorhodopsin Forms (i.e. FL, z = FM1, z = D, L = 0). In this case, 
there are two unknown parameters (FL, R and FMI, R). In case of  cattle, albino rat and 
man, the quantum efficiency, FM1, R, has been found to be in the range 0 .33-0 .67  
(Hubbard and Kropf, 1958; Ebrey, 1968; Pugh, 1975). Assuming FM1, R to lie 
between 0.33 and 0.67 and solving Equations (1), (2) and (4) at 5 ~ C, we find that a 

1 In flash photolysis experiment the relative concentration of any reactant just after the flash de- 
pends upon the intensity of the flash. However, this relative concentration attains a constant value at 
some intensity of the flash beyond which if the intensity is increased the relative concentration does not 
change. This intensity is called saturated intensity 
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Fig. 1. Variation of relative concentration of unbleached photopigment remaining after exposure to 
20 Vs flash with the peak intensity (I0) of the flash. C is a constant and has value 16.94 for excised eye. 
Curves are theoretical. Dotted curve corresponds to K L ~ M1 = 1.48 X 106 S -~ and KM1 ~ ~t2 = 6.29 x 
103 s-1 

good fit of  our theoretical results with Hagins' data occurs when FL, R ~ 0.629 (Fig. 
1). Thus at 5 ~ C a change in the value of  FMa, R from 0.33--0 .67 does not affect the 
value of  YL, R. This is due to the fact that in case of  excised eye at 5 ~ C, the rate 
constant is so small that during 20 Vs flash the concentration of  metarhodopsin I 
formed is very small and thus a negligible amount of  photoreversal takes place from 
metarhodopsin I to rhodopsin. 

If  the temperature of  the excised eye is 20 ~ C, then the rate constant K L -~ M1 
will not be small; therefore, an appreciable amount of  metarhodopsin I will form 
during the flash. Thus taking FL, g ---- 0.629 and rate constants at 20 ~ C we find that 
for YM1, R ~ 1.391, one obtains a good fit with Hagins' experimental data (Fig. 1). It 
may  be mentioned here that this value of  FM~, R is beyond the range 0 .33--0 .67 
mentioned before, however it has been verified that if FM1, R is taken to be 1.391 at 
5 ~ C, it does not affect the value of  FL, R" 

Case II. When Isorhodopsin Forms O.e. FL, i > O, FM1, ! > 0 and Fz, L > 0). In the 
present case when isorhodopsin is also formed the measuring beam of  516 nm [as 
used in Hagins' (1957) experiment] will be absorbed by rhodopsin as well as isorho- 
dopsin. Therefore, the ordinate in Figure 1 does not represent the relative concentra- 
tion of  rhodopsin as has been assumed in the experiment. A little consideration will 
show that it should represent r + i [c~(& = 516 nm)/ceR(& = 516 nm)] in which the 
second term gives the effective concentration of  isorhodopsin. As  has been done in 
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the previous case, we have found ou t  the values of  FL, R, FL, z and D, L from the 
experimental data at 5 ~ C and FM~, R and F~tl,, from the experimental data at 20 ~ C 
for different values of  ~ (Fig. 1). 

The values of  the quantum efficiencies so obtained for different values of  ~ show 
that as ~ increases FL, R and FM~, R decrease; FL, z and FMx, z increase while FI, L 

remains constant. Since the quantum efficiency can not be greater than unity, only a 
restricted range of  the values of  ~9 (0 .5-2.1)  is allowed and this gives the ranges for 
various quantum efficiencies. Thus FL, R should lie in the range 0 .24-0 .45 ;  FL, x 
should lie in the range 0 .20-0 .44;  FM~, R and FM~, ~ should have values greater than 
0.52 and 0.45 respectively and D, z has the value 0.865. In the case of  cattle, the 
reported values of  FL, R, FL, i and FI, L are 0.38, 0.07 and 0.17 respectively (Strackee, 
1971) and that of  FM1, R and FMI, z are 0.33 and 0.07 respectively (Hubbard and 
Kropf, 1958). Thus the quantum efficiencies in the case of  rabbit are quite different 
(except FL, R) from those in the case of  cattle. 

2. Rate  Constants 

We have also calculated the rate constant KM1 -. g2 for the decerebrated eye at 37 ~ C 
using Hagins'  (1957) experimental data and assuming that the quantum efficiencies 
are same as those in the excised eye. Further, if we assume that the rate constants 
in decerebrated eye are also the same as those in the excised eye, then at 37 ~ C we 
will have 

K L . M1 = 1.48 x 106 s -1 (13) 
KMI -~ M2 = 6.29 X 103 S -1 

However, with these values of  rate constants, it is found that the theoretical curve 
deviates much from the experimental data (see dotted curve in Fig. 1). Therefore, we 
adjust the two rate Constants in such a way that experimental data are best ex- 
plained. Since there are two adjustable parameters, K L _. M~ and KM~ -~ ~2, therefore 
we have chosen K z _. M1 arbitrarily and obtained the corresponding value of  
K~, ~ M2 for best fitting (Fig. 1). The values so obtained are given in Table 1. It can 
be seen that KM1 ~ M2 is much different from that for an excised eye [see Eq. (13)]. 
However, it is of  the same order as found by Pugh (1975) in the case of  human 
eye. In these calculations for the decerebrated eye, we have taken c~R(Am~ ) to be 
the same as that in the excised eye. However, any change in its value would only 

Table 1. Values ofKM1 ~ M2 for different values ofKL ~ M 1 at 37 ~ C for 
good agreement 

S. No. K L ~ M1 (S -1) KM1 ~ M2 (S -1) 

1 1.48 • 106 3 • 102 

2 106 3.5 x 102 

3 5 x 105 4 • 102 

4 105 6 • 10 2 
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Fig. 2, a Time variation of relative concentrations of rhodopsin, lumirhodopsin and isorhodopsin 
during the period of the flash for I o = 1020 (dotted curve) and 1021 (continuous curve) photons 
cm -2 s -1 for excised eye at 20 ~ C 

shift the theoretical curve laterally and would not affect the asymptotic level of 
bleaching. 

We have thus found the ranges for the values of various quantum efficiencies 
and the value of K~I -. M2 at 37 ~ C in decerebrated eye. However, the correct 
values of the quantum efficieneies can not be ascertained unless we know the value 
of ~. It is therefore suggested that in experiments ~ should be determined by taking 
measuring light of two or more different wavelengths between the range 500-600 
nm and finding the reflection density at some time after the flash, so that lumirho- 
dopsin and metarhodopsin I would have decayed to metarhodopsin II. This is be- 
cause in the region 500-600 nm the absorption of measuring light will be mainly 
due to rhodopsin and isorhodopsin and not due to metarhodopsin II. 

The variation of relative concentrations of rhodopsin, lumirhodopsin and isorho- 
dopsin during the reaction for an excised eye at 20 ~ C have been shown in Figure 2a 
and that of metarhodopsin I in Figure 2b for I 0 = 1020 and 1021 photons per cm2/s. 
It may be seen from Figure 2a that the concentrations of rhodopsin, lumirhodopsin 
and isorhodopsin saturate earlier if the intensity of the flash is increased. It may 
further be noted from Figure 2b that the concentration of metarhodopsin I does not 
saturate during the duration of the flash and the variation of the concentration of 
metarhodopsin I depends on the value of the intensity of the flash. For I 0 = 1021 
photons/era 2 s the relative concentration of metarhodopsin I increases as the dura- 
tion of the flash having variation of the intensity with time given by Equation (11) 
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Fig. 2. b Time variation of relative concentration of metarhodopsin I during the period of the flash for 
10 = 1020 (dotted curve) and 1021 (continuous curve) photons cm -~ s -1 for excised eye at 20 ~ C 

increases. This is due to the conversion of lumirhodopsin into metarhodopsin I by a 
thermal process. But metarhodopsin I will also absorb some intensity and thus the 
photoreversal will take place from metarhodopsin I to rhodopsin and isorhodopsin. 
The photoreversal increases as the intensity is increased. Initially the rate of  photo- 
reversal from metarhodopsin I is less than the rate of  conversion of  lumirhodopsin 
into metarhodopsin I. But after some duration of  the flash, the concentration of  
lumirhodopsin becomes constant and therefore the rate of  conversion of lumirho- 
dopsin into metarhodopsin I becomes constant. But the intensity is still increasing 
upto its maximum value; therefore, the photoreversal increases and thus the relative 
concentration of  metarhodopsin I decreases upto the time corresponding to maxi- 
mum intensity. N o w  if time increases then the intensity decreases and therefore the 
rate of  photoreversal decreases and the relative concentration of  metarhodopsin I 
increases. However, the variation is different for I 0 = 10 50 photons/cm 2 s. This is 
because of the fact that the concentration of  lumirhodopsin does not saturate before 
the time corresponding to the maximum intensity of  the flash and therefore the rate 
of  conversion of lumirhodopsin into metarhodopsin I remains greater than the rate 
of  photoreversal from metarhodopsin I. 
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