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Abstract

RESONANCE RAMAN STUDIES OF VISUAL PIGMENTS

by

Apostolos George Doukas

Adviser: Professor Robert Callender

We have developed a general technique which allows Raman
measurements of any photosensitive material solution. The
technique involves the imposition of a molecular velocity transverse
to the laser exciting beam sufficient to insure that any given molecule
moves through the beam so that it has little probability of absorbing
a photon. This technique has been used to obtain resonance Raman
spectra of all-trans, 13-cis, 9-cis, ll-cis protonated and unprotonated
Schiff bases with n-butylamine in solution, extracts of bovine rhodopsin
in cetyltrimethylamonium bromide, metarhodopsin I and metarhodopsin II
vesicles, and the pigments PM568 and M412 from the purple membrane

protein of Halobacterium Halobium.
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The analysis indicate that the chromophore in metarhodopsin I
and metarhodopsin Il assumes an essentially all-trans conformation.
The main difference between the two forms as it concerns the
chromophore being in the deprotonation of the Schiff base in the
metarhodopsin I to metarhodopsin II transition. An earlier finding
that the conformation of the chromophore in rhodopsin is similar to
that of 11~cis protonated Schiff base in solution has been confirmed.

The resonance Raman study of purple membrane system (PM568
and M412) contradicts earlie; chemical -extraction experiments. The
conformation of the chromophore in the two forms as indicated by the
Raman spectra, does not resemble any of the proposed models.
However, the deprotonation of the Schiff base in the PM568 to
M4l12 transition has been confirmed. The mechanl sm by which the
visual pigments and purple membrane system regulate their color
has been studied. It has been confirmed that this regulation is
achieved by delocalization of the electrons of the chromophore.

This explanation has also been extended to metarhodopsin I and

metarhodopsin II.
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Introduction

Resonance Raman spectroscopy has come into prominence as a tool of
studying macromolecules in the last few years. The unique advantage of the
resonance Raman spectroscopy is that it can specifically probe the absorption
site of the molecule. The vibrational modes that couple with the electronic tran-
sition are selectively enhanced while the rest of the malecule ‘does not contribute
to the Raman spectrum. Thus the Raman spectrum contains information specifi-
cally about the structure of the absorption site and its interaction with the rest of
the molecule.

Resonance Raman spectroscopy has been restricted so far to coloured mole-
cular systems like bovine rhcdopsin (Lewis et al., 1973; Oseroff and Callender,
1974; Mathies et al., 1976; Callender etal., 1976), hemoglobin (Strekas and Spiro,
1972a; Spiro and Strekas, 1972, 1974; Brunner et al., 1972; Spiro, 1975a) cytochrome
c { Yamamoto et al., 1973; Strekas and Spiro, 1972b; Brunner, 1973; Collins et al;
1973; Pezolet et al., 1973, Adar and Erecinska, 1974; Nafie et al., 1973; Spiro,
1975b) chiorophyl (Lutz and Breton, 1973), and the purple membrane protein of
Halobacterium Halobium (Mendelsohn, 1973, 1976; Lewis et al., 1974; Mendelschn
etal., 1974, Aton et al., 1977). However, it may be possible in the future to study
specific parts of molecuies that do not absorb in the visible by incorporating a dye
in the molecule. This method has already been used in the study of proteins that
do not fluoresce (Weber and Teale, 1959; Chadwick et al., 1960; see al so Udenfriend,
1969).

The purpose of this work is to extend the resonance Raman spectroscopy to

the study of the visual pigments, in particular, the bovine rhodopsin its Intermediates




metarhodopsin I and metarhodopsin I, under cdose to physiological c mditions.
We also extend the same techniques we have devel oped in the study of the visual
pigments to the study of the purple membrane system from the bacterium of Halo-
bacterium Halobium. The resonance Raman spectra of the visual pigments and the
purple membrane system constitutes one aspect of this work. Another aspect is
the assignment of the Raman bands to particular vibrational modes and the inter-
pretation of the Raman spectra of the visual pigments and the purple membrane
system. We propose to approach this problem using the Raman spectra of model
compounds such as retinals and Schiff bases of retinal s in salution and crystals,
This work is divided into three parts. The first part includes (a) a short
introduction of the Raman and resonance Raman effect. (b) A review of the bovine
rhodopsin system and its physiological role as a light transducer. (c) A review of
the purple membrane protein from the bacterium Haiobacterium Halobium and its
physiological role as a photosynthetic pigment. In the seccnd part difficulties
arising from the photoiabile nature of these systems are discussed and the molecular
flow technique is introduced. A detailed description of the samples and the experi-
mental conditions of the Raman measurements is also included., Finally, in the
third part the resonance Raman spectra of the model compounds, visual pigments

and the purple membrane system are presented and discussed.




Section I

Raman Effect

In the Raman effect monochromatic radiation is impigned on a molecuie,
The scattered radiation contains components that are shifted in frequency by
amounts corresponding to the normal mode frequencies of the malecule. The
shifts (vibrational frequencies) are independeﬁt of the frequency of the incident
radiation. Two identical patterns, as far as the vibrational frequencies are
concerned, are observed, one on each side of the incident light frequency. The
pattern on the low-frequency side of the exciting light is known as stokes lines
while the pattern on the high-frequency side is known as anti-stokes lines. Raman
spectroscopy is complementary to the infrared absorption spectroscopy in that
it measures vibrational frequencies, When the incident radiation frequency lies
on or near a particular absorption band, Raman effect is known as resonance
Raman., Resonance Raman is not qualitatively different from Raman effect. How-
ever, changes in the spectrum appear due to cross section enhancement of particu-
lar normal modes.

Since the discovery of the Raman effect in 1928 (Raman and Krishnan, 1928)
a considerable amount of theoretical work has been done on the Raman and
resonance Raman spectroscopy {(Van Vieck, 1929; Placzek; 1934; Rea 1960;
Albrecht, 1961; Peticolas et, al., 1970; Tang and Albrecht, 1968, 1970; Mingardi
and Siebrand, 1973, 1974, 1975; Johnson and Peticdas, 1976). In the core of the
theory lies the Kramer-Heiseberg-Dirac dispersion equation. In 1934 Placzek form-

wated a comprehensive outline of the theory of Raman and Rayleigh scattering.




The approach is semiclassical in which the radiation field is treated
classically and the molecule quantum mechanically., The elements of the

scattering tensor for the m to n transition are given by

(Xpe Ymm =¥\TZ[ <elMp > L<miM\ ey

Ve - Vo (1)
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where the subscripts P & refer to a cartesian coordinate system fixed in

the molecule, m, r, n to the initial intermediate and final energy states. Mf

Mg are the scalar components of the dipole moments M = %% "_‘3 ,

¥y » the position vector of the j electron, V_ is the laser frequency and
\)r-w\': (B~ ~Ew )k . Finaily, the summation is carried over all intermediate
states, electronic and vibrational. Figure 1, gives the production of the Raman
effect. The transition to the intermediate state is virtual, and it does not matter
whether it is energetically possible. The total intensity of the scattered light

(4 solid angle) after averaging over all orientations is given by
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The principal dispersion of the Raman scattered radiation is determined by two
factars. The term { V. + Veym )4 and 1/{ Vem - V. )2. When the laser
frequency is much lower than an electronic transition the term ( \);. * Ve, )4
‘ predominates. As the laser frequency approaches the energy of an electronic

transition one of the terms in the summation of Equation 1 becomes important.



Figure 1
The production of Raman effect for stokes lines. |m), |ny, and |r> rep-

resent the initial, final, and one of the intermediate states respectively. Dashed

lines indicate virtual transitions.







In the latter case the summation over the electronic states is dropped and the
sum over the‘vibrational states is restricted to the manifold of the electronic
state in resmance with the laser. A term of the lﬁndwldth I is usually added
to the denominatar to keep the polarizability tensor finite. The second term of

Equation 1 can also be neglected. Equation 1 can be then written as

(qrq.,,\“_l_z<\<IM?\~\><~“\MG\\<>
hoow Vem I +iT (3)

Finally the population distribution of the vibrational states should be included

iﬁ the intensity (Equation 3) to give the right intensities for the antistokes lines.
The Born-Oppenheimer approximation is introduced next into Equation 1.

Every state can be separated into (a) an electranic part which is a function of

nuclear, Q, amd electronic, r, coordinates and (b) a vibrational part which is

a function of the nuclear coordinate only (see, for example, Tang and Albrecht,

1970). We change the notation to take into account both parts as follows:
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where i, j,» k are the vibrational wave function within the manifolds of the
corresponding electronic states n, m and r. Taking into account that initial
and final states belong to the same electronic state, Equation 1 can be rewritten

as3
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At this point it is customary to carry the integration over the nuclear coordinates
by expanding the electronic transition moment < AN \M‘a\m> about the
nuclear equilibrium coordinates. The expansion can be carried out in Taylor's
series with no further analysis. Thus < Mf’ Vo > can be expanded

into
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where (M ¢ ):‘.m stands for the transitions moment at the equilibrium posi-
tion and Q. for the displacements of the aith normal mode, Alternatively, the
expansion can be formulated within the first-order perturbation theory. IfH

is the electronic hamiltenian which is an implicit function of the nuclear coordi-
nates ( @YW /2Q. )Q. is the perturbing operator (Albrecht, 1961).
This expansion, known as Herzberg-Teller, applied to the transition moment

gives:
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where S‘ﬂ {Q)- z == —xb . € vy is a perturbation
Lo - - k
energy per unit displacement of the th mode due to the mixing of equilibrium
configuration of the electronic states > and ‘t> under vibrational

perturbation. From (7) and (5) the equation for the polarizability tensor is de-

rived (Aibrecht, 1961)
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In the off-resonance case where Ve oy s> Vo we can
approximate \)v-n,m{b: N . The A term goes to zero and the B
and C terms are the major contributors to the Raman scattering. As it can be
seen from Equation (10), the B and C term contain contributions from more than
one electronic state. The relative contributions of A and B terms close to
resonance for various systems still remains an open question. (Albrecht and
Hurtley, 1971; Rinai et al., 1971a; Inagaki et al., 1974; Johns m and Peticalas,
1976). It is expected that for polyenes the A term Equation 9 is the major con-
tributor of the Raman intensity, particularly, for the main intense absorption
band (Warshel and Karplus, 1974; see also Warshei, 1977). This has been con-
firmed for the case of P - carotene (Inagaki et al., 1974).

According to Equation (1) the intensity of the scattered radiation depends
on the transition amplitudes for the absorption and emission of the intermediate
states. Terms that belong to different states can reinforce, weaken or cancel
each other., However, the corresponding transitions must be allowed. A given
pair of pure electronic states will not contribute to Raman intensity unless a
dipoie transition, coupling them is allowed. In the resonance region the Raman
scattering tensor lnyolves only a few, perhaps one intermediate states. Thus,
ln general, only part of the Raman spectra will be enhanced upon approaching
resonance,

The theoretical study of the Raman effect described thus far cannot be used
as a tool for the assignment of the normal modes, Recently however, new theo-

retical techniques (Warshel and Karplus, 1972, 1972b, 1974; Kakitani, 1974;

-10-



Warshel, 1977) may facilitate the interpretation of the Raman spectra, The
techniques invalve a formal separationof & and TU electrons, with the
former represented by an empirical potential of the form 1/2K (Q - Q 0)2 and
the latter by a semiempirical model of Pariser-Parr-Pople type corrected for
orbital overlap. The potential of the Tt electrons can be written in analytical

form (Warshel and Karplus, 1972b; Warshel, 1973) as fallows:
Vi 24T (exp-=(be-bl))| cosd 12

where bg is the Qth bond of the TV electron, *%’Q the corresponding
torsional angle, F, the bond order character and F, a negative constant,
The vibrational normal modes can be derived by solving the following

equation (Lifson and Warshel, 1968):

FKQ.\\—(s = Q'T“'\Ds{-(s (13)

where F.“15 = (a'l\r / 'BCL.(BQ@ K‘\V\umﬁﬁlh , \)5 is the yibrational fre-
quency, {Zs is the corresponding normal mode vector and V stands for the
sum of & and TV electron potential calculated at the equilibrium. Warshel
and Karplus ha\;re studied the systems of B -ionone, retinal and Schiff bases
of retinal (Warshel and Karplus, 1973, 1977) using this technique. The assign-
ments are not very accurate yet. The difficulties stem from the uncertainty
about the potentlal surfaces of the ground states and the exrors introduced by

the reduction of a complete set of intermediate states to a few terms.

-11~-



Another approach to mode assignment is.based on the observation that
some bonds or groups have similar frequencies in different molecules. Table
(1) gives some of the observed frequencies. The values usually hold within

+ 100 cm” L, However, it should be kept in mind that the constancy of the
frequencies holds only when the group or the bond is in the same environment
and there is no strong coupling between different vibrations. In this woark, ex-
tensive use is made of this approach by comparing spectra of model chromo-

phores with that of the visual pigments.
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Table 1

Characteristic vibrations of various groups.
(A) Stretching vibrations.

(B) Bending vibrations,

(Herzberg, 1945)
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Visual Pigments

The visual pigments are located in the rods and cones. The rod consists
of an inner segment that contains the nucieus and mitochondria and an outer
segment (ROS) attached by a number of small fibrils, Figure 2 gives a schematic
picture of the rods and cones of the vertebrates. The length of the auter seg-
ment is 10-50 pm and the diameter 1-6 pm. Rhodopsin is located in the outer
segment on the membrane of the disks. The number of the disks in the outer
segment varies from species to species and is of the order of 500-2000. Low
angle X-ray diffraction gives a distance between adjacent disks of 300A and
thickness of 150A (Blasie et al., 1965; Robertson, 1966). There is some small
difference of the X-ray diffraction pattern between dark - and light - adapted
retina (Corless, 1972; see also Worthington, 1973). The most well studied
system is the bovine visual pigment rhodopsin. Other systems of yertebrate
rhodopsin share the general properties of the bovine rhodopsin (Hubbard et al.,
1959; Abrahamson and Fager, 1973). In what fallows we shall describe the bovine
rhodopsin. For recent reviews see also Ebrey and Honig (1975) and Worthington
(1974).

Rhodopsin is a glycoprotein. It consists of a chromophore 11-cis retinal
dehyde (11-cis retinal) covalently bound to a protein (opsin), a single palypeptide
chain. The iinkage is a protonated aldimine bond (Schiff base)(Lewis et.al,, 1973;
Oseroff and qulender, 1974). In addition an oligosacharide is covalently bound
to opsin (Heller and Lawrence, 1970). The lipid of the disk membrane is also an

important part of rhodopsin. Composition studles of vertebrate membranes

-15-



Figure 2

Schematic diagram of cones and rods of vertebrates.,
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summarized by Daemen (1973) and Abrahamson and Fager (1973) show that

40% of the dry weight of the outer segment is lipid and 60% protein, mostly
rhodopsin (Papermaster and Dryer, 1974). The bulk of the lipid component
belongs to phospholipids. The lipid component can be removed. The removal,
however, affects some of the properties of rhodopsin namely the thermal sta~
bility (Daemen, 1973) and regeneration (Zorn and Futterman 1971; Shichi, 1971;
Hong and Hubbell, 1973).

Rhodopsin is embedded in the disk membrane. Rough calculations based
on the molecular weight and the dry weight of rhodopsin in the ROS suggest that
the density of rhodopsin molecules is extremely high (see, for example, Bridges,
1970). In addition the rhodopsin molecule have considerable freedom of rotational
(Brown, 1972; Cone, 1972) and translational (Pvo and Cone, 1974) movement which
Is temperature dependent (Blasie and Worthingtan, 1969; Worthington, 1971).
This suggests that rhodopsin molecute behave like a two-dimensional liquid. In
addition, to the rotationai and translational mobility of rhodopsin on the plane of
the membrane, there is the hypothetical possibility that rhodopsin can flip-flop
from one side of the membrane to the other. There is no evidence, however,
at present to support this possibility.

The three-dimensional structure of rhodopsin is presently unknown. This
information can only be obtained by a complete X-ray structure determination,
and so far it has not been possible to even crystallize rhodopsin. There are,
however, aiternative techniques that can be employed to provide information

about the shape of the molecule. Recent experiments have suggested that
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rhodopsin may be asymmetric. Evidence is provided by (a) low angle X-ray
measurements (Blaurock and Wilkins, 1969); (b) efficiency of the energy transfer
from the aromatic amino actds to the chromophore of the bleached and reduced
rhodopsin (Ebrey, 1971); (c) efficiency of the energy transfer between dye
labelied sites of rhodopsin (Wu and Stryer, 1972; Renthal et ai., 1973). The
results are not conclusive yet. Eisenger and Dale (1974) have pointed out that
distances obtained from energy transfer measurements as in (c) depend critically

on the vatues of orientation factors used in the calculations. It is noteworthy,

however, that all the results point to the same direction. This internal consistency

reduces the uncertainty associated with the measurements. Based on (c), Wu
and Stryer (1972) proposed that rhodopsin molecule is ellipsoidal, at least 75 A
long with a hydrophilic and a hydrophobic end. Given the length of the molecule,
rhodopsin could easily span the disk membrane.

The amino acids composition for bovine rhodopsin is known and is given in
Table (2). As it has been found for other mem brane proteins, rhodopsin has
also a higher percentage of hydrophobic amino acids. When the molecular
weight of the retinal and the oligosacharide is added to that of the palypeptide
chain, it glves a motecuiar weight for rhodopsin of about 36,000 daitons. This
is in agreement to the value of 40, 000 daltons reported by Hubbard (1954). The
binding site of the chromophore is the € -amino group of lysine (Fager et al.,
1972; DeGrip et al., 1973). The stability of the Schiff base linkage over a wide
pH range (3.9-9.6).(Radding and Waitd, 1956a) and its resistance to sodlum boro-

hydride (Bownds and Waid, 1965) as well as the resistance of the polyene chain



Table 2

Amino acid composition of bovine rhodopsin

Polar Non-Polar

Lys 10 Gly 21
His 5 Ala 25
Arg 8 Val 22
Asp 22 MetSOg 10
Glu 30 Lle 14
Thr | 24 Leu 22
Ser 18 Phe 26
Tyr 16 Pro 18
CySOzH 10 Trp 4

143 T 162

Total 305 amino acids

{Ebrey and Honlg, 1975)
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to lipoxidase enzyme (Wald and Hubbard, 1960) suggest that the Schiff base
linkage and part of the polyene chain are enfolded inside a three-dimensional
frame of the polypeptide chain.

So far only 11-cis retinal (see Figure 17d, e) and 3 dehydro 11-cis retinal
have been found in natural visual pigments, A number of other compounds
(Figure 3), however, have been successfully attached to the protein to form
artificial visual pigments (Lewin and Thomson, 1967; Blatz et al,, 1969; Nelson
et al,, 1970; Chan et al., 1974; Ebrey et al., 1975; Crouch et al., 1975). These
experiments suggest that the binding site is not specific to 11-cis retinal, There
are restrictions, however, on the length (Blatz et al., 1969) and isomeric form.
In addition, the presence of the ring is very important in enabling the attachment.
Attempts to combine opsin with the polyene chain even with the right isomeric
form have failed (Blatz et ai., 1969). It is noteworthy that 5, 6 - monoepoxy-
retinaldehyde can be utilized in vivo to form pigment. In experiments on retinal-
deficient rats fed on diets supplemented with the 5, 6 - monoepoxy derivative a
small amount of light sensitive pigment with absorption at 467 nm was formed
(Lewin and Thomson 1967), In addition the monoepoxy pigment appears to be
physiologically active.

Absorption of a photon isomerizes the chromophore (Wald, 1968), and
initiates a series of intermediates (Figure 4) leading to the detachment of
chromophore from the opsin. This process is called bleaching because pigments
absorb in the visible while the final product, retinal and opsin, absorb in the

UV. The first intermediate is bathorhodopsin (also called prelumirhodopsin)
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Figure 3
Conformation of some of retinal analogues that can cambine with opsin to
form artificial visual pigments. 1ll-cis (a) 5, 6 - monoepoxyretinal,

(b) 13-desmethyl-14-methylretinal, (c) 14-methylretinal, (d) 9, 13-dicis-retinal.
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Figure 4

The hleaching sequence of rhodopsin. Rhodopsin and isorhodopsin are placed
lowest in the figure to indicate that they have lower free enexgy than their
common photopr oducts (see text). Numbers in parentheses give absorption
maxima, left side numbers give the time of formation of the intermediates,

right side numbers give the tempexatures below which the intermediates are

stable.

-24-




19
~10__sec, BATHORHODOPSIN (543nm)

(

~10~7
. 7107sec | )-140%

LUMIRHODOPSIN (497 nm)

y-40°C

-5
~10 sec

METARHODOPSIN I (478 nm)

W 3-15% hv

~10 ~"Sec

hy METARHODOPSINTL(380nm)

~10%sec Yo%

ALL-TRANS RETINAL(387nm)
+ OPSIN

Y
(485 nm)ISORHODOPSIN

'
RHODOPSIN (498 nm)

-25-



(Yoshizawa and Wald, 1963). Study of the kinetics using picosecond laser
pulses show that bathorhodopsin is formed in less than 6 psec (Busch et al.,
1972). The existence of an even faster first intermediate hypsorhodopsin
(Yoshizawa and Horiuchi, 1973) has not been verified yet. The first step from
rhodopsin to bathorhodopsin is purely photochemical. It has been so far assumed
that 11-cis retinal is isomerized to all-trans. Bathorhodopsin can absarb a
photon and convert back to rhodopsin or to another pigment isorhodopsin (Yoshi-
zawa and Wald, 1963). Isorhodopsin contains the 9-cis retinal (see Figure 17c)
as a chromophore and follows the same bleaching sequence as rhodopsin.

Resonant Raman studies of bathorhodopsin (Oseroff and Callender, 1974)
show that the Schiff base is protonated but othexwise are incompatibie with a
pure all-trans form for the chromophore. Honig and Ebrey (1976) and coworkers
(Rosenfeld, et al., 1977a, b) have reviewed the alternative mechanisms of the
photochemical reaction and concluded that the cis-trans isomerization (not
necessarily a pure trans) is consistent with the experimental évldence. In
addition they suggest that rhodopsin and bathorhodopsin share a comman excited
state.

The next intermediate in the bieaching sequence is lumirhodopsin (Hubbard
etal., 1959; Yoshizawa and Wald, 1963). Lumirhodopsin is the least studied
intermediate. Study of the kinetics of thermal decay of lumirhodopsin (;see, for
example, Abrahamson and Ostroy, 1967; Abrahamson, 1973) are inconclusive
and there is disagreement in the constant rates observed by the various authors,

They tend to indicate, however, that no major conformational changes in the
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protein take place, at least up to the stage of lumirhodopsin. Ebrey and
Honig (1972) have reached the .same conclusion'by studying the ultraviolet
transitions in the rhodopsin spectrum. |

The stages of metarhodopsin I and metarhodopsin II are of the most
interesting because they are correlated with neural activity. Metarhodopsin I
and I are in thermal equilibrium. The equilibrium depends on the temperature,
pH, sadlvent and the species of rhodopsin but it is not affected by light (Matthews
et al., 1963). Increase in temperature, in acidity (within pH stability range)
or in ionic strength as well as replacement of water by glycerol shift the equi-
tibrium toward metarhodopsin II.

The study of kinetics of metarhodopsin I to metarhodopsin II reaction shows
a large change of entropy (Matthews et al., 1963). This tends to Imply that
there is a cmsiderable unfolding of the protein which up to the stage of meta-
rhodopsin [ was protecting the chromophore. It should be noted that at the
metarhodopsin II stage the Schiff base can be reduced by sodium borohydride
and hydrolyzéd by hydroxylamine. In contrast studies of circular dichroism (CD)
of rhodopsin, metarhodopsin I and metarhodopsin II at their longest absorption
band (Waggoner and Stryer, 1971) show no significant change. These results
have been interpreted as implying that a significant portion of local environment
of the chrom ophore remains unchanged in the transition from rhodopsin to meta-
rhodopsin I and metarhodopsin II.

Flow photocalorimetry can supply important information about the energetics

of the Intermediate stages. So far it has been appiied to metarhodopsin I and



metarhodopsin II. Cooper and Converse, (1976), have found that metarhodopsin I
and II are enexgetically higher than rhodopsin and the formation of metarhodopsin
II involves the uptake of one hydrogen ion from the sdlution (see al so Matthews
et al., 1963),

In the final stage of the bleaching sequence the all-trans retinal detaches
from the opsin. In vitro the retinal can recombine with any of the free amino
groups of the opsin. In vivo, however, all-trans retinal is reduced to all-trans
retinol through the action of an enzyme dehydrogenase coupled with NADH or
NADP (see, for example, Bridges, 1970). What happens next is still a matter of
controversy, It was originally assumed that all-trans retinol transported to
the pigment epithelium where all-trans retinol is isomerized back to 11-cis
retinol. Subsequently, 11l-cls retinol returned to the rod for reoxidation and
incorporation with the opsin.(Dowling, 1960). A number of observations, however,
cast doubt on the validity of this hypothesis. The regeneration of cme pigments
can take place without the pigment epithelium being present (Goldstein, 1967);
11-cis retinol is not easily oxidized to 11-cis retinal (Daemen et al., 1974). Some
of the all-trans retinal is reisomerized before reduction to retinol (Zimmerman
et al., 1974).

This work will be primarily concerned with the initial changes of the rhodopsin
molecuie following the absorption of a photon. The key question to be answered
is the understanding of the mechanisms of the nervous excitation. Two excitations
have been reported in the literature, (a) the early receptor potential (ERP)

(Brown and Murakami, 1964); (b) the electroretinogram (ERG) (Hecht et al., 1942;



see also Brown et al., 1965). The first is a biphasic potential that is generated
prior to the formation of metarhodopsin I. Studies on model membranes indicate
that ERP is originated from capacitative charge displacements of oriented rhodopsin
molecules (Trissl etal., 1977). The ERG has a latency of msec so it must be
generated prior to the slow hydrolysis of the metarhodopsin II. It is for this

reason that the stage of conversion of metarhodopsin [ to metarhodopsin Il becom;as
stgnificant. The ERG is associated with the transfer of information from the retina
to the brain.

Many theories have been developed to explain the generation of ERG (see, for
example, Bonting, 1969). In the last few years, however, the ionic theory has
gained wide support and it is the only generally accepted theory today (see, for
exampie, Hagins, 1972; Bbrey and Honig, 1975). Figure 5 summarizes the main
points. The vertebrate receptors maintain a large steady current, mostly Na®
moving into the rods. This dark current is so large that it is calculated to be
equivalent to a turnover of all the cations ina rod in 45 sec (Hagins, 1972).

The concentration of Na* ions is kept low inside the rods by the action of
Na+ ATP pump at the inner rod segment. At the same time the concentration of
Cg + , the assumed transmitter substance, (see, for example, Smith et al., 1977)
is kept low by a C;H- ATP pump (Mason et al., 1974). The effect of the light is
to open the pores and release Ca++ in the intradisk space. The identity of the .
pores is still unresolved. The Ca++ block the entrance to the Na' hyperpolarizing

the membrane. This excitation is transferred through iayers of neural cells such

as horizontal, bipolar, ganglion cells to the optic nerve and the brain (Figure 6).



Figure 5
Schematic diagram of the assumed mechanism for excitation in the vertebrate

rods and cones (see text). (A) Dark adapted rod. (B) Light adapted rod.

(Hagins, 1972)
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Figure 6

Schematic diagram of a cross section of the vertebrate retina.
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Bacteriorhodopsin

A new photosynthetic pigment that has been recently studied is the purple

membrane from the bactérium Halobacterium Halobium, often referred to as

bacteriorhodopsin (Oesterhelt and Stoeckinius, 1971). The name is justified

by the similarities between the visual pigment rhodopsin and the purple membrane
protein. Both, for example, contain the retinal as a chromophore aithough in
different isomeric forms (Oesterhelt and Stoeckinius, 1971; Pettel et al., 1977).
The similarities, however, should not be overemphasized. The biochemical
roles of the two pigments are quite different. Rhodopsin is a photosensor;
absorption of light triggers the biochemical changes. The mechanism, however,
is supported energetically by other sources, Bacteriorhodopsin, in 'contrast,
utilizes the energy of the light to supply the bacteria with the energy requirements
(Oesterheilt and Stoeckinius, 1973). For recent reviews, see Stoeckinius, 1976;
Henderson, 1977,

H. Halobium is a rod shaped bacteria about .5 J,..m in diameter and 5 pm
long. It requires high concentration of NaCl and lower concentration of K Cl and
Mg Cl, for growth.  Light stimuilates the synthesis’of purple patches on the mem-
brane. The purple membrane contains a single rhodopsin-like protein. In con-
trast to the amorphous state of the visual pigment membrane, the purple mem-
brane is a two dimensional crystal, with an hexagonal P3 structure (Blaurock
and Stoeckinius, 1971). Each unit cell contains three bacteriorhodopsin molecules
that span the whole membrane.

Bacteriorhodopsin consists of a chromophore all-trans retinaldehyde (Pettel

etal., 1977; and in this wark) connected to the protein via a protonated Schiff
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linkage (Lewis etal., 1974). The binding site is the € -arﬁlno group of
lysine (Qesterhelt, 1971). The retinal chromophore interacts further with the
protein so that its absorption maximum is shifted towards a longer wavelength.
In addition the Schiff base of the intact complex is protected inside the protein
from sodium borohydride and hydroxylamine.

Recent X-ray (Henderson, 1975; Blaurock, 1975) and electron microscopy
studies (Henderson and Unwin, 1975) have elucidated the structure of the pigment
and its environment. The protein in the membrane is composed of seven closely
packed, & -helical segments perpendicular to the plane of the membrane., The
< -helices span most of the width of the membrane (Henderson and Unwin, 1975).

Absorption of a photon initiates a series of intermediate stages (Figure 7)
(Lozier et al., 1975), which, contrary to what happens in the visual pigments,
form a closed cycle. The first step in this reaction is purely photochemical.
Study of the kinetics show that the rise time of first intermediate is less than
10 psec (Kaufmann et al., 1976) while the whole cycle is completed in ~10 msec.
The cycling of the pigment is accompanied by release and uptake of protons, inhi-
bition of respiration {Oesterhelt and Stoeckinius, 1973) and increases In intra-
cellular adenosine triphosphate (ATP) (Danon and Stoeckinlus, 1974), It has been
postulated that the purple membrane functions as a light driven pump. Absorption
of a photon by bacteriorhodopsin causes the ejection of a proton from the cell.
This establishes an electrochemical gradient across the cell membrane, which
can drive ATP synthesis or some other metabolic process (see, f01" example,

Mitchell, 1972).



Figure 7

Photoreaction cycle of the light adapted form of the purple membrane protein
of Halobacterium Halobium. Bold face numbers give the absorption maxima of
the intermediates. Wavy lines indicate photoreactions, solid lines indicate
thermal (dark) reactions. Times of formation of the intermediates are given

along the arrows.

-36-




' - PM568
~S5msec <]0psec
o hv

0640
K590

~3Imsec

~1 usec

N530

L550

/psec
M412

~Imsec

-37=



Additional evidence is provided from studies on reconstituted purple membrane
vesicles. Racker and Stoeckinius (1974) have shown that vesicles formed in the
presence of bacteriorhodopsin transpose protons across the membrane upon
illumination. They have also demonstrated that inclusion of ATPase of bovine
heart mitochondria during reconstitution enables the vesicles to calalyze ATP

formation from adenosine diphosphate (ADP) and Pi.
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Section )i

Experimental

A typical Raman apparatus consists of a laser, a double monochromator and
a photomultiplier tube connected to photon-counting electronics (Figure 8). The
laser beam can be focused to a few microns in diameter, making possible the
study of very small samples. The scattered light is collected and focused on the
entrance slit of the monochromator, This modern instrumentation has simplified
the Raman measurements. However, the nature of the sample introduces a new
complexity. The samples, visual pigments and most of the model campounds,
are extremely photolabile, Thus, the light probe aiters the composition of the
sample, - This problem is intensified in resonance Raman spectroscopy where the
probe beam must be close to the absoxption band to take advantage of the resonance
enhancement,

To illustrate the severity of the problem of the photolability we shall calculate
the rate of the photons absorbed by a rhodopsin molecule in a typical stationary
Raman experiment. The number of photons absorbed per second is given by

1. 6a (14)
vt
where I, is the laser Intensity, r, the radius of the laser beam (assuming circular
beam for simplicity) and 6, the absorption cross section at the laser wavelength,

The absorption cross section is related to the molar extinction coefficient by

-
Sa(emry= > 82 o € (metew™) (15)



Figure 8
Schematic dlagram of a Raman apparatus. ), and V. are the frequencies
of the exciting and scattered light, respectively. o is the vibrational frequency

of a sample normal mode.
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For a laser wavelength at 568.2 nm (& 570 ™ 14000) power level of 10mW

and beam radius, 40 r\m, we find that the rate of the absorbed photons per

malecule is 104. The mean time between successive absorption is .1 msec,
Molecules in solutions are not stationary, however., They move Inand out

of the laser beam by diffusion or possibly by convection currents, To a first

approximation, the molecular diffusion time to travel a dis@nce r, is given by:

GTY 'v\c\ 1:1' (16)
KT

where M is the solvent viscosity, d the molecular radius, K the Boitzmann
constant and T the absolute temperature, Taking d = 25:4 (we assume a glob-
ular protein of 503 diameter) M = 10'2P (far water), T = 300°K, ry= 40).\m
the transit time across the beam (s 25 sec. This assumes the best possible case
namely molecules travelling transverse to the beam. The quantum yield of
rhodopsin is close to one (Dartnall, 1972) and abs&ption of a photon can initiate
the bleaching sequence (Figure 4). Thus, depending upon the temperature of the
sample many intermediates are likely to be present in the beam. An additional
complication arises from the fact that the intermediates of the bleaching sequence
can absorb a photon and revert back to rhodopsin or isorhodopsin. In fact, the
composition of the mixture depends in general, on the incident laser flux, the
absorption cross section of each intermediate at the laser wavelength, the ther-
mal decay rate and the quantum yields of each intermediate, The resuiting Raman
spectra, therefore, is difficult to interpret (n terms of single species. It should

be noted here that the Raman effect, even for rescnance - enhanced cross-sections,
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is an extremely weak phenomenon. We have measured, for example, that for
rhodopsin the ratlo of the cross-section of the most intense Raman line measured
with the 568.2 nm krypton line to the absorption cross-section at 568. 2 nm is
approximately 3x10'9. In this particular case, the rhodopsin molecule is more
apt by a factor of approximately 108, to absorb a photon than to scatter a Raman
photon.

Molecular Flow

A new technique, Moleculaxr Flow, was devel oped independently by Mathies
et al,, (1976) and in this work (Callender et al., 1976). It eliminates problems
associated with photolability and aliows the measurement of Raman spectra of
distinct species of photosensitive material in salutions. The basic idea of this
technique (see Figures 9 and 26) is to impose a molecular vel ocity transverse to
the laser beam so that the probability that any molecule will absorb a photon while
travelling through the beam is small. In addition, the small percentage of the
molecules that is photoisomerized is continuously replenished by new material .
This way the Raman apparatus detects essentially only the pure initial sample.

Two parameters are important, {(a) the probability thata malecule will iso-
mevrize in the laser beam, (b) the fraction of the total sample photoisomerized.
The derivation of these parameters Is given in the Appendix. The probability of
photoisomerization of a molecule during a single transit through the center of the

laser beam is given by:

Tosay (17)
W UL
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I, is the laser Intensity, &, the absorption cross section at the laser wave-
length, \P the quantum yield of photoisomerization, Uy, the bulk velocity and
r, the distance of 1/e polnts; of the laser beam (assuming that the laser beam
intensity profile is Gaussian, as it is in our case).

It should be noted that Pm> 1 corresponds to molecular absorption of more
than one photon. This case is discounted here by assuming low laser intensity.
P, can be made arbitrarily small by a suitable choice of experimental parameters.
It is for this reason that the molecular flow technique works, Very few molecules
in the laser beam are photoisomerized, a necessary criterion for obtaining re-
liable Raman results,

At all times molecules are undergoing photoisomer ization; as such they are
effectively destroyed. The photoisomerized mdecules continuocusly accumulate
and though the photoisomerization in the beam might be negligible the accumula-
tion of the destroyed molecuies might increase to a level of Introducing errors

to the Raman spectra. The fraction of the total sample destroyed is given by:

p. LO16™)%T
N

(18)

where A is the absorbance of the sample, C, the concentration in molecules/cms,
V the total sample volume, and T the time of Raman measurement. For small

absorbances the exponential can be expanded and Equation 18 can be simplified:

2.31. AT Y
N

--Ol
1]

(19)
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P can be made arbitrarily small by a suitable choice of experimental parameters,
There are two advantages in making the absorbance small. (a) There is some
evidence that the resonance Raman cross section drops more slowly than the ab-
sorption cross section as the laser frequency moves away from the absorption
band (Fenstermacher and Callender, 1974). (b) The scattered Raman light is

attenuated less in exiting from the sample.
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Methods and Materials

Resonance Raman spectra were obtained in a 1401 Spex double monochroma-
tor, a cooled RCA 31034 photomultiplier tube and photon counting electronic appa-
ratus interfaced toa PDP - 8e minicomputer, Part of the memory of the computer
is reserved for data storage in discreet channels. Absorption spectra were taken
in a CGA McPherson UV-VIS spectrophotometer equipped with a constant tempera-
ture cell holder. The temperature in the holder was controlled by a bath circula-
tor Lauda Super K/2R and monitored by a thermocouple. The spectrophotometer
was interfaced to the PDP-8e. The PDP-8e is connected to a PDP-10, greatly in-
creasing the capabilities of the system for data analysis and storage.

A Coherent Radiation model 52B krypton ion laser, a Spectra - Physics model
165 argon ion laser and a Spectra - Physics model 370 tunable dye laser with
rhodamine 6G were used to produce monochromatic radiation. The available fre-
quencies span the range from UV(350. 4nm) to the red (647. lnm). The laser beam
was difracted on a grating to separate the discharge lines and the first order
difracted beam was used to excite the sample. A right angle scattering geometry
was used. Power levels were measured before the sample with a calibrated
thermopile (Eppley Laboratories, Newport, R.I.).

The molecular flow apparatus (Figure 9) consists of a closed recilculating
flow system driven by a small pump (Micro-pump model 12-41-303). The capillary
tube that intersects the laser beam is the drawn end of the Pasteur pipet of 1.5 mm

internal diameter. The velocity of the fluid in the capillary tube can be measured

-46-



Figure 9

Molecuiar flow apparatus. Laser exciting beam is directed perpendicular to
the plane of the graph. Scattered light is collected at 90 degrees. Arrows

indicate the direction of the molecular flow.
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by determining the bulk velocity. Typical values were between 500-600 cm/sec.
The apparatus was slightly modified to enable Raman measurements of metarho-
dopsin I, metarhodopsin II and bacteriorhodopsin.

The incident laser beam was defocused on the capillary tube producinga 1/e
beam radius of 40x 5 pm. The beam diameter and profile were determined
by measuﬁng the Rayleigh scattering of the flowing fluid with 10 r.m monochrom-
ator slits while moving the laser beam transverse to the monochromator in known
amounts, The magnification (x5.2) of the collecting lens was determined by re-
placing the sample with a microscope reticule and repeating the process. The
beam diameter parallel to the beam axis was founfl nat to vary by more than a
few percent inside the capilary tube.

Low temperature Raman spectra were taken using a nitrogen cold finger
dewar connected to the end of the flexible nitrogen/helium transfer line LT-3-110
(Air Products and Chemicals, Allentown, Pennsylvania). The sample was depo-
sited in a concave depression in a temperature - controlled copper sample holder
arranged for 90° scattering from the face of the sample. The holder was cooled
by a continuous stream of nitrogen gas. Temperature in the holder could be set
between -190°C to 0°C and maintained within . 5°C of the set temperature.

The monochromator was calibrated by the known Kt. and A'; laser lines.

4

1 All the spectra presented here

Line assignments are accurate to =+ 3cm” .
consist of digitally pooled data from multiple runs and all identified lines have
been observed in several separate measurements. A typical single scan con-
sisted of monochromator speed of 50 cm'I/mln and a channel duel time of 2.2
sec (an effective time constant of 12 sec) far a total of 512 channels,
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Visual Pigments

Rhodopsin:

Bovine retinae were purchased from Hormel (Austin, Minnesota). ROS
(rod outer segment) were prepared according to the procedures described in
"Methads in Enzymology” (Hubbard et al., 1971). Al procedur es‘ involving
rhodopsin were carried out in red dim lights at room temperature.

ROS were homogenized to a thick paste. This was diluted with an equai
volume of phosphate buffer .067M and pH ~7 with 40% sucrose (W/V). The
suspension was centrifuged at ~20,000 rpm for 40 min and the turbid super-
natant was discarded. The pellet was regrounded and suspended with the 40%
(W/V) sucrose buffer, A thin layer of aqueous buffer was added on top of the
homogenate in the centrifuge tube. The homogenate was centrifuged at ~17, 000
rpm far 20 min. The ROS were coliected with a syringe from the interface
between the aqueous buffer and 40% (W/V) sucrose buffer, The callected frag-
ments were washed with aqueous buffer centrifuged to a pellet and the whole
process was repeated three to four times, Finally, the ROS were extracted in
a solution of 1% cetyltrimethylamonium bromide (CTAB) (W/V) in potassium
phosphate buffer .067M at pH 6.5 and . 1M hydroxylamine., This was diluted
five times with the same buffer without CTAB reaching .2% CTAB (W/V) con-
centration and absorbance of .5 O,D, /cm, roughly equivalent to 10"5M cancen-
tration of rhodopsin.

The purity of rhodopsin preparation is determined by the ratio of absarption

at the maxima of the protein band (280nm) and the visible absorption band (500nm).
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The lower this ratio the better the sample is. This ratio was for our samples
about 3,5 out of 1.6 that has been reported in the literature for the best pre-
parations. Figure 10 shows the absorption spectrum of a typical rhodopsin
sample. It should be nated that the purity of rhodopsin is important in the
Raman measurements., Low purity samples show an increased fluorescence
background affecting adversely the signal to noise ratio.

Raman spectra of rhodopsin were taken in the malecular flow apparatus,
previously described with the 568, 2 nm line from the krypton laser and at a
power level of 10mW. The temperature of the sample were kept at 17°C by
immersing the reservoir in an ice bath. The procedure during the experiment
was to obtain Raman spectra until the sample was 50% bleached. The entire
sample was then completely bleached to retinal oxime and opsin and separate
Raman measurements performed under identical conditions. It was found that
the totally bleached sample gave a negligible Raman spectra apart from a broad
background fluorescence and a small broad band around 1650 cm”! which is a
well known water line. We conclude that no significant Raman lines fram the
retinal oxime and opsin are contained in the rhodopsin spectrum. The rate of
formatlon of retinal oxime was measured in a separate experiment by monitaring
the absorbance at 365nm after a bleaching pulse of light. It was found that this
time was faster than the molecular round trip transit time.

Figure 11 shows the Raman spectrum of a typical run of rhodopsin and the
final spectrum composed of many digitally pooled runs after the fluorescence

background was removed. The background was computer subtracted by least
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Figure 10
Absorption spectra of (a) rhodopsin solution in potassium phosphate buffer
.067M and . 1M hydroxylamine at pH 8.0 2% CTAB (W/V), and (b) same sample

bleached at room temperature. A{280)/A(500) ~ 4

-59-



OPTICAL DENSITY

1
300

l
400
WAVELENGTH

600nm

-53~




Figure 11

(b) Resonance Raman spectrum of rhodopsin, a single run. Monochromator
speed set at 100 cm-llmln, dwell time 1.1 sec per channel, (a) Final spectrum
composed of many digitally pooled runs. Fluorescence background has been

subtracted (see text). Vertical arrow represents (b) 1000 counts, (a) 1600 counts,
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square fitting a curve to a number of background points, The values of 512
equidistant points were subsequently calculated and subtracted from the cor-
re sponding channels of the raw data,

Metarhodopsin I and Metarhodopsin 11

Metarhodopsin [ was prepared from rhodopsin vesicles suspended in potassium
phosphate buffer .067M at pH 8.0 ard temperature +3°C. The suspension was
irradiated with 568, 2nm krypton line for sufficient time to ensure that a photo-
steady state was reached, Metarhodopsin I was identified and the stability tested
by monitering the absorption spectra of the suspension at +3°C,

Absorption measurements of suspension may introduce large errors due to
light scattering, Figure 12a shows a typical absorption spectrum of rhodgpsin in
suspension, As it can be seen the absorption band at 300nm is only a few percent
of the background making the assay of the composition of the suspension virtually
impossible, The procedure that was followed was to record the absorption spec-
trum of the suspension with reference to air. The sample then was bleached at
room temperature with a drop of hydroxylamine 1M being added to it and centri-
fuged. The supernatant, which included the retinal oxime was discarded and the
pellet was resuspended in the same buffer to the same concentration and the absorp-
tion spectrum recorded. This spectrum was computer subtracted from the original
spectrum of the suspension leaving an absoxrption spectrum without the background
(Figure 12b).

This procedure was tested on a rhodopsin suspension, The absorption spec-
trum thus obtained waé compared to the absorption spectrum of solubilized rho-

dopsin in 2% CTAB (W/V) in the same buffer and concentration (Figure 12c).
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Figure 12

(a) Absorption spectra of rhodopsin vesicles in phosphate huffer (1), and
the bleached sample (see text) (2). The baseline in both spectra has been
suppressed by 1.5 0.D, (b) Absorption spectra of rhodopsin vesicles after
the background has been combuter subtracted. (c) Absorption spectra of

solubilized rhodopsin in 2% CTAB (W/V) in phosphate buffer, Concentrations

in (a) and (c) are the same.
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The two absorption spectra are in good agreement.

The absorption band of rhodopsin upon irradlation with 568. 2nm shifted to
480nm. The band decreased slowly, a few percent, over a period of an hour
due probably to slow thermal reactions or possibly to precipitation of the vesicles.
The samplie was warmed up to room temperature in the dark and the absorption
spectrum recorded. The absorption maxima of metarhodopsin I is 478nm
(Matthews et al., 1963). From these spectra the composition of the suspension
in the photosteady state was calculated to be 80% metarhodgpsin I and 20% rho-
dopsin and isorhodopsin In good agreement with the values reported by Hubbard
and Kropf (1958).

Metarhodopsin II was prepared and tested in a similar way., Rhodopsin
vesicles were suspended In citrate (. 067M) - potassium phosphate (. 134M)
buffer at pH 5.3 and irradiated at +3°C with the 568, 2nm krypton laser line,
The absorption spectra of the suspension were obtained as It has been previously
described, The ratio of metarhodopsin Il to metarhodopsin I was found to be 3/1.
The absorption spectra remained unchanged for a period of two hours, The sus-
pension was warmed up to room temperature in the dark and the absorption spec-
trum recorded again. No appreciable amount of rhodopsin or isorhodopsin was
found.

A further test was performed to ensure the identity of metarhodopsin II. The
pH of the irradiated vesicies was adjusted to 8.0 by titrating the suspension with

small quantity of potassium hydroxide 2M. The operation was performed at +3°C
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under red dim lights, The absorption spectrum of the suspension was recorded
at +3°C. The 380nm band shifted to 478nm. As It was expected, metarhodopsin
Il was converted to metarhodopsin I. A small decrease of the optical density of
the sample was attributed to a decrease in the concentration.

Raman measurements of metarhodopsin I and metarhodopsin II were taken
in the molecular flow apparatus modified for that purpose. A cold bath circula-
tor Lauda Super K/2R was included to cool the sample reservoir. The tempera-
ture was monitored by a thermocouple at the return port. The temperature at the
solution was maintained at +3°C. The temperature difference between the out-
going and the incoming sample was found in experimental runs, not to exceed 1°c.
The sample was stirred inside the reservoir to prevent ice .formatlon on the wall,

The reservoir was continuously irradiated with the 568.2nm krypton laser
line expanded to Wluminate the whole sample and at a power level of 250mW, The
transfer time from the sample reservoir to the Raman measuring capillary tube

|

was approximately 5 sec. This Is much longer than the time of formation of meta-
rhodopsin I ( ~ }.LSEC) or metarhodopsin II {~ m sec). We conclude, therefore,
that the Raman obtained do not include any contributions fram bathorhodopsin or
lumirhodopsin intermediates. Typical concentration of samples were .3 - .5
O.D./cm. All samples were irradiated for 20 min prior to collecting Raman
spectra.

The 476.2nm argon laser line was used to excite metarhodopsin I at a power
level of 2mW, Under the conditions of the experiment less than 5% of the sample

was photoconverted in the beam. Metarhodopsin 112 spectra were obtained with
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the 454.5nm argon laser line at a power level of 5-10mW. Since the absorption
band of metarhodopsin II lies relatively far from the laser line no significant
photoéonversion in the laser beam is expected.

The procedure during the flow experiment was to accumulate the Raman
spectra of multiple runs until the signal to noise ratio built to a sufficient level,
The entire sample was warmed up to room temperature and bleached at the end
of the experiment. Separate Raman measurements were performed then undex
otherwise identical conditions. The bleached sample gave a broad fluorescence
background but no Raman structure was detected,

The Raman spectrum of metarhodopsin I contains com ponents from rhodopsin
and isorhodopsin. Under the conditions of the exberlment the percentage of each
of these two species is calculated to be roughly 10% (Hubbard and Kropf, 1958).
The contribution of rhodopsin, however, to the Raman spectra may be expected
to be relatlvely less, if the enhancement factor is taken into account, The con-
tribution of isorhodopsin is more difficult to assess. Both metarhodopsin I and
isorhodopsin are equally enhanced. The malar extinction coefficient of metarho-
‘dopsin I, however, is larger tha;,n that of isorhodopsin. This affects favourahly
the relative contiribution of metarhodopsin I in the Raman spectra, In addition,
comparison of the isorhodopsin Raman spectra (Oseroff and Callender, 1974;
Mathies et al,, 1976) and metarhodopsin 1! reveals that the prominent bands are
in different positions in the two spectra, The ratio of the main bands are better
than 6/1. Wé conclude, therefore, that the Raman spectrum presemted here is

the Raman spectrum of metarhodopsin I, as far as the main features are concerned,
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The contribution of metarhodopsin I to the metarhodopsin 112 spectra is
difficult to assess because of the different enhancement factors fa the two species,
The procedure that was followed was to computer subtract increasing amounts of
the Raman spectrum of metarhodopsin I from the Raman spectrum of metarhodopsin
112 without creating excessive valleys into the baseline, It was found, in this way,
that the relative contribution of metarhodopsin I in the Raman Spéctrum of metarho-
dopsin II2 was about 40-45%,. This constitutes only an upper-limit of the relative
contribution of metarhodopsin I. It is not unreasonable, however, cmsidering
(a) the composition of the mixture of the two intermediates, (b) and that the Raman
spectrum of metarhodopsin I is enhanced more due to the proximity of its absorp-
tion band to the exciting laser line, In addition, it was found that the main features
of the Raman spectrum of metarhodopsin II are not very sensitive to the amount of

the spectrum of metarhodopsin I subtracted,
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Bacteriorhodopsin:

Cultures of Halobacterium Halobium of the R; mutant strain were grown
and the purple membrane purified according to the procedures described by
Becher and Cassim (1975). Two intermediates were studied: (a) the PM568
in the light adapted form and (b) the M412, The flow apparatus (Figure 9) was
used for both intermediates.

For measurement of PM568, purple membrane suspended in distilled water
was maintained at approximately 5°C by cooling the sample reservoir with a
Lauda Super K-2/R circulator. The pigment in th,is reservoir was kept in the
tight-adapted state (PM568) by irradiating with light from a 60 watt incandescent
bulb, After leaving the reservoir, the sample was in the dark for‘about 6 sec
until it reached the exciting laser beam, The 568.2 nm krypton laser line was
used at a power level of 1.5 mW. Under the conditions of the experiment, less
than 5% of the sample was photoconverted during irradiation with the laser.

To record the M412 spectrum, NaCl was added to the purple membrane to
make a 4.3 M solution and the pH was raised to approximately 10, greatly increasing
the lifetime of this intermediate (Becher and Ebrey, 1977). The tubing from the
sample reservoir to the Raman measuring capillary tube was shortened, reducing
the transfer time to approximately 3 sec. The same lamp used for light adapting
the purple membrane pigment was used to drive PM568 to M412, but now the
sample reservoir was covered with yellow cellophane to remove most of the
shorter wavelength light. The 454, 5nm argan laser line was used at a power

level of 2,6mW to measure the Raman spectra of M412. Under these conditions



less than 5% of the sample was photoconverted from M412 during irradiation
with the laser. After the M412 Raman spectrum was recorded, the membrane
suspension was placed in the dark for thirty minutes and then the Raman spec-
trum recorded with the 568. 2nm laser line. This spectrum was indistinguishable
from the spectrum of the PM568 without NaCl and high pH, demonstrating that
the protein did not denature in NaCl and high pH.

Under the above conditions, the sample is not completely converted to M412,
In order to determine the sample composition, the absorption spectra of the high
salt, high pH purple membrane suspension were measured under conditions identi-
cal to that of the Raman experiments except that a 10nm flow spectrophotometer
cuvette replaced the capﬂlafy tube of the Raman system. We estimate that a mini-
mum of 80% of the pigment is in the M412 form. If opal glass is used to minimize
the lighg scattering changes, a clear isosbestic point is obtained indicating that
only PM568 and M412 are present. Since the 454.5nm laser irradlating line is
much closer to resonance with the M412 absorption band than the PM568 absorp-
tion band, it can be expected that the M412 spectral features will dominate the
composite Raman spectra more than its minimum composition of 80% would Indi-
cate, Examination of spectral features of the data (see below) show that the
residual PM568 makes almost no contribution to this Raman spectrum.

Although the growth procedures for the bacteria are under conditions which
minimize the amount of carotenoids present and nearly all of the carotenoids are

assoclated with the purple membrane are removed in the purifying procedures,

-64-



it cannot be assumed that there is no carotenoid present in the sample which
can then give rise to spurious Raman scattering. This is important since the
laser lines used are in resonance with carotenoid absorption bands so that
trace amounts can give rise to significant Raman scattering. The possible
presence of carotenoid bands was assayed in the fallowing manner. Raman
spectra were taken of the sample washings, and the carotenoid present in these
samples was found to be the (2, 2/2, 2) type as measured by Rimali et al., (1973)

which has strong Raman bands at 1154 and 1510 cm” 1

These lines were not
observed in the PM568 spectrum but were weakly present (less than 5% of the
ethylenic intensity) in the M412 spectrum. To examine the carotenoids, sta-
tionary double beam measurements at room temperature of purple membrane
(as used in the PM568 experiment above) were performed. A "probe' laser
beam at 454, 5nm and a "pump" laser beam at 568.2nm were used. The two
beams were made coaxial by a beam splitter and passed through an aperture.
The apertures ensured that each of the beams illuminated the same area of the
sample. The ratio of the power leveis of the "pump" to the "probe' was 10 to 1.
When the 'pump" beam was not present the resulting spectra was essentially
that of PM568. When the "pump' beam was included the spectrum of essentially
M412 was obtained. However, the smalli Raman structure at 1154 and 1510 cm™!
was found nbt to change in these two runs. Thus, we conclude that these two

lines found in the M412 spectrum are due to the carotenoid present in the sample.

These two lines have been computer subtracted from the M412 spectrum.



Model Compounds

Retinals:

Retinals other than l1lcis were purchased from Sigma Chemical Co. (St,
Louis, Missouri) and used without further purification. The ll-cis isomer
was a gift. from the Hoffmann-La Roche company. The purity of the retinals
was assayed by high pressure liquid chr omatography (HPLC) (Chan et al., 1974)
under the following conditions. A Walters Assoclates 6000 psi HPLC system
equipped with a spptum injector, and Laboratory Data Control 350nm detector
was used with a )*-poracil one or two 1 ft. x .25 in. caumn(s). The solvent
system was 1-4% (V/V) ether /n - hexane and the flow rate was adjusted to 1=2
ml/min. The retinal isomers present in the solution were identified by compari-
son with known standards, The compositions percentage were determined by
measuring the areas under the curves by the cut-and-welgh method and divide
them by their € 350 respective values. It was found that all-trans and 13-cis
wer e better than 97% pure, 1l-cis 95% and 9-cis 87% pure. A typical concen-
tration of the retinal tetrachloride solution was SmM.

Resonance Raman spectra of retinals were taken in the flow apparatus pre-
viously described. Sample temperature was maintained at 17°C by immersing
the sampie reservolr in an ice bath. The 520.8nm laser line at a power level
of ImW was used. The solutions of retinals were assayed by HPLC after each
flow experiment. The degree of total photoisomerization was very small (less
than 2%). The Raman spectrum of Lcarbon tetrachloride were computer subtracted

leaving the pure Raman spectra of the retinals,
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The crystal Raman data were obtained by defocusing the 647. 1Inm laser
beam to completely illuminate the crystals held in a sealed capﬂlary tube. The
sample was assayed after the Raman experiment by HPLC. No change in iso-
meric composition was obsexved in all cases.

Schiff Bases of Retinals

Retinal Schiff bases of all-trans, 13-cis and 11-cis were prepared by adding
an excess amount of n-butylamine or monoethanolamine to the solution of the
corresponding retinal in pure ethanol at 0°C. The salution was stirred for 2
hours under a stream of nitrogen. The completeness of the reaction was tested
by the absorption spectra. Schiff bases absorb about 20nm to the shorter wave-
lengths of the retinals. The solution was dried for the complete removal of ex-
cess amine and the remaining powder was dissolved in absolute ethanol or carbon
tetrachioride. Protonated Schiff bases were prepared by titrating the corresponding
‘Schiff base in absolute ethanol with ethanol saturated with hydrogen chloride. The
protonation was followed by the change in the absorption spectra.

Raman measurements of the retinal-n-butylamine Schiff bases protonated
and unprotonated were taken in the molecular flow apparatus, Table 3 summarizes
the canditions of the experiment, wavelength used, power level and concentration.
The ethanol background spectrum was computer subtracted leaving the pure

Raman spectra of the retinal Schiff bases,



Tabie 3

Concentration > Power
moles (nm) (mW)

Schiff bases
11-cis C.T. 8.8x10™% 476.2 1.2
all-trans E.A. 3.5x107° 476.2 2
13-cis  E.A, 2.6x1073 476.2 2
Protonated Schiff bases
11-cis . E.A, 2.4x107% 457.9 1
all-trans E.A. 3.5x1073 647, 1 3
13-cls E.A. 2.6x10°4 530.8 3

C.T. - solvent carbon tetrachloride

E.A. - solvent ahsolute ethyl alcohol
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Footnotes

1. Metarhodopsin I followed by the superscript should be taken to mean the
mixture of metarhodopsin I, rhodopsin and isorhodopsin previously de-
scribed.

2. Metarhodopsin II followed by the superscript should be taken to mean the
mixture of metarhodopsin I and metarhodopsin II previously described.



Section III

Results and Discussions

Model Compounds

Figures 13 - 16 show the resonance Raman spectra of all-trans, 13-cis,
9-cis and 1l1-cis retinal isomers in crystals and solution as well as their cox-
responding protonated and unprotonated Schiff bases. Previous éxperlmental
(Rinai et al., 1971b; Gill et al., 1971; Heyde et al., 1971; Callender et al., 1976;
Mathies et al., 1977) and theoretical work (Tric, 1969; Rinali et al., 1973; Warshel
and Karplus, 1974; 1977) have made possible some general spectral assignments
(see also Callender and Honig, 1977). The fundamental vibrations of the retinals
and their Schiff bases that have received the greatest attention in Raman studies
are found bethen 800 and 1700 cm'l. Traditionally, this region has been divided
to (a) terminal end group (1600-1700 cm™ 1), (b) the ethylenic mode region (1500 -
1620 cm'l) and (c) the fingerprint region (900- 1450 cm 1). A low frequency

1

region covers vibrations below 900 cm™*.

Texrminal End Group

The band in this region has been assigned to C =0 stretching vibration for
the retinals or C=N stretching vibration for the Schiff bases. The frequency of
C= 0 vibration is msénsltive to the conformation of the isomer (Figures 12, 13).
It depends, however, on the state of the sample {(e.g. powder or solution). In
addition the frequency is affected by the polarity of the solvent. Polar solvents
generally have the effect of decreasing the frequency of C= 0 vibration. This

may be due to hydrogen bonding of the solvent to the oxygen of the carbonyl group.
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Figure 13

Resonance Rana n spectra of various retinal isomers as crystals. The

exciting laser frequency is 647. lnm and, the resolution in all cases is 8 em™1,
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Figure 14
Resonance Raman spectra of various retinal isomers dissolved in carbon
tetrachioride. The exciting laser frequency is 520.8nm, and the resolution

in all cases is 12 cm™ 1.
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Figure 15

Resonance Raman spectra of (A) 11-cis retinal-n-butylamine HCl, (B) all-trans
retinal-n-butylamine HCl, and (C) 13-cis retinal-n-butylamine HCl. The

resolution is (A) 9 cm'l, (B) 4 ¢m™!, and (C) 6 em™ L.
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Figure 16
Resonance Raman spectra of (A) 11-cis retinal-n-butylamine, (B) ali-trans
retinal-n-butylamine, and (C) 13-cis retinal -n-butylamine. The resolution

is (A) 9 em™}, 8) 7 em™1, and (C) 7 em™ 1,
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It should be mentioned here that 13-cis retinal in crystal show a split C=0
band but no explanation has been advanced to date,

In the Schiff bases of retinals (Figure 14) a weak band appears at 1620 cm™1
which has been assigned to the C =N stretching vibration. An important result
is that the protonation of the Schiff base ieads to a frequency increase of about
30 cm™ ! (from 1620 em~! to 1650 cm” 1) (Figure 15). This observation facilitates
the identification of the protonated and unprotonated forms of the Schiff base and
has been used extensively in the study of the visual pigments. It should be men-
tioned here that the assignment of the band near to 1650 cm-1 in the protonated
species to C :ﬁH stretching vibration has been demonstrated by Oseroff and
Callender (1974). Deuteration of the Schiff base causes a predictable decrease
in the stretching frequency from 1655 cm™! to 1630 cm ™! (see for exar‘nple,

Herzberg, 1945).

Ethylenic Mode Region

Lines in this region have been assigned primarily to combinations of C=C
stretching vibrations. These vibrations are the strongest observed in the Raman
spectra of all polyenes. Their intensity is derived from large changes between
the ground and excited state geometries. The number of possible lines is equal
to the number of C =C double bonds, However, with the exception of 11-cis
retinal and to a lesser extent of 13-cis the lines appear degenerate. Four C=C
bands in the crystal spectra of 11-cis retinal are observed (Figure 12). This is

perhaps due to twisting about the 12 - 13 single bond in this isomer (Figure 17),
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Figure 17

Conformations of various isomers of retinal (X=0), its Schiff base (X=N),

4
and its protonated Schiff base (X=NH). (a) all-trams; (b) 13-cis; (c) 9-cis;
(@) 11-cis, 12-s-trans; (e) 1ll-cis, 12-s-cis. Arrows indicate flexible bonds

whose equilibrium is not planar.
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which could result in partial decoupling of the various C=C modes (Callender
and Honig, 1977). It should be noted that to the extent that C=C bond of P -
ionone is coupled to the electronic transition there could be five C=C bands in
this region.

The relative positions of the measured lines for the 11-cis retinal 1535,
1559, 1576 and 1604 cm ! are in good agreement with the calculated values 1565,
1646, 1660 and 1680 cm”~1 (Warshel and Karplus, 1974). The absalute frequencies
of the measured lines, however, are off by about 80 cm'1 from the calculated
values reflecting some inaccuracy in the theoretical potential curves, In the
solution spectra, the ethylenic lines either may broaden or their positions and
Raman cross sections change so that the lines can not be separately resalved.

Fingerprint Region

Lines in this region are very sensitive to the isomeric form and the terminal
group. For example, the conformation of 13-cis retinal is very similar to all-
trans. However, the Raman spectra are different. An analysis of the Raman
structure would lead to an understanding of the detailed conformation of the mole-
cule and its interactions with the environment. This possibility still lies in the
future. However, an aspect of the Raman spectra in this region, namely the cha-
racteristic spectral pattern for each isomer will be used extensively in the dis-
cussion of the visual pigments.

Vibrations in the fingerprint region are primarily C-C single bond stretches
and C-C-H bends. The line near 1450 cm™ ! has been assigned to asymmetric

bending of the methyl hydrogen (Rinai et al., 1971b; Warshel and Karplus, 1974,
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1976). The line near 960 cm™! is observed in infrared measurements (Lunde
and Zechmelster, 1955) and has been assigned to an active out-of-plane C-H
bending vibration (Shepard and Sutherland, 1949; Rinai et al., 1971b), however,

1

theoretical calculations (Warshel and Karplus, 1974) suggest that it is signifi-
cantly coupled with the C-Me stretch. In addition, the lines near 1000 em™!

have been assigned to C-Me stretching vibrations perpendicular to the polyene
chain (Rinai et al., 1973). Other mode assignments are difficult to make and

have not been made because they represent complicated group modes along the
polyene chain.

Small differences that appear between solution and crystal spectra of the
retinals can be attributed to different interactions of the retinal with the surrounding
media and/or small differences in conformation. A weak positive correlation
between the various lines and the absorption has been reported for the retinals
(Heyde et al., 1971). This observation is consistent with a stiffening of the C-C
single bonds with increased delocalization of the 11 electrons. The effect, how-
ever, is diluted by the large amount of the C-C-H bends coupled to C-C stretching
vibrations.

We shall now turn our attention to the lines that have been assigned to C-Me
stretching vibrations (1000-1050 cm-l). An important observation in the spectrum
of 11-cis retinal is the appearance of twolines at 998 and 1018 cm™! in sdution

as compared with a single line at 1018 cm™L in the crystal. The appearance of

the two lines also persists in the protonated and unpratonated Schiff bases of this



isomer. In addition, all other isomeric forms have only a single band in this
region.

Gill and co-workers (1971) interpreted the two bands in the spectrum of
11-cis retinal in solution as resulting from the different environments of the
9 - and 13 - methyl groups. X-ray studies of 11-cis retinal (Giraldi etal,, 1971,
1972) have shown that the 11-cis retinal crystallizes in the 12-s-cis conforma-
tion (Figure 17e). The two mentioned methyl groups are in similar environments,
in agreement to a single band appearing in the crystal Raman spectrum of 11-cis
retinal, Theoretical (Honig and Karplus, 1971) and NMR studies (Patel, 1969;
Rowan et al., 1974; Rowan and Sykes, 1974; Becker et al., 1974) indicate that
both conformations 12-s-cis and 12-s-trans (Figure 17d) are present in the solu-
tion. The 13-methyl group, however, is in a different environment in the 12-s-
trans conformation because of the steric hindrance between the 10~-hydrogen and
the 13-methyl group. Thus, the two methyl stretching vibrations can be expected
to be different. Callender et al., (1976) has assigned the 998 and 1018 em” 1

!

bands to 13-methyl stretching and 9-methyl stretching vibrations. This assign-
ment can be carried over to the Raman spectra of the protonated and unprotomated
Schiff base of the 11-cis isomer.

Low Frequency Region

Lines below 900 cm-1 have been assigned to group skeletal, waging, torsional,
and bending, out of the plane modes (Warshel and Karplus, 1974). Crystal of
most isomers have considerable structure down to 50 cm™ 1 (Figure 18). Lines

in this region are in genexral much weaker than in the other regions. It is evident
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Figure 18
Low frequency Raman spectra of various retinal lsomers as crystals. The

exciting laser frequency is 647. Inm, and the resolution in all cases is 7 cm'l.
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that this region is also sensitive to the conformation of the molecule. A point

of interest is the considerable structure about 800 cm™ ! in 11-cis retinal not
found with such strength in the other isomers. This may be a consequence of

the highly non-planar conformation of this isomer due primarily to chain twisting
about the 12C-13C bond. In additlon, all retinal isomers exhibit considerable
ring-chain twisting about the 6C-7C (Honig et al., 1971) bond which may be
responsible for the appearance of low frequency modes of these isomers as well.
The twisting of the 6C-7C is the result of the steric hindrances between the me thyl
groups in the ring and the proximal hydrogen along the chain. In addition, the
steric hindrance between the 10H and 13CHy causes the twisting about the 12C-

13C bond in 11-cis retinal,
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Visual Pigments

Rhodopsin, Metarhodopsin I and Metarhodopgin II

Figure 19 shows the resonance Raman spectra of rhod opsin, metarhodopsin
I and metarhodopsin II. This is a very Lmportant figure since, a detailed analysis
of the Raman structure leads to an understanding of the retinal conformation in
the opsin matrix for rhodopsin and the two intermediates. In addition, the canfor-
mational changes of the intermediates could possibly give an insight into the
mechanism that transduces the light into the nervous excitation.

The spectra of rhodopsin and the intermediates differ considerably, sug-
gesting an extensive change in the conformation of the retinal and/or the inter-
actions between the retinal and the opsin. In contrast the no-change of the CD
spectra of the same compounds has been interpreted (Wu and Stryer, 1971) as
implying stability of the local environment in the transition from rhodopsin to
metarhodopsin I and metarhodopsin II. This example illustrates, perhaps, the
advantages of the resonance Raman spectroscopy over other spectroscopic
methods.

The Raman spectra of rhodopsin and the intermediates can be organized in
a fashion similar to the spectra of the model compounds (e.g. Schiff base, ethyl-
enic stretch and fingerprint region). Figures 20 - 22 compare the spectra of
rhodopsin, metarhodopsin I and metarhodopsin II with the spectra of 11-cis pro-
tonated Schiff base, all-trans protonated Schiff base and all-trans unprotonated

Schiff base respectively.



Figure 19

Resonance Raman spectra of (A) CTAB extracts of bovine rhodopsin taken
with the 568, 2nm laser line, (B) metarhodopsin I vesicles taken with the
476.2nm laser line, and (C) metarhodopsin II vesicles taken with the 454, 5Snm

laser line, The resalution is (4) 10 cm'l, (B) 7 cm'l, and (C) 8 em™ L.
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Chromophore-Pratein Linkage

Previous Raman studies have established that the retinal-opsin linkage of
rhodopsin is a protonated Schiff base (Lewis et al., 1973; Oseroff and Callender,
1974; Mathies et ai., 1976; Callender et al., 1976). The line at 1657 cm'1 in
the spectrum of rhodopsin corresponds very closely to the 1660 cr:fl in the spec-
trum of 11-cis protonated Schiff base. In addition, a line at 1655 em™1 appears
in the spectrum of metarhodopsin I. Thus, the Raman spectra indicate that the
chromophore remains connected to opsin via a protonated Schiff basc'eh‘through the
metarhodopsin | intermediate. In addition, the data is consistent with a photo-
calorimetry study by Cooper and Converse (1976). They showed that forma tion
of metarhodopsin I does not involve any changes in the net protonionization of the
system.

A weak line at 1637 cm™! appears in the spectrum of metarhodopsin II. The
position of this line corresponds well to the 1632 cm"1 of the unprotonated all-
trans Schiff base. The observation of this line is very important since it estab-
lishes directly that the metarhodopsin I to metarhodopsin II transition invalves
the deprotonation of the Schiff base. Previous work on metarhodogpsins (Matthews
et al., 1963; Cooper and Converse, 1976) have established that the metarhodopsin
I to metarhodopsin II transition involves a net uptake of a proton. Thus, the Raman
data confirm early suggestions that two protons are invalved in this transition
(Matthews et al., 1963), the second proton arising from the deprotonation of the
Schiff base, The two protan acceptor groups become active in the metarhodopsin I

stage. Prior to that intermediates appear to be pH insensitive within the stability

range.
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One of the active groups has a pK of 6.4 and has been tentatively identified
as the imidazole group of histidine (Radding and Wald, 1956b; Matthews et al.,
1963). It is likely that this acceptor group is close to the "surface" of the pro-
tein since the rhodopsin to metarhodopsin I transition correlates to only small
changes in the conformation of the protein (Abrahamson and Ostroy, 1967;
Abrahamson, 1973). It might be noted that in the squid rhodopsin system the
metarhodopsin I to metarhodopsin II transition is accompanied by a net decrease
of a proton (Kropf et al., 1959) possibly the proton of the Schiff base (Sulkes et
al., 1976).

Cooper and Converse (1976) have recently suggested that metarhodopsin 1
to metarhodopsin II transition actually involves the hydrolysis of the Schiff base
(forming retinal) with the chromophore baund non-covalently in the acf.ive site.
The present Raman data argue strongly against this model. In summary, the
arguments against are as follows: (a) the line at 1637 cm™! which has been as-
signed in the C= N stretching vibration, (b) there is no line near 1670 em”1 which
would correépond to C=0 stretching vibration of the aldehyde, and (c} overall
the Raman spectrum of metarhodopsin II resembles that of all-trans unprotonated
Schiff base rather than that of the retinal. In addition, Bownds and Wald (1965)
have shown that the retinal-protein linkage can be reduced by sodium borohydride.
It is difficult to see how this reaction can take place if the retinal is not covalently
bound to the protein.

Conformation of the Protein-Bound Retinal

The discussion of the preceding chapter has shown that there [s a close corre-
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spondence in the Schiff base region between the visual pigments and Schiff
bases of the retinals. In what follows we carry this analysis into the finger-
print reglon. As it has been mentioned before, this region is very sensitive

to the conformation of the molecule., Thus, an analysis of this region can pro-
vide information about the conformation of the chromophore in the opsin matrix.

There is a close agreement (within a few wavenumbers) between the spec-
trum of rhodopsin and that of 11-cis protonated Schiff base (Figure 20), In
addition, the spectrum of rhodopsin does not agree with any of the spectra of
the other isomers protanated (see also Mathles et al., 1977) and unprotonated
given here as well as the 9-cis protonated as reported by Mathies et al., (1977).
This similarity between rhodopsin and 11-cis protonated Schiff base spectra, as
it has been argued by Mathies et al., (1977), indicates that th;- conformation of
the retinal in the ground state in the opsin matrix is very si;xluar to the confor-
mation of the 11-cis protonated Schiff base in solution. However, the protein
may change the excited state of the chromophore inasmuch as thé intensity of the
Raman bands depend on both ground and excited states.

An important observation is the two bands at 998 and 1015 cm”™ 1 in the rho-
dopsin spectrum. As we have discussed above these bands have been assigned to
the 13 - and 9 - methyl stretching vibrations respectively, in the 12-s-trans con-
formation (Gill et al., 1971; Callender et ai,, 1976). By assuming that the chromo-
phore in rhodopsin has a single conformation or that the 9 - and 13 - methyl

stretching motions give rise to nearly equal Raman cross sections, these data

suggest that the chromophore in rhodopsin is in the 12-s-trans conformation,
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F igure 20

Resonance Raman spectra of (A) CTAB extracts of bovine rhodopsin, and

(B) 11-cis retinal-n-butylamine HCI.

(P.S.B. = protonated Schiff base)
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perhaps distorted (Callender et al., 1976). Some recent studies, however,
(Cookingham et al., 1977) as well as our studies on selectively deuterated
retinals cast some doubt on this simple model. OQOur studles, though not incon-
sistent with the proposed conformation, indicate that modes in this region are
extremely coupled.

Figure 21 shows the spectra of metarhodopsin I and all-trans protanated
Schiff base, The all-trans protonated Schiff base has lines at 967, 1009, 1164,
1198, 1242, and 1277 em™! in the fingerprint region. All these lines except
small changes in the position are repeated in the spectrum of metarhodopsin I.

It is even more interesting that the majority of these lines show the same inten-
sity pattern. The 967 em™! (s an exception, but it is known that it is generally
enhanced in visual pigments for reasms not as yet understood. The spectrum of
metarhodopsin I contains weak lines at 1140, 1210 cm™! which do not exist in the
spectrum of all-trans protonated Schiff base. Some of these lines {like 1210 cm” l)
could be artifacts arising from small amounts of thodopsin and isorhodopsin.

Figure 22 shows the spectra of metarhodopsin II, all-trans unprotonated Schiff
base and all-trans retinal. It can be seen that the spectrum of metarhodopsin II
resembles the spectrum of the Schiff base more than that of all-trans retinal. The
spectrum of metarhodobsln II contains lines at 971, 1012, 1156, 1169, 1203 and
1233 ecm™! in the fingerprint reglon which are repeated in the Schiff base, Some
of these lines appear in the Raman spectrum of all-trans retinal. However, the

set of the three lines at 1156, 1169 and 1203 cm™! is characteristic of the all~-trans
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Figure 21
Resonance Raman spectra of (A) metarhodopsin I veslicles, and (B) all-trans

retinal-n-butylamine HCL.

(P.S.B, = protonated Schiff base)
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Figure 22
Resonance Raman spectra of (A) metarhodopsin II vesicles, (B) all-trans
retinal-n-butylamine, and (C) all-trans retinal,

(S.B. = Schiff base)
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Schiff base. Inaddition, the intensity pattern of the spectrum of metarhodopsin

II resembles réther closely that of the all-trans Schiff base, The line at 1080cm™1
in the metarhodopsin II spectrum is not repeated in élther. In addition, both
Schiff base and retinal contain lines that are not found in the spectrum of meta-
rhodopsin II.

Thus, as it appears from the Raman spectra, the conformation of the chromo-
phore in the metarhodopsin I and metarhodopsin II is very similar to that of all-
trans protonated and unprotonated Schiff base in salution respectively, The small
changes in the line positions and intensities are very likely an indication of some
residual chromophore-opsin interactions rather than of differences in the confor-
mation between the pigments and the model compounds. As we have seen before,
even small changes in the conformation produce disproportionately large changes
in the Raman spectra (compare, for example, all-trans and 13-cis model com-
pound). In conclusion, we can describe both metarhodopsins as having an essential
all-trans conformation. Transition of metarhodopsin I to metarhodopsin II, as
far as the chromophore is concerned, invadves only the deprotonation of the Schiff
base. It is also clear that there is unlikely any further retinal c mformation
changes from metarhodopsin II to final retinal hydrolysis since the chromophore
detaches as all-trans retinal.

The 1l-cis to all-trans lsomerizatl{on of the chromophore has been the founda-
tion of the primary photochemical event since the early works of Wald and co-
workers (see, for example, Hubbard and Kropf, 1958; Yoshizawa and Wald, 1963;

Hubbard et al., 1965; Wald, 1968). The early arguments were based on the photo-
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reversibility between rhodopsin, isorhodopsin and bathorhodopsin. However,
the Raman studies by Oseroff, Callender (1974) of bathorhodopsin do not support
a pure all-trans conformation for the chromophore. The Raman data presented
here are the first direct proof that the chromophore has assumed an all-trans
conformation at least at the stage of metarhodopsin I. In addition, metarhodopsin
I shows photoreversibility between rhodopsin and isorhodopsin. It is not un-
reasonable, therefore, to argue that since photoreversibility occurs in the transi-
tions rhodopsin (11-cis) 2 metarhodopsin I (ali-trans) =5, isorhodopsin
(9-cis) a similar situation exists with metarhodopsin I replaced by batlllorhodopsln.

It is appropriate at this point to ask the question as to what drives the thermal
reactions in the bleaching sequence of rhodopsin. Photocalorimetry has shown
that metarhodopsin I and metarhodopsin I are energetically higher than rhod opsin
(Cooper and Converse, 1977). In addition, Rosenfeld etal., (1977a, b) have

j

calculated that bathorhodopsin is at least 12K cal/mole higher in energy than the
ground state of rhodopsin. This energy must have been provided by the absorbed
photon. The 1l-cis to all-trans activation energy is aly a few Kcal/mole
(Hubbard, 1966; Kropf and Hubbard, 1970; Honlg and Karplus, 1971). The
absorbed photon, being of the order of 55 Kcal/male, could provide sufficient
energy to drive the thermal reactions. It is tempting to argue that the mechanism
of energy storage lies in the strain of the distortion of the all-trans chromophore

in bathorhodopsin. How this affects the conformation of the protein and drives

the thermal reactions (e.g. energy transfer to apoprotein with breakage of

secondary bonds and/or local melting) is a matter of speculation at this point.
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Bacteriorhodopsin

Retinal-Protein Linkage

Figures 23a and 24a show the resonance Raman spectra of the light adapted
form of the PM568 and the intermediate M412 of the purple membrane, respective-
ly. For comparison purposes Raman spectra of the protonated and unprotonated
Schiff bases of all-trans and 13-cis retinal are included. A comparative study
of the spectra of the purple membrane system with those of the model compound
can reveal certain chromophore properties of the me mbrane system.

In agreement with previous resonance Raman experiments of the purple mem-
brane (Lewis et al., 1974; Mendelsohn, 1976) the present Raman data show that
the chromophore is linked to the protein via a protonated Schiff base in the case
of PM568 and via an unprotonated in the case of M412, Lewis et al., (1974) has

1

I moves approximately to 1622 cm™ " upon

demonstrated that the line at 1644 cm”™
deuteration. This change in frequency s predicted from a simple reduced mass
calculation (see, for example, Herzberg, 1945) where hydrogen of C‘—'ﬁH
stretching mode is replaced by deuterion. In addition, he associated the 1644 cm-1
line with PM568 and the 1623 cm” ! line with M412 by varying the composition of

the PM568/M412 in mixtures and by measurements of @xcitation profile. In the
present study, where each specles is separately measured, this assignment is
confirmed.

The Conformation of the Protein-Bound Chromophore

A comparative study of the Raman spectra of the visual pigments and of the

model compounds (especially protonated and unprotonated Schiff bases) has proved
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Figure 23
Resonance Raman spectra of (A) PM568 light-adapted purple membrane

chromophore, (B) all-trans retinal-n-butylamine HCl, and (C) 13-cis

1

retinal -n-butylamine HCl. 'The resolution is (A) 7 cm™ ~, (B) 4 cm™1, and

(C) 6 cm-l.
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Figure 24

Resonance Raman spectra of (A) M412 light-adapted purple membrane chromo-
phore, (B) all-trans retinal-n-butylamine, and (C) 13-cis retinal-n-butylamine.

The resolution Is (A) 11 cm™L, ) 7 em™}, and (C) 7 cm™ L.
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to be very successful so far. This approach has helped to determine the con-
formation of the chromophore in rhodopsin, isorhodopsin (Mathies et al., 1977),
metarhodopsin I-and metarhodopsin II. The apparent conformational properties
determined by Raman spectra of the chromophore in the purple membrane do
not seem to be as clear,

In chemical extraction experiments (see, for example, Pilkiewicz et al.,
1977) PM568 has been found to have an all-trans conformation (Pettei et al., 1977).
M412, depending on the conditions, yields either 1:1 ratio of all-trans and 13-cis
retinal or almost entirely 13-cis retinal (Pettei et al., 1977). It is reasonable,
therefore, to compare the Raman spectra of PM568 and M412 to the all-trans and
13-cis Schiff bases protonated and unprotonated, respectively.

The PM568 Raman spectrum when compared with the protonated Raman data
of Figure 23 reveals that there is not an exact correspondence with either the all-
trans or 13-cis protonated Schiff base. The set of three lines in PM568 at 1171,
1204 and 1216 em”1 corresponds rather closely to a similar set found in 13-cis
but not in all-trans protonated Schiff base, In addition, the PM568 spectrum has

1 region than the protonated all-trans Schiff

more structure in the 1250-1400 cm~
base spectrum. On the other hand, many of these lines have no correspondence

in the 13-cis spectrum either. It should also be pointed out that the PM568 spec-
trum is quite different from the 11-cis (Figure 15) and 9-cis protonated Schiff

base (Mathles et al., 1977). Thus, it appears that the conformation of the protein-

bound chromophore of PM568 does not have the conformation of any of the isomers
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of retinal protonated Schiff bases found in solution but rather has a conformation
that relaxes to all-trans when the chromophare is extracted.

Similar observations appiy to the M412 intermediate. The M412 spectrum
is not in exact correspondence to either all-trans or 13-cis unpootonated Schiff
bases. Owerall there seems to be a closer correspondence of the 13-cis unpro-
tonated Schiff base to the M412 spectrum. However, the line at 1183 em™! in
the M412 spectrum is either not present or shifted to 1162 cm™! in the 13-cis
model compound. In addition, the M412 spectrum is quite different from the
11-cis Schiff base (Figure 16). From these results, it appears that the confor-
mation of the chromophore of the M412 is closer to 13-cis but, like that of
PM568 form, the conformation of the chromophore is not identical to that found
in solution.

The role of the bacteriorhodopsin, is to convert the light energy into an
electrochemical gradient across the membrane. The molecular mechanism by
which it is attained is still a matter of speculation, The fact is that a proton is
lost between the PM568 and M412 intermediates. Deuteron exchange studies of
bacteriorhodopsin show that the exchange time of the proton of the Schiff base for
a deuteron is slow in the dark, In the light, however, it is fast (Stoeckinius, 1975).
These observations are consistent with the assumption that the proton of the Schiff

base is involved in the establishment of the electrochemical gradient. It need not,

however, be tied directly to the proton which is eventually ejected from the cell.

-108-




Color Regulation of the Visual-Pigments and Bacteriorhodopsin

Two of the most interesting problems related to the absorption properties
of the visual pigments are: (a) the bathochromic shift and (b) the wavelength regu-
lation of the absorption spectra, Retinals in solution absorb near 380nm when
they are combined with opsin; the absorption of the formed pigment can be shifted
from 50nm to as much as 200nm depending on the origin of the protein. It has
already been established that the chromoqhore is connected to the protein via a
protonated Schiff base, Protonation of the' retinal Schiff bases induce a hatho-
chromic shift of about 80nm (from 360 to 440nm). This bathochromic shift, how-
ever, is notlarge enough to account for the large shifts that observed in the visual
pigments. A variety of mechanisms have been proposed that can induce additional
bathochromic shifts (see, for examplte, Honig et al., 1976).

The regulation of the absorption maxima in the visual pigments and bacterio-
rhodopsin appears to be through the control of the delocalization of the 11 electron
system. The first excited state is lowered in energy more than the ground state
resulting in a bathochromic shift in the absorption maxima (see, for example,
Honig and Ebrey, 1974). Electron delocalization also affects the character of
the bonds of the palyene chain, decreasing the electron density of the double bonds
and increasing the electron density of the single bonds. Asa consequence, the
frequency of the C=C stretching vibration is lowered. Thus, the position of C=C
band is a sensitive indicator of the delocalization of the 1T electrons (Heyde et al.,
1971; Gavin and Rice, 1971).

Small changes of the position of the ethylenic vibrations in the xetimal isomers
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(Figure 13) are not correlated with their corresponding absorption maxima

at (383, 376, 375 and 378nm). This indicates that the differences are not due

to the delocalization of 7T electrons, which is approximately the same for all
isomers, but rather to different combination of vibrations making up the normal
modes. Changes in the electronic distribution, however, induced by changes in
the end group are expected to change the delocalization of the1 electrons. This
is what we observe in substituting the oxygen of the retinals with the less elec-
tronegative nitrogen of the corresponding Schiff base or again in the protonation
of the nitrogen. The ethylenic frequencies of the protonated and unprotonated
Schiff bases correlate very well with their absorption maxima (Figure 25). In
addition, delocalization of the electrons can be directly obser ved in the effect

of the bond alternation it causes. X-ray studies of all-trans retinal and its un-
protonated and protonated Schiff base (Hamanaka et al., 1972; Mitsul and Hama-
naka, 1975) show a significant change of the bond alternation especially between
the unprotonated and protonated Schiff base.

Absorption studies on model compounds, mostly protonated Schiff bases,
have shown that their absorption maxima depend on the environment of the male-
cule (Erikson and Blatz, 1968; Irving et al., 1970; Blatz et al., 1972; Blatz, 1972;
Blatz and Mohler, 1972). In addition, theoretical calculation has shown that
negative or positive charges placed in appropriate positions in the proximllty of
the chromophore can induce significant wavelength shifts (Wiesenfeld and
Abrahamson, 1968; Waleh and Ingraham, 1973; Suzuki et al., 1974; Honig

et al., 1976). In fact any mechanlsm that increases delocalization should induce
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Figure 25
Correlation of ethylenic (C = C) stretching frequency of retinal based structures
with the absorption maxima (see text). P,S5,B. = protonated Schiff base, S,B. -

Schiff base. a visual pigments, g model compounds.

-111-



(nm]

ABSORPTION MAXIMUM

600L'

550(-
a BATHORHODOPSIN
500 4\ RHODOPSIN
ISORHODOPSIN &\ meTaRHODOPSIN |
W CIs PS.B.
450f
AQ0f
METARHODOPSIN Il &
JALL TRANS 5.8.
11 CIS 5.8. & 013 CI§ §5.8.
L

Py 1 J Il d I
1530 1550 . 1570 1590

ETHYLENIC FREQUENCY (em™

-112~



bathochromic shifts in the absorption maxima. Thus, the protein by controlling
the micro-environment of the chromophore in the opsin matrix, can régulate
the absorption spectra of the pigments,

Figure 25 shows the correlation between the absorption maxima and the
ethylenic frequencies for the protonated and unprotonated Schiff bases, rhodopsin,
the metarhodopsins, PM568 and M412 pigments. Isorhodopsin and bathorhodopsin
as reported by Oseroff and Callender (1974) have also been included. They all
fall pretty much along a straight line. Especially interesting is the fact that both
the model compounds and the pigments as groups follow the same correlation
pattern. Thlé observation contradicts an alternative model of wavelength regula-
tion in visual pigment and purple membrane system, namely twisting about double
bonds (Kakitani and Kakitani, 1975). The effect of the double bond twist would be
a bathochromic shift in the absorption maxima by raising the energy of the ground
state, In addition, it should cause a significant decrease in bond order and can-
sequently large lowering of the ethylenic frequency. The model compound data,
however, arise from presumably strain free chrombphores, as they are in salu-
tion. In addition, as we have previously discussed, the Riman spectra (finger-
print region) of the visual pigments and the purple membrane system indicate that,
with the exception of bathorhodopsin (Oseroff and Callender,_ 1974), there is very
little strain if any of the chromophore in the opsin matrix. Thus, the high degree
of correlation of the model compounds and pigments, imply that mechanisms of

electron delocalization is the main contributor in determining the color of the

pigments.
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A second conciusion is that the major source of wavelength shift in the
metarhodopsin I to metarhodopsin II transition is the deprotonation of the Schiff
base (Figures 21, 22). The same conclusion can be drawn for the PM568 to
M412 transition (Figures 23, 24). It was the correlation between the absorption
spectra of metarhodopsins and those of the Schiff bases, in the first place, that
led to the speculation of the deprotonation of the Schiff base in this transition
(Pitt et al., 1955; Matthews et al., 1963). The present Raman data confirm and
prove this speculation by (a) demonstrating directly that there is a deprotonation
and (b) measuring the degree of the electron delocalization &f the ground state

through the ethylenic mode frequency.
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Summarz

In conclusion, this work has been concerned with the development of a

new technique that allows Raman measurements of photosenélt(ve material.

The resonance Raman spectra of rhodopsin, metarhodopsin I, metarhodopsin

II, PM568 and M412 have been obtained in pure form. These spectra have been
analyzed in terms of model conipounds such as retinals protonated and unpro-
tonated Schiff bases also obtained through the new technique. The analysis
indicates that thg chromophore in metarhodopsin I and metarhodopsin Il assumes
an essentially all-trans conformation. The main difference between the two forms
as it concerns the chromophore lies in the deprotonation of the Schiff base in the
metarhodopsin I to metarhodopsin II transition. An earlier finding that the con-
formation of the chromophore in rhodopsin is similar to that of 11-cis protonated
Schiff base in solution has been confirmed.

The resonanée Raman study of purple membrane system (PM568 and M412)
contradicts earlier chemical-extraction experiments, The conformation of the
chromophore in the two forms as indicated by the Raman spectra, does not re-
semble any of the proposed models. However, the deprotonation of the Schiff
base in the PM568 to M412 transition has been confirmed. Finally, the mechanism
by which the visual pigments and purple membrane system regulate their color
has been studied. It has been confirmed that this regulation is achieved by delo-
calization of the 1T electrons of the chromophore. This explanation has also

been extended to Include metarhodopsin I and metarhodopsin II.
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In bringing this work to conclusion we hope we have demonstrated that
resonance Raman spectroscopy can be a useful tool in probing coinplex bio-

logical molecules and processes.
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Appendix

The molecular flow technique can be characterized by two parameters.
(a) The probability that a molecule will isomerize in the laser beam, (b) the
fraction of the total sampie photoisomerized. These two parameters were
introduced in the experimental section. In what follows we present a detailed
account of the derivation of them (Callender et al,, 1976). Figure 26 shows
the experimental configuration for this calculation. Assume the flow direction
is parallel to the z axis, and the laser light parallel to the x axis. We assume
the laser beam intensity profile is Gaussian. The beam flux in the yz plane then

can be written as:

F(F) = jﬂL- Qx?-&giiéi? ) (20)
™ o
where 1, is the distance of 1/e points of the laser beam and can be taken to be
the beam radius. "A molecule will begin its transit along the z axis far from the
beam center with a constant value of the y and constant bulk velocity U}, so
that z = Ut. The probabllity of photoisomerization can be given as a function

of time:

,(:7.

P \3,‘@) - GA\JS{ _‘_E;?_l 2xp- AV n dl @1)
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Flgure 26

A schematic representation of the molecular flow experimental arrangement.
The capillary tube is cylindrical with a2 radlus of R. The arrows point along

the directlon of the molecular flow. Y axis points toward the spectrophotometer.
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By extendingtle integral to infinity and taking y =0 we obtain:

P _ l__ 10 SA\\J (22)
m = r —_—
w Ub ro
This is identical with Equation 17, the probability of photoisomerization of a
molecule during a single transit through the center of the laser beam.
So far, we have ignored any variation in the molecular flow velocities, It

is well known, however, that the velocity profile for pipe flow is not uniform.
The type of the flow velocity profile is categorized by the Reynold's number

(Landau and Lifshitz, 1959).

2R
m

K =

(23)

where ? and « are, respectively, the fluid density and viscosity and
R, is the radius of the pipe. For K < 2000, the fluid flow is said to be lamilar

and the velocity profile al ong the x axis is given by:

U(x) = %RU: (’R} "%l\ (24)

For K > 3000, the fluid is turbulent, and the veloclty profile, while not pre-
cisely known, is more uniform and equal to U, across the pipe (Tennekes and

Lumley, 1972). These divisions are, however, somewhat arbitrary and the pre-
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cise experimental conditions influence the point of onset and degree of turbu-
lence., We can estimate the influence of the non-uniform flow velocity by con-
sidering lamilar flow since this represents the worst possible case. It is clear
that in this case, Pp, is a function of x, and the probability of photolsomerization
increases as we consider molecules travelling close to the wall of capillary tube.
In fact, the flow velocity is zero next to the pipe wall making the probability of
photolsomerization equal to unity. In what fallows we approach the problem of
photoisomerization in a more general way. We calculate the Raman scattering
from photoisomerized sample, §°', compared with that of the non-photoisomerized
sample, S.

The numbér of Raman events, S, detected at the photomultiplier per second,
of a particular species with a concentration C(r) and Raman cross section & is

given by:
S - sRQ,e,g F(7) C(&) &V (25)

where Qo the solid angle subtended by the callecting lens of the apparatus
and €c the total efficiency of the Raman apparatus, We consider that the
system is composed of two species, photoisomerized and non-photoisomerized
material with a total concentration of C,. The probability of photolsomerization
is given by Equation 21 as long as it is less than one. Otherwilse, it is one. We

explicitly discount, here, the possibility of multiple photon absorptions. Once
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a molecule photoisomerizes, it is considered to give rise to spurious Raman
scattering in our calculations,
It is convenient to rewrite Equation 21 in terms of the molecular position

on the zy plane, Substituting Equation 22 in 21 we obtain;

‘Z/ T !
Plade B (% oo (3) a &
w o

- T

where it is understood that P(y, z) is given by Equation 26 or unity, whichever
is less. In this case, the concentration of the non-photolsomerized species
C('F‘)'—‘ Ca[\ - —Pk‘i,‘l) ‘J . Substituting the cancentration Into
Equation 25 performing the integrals and assuming uniform flow velocity and

that P(y,z) is always much less than one (so that C(T) ~ C,) we find that:

S . s Pa
S 6r @ (27)

The contribution of the flow velocity profile on §'/S can be calculated as
follows. Since the laser beam is very narrow in the zy plane, the velocity in
this plane can be considered as constant, Thus, in evaluating Equation 21, the
influence of the non-uniform flow is contained in performing the integral In the
direction along the laser beam (x axis). The x dependence is then contained in
the concentrations, C(F) and C'(X), since P(y,z) s now dependent on the x coordi-

nate through Pp,. P, 1s a function of x by substituting the velocity profile (Equation
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24) into Equation 22. Remembering that P(x,y,z) never exceeds one, the
integrals (Equation 25) can be performed exactly, In the case where P
evaluated asing (uniform flow) is much less than one, a simple approximate

form for S'/S can be derived.

_.S_.: _G_B_I. B_"‘_(_l_.(-@'r\.g—-\- \.\] (28)
Q 6a Vg L4y i

The effect of non-uniform flow is not very significant, For example, assuming
P, =.14and Sy’ /GR =1 , we obtain S7/S = .05 for uniform flow and
.06 for lamilar flow,

The fraction of the total sample photolsomérlzed can be derived in the
following way. If A is the absorbance of the sample in the capiilary tube, the
Ip(1- IO'A) represents the total humber of photons that are absorbed by the
sample, The number of molecules photolsomerized is given by I,(1- IO'A) +

with the possibility of multiple absorptions being explicitly discounted. The

fraction of the total sample photolsomerized is given by:

D . L-e™aTy (29)
C.N

where T is the time of Raman measurement.
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