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FLASH PHOTOLYSIS OF RHODOPSIN : EFFECT OF TEMPORAL -
DISTRIBUTION OF THE FLASH INTENSITY ON BLEACHING KINETICS*
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In the present paper, the effect of temporal distribution of the flash intensity
on bleaching kinetics of rhodopsin has been studied. The solutions of the
kinetic equations describing a flash bleach experiment have been determined
under the assumption that the temporal distribution of the flash [f(#)] is given

by
f() = f, = a constant, O0<t <
= 0, t>~
where =+ represents the duration of the flash. The results obtained using
these solutions have been compared with those obtained by solving kinetic

equations numerically using Runge-Kutta method for an arbitrary temporal
distribution of the flash. It has been shown that for an arbitrary temporal
distribution of the flash, the solutions obtained using above assumption
cannot be used at all temperatures for an arbitrary intensity of the flash.
Some cases have been reported in which the analysis can be made simpler.
The transient concentrations of the reactants have also been determined after
substituting

t
1
fo = 1o1) = ;-—I £y dr
0

in the solutions of the kinetic equations. The results so obtained are in good
agreement with those obtained by solving the equations numerically.

INTRODUCTION

FrasH photolysis technique is widely used to study the formation of the short lived
photo-products of visual pigments and their light absorbing and thermal properties
(e.g., quantum efficiencies, absorption ratios between the principal absorption axes
of the molecules, rate constants etc.) at physiological temperatures (Hagins, 1956;
Wulff er al., 1958; Bridges, 1961q, b; Goldstein & Williams, 1966; Goldstein, 1967;
Ebrey, 1968; Rushton & Henry, 1968; Williams & Breil, 1968; Baumann, 1970;
Williams, 1970, 1974; Busch et al., 1972; Cone, 1972; Eder & Williams, 1973; Pugh, -
1975; Bensasson et al., 1975, 1977; Gupta et al., 1978). The importance of this
technique is that it can also be used in the case of living eyes. In the theoretical
analysis of the flash photolysis experiments, the temporal distribution of the flash
intensity which is an important parameter is, generally, not considered (Ebrey, 1968;
Mainster et al., 1971). In the present paper, its effect on the bleaching kinetics of
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the rhodopsin molecule has been studied. The solutions of the kinetic equations

~describing a flash bleach experiment have been determined under the assumption
that the intensity of the flash remains constant throughout the time of the flash
(o € t < <) and the temporal distribution of the flash* (f(¢)) is replaced by

So= i\ff(t) dt, (1)
0

where © represents the duration of the flash. The results obtained using these solu-
tions have been compared with those obtained by solving kinetic equations numeri-
cally using the Runge-Kutta method for an arbitrary TDF. It has been shown
that for an arbitrary bleaching source the solutions obtained using eqn. (1) cannot
be used at all temperatures for an arbitrary intensity of the flash. Some special cases
have been described in which these solutions can be used.

MATHEMATICAL ANALYSIS

(i) Photochemical Reaction Model — To study the effect of TDF on bleaching
kinetics of rhodopsin, the following general reaction model for a flash bleach experi-
ment has been considered here

Rhodopsin (R)\
LN

N 7
NN\ N _ J S
N\ ]ntermed1i.te 1A [/

N

~Isorhodopsin (1)
}V

\\ Intermediate II(B) /
¢
Intermediate I (C)

Intermediates 1, IT and III in above reaction model depend on flash duration and
temperature of the sample.

(i) Rate Equations and their Solutions — Let N,, N,, Ny, N, and N, represent the
instantaneous concentrations of R, A, I, B and C molecules respectively. For an
arbitrary bleaching source, the kinetic equations which describe the photochemical
reaction model can be written as

dan.

T = — YRa JR() + Yar Jat) + v8.r Jp (1) -(2)
dN,
g = TRa JRO) — (Ya-r + Yau1) Jat) + v1,4 Ji(1) — Ka>p No(1) (3
d

gs = ya,0 Ja(t) — 1,4 J(t) + vB,1 J8(t) --(4)

*Hereafter we will name it TDF,
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dN

774 = — (v8.R + (y8.1) J8(1) + K45 N, (1) — Kp»c Ny(t) - (3)
dN,

dt5 == KB—)C N,‘([), (6)

where J.(1), the absorption rate of the species X' at time 7, is given by
Ay
Ix(t) = j Jx(A, t) dA. -.(D

Ay

The symbols occurring in eqns. (2) to (7) have their usual meaning (Gupta et al.,
1978).

Since the absorbance of the system is generally small (Strackee, 1970, 1972;
Gupta et al., 1978),

Jx(A, 1) = ax(A) Nx(t) In(A, 1) (8

The above equation will be applicable if the experiment is performed on the solution
of rhodopsin or on the retina. In living eyes, it will be applicable only if the reflec-
tivity of the sclera is zero or negligible. The initial conditions for solving eqns. (2)
to (6) are

N1:R0, N2:N3:N4:N5:0, at[:O, ...(9)
where R, represents the concentration of rhodopsin when all the molecules are un-

. bleached.
If the spectral distribution of the flash is independent of time ¢, then

Iu(A, 1) = f(t) 1(p). ...(10)

The analytical solutions of egns. (2)-(6) cannot be obtained for an arbitrary function
J(t). Therefore, for specific cases of £ (¢) [eqns. (17) and (18)], these equations
have been solved numerically using Runge-Kutta method (Scarborough, 1966).
If (t) is assumed to have a constant value f, [eqn. (1)}, then eqns. (2)-(6) can be
solved analytically. The solutions obtained are the following :

4
— —a . 1 , &K4p ( t —at)
Nalt) = Ree t+zsl[r;1s+a(b7‘n1;+z) et — ¢
i=1

(m +g::l)<?;i a) ( et —eret )] .(11)

4
Ny(r) = z Siemgt ..(12)
i=1
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4
wo = 3 5[t (o4 At ) (o en)
i=1 :

iy (o]

4
N4(t) = K4n Z o :;_7 ( et — (.’—.”) .(14)
i1
and
4
Ny (t) = Ka»p Kp->c z m‘S;_ = [ (e™t — D)fmi + (et — 1)/z ] ...(15)
i=1
where
S = a Ry[x: + (@ + Xp) (xg + 115 k- mx + mu) +mimu + mmy <+ v my)

(mi —my) (mq — ma) (m; — my)

i,j, k and ] are all different and have values between 1 to 4. Here :
xy,=a?4+ab+cd
xs=b+ ¢+ Ka»s
z =g+ h+ Ks->c

d = YR,4 ZR fO 5 b:YA:RzA fo
C = Y41 zAfO > d=YI,A zl_fo
g=1Ymr 2B fo s h=vmi128 [y
Ap
Zx = I ax (X) 1 (a) dA
M
my, my, my and my, are the roots of the following equation
mt + am® + gm? + ym -8 =0, ...(16)
where

a=a+d+x+ z
g = a(c+ d+ Kasp) + d(b + Kypp)+ z(a +d + x3)
v = Kayn [Kpsc (a + d) + ald + h) + gd] + z(ad + ac + bd)
3 = ad K4yb Kn ¢
The roots of eqn. (16) are the following (Turnbull, 1952) :

my =ut 4 vt ; my = ur— vyt
my =u -+ v ; mg = —v-
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and
we = (Qafy — 272% § + 7288 — 2@% — 27vy%/432,

(iii) Selection of parameters — In the present analysis, the calculations have
been performed for 2m sec and 20 u sec flash durations. In the case of 2 m sec flash
duration and at physiological temperatures intermediates I and IT in the reaction
model will represent metarhodopsin I (M,) and metarhodopsin II (M,) respectively
(Pugh, 1975). If the flash used is such that it does not contain ultraviolet light then
the photoreversal from metarhodopsin II will not take place. The photoreversal will
take place only from metarhodopsin 1.

In the case of 20 u sec flash duration and at physiological temperatures,
mtermediates I, IT and ITI in the reaction model will represent lumirhedopsin (L),
metarhodopsin I and metarhodopsin II respectively (Gupta et al., 1978). The
calculations for « << 20 u sec, in which the main photoequilibrium intermediate will
be prelumirhodopsin, have not been done. This is because for ¢ << 20u sec ( ~10-%
sec)* the effect of TDF on the bleaching kinetics will be similar to that in the case of
20 u sec flash due to the similar reactions. Only the reactants will be different.

The spectral distribution of the flash (i.e., /(1)) and the values of A, and A,
have been chosen to be those used by Williams and Breil (1968) in their flash photo-
lysis experiments. If we assume that the absorption spectra (ax (1)) of rhodopsin,
lumirhodopsin, isorhodopsin and metarhodopsin I are identical to the absorption
spectra obtained corresponding to their Amax from the nomogram (Dartnall, 1953;
Ebrey & Honig, 1977) then, using the values of ax(Amax), we obtain

Zr = 39.139 4 ; Zp = 68.397 x;

Zy = 57.732 | and ZM]_ = 57.752 N

*In this case, metarhodopsin I will not form in an appreciable amount and because of this the
photoreversal from it can be neglected.
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where 7 is a parameter independent of wavelength and decides the intensity of the
flash.

The TDF of Zm sec* and 20 u sec flash durations have been chosen to be the
following :

f(1) = 1 —exp (— 1/5.5 x 10-%) 0 < t< 025 x 10-3 sec
= exp [—(t — 0.25 X 10-3)/0.534 x 10-3] 2 0.25 x 10~3 sec
(for 2 m sec flash) e (17
f({@) =1—exp(—1/55x 1077 0 <7< 0.25 x 105 sec

= exp [— (t — 0.25 x 10-%)/0.534 x 10-%]

t 2025 x 10-5 sec
(for 20 u sec flash) .. (18)

The quantum efficiency of the forward reaction (yg,. or yg,a,) has been
chosen to be 0.67 (Kropf, 1967; Dartnall, 1968). The other quantum efficiencies
estimated relative to this and used in the present analysis are :

vi,r = 0.415; v, 1= 0.067; v, = 0.167
(Strackee, 1971)
v = 0.335; yam,r = 0.067; y1,0, = 0.201
(Hubbard & Kropf, 1958)

The two remaining parameters Kz ,»; and Ku,,m, have different values at

different temperatures and therefore the results have been obtained for their different

values.
REsULTS

(1) 2m Sec Flash Duration—In this case, A and B will represent metarhodopsin
I and metarhodopsin II respectively and Kp,c = 0= ~vs,r = vg,;. The varia-
tions of the concentrations of the reactants at the end of the flash (# = ¢ = 2 msec)
have been plotted as a function of the number of quanta per sample area per flash**
(Q) for Kmyms = 100 sec—! and 900 sec* in Figs. 1(a) and 1(b) respectively. The
continuous curves correspond to eqn. (1) while the dotted curves correspond to
eqn. (17). It can be seen from these figures that for iarge values of Q, the results
obtained are independent of TDF while the middle portion of the curves depend on
it. For small values of Q, the concentrations of rhodopsin and isorhodopsin obtained
after the flash are independent of TDF whilethe concentrations of metarhodopsin I
and metarhodopsin 11 depend on it. Also it can be seen from these figures that if
the value of the rate constant Kam, ,m, (Or temperature) increases, the dependence
of the results on TDF increases.

*This expression approximately matches with the TDF of the flash used by Williams and Breil
(1968).

**The number of quanta per sample area per flash is given by
T Ag Aa T
0 = I j InA 1) d)r dt = Xl(z\)d,\ jf(z) dt
0 Ay Ay 0
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The transient concentrations have been calculated in two ways :

(@) Firstly, the results have been obtained assuming f, independent of time.
These results have been compared with those obtained by solving kinetic equations
numerically using Runge-Kutta method for the TDF given by eqn. (17). The calcula-
tions have been done for Kuy,m; = 250 sec-! and Q = 10'7 and 10" and the
results have been shown in Figs. 2(@) and 2(b) respectively. It can be seen from these
figures that for large values of @ the variation is independent of TDF. As the value
of Q decreases the dependence on TDF increases. The TDF dependence of transient
concentrations is more noticeable at higher temperatures (see Fig. 3).

(b) Secondly, the calculations have been done assuming f; is given by*

I
fo=tot) = [ rarar . a9
0

Fig. 4 shows the transient concentration of rhodopsin calculated from eqn.
(11) with f; given by eqn. (19) for Kar,ar, = 103 sec—! and Q = 106, 1017 and 1018,
These results have been compared with those obtained (i) from eqn. (11) with f,
independent of time, and (if) by solving eqn. (2) numerically using actual TDF
S(@). It can be seen from this figure that these results agree better with the exact
calculation but they still differ with the exact calculation for some values of Q. At
higher intensity of the flash, however, the variation of concentrations of the reactants
comes out to be the same by all the three methods of calculation. Calculations for
other pigments show similar behaviour.

(2) 20 u Sec Flash Duration — In this case, A, B and C will represent
lumirhodopsin, metarhodopsin I and metarhodopsin II respectively. Similar to
the previous case, the concentrations of the reactants at the end of the flash have been
plotted as a function of Q for Kz ,a; = 103 sec~! and Ky ,ms = 50 sec! in Fig.
5(a) & 5b and for Kz»um; = 10% sec! and Kpom, = 5 X 10% sec™? in Fig. 5(b)t.
Fig. 5(a) shows that for small values of Ky_ s, and Ka_ar,, the results obtained are
independent of TDF for any intensity of the flash.

Fig. 5(b) shows that for large values of Kz ,m, and Kum,u, the concentrations
of the lumirhodopsin and metarhodopsin I obtained at the end of the flash depend
very much on TDF for the values of Q lying between 10 to 10 for which the
calculations have been done. It can also be seen from these figures that the concent-
ration of isorhodopsin does not depend on TDF for any values of Q, Kr,an and
Kmym.. However, for low intensity, the concentration of rhodopsin does not
depend on TDF.

The time variations of the concentrations of the reactants for Kr,m, = 10°
sec™! and Kayomz == 5 X 103 sec—! have been shown in Fig. 6(a) for @ = 10" and

*In this way, the number of quanta incident on thesampleat any times arethe same asin the
actual flash of duration z.

+In some of the figures, the concentrations of some of the reactants have not been shown. This
is because their concentrations are very small in comparison to that of other reactants.




37

TEMPORAL DISTRIBUTION OF THE FLASH INTENSITY

“(L1) 'ubo 01 sauo payop 3y} SNIYm () ‘ubs 01 puodsarros sOAIND snonunuod
SUL ‘a0l = 0 PUE 1205 0g7= "W < Ty (9) ‘w01 = O PuB ;008 OGz== *W < "Wy (v) J0f ysey o jopotad sy) Juunp
CW) I wisdopoyreyow pue (1) uisdopoyiost W) | usdopoyrejewr “(y) ursdopoyl Jo SHONENUIUO0D 3y} Jo uoperea swnj ‘7 "OI4
@ (v)
{2a8 W) aunj (295w ) auwi]
0-2 - [ 5:0. 0 0-2 S 0:1 50 0

T 040

o
=)

3
(=]
°d [ NOILYHINIINGD
4 /NOILVEINIINGD

«
&S

oo -
8l 80

B,
| PE0S2 = ]

bo_.no

?
g 238 052 nrx.._zx




38 B. D. GUPTA & 1. C. GOYAL

08
K .
MMy =10 sec”
a-uo¥
0-6
L
[ 4
4
=4
'«
g o
4
"
Q
4
o
(&)
02
00

® e (msect®
FiG. 3. Time variation of the concentrations of rhodopsin (R), metarhodopsin 1 (M), isorhodopsin
() and metarhodopsin II (M,) during the period of the flash for Kary > My = 10% sec™t
and Q@ = 10, The continuous curves correspond 10 eqn. (1) while the dotted curves correspond
to eqn. (17).
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Fi1G. 4. Time variation of the concentration of rhodopsin during the period of the flash determined

in the following three ways for Kas, » My= 10° sec™ and @ = 10, 10'7 and 10®® : (i) from

eqn. (11) assuming f, to be a constant during the flash (continuous curves), (i) from eqn. (i1)

assuming f, to be given by egn. (19) (circles) and (jii) by solving eqn. (2) numerically using
actual TDF (dotted curves).
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in Fig. 6(b) for Q = 10'® as in the case of 2 m sec flash. Here also, one can draw
similar conclusions as in the case of 2 m sec flash. At higher intensities, unlike the
case of 2 m sec flash, the effect of TDF is appreciable in the concentrations of lumi-
rhodopsin and metarhodopsin I although negligible in rhodopsin and isorhodopsin
(Fig. 6(b)).

Therefore, to make the analysis of flash photolysis experiments simpler, the
following points are necessary :

(1) At low temperatures, the concentrations of the reactants at the end of the
flash do not depend on TDF for any value of the peak intensity of the flash (see Figs.
1(2) and 5(a)). As the temperature increases the dependence of the results on TDF
increases. At a particular temperature, the dependence on TDF is more for inter-
mediate intensities of the flash.

(2) For low and high intensities of the flash, the concentrations of rhodopsin
and isorhodopsin at the end of the flash do not depend on TDF while the concentra-
tions of other reactants depend on TDF. However, if the flash duration is such
that the photoreversal takes place mainly from one intermediate then at high inten-
sities of the flash, its concentration at the end of the flash also does not depend on
TDF.

(3) Transient concentrations of the reactants, in general, depend on TDF. The
transient concentrations of the reactants obtained from the solutions of the kinetic
equations after substituting.

'

1 N

f0=‘t—ff(t)dt
0

for TDF are in good agreement with the actual concentrations.
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