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Abstract. The experimental data on the absorption of a plane polarised light by a 
solution of cattle rhodopsin at - 1 9 6 ~  have been theoretically analysed to 
model the directional absorption properties of rhodopsin and its photoproducts. 
It is seen that these molecules behave like planar absorbers having a ratio of 
about 100 : 7 between the extinction coefficients along the long axis and perpen- 
dicular to it. Using this result and the experimental observations on absorption 
and dichroism in the retina in situ, a model for the configuration of chromo- 
phores in the disc membranes has been derived. In this model the plane of the 
chromophore is perpendicular to that of the disc and the long axis of the chro- 
mophore makes an angle of 6.6 ~ with the plane of the disc. The solution of the 
problem depends on the assumption that the absorption axes are the same for 
the rhodopsin, prelumirhodopsin and isorhodopsin. 

Introduction 

It is well known that the light absorptive properties of visual pigments, such as 
rhodopsin, are highly directional (Dartnall, 1972). This is mainly because the pri- 
mary light-absorbing structure, viz., 11-cis-retinal (the chromophore) is not an iso- 
tropic absorber and the absorption depends on its orientation with respect to the 
electric vector associated with incident light. Some studies have suggested that it is a 
planar molecule and probably bent and twisted (Sperling and Rafferty, 1969). In 
general, the absorption properties of a molecule can be described by three extinction 
coefficients (o~x,, C~y,, O~z,) corresponding to the three principal axes (x', y', z'). The 
effective extinction coefficient depends on the orientation of these axes with respect 
to the electric vector associated with the incident light and on the magnitude of ~x,, 
C~y,, and ce z,. If a molecule behaves like a planar absorber, one of the three extinction 
coefficients should be zero or negligibly small compared to the other two. 
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Strackee (1972), in the study of photoinduced dichroism in a solution of cattle 
rhodopsin at -196 ~ C, assumed that the absorption ellipsoids (c~x,, Cry,, c~,) of 
rhodopsin and its photoproducts are rotationally symmetric about their long-axis. 
The experimental and theoretical results were found to be in good agreement when 
c~y,/oz z, = olx,/c~ z, = 0.20 (Strackee, 1972); z' - being along the long axis. However, with 
these parameters it was not possible to explain the observations of Liebman (1962) 
and Wald et al. (1963) on the absorption of polarized light in rods [as Strackee 
(1972) pointed out himself] and the observations of Brown (1972) and Cone (1972) 
on photoinduced dichroism in the retina. Further, the assumption of a rotationally 
symmetric ellipsoid is not consistent with the usually accepted planar model of the 
chromophore as pointed by Strackee (1972) himself. 

In this paper, we have studied the absorption properties of rhodopsin and its 
photoproducts assuming the molecules to have a non-symmetric absorption ellip- 
soid. We have theoretically analysed the experimental data of Yoshizawa and Horiu- 
chi (1973) to estimate the values of the relevant parameters. In addition, using these 
parameters and the observations of Brown (1972), Cone (1972), Liebman (1962), 
and Wald et al. (1963) on photoinduced dichroism and absorption of plane polarised 
light by the pigment molecules in situ in the retina, a model for the configuration of 
chromophores in the disc membranes has been derived. 

Theoretical Analysis 

In the experiment to be analysed here, a solution of cattle rhodopsin in glycerol- 
water (1 : 2) mixture at -196 ~ C was bleached by a plane polarised light of wave- 
length 437 nm and its absorption spectrum was measured with natural light for 
various exposures until the steady state was reached (Yoshizawa and Horiuchi, 
1973). At temperatures as low as -196  ~ C, the molecules remain fixed in space 
(Strackee, 1972) and no thermal reaction takes place. The photochemical reaction at 
this temperature can be represented as (Yoshizawa and Wald, 1963): 

Rhodopsin --~ Prelumirhodopsin ~ Isorhodopsin (1) 

Let R(t), P(t), and 1(0 represent the total concentrations (in number of molecules per 
unit area of cross-section) of rhodopsin, prelumirhodopsin and isorhodopsin mole- 
cules, respectively, at time t. Since initially (i.e., at t = 0) only rhodopsin molecules 
are present, the change in absorbance of the solution as a function of time would be 
given by 

AA(2 ,  t) = aT(2)[R(t)  - NT] + a~(2)P(t )  + a~(2) l ( t )  (2) 

where c~"~(A), cry(A), and ce"~(A) are the extinction coefficients of the three pigments, 
respectively, for the measuring light of wavelength A and 

NT = R(t)  + P(t) + I(t) (3) 

is the total concentration of bleachable molecules which remains the same through- 
out the experiment, since no molecules are lost during the reaction. The concentra- 
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Fig. 1. Coordinate systems defining the 
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tions of the pigments at different times would, in general, depend upon the orienta- 
tions of different molecules with respect to the direction of polarisation of the bleach- 
ing light, since the molecules are not isotropic absorbers. 

The light absorbing properties of a molecule can, in general, be represented by 
three extinction coefficients or,,, %,, and oz z, corresponding to three mutually perpen- 
dicular axes x', y', and z' of the coordinate system fixed with the molecule. However, 
the effective absorption coefficient would depend upon orientation of the molecule 
(represented by x', y', z' axes) with respect to a coordinate system (x, y, z) in which 
the direction of polarisation of the bleaching light is fixed. The orientation can be 
expressed in terms of the three Eulerian angles 0, 4, and ~ defined in Figure 1 
(Goldstein, 1950). If the electric vector of the plane polarised bleaching light, prop- 
agating along the x-axis is assumed to be parallel to the z-axis, the effective extinc- 
tion coefficient of a molecule with orientation specified by angles 0, ~b, and (~ would 
be given by 

a(O, ~) = aJ(O, ~) = az,(K ~ sin20 sin2,fl +/<2 sin20 COS2//) @ C0S20), (4) 

where K 1 = ozx,lcr z, and K z = ozy,/o~,, c~(0, ~) is independent of ~b because of the 
rotational symmetry about the z-axis. Therefore, since initially all the molecules are 
isotropically distributed and the measurements are being made by natural (unpolar- 
ised) light, all the subsequently appearing quantities would be independent of ~b. 

Let 2rr Ni(O, ~, t) sin 0 dO d~ represent the concentration of molecules of the ith 
type having the orientations between 0 and 0 + dO and ~ and ~ + d~ at time t (i = 
1, 2, 3 would correspond to rhodopsin, prelumirhodopsin and isorhodopsin, respec- 
tively). The total concentration of molecules of the ith type can be obtained by 
integrating 27r N~(O, O, t) sinO dO d~ over all possible orientations; thus for example, 

7~ 2az 
R(t) = 2:rf dO sinO f d~p NI(O, ~, t) . (5) 

0 0 
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Since it is assumed that, initially, the angular distribution of molecules is isotropic 
and only rhodopsin molecules are present, we can write 

N,(O,  % 0) - Nr . N2(O, ~ ,  O) = O =  N3(O, /O, O) . (6) 
8~2 

The quantities N~, N 2, and N 3 are given by three simultaneous linear differential 
equations describing the photochemical reaction (1): 

dN1 

dr 
- a f (O ,  ga)N~ + b f ( O ,  ga)N2 

dN2 
- a riO, ~ ) N 1  - (b + c ) f (O,  ~ ) U 2  + d riO, ~)N 3 (7) 

dT 

dN3 

dr 
- c f (O,  g')N2 - d f (O ,  ~ ) N 3 ,  

where ~- =Iine t; 1in c being the incident bleaching intensity and 

a = az, ' 1 (2) ~'1.2 b = az," 2 (~) ~'2,1 

c = az, ' 2 (2) Y2, 3 d = aZ' ' 3 ( ~ ' )  ~3, 2 

o:~,, ~ (X) represents the extinction coefficient of the molecules of the ith type corre- 
sponding to its long-axis (the z'-axis) for the bleaching light of wavelength 2; Fii 
represents the quantum efficiency of photoconversion from ith type molecules to j t h  

type molecules andf(O, O) is defined by Eq. (4). In writing Eqs. (7) we have made the 
critical assumption, for simplicity in computations, that KI and K 2 a r e  the same for 
the three pigments, respectively, and that the concentration (N) of pigments is suffi- 
ciently small so as to allow the approximation: 

1 - e-aN ~ .  a N ,  

c~ being the extinction coefficient. Equation (7) can be solved easily subject to the 
initial conditions given by Eq. (6) to yield 

Nl(O,  ~ ,  t) = Nr [ b(B + C) + bB - f(O'w)r b c  ] - -  e m1 q_ - -  e-m2f(O, W)r ( 8 )  

a a -- m l  a -- m2 

where m I and m2 are the roots of the equation 

m e -  ( a + b + c + d ) m + a c + a d + b d =  0 ;  

B = a  . . . .  rn2-rni  

and C is obtained by interchanging m 1 and m2 in the expression for B. Similar 
expressions are obtained for N 2 and N3. Using these expressions for N1, N 2 and N 3 in 
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Eqs. (5) and (2), the change in absorbance as a function of time can be obtained. The 
integration over ~ can be carried out analytically and the final expression is 

AA(•, r) = Nf[A00~) + AI(~, r) + A2(2, r)] (9) 

where 

= [1 + + c) 1 _ + (B + c)  
L a J 

f e - ~ - ( K ~  + Ks - 2)sin2010 (K1 - K2) sin20 s in0  d O  
0 

and A2(A ) is obtained by interchanging m 1 and m 2 in AI(A) and I o is the modified 
Bessel function of first kind and of order zero. The remaining integrals in Eq. (9) 
have to be evaluated numerically. The ~z', ~ component of the absorption ellipsoid 
can be calculated by assuming that the measured extinction coefficient is an average 
of ce,,, i, %', i, and oz~,, i, i.e., 

l (ax, + ay, + az , , i )= trace al a i ~ -  3 i i 

Then, 

az, ' i = 3 ai/(K1 + K2 + 1) . 

However, since only ratios of ce=,, ~ occur in the final expressions, this constant 
multiplicative factor is not important. 

Results and Discussion 

L Selection o f  Parameters 

In order to compare our results with the experimental results of Yoshizawa and 
Horiuchi (1973) we have plotted the change in absorbance with time for three ran- 
domly chosen wavelengths of the measuring light (Figs. 2, 3, and 4). The extinction 
coefficients of rhodopsin and prelumirhodopsin at - 1 9 6  ~ C are taken from the same 
paper of Yoshizawa and Horiuchi (1973). The extinction coefficient of isorhodopsin 
is estimated by assuming that the shape of its spectrum at - 1 9 6  ~ C is similar to that 
of rhodopsin at - 1 9 6  ~ C and the maximum value of extinction coefficient (cemax) and 
the corresponding wavelength (Amax) are the same as given by Yoshizawa (1972). 
The values of various extinction coefficients used in the calculations are summarised 
in Table 1. 

Since the initial concentration (Nr) of rhodopsin molecules and the incident 
intensity (Iinr are not available with the experimental results, we have normalized 
the horizontal and vertical scales of the plot for one wavelength and have used the 
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Fig. 2. The variation of change in absorbance (AA) of a solution of cattle rhodopsin in glycerol-water 
(1 : 2) mixture at --196 ~ C as a function of the light exposure. The solution was bleached with a plane 
polarised light of wavelength 437 nm. The wavelength of the measuring light (natural) was 570 nm. The 
crosses show the experimental points taken from the paper of Yoshizawa and Horiuchi (1973); 
the curves are theoretical with different sets of values of K 1 and K 2 
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Fig. 3. Same as Figure 2 except that in this case  the wavelength of  measuring light was  550  nm 
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Fig. 4, Same as Figure 2 except that in this case the wavelength of measuring light was 480 nm 

Table 1 

Extinction coefficients Quantum Absorption 
efficiencies ratios 

Wavelengths (R) 437 nm 480 nm 550 nm 570 nm 

oq (.l)/ox I (Amax) 0.425 0.842 0,315 0.087 F1,2@1,2 = 1.0 K1 = o~ '  = 0.00 
Ogz t 

Ol2 ( '~)/Oll  ('/]'max) 0.311 0.560 1.009 0 . 6 8 7  ~22,1/F1,2 = 0.65 K 2 = ~ = 0.07 
~22,3/Fl,Z = 0.10 ~ 

o~ 3 ( A ) / o q  (Ama~) 0.560 1.030 0.128 0,041 F3,2/F1,2 = 0.25 

same normalizing factor for the other two wavelengths. Other parameters,  viz., the 
four quantum efficiencies and K 1 and K 2 are chosen by fitting our results to the 
experimental data of  Yoshizawa and Horiuchi (1973). To start with, we have used 
the values of  these parameters  as given by Strackee (1972): 

Yl.2 ~- 1.0 ; ~2,1 = 0.65 ; ~2,3 = 0.10 ; ~/3,2 = 0.25 ; 

K1 = 0.20 ; K2 = 0 . 2 0 .  

With these values it is not possible to match  theoretical results with the experi- 
mental data. Further,  it is found that  the experimental results can not be explained 
unless K 1 or K 2 is zero (or negligibly small). As can be seen from Figure 2, the 
theoretical curve shows a decrease after reaching a maximum if both K1 and K 2 are 
non-zero, such a behaviour is totally absent in the experimental results. Therefore, 
next we have set K 1 = 0 and tried for a best fit with different sets of  values for 
remaining parameters  starting with K 2 = 0.17 (as given by Strackee, 1970). How-  
ever, the best fit for the three wavelengths (chosen at random) of measuring light is 
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obtained with K 2 = 0.07 and the quantum efficiencies given above (see Figs. 2, 3, 
and 4). A variation (of about + 10%) in each of the various quantum efficiencies has 
also been tried, but it only worsens the fitting. The final parameters used are sum- 
marised in Table 1. 

11. Configuration of  Chromophores in the Rod Outer Segment 

Having selected the various parameters by way of explaining the results of an experi- 
ment on the rhodopsin in solution, we use our results to explain the observations on 
absorption properties of the rhodopsin in the retina. This is a test for the validity of 
our results and also provides the configuration of chromophores in the rod outer 
segment. 

Brown (1972) concluded from his experiments on photoinduced dichroism in 
glutaraldehyde fixed frog-retina that the rhodopsin chromophore is essentially a 
linear absorber for light passing down the rod axis. Cone (1972) also confirmed 
these observations. It can be shown that the maximum dichroic ratio in the retina is 
given by (Cone, 1972) 

2 + f  
DRmax - 

2 - f  

wheref(~ 1) is an empirical factor which accounts for the loss in polarisation due to 
the optics and the scattering. This expression is derived under the assumption that 
the ehromophore is linear in the plane of the disc membrane. However, if the ehro- 
mophore were not linear, the above expression would take the form 

D Rm~x = 
2(1 -~ K) 2 -~ f(1 - K) 2 

2(1 + K) 2 -f(1 - K )  2 

where K is the ratio of absorptions in the two directions (in the plane of disc mem- 
branes). When ideal conditions exist (i.e., when f =  1) and K = 0, DRma x = 3. Brown 
(1972) observed a maximum value 2.8. The small discrepancy may be either due t o f  
being less than unity or due to K being greater than zero. Forf~< 1, DRma * = 2.8 
would correspond to K ~< 0.013, in practical cases sincefis less than unity, K would 
be less than 1%. This is a negligibly small value and hence for light passing down the 
rod axis the chromophore can safely be assumed to be linear (Brown, 1972). 
Straekee's (1970, 1972) parameters are not compatible with these observations. 

In the light of above discussion we can now propose the following configuration 
for the chromophore in the disc membrane: the x'-axis of the chromophore (ce x, = 
Ktce~, = 0) lies in the plane of the disc while z'-axis (the long-axis of the absorption 
ellipsoid) makes an angle 0 with the plane of the disc, and the y-axis (cey, = K2ce ~, = 
0.07 O~z,) then evidently, makes an angle 0 with the rod axis (see Fig. 5). This is a 
general configuration compatible with the observation of Brown (1972) and Cone 
(1972). The angle 0 is estimated from the observations of Liebman (1962) and Wald 
et al. (1963). These authors observed that there was a ratio of about 6 between 
absorptions of rod outer segments when viewed sidewise with light polarised perpen- 
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Fig. 5. The configuration of 
chromophore in the disc 
membrane. The plane of the 
chromophore (Z'--Y') is normal 
to that of the disc (Y--Z) 
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dicularly (A• and parallel (A t~ ) to their long-axes (the axes of rods). It can be shown 
that 

A• 1 + K1 sec 2 0 + K2 tan 2 0 
- ( 1 0 )  

All 2 (tan 2 0 + K2) 

(In deriving the above result it was assumed that, the chromophores are distributed 
randomly in the disc.) It can be easily verified that A• = 6 and K 1 = K 2 = 0.20 
(Strackee, 1972) are not compatible with the above equation, as noted by Strackee 
himself. In fact, it is seen that, for real values of 0 and A z / A ,  = 6, K 1 and K 2 should 
satisfy the following condition 

l + K 1 > I 1 2 K 2 .  

I f  K 1 = K2, this condition requires K 1 ~< 0.09, a value which is less than half the 
value obtained by Strackee (1972). On the other hand, i f K  1 = 0, as in our case, the 
above condition restricts the value o f K  z to be less than 0.0833; thus the value K 2 = 
0.07 satisfies this criterion. Using Eq. (10) it is seen that A . / A ,  = 6, when K1 = 0 
and K z = 0.07 (for 0 = 6.6~ Thus, we arrive at a configuration of chromophore in 
the disc membrane which is consistent with the observations of Brown (1972), Cone 
(1972), Liebman (1962), and Wald et al. (1963) in the retina and with the observa- 
tions of Yoshizawa and Horiuchi (1973) in solutions. The structure can be summa- 
rised as follows: the chromophore is a planar absorber having an absorption ratio of 
about 100 : 7 between two absorption axes; in the disc membranes its plane ( Y ' - Z ' -  
plane) is normal to the plane of the disc with its long axis (Z'-axis) making an angle 
about 6.6 ~ with the plane of the disc. 
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