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ABSTRACT The orientational change of the absorbing dipole of the retinal chromophore in vertebrate rhodopsin
(rhodo) upon photo-excitation to bathorhodopsin (batho), lumirhodopsin (lumi) and isorhodopsin (iso), has been
studied by polarized absorption and linear dichroism measurements on magnetically oriented frog rod suspensions that
were blocked at liquid nitrogen temperature. Both.the azimuthal component Af and the polar component A¢ of the
total angular change were studied in separate experiments. Af was estimated from polarized absorption measurements
on rods oriented transversally with respect to the analyzing beam. The data show unequivocally that upon the rhodo —
batho transition, the dipole shifts out of the membrane plane by only a few degrees: Af ~ —3°. This azimuthal shift was
nearly exactly reversed upon the batho — lumi decay. A very small shift (Af < 1°) toward the membrane plane was
observed upon a rhodo — iso conversion. The polar component A¢ of the angular shift was estimated by studying the
photoreversion of linear dichroism induced by photo-excitation with polarized light in rods oriented parallel to the
analyzing beam. Upon the rhodo — batho transition, there was a shift A¢ = 11 + 3°. The overall angular shift upon
this first photo-exciting step, which corresponded to the isomerisation of retinal, was only AQ = 11 + 3°. This is smaller
than what may be expected for a cis-trans isomerization of a retinal molecule with one end fixed, and different from

what has been previously estimated by another group. These discrepancies are discussed.

INTRODUCTION

Illumination of visual rhodopsin initiates in the pigment
molecule, a sequence of reactions identified through large
spectral absorbance changes of the retinal chromophore.
Only the first step, characterized by a large bathochromic
shift, is light dependent; the subsequent reactions result
from decay in the dark of this initial photoexcited state,
bathorhodopsin (batho).' This initial step is stable at liquid
nitrogen temperature. Inasmuch as the retinal chromeo-
phore is in the 11-cis conformation in native rhodopsin and
is extractable in the all-frans conformation from the late
~ decay products, it was proposed more than 20 years ago

(Hubbard and Kropf, 1958; Yoshizawa and Wald, 1963)
that the only effect of light was to isomerize retinal in the
initial transition rhodopsin (rhodo) — batho. This was
supported by a large variety of experiments, and was
widely accepted. No direct proof of the all-trans confor-
mation of retinal in batho was provided, however, as the

! Abbreviations used in this paper: rhodopsin, rhodo; bathorhodopsin,
batho; isorhodopsin, iso; lumirhodopsin, lumi; metarhodopsin, meta;
linear dichroism, LD; rod outer segment, R.O.S.
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chromophore cannot be extracted from this transient state.
The dogma was challenged in 1977 when picosecond
techniques demonstrated that the transition rhodo —
batho is completed within a few picoseconds, even at liquid
helium temperature. This, it was claimed, was too short a
time for an isomerization to take place. An alternative
hypothesis was that the initial photoexcitation only
induced a proton translocation along the polyene chain of
the retinal (Peters et al., 1977). Because of this proposal,
new studies-on bathorhodopsin were begun. One type of
approach was to study the formation of bathoproducts by
irradiating rhodopsin reconstituted with chemically modi-
fied retinal, or with isomers of retinal that had conforma-
tion different from the normal 11-cis conformation. It was
demonstrated, for example, that the same batho is
obtained when isorhodopsin (iso) is illuminated. Iso
contains 9-cis retinal as its chromophore and has kinetics
on the order of picoseconds (Green et al., 1977). This
demonstrated that an isomerization could occur on this
time scale, since to reach a common intermediate, when
starting from two pigments with different chromophore
conformations, one has to pass through an isomerization at
least on one side.
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Another extensively investigated approach has been
Raman resonance spectroscopy. The analysis of Raman
spectra is neither straightforward nor always unambigu-
ous. Recent work, however, using rhodopsin reconstituted
with synthetic retinal molecules deuterated specifically at
various positions, seems to demonstrate convincingly that
the conformation of retinal in batho is indeed of the
all-trans type, but rather distorted (Eyring et al. 1980).

Compared with the abundant literature on sophisticated
rapid kinetics and Raman spectroscopy, it seems surpris-
ing that only one group has studied a spectroscopic param-
eter in batho and other early intermediates, which seems
directly related to the geometry of the retinal molecule;
that is, the orientation of its main absorbing dipole in the
visible. Dipolar absorption is highly anisotropic and in
retinal the direction of anisotropy is geometrically related
to that of the conjuguated double-bond system of the
polyene chain. In the all-zrans conformation the absorbing
dipole is aligned with the straight polyene chain. A cis-
trans isomerization changes the geometry of the chain and
should induce a change of orientation of this absorbing
dipole. The direction of preferential absorption in rhodop-
sin in situ is defined with respect to the disk membrane
plane by its two spherical angles 8 and ¢ (Fig. 1). At room
temperature the rhodopsin molecules are free to rotate in
the membrane, but the azimuthal angle 0 remains fixed
and is defined with respect to the rod axis in an intact
organelle; it is measurable by polarized absorption micro-
spectroscopy (Liebman, 1962, 1972; Harosi, 1975). In
native rhodopsin, the value of 4 is ~72°, which means that
the chromophore is almost lying in the membrane plane;
the angle between the chromophore and the disk
membrane plane is often quoted in the literature as = /2 —
6, which is therefore ~18°. The polar angle ¢ cannot be
defined because the rhodopsin molecules rotate freely in

FIGURE 1 Geometry of the absorbing dipole of the chromophore. At
liquid nitrogen temperature, the rotational motion is blocked and ¢ is
fixed. The reorientation angle AQ upon a transition such as rhodo —
batho is defined by its azimutal component Af and its polar component
Ag.
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the membrane plane. This rotation can be blocked by
cooling to liquid nitrogen temperature. The rhodopsin
molecules are then fixed, but their polar orientation is
randomly distributed and ¢ is still undefined because of
the lack of an internal reference frame within each
rhodopsin molecule. However, by bleaching those immo-
bilized rhodopsin molecules with linearly polarized light, a
population can be photoselected with a preferential polar
orientation of the absorbing dipole. On such a photosel-
ected population an eventual change, A¢, of the polar
orientation of the chromophore upon a subsequent
photoexcitation is measurable. From measurements of Af
and A¢ the overall orientational change of the dipole, AQ,
upon a given transition can be deduced (see Fig. 1).

Such types of measurements have been performed only
by the Yoshizawa group (Tokunaga et al., 1976; Kawa-
mura et al., 1977, 1978, and 1979). They obtained an
estimate of Af from experiments based on the comparison
of the absorption changes, upon the rhodo — batho
transition, in various types of samples (solution of rhodop-
sin in digitonin, unoriented suspensions of R.O.S., and
retinas). Their result indicated that upon the rhodo —
batho transition, the chromophore shifts towards the
membrane plane by about 20°, so as to lie exactly in this
plane in batho. From photoselection experiments on reti-
nas, they estimated the polar rotation A¢ in the same
transition to be also of the order of 20°. This gave an
overall reorientation angle AQ = 26°, which is quite a large
value, and would indicate that the isomerization involves a
substantial movement of the chromophore in the fixed
rhodopsin molecule.

The method of the Yoshizawa group was mostly based
on absorption measurements with unpolarized light, and
involved the comparison of spectra obtained with various
types of preparations. We have examined the same prob-
lem with a different experimental approach: our methods
are based on the preparation of magnetically oriented
samples of R.O.S., blocked at liquid nitrogen temperature,
and on combined absorption and linear dichroism
measurements performed simultaneously or sequentially
on the same sample, or samples of the same type, with the
same optical equipment. The high sensitivity of the linear
dichroism measurements and the possibility that we have
to align the rods in a direction perpendicular to that of the
analyzing beam allow sensitive measurements of Af and
A¢ and provide a large variety of controls with different
geometries of orientation or of photoexcitation. Although
we do find an orientational change upon the rhodo —
batho transition, our result differs notably from that of the
Yoshizawa group. We demonstrate in particular that the
dipole shifts not toward the membrane plane, but farther
out of this plane, and by only a small angle. A definite but
small polar rotation is also observed. This combines to give
an overall orientational change not greater than 13°. The
measurements have also been extended to iso and the later
decay product lumirhodopsin (lumi).
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MATERIAL AND METHODS

All preparations and measurements are performed in total darkness or
under dim red light, unless stated otherwise. The preparation of magneti-
cally oriented samples of isolated R.O.S. at room temperature has
already been described in previously published work from this laboratory
(Chabre, 1975; Chabre and Breton, 1979) but the making of oriented
samples at liquid nitrogen temperature requires a special procedure.

Sample Preparation

Samples of various concentrations were required for different measure-
ments, but the procedure was always the same: only the number of
retinas varied.

In a typical experiment the R.O.S. are extracted from three frog
(Rana esculenta) retinas by shaking in standard Ringer solution and
sedimented at low speed according to our standard procedure (Chabre,
1975). The Ringer composition is (in mM): NaCl 101.8, KCI 12.7,
MgCl, 2.1, CaCl, 1.9, Tris acetate buffer 10, pH adjusted to 7.4. The
supernatant is removed and the rods are resuspended in 400 ul of
Ringer-glycerol mixture 3 : 7 vol/vol, and stirred with a spatula for ~30 s
to insure an homogeneous dispersion of the rods in the viscous glycerol
medium. The suspension is then transferred into a specially designed
sample cell of 4-mm optical path length and ~1-cm? area. The body of
the cell is made of transparent lucite so that the sample may also be
illuminated perpendicularly to the optical axis. The windows are made of
0.5-mm thick altuglass 218. The cell has two copper flanges on the front
and the back, for cooling, and is fitted with a 100-Q platinum resistance
to measure the sample temperature. The shape of the cell and its
complete filling without any bubbles are critical for the optical quality
and the orientation of the frozen samples, as discussed below. The sample
cell was ready for orientation and cooling within 10 min from the
separation of the R.O.S. from the retina, and within 5 min from mixing
with glycerol. We had observed in previous experiments at room temper-
ature (Chabre and Breton, 1979) that good linear dichroism spectra were
obtained in glycerol-water mixtures after this short delay and that on
longer delays the rod shape tended to deteriorate. The orientation and
cooling procedure was therefore started as soon as the sample was ready.

Magnetic Orientation and Cooling

At room temperature and in Ringer solution, a magnetic field intensity of
the order of 10 kgauss (kG) is sufficient to obtain a perfect orientation of
the rods (Chabre and Breton, 1979). With addition of glycerol and
cooling, two types of problems are encountered. First, there is a disorien-
tation due to convection movements in the cooling glycerol solution,
which becomes very viscous before freezing at ~—100°C. Second, cracks
and optical defects appear upon freezing. There are three solutions to
these problems: (a) a cell shape which minimizes the effects of convection
currents, (b) a careful control of the cooling program, and (¢) an increase
of the orienting magnetic field. (a) led us to design cells of nearly square
cross section, although we avoided sharp corners which would favor the
formation of cracks. This shape also provided a better side window for
lateral illumination. For (b), our empirical conclusion is that one must
cool slowly and regularly at ~10°C/min down to —110°C and then cool
very fast by plunging the sample directly into liquid nitrogen; this
procedure gave a very high proportion of samples without any cracks. For
the field strength, a first set of experiment used the 15-kG field of an
electromagnet in our laboratory. This gave samples with a good degree of
orientation but the direct microscopic observation of the rods in the
sample at liquid nitrogen temperature showed that it was not always
perfect; in particular, with sample cells which were originally of an
clongated shape, a systematic effect of convection currents was detect-
able, both through the microscopic observation and through a residual
dichroism measured on samples in which the rods were oriented parallel
to the optical beam of the spectrometer (for axial orientation in our
nomenclature, see Fig. 4). To-eliminate this we changed the cell shape, as
explained above, and used for orientation very high magnetic fields which
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were available to us in a nearby physics institute (Service National des
Champs Intenses du Centre National de la Recherche Scientifique). The
magnet was of the Bitter type, not supraconducting, with a maximum
field of 170 kG in a 50-mm Diam bore-hole. It could be switched on or off
within a minute, which is very convenient for our preparations. With such
a high field, perfectly oriented samples were consistently obtained.
Microscopic controls showed the rod and rod fragments to be all perfectly
aligned over the full area of the sample. Some of the rods, however, were
slightly curved, an effect probably due to the glycerol before the cooling.
Part of the data presented have, however, been obtained with the
low-field orientation, which gave results entirely compatible with that of
the high-field orientation.

In both types of magnet the procedure was as follows: the sample cell is
fitted in a copper holder inserted inside a cylindrical Dewar installed in
the magnet. The cell could be oriented so that its optical axis was either
parallel or perpendicular to the magnetic field direction. As the rods align
parallel to the field, this gave a sample with “axial” and “transverse”
orientation according to our nomenclature (Fig. 4). The magnetic field
was switched on while the sample was at room temperature. Then the
sample was cooled at the appropriate speed by raising slowly the level of
the liquid nitrogen which was in contact with the copper holder at the
bottom of the Dewar. When the cooling procedure was terminated, the
field was switched off and the frozen sample was rapidly transferred into
another Dewar where it could be preserved indefinitely under liquid
nitrogen.

More than 20 oriented samples were prepared, which were of very
good optical quality, with no crack on an area larger than that of the
beam spot (about 4-mm wide and 6-mm high).

Sample Geometry and Illumination
Geometry

For measurements, the sample was transferred into a Dewar equipped
with four windows which was installed on the optical bench of the
dichrograph (Fig. 2). The sample was fixed into a copper holder which
was in contact with the liquid nitrogen at the bottom of the Dewar. The
orientation axis of the rods was set either parallel to the optical axis in the
axial geometry, or perpendicular to the optical axis and horizontal in the
transverse geometry. At liquid nitrogen temperature, where the rota-
tional freedom of the rhodo molecules is blocked, any illumination from a
given direction creates, even with unpolarized light, an anisotropically
photoselected population of batho, unless the direction of illumination
coincides with the rod axis. Even on a randomly dispersed rod suspension
this photoselection occurs, since the illumination is never isotropic. The
only way to avoid such a photoselection is to orient the rods and
illuminate them in the direction of orientation. Unless one wants specifi-
cally to create a photoselected population, transversally oriented rods
have to be illuminated transversally.

For illumination we used a 250-W slide projector equipped with a
condenser, a mechanical shutter, and a light guide. The light can be
directed onto the sample either axially through the frontal window with
the help of a removable 90° deflection prism or transversally through the
lateral window. Both windows can be equipped with suitable filters and
polarizers when necessary.

Photoexcitation and Photoregeneration,
Rhodopsin — Batho — Iso Equilibria and
Lumirhodopsin
At liquid nitrogen temperature, illumination of rhodo produced stable
batho, but photoreversal reaction on batho led also partially to iso and

photoequilibria between the three states rhodo — batho = iso was
reached. It is only in the initial dark-adapted state that one has pure

‘rhodo. For photoexcitation we used an interference filter with peak

transmittance at'472 nm. That is near the maximum absorbance of iso. A
photostationary state with a large amount of batho and a minimal
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FIGURE 2 Scheme of the linear dichrograph with a transversally oriented sample blocked at liquid nitrogen temperature. L, light source;
Mo, monochromator; P, polarizer; Q, quartz modulator; L.N., liquid nitrogen; PM, photomultiplier. /nset, top view of the geometry of
orientation and illumination of the rods. The rods can be oriented either transversally (as shown) or axially.

contamination of iso was reached within 5 min of illumination through
this filter. Since batho absorbs at wavelengths much longer than the two
other states, it can be totally eliminated by photoreversal with long-
wavelength light. For photoreversal we used a red filter cutting off
wavelength below 610 nm (Wratten 29) and complete photoreversion
was reached within 30 s of illumination.

This photoregenerated state always contains an admixture of iso.
When performing repetitive experiments on the same sample with a
photoregeneration cycle one has to know the proportion of iso in the
photoregenerated state. This was estimated to 25% by comparison with
the state containing the maximum amount of iso. This state was obtained
by illuminating at saturation (=15 min) with a filter cutting off
wavelengths <580 nm (Wratten 23 A). Lumi was obtained by letting the
sample warm up to — 120°C for 20 min after saturating illumination with
the 472-nm interference filter at liquid nitrogen temperature. The
measurements were performed after returning the sample to liquid
nitrogen temperature. Photoreversion from lumirhodopsin was obtained
by a sequence of 10-min illumination with the interference filter (I,;, nm)
and 30 s with the red filter.

Linear Dichroism Measurements

The linear dichrograph is a modified version of that used in previously
published work (Chabre and Breton, 1979). It is based on the use of a
photoelastic modulator [Morvue PEM FS3] vibrating at 50 kcycle
frequency, which produces linearly polarized light alternatively in the
vertical and in the horizontal direction. Behind the photomultiplier a
selective amplifier, locked on the quartz oscillator frequency, detects a
signal proportional to the difference of absorbance of the sample for the
two orthogonal directions of polarization. The photomultiplier gain has
a feedback control by its total current to compensate for the wave-
length dependence of the sample transmission and of the efficiencies
of the different components of the apparatus. For samples of low
optical densities, the exponential absorbances e ! and e~ are well
approximated by their first-order developments: e ~ 1 — A and the
measured difference is proportional to the linear dichroism amplitude:
LD = A4, — A,. The system has a very high sensitivity, and is, therefore,
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best suited for samples of low optical densities. In linear dichroism
measurements, most of the light-scattering effects are eliminated, and
the base lines are perfectly flat outside the dichroic bands. This has
already been discussed in previous papers (Chabre and Breton, 1979;
Breton et al. 1973).

Linear dichroism spectra of transversally oriented rods are shown on
Fig. 3. In this geometry, a linear dichroism spectrum has the same
wavelength-dependent shape as for an absorption spectra, but its ampli-
tude depends on the angle 6.

The scanning speed was of 5 or 10 nm/s. The cross section of the light
beam on the sample is of 4 x 6 mm?. This large cross section allows the
use of light flux small enough so that the bleaching by the measuring
beam was undetectable upon repetitive scanning of the full spectrum.

Axially oriented samples are not dichroic. Photoexcitation by linearly
polarized light can, however, induce linear dichroism by photoselection in
such samples.

Absorbance Measurements

The absorbance measurements were performed on the same apparatus.
The photoelastic modulator and the photomultiplier gain control were
switched off. We measured then the current of the photomultiplier at
fixed voltage, as on a single beam spectrometer. The base line was
distorted because of the wavelength dependence of the monochromator
and photomultiplier efficiencies; the analysis is based on difference
spectra which eliminate this base-line distortion.

On transversally oriented samples, absorbance was highly dependent
on polarization. The monochromator always introduces a wavelength-
dependent partial polarization, which cannot be eliminated. The best
solution is then to fully polarize the beam, in the direction parallel or
perpendicular to the orientation axis of the sample. To obtain the same
light intensity for vertical and horizontal polarization direction, we
needed two polarizers: a first polarizer oriented at 45° from the vertical
and a second polarizer, which could be oriented vertically or horizontally.
For transversally oriented samples, we call 4y the absorbance measured
with light polarized vertically; i.e., parallel to the disk membrane plane,
and A4, that measured with horizontally polarized light.
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FIGURE 3 Comparison of the shape of difference spectra obtained on
transversally oriented samples with that obtained on axially oriented
samples for the rhodo — batho transition. For the transverse sample
(—) AA) + AA, approximates closely a difference spectrum obtained
withwnpolarized light. For axially oriented sample AA is independent of
the polarization, and has the same shape as the linear dichroism spectrum
induced by photoselection with polarized light ALps (Fig. 4, geometry
IV). If the spectral shapes ezx(A) and eg(\) were not distorted, these
difference spectra which have the same crossover point should be
identical in shape. This is clearly not the case, whether one normalizes on
the maximum amplitude (----) (as done by Tokunaga et al., 1976, their
Fig. 1) or one normalizes at 620 nm (—), batho alone absorbs, (as done in
Fig. 9): the difference of shapes is evident even in the spectral region
where only batho absorbs. This indicates that in the axially oriented
sample there is an important distortion of the spectral shapes by sieve
effect.
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FIGURE 4 The various geometries of orientation and photoexcitation
and the corresponding measurements. The geometries are mentioned by
their numbers I to Q in the text.
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Combined Absorbance and Linear
Dichroism Measurements

The absolute accuracy of the absorbance measurement is of the order of
10-2 OD with our single-beam system. To get reasonable accuracy we
then had to use samples having OD = 0.1. This was too large an OD to
get good responses in the LD mode (the apparatus measuring directly
e~ — e71:). There was no way to calculate exactly the exponentials
when the first-order approximation was not valid, and the LD amplitudes
were not strictly proportional to 4y — A,. We checked however that these
distortions did not influence significantly the isosbectic point between two
species such as rhodo and batho, when varying the OD of the sample
from 1072 to 3.10~". We could then compare directly the isosbectic points
for A), A, and LD on a single sample, in the same geometry. For
comparing the shape of the difference spectra over the full wavelength
range, however, we used samples of OD =~ 0.2 for the absorbance
measurements and samples of OD = 0.02 for the LD measurements.

Selection of the Geometries for the
Various Measurements

The different possible geometries of orientation and of photoexcitation
are shown on Fig. 4 and the formulas necessary for the evaluations of the
measurements are developed at the end of this section. There are many
different possible measurements which are sensitive to A and A¢. We
have selected two main experiments to estimate A and A¢ separately,
each experiment being sensitive to only one of these parameters. Two
other measurements have been performed, in which both A9 and A¢
interfere. It is difficult to analyze in these complementary experiments
the separate contributions of Af and A¢, but they provided overall checks
of the results of the previous measurements, of the orientation of the
sample, and geometry of illumination and detection.

The specific absorbance of the chromophore will be denoted ex()\) for
rhodo, ez(A) for batho and so on. It is worth stressing that these quantities
represent the absorbance of randomly oriented chromophores and that,
when the chromophores are rigidly blocked at low temperature, any
photoexcitation may create an anisotropy in an initially isotropic sample.

So-kOe,

\s_"

FIGURE 5 Analysis of difference spectra. Effect of the relative angular
weight factors of two spectral states in a given measurement on the
difference spectra for various measurements (A4, AA4,, and AL) on the
same transition depends only on the angular factors symbolized by & (6).
This splitting is sensitive to very small angular changes when the spectral
shapes are very close.
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Measurement of A@: Difference Spectré
Analysis

The geometry is that of type I on Fig. 4: transversally oriented rods and
transverse unpolarized photoexcitation along the rod axis. The photoexci-
tation is, therefore, isotropic with respect to the rod axis.

Three types of measurements were performed: absorbance with light
parallel to the disk membrane plane A4j(A), absorbance with light
perpendicular to the disk membrane plane 4,(\) and linear dichroism
LD (M). These three spectra were recorded before and after the transition
between the two states. For the rhodo — batho transition, for example,
they were recorded before and after photoexcitation at 472 nm. Differ-
ence spectra were plotted for each of the three types of measurements:
AA;, AA,, and AL. Because the photoexcitation in this geometry is
isotropic, only 6 appears in Egs. 1, 2, and 3, which describe these
difference spectra. If for example 0 = 0g, one sees that the wavelength
dependence is given in all cases by eg(A\) — eg(A) which means that the
three difference spectra have the same shape and in particular the same
crossover point. The crossover point of a difference spectrum is the
isosbectic point between the two spectral species. Our analysis is concen-
trated on the wavelength positions, and differences in position of these
crossover points or isosbectic points, which are very insensitive to eventual
spectral distortions. .

If 0 < B, in Eq. 2 for A4, the weight of e;()) is decreased relative to
that of eg(A), as shown on Fig. 5. The crossover point of A4, will shift
toward lower wavelength. For A4, and AL the effect will be opposite:
there is a shift between the three difference spectra.

One sees that all the information on Af is contained in the splitting of
the crossover points of the difference spectra for the three types of
measurements; hence the importance of comparing successive measure-
ments on the same sample under the same conditions. This ensures that a
difference in angular weight factor is measured and not the effects of
distortions of the spectra by optical artifacts, since all the optics are
common to the three measurements. As the information may be
extracted not from the absolute positions of the crossover points, but from
the difference between these positions, the result is rather insensitive to
the exact shapes.of the e(\). This was checked graphically by distorting
these spectral shapes. Correlated to the changes of position of the
crossover points there are also changes of amplitudes of the extrema of
the difference spectra. Their quantitative exploitation is more delicate
because they depend on the exact shapes of the ¢(A\) and are more
sensitive to spectral distortions. The sign of the splitting between the
crossover points gives the sign of Af directly. The quantitative estimate of
A is obtained by simultaneously fitting the three difference curves and
the crossover points by Eqgs. 1, 2, and 3. The spectral shapes necessary for
those fittings are extracted from our LD spectra. The comparison
between only two'measurements, A4y and A4, , is enough to.estimate Af.
The linear dichroism measurement, which we obtained by a different

technique on a sample of different concentration, provides two additional

estimates independant from the first one.

Measurement of A¢

A¢ measurement was performed with axially oriented rods and axially
polarized photoexcitation (geometry IV on Fig. 4). In the initial state, the
rotationally symmetric distribution of rhodopsin dipoles around the beam
direction gave no dichroism. LD was induced by photoselection. A
470-nm light polarized in the vertical direction photoexcited a small part
of the total rhodo population and preferentially suppressed the rhodo
having its dipole in the vertical direction. The remaining rhodo popula-
tion had, therefore, a preferential orientation in the horizontal direction.
This resulted in a negative LD amplitude in the wavelength range where
rhodo absorbance predominates. This may as well be considered as the
negative contribution of the suppressed rhodo population. The created
batho population was also anisotropic: if there were no change of polar
angle upon the transition (A¢ = 0) the orientation of this created
population would be vertical. Its LD, in the wavelength range where
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batho absorbance ‘predominates, would be positive and maximal, e.g.,
that of a batho population selected by a perfect vertical polarizer without
perturbation of the polar angle distribution. If A¢ # 0, since one half of
the disk membranes are observed from their cytoplasmic side and the
other half from the intradiskal side, one half of the dipole population will
be seen rotating clockwise, by +A¢ and the other half counter clockwise,
by —A¢. This diminishes the anisotropy and therefore the LD amplitude.
At the other extreme, if A¢p = /2 the batho population would be
perfectly oriented in the horizontal direction, which would result in a
negative LD amplitude in the wavelength range where bathorhodopsin
absorbance predominates.

One sees qualitatively that the total photoinduced LD spectrum is a
linear combination of the rhodo and batho specific absorbances eg(\) and
eg(\), and that the relative coefficients depend on A¢; they are negative
for A¢ = 0 and positive for A¢ = x/2.

The expression of ALy is given by Eq. 6. If A¢ is small this expression
resembles that obtained for the difference spectra in the preceding
section, but if A¢ > x/4 the angular coefficients would have the same
sign for eg(A) and ex(A\) and the photoinduced LD spectrum would look
like a sum spectrum instead of a difference spectrum.

In practice, the observed photoinduced LD has a wavelength-
dependant shape analogous to that of the difference spectra of the
preceding section, and the position of the crossover point is very close to
that calculated using Eq. 6, indicating that A¢ is small. But this is only
qualitative. Attempts to fit the shape of LDpg(A) with linear combinations
of e(\) and (M), as required by Eq. 6, were unsuccessful; it was clear
that the spectral shapes were distorted, as seen in Fig. 3.

This distortion resulted from a well-known' artifact  observed with
particulate suspensions and termed “Duysens effect” or “sieve effect”
(Duysens, 1956). This effect is due to the fact that the absorbing
chromophores are not homogeneously dispersed in the solution but
concentrated in particles of high optical density surrounded by transpar-
ent solution; the front part of a particle casts a shadow on the back part
while light is allowed to pass without attenuation through the space
existing between the particles. Although the average optical density of
the sample, as recorded by the photomultiplier, may be very low, the
chromophores in the back part of the particles receive much less light,
and therefore absorb fewer photons than they would if the sample were
homogeneous. The absorbance of the sample at a given wavelength is,
therefore, reduced by a “flattening coefficient” which depends on the
geometry of the particles and on their individual absorbance at this
wavelength (Duysens, 1956; Gordon and Holzwarth, 1971). This effect,
which distorts: the absorbance peak shape,:exists for any particulate
suspension but is significant only when the optical density of the
individual particles is large. While rods viewed transversally have a
maximal optical density on the order of 107", this optical density is close

. to 1 for a 50-60-um long rod viewed axially. The sieve effect is, therefore,

neglegible for transversally oriented rods. Furthermore this artifact
would not change the position of the crossover points of the difference-
absorbance spectra A4y and AA4,, and would have very little effect on the
crossover point of AL. But this sieve effect distorts significantly the
absorbance and LD spectra of the axially oriented samples in the
wavelength range where the absorbance of the individual rods is high.

To measure Ag, one must, therefore, devise a procedure, based entirely
on the analysis of the induced LD amplitude in a spectral region of low
absorbance. Such a procedure has been found; it is rather complex but is
sensitive to small A¢ and is easy to check experimentally. It is based on
the study of the rate of photoreversal by polarized light of the linear
dichroism' of a population of batho created by photoselection in the
axially oriented rod sample. The measurements are made at a wavelength -
where only batho absorbs, so that the individual absorbance of the axially
oriented rods is kept small when only a small proportion of the rhodo
content of the rods is photoconverted.

When a batho population is created by photoexciting with vertically
polarized light, this population is preferentially oriented in the vertical
direction if A¢ is small. This population will therefore be more sensitive to
photoreversal by vertically polarized light of the appropriate wavelength
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than to the same amount of light polarized horizontally. The ratio of
efficiencies of photoreversal for the two orthogonal directions of polariza-
tion depends on A¢ only (see Eq. 7). Following is the procedure:

(a) In an axially oriented sample of comparatively high concentration,
a small photoselected population of batho is created by a short illumina-
tion with vertically polarized light of 472 nm.

(b) The amplitude of the photoinduced LD signal, AL is measured at
600 nm, where only batho absorbs.

(¢) The batho population is photoreversed by a sequence of small
calibrated flashes of vertically polarized light of wavelength A > 605 nm.
The decrease of ALpg (600) is plotted against the integrated photoreversal
light intensity.

(d) The sample is fully photoreversed by unpolarized red light so that
one returns to the initial state. The complete sequence is then repeated,
but with horizontal polarization for photoreversal in (c).

Fig. 6 shows the evolution of ALps(600) in the function of the
integrated photoreversal light intensities. The ratio of efficiency of
photoreversal for the two orthogonal directions of polarization is maxi-
mum at the origin for A¢ = 0, since this gives the maximal vertical
orientation for the photoinduced batho population.

If A¢ is different from zero but small, there is an apparently paradoxal
effect: photoreversal of batho by horizontally polarized light first
increases LDy, and decreases it only upon higher integrated intensity, as
shown in Fig. 6 A. This is due to the fact that the first effect of
horizontally polarized light is to photoreverse preferentially the horizon-
tal batho dipoles. As the vertical orientation is not perfect, this diminishes
the dispersion of polar angle around the vertical, which was due to the A¢
rotation in the photoexcited transition. This increases the total anisotropy
even though the total number of bathorhodopsin molecules is diminished:
A) — A, increases because A4 decreases faster that 4,. With increased
photoreversal light intensity, the whole population of batho is suppressed
and the anisotropy decreases.

1.05r

AL psY (600 AL PsV (600)

o——so A¥'=0
+— —+ AP'=*10°

(Lt)PR (1t)PR

FIGURE 6 Measurement of the polar angle shift A¢ upon the rhodo-
batho transition: ALps (600) is the amplitude of the linear dichroism peak
of batho at 600 nm obtained upon a weak photoexcitation by vertically
polarized light of wavelength 472 nm, on an axially oriented sample. A
small proportion of the total rhodopsin population is photoconverted and
the resulting ALps amplitude is normalized to 1. This photoselected batho
population is then photoreversed by red (A > 605 nm) light polarized
either vertically (PR,) or horizontally (PRy). (I.t)pz denotes the inte-
grated intensities of photoreversal light. The evolution of ALps upon this
photoreversal depends only on A¢ (see text). 4, schematics of the shape
of photoreversal amplitude curves for A¢ = 0 and for Ap # 0. (see text).
B, experimental data, with perfect photoselection (A¢’ = 0) and with
artificial disorder + A¢'. Fitting the initial slopes §; and &, of these
photoreversal curves lead to estimate Agp = 11 + 3°.
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The sensitivity of this effect of A¢ on the polarized photoreversal rates
can be tested experimentally, by creating artificially an additional
broadening in the photoselection process: in the photoexcitation step one
rotates the polarizer by +10°, for example, with respect to the vertical
direction during half the time of irradiation and by — 10° during the other
half. If there were no A¢ this would be exactly equivalent to creating an
artificial A¢’ = 10°. If Ap # 0, A¢’ will combine with it and give an
increased disorientation. But A¢ and A¢’ do not add up linearly, they
must be convolved together. A¢’ gives a significant contribution and a
sizeable change in the photoreversal behavior only if it is of the same
order of magnitude as A¢. As soon as A¢’ becomes larger than A¢ its
contribution becomes predominant. The sensitivity is, therefore, high
around A¢’ = A¢. Our experiments showed that A¢ is smaller than 20°,
and the sensitive region is for A¢’ of the order of 10°. The quantitative
estimate is not straightforward. It is based on fitting the curves of Fig. 6
using Egs. 7, 8, and 9. But it is totally independent of Af and not very
sensitive to the exact shapes of eg(\) and eg(\).

Additional Measurements, Sensitive to
Both Af and A¢, and Checking the
Geometry

A first type of measurement has been made in the geometry II of Fig. 4.
This is the same geometry as for the A9 measurement except that the
photoexciting beam is polarized either vertically or horizontally. Starting
in both cases from the same photoregenerated rhodopsin population (the
photoregeneration is made with unpolarized light), two photoselected
batho populations were obtained, which differed only by a rotation of /2
of their preferential orientation axis. We measured the LD spectra before
and after photoexcitation in both cases and from these obtained the two
difference-LD spectra ALy and ALy and compared them. It is clear in
this geometry that the vertically photoselected population will give a
larger linear dichroism amplitude than the horizontally photoselected
one, but the comparison bears on the shape of the difference spectra and
particularly on the splitting between their crossover points, not on their
amplitude. The splitting between ALy and AL, depends on both A§ and
Ad, as seen in Egs. 4 and 5. A is the dominating factor, which in our case
shifts the crossover point of ALy to longer wavelength than that of ALy in
the rhodo-batho conversion. The effect of A¢ is opposite: it tends to
diminish the splitting due to A9 as it tends to diminish the sharpness of
the photoselection. If one accepts for Af the result already obtained in the
first experiment described, which is very direct, the fit of the crossover
splitting in this experiment provides a new and independant estimate of
Ag.

A second type of measurement was made in the geometry I1I of Fig. 4;
the transverse rods were photoexcited by an axial light which was
polarized in the vertical or the horizontal direction. When the photoexcit-
ing beam was polarized in the vertical direction, the direction of the beam
in the horizontal plane did not influence the probability of interaction
with the dipole. The difference-LD spectrum upon vertical photoselection
in this geometry must be identical to that observed in the preceding
experiment with transverse light polarized vertically: A’Ly == ALy. The
agreement between those two measurements with very different geome-
tries of illumination provides an overall check on the precision of these
geometries. It also indicates that depolarizing effects by light scattering,
which could be feared in our samples upon transverse illumination, were
negligible.

When the axial photoselecting beam is horizontally polarized, the
direction of polarization is coaxial with the rod. Therefore the photoexci-
tation is isotropic around the rod axis and cannot induce any photoselec-
tion. The situation is analogous to that of geometry I, used for the
measurement of Af and one must find A’Ly; = AL. This provides another
check on the orientation of the sample and on the geometry of illumina-
tion and analysis. )

It is clear in this last set of measurements with geometry III, that the
photoregeneration must be performed with another light beam, trans-
verse and unpolarized.
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Useful Interpretative Formula

To estimate quantitatively the angular changes such as described in the

previous section, the geometric factors weighing the spectral factors e(X)
must be calculated from the knowledge of the photoexcitation and sample
geometry described on Fig. 4.

The probability of interaction between a light beam polarized along
the P direction and a dipole W (0, ¢) is proportional to their scalar square
product and given by (P - ¥)%. In P is included the photo excitation
geometry and in U the retinal dipole spatial arrangement.

When a light beam polarized along the T direction is absorbed by a
dipole pg, and induces for instance a rhodo — batho transition, that
dipole becomes under the transition a dipole 7ip. If that new dipole is
analyzed by a light beam polarized along the j direction the probability of
interaction is proportional to Mij = (i - 5ir)’ - (j - Hs)* Such quantities
contain all the information concerning the spatial distribution of rhodop-
sin and bathorhodopsin dipole moments. They can be presented as a
matrix M with elements Mij, in the reference frame (X,y,7Z) where y is
the rod axis direction, x and z are the horizontal and vertical directions
(see Fig. 1).

M=
Vesin®0gsin®dy (1 + 2cos’A¢)

Yacos’Ogsin’0y
Vhsin?0gcos?y (1 + 2sin’A¢)

Vasin®0gcos®0y  VhsinOgsin®dy (1 + 2sin’Ag)

cos’0gcos’0y  rcos Bgsin’fy
thsin®fgcos’y  YasinOgsin’y (1 + 2cos’A)

One extracts from M the quantities needed to calculate the shape of the
difference spectra obtained in the different geometries upon various types
of photoexcitation (see Fig. 4).

GEOMETRY 1

The probability for the unpolarized photoexcitation to
reach the 7z (0x, ¢r) species is independent of ¢g- and the
created fg (0g, ¢5) population is isotropic with respect to
the rod axis and therefore independent of ¢g. This created
population is analyzed in LD according to the specific
absorbance of the ug species g (A) and to the difference of
probabilities of absorption for a vertically and a horizon-
tally polarized measuring light. In this simple case one can
estimate directly from Fig. 1 that these probabilities are
proportional to sin’pg sin’0 and cos’dg, respectively. After
averaging over the random ¢y, the difference is 1/
2 (sin’fy) — cos’y = (1 — 3 cos’@)/2. This LD is thus
proportional to [(1 — 3 cos’05)/2] € (A). In our notation,
it is given by LD = [\A(M,, + M) — (M, +
M,))] €(\), which leads to the same formula.

The difference spectra AL, AA; and AA4 , represent the
contribution to the dichroism and absorption spectra, of
this created population and the contribution of the “nega-
tive” population of rhodo which represents the depression
of the initial state.

We normalize these difference spectra to the same
amount of batho species (in the case of a rhodo — batho
transition) to compare the shape of these spectra. For the
geometry I of fig. 4,

1-3 cos’fy

AL —eaM — 7309
- B

r(A) (1)
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1 — cos’0g
Ay = () — 7 o578, er(A) ()
cos’0
AA, = e(A) — (m—zo::fk()\l 3)

We emphasize that these quantities are unnormalized,
and their consistency cannot be established unless the
correct normalizing factor is put forward [e.g., AL =
AA; — AA, holds with 4) = (1 — co0s’0/2) e(\), 4y =
cos’d - €(\) and LD = (1 —3 cos’0/2) e(\)].

GEOMETRY 11

Dichroism difference spectrum upon a vertically or hori-
zontally polarized transverse photoexcitation in the
absorption band of rhodopsin:

ALy =eg(N)

3 — 7 cos?y
(1 + 2cos?’A¢) (1 — cosfg) — dcos’fy

ALy=e€g(M)

&) 4

1 — 5cos’fy
(1 + 2sin’A¢) (1 — cos’fp) — 4cos’0y

«&(). (5)

We can check with the right normalizations that AL =
AL, + AL, For a reverse photoexcitation, in the absorp-
tion band of the batho, the same formulas hold with an
inversion of the indexes B and R.

GEOMETRY 111

D’L;(A\) and A’Ly (M) are the dichroism difference spectra
upon a horizontally or vertically polarized axial photoexci-
tation. It results from the calculation that A’Ly = AL and
A'Ly = ALy, which can be understood when examining
carefully the concerned geometries.

GEOMETRY IV

The rods are axially oriented and the initial dipoles popu-
lation is random. A dichroism can be created by photo-
selection. If the induced photoselection is vertical (Z
direction), the involved quantities in the analysis are M,,
and M,,. In the difference spectrum of dichroism ALpg of
such an experiment, the quantities M, — M, are
weighted by each specific absorbance, leading to

ALpg = sin®fy cos (2A¢) eg(\) — sin®fg eg(A).  (6)

To obtain the efficiency of the photoreversal, which is
polarized perpendicular or parallel to the photoexcitation,
the probabilities of photoexcitation, photoreversion, and
analysis in linear dichroism in the ¢z (\) band are averaged
over the dipoles’ angular distribution. At first order and
upon a perfectly polarized photoreversion, the variations of
amplitude from the starting level ALps in the batho
absorption range are found to be proportional to sin’A¢ for
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a photoreversal light polarized perpendicularly to the
photoselecting light and to —cos*A¢ for a photoreversal
light parallel to the photoselecting light. In Fig. 6, where
those amplitudes are provided, the initial slopes for the two
directions of photoreversal polarization are given by:

oy = sin2A¢
8, = —cos’A¢. )

If the photoselection is oriented at angle A¢’ from the
vertical, a population is created that is photoselected and
depressed and is analyzed as

ALjps = sin’y cos (2A¢) cos (2A¢) eg(N)
— sin’fg cos (2A¢") g (\)  (8)

The amplitude of the LD in the ez(M\)-band is propor-
tional to cos(2A¢) cos(2A¢’) instead of cos(2A¢) for a
perfectly polarized vertical photoselection (A¢’ = 0). To
evaluate the photoreversal efficiency we represent the
effectof a A¢’ # 0 term by the symbolic addition A¢ @ A¢’
=.Ag*, such that

cos (2A¢) cos (*A¢’) = cos (2A¢*) )

A¢* is then used in Egs. 7 giving the efficiency of the
photoreversal.

RESULTS

Measurements of Af

Linear dichroism spectra of transversally oriented samples
are shown in Figs. 7 and 8, for pure rhodo and iso states,
and for photoequilibrium mixtures of rhodo, iso, batho,
and lumi. Difference absorbance and LD spectra for the
corresponding transitions are shown on Figs. 9 and 10. The
positions of the crossover points of these difference spectra
are listed on Table I for all the transitions studied.

The estimates of Af are based on the fitting of the
difference spectra and in particular of their crossover
points, by Eqgs. 1-3. Taking as an example the rhodo —
batho transition, one sees that one needs to know three
parameters, eg()\), €g (X), and 6y, to extract the fourth one,
03, and therefore Afgy. One gets directly the shape of e (\)
from the LD spectrum of pure rhodopsin (Fig. 7), but
eg(\) has to be reconstructed, as this species appears only
in photoequilibrium mixtures. From the knowledge of AA4
and AA, with their proper relative normalization one can,
by linear interpolation, build the difference spectrum AA
proportional to eg(A) — (M) and independent of the
angular factors.

Linear combinations of e¢g(A) and AA lead then to

simultaneous estimates of a shape for ez(\), a ratio -

eg(Amax)/eg (Amax), and a percentage of batho in the
photoequilibrium mixture. Optimizing these three param-
eters with respect to the data existing in the literature
(Oseroff and Callender, 1974, Eyring and Mathies, 1976,
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LD (ARBITRARY SCALE)
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FIGURE 7 Linear dichroism spectra of transversally oriented rods at
liquid nitrogen temperature. Spectrum / is the initial spectrum of a dark
adapted sample. Spectrum 2 is obtained after nonsaturating transverse
illumination with unpolarized light of 472 nm. Spectrum 3 is obtained
after saturating illumination at 472 nm followed by photoreversal by
light of A > 605 nm. It contains an admixture of ~25% iso. Spectrum 4 is
obtained upon further saturating illumination at 472 nm. 3 and 4 are the
two photoequilibra obtained upon sequential saturation with light of A >
605 nm and light of 472 nm. Spectrum 5 is obtained on prolonged
illumination with light of A > 580 nm.

Kawamura et al., 1977, Aton et al., 1980, Mao et al.,
1980), we obtain ¢ (\) at the same scale as ez (\), with the
very satisfactory set of parameters listed in Tables II and
II1. Table III shows that the A, for rhodopsin is slightly
higher than that given by Kawamura et al. (1977) for
equivalent frog rod suspensions at liquid nitrogen tempera-
ture. We notice, however, in a later publication of the same
group (Kawamura et al., 1978) that the A, for rhodopsin
in a spectrum shown is close to 520 nm, in agreement with
our data.

LD (ARBITRARY SCALE)

]

4516 5400 5% BCL)O 65L0 A nm
FIGURE 8 Linear dichroism spectra of transversally oriented rods at
liquid nitrogen temperature. Spectra / and 2 are equivalent, respectively,
to spectra 3 and 4 on Fig. 7. Spectrum 3 is obtained by letting the sample
warm up to —110°C for 30 min after saturating illumination with A =
472-nm light. The sample is then cooled back to liquid nitrogen tempera-
ture.
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FIGURE 9 Difference-polarized absorbance spectra A4 and AA4,, and difference-linear dichroism spectra AL upon the batho — rhodo
transition (A4) and upon the batho — lumi transition (B) on a transversally oriented sample at liquid nitrogen temperature (geometry I). In 4
the photoequilibrium obtained by illuminating rhodopsin at 472 nm was photoreversed by light of wavelength > 605 nm. There is a 20%
admixture of batho — iso transition in this photoreversal process. In B the same photosteady state was allowed to warm up to — 110°C for 30
minutes and cooled back down to liquid nitrogen temperature. All the difference spectra have a common normalization at 620 nm where only
batho absorbs. The fact is emphasized that their shapes are all described by expression of the type eg(A\) — k() &(\) (see Fig. 5). If the
spectral shapes are not distorted, they must overlap in the wavelength range >600 nm where only Batho absorbs. The excellent agreeement
between A(A; — A,) calculated from the polarized absorption measurements on a sample of high concentration (Ase =~ 0.3), and AL
measured directly in the dichrograph on a sample of low concentration (Asp =~ 0.03) indicates that there is in this geometry no
concentration-dependant spectral distortion. The relative dispositions of the difference spectra and of their cross over points demonstrate
unambiguously that in A4, 6 > 6 and in B, 8, > 8. Quantitative estimates of Afrg and Afp, are obtained from the simultaneous fitting of the
difference spectra (see Fig. 11). Although the shifts between the difference spectra are larger in B than in A, they correspond to
approximately identical angular shifts in both transitions.
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FIGURE 10 Difference-polarized absorbance and linear dichroism spectra on transversally oriented samples at liquid nitrogen temperature.
In A the maximum conversion to iso is obtained by prolonged illumination with light of wavelength >580 nM. In B lumi is obtained by
illuminating with 472-nm light and letting the sample warm up at —110°C for 30 min. In both cases the difference amplitudes are small
because the spectral shapes of rhodo, iso and lumi are very close to each other. The common normalization is not very reliable for the same
reason, as there is no large range where one species only absorbs. The shifts between the crossover points are very sensitive to the angular
factors as the spectral shapes are close: in A the large shift observed corresponds to an angular shift Ag; < 1°. In B the shifts are very small
and correspond to an estimate of Ay, not significantly different from zero.



TABLE 1
WAVELENGTH OF THE CROSSOVER POINTS OF THE
DIFFERENCE ABSORBANCE AND LINEAR DICHROISM
SPECTRA FOR THE VARIOUS TRANSITIONS*

AA, AA,, AL
nm
rhodo — batho 528 + 1 538 + 1 544 + 1
batho — rhodo + 20% Iso 527 + 1 536 + 1 542 + 1
rhodo — iso 497 + 4 514 + 2 528 + 1
batho — iso 517 =1 530+ 1 537 £ 1
batho — lumi 525+ 2 546 + 2 554 + 1
rhodo — lumi 522 +3 517 +3 513 +3

*Transitions were measured on transversally oriented samples (geometry
I), at liquid nitrogen temperature.

Once e5(M\) and e (A) are obtained, the fits depend only
on the angles 6y and 6. Taking 6 = 72° as the best
estimate from the literature (Liebman, 1962, 1972, Wald
et al., 1963, Harosi, 1975) the fit of the three difference
spectra, is obtained for 63 = 69°; that is Afgg = — 3°. Slight
variations of 6 around the accepted value gives compara-
ble variations of 6g, but very little change of Afgg. Similar-
ly, small changes of shape and amplitude of e;(\) and
eg(A) have very little influence on the estimate of Af as
long as one requires the simultaneous fitting of the three
crossover points of A4, AA4,,and AL.

We have also from our own data a direct estimate of 5.
This is obtained from the ratio of absorbances 4jp/ 4,5 =
Ih 18’0y (see Liebman, 1962), in the wavelength range
where only batho absorbs. The measurement is made
feasible by the fact that the base-line absorbance level can
be measured without moving the sample after photorevers-
ing batho to rhodo. We got Ajz/A 5 = 2.44 + 0.04 which
leads to 6g = 65.5 + 0.5°. This can be only an underesti-
mate, as any imperfection in the sample orientation can
only diminish the ratio. Taking then 8 = 66°, the fitting of
the crossover points of A4y and A4, and AL leads to 8 =
69° (Fig. 11) which gives again Afgg = —3°, in agreement
with what was said above on the insensitivity of the A
estimate on the exact value of 6g.

Similar procedures were used for all the transitions
studied, and the set of Af evaluations are shown in Fig. 12.
The results are redundant in the sense that, the result of

TABLE 11
WAVELENGTH OF MAXIMUM ABSORBANCE, AND
MAXIMUM ABSORBANCE NORMALIZED WITH RESPECT
TO RHODOPSIN

Alllll emx
Rhodo 522 + 2 1
Batho 570 + 3 1.27 + 0.05
Iso 510 + 2 1.09 + 0.02
Lumi 530 + 2 1.03 + 0.02

Wavelengths were measured or estimated from our linear dichroism
spectra at liquid nitrogen temperature.
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TABLE 111
PHOTOEQUILIBRIUM MIXTURE OBTAINED UPON THE
VARIOUS SEQUENCES OF SATURATING ILLUMINATION

Sequence of saturating light Rhodo Iso Batho
(nm) %
A =472 + X\ > 605 75 25 0
A=472 + A>605 + A =472 29 13 58
A > 580 0 >95 0

The percentages are accurate to within 5%.

the direct rhodo-lumi comparison is independent from that
of the rhodo-batho and batho-lumi transitions. The agree-
ment between those independent estimates give a high
degree of confidence in our results (see Fig. 11).

Measurements of A¢

The complete Ap measurement has been performed only
for the rhodo — batho transition. The procedure is
described in the Material and Methods section. The
photoinduced LD spectrum on an axially oriented sample
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FIGURE 11  Example of simultaneous fits of two difference spectra AA4,

(+) and AL (v) for the batho — rhodo transition (see Fig. 8 4). These
fits were obtained using a batho absorbance spectrum having its maxi-
mum at 570 nm and eg(max) = 1.27 ezg(max). Taking 0 = 66° (our
experimental estimate) one gets for fitting the crossover regions 6 =
68.6; that is Afgg = —2.6°. When the fixed value for 85 (or 6g) is varied
lightly, e.g. taking 6g = 72°, the simultaneous fitting of the crossover
regions is consistently obtained for values of Afgg of the order of —3°.
Changing the shape eg(\) [or eg(N)] slightly, changes only the quality of
the fit around the extrema but not the estimate of Afgg.
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FIGURE 12 The azimuthal angle changes A6 upon the various transi-
tions. The uncertainties in this results are estimated to +0.5°. The
different branches have been measured independantly and the data are
redundant, and consistent.

is shown on Fig. 3 and the polarized photoreversal rates
curves are plotted in Fig. 6, with that obtained when
adding an artificial disorder in the photoselection: A¢’ =
+10°and A¢’ = +20°.

Using Eq. 7, we extracted from each of the three
measurements the estimates A¢ = 8°, Ap*,, = 14°, and
A¢¥ = 23° from the measured ratios (6;/6,) of the initial
photoreversal slopes. When the contribution of A¢' is
extracted from A¢*, one gets three independent estimates
for Ag: 8°, 10°, and 12.5°. Taking into account the various
uncertainties, our best estimate was A¢ = 11° + 3°,

As a check on this estimate we performed the “addi-
tional measurement” with geometry III (see Material and
Methods), which is sensitive to both Af and A¢. We found,
for the rhodo — batho transition, a splitting between the
crossover points of ALy and ALy, which were located at
540 nm and 545 nm, respectively.

Using Egs. 4 and S and inserting our measured value of
A, we estimated AP ~ 14°. This value is an upper limit, all
disorienting factors tending to decrease the crossover split-
ting. It is, therefore, in excellent agreement with the
previous and totally independent estimation.

The same experiment with Geometry III was also
performed for the iso — batho transition. A splitting was
also measured between ALy and ALy, located at 534 and
538 nm, respectively. This is a rough indication that A¢ is
of the same order of magnitude when reaching batho
either from rhodo or from iso. It suggests that the geome-
try of the dipole in the iso state is very close to that in
native rhodopsin.

DISCUSSION

The overall angular change of the dipole of retinal upon
the rhodo — batho transition is easily calculated when 6
(or 83), A8 and A¢, are known. Taking 0g = 72° as the best
estimate, from our measured Af = 3°and A¢ = 11 + 3°we
deduce AQ = 10.8 + 2.7°, which we round up to
AQ = 11 + 3° Our result confirms, therefore, that a
significant reorientation occurs upon the transition. This is
indicative of a geometric change in the conformation of the
chromophore and makes it unlikely that the rhodo-batho
transition reflects only a phenomenon such as a charge
transfer along a chromophore of fixed geometry.

The main component of the angular shift appears to be
in the membrane plane. This may be correlated to the
orientation of the approximate symetry plane of the 11-cis

614

retinal molecule in rhodopsin, as defined by the two dipoles
corresponding to the a and 8-bands in the visible spectrum
(Sperling and Rafferty, 1969, Kakitani and Kakitani,
1978). Microspectroscopic measurements (Liebman,
1973, Harosi, 1975) confirmed by our recent measure-
ments on oriented rods (Chabre and Breton, 1979) have
shown that the 3-band has a dichroic ratio comparable to
that of the a-band, indicating that the B-dipole is also
inclined towards the membrane plane. The plane of syme-
try of the 11-cis retinal molecule is, therefore, nearly
parallel to the membrane plane. With such an initial
geometry it is clear that upon a cis-trans isomerisation the
rotation of the dipole direction should have its major
component in the membrane plane; that is, in A¢, and only
a minor azimuthal component, Ad.

The amplitude that we measure for the angular shift of
the a-dipole upon the rhodo-batho transition is, however,
much smaller than might have been expected from a
simplistic picture of the transition between undistorted

. 11-cis and all-trans conformations of retinal chromophore

having a fixed $-ionone end. Comparing simply the poly-

. ene chain geometry in both conformations one estimates

an angular shift of ~28°, which is almost exactly what has
been measured by the Yoshizawa group (Kawamura et al.,
1979). Evidence has been accumulated to demonstrate
that the conformation of the chromophore is distorted in
the initial rhodo state as well as in the batho state (e.g.,
Honig et al., 1979, Eyring et al., 1980). Furthermore, the
binding site in opsin is not very tight. It is well known that
9-cis and 9—13-cis isomers of retinal are accepted easily as
a substitute to form viable rhodopsin. But, even around the
B-ionone end, the site seems to be lenient: it has recently
been demonstrated (Blatchy et al. 1980) that opsin can
accomodate analogue of retinal with very bulky substitutes
for the B-ionone ring. The conformation of the chromo-
phore is highly strained in batho, as demonstrated by the
large energy uptake in the first step (Cooper, 1979).
According to Honig et al. (1979) most of the energy
storage arises from the displacement of the Schiff bond
end, which separates an ion pair. Because the chromo-
phore must be tightly fixed to stand the strain, one may
imagine that upon the isomerization, both ends of the
chromophore move, the 3-ionone end as well as the Schiff-
base bonded end, so that the overall movement of the
polyene chain would be minimized. Warshel (1976) has
also proposed isomerization mechanisms in which the
molecular motion of the chromophore is very restricted.
But these restricted movements of the chromophore are
not absolutely required by our results; if one accepts the
fact that the all-trans conformation is twisted in batho, the
absorbing dipole in this twisted conformation may no
longer be strictly aligned with the polyene chain. Even
with a fixed chromophore, in which only the Schiff-base
end would move, the orientational change of the dipole in
the rhodo — batho transition may then be smaller than
that expected for a transition from a planar trans to a
1982
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planar cis conformation. Theoretical estimates of the
orientation of the absorbing dipole in a twisted conforma-
tion are still missing.

Our results for the rhodo-batho transition do not agree
with that of the only other published experimental study,
that of Yoshizawa’s group (Tokunaga et al., 1976, Kawa-
mura et al., 1977, 1978, 1979). These authors found for 6,
instead of the small decrease we observe, a large increase,
of the order of 20°, so that the chromophore in batho
would lie exactly in the membrane plane. For ¢ they also
found a change of the order of 20°, this combining to give
an overall shift AQ = 26°. We think the origin of the
discrepancy for Af may lie in the neglect in their analysis
of the sieve effect for the absorbance measurements on
retinas.

Their method is based on the comparison of absorbance
spectra of retinas to that of unoriented rod samples or
solubilized rhodopsin which are not affected at the same
level by the sieve effect. Our own experience is that a
straight comparison of the difference absorbance spectra
of axial samples to that of transversally oriented, or
unoriented, samples would have led us to a result close to
theirs. But the various difference spectra would not be
fitted with a unique spectral shape for rhodopsin and/or
batho. One notices, in fact, in the analysis of Kawamura et
al. (1977), that the spectral shape of batho for the retina is
quite different from that obtained with rod suspensions
(their Fig. 3). This cannot arise from an angular change of
the chromophore, which would change the normalization
factors but not the spectral shapes.

For A¢ we think the large value obtained by Kawamura
et al. (1979) might result from an underestimation in their
analysis of the decrease of photoselection efficiency upon
long illuminations. Photoselection is perfect only at the
limit where the photoselected population is neglegible
compared with the initial population. Indeed, we notice
that the A¢ estimate they would obtain with very short
illumination time (their Fig. 5) would be lower and
compatible with our own result.

In the batho-lumi decay, we find, in agreement with
Kawamura et al, that the f-angle of the chromophore
shifts back almost exactly to its original value in rhodop-
sin. Our method also allows a direct comparison of the
G-angle of lumi and rhodo, which confirms that the azimu-
thal change is very small between those two states. We
cannot state, however, that the chromophore orientation
has shifted back to its original position, since we did not
measure the evolution of the polar angle ¢ in lumi. The
0-angle has already been measured for the later states of
the decay, Meta I, Meta Il and Meta III (Chabre and
Breton, 1979). Except for Meta II this azimutal angle
remains very close to that in rhodopsin. The major changes
in the geometry of the chromophore in the protein seem,
therefore, to be correlated to two important transitions: the
initial transition to batho, when the isomerization occurs,
and the late Meta I — Meta II transition, where major
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changes occur in the protein and in the binding between
the chromophore and the protein.
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