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Abetnet-Results of interaction of seven new geometric isomers of retinal (7ci.r; 7,9-&L; 7,11-&b; 
7,13-dici.r; 9,l l-&Q; 7,9,1 I-trick; 7,9,13-rricb) with bovine opsin are reported. All of them form pigments 
with absorption maxima varying between 450 and 480 nm. The rates of pigment formation were generally 
considerably lower than those of 1 l-cl-retinal and the yields were less than quantitative. Implications of 
these results for the stereospecificity of the binding site of opsin are discussed. 

In a series of classical experiments, Wald 6rst demon- 
strated that the chromophore of the visual pigment is 
a derivative of vitamin A. Its identity was later 
unambiguously identified by the regeneration of rho- 
dopsin through the interaction of the apo-protein, 
opsin, with 1 l-&-retinal.’ At that time the 
stereospecificity of the binding site of opsin was tested 
with six geometric isomers of retinal (all-trans; 9-ci.r; 
11-k; 13-k; 9,13-d&r and 11,13-uki.r).* In addition 
to the 1 I-cb isomer, only the structurally similar 94s 
isomer was found to yield a pigment analogue. (The 
low yield of pigments formed with the two dich 
isomers was believed to have resulted from the active 
mono-k isomers which were already present or were 
formed in’ the dicis samples.) These observations led 
to the commonly accepted notion of a high 
stereospecificity of the binding site. 

The limits of specificity of opsin’s binding site have 
not been independently tested, even though much 
effort has gone into the study of the structure of 
opsin.’ Even after the recent studies of Hargrave et 
al. ,’ its primary sequence is less than SoO/, deter- 

wince submission of this paper, two reports have ap 
peared dealing with the complete sequence of bovine rho- 
dopsin: ‘T. A. Gvchinnikov, N. G. Abdulaev, M. Y. 
Feigina, I. D. Artamonov, A. S. Zolotarev. M. B. Kostina. 
A. S. Bogachuk, A. I. Miroshnikov. V. I. Martinov and A. 
B. Kudehn, Bioorg. Khim. 8, 1011 (1982); 9. A. Hargrave, 
J. H. McDowell, D. R. Curtis, J. Wang, E. Jusxcmk, S.-L. 
Fong, J. K. M. Rao and P. Argos, paper presented at the 
5th Int. Cong. Eye Research, 3-8 October 1982, Biophysics 
of Structure and Mechanism. 9. 235 (1983). 

$%o known as isorhodopkn. Now t&t many isomeric 
rhcdopsins have been synthesized we have adopted a pig- 
ment designation which explicitly specifies the chromophore 
geometry. 

mined.7 Though two-dimensional frog rhodopsin 
crystals have recently been prepared,5 a study of 
rhodopsin’s tertiary structure has not yet been re- 
ported. 

On the other hand, recent analogue studies follow- 
ing two independent lines have shed new light on the 
question of binding site specificity. First, the avail- 
ability of new methods such as CD and high pressure 
liquid chromatography (hplc) allowed Nakanishi er 
al. to establish beyond doubt the retention of the dicis 
geometry of the chromophore in the pigment derived 
from 9-c&13-&-retinal which was clearly different 
from 9-cb-rhodopsin.#6 Secondly, the selective triplet 
sensitized photoisomerixation method’ allowed the 
introduction of the previously inaccessible hindered 
74s geometry into the polyene chain of retinal. This 
then led to the preparation of seven new geometric 
isomers at the laboratory in Hawaii. They are 7&r-, 
7-c&9-cis-, 7-cis,l3-cis- and 7-ci.s,9-cis, 13-cis- 
retinal,r the doubly hindered 7&,1 l-k-retinal, 
7-c6,94s, 1 l-cb-retinal’0 and the related 9-ci.r,l l- 
cb-retinal” (Fig. 1). These isomers allow the testing 
of opsin binding site specificity on a broader basis. 

Some of the preliminary results on interaction of 
these new retinal isomers with bovine opsin are 
already in the literature.e’2 In this paper, we report 
in detail some properties of the pigment analogues 
derived from these isomers and discuss the impli- 
cations for the binding site specificity of opsin. 

ExPERIMENTAL 
General informdon. All UV-VIS spectra were recorded 

on a Cat-y 14, IS or a P.E. 124 spectrometer. The CD 
spectra were recorded on a JASCG J-40 spectrometer 
equipped with a Morvue Photoelastic Modulator. All 
HPLC separations were of the normal phase variety using 
silica gel based columns (Waters p-Porasil or Altex Lic- 
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Klnl, Llu (1979) 

Klnl, Llu (1980) 
o-CIS.ll-ClS 

% 

I ’ 9-cls,ll-cls.l3-cls $$$a* ix al. 

7-cIs,9-cIs.11-cIs all-CIS 

Fig. I _ The sixteen possible geometric isomers of retinal in chronological order of their preparation. The 
aldehyde form of those isomers in brackets have not been isolated although their ester or the alcohol form 

is known (Refs. 9 and 10). 

hrosorb Si-60) with UV detection and hexane with varying 
amount of ether as eluent. The digitonin used in this study 
was purchased from Sigma or from Merck. 

Rerti iromers. The principal source of four of the seven 
new geometric isomers of retinal was the mixture of 7-cis, 
7,9-u?&, 7.13~&is and 7,9,13-rricis isomers from a non- 
stereoselective synthesis of these isomers.‘h Preparative 
HPLC readily provided the first two isomers in high purity 
(Fig. 2). The two 13-cis isomers (and most of the 13-ci.r 
retinals)” have nearly identical retention times and thus 
remained unseparable by this method. The 7,9,13-rricis 
isomer became available along with the readily separable 
7,9-&b isomer following a stereoselective synthesis of the 
key intermediate, 7-c&9-cis-C,raldehyde.W The 7.13~dicis 
isomer, however, was obtained only in small quantities in 
an accidental way. During an unsuccessful synthesis of 
‘I-c& I I-cis, 13-ci.r-retinal, a few milligrams of the isomer 
was isolated.” Therefore only a limited amount of work 
was carried out with this isomer. 7-&,I I-cis-Retinal, 
9-cis, I I-&-retinal and 7-c&9-&,I l-&-retinal were pm- 
pared following a successful synthesis of the corresponding 
key intermediates, 7-c&l I-c&C,,-ketone? 9-c&l I-cis-C,,- 
ketone” and all-cis-C18-ketone.‘o l-&-Retinal and 
9-c&l I-cis-retinal were also obtained in small quantities 
after photoisomerixation of all-trots-retinal followed by 
preparative HPLC separations.‘“.” 

o- I30m 
Fig. 2. Hplc chromatogram of a synthetic mixture of 7-c&, 
7-cis,9-&-, 7sb, 13-c& and 7-cir$cis, 13-cis-retinal (Wa- 
ters p-Porasil column, 2% ether in hexane as solvent, 

360 nm detection). 

7-cis-Retinal was a yellow solid while all six other isomers 
remained as viscous oils even after purification by prepara- 
tive HPLC. The UV-VIS absorption spectra of all seven 
isomers are shown in Figs. 3(a) and 3(b) along with those 
of several related, previously characterized isomers. The 
absorption maxima and extinction coefficients are listed in 
Table I. Also included are absorption maxima of the 
corresponding oximes. The ‘H NMR spectra most useful for 
configurational assignments have already been presented in 
detailI For all pigment analogue studies, the retinal isom- 
ers were purified by preparative HPLC and stored in 
deoxygenated hexane solutions at < - lo”. 

Preparation of bomeric rhoabpsins. Most preparative pro- 
cedures have been reported in detail in the lit.“.” and only 
certain key points will be described below. 

Cattle rod outer segment (ROS) membranes were isolated 
from homogenized retinas either by continuous or stepwise 
sucrose density gradient centrifugation. They were then 
bleached during work-up with white light and retinal was 
converted to the oxime by washing with solutions of hy- 
droxylamine (or into retinol by treatment with NADPH).” 
Opsin containing ROS were stored in pellets or in buffered 
solutions (pH 7) at - IO”. 

For pigment formation, an aliquot of a concentrated 
ethanol or acetone solution of the retinal isomer was added 
to the ROS membranes suspended in aqueous buffer. The 
opsin concentration was adjusted to give 0.5-I .O OD unit of 
rhodopsin and the retinal isomer was added in greater than 
a five fold excess. Pigment formation was also performed 
with opsin solubilized in buffered l-2% digitonin. Rates of 
pigment formation were generally slower when a detergent 
was used.‘” However. the difficulties with light scattering 
and solubility of retinal were eliminated. 

For determination of pigment yield, the concentration of 
opsin (the limiting quantity) was first determined by the 
amount of rhodopsin it would form with an excess of 
I I-cis-retinal. The amount of isomeric rhodopsin formed 
was calculated on the basis of the absorbance of the pigment 
in the difference spectrum. A common extinction coetTicient 
for rhodopsin of 42,000 was assumed.” 

Deremination of the rates o/pigment/onnation. The case 
of 7-cb,Il-cis-rhodopsin is described as a representative 
example. Upon mixing a 1% digitonin solution of opsin 
(final cont., 47.6 pM) and an EtOH soln of 
7-c&l I-&-retinal (I I7 or 59 PM) the progress of the 
reaction was followed by intermittent withdrawal of ali- 
quots of soln for determination, by measurement of the 
difference absorption spectrum, of the isomeric pigment 
formed. UV-VIS absorption spectra were recorded before 
and after addition of a large excess of NHrOH (final cone 
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Fig. 3. (a) UV-vis absorption spectra of 9-c&l I-cis-retinal (line 1) and ?-&,I I-c&retinal (line 2) in 
hexane. Spectra for three other known isomers are also shown for compariym: -. - 0, aCtrum; -..*, 9-c&; 
----, I I-C~S (data of Hubbard and Wald, Ref. 2). (b) UV-vis absorption spectra of five 7-k isomers of 

retinal in hexane. 

Table 1. Absorption maxima of new isomers of retinal and the corresponding oxime 

Isomer 

7-cis 

7-cis,9-cis 

7-cis,ll-cis 

7-cis,l3-cis 

9-cis,ll-cis 

7-cis,9-cis,ll-cis 

7-cis,9-cis,lf-cis 

Retinal jkax (E), ma Oxime,b 

hexane ethanol %aPnra 

359 (44,100) 377 (38,000) 353 

351 (42,500) 345 

355 (18,800) 374 (16,000) 345 

357 (a) 344 

352 (30,600) 368 (27,000) C 

346 (22,000) 337 

346 (36,600) 343 

a. Insufficient amxrnt for accurate determination. An arbitrary 
value of 40,000 was used for plotting the curve in Figure 3. 

b. In ethanol. c. Not detetmined. 

SO mM) followed by orange light bleaching (2 3 440 nm). rate constant was first calculated. The bimoiecular constant 
Tbe absorbance change at 455 nm was plotted against time 
(Fig. 4). From the tangents of the initial portion of the two 

was then obtained utitizing the appropriate cone of retinal. 
For ‘I-cir-rhodopsin the rates were measured at three 

curves, the rates and the rate constants of reaction were 
determined. 

different temps. Both the pseudo first order and second 
order rate constants were calculated. The values are listed 

When retinal was used in large excess, a pseudo first order in Table 2. 
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Time loo hrs 

Fig. 4. Determination of rates of pigment formation of 
7-ci.r.1 I-cb-rhodopsin at two different concentrations of 
retinal (A, 1 lOpM, 0, 59 pM) with 48+ opsin solu- 
bilized in 1% digitonin. The reaction was monitored at 

455 nm. 

Extraction of the chromophore of 7-cis.I I-cis-rhodopsin.‘9 
To 5 ml of a 1% digitonin solution of ‘I-&,I I-ci.r-rhodopsin 
was added at 0” Sml of CHIC&. The mixture was thor- 
oughly mixed by pumping through a syringe. An equal 
volume of hexane was then added. After mixing, the mixture 
was centrifuged at 2500 rpm for 20 m. The hexane fraction 
which was decanted off showed UV-absorption conespond- 
ing to a retinal isomer. After concentration, the mixture was 
analyzed on a p-Porasil HPLC column. The chromatogram 
is shown in Fig. 5. Retention times of authentic retinal 
isomers were determined under identical conditions, and are 
marked in the Figure. 

Mearemenr of CD spectra of pigment analogues. Pig- 
ment analogues were constituted from the appropriate 
aldehyde and a bleached ROS suspension. The pigment 
which formed was then extracted into a pH 6.5 phosphonate 
buffered 2% digitonin soln. Pigment concentration was 
measured with a Cary 15 spectrophotometer. 

CD spectra were measured with a JASCO J-4OA spec- 
tropolarimeter. Typically about 0.9ml of the generated 
pigment extract filled a cylindrical cell with a l.OOcm 
pathlength. Spectra were generally measured at around 23” 
from 600 to 300 nm in 5-10 mitts, which resulted in no more 
than about a 5% pigment bleach during each CD scan. After 
a scan of the generated pigment, hydroxylamine was added 
to a concentration of about 0.01 M, another CD spectrum 
was taken, and then the soln was irradiated with white light 
until pigment bleaching was complete. The CD spactrum of 
the bleached pigment soln served as a CD baseline. 

I @4 
0 f 20 40 

Time 
min 

Hplc chromatogram of the extract of denatured 
7-cis,l I-cb-retinal. The bars indicate positions of authentic 
samples of retinal isomers (see Ref. 13a for a chromatogram 

Fig. 5. 

of retinal isomers). 

RESULTS 

All seven newly synthesized geometrical isomers of 
retinal when incubated with opsin, whether in ROS 
suspension or in digitonin micelles, formed pigment 
analogues. The reactions were readily monitored by 
the appearance of long wavelength bands in the 
UV-VIS absorption spectra (Figs. 6, 7). The rates, 
however, were generally much slower than the case of 
1 l-cl-retinal where rhodopsin regeneration was com- 
plete within a few mins. ‘* Under similar conditions 
each of these new isomers usually took several hours 
to reach a steady level of absorption in the long 
wavelength region when ROS suspensions were used 
and longer when digitonin solutions were used. 

The new pigments appeared to be quite stable at 
room temperature. However, upon addition of a mo- 
lar excess of hydroxylamine for removal of unreacted 
retinal and scavenging random Schiff bases, the pig- 
ment absorption decreased. When monitored near its 
J,_ (see insert in Fig. 7), an initial rapid drop of 
pigment absorption was detected followed by a slower 
one. The initial intensity change is believed to be due 
to removal of random Schiff bases, the slower process 
due to direct attack of the pigment analogues by 
hydroxylamine. The overall rate of degradation was 
nevertheless sufficiently slow that addition of the 

Table 2. Rates of pigment formation of opsin with new geometric isomers of retinal 

ISlXlxX [opsin], & [Retinal], @4 T ‘C kl,b III-~ k2,’ M-1sec-1 

s D 

‘I-cis 14 70 38 (2.11*.02)10-2’d 5 -- 

14 70 28 (4.20~03)10-~‘~ 1 -- 

14 70 10 3.2 x 10-4Df .08 -- 

7-cis,9-cis 9.5 74 23 -- 1.3 -- 

7-cis,ll-cis 47 59 25 -- -- 0.04 

7-cis,l3-cis 36 40 25 -- -- 0.007 

9-cis,ll-cis 5.1 15 25 -- -- 0.34 

7-cis,9-cis,ll-cis 34 75 25 -- -- 0.02 

7-cis,9-cis,l3-cis 9.3 70 23 -- .3g -- 

a. Determined by amount of rbodopsin fonmd. b. Pseudc first or&r rate constant. 

c. Second or&r rate constant with I03 in suspension (S) opsin solubilited in 

digitonin (D). d. Five data points. e. Four data points. f. n*, data Points. 

g. Mixture of 7,9,13-tricis and 7,13-dicis (3:l). 
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Fig. 6. Progress of formation of 7-cis$cis-rhodopsio at 23”. Curve 1: absorption spectrum of a mixture 
of 74 PM 7-cis,9-tic-retinal and 13 phi opsin in the form of ROS membranes in suspension (pH = 7.0); 
curve 2: I .2 h after addition; curve 3: 4.7 h atIer addition; curve 4: immediately after addition of NH,OH 
solution (final cont. 0. I M); curve 5: 30 m after addition of NH,OH; curve 6: after irradiation with yellow 

light (245Omn) for 9m. 

3 400 500 600 

Wavelength (nm 1 

Fig. 7. Progress of formation of 9-cir,lI-cis-rhodopsio. 
Curve I : Absorption spectnmt of a mixture (I ml) of 15 p M 
9-&.I I-&-retinal and 5.2 gM opsio in 1% digitonio buffer 
(pH = 7.0) after incubation at 25°C for 12 h and a twofold 
dilution. Upon the addition of 50 mM NH,OH (tinal eooc.). 
&was monitored (the insert). Curve 2: Spectrum reoorded 
5Om after addition. Curve 3: After irradiation with 
> 520 run light (40-W tungsten lamp with cutoff 6ker) for 

5m. 

reagent helped to obtain more meaningful absorption 
spectra of the pigments. After addition of hydroxy- 
lamine the pigment was photobleached with yellow 
light (Fig. 8). The difference absorption spectrum of 

1. 7,11-das-Rhcdopsr 
2. >440nm, lnll” 

0 : 
300 

c 

400 500 600 
Wavelength (nm) 

Fig. 8. Photobleaching of 7-&I I-ck-rhcdopsio. Curve 1: 
absorption spectrum of the dicis pigment in 1% digitonin. 
Curves 2-5: successive photobleaching with > 440 nm light. 

a pigment obtained by subtracting the spectrum be- 
fore from the spectrum after light bleaching was thus 
obtained (Figs. 9a, b). The absorption maxima for all 
new pigment analogues (450-480 nm) were found to 
be blue shifted from those of the earlier known iso- 
merit rhodopsins (Discussion). 

Pigment stability was also found to be detergent 
dependent. In digitonin all pigments appeared to be 
stable when not delipidated. When solubilized in 
T&on X-100 or CTAB, however, the pigments were 
found to be unstable. Their half life in Triton X-100 
averaged 60 m while that in CTAB was only 8 m. 

Attempts to purify the isometic pigments were only 
partially successful. 7-cti- and 7-cis,9&, 13-&s- 
rhodopsins were found to be unstable during attempts 
to purify samples by affinity chromatography on Con 
A-glass in 2% digitonin.” On the other hand, the 
7,9-&is pigment was partially purified under the 
same conditions. Its W-VIS absorption spectrum 
(Fig. 10) showed peaks at 460 and 340 nm and a high 
280/460 ratio (-4) indicating the possible presence of 
opsin. 
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Fig. 9. (a) Difference absorption spectra of 7-c& (-); 7-c&9-cis- (---); 7-ci&~~,t&+.r- (- . - .) 
rhodopsin obtained by, e.g., subtracting curve 5 by MC 6 in Fig. 6. (b) Difference absorption spectra 
of 74.~1 I-ci.r-(-), 7-&,13-cis- (- . - .) P&,1 I-&- (----) and 7-~i.~,!kir,l I-cis-rhodopt& by, e.g. 

subtracting curve 3 from curve 2 in Fig. 7 or curve 5 from curve 2 in Fig. 8. 

Fig. 10. Absorption spectrum of 7-c&9-ck-rhodopsin, after purified by aEnity chromatography on Con 
A-glass. 

In one case (7-c~,ll-c~-rh~o~in) the chromo- 
phore of the isomeric pigment was recovered follow- 
ing the procedure of Nakanishi et ~1.” While the result 
was complicated by the obvious presence of other 
inpurities, mostly with retention times much shorter 
than those of the retinal isomers (Fig. 5), there was 
obviously one major peak in the lc chromatogram. Its 
retention time was identical to that of 
7-cis, 11 -&-retinal. No other peaks of significant size 
had a retention time identical to other known retinal 

isomers. These observations argue strongly for the 
retention of the doubly hindered geometry in the 
pigment analogue. 

The rates of pigment formation (Table 2) were 
estimated at room temperature with the accuracy 
limited by the lack of knowledge of accurate ex- 
tinction coefficients of the isomeric pigment ana- 
logues. In the case of 7-ch-rhodopsin, the rates of 
pigment formation measured at three different tem- 
peratures (Table 2) were fit to an Arrhenius plot 
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Wavelength (nm) 

Fig. 1 I. Circular dichroism of ‘I-ci.r-rhodopsin (-), 
7-ci.r,9-cis-rhodopsin (- . - .) 7-CL, I I-ci.r-rhodopsin (----) 
and 9-cis.1 I-cis-rhodopsin ( .. .). Ellipticity values in milli- 
degrees divided by the absorbance at A_ for each pigment 

are plotted as the ordinate. 

which yielded an activation energy of 26 f 2 kcal/mol 
for the reaction. 

The CD spectra of five of the seven isomeric 
rhodopsins discussed in the paper were measured. 
Four are shown in Fig. 11 with additional data listed 
in Table 4. 

DISCUSSION 

New hindered isomeric rhoabpsins. Because of the 
fact that the seven new isomeric pigments are formed 
only after prolonged periods of incubation (thus 
distinctly different from 9-ci.r-rhodopsin, the earliest 
known isomeric rhodopsin) one might reasonably 
infer the possibility of pigment formation as a result 
of the slow isomerization of the hindered retinal 
isomers to other active isomers. This suggestion is, 
however, not compatible with the observation that 
the absorption maxima of the pigments derived from 
retinal isomers containing the 7-cis geometry are 
considerably blue shifted from the two earlier known 
isomer+. analogues (9-cis and 9,13-dicis). Further- 
more, the retention of the original chromophore 
geometry has been substantiated in the case of 
7-k, 11 -cb-rhodopsin, where HPLC analysis of the 
extract of denatured pigment showed the absence in 
any significant amounts of isomers other than 
7-c&l I-c&retinal. The slow rates of pigment for- 
mation are, therefore, most likely due to the de- 
creased activation entropy associated with the con- 
formational adjustment by the protein in order to 
accommodate those isomers with shapes considerably 
different from I I-&-retinal. It follows that the acti- 
vation energy required for formation of 
7-cis-rhodopsin is 34 kcal/mole higher than that of 
rhodopsin.‘* 

The lower stability of these new isomeric pigments 
in hydroxylamine suggests that the conformational 
readjustment does not result in a sufficiently enclosed 

tWe have not rigorously ruled out another explanation of 
unusually low extinction of these hindered analogues for the 
apparent low yield of pigments. However, the similar ex- 
tinction coefficients for the free retinals do not appear to 
support this explanation. 
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binding site to shield the imine linkage between the 
chromophore and the protein from attack by external 
reagents, as is the case with II-cis- and 
9-cis-rhodopsins. This difference in shape and con- 
formational properties of the binding sites of the 
isomeric pigments from those of rhodopsin is also 
consistent with the interpretation of the blue-shifted 
absorption properties of the ‘I-& pigments by the 
external point charge modeLm 

We might add that the lower stability of these new 
isomeric pigments compared to rhodopsin is not due 
to the involvement of different portions of the protein 
chain in the respective binding sites. This was estab- 
lished earlier in the case of 7-cb-rhodopsin in a study 
of the photo-bleaching sequence of the pigment.2’ It 
was found that the primary photo-product was iden- 
tical to that of rhodopsin (namely, bathorhodopsin). 
The subsequent stepwise thermal transformations 
were also identical to those in rhodopsin. Therefore, 
it appears safe to assume that identical binding sites 
are involved in all isomeric rhodopsins. 

The cause for the low yield of the new isomeric 
pigments is not entirely clear. An unfavorable equi- 
librium, however, can be safely ruled out by the 
observation that the addition of a molar excess of 
1 I&r-retinal to a mixture of, e.g. ROS suspension 
and 7-&-retinal after first allowing the mixture to 
complete formation of 7-ci.s-rhodopsin, did not lead 
to immediate formation of rhodopsin. Apparently 
some of the 7-&-retinal molecules, even though not 
successful in forming stable pigment analogues, were 
able to inhibit the immediate reaction of the “un- 
reacted” opsins. This could take place either in the 
form of 7-&-retinal induced denaturing of opsin or 
formation of irreversible complexes in the form sim- 
ilar to those from B-ionone and homologues.t** 

Photobleaching properties of seven isomeric pig- 
ments appear to be quite similar to those of rho- 
dopsin. In the presence of hydroxylamine, irradiation 
leads to the appearance of an oxime band around 
359 nm, identical to that reported for all-trans-retinal 
oxime.2c In the case of ‘I-ck-rhodopsin, this conclu- 
sion was independently confirmed by experiments 
with low temperature spectroscopy.2’ 

CD spectroscopy played an important role in 
distinguishing 9-c& 13-CL-rhodopsin from 9-cis- 
rhodopsin6 The CD spectra of five of these new 
isomeric rhodopsins also show features which 
differentiate among the new pigments and which 
distinguish them from the previously known isomers. 
Some of the key data for rhodopsin,2’ 9-cis- 
rhodopsin2’ and 9-c& 1 3-cis-rhodopsin6 are tabulated 
in Table 4 together with those of the new isomers. 
Most strikingly different are the ratio of the in- 
tensities of the two main bands. Considering the 
similarity of the UV-visible absorption spectra of 
these isomeric rhodopsins containing the ‘I-cis geom- 
etry, we suggest that the CD spectra may better serve 
to characterize these pigments. 

The a- or long-wavelength CD band and the fi- or 
short-wavelength CD band show &, values close to 
those of the corresponding absorption spectral max- 
ima, but their intensity ratios differ considerably.2’ 
Though the a//? ratios are somewhat dependent upon 
the solubilidng detergent24 and the method of pig- 
ment preparation, 23 Table 4 makes clear that the ratio 
for each rhodopsin isomer is unique. Pigments con- 
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Table 3. Properties of pigment analogues derived from bovine opsin and the fourteen known geometric 
isomers of retinal 

All-trims’ 

‘I-cis 

9-cis’ 

11-cis’ 

13-cis’ 

7-cis,9-cis 

7-cis,ll-cis 

7-cis,l3-cis 

9-cis,ll-cis 

9-cis,l3-cisd 

11-cis,l3-cise 

7-c,9-c,ll-c 

7-c,9-c,13-c 

9-c,ll-c,13-cf 

+ 

450 

403 

490 

None 

460 

455 

450 

480 

481 

498(T) 

462 

455 

__ __ 

1 __ 

aog -- 

5600h 50h 

1.3 -- 

__ .04 

__ .007 

-_ .34 

log -- 

__ .02 

.3 -- 

0 __ 

51t unstable 

>90b stable 

100% stable 

0 __ 

41% unstable 

45% unstable 

>5\ -- 

218 unstable 

-9OId -- 

20\ -- 

35\ -- 

40% unstable 

a. S : Ros suspension; D I in I-29 digitonin. b. In excess; final cont. 

50-100 ILK c. Ref. 2c. d. Ref. 6. e. Ref. 2a, b. f. C. C. Knudson, 

S. C. Carey and W. H. Okamura, 2. Am. QMZL g., lU, 6355-6356 (1980). -- 
Test result not available. g. Calculated based on the graph in ref. 6. 

h. Ref. la. 

Table 4. Circular dichroism spectral data for cattle rhodopin pigments 

a+Mx %lax’qnaxa 
Isomeric Pigment5 a 6 a 6 Reference 

11-cis-rhodopsin 486 330 7.9 14.0 23 

9-cis 474 330 a.3 7.5 23 

9,13-dicis 476 330 5.7 4.5 6 

‘I-cis 450 330 a.7 2.5 this work 

7,9-dicis 458 -- 3.2 -- this work 

7.11~dicis 455 -- 7.0 -- this work 

9,11-dicis 475 338 4.5 1.0 this work 

[7,9,13-trici.sJb 450 -- 5.0 -- this work 

a. & is the absorption at & of the pigment solution 

whose value of rnaxirmrm ellipticity, a,,,, is tabulated. 

b. Retinal sample contained a small amount of 

7-&8,lh?io-ret~l. 
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