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ABSTRACT An electronic theory of excitation is proposed
and described in terms of a three-dimensional excited/
ground-state energy surface which elucidates the photochemical
and excited-state dynamics of rhodopsins. In this theory the
primary action of light is to produce significant electron redis-
tribution in the retinal, thereby generating new interactions that
vibrationally excite and perturb the ground-state protein con-
formation. Thus, light energy causes charge redistribution in
the retinal and induces transient charge-density assisted bond
rearrangements (such as proton translocation) in the protein
structure which is stabilized by subsequent retinal structural
alteration. In this theory the isoprenoid chain of the retinal is
considered a structurally pliable molecular entity that can
generate charge redistributions and can subsequently achieve
intermediate conformations or various isomeric states to min-
imize the energy of the new protein structure generated by light.
Thus, the 11-cis to all trans isomerization of the retinylidene
chromophore is not considered a primary mechanism of exci-
tation. An alternate biological role for this molecular process
(which is eventually completed in all photoreceptors but not in
bacterial rhodopsins) is to provide the irreversibility needed for
effective quantum detection on the time scale of a neural re-
sponse. Finally, it will be demonstrated that this mechanism,
which readily accounts for the photophysical and photochem-
ical data, can also be restated in terms of the Monod, Wyman,
and Changeux terminology suggesting that aggregates of these
pigments may function allosterically.

This paper proposes a generalized mechanism of excitation in
visual transduction and bacteriorhodopsin that accounts for the
spectral similarities observed in all rhodopsin-like systems while
accounting for their functional diversity. Unlike previous de-
scriptions of the excitation mechanism (1), this theory is based
on the effect the excited state of retinal has on the conforma-
tional state of the protein. The result of this approach, which
views a protein's conformation as a dynamically fluctuating and
responding entity, elucidates the photochemical and excited-
state dynamics of rhodopsins in terms of a unique excited-
state/ground-state energy surface. In essence, the theory not
only explains a large fraction of the recent data on rhodopsin*
and bacteriorhodopsin,t but also demonstrates how the energy
used in the subsequent steps of transduction is stored in the
photochemical event.

Experimental observations
There are several experimental results that must be accounted
for in any mechanism of excitation. In both rhodopsin and
bacteriorhodopsin, absorption of a photon produces a high
energy species (19, 20) that has a red-shifted absorption maxi-
mum relative to the parent pigment (21-23) (Fig. 1). This
red-shifted species is produced in <6 psec (24, 25) in both these
systems. A kinetic argument of Rosenfeld et al. (26), based on

the data of Kropf et al. (27), has shown that all batho interme-
diates lie at least 13 kcal higher in energy than their respective
rhodopsins.

In addition to the above constraints, the discovery of light
emission from bacteriorhodopsin (28) has shown (28, 29) that
the observed emission emanates from a minimum in the ex-
cited-state surface that can be populated from bacteriorho-
dopsin. However, the above experiments have not been able
to demonstrate that this minimum can be populated from the
batho intermediate. Furthermore, room temperature (30) and
low temperature (77 K) (29) picosecond emission spectroscopy
and picosecond absorption spectroscopy (25, 31, 32) have shown
that the photochemistry occurs directly from the state produced
by vertical excitation, whereas emission occurs by a parallel
competing pathway from a state or states that are entered by
molecules that do not proceed to the batho intermediate.
The final constraint governing rhodopsin's photochemistry

is the important observation that in both rhodopsin and bac-
teriorhodopsin the sum of the forward (kPF) and reverse (4PR)
photochemical quantum yields is one, even though the indi-
vidual yields differ considerably in these pigments (26, 33, 34).
This is a characteristic of many photochemical reactions, in-
cluding proton transfer, isomerization, etc., and does not point
to a specific mechanism. What it does indicate, however, is that
all other parallel competing pathways of decay are small in
comparison to photochemistry and that the two species rho-
dopsin/bacteriorhodopsin and batho have a common excited
state. At first sight this latter constraint seems to contradict the
observation that the chromophore in the batho intermediate
exhibits different emission behavior. However, our model
readily accounts for all these observations.

The excitation mechanism
The energy surface that explains the above experimental facts
and defines our mechanism is seen in Fig. 2. The molecule R
in its ground state (left of the diagram) absorbs a photon. As has

Abbreviation: PDC, protein deformation coordinate.
* Rhodopsin is a quantum detector and is the protein in photoreceptor
cells that absorbs a single photon, initiating the processes in these cells
that generate a neural response. It is composed of 11-cis-retinal
complexed to a membrane glycopolypeptide aqueous matrix called
opsin (Fig. IA) by a protonated Schiff base linkage (2-8) to a lysine
residue (9, 10). All photoreceptor rhodopsins produce an all trans
chromophore at the end of the sequence of events depicted in Fig.
1A. Thus, on the basis of this observation, it was suggested that the
11-cis to all trans isomerization is the molecular mechanism of ex-
citation in rhodopsin and is the only action of light (1).

t Bacteriorhodopsin is an energy converter (11-13) and was discovered
in Halobacterium halobium (14). It acts as a light-driven proton
pump. The molecule in the proton pumping cycle is initially com-
posed of all trans-retinal (15) complexed to a membrane polypeptide
aqueous matrix called bacterio-opsin (Fig. 1B) by a protonated Schiff
base linkage (16) to a lysine residue (14). There is no evidence for an
11-cis to trans or a trans to 11-cis isomerization (17, 18).
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FIG. 1. The photochemically induced (wavy arrows) thermal sequence of events in (A) bovine rhodopsin and (B) bacteriorhodopsin. After

absorbing a single photon, visual pigments either in the li-cis (rhodopsin) or 9-cis (isorhodopsin) form all follow the sequence shown in A to
metarhodopsin I. At that point, invertebrate rhodopsins have a slightly altered thermal sequence. Photochemical back reactions to rhodopsin,
isorhodopsin, or bacteriorhodopsin from any of the thermal intermediates occur in all pigments, although for invertebrates relative percentages
of isorhodopsin and rhodopsin produced by such a process vary depending on the intermediate in question. Furthermore, bacteriorhodopsin
exhibits an additional feature not found in visual pigments. Bacteriorhodopsin displays thermal reversibility whereas visual pigments display
irreversibility on the time scale of a neural response, which is msec.

been shown experimentally (35) and theoretically (36, 37),
absorption of a photon causes significant electron redistribution
in the retinal, increasing the positive charge density near the
ring of the retinylidene chromophore-the absorbing species
of the protein. Our mechanism suggests that the protein's active
site becomes vibrationally excited as a result of the electronic
excitation of the retinal and begins to deform in response to the
new interactions generated by the significant electron redis-
tribution in the chromophore. In effect, the transient charge-
density in the retinal chromophore induces bond rearrangement
in the protein structure. Such a protein deformation (e.g., proton
translocation from one group in opsin to another, bond rotation,
etc.) lowers the energy of the excited retinal-protein complex
along a third dimension in Fig. 2, the protein deformation
coordinate (PDC). Simultaneously, as this protein deformation
lowers the energy of the excited retinal along PDC it also raises
the energy of the ground state along PDC. This occurs because
the original protein conformation is the lowest energy structure
for the ground state of the system before electronic excitation.
The result of lowering the excited-state energy and raising the
ground-state energy creates at some protein deformation
coordinate, Px, a crossing between the ground- and excited-state
surfaces. Up to this point, all the molecular rearrangement has
occurred in the protein along PDC as a result of the light-in-
duced electronic rearrangement in the retinal. However, once

the retinal crosses at PX back onto the ground-state surface, it
has two choices: it can relax into either the minimum labeled
R or batho. If the retinal chooses to return to its original electron
distribution in R, then the protein relaxes along PDC to its
original structure. On the other hand, if the retinal chooses to
relax into the batho form, then the retinal has to adjust its con-
formation along the Retinal reaction coordinate to minimize
the new protein structure (P'). Such an alteration in the retinal
structure would act to relax the vibrationally excited protein
into the batho minimum at P', R3. Similarly, if a molecule is
excited from the batho form, it reaches the same crossing at P,,
very effectively. Therefore, 4PF and OPR are defined solely by
the interaction of the excited- and ground-state surfaces at PX
and not by whether the molecule is excited from R or the batho
form.

Now let us consider the fate of those molecules that finally
emit light and do not proceed by the wavelength-independent
surface along PDC to photochemistry. These molecules (1 in
10,000 at room temperature, significantly higher as the tem-
perature is lowered) are deflected by any "roughness" in the
PDC surface and enter states near zero PDC that are not ac-
cessible to molecules in which protein deformation to P,, has
taken place. Thus, the emitting state (or possibly even states),
with a lifetime of 15 psec at physiological temperatures (30, 31)
or 40 psec at 77 K (29), is drawn to indicate zero PDC and, as
is observed (31), has dynamic properties that are not correlated
to the rate of production of the photochemical product at
physiological temperatures or at 77 K. This is clearly understood
in terms of our three-dimensional illustration in Fig. 2. The
excited state (or possibly even states) at zero PDC can be pop-
ulated from R and can emit light, while the excited chromo-
phore in a protein conformation corresponding to batho cannot
effectively enter these emitting states even though R and the
batho intermediate have a common excited state.

Insights and predictions
The above mechanism can be viewed as a simple extension of
the ideas that have very successfully explained the color of vi-
sual pigments (5, 35, 38-41). These ideas are based on the
suggestion that the protein stabilizes the vertically excited state
of the chromophore in which light induces significant charge
redistribution. Our mechanism extends this idea and suggests
that the excited-state charge redistribution in the retinal induces
a protein conformational change which eventually produces
the batho intermediate. Thus, the altered protein environment
of the chromophore could readily explain at least part of the
"red shift" observed in going from rhodopsin to bathorhodopsin.
Furthermore, our model also allows the retinal to assume in-
termediate conformations to minimize the energy of the new
protein structure in bathorhodopsin. Therefore, this ground-
state destabilization of the retinal and the protein could account
for the 13 kcal of energy stored in the batho intermediate. It is
significant that part of the energy absorbed by the retinal is
stored in the protein in which the subsequent steps in the
transduction process occur.
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FIG. 2. The three-dimensional ground-state and excited-state
energy surface that defines the molecular mechanism of excitation
in rhodopsin and bacteriorhodopsin. The surface shown is described
in The excitation mechanism and is drawn with time scales and ab-
sorption maxima observed in bacteriorhodopsin. The wavy arrows
indicate photon absorption or emission; V indicates the path of
photochemistry. Emission occurs from a state near zero Protein de-
formation coordinate defined only by the axes Energy and Retinal
reaction coordinate. Photochemistry to the batho intermediate from
R* occurs first along the Protein deformation coordinate and then,
after the minimum at P' is reached, along the Retinal reaction coor-
dinate to R3. Diagrams depicting one possible protein deformation
are drawn alongside R and Batho. The nature of the protein defor-
mation will be determined by the protein structure and may vary in
rhodopsin and bacteriorhodopsin. The surfaces along the Protein
deformation coordinate are not necessarily smooth. In bacteriorho-
dopsin, at room temperature, the roughness of this surface (probably
caused by the surrounding protein structure) deflects 1 in 10,000
molecules to the emitting state near zero PDC with essentially no
effect on the photochemistry. However, at temperatures approaching
4 K this roughness may affect the evolution of the batho intermedi-
ate.

It is also encouraging that this mechanism of excitation can
be directly related to the transduction process. The primary
protein conformational change to P' could initiate in bacterio-
rhodopsin a series of proton translocations along a stepladder
of proton-binding groups with different pKs eventually de-
protonating the Schiff base proton. In fact, using kinetic reso-
nance Raman spectroscopy, we were able to demonstrate (42)
that the state of protonation of the protonated Schiff base is
altered with a time constant of -20 ,gsec at physiological tem-
peratures and pH, whereas the rise time of the batho interme-
diate occurs in a picosecond (25, 31).

In photoreceptor pigments, however, the primary excitation
mechanism depicted in Fig. 2 does not imply that rhodopsin,
like bacteriorhodopsin, is a light-driven proton pump. This is
suggested by the data of Hagins and Yoshikami (43), who failed
to detect light-induced pH changes in rod outer segments but
did observe changes in the intracellular Ca2+ ion concentration.
These observations may suggest that the new protein structure
results in a release of certain transmitter substances such as

Cat+. In addition, resonance Raman results have shown that

in both squid (4, 41) and bovine (6) rhodopsin the vertically
excited state charge redistribution in the chromophore is
maintained to a degree in the batho intermediate. This result
can be explained by our protein deformation model since the
protein deforms as a result of the excited state electron distri-
bution in the chromophore and can partially stabilize this re-
distribution. Thus, such a protein deformation, which can be
viewed as either stabilizing the excited state polarity of the
chromophore or inducing polarity in the chromophore's ground
state charge distribution, may also control the ion movements
in the vicinity of the disc membrane initiated by the new pro-
tein conformation, P'.

In addition to the above insights, our model also provides
understandable answers to other puzzling experimental data.
For example, it explains why various rhodopsins and bacteri-
orhodopsin analogs, which do not seriously alter the ability of
retinal to undergo excited-state electron redistribution and do
not directly modify opsin, do form functioning pigments (44)
and can form batho intermediates (45). It also predicts that the
timescale for transforming rhodopsin to bathorhodopsin may
not be <6 psec in all pigments. This timescale will be defined
by the nature of the opsin conformation surrounding the
chromophore. It may therefore vary in different species and
will be unrelated to such processes as isomerization of the ret-
inal. Furthemore, the protein conformation will define not only
the kinetic transformation from rhodopsin to bathorhodopsin,
but will also affect the timescales of all subsequent transfor-
mations. Therefore, by genetically altering opsin, a species
could easily regulate not only the absorption maximum of the
pigment, but also the rate of appearance of the various inter-
mediates, thereby controlling the time for relaxing the charge
redistribution in the chromophore and affecting the times for
transduction and generation of a neural response.

Retinal's structure in bathorhodopsin
The lack of an II-cis to all-trans isomerization in bacterio-
rhodopsin and the similarity of the spectral transformations
observed in this pigment and all rhodopsins could be interpreted
as strong evidence against the hypothesis that such an isomer-
ization is responsible for the primary red shift in the spectrum
when the batho intermediate is produced. This is supported by
resonance Raman experiments on photoreceptor bathorho-
dopsins (5, 6, 41). These experiments show that the spectra of
the batho species differs markedly from the spectrum of a
model all-trans protonated Schiff base of retinal (5) even though
the spectra of the later intermediates in photoreceptor rho-
dopsins are reproduced accurately by this model compound (5).
However, in spite of the above evidence, there has been a re-
luctance to reevaluate the fundamental nature of the 1l-cis to
all-trans hypothesis. A primary reason was the observation that
rhodopsin (containing the 1 1-cis isomer) and isorhodopsin
(containing the 9-cis isomer) both reach the same batho inter-
mediate (Fig. IA). It was felt that this could only mean that the
retinal in the batho form is trans since this was apparently the
only common configuration to both the 9-cis and 11-cis isomer.
We have reconsidered this last point in terms of our theory and
the observed reduction of the C==C stretching frequency in the
resonance Raman spectrum of the batho intermediate. In view
of the above observation, that the C=C stretch is reduced in
frequency, we suggest that only in photoreceptor rhodopsins
[which combine with 11-cis- and 9-cis-retinal (46, 47) and,
therefore, unlike bacteriorhodopsin (48), exhibit conformational
freedom between C9-C12] do torsional motions occur around
the weakened C9-Cjo and CGI-CI2 retinal double bonds (Fig.
3). This torsional motion can occur subsequent to the light-
induced protein structural change to minimize the conforma-
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FIG. 3. A possible out-of-plane motion around the perturbed
retinal double bonds at C9-Clo and C11-C12 in batho (photoreceptor)
rhodopsins. This motion can eventually generate a common inter-
mediate chromophore structure from retinal in either the (A) 1 1-cis
or (B) 9-cis isomeric form. The motion can be simulated by rotating
as a unit C1o and C11 out of the plane of the paper as depicted by the
arrows through the C9-Clo and C11-C12 bonds. The arrows naturally
also represent simultaneous rotation out of the plane of the paper of
the Hs attached to C1o and Ci1, which are depicted out-of-plane at
possible new positions with circles around the Hs. A common position
for C13 has to be chosen in A and B in order to get the same interme-
diate structure from both isomers. Double bonds are represented by
either -- or = to indicate variability in the strength of the double
bonds in the batho form, as indicated by the C=-C and C=N
stretching frequencies in the resonance Raman spectra of this species.
In addition, the above torsional motion may participate in generating
the intense torsional modes observed between 800 and 900 cm-' in
the resonance Raman spectra of photoreceptor bathorhodopsins.
Furthermore, subsequent rotations around C11-C12 and then C9-C1o
can easily achieve an all-trans conformation by metarhodopsin I. The
driving force for such rotations would be both the conformational
energy of the protein and the desire of the chromophore to achieve
planarity. Finally, the structure of the retinal in bathobacteriorho-
dopsin cannot be determined thus far from the resonance Raman
spectra. According to our theory, however, it will be solely determined
by the chromophore conformation that can minimize the energy of
the new protein structure achieved as a result of electron redistribu-
tion in the excited state of the chromophore.

tional energy of the protein. Thus, this could be the first step
in a unique opsin-assisted retinal reaction surface in photore-
ceptor rhodopsins and may participate in generating at least
one, if not both, of the intense 800 cm-1 torsional modes ob-
served in the batho intermediate of photoreceptor rhodopsins
(5, 6, 41). In fact, as is described in Fig. 3, it can easily be shown
with space-filling molecular models that a retinal perturbed
in such a fashion can initially be in either the 9-cis or 11-cis
form and still reach a common batho conformation that is not
all trans. Thus, these arguments demonstrate that even though
the fundamental mechanism of excitation can be the same in
both photoreceptor and bacterial rhodopsins, the different
opsins in these two pigments can shape the reaction surface of
the retinal in a way that either permits or denies an eventual
11-cis to all-trans isomerization.

The 11-cis to trans isomerization
What then is the biological role of the 1 1-cis to trans isomer-
ization that is eventually observed in all photoreceptor pig-
ments? To answer this question and to understand why such an
isomerization does not occur in bacteriorhodopsin, we have to

reconsider the widely differing biological roles of photoreceptor
and bacterial rhodopsins. Photoreceptor rhodopsins are
quantum detectors, while bacteriorhodopsin is an energy
converter. An essential element of a quantum detector is irre-
versibility. The 1 1-cis to trans isomerization clearly provides
the system with this molecular irreversibility on the timescale
of visual transduction and explains the primacy of the 1 -cis
to trans isomerization in vision. On the other hand, an energy
converter must use a molecular mechanism that minimizes such
conformational changes and maximizes reversibility. Thus,
bacteriorhodopsin has evolved a system to accomplish these
fundamental molecular objectives of this unique biological solar
energy converter with reversibility that finally results in ref-
ormation of bacteriorhodopsin in milliseconds and without
unnecessary endoenergetic conformational changes. What is
sacrificed in the process, by over a factor of two (33, 34), is the
high quantum efficiency of photoreceptor pigments, which is
also an essential aspect of a quantum detector.

In conclusion, the objective of this paper was to present a
mechanism and an energy surface that could account for all the
photophysical and photochemical data on rhodopsin and bac-
teriorhodopsin. In view of the above objective, it is interesting
that the resulting molecular mechanism of excitation can be
restated in the terminology of Monod, Wyman, and Changeux
(49) that has effectively described many protein-mediated
cellular processes. This relationship between our model for the
excitation process and the Monod-Wyman-Changeux termi-
nology can be seen in the illustration below:

* a a * "S ") " " "- - ii- " ".

*P(opsin) + L (retinal- + energy) PL( R*)

RHODOPSIN( R) H

tU 11r
P' (opsin') + L (retinal + energy) = P'L (Batho)

where P is the R state and P' is the T state in the Monod-
Wyman-Changeux description (49). In essence, this states that
the addition of light to R produces an active complex R* which
induces a protein conformational change represented as P'L
or batho. The subsequent intermediates produce P' + L; then
enzymes in photoreceptor rhodopsins or thermal energy in
bacteriorhodopsin complete the cycle on different timescales.
If, indeed, this (49) and other similar mechanisms (e.g., the
Koshland-Nemethy-Filmer model (50) apply to rhodopsin,
then our detailed energy surface also can be used to probe
theoretically and experimentally these mechanisms in greater
detail. Furthermore, what is particularly significant about this
representation of our mechanism of excitation is the fact that
it readily accounts for the rate of certain forms of dark adap-
tation (formation of P + L), which have been shown (51) to be
proportional to the concentration of bleached rhodopsin (P').
This is exactly what the Monod-Wyman-Changeux repre-
sentation would predict for a reaction in which the rate constant
for formation of P + L is much larger than the rate constant for
dissociation of P + L into P' + L, as is the case in rhodopsin.

In these terms not only can we now understand such phe-
nomena as the prolonged depolarizing after potential in in-
vertebrates (52) (which is proportional to the concentration of
acid metarhodopsin in the cell), but also, since the Monod-
Wyman-Changeux mechanism was originally formulated to
describe allosteric behavior in proteins, it is quite possible that
a single photon inducing a P'L state in one rhodopsin could also
induce a new structural state in many neighboring rhodopsins
in the disc membrane. This new structural state may release
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certain transmitters (e.g., Ca2+), and it is experimentally known
that light absorption causes detectable increases in the Ca2+
concentration in rod outer segments (43). It is also conceivable
that this increase in Ca2+ concentration in the cell and other
changes in cytochemistry may alter the conformation of the
remaining rhodopsins in the cell, making subsequent photon
absorption less effective in establishing these new transmit-
ter-releasing structural states. Such an effect could readily ex-
plain observations on the loss of visual sensitivity (53). Finally,
our molecular mechanism of charge redistribution followed by
a protein conformational transition may also apply to other
biological energy transduction processes, such as photosynthesis
(reaction centers) and electron transport.

Note Added in Proof. After this paper was submitted, a paper ap-
peared that supports our suggestion of a protein deformation coordi-
nate. Peters et al. (54) have experimentally observed a 7-fold decrease
in the rate of appearance of the bathorhodopsin absorption in D20.
They interpreted these data as evidence that the Schiff base proton,
the only exchangeable proton on the chromophore, changes its position
when bathorhodopsin is formed. As they noted, this would alter the
C=N bond, making it more of a single bond. However, resonance
Raman results, which show no change in theC=N frequency in going
from rhodopsin to bathorhodopsin (19), argue strongly against the
explanation of Peters et al. Thus, the critical exchangeable proton
changing its position must be in the opsin matrix and must control the
onset of bathorhodopsin's absorption.
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