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Abstract. Using the twisted conformations of the chromophores for visual pig- 
ments and intermediates which were theoretically determined in the previous 
paper, energy surfaces of the pigment at - 1 9 0  ~ C were obtained as functions of 
the torsional angles 09--10 and 011_12 or of the torsional angles 09_10 and 013_14. 
In these calculations, the existence of specific reaction paths between rhodopsin 
(R) and bathorhodopsin (B), between isorhodopsin I (I) and bathorhodopsin, 
and between isorhodopsin II (I') and bathorhodopsin were assumed. It was 
shown that the total energy surfaces of the excited states had minima C 1 at 09_10 

--10 ~ and 011_12 ~ - - 8 0  ~ C 2 at 09_1o ~ - 8 5  ~ and 011--12 ~ - -5  ~ and C 3 at  09_10 
0 ~ and 013_14 ~ - 9 0  ~ These minima are considered to correspond to the 

thermally barrierless common states as denoted by Rosenfeld et al. Using the 
total energy surfaces in the ground and excited states, the molecular mechanism 
of the photoisomerization reaction was suggested. Quantum yields for the photo- 
conversions among R, I, I' and B were related to the rates of vibrational relax- 
ations, radiatiordess transitions and thermal excitations. Some discussion was 
made of the temperature effect on the quantum yield. Similar calculations of the 
energy surfaces were also made at other temperatures where lumirhodopsin or 
metarhodopsin I is stable. Relative energy levels of the pigments and the interme- 
diates were discussed. 

Key words: Energy surfaces of visual pigments - Photoisomerization mecha- 
nism of visual pigments. 

Introduction 

In the preceding paper (Kakitani and Kakitani, 1979a), many of the specific proper- 
ties of optical spectral data in visual pigments, their analogues and intermediates 
were consistently analyzed by assuming proper twisted conformations of chromo- 
phores based on the torsion model (Kakitani and Kakitani, 1975). The same model 
also predicted the barrierless energy surface in the excited state for the isomerization 
of the double bond (Kakitani and Kakitani, 1975). 
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In this paper, we investigate the form of the interaction between the chromo- 
phore and opsin phenomenologically with inclusion of the solvent effect. For the 
purpose of this analysis, the previously calculated conformations of visual pigments 
and intermediates are fully used. 

At present, it is not known what specific interactions between opsin and the 
chromophore are present. Our opinion is that the important part of the specific 
interaction will be the steric hindrance effect assisted by the induced fit mechanism 
of opsin. We can consider that the Coulombic interaction between the conjugated 
chain of the chromophore and some polar groups on opsin will work to some extent. 
But we think this latter effect will not work predominantly for the photoisomeriza- 
tion because the ionone ring of the chromophore is considered to be in a hydropho- 
bic environment (Matsumoto and Yoshizawa, 1975), and then it will be difficult that 
ionized groups strongly interact with the ionone ring or conjugated bonds apart from 
the Schiff base bond. 

Before going on our theme, we should like to express our opinion on some 
objections to the torsion model. The experiment by Mathies et al. (1977) showed 
that the resonance Raman spectra (RR spectra) of rhodopsin (R) and isorhodopsin 
(I) are very similar to those of 11-eis and 9-eis protonated retinylidene Schiff bases 
(PRSB's), respectively. From this, the chromophore conformations of R and I were 
considered to be not greatly different from those of the corresponding PRSB's (Ma- 
thies et al., 1977). It was also conjectured that the double bond of the chromophore 
would not be twisted (Callender and Honig, 1977; Aton et al., 1977). This is the first 
objection. As to this, we recently made a theoretical calculation, basing on the 
molecular orbital theory (Kakitani and Kakitani, 1979b). According to its result, the 
RR spectra of PRSB's are not so largely changed by twistings about double bonds 
as previously conjectured, and the calculated RR spectra of R and I using the 
twisted chromophore conformations which were obtained from the optical spectral 
analysis (Kakitani and Kakitani, 1979a) are roughly in agreement with those of 1 l- 
ois and 9-cis PRSB's, respectively. Therefore, the experimental results of the RR 
spectra of visual pigments can not preclude the possibility of the double bond twist- 
ing of the chromophore. 

The second objection is why the double bond must be twisted in spite of the fact 
that there are many single bonds with small twisting force constants. As to this, we 
can show an example of the mechanism by which the double bond is selectively 

Rtrans ic ~', 

2 6 

14 " '"  Fig. 1. Molecular structure of  11-c/s 
protonated retinal Schiff base 
(PRSB). External force F is 

. N"~  - " ~ i  . .  assumed to apply to the Schiff base ~i~~.~.~,,/H~ and the center of the nitrogen 
ionone ring in the opposite direction 
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twisted. In Fig. 1, the molecular structure of the chromophore of R is drawn. We 
assume that the strain force ~ is applied to the chromophore to enlarge the distance 
(R11.c~ ~) between the centre of the ionone ring and the nitrogen atom of the Schiff 
base in the protein moiety. It is evident that R l l _ e i  s is almost unchanged when the 
7-8  double bond is twisted, and becomes a little large when the 9-10 and 13-14 
double bonds are twisted, and becomes considerably large when the 11-12 double 
bond is twisted, whereas it decreases very much when any single bonds are twisted. 
Indeed, when the 11-12 double bond is isomerized, Rn.~t s becomes the largest 
(Rt,a,s). Therefore, it is expected that the 11-12, 9-10, and 13-14 double bonds 
are twisted considerably under the operation of the strain force 9. In order to exam- 
ine this, we made a simple calculation as follows. The torsional energy V t was 
assumed as 

l/~ = L =  K i ( 1  - cos 2 0 , ) ,  
i 4 

(a) 

where K t and 0i are the twisting force constant and the torsional angle of the 
i-th bond, respectively. K,.'s corresponding to the double and single bonds are chosen 
to be 3.6 eV/rad z and 1.0 eV/rad 2, respectively, following the analysis by Tarasova 
and Sverdlov (1965) of vibrational frequencies of butadiene. Assuming a proper 
strain force 9, we obtained 011--12 ~ 20 ~ 09_10  ~ 20 ~ 010_11 ~ 17 ~ and small angles 
for the other O's. In this calculation, the correlation between twisting motions and 
bending motions of the conjugated chain due to steric hindrances among hydrogen 
atoms and methyl groups of the chromophore and nearby amino acid residues of 
opsin was taken into account. Then, it was concluded that the double bonds of the 
chromophore can be twisted considerably under the operation of the proper strain 
force to the chromophore. These mechanisms will be effective to the chromophore in 
the eis form. For the species with the chromophe of al l - t rans  form such as bathorho- 
dopsin, a different steric hindrance mechanism due to the unfitted conformation of 
the chromophore to the binding site of opsin will be important. The detail of the 
above investigation is to be published elsewhere (Kakitani, 1979). 

The third objection will be the difficulty in explaining the large bathochromic 
shift of rhodopsin analogue formed from l l,12-dihydroretinal and opsin (Gawino- 
wicz et al., 1977), in which the twisting of the small conjugated chain seems to be 
improbable. As to this, we discuss in the last section. 

In the following sections, we investigate in more concrete form the interaction 
energy between the chromophore and opsin and the effe~ct of solvation, but from a 
different point of view with use of the calculated conformations of the chromo- 
phores. 

Total Energy of Visual Pigment 

The total energy of a visual pigment E T may be decomposed into three parts 

E r = E ~ + E c + F- ,I . (2) 

In this, E ~ denotes the free energy of opsin with the protein conformation in the 
absence of the chromophore. E c is the free energy of the chromophore. In the actual 
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calculation, we take account of only the n-electron energy and the molecular skeletal 
energy explicitly. The entropic term due to the molecular vibration of the chromo- 
phore is assumed to be constant for any chromophore conformation because most 
of the vibrational frequency is larger than k T  and the vibrational quantum level 
occupied in each mode would be almost zero. The detailed calculation method for 
E c is described later. 

The interaction energy E ~ includes the following terms; 

E 1 = E H + E E + E S , (3) 

where E n, E e, and E s are energies of steric hindrance, electronic Coulomb interac- 
tion, and solvation, respectively. The steric hindrance is due to the core-core repul- 
sion between atoms or groups in very close proximity. E/r includes energies due to 
the Schiff base bonding, Coulombic interaction between the protonated Schiff base 
nitrogen and the counter anion which is believed to be located near the Schiff base, 
and to the nonsteric interaction between the hydrocarbon part of the chromophore 
and the protein moiety. It also includes all the electronic interactions among amino 
acid residues, peptide groups, hydrogen bond and so on caused by the change of the 
opsin conformation accompanying the binding of the chromophore. The solvation 
energy E s is chiefly due to the hydrophobic interaction between the chromophore 
and solvent and hydrophyllic interaction between opsin and solvent. 

The interaction energy E ~ is dependent upon the temperature through E/r and E s 
and it is dependent on the chromophore conformation through E n, E/r, and E s. In 
our analysis, E ~ is considered to be the same for the ground and excited states of the 
chromophore. 

The chromophore energy E c is obtained by the self-consistent HMO theory 
(Kakitani, 1974; Kakitani and Kakitani, 1977) as follows. 

E c =  2 ~  qaaa + 2 ~ Pabfl;b + s fob(Rob) + C ,  (4) 
a (ab) (ab) 

neigh. 

fl*ab "= [tab(Rob) -- ~(2 P.a -- ~ PcdICOS O~dl)] " I c~ O~bl , (5) 
(cd) 

where %, o~, p~, R~b, O~b, f~b, ~, and C are electron charge density, Coulomb 
integral, bond order, bond length, torsional angle, skeletal bond energy, constant of 
the electron correlation energy and constant energy of the entropic contribution due 
to the molecular vibration. All the bond lengths and the 7c-electron state are solved 
self-consistently by minimizing E c for each set of torsional angles. 

In the present study we try to obtain E * as a function of torsional angles of the 
chromophore. 

Preliminary Calculations About Specific Reaction Paths 

First of all, we assume that E I consists of the hindrance potential at each bond as 
follows: 

1 
e '  = v o  + 2 kob - Ao ) 2 + " ,  (6) 

(oh) 
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Table 1. Theoretical torsional angles in degree which were obtained previously for rhodopsin (R), isorho- 
dopsin I (I), isorhodopsin II (19, bathorhodopsin (B), lumirhodopsin (L), and metarhodopsin I (M). All the 
angles in this table are measured from the trans form. The other torsional angles 05_6, 07 s, and 0~5_16 are 
zero 

06-- 7 08-- 9 09--10 010--11 011--12 012--13 013--14 014--15 

R -220 15 20 10 -152 25 0 15 
I -210 0 -157 25 25 20 0 15 
I' --210 15 --153 15 15 --25 --170 15 
B -230 -20 - 25 -30 - 38 -27 - 15 -15 
L -230 -15 25 15 - 26 30 15 15 
M -230 -30 20 15 29 22 0 15 

where Vo, kab and A~b are constants. At the equilibrium state, 

~(E c + U) _ 0 . 

Substituting Eqs. (4) and (6) into Eq. (7), we obtain 

kj(Oaa - A .b )  = 2 pabt3:b tan Gb.  

Given the values of 0~b, P.o, and/3* b for two species of the visual pigments and 

(7) 

(8) 

intermediates, we can evaluate kab and Aab. 
In Table 1, the torsional angles of the visual pigments and intermediates, which 

were determined for cattle in the previous study (Kakitani and Kakitani, 1979a), are 
listed. The numbering of the atom or bond is depicted in Fig. i. All the torsional 
angles are measured from the trans form. 

Using any two sets of 0ab'S in Table 1, we can obtain k,b and A~b from Eq. (8). If  
the form of E ~ in Eq. (6) is right for all the pigments, the calculated k,b and A~b 
should be the same for any two sets of 0's. However, the actual calculations did not 
show such a result. Thus, our assumption that the steric hindrance energy at each 
bond contributes to E I independently is wrong. We must consider the steric hin- 
drance potential which is correlated among torsional angles. For this purpose, we 
suppose that the energy surface o f E  T will contain some definite reaction paths. That 
is, in the conversion between rhodopsin with an 11-cis form of the chromophore and 
bathorhodopsin with an all-trans form of the chromophore there may be a specific 
reaction path mainly along 011-12. Similarly, in the conversion from isorhodopsin I 
with a 9-cis form of the chromophore to bathorhodopsin there may be another 
specific reaction path mainly along 09_10. In the conversion from isorhodopsin II (I') 
with a 9,13-dicis form of the chromophore to bathorhodopsin there may be an other 
specific reaction path, mainly along 09_10 and 013_~4. Here, we assume that the steric 
hindrance energy near the reaction path could be expressed by the following. 

] 
E~ = V~ + ~ 2 k~b(O,,b -- A~b) 2 + " " ,  

(~b) 
(9) 

where r denotes the species of the reaction path. Then the values of ~b and A~b 
calculated from Eq. (8) might be different for each reaction path. 
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Table 2. Calculated parameters of A r (degree) and /e" (eV/rad 2) for the reaction paths between rhodopsin and 
bathorhodopsin (R = B), between isorhodopsin I and bathorhodopsin (I = B) and between isorhodopsin II and 
bathorhodopsin (I' = B) 

Reaction Bond 
path 

8-9 9-10 10-11 11-12 12-13 13-14 14-15 

A ~ I f  A ~ ~ A ~ k r A ~ I f  A ~ k r A ~ I f  A ~ k ~ 

R~-B 0 --1.5 0 -5.7 0 --2.0 -101 2.9 2 --2.1 0 -5.2 1 -2.3 

I~-B --1 -1.6 -90  2.2 1 -1.9 --2 --5.1 2 -2.1 0 -5.2 1 -2.3 

I ' = B  -1  --1.7 -87 2.3 0 --2.0 - 2  -5.1 -20  -1.0 -104 0.9 1 -2.3 

(a) GROUND (b) EXCITED 
- 270: 

o 

90 0 -90  -180 -270 90 0 -90  -180 - 2 7 0  

011-1z ( deg. ) & H a  ( deg. ) 

Fig. 2. Calculated energy surfaces of the chromophore energy E c in the ground (a) and excited (b) 
states projected onto the 0 9 - - 1 0  - -  011--12 plane. In this calculation, the torsional angles other than 09_10 
and 011-12 are fixed to the absolute average values of R, B, and I. Symbols 0, A, and x denote 
minimum, saddle, and maximum, respectively. The unit of the energy contour line is eV. The origin of 
the energy is arbitrarily chosen at 09_10 = 011_12 = 0 ~ 

Under  these considerations,  we calculated ~b and A~b for the three react ion 
paths each of  which connects with bathorhodopsin .  The result is listed in Table 2. 
These values are considered as ones at liquid nitrogen temperature.  F r o m  this, it is 
evident that  there is a minimum of  EZr at 011--12 = - 1 0 1  ~ for the R = B react ion path,  
there is a minimum of  E~ at 09_10 = - -90 ~ for the I = B react ion pa th  and there is a 
minimum of  E~ at 09_10 = --87 ~ and 013_14 = - 1 0 4  ~ for the I '  = B react ion path.  I t  is 
also seen that  the values of  the other torsional  angles are not  largely different among 
the three react ion paths.  The above results strongly support  the assumption made in 
the torsion model  that  the interaction energy E z will have a minimum near  the 
transit ion states of  the photoisomerizat ion reactions. The negative value of/d" in 
Table 2 will not  be impor tant  because higher order terms than the square form of  
Eq. (6) will become dominant  and become positive for large value of  [0,b - A~b 1. 
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T = -190~ 

-270  

-180 

- 9 0  

0 

90  
90 0 - 9 0  -180 - 2 7 0  

811-1z (deg)  
Fig. 3. The interaction energy surface E r at T = -190 ~ C projected onto the 09_10 - 011_12 plane. This 
energy map is estimated by the trial and error method so that the energy surface of E z + E c in the 
ground state may have minima corresponding to R, B, and I at the torsional angles listed in Table 1. 
Symbols and unit are the same as Fig. 2 

E n e r g y  S u r f a c e s  

In this section we calculate the energy surface of  E I and E r projected onto the 09_10 
- 011_12 plane or the 09_20 - 0~3_~4 plane in detail, based on the results in the 
previous section. E c is calculated by the self-consistent H M O  theory (Kakitani and 
Kakitani, 1977). The torsional angles other than 09_10 and 011_12 (09_10 and 013_24 ) 
are replaced by the averages of  the absolute values of  ones for R, B, and I (I, B, and 
I ')  listed in Table 1. The calculated E c in the ground and excited states projected 
onto the 09_~0 - 021_1z plane are drawn in Fig. 2. It is evident that the hollow in the 
ground state is deeper than that in the excited state, and that wide plateaus exist in 
both the ground and excited states. 

The interaction energy E 1 as functions of  09_10 and 011_12 is obtained by the 
following process. First of  all, we expect that E z would have valleys along the reac- 
tion paths of  R = B and B = I. Furthermore, the valley would have a minimum near 
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GROUND STATE 

c~ 

O 

T 
qb 

-270 

-180 

-90 

0 

90 
90 

' S / 

0 -90 -180 -270 

011-12 (deg.) 

Fig. 4. The calculated total energy surface E r of the ground state at T = --190 ~ C projected onto the 
09_1o -- 021_12 plane. R, B, and I correspond to rhodopsin, bathorhodopsin, and isorhodopsin I, respec- 
tively. Other symbols and units are the same as Fig. 2 

the transition state of the isomerization reaction, i.e., at 09--10 ~--- 0 ~ and 011_12 '~' - 9 0  ~ 
or at 09_10 ~_ - 9 0  ~ and 011_12 ~ 0 ~ Under these restrictions, we search the form of 
E ~ in the 09_10 - -  011--12 plane by the trial and error method so that E r may have 
minima at the values of 09--10 and 011_12 corresponding to R, B, and I as listed in 
Table 1. So obtained E 1 is depicted in Fig. 3. Many of the energy contour lines run 
diagonally in the 09_10 and 011--12 plane. This demonstrates that the correlation 
between the two twistings around the 9 - 1 0  and 11-12 bonds is large in the reaction 
space of R = B = I. This energy contour map is obtained almost uniquely, especially 
near the minimum points. 

The energy surface of E r is obtained by adding Figs. 2 and 3. The result is 
shown in Figs. 4 and 5. From Fig. 4 we see that there are rather deep minima 
corresponding to R, B, and I and that there are two shallow minima near the transi- 
tion states of isomerizations in the ground state. Figure 5 shows that two sharow 
minima C 2 and C 3 exist at 09--10 = --10 ~ 011--12 z - - 8 0  ~ and at 09_1o = - 8 5  ~ 011--12 
= --5 ~ respectively, in the excited state. Narrow and deep valleys extend along the 
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EXCITED STATE 

-270 

-180 

-90  
0 
7 
O~ 

q~ 

0 

90 
90 0 -90  -q80 - 2 7 0  

~11-12 ( deg. ) 

Fig. 5. The calculated to ta /energy surface E r of  the excited state at T = - 190 ~ C projected onto the 
09-10 - 011-1z plane. C 1 and C 2 would correspond to the common state denoted by Rosenfeld et al. 
Other symbols and unit are the same as Fig. 2 

reaction paths. This property will be useful in showing that the direction of the 
isomerization of the visual pigment is exceedingly specific. 

Similarly, in obtaining E 1 in the 09_10 - 013_14 plane for the conversion among I, 
B, and I', we pose the restriction that E I would have valleys along the reaction paths 
o f I  = B and B = I', and that the valley would have minima near the transition states, 
i.e., at 09_10 ~ - 9 0  ~ and 013--14 ~ 0 O, and at 09_10 ~ - 9 0  ~ and 013--14 ~--- - 9 0  ~ The 
energy surface o f E  c in the 09-10 - 013-14 plane is calculated by the same method as 
before, and the results are somewhat similar to those of Fig. 2. Under these condi- 
tions, we search the potential form o r E  ~ in the 09_1o - 013-14 plane by the trial and 
error method so that E r may have minima at the values of 09_10 and 013_14 corre- 
sponding to I, B, and I' as listed in Table 1. So obtained E 1 is depicted in Fig. 6. This 
form of E z is considerably different from that of Fig. 3 except for the region near the 
reaction path I = B. Many of the energy contour lines in Fig. 6 run diagonally in the 
09_10 and 013_14 plane. Thus, the correlation between 09_i0 and 013_14 is large also in 
the conversion space of I = B = I'. 
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- 270 

T = - 1 9 0 ~  C 

-180 

- 9 0  
0 

7 
o'~ 

0 

90 
90 0 -90 4 8 0  -270 

813-14 (deg.) 
Fig. 6. The interaction energy surface E z at T = --190 ~ C projected onto the 09_10 - 01a-14 plane. This 
energy map is estimated by the trial and error method that the energy surface of E z + E c may have 
minima in the ground state corresponding to I, B, and I' at the torsional angles listed in Table I. 
Symbols and unit are the same as Fig. 2 

Photoisomedzation Mechanism 

Combining Figs. 4 and 5, we obtain Fig. 7. Two shallow minima in the ground state 
are named D 1 and D 2. These correspond to the transit ion states in the thermal  
isomerizat ion reactions R = B and I = B, respectively. Similarly, the combined 

energy surfaces in the 09--10  - -  013--14 plane are depicted in Fig. 8. In this case there 
are three deep minima in the ground state corresponding to I, B, and I'. There also 
appear  two shallow minima D 2 and D 3 which are the transit ion states in the thermal  
isomerizat ions I = B and B = I ' ,  respectively. In  the excited state, two minima C 2 

and C 3 appear  at 09_10 = --85 ~ 013_14 = - I 0  ~ and at 09--10 = - 9 0  ~ 013--14 = - 9 0  ~ 
respectively. 

Using Figs. 7 and 8, one can imagine the react ion path  of  the photoconversion 
among R, B, I, and I '  as follows. By absorbing a light quantum, R is excited to the 
F ranck -Condon  state F r, followed by  the rapid vibrat ional  relaxation to C r Then, 
the radiationless transit ions C 1 ~ D~, C~ -~ B, and C~ ~ R will occur. The one 
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EXCITED S TAT E 

303 

O 

3ROUND STATE 

Fig. 7. Photoreaction scheme in the 0 9 10 - 0 1 1 - 1 2  plane with use of the energy surfaces of Figs. 4 and 
5. R, B, and I are the same notation as Fig. 4. D 1 and D 2 are small minima in the ground state. F,, F b, 
and F~ are the Franck-Condon states excited from R, B, and I, respectively. Cland C 2 are the same 
notation as Fig. 5. ~ denotes the photo-excitation process, - -- - -  the relaxation process and 

the radiationless transition process. The other symbols and unit are the same as Fig. 2 

reaching D 1 transforms to the more stable species R or B by a thermal excita- 
tion. 

When I absorbs a photon, I is excited to the Franck-Condon state F~, followed 
by the rapid relaxation to Cv Then, there will be four roots of radiationless transi- 

tions C 2 -~ D2, C 2 --~ B, C 2 -~ R, and C2 -~ D3. The one reaching D 2 will go to B or I 
and the one reaching D 3 to B or I '  by thermal excitations. In this, the radiationless 
transition rate of C2 -~ D3 is considered to be fairly slow compared with those of C2 
-~ B and C2 -> R because the difference of chromophore conformations between C 2 

and D 3 is large while its energy gap is small. 

When I '  absorbs a light quantum, it is excited to the Franck-Condon  state F~, 

and it rapidly relaxes to C3. Then, the radiationless transition C 3 -> D 3 will occur 
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EXCITED STATE 

0 

GROUND STATE 

O 

Fig. 8. Photoreaction scheme in the 09 l0 - -  0 1 3 - 1 4  plane. B, I, Fb, and F; are the same as Fig. 7. I' is 
isorhodopsin II. D3 is the small minimum in the ground state. F;' is the Franck-Condon state excited 
from I'. Ca is the common state between F b and F{. All the other notations and unit are the same as 
Fig. 7 

dominantly compared with the transition C a ~ D 2 by the same reason as the transi- 
tion C 2 ~ D 3. The one reaching D 3 proceeds to B or I '  and the one reaching D 3 t o  I 
by thermal excitations. 

When B absorbs a light quantum, it is raised to the Franck-Condon  state F r, 

followed by a rapid vibrational relaxation to C1, C2 or C 3. In this, the rate of the 

relaxation F b ~ C 3 is thought to be much smaller than those of F b ~ C 1 or F~ ~ C 2, 
owing to the long relaxation process as seen in Fig. 8. The succeeding processes to 

these states are the same as before. 
According to these photoisomerization mechanisms, there is no direct reaction 

path connecting F~ with F r. Therefore, the isomerization of R = I due to a single 
photon absorption hardly occurs, in qualitative agreement with the result of the 
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kinetic analysis (Sarai et al., 1979). In contrast with this, the simultaneous isomeriza- 
tion o f  the 9 - 1 0  and 1 3 - 1 4  double bonds by a single photon absorption is possible 
in the conversion I' ~ B. 

Quantum Yield 

The quantum yields F's o f  the photoisomerizat ion among R, I, I', and B are written 
by the transition rates k's as follows. 

k c l  ~ B k c l  ~ DI KRB 
- + - -  , (10)  

7R ~ B kl kl 1 + KRB 

1 [ k c l ~ a q _ k c ~ o ~  _ _ 1  ] , (11) 
7 B - - , R - -  1 + a l _  kl kl 1 +KRB 

kc2~B _t_ kc2~ D2 Km (12) 
7I --, B = k2 k2 1 + K m  ' 

a [/~c2 + i k c 2 + D 2  1 B] 
7t3 --, I - -  1 + a k k2 -I- - - k  2 1 + K~ ' (13) 

kc3 ~ D3 KrB kc2 ~ D2 KIB 
= - -  + - -  , (14)  

7I' ~ B k 3 1 + KrB k2 1 h- KIB 

a kc2 ~ D3 1 
= , ( 1 5 )  

7B --+ I' 1 + a k2 1 + KpB 

where 

k l  = k c l  ~ D1 + k c l  ~ B + kc1  ~ R ,  

k2  = kc2--+ D2 q- k c 2 - ,  13 + kc2 ~ I + k c 2  ~ D3 , 

k3 = k c 3  ---, D3 -~ kC3 ---, D2 , 

a = k f b  ~ c2 /kFb- ,  c~, (16) 

KRB = k m  ~ B / k o l  - ,  R , 

K1B = kD2 ---, B /kD2  --, I , 

K r B  = kD3 ~ B/kD3 --+ r , 

and the small rate process F b ~ C3 is neglected. 
It is a significant problem to evaluate these transition rates. For this purpose, it 

will be necessary to determine the energy surfaces more unambiguously,  especially 
for the thermal excitation processes.  According to our prefiminary calculations using 
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the energy surfaces obtained in this study and applying the Jortner's theory (1976) 
as to the nonadiabatic multivibration decay process to our case, the radiationless 
transition rate of C1 ~ D 1 was comparable with or smaller than those of C1~ B and 
C 1 ~ R (Kakitani et al., 1979). 

Recent experimental results by Hurley et al. (1977) showed that FR -~ B is inde- 
pendent of temperature (at least from - 1 9 6  ~ C to 25 ~ C) while Fx -~ B is considerably 
dependent upon temperature. Furthermore, FB ~ R a t - -196  ~ C (Strackee, 1972)is 
similar to FM ~ R at --20 ~ C (Kropf and Hubbard, 1958). We should like to consider 
that the latter fact implies the temperature independence of FB -~ ~. From these exper- 
imental results we can derive the following properties. Assuming that the thermal 
equilibrium is attained immediately after the radiationless transition C~ -~ D1, one 
can write KRB as 

KRB = exp [ -  ( E ; 1  ~ a - E ; 1  ~ B ) / R T ]  , (17) 

where ED~I .-. R and E~I -~ B are the transition state energies in the thermal conversions 
from D 1 to R and from D 1 to B, respectively. It is improbable that ED~I __, R is the 
same a s  ED~I ~ B" So that KRB has a temperature dependence. Therefore, for FR * R 
and FB - R to be independent of temperature, the second term in Eqs. (10) and (11) 
should be smaller than the first term (i.e., kcl _, m should be considerably smaller 
than k c l  ~ B and k c l  _~ R) Then, we can approximate Eqs. (10) and (11) as 

b 
, (18) 

~]R~B 1 + b  

1 1 
- -  ( 1 9 )  

~'B--+R~ l + a  l + b '  

where 

b = k c l  - .  B / k c j  -, R. (20) 

From Eq. (18), b should be independent of temperature. In general, the radiationless 
transition rate depends upon temperature. Thus, it is rather surprising that b is 
independent of temperature. That is, the temperature dependence of kcl ~ B should 
be quite similar to that of  k c l  _, R" 

For F1 ~ s to be dependent on temperature, there are some ways. One is kc2 _, m 

) )  kc2  -* B. Another is k c z  _, m ~ kB2 -~ B, k c z  -~ i and the different temperature depen- 
dence of kc2 _~ m from those of k c z  ~ B and kc2  _, i, if we assume that kc2 _. m / k c 2  _, 

is independent of temperature. The energy barrier between F t and C 2 which was 
presumed by Hurley et al. (1977) is not necessary for the appearance of the tempera- 
ture dependence of FI -~ B. The reaction scheme of Figs. 7 and 8 are consistent with 
the one which was used in the kinetic analysis of the photoconversion among R, 
B, and I (Kakitani and Kakitani, 1978). The only difference is the inclusion of the 
reaction path to I '  in the present study. This will, however, little affect the previous 
analysis because I '  is hardly attained from B or I. According to the result of its 
kinetic analysis, a is very small (~  0.08). From Eqs. (18) and (19) 

7R~B + 7B~R = 1 , (21) 
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and from Eqs. (12) - (15)  

VI~B + 7B--,r ----- YI~B < 1 ,  (22) 

7 I ' ~ S  q-  7 B ~ I '  ~ ~/1'---~ S < 1 . (23) 

Using the relation of  Eq. (21), Rosenfeld et al. (1977) suggested the existence of  the 
thermally barrierless common state in the excited state. So that, the minimum C1 
should be called the common state between F r and F v On the other hand,  the 

quantities F1 -~ B + FB ~ T and FI '  -~ B + FR - r are less than one. However,  the photo- 
conversion mechanisms through C 2 and C 3 are quite similar to that  through C r So 
that  we should like to call C2 and C 3 as the common states between F~ and F b and 
between/7,., and F b, respectively. 

Interaction Energies at Other Temperatures 

As we noted before, the energy surface of  E I is dependent upon the temperature.  
This is chiefly because the protein conformation corresponding to the intermediate 
state changes with the temperature.  A t  a temperature  of  around - 7 0  ~ C, lumirho- 
dopsin is stable. Then, the energy surface of  E s is changed from Fig. 3 so that  the 
total  energy surface E r may  have three minima at the torsional  angles corresponding 
to R, I, and L in Table 1. The result is shown in Fig. 9a. F r o m  this it is found that  

one valley is parallel  to the 011_12-axis. 
A t  this point  we should mention that  our total  energy surface does not have two 

minima corresponding to B and L in the t r a n s  regions of  09_10 and 011-~2 but  has 

(o) T =-70~ (b) T =-20~ 

90 0 -90 -180 -270 90 0 -90 -180 -270 

811-12 (deg,) 811-12 ( deg. ) 

Fig. 9. The interaction energy surface E z at (a) T = -70 ~ C and (b) T = --20 ~ C projected onto the 
09 1o - 011-12 plane. The left (right) energy map is estimated by the trial and error method so that the 
energy surface o f E  I + E c in the ground state may have minima corresponding to R, L, and I (R, M, 
and I) at the torsional angles listed in Table 1. Energy contour unit is eV 
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Table 3. The calculated energies of E c, E ~, and E ~ for R, I, B, L, and M. Unit 
is eV 

T. Kakitani 

R I B L M 

~ a  0 --0.1 0.9 0.4 0.1 

H a 0 0.1 -0.1 0.3 0.5 

E r 0 0 0.8 0.7 0.6 

a Or~inofenergyist~en~ beth~ ~ r R  

only one minimum at each temperature. In our description, one minimum of the 
intermediate state changes its electronic and conformational character with the tem- 
perature. The drastic conformational change in the intermediate state can arise 
through the drastic changes in E e and E s with temperature. Even at - 7 0  ~ C, B will 
be formed at the early stage of the photoreaction from R using the similar energy 
surface to Fig. 7. However, this species and its energy surface are unstable and soon 
transform to L and the energy surface in the thermal equilibrium (Fig. 9a), respec- 
tively. 

Similarly at T _ --20 ~ C, metarhodopsin I is stable. Thus, E ~ should be chosen 
so that E r may have three minima at the torsional angles corresponding to R, I, and 
M in Table 1. The result is shown in Fig. 9b. In this diagram it is seen that one valley 
is almost parallel to the 01,_12-axis and the other valley to the 09_10-axis. This means 
that the interaction energy E I assists to rotate only one of the two double bonds 
9 - 1 0  and 11-12.  

E n e r g y  Leve l s  

According to Fig. 4, the energy levels of R, B, and I are 1.8, 2.6, and 1.8 eV, 
respectively. That is, the energy of B is larger than those of R and I by 18 kcal/mol. 
This result is consistent with an estimation of > 14 kcal/mol by Rosenfeld et al. 
(1977). In Table 3, we listed the relative energies o f  E c, E I, and E r for these pigments 
and intermediate. From this listing it is found that the interaction energy E 1 is almost 
the same for R, I, and B but that the chromophore energy E c of B is much larger 
than those of R and I. That is, the high energy in B is stored in the twisted conforma- 
tion of the chromophore. A similar analysis of the energy distribution was made for 
L and M. The result is also listed in Table 3. From this listing, it is found that i rE  r of 
R is assumed to be the same for each temperature, Er ' s  of M and L are only a little 
smaller than that of B. However, in these cases the mechanism by which the energy 
is stored differs from the case of B. In L, the large energy is stored in both E c and E r, 
and in M, the large energy is stored mainly in E I. These facts would mean that the 
absorbed photon energy is first stored in the chromophore as in B then some energy 
is dispersed into the protein as in M. Those energy levels are drawn in Fig. 10 
together with those of the excited state. In this figure it should be noticed that the 
energy levels of R for T = --190 ~ C, --70 ~ C, and --20 ~ C are set equal. In the figure 
the estimated levels of 11-cis retinal + opsin (11 + O), 9-cis retinal + opsin (9 + O) 
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Fig. 10. Energy levels of R, I, B, L, and M together with the transition state D 1 and D 2 and the 
dissociated states 11 + O, 9 + O, and ALL + O, where O denotes opsin, and 11, 9, and ALL mean 11- 
cis retinal, 9-cis retinal, and all-trans retinal, respectively. The starred level is the one in the excited 
state. C 1 and C 2 are the common states and can be considered as the excited states of D1 and D2, 
respectively 

and all-trans retinal + opsin (ALL + O) are also drawn. These levels were estimated 
from the assumption that the binding constant of 11-cis (9-cis) retinal to opsin is at 
least 107 M -~ (Kropf et al., 1973), and that the energy level of 11-cis retinal is higher 
than those of 9-cis and all-trans retinals by 2 kcal/mol. It is also evident that the 
energies of B, L, M and ALL + O are decreasing successively as expected. The 
energy gaps between C 1 and D 1 and between C 2 and D 2 are 1.3 eV and 1.2 eV, 
respectively, which are much smaller than those between R and R* and between I 
and I*. The energy level of I' which was not written in the figure is calculated to be 
higher than that of I by 4 kcal/mol. 

The energy levels in Fig. 10 correspond to free energies. However, there is a 
close resemblance between our calculated values and enthalpis obtained from the 
calorimetric experiment of Cooper and Converse (1976). According to their experi- 
ments, the enthalpy change due to the transformation from R to M is 17 kcal/mol. 
This result almost agrees with our calculated value of 14 kcal/mol. Apparently the 
entropy difference is small between R and M. However, this is not so conclusive 
because our results should be regarded as roughly estimated ones. 

Conclusion and Discussions 

In this paper we have shown that most of the specific properties of the photoisomeri- 
zation reaction in visual pigments can be consistently explained by the torsion 
model. In this analysis we have estimated the interaction energy surface E I by use of 
the chromophore conformations in the ground state, and obtained the total energy 
surfaces of the excited state using the above interaction energy surface. It should be 
noticed that the property of steric hindrance interaction was used only at the point 
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where the same interaction energy would work for the ground and the excited states. 
If similar interaction energy surfaces as ours could be obtained by the other mecha- 
nism, we would not adhere to the steric hindrance mechanism. From this point of 
view, it is interesting to see what energy surfaces would be obtained in the charge 
stabilization model of Warshel (1978). 

It would be valuable to provide some discussion here as to the rapid velocity of 
the photoreaction of visual pigments. At room temperature, the formation of batho- 
rhodopsin from cattle rhodopsin occurs within 6 ps after illumination of light (Busch 
et al., 1972). We should ask whether such a fast reaction will be realized using our 
energy surfaces. The recent picosecond and nanosecond kinetic experiments showed 
that photoisomerization of 11-cis PRSB in solution occurred much slower (~ 10 ns) 
than that of rhodopsin (Huppert et al., 1977). This is due to the absence of the 
thermally barrierless common state for PRSB in solution. On the other hand, 
Teschke et al. (1977) showed that 90 ~ twisting of the central double bond of cis- 
stilbene occurred in 7 ps after irradiation with light and it took the order of nanosec- 
onds to relax into the trans-stilbene ground state. The first excited state of stilbene is 
believed to have a barrierless common state similar to Fig. 10. Thus, it is found that 
the existence of the common state is necessary but not sufficient for a fast photo- 
isomerization. In the case of the visual pigment, the energy gap between C 1 and D 1 is 
small. As a result, its radiationless transition rate is expected to be large following 
the energy gap law (Englman and Jortner, 1970). The radiationless transitions C 1 
B and C~ ~ R are also expected to be rapid because the conformation change of the 
chromophore between C 1 and B or R is not so large or small as to decrease the 
Franck-Condon factor very much. According to our preliminary calculations (Kaki- 
tani et al., 1979), those rates are 1011 ~ 10" s -1. The advanced calculations are in 
progress. 

Gawinowicz et al. (1977) reported that the rhodopsin analogue formed from 
l l,12-dihydroretinal (11,12-2 H ret) and opsin had the absorption maximum at 
345 nm which was 75 nm bathochromic shift from J~'max Of the protonated Schiff 
base (PSB) of 11,12-2 H ret. It is difficult to explain its large shift by the torsion 
model alone. Recently Rafferty (1979) suggested that one tryptophan residue would 
be close to the chromophore, from the experimental analysis of the light-induced 
change in the UV absorption spectrum of bovine outer segment membrance. Thus, 
there is a possibility that one tryptophan residue is located near the conjugated part 
C13 . . . .  N16 of the chromophore. If so, :~max of the above rhodopsin analogue be- 
comes very large because the excitation resonance between the tryptophan residue 
and the PSB of 11,12-2 H ret is large due to the similarity of the both Amax'S. On the 
other hand, in the case of the native pigments, the bathochromic shift due to this 
mechanism will not be large because the excitation resonance between the trypto- 
phan residue and PRSB is small due to the large discrepancy in those A~max'S. We 
expect that the torsional mechanism will be more effective than the closeness of the 
tryptophan residue for the large bathochromic shift of the native pigment [we are not 
considering that the tryptophan residue is so close to the chromophore that a consid- 
erable electronic charge transfer occurs in the excited state as suggested by Muthu- 
kumar and Weimann (1978)]. Apart from this mechanism, there is the other possi- 
bility that an ionized group is located near the conjugated part C13...  N~6 of the 
chromophore so that the n-electron deloealization of the above rhodopsin analogue 
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is enhanced (Honig, private communication).  Even in this case, we expect that  the 
ionized group will p lay only a subsidiary role to the bathochromic  shift of  the native 
pigment. I f  either or  both of  these supplemental  mechanisms do p lay  some role in the 
ba thochromic  shift of  visual pigments and photoproducts ,  the torsional  angles listed 
in Table 1 should be reduced to some extent. Those theoretical analyses are in 
progress.  

Our  next problem is to investigate by what  mechanism the energy surface of  E I 

which was empirically obtained in this s tudy can be realized. We have an idea that  
the necessary energy which compensates  the large twisting energy (0.5 ~ 1 eV) 
stored in the chromophore  would be supplied by the hydrophobic  bonding effect 
among opsin, chromophore  and the solvent. This s tudy is in progress.  
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