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Abstract—The primary events in the photosynthetic retinal protein bacteriorhodopsin (bR) are reviewed in light of photo-
physical and photochemical experiments with artificial bR in which the native retinal polyene is replaced by a variety of chro-
mophores. Focus is on retinals in which the “critical” C;;=C,, bond is locked with respect to isomerization by a rigid ring
structure. Other systems include retinal oxime and non-isomerizable dyes noncovalently residing in the binding site. The early
photophysical events are analyzed in view of recent pump—probe experiments with sub-picosecond time resolution compar-
ing the behavior of bR pigments with those of model protonated Schiff bases in solution. An additional approach is based on
the light-induced cleavage of the protonated Schiff base bond that links retinal to the protein by reacting with hydroxylamine.
Also described are EPR experiments monitoring reduction and oxidation reactions of a spin label covalently attached to var-
ious protein sites. It is concluded that in bR the initial relaxation out of the Franck—Condon (FC) state does not involve sub-
stantial C,;=C,, torsional motion and is considerably catalyzed by the protein matrix. Prior to the decay of the relaxed fluo-
rescent state (FS or I state), the protein is activated via a mechanism that does not require double bond isomerization. Most
plausibly, it is a result of charge delocalization in the excited state of the polyene (or other) chromophores. More generally, it
is concluded that proteins and other macromolecules may undergo structural changes (that may affect their chemical reac-
tivity) following optical excitation of an appropriately (covalently or non-covalently) bound chromophore. Possible relations
between the light-induced changes due to charge delocalization, and those associated with C,;=C,, isomerization (that are at
the basis of the bR photocycle), are discussed. It is suggested that the two effects may couple at a certain stage of the photo-

cycle, and it is the combination of the two that drives the cross-membrane proton pump mechanism.
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A retinal isomer bound to the opsin via a protonated
Schiff base linkage with a lysine residue is the chro-
mophore of all retinal proteins (see [1-3] for a series of
review articles). Light absorption by rhodopsins triggers
characteristic photocycles extending into the ms time
range. The photocycles reflect structural transformations
in the chromophore (primarily cis—trans or trans—cis iso-
merization) and in its surrounding protein matrix, which
are responsible for the biological activity of the pigments.
In the light-adapted form of the photosynthetic protein
bacteriorhodopsin (bRs;), the chromophore is all-trans,

Abbreviations: bR) bacteriorhodopsin; FC) Franck—Condon
state; FS) fluorescent state; hR) halorhodopsin; CI) conical
intersection (on energy diagram); PSB) protonated Schiff bases;
EPR) electronic paramagnetic resonance.

* To whom correspondence should be addressed.

and the related photocycle, including several intermedi-
ates (see scheme), is associated with transient isomeriza-
tion to a 13-cis configuration. A cross-membrane proton
translocation is induced, leading to ATP synthesis:

hv 3 psec 2 usec
bRs;p = [ST (H), Ligo.Jeas] = Kgio —

50 psec 2 msec 8 msec

—Lsspy < My < (Nsg,0640) — bRsyg .

At the focus of retinal protein research in general, and
of bR in particular, are the early light-induced ultrafast
events occurring on femtosecond and picosecond timescales
(for reviews see [4, 5]). A major problem has been the char-
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acterization of the early dynamics of both chromophore and
protein following light absorption. More specifically,
addressing the question as to when and how do the primary
structural and electronic changes in the retinal trigger con-
formational changes in the protein, which subsequently lead
to vectorial proton translocation. This review strives to
answer these questions by addressing the following issues.

1. The prevailing models for the early events in retinal
proteins have usually assumed that departure out of the
Franck—Condon (FC) region towards the relaxed fluores-
cent state (the 1,4 intermediate or FS state), is controlled by
substantial torsional motion about a “critical” double bond,
C,;=C,4in bR and in the closely related chloride ion pump
halorhodopsin (hR) [1-17]. Accordingly, initiation of the
all-trans—13-cis isomerization is the very primary conse-
quence of light absorption. This approach, first suggested
for retinal proteins by Rosenfeld et al. [6] and Hurley et al.
[7], is schematically presented in Fig. 1. The ~100 fsec
relaxation from the FC to the FS state was invoked on the
basis of pioneering time resolved pump—probe experiments
with sub-picosecond time resolution [8-11]. In this
schematic approach the fluorescent “common excited
state”, I, is partially (~90°) twisted about the C;;=C,,
coordinate, and isomerization is completed to the 13-cis
(~180°) ground state J,5 species. It should be noted that it
was suggested that the model of Fig. 1 may be more com-
plex due to the involvement of three (S,, S,, S,), rather than
two (S,, S,) states [18, 19]. However, the three state

Energy

13-cis

13-trans
C,3=C,,torsional coordinate
Fig. 1. A generally accepted model accounting for the primary

light-induced events in bR. Wavelengths denote absorption and
stimulated emission maxima.
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approach was recently questioned on the basis of ab-initio
quantum chemical computations [20].

2. Early theoretical considerations [21-23] advocated
that the earliest light-induced changes in a retinal protein
are associated with charge redistribution in the excited
retinal chromophore. Nevertheless, the prevailing working
hypothesis has assumed that protein changes are induced
by isomerization of the chromophore around a “critical”
double bond. In other words, that a conformational
change in the protein host can only result from a confor-
mational change in the embedded retinal chromophore.

Both issues have recently been addressed by us in
work that makes use of artificial bR pigments in which the
native retinal chromophore is replaced by a suitable syn-
thetic analog (for reviews on synthetic retinal proteins see
[24, 25]). The principal tool is one of employing pigments
in which the “critical” C,;=C,, bond is locked into trans
or cis configurations by rigid ring structures. The applied
experimental methodologies are based on one hand on
ultrafast pump—probe excitation and, on the other hand,
on chemical methods aiming at detecting light-induced
changes in protein structure. The ultrafast behavior of bR
and its locked analogs were compared to those of the cor-
responding free protonated Schiff bases (PSB) in solu-
tion. In the chemical experiments, use was also made of
retinal Schiff bases that are not covalently bound to the
protein, as well as of non-retinal, non-isomerizable,
chromophores, both residing in the binding site.
Chromophores discussed in this Review are shown in Fig.
2. The emerging picture is that both basic postulates (1)
and (2) should be thoroughly revised. In the following
sections we review the major findings and discuss their
implications to the early light-induced events in bacteri-
orhodopsin.

I. ULTRAFAST PHENOMENA IN NATIVE
AND ARTIFICIAL bR AND IN MODEL PSB
IN SOLUTION

The fluorescent state (FS). Spectral and decay fea-
tures. The fluorescent state of bacteriorhodopsin, also
denoted as the I, intermediate, is characterized by an
intense absorption around 460 nm and a stimulated emis-
sion band around 900 nm [8-10]. The discrepancy
between the stimulated emission spectrum and that of the
spontaneous fluorescence (A, = 730 nm) was accounted
for in terms of an additional intense absorption band
peaking around 720 nm that partially cancels the stimulat-
ed emission [19, 26, 27]. The nature of the FS state was
approached in experiments with femtosecond time resolu-
tion, in which the early events in native bR (/) were com-
pared to those of the two artificial pigments bR5.12 (2)
and bR5.13 (3) (see Fig. 2) in which a synthetic retinal
with a rigid five membered ring is locked into C;;=C,,
trans or cis configurations, respectively [28, 29]. Both arti-
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Fig. 2. Native (/) and artificial (2-12) chromophores employed
for probing the primary events in bR. Chromophores /-9 are
covalently bound to the protein, while /0-12 noncovalently
reside in the retinal binding site. The “free” PSB chro-
mophores—trans PSB, trans PSB 5.12 and 13-cis PSB 5.13—
consist of molecules /, 2, and 3 with n-butylamine replacing
the lysine-protein protonated Schiff base.

ficial pigments were shown to lack the characteristic pho-
tocycle of native bR, stressing the crucial importance of
isomerization in the photoreactivity of bR. Figure 3
depicts the transient changes of both free and locked trans
systems at a probe delay of 200 fsec, when the absorption
and emission bands of the FS attain their maximum value.
The two spectra are essentially the same as is that observed
for the 13-cis molecule bR5.13 (not shown). This suggests
that highly similar fluorescent states (I, 15.12 and 15.13,
respectively) are generated in the case of the three mole-
cules, excluding a twisted (~90°) C,;=C,, configuration
for the 1, state, as postulated by the model of Fig. 1.

Despite the above spectral similarities, the native and
locked fluorescent states markedly differ in their emission
lifetimes. While in the native system I, decays in about
500 fsec (best represented by a bi-exponential function
with 250 fsec and 1 psec components), giving rise to the
625 nm absorption of the J,s; intermediate, 15.12 and
15.13 exhibit long lived decays of 18 and 11 psec, respec-
tively, regenerating their original ground states.
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Evolution of the FS (1) state. A crucial mechanistic
aspect concerns the rate of appearance of the FS state
from its primary FC precursor. Figure 4 presents high
time resolution data for both locked and native mole-
cules leading to the following observations. In native bR
evolution of both 460 nm absorption and 800 nm emis-
sion is nearly instantaneous, i.e., below the 15-20 fsec
resolution of the experimental system. The rise of the
stimulated emission at 950 nm is delayed by 15-20 fsec
with respect to the 460 and 800 nm signals (Fig. 4a). In
bR5.12 the rise in emission at both 800 and 950 nm is
delayed with respect to the native system (Fig. 4b).
Thus, a sub-20-fsec evolution of both locked and
unlocked I states is followed by a structural reorganiza-
tion, on the order of tens of femtoseconds, that Stokes
shifts the FS emission. The identity in the time scales of
the evolution of I, 15.12, and 15.13, provides further
support for the conclusion that the primary FC—FS
relaxation is not associated with a substantial C;;=C,
torsional motion.

The notion that, independently of any specific
mechanism (see below), coordinates other than torsion
about the isomerizing C=C bond should play a role in the
early events in bR, hR, and visual rhodopsins, finds sup-
port in recent independent studies. Thus, a Fourier trans-
form analysis of the absorption spectrum of native bR and
bR5.12 indicates analogous relaxation times out of the
FC state in both systems [30]. The nature of such coordi-
nates has been discussed in a multi-mode analysis identi-
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Fig. 3. Combined transient changes in absorbance, and in
stimulated emission, recorded 200 fsec after pulsed laser exci-
tation of light-adapted native bR (bRs;,) (2) and the C;=C,
(trans) locked pigment bR5.12 (7).
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Fig. 4. Rise of the stimulated emission at 800 nm (dashed lines)
and 950 nm (solid lines) following 600 nm excitation of bR (a)
and bR5.12 (b).

fying vibrational degrees of freedom of the retinal chro-
mophore, as well as of the surrounding protein (dielectric
relaxation) coordinates, which might be associated with
departure of the wave packet out of the FC region [31]. A
specific model in this respect was provided by the general
ab-initio approach for protonated Schiff bases [32]. The
model leads to the conclusion that in retinal proteins the
initial motion out of the FC state is dominated by in-
plane C=C stretching rather than by out of plane twisting
modes. A time resolved resonance Raman study in bR is
indeed indicative of changes in the C=C stretching fre-
quency in the I, FS [33].

Dynamic spectral features in the intermediate 500-
700 nm range. The ultrafast features between 500 and 700 nm
are of crucial mechanistic importance since they repre-
sent the absorption range of the primary photoproducts of
native bR, J¢,s, and Kg,;,. Characteristic traces at 660 nm
where Jg,s absorbs (see Fig. 5), are indicative of three dis-
tinct dynamic phases: 1) an instantaneous (<30 fsec) gen-
eration of a stimulated emission; 2) a slower (40-80 fsec)
reversion to net absorption; 3) a gradual rise in gain, on
the order of 400-600 fsec. Analogous but inverted features
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are observed at 520-560 nm: a prompt initial absorbance
excess (“phase 1) is followed by a net bleach which cor-
responds to “phase 2”. This phase has been previously
interpreted [8, 9] in terms of the FC—FS relaxation,
including C,;=C,, torsion and vibrational dephasing.
However, this is incompatible with the <30 fsec rise of the
FS as discussed above, as well as with the fact that essen-
tially identical patterns characterize the native and the
C,;=C,, locked molecules (Fig. 5). More interestingly,
the observation of the same “phase 3” process in the
locked systems that lack the J¢,s and later photointerme-
diates, implies that in variance with previous assertions,
the 400-600 fsec process does not reflect evolution of the
Jsos species. Moreover, it cannot reflect substantial
trans—13-cis isomerization.

The high similarity between the primary light-
induced patterns of the native and C,;=C,, locked bR
exclude (see “Discussion” in [29]) the model of Fig. 1, as
well as later modifications [11-14] that include branching
at the FC state into a reactive (isomerization) channel
and a non-reactive (back-reaction) channel. The major
inconsistency lies with the basic hypothesis shared by all
of such models, that the primary dynamic consequence of
light absorption involves substantial torsional motion
about the “critical” C,;=C,, bond. This is in keeping with
previous photochemically and spectroscopic data that
point to the deficiency of the simplified one-dimensional
curve of Fig. 1 [34, 35]. A plausible model, accounting for
the <30 fsec evolution of I, (FS), along with the 40-
80 fsec changes in the 500-700 nm range, is shown in Fig.
6. It adopts the concept of two molecular pathways

AA, relative units

1000 1500 0 500 1000 1500

Time, fsec

0 500

Fig. 5. Characteristic traces showing the early evolution of the
absorbance changes at 660 (a, ¢) and 520-560 nm (b, d) for
native bR (bRs;) (a, b) and bR5.12 (c, d).
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branching at the FC state. One leading back to the relaxed
all-trans ground state, the other going forward along the
photocycle. In this model the 40-80 fsec process is attrib-
uted to the decay of the second non-reactive excited state
(I, or FS,) rather then to the FC—FS relaxation of the
single path models. Although the scheme of Fig. 6 is in
keeping with the presently available data, it still awaits
direct verification, e.g., by three pulse experiments cur-
rently in progress in our laboratory.

Spectral modulations. Wave packet formation
through impulsive excitation should give rise to periodi-
cal motions along displaced nuclear coordinates,
detectable through spectral modulations of the excited
state emission. In bR, impulsive excitation was shown to
give rise to spectral modulations in the ground state
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Fig. 7. Modulations and respective FFT residuals observed in
the stimulated emission of bR (/) and bR5.12 (2).
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absorption band [36], while in visual rhodopsin periodi-
cal motions were detected in the bathorhodopsin photo-
product [37]. However, in variance with other biopig-
ments, no oscillations corresponding to the S, state were
detected in a retinal protein, in spite of the resonance
Raman activity of a large number of vibrational coordi-
nates [36-38]. Such absence was attributed to critical
damping or over-damping. Recently [39], using 20 fsec
pulses and a high signal-to-noise ratio in pump—probe
experiments, we have been able to observe modulations
in the stimulated fluorescence of both bR and bR5.12,
which are associated with vibronic wavepacket motion
on the S, surface (see Fig. 7). An FFT analysis clearly
shows one major peak at 157 and 137 cm™! for the native
and locked molecules, respectively. The observed fre-
quency is below the C—C stretching frequency and is also
inconsistent with C=C torsion [40]. Most likely it repre-
sents a skeletal motion of the retinal along a bound coor-
dinate in the excited state. A future challenge will be that
of identifying the active mode and establishing if it is
associated with accessing the conical intersection leading
to the ground state.

Role of the protein: comparison of the ultrafast bR
dynamics with those of the free protonated Schiff bases in
solution. The basic process in retinal proteins is activation
of the protein by light-induced changes in the polyene.
On the other hand, the protein controls the selectivity,
yield, and time scales of the primary photoreactions of
the chromophore. Thus, understanding the early events
in a pigment such as bR, and the way they are controlled
by chromophore—protein interactions, requires a com-
parison with the photophysical behavior of the corre-
sponding free protonated Schiff base (PSB) in solution.

The ultrafast spectroscopy of model PSB isomers in
solution has been investigated by fluorescence up-conver-
sion [41, 42] and by pump—probe [43-45] techniques. In
the case of the all-tfrans isomer, the primary feature is the
prompt formation of a broad absorption between 490 and
650 nm attributed to the FC state [44, 45]. After 200 fsec
the transient spectrum consists of a stimulated emission
at about 670 nm and by an absorption peaking at 500 nm.
Both features, decaying over several ps, are associated
with the FS state [43-45]. Analogous patterns are exhibit-
ed by 13-cis PSB [43]. These features have been inter-
preted in terms of two approaches.

1. That of the model of Fig. 1 (see also [44]) in which
the initial ~100 fsec decay of the FC state is attributed to
a ~90° torsion about the C,;=C,,, or C;=C,,, bond.
Subsequent motion along the same reaction coordinate
occurs on the S, ground state surface.

2. A second approach, based on ab-initio quantum
chemical calculations on model compounds [32, 40] and
on temperature effects on the FS lifetime [38], attributes
the picosecond decay component to a thermally activated
C,;=C,, torsion on the S, surface, to a 90° conical inter-
section (CI) point. In this model the primary FC—»FS
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transition is due to in-plane C=C stretching modes, while
the CI(S,)—S,step is fast and non rate determining.

Experiments have been recently carried out [45]
comparing the ultrafast spectroscopy of the two locked
analogs frans PSB5.12 and 13-cis PSB5.13 (molecules 2
and 3in Fig. 2, but with n-butylamine replacing the lysine
protein residue) with those of the “native” all-trans and
13-cis PSB. Interestingly, the basic spectroscopic and
dynamic features were found to be almost unaffected by
locking of the C,;=C,, (trans or cis) bond, explicitly: a)
C,;=C,, locking influences the FS decay time negligibly.
This is in variance with bR where the FS (I,4,) 500 fsec
decay is much faster than that of bR5.12 (18 psec); b) the
50-100 fsec evolution of the FS state is somewhat slower
than in bR (unresolved, <30 fsec), but is the same for the
two locked and all-#rans, unlocked PSBs; ¢) the free PSBs
exhibit spectral modulations (e.g., at 117 cm™') that are
similar, but not identical, to those observed in bR.

These results in the detached prosthetic group
demonstrate that the protein catalyzes relaxation to the
ground state, and that the protein matrix is instrumental
in directing the pathway of curve crossing to include the
crucial C;;=C,, torsion. Our results do not identify the
alternative reaction pathways which lead to CI in the var-
ious PSBs, and render the C,;=C,, torsion superfluous in
achieving this goal. Point (c) suggests that the spectral
modulations in the stimulated emission, which are inter-
preted to reflect wave packet motions in the reactive
excited state, are primarily taking place in the retinal
moiety in the case of bR as well. Point (b) shows that the
primary response in the PSB alone is consistent with that
in the bR. Accordingly, insensitivity of FC relaxation to
the locking implies that as in bR, the primary relaxation
out of the FC region in PSB is not controlled by substan-
tial out of plane C,;=C,, motions, excluding model (1)
(considered in the introductory section and presented in
Fig. 1). The fact that in all PSBs this process is slower
than its counterpart in bR or bR5.12 may indicate that
this stage of evolution is also somewhat catalyzed by the
opsin pocket.

II. PROTEIN CONFORMATIONAL
CHANGES INDUCED VIA NON-ISOMERIZABLE
CHROMOPHORES

The biological functions of retinal proteins, such as
vision, photosynthesis, and phototaxis, are based on
changes in protein structure induced by light absorption
by the retinal chromophore [1]. Such changes in the pro-
tein are interpreted in terms of a primary isomerization of
the retinal about the “critical” C=C bond. Accordingly,
light provides the necessary energy for overcoming the
C=C, trans—cis or cis—trans, barrier. The corresponding
change in retinal conformation leads, in a key—lock like
process, to a sustainable change in protein structure that
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drives the biological activity. In spite of the general con-
sensus as to the fundamental role of C=C isomerization,
theoretical considerations have pointed out the possibili-
ty that along with such steric effects, light-induced elec-
tronic polarization of the retinal chromophore as well,
may induce a structural reorganization of the protein
environment [22, 23]. Such electronic effects are inti-
mately related to the very nature of the FC, FS, and CI
excited states, as discussed in the previous section.

The first experimental indication for light-inducing
conformational change in a protein, with no isomeriza-
tion of an embedded chromophore, came from a study
based on atomic force sensing (AFS) [46]. The method-
ology monitors the vertical deflection of the tip of an
atomic force microscope, in contact with the bR purple
membrane, as a result of a laser pulse that is absorbed by
the pigment. Unexpectedly, following optical excitation,
C,;=C,, locked bR pigments that do not undergo a pho-
tocycle, exhibited transient AFS signals, analogous to
those of native bR. The effect was attributed to changes in
protein structure that are associated with the excited state
rather than with the characteristic photointermediates of
bR. Recently, independent evidence for a light-induced
structural transformation on the locked bR5.12 pigment
(2, Fig. 2) following optical excitation was obtained from
photoacoustics experiments [47]. More direct evidence
for the occurrence of structural changes in the bR protein
that do not necessitate a photocycle, was subsequently
derived from light-induced changes in the chemical activ-
ity of a variety of bR and artificial bR pigments. These are
reviewed in some detail in the subsequent sections.

Light-induced cleavage of the C=NH* bond: hydroxyl-
amine reactions. The protonated Schiff base bond
between retinal and the lysine residue in the binding site
of retinal proteins (K216 in bR) is stable to hydrolysis in
the dark, but undergoes cleavage (to retinal oxime and the
lysine residue) in the presence of hydroxylamine. The
reaction is catalyzed by light [48], yielding the standard
procedure for the replacement of retinal with synthetic
chromophores. It has been assumed that, at the stage of
the M [49] or L [50] photocycle intermediates, the pro-
tein undergoes a conformational change that catalyzes
the reaction by exposing the C=NH" bond to the reagent
or to a suitable catalytic protein moiety.

This assumption was tested by studying the light
effect on the hydroxylamine reaction in the C,;=C,,
locked pigments, bR5.12 (2, Fig. 2), bR5.13 (3, Fig. 2)
and bR11-epoxy (4, Fig. 2), that do not exhibit a photo-
cycle [51]. Surprisingly, in all three cases light altered the
reaction kinetic. Since the bR photocycle is associated
with C,;=C,, isomerization of the retinal, it was conclud-
ed that the chemical activity of the protein (with respect to
the hydroxylamine reaction) is affected by light even when
no C;;=C,, isomerization takes place.

Two alternative mechanisms were suggested,
accounting for this conclusion: 1) in the locked molecules
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the light-catalyzed hydroxylamine reaction takes place in
the excited state, e.g., in the FS, or possibly even earlier;
2) the reaction occurs after complete relaxation of the
chromophore to the ground state, due to a conformation-
al change in the protein that is not associated with an
(optical) photocycle.

The first alternative was excluded on the basis of
considerations based on the quantum yield of the light-
induced reaction and on the FS lifetime, that in the case
of, e.g., bR5.13 were determined as 2-10~* and 11 psec,
respectively. It was thus concluded that in the locked mol-
ecules, the reaction is due to a protein conformational
change persisting on a timescale that is longer than hun-
dreds of nanoseconds and that is not accompanied by a
conformational change of the retinal chromophore.

Chemical reactivity outside of the binding site: reduc-
tion—oxidation of spin labels covalently bound to the pro-
tein. While the hydroxylamine reactions described above
detect protein structural alteration in the region of the
retinal binding site, methods were developed to monitor
light-induced conformational alterations in other protein
domains [52]. This was achieved by applying a site-direct-
ed spin labeling technique in bR that is widely used to
obtain information on the label environment and its
alterations during the photocycle [53-61]. Our experi-
ments revealed that the spin label can be reduced by
hydroxylamine and subsequently (after hydroxylamine
removal) reoxidized by molecular oxygen to form the
original radical. Both reduction and oxidation reactions,
followed by EPR spectroscopy, were used as tools to mon-
itor light-induced protein conformational alterations in a
variety of artificial and chemically modified chro-
mophores:

a. The reduction reaction with retinal and synthetic
retinals as chromophores. The spin label reduction reac-
tion was found to be catalyzed by light in the A103C-
labeled pigment but not when labeling was at the E74 or
E163 positions. These experiments clearly indicated that
the protein experiences light-induced conformational
alterations that selectively affect the label reactivity in the
cytoplasmic side of the protein, in the vicinity of the A103
residue. Moreover, analogous catalytic effects were
observed in artificial pigments 2-4 (Fig. 2) in which the
C,;=C,, double bond isomerization cannot take place.
This indicates that the effect does not require isomeriza-
tion about the “critical” double bond and with the bR
photocycle.

b. The oxidation reaction with retinal oxime as chro-
mophore. The oxidation reaction of the spin label was
studied in hydroxylamine-bleached membranes that
carry a retinal oxime non-covalently trapped in the bind-
ing site. Light absorption by the oxime chromophore was
found to considerably accelerate the reaction when the
label was at the A103 position. Again, the same phenom-
enon is observed in the case of the oximes derived from
molecules 2-4 (Fig. 2). These results show that the cat-
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alytic effects, and thus the associated changes in protein
conformation, are not specific to covalently attached
(protonated) Schiff bases of retinal.

¢. The oxidation reaction with a reduced retinal Schiff
base as chromophore. To test the hypothesis that the light-
induced change in protein conformation occurs as a
respond to charge redistribution in the excited state [22,
23, 46], the label oxidation reaction was studied in sever-
al reduced bR systems [52]. Reduction of the retinal-pro-
tein Schiff base linkage with sodium borohydride leads to
a symmetric polyene, covalently bound to the protein via
a -CH,—NH-bond (molecule 5, Fig. 2). In keeping with
the above hypothesis, this pigment did not show any
light-catalyzed oxidation reaction. Further support for
the light-induced charge redistribution mechanism was
gained by experiments with substituted (reduced) chro-
mophores. Substitution with electron withdrawing groups
(E, CF;) close to the Schiff base linkage (molecules 6 and
7, Fig. 2), that reinstate charge delocalization, was found
to restore light-induced acceleration. Similarly, electron
donating groups replacing the $-ionone ring (molecules &
and 9, Fig. 2) initiated the protein response as well. All
such experiments are in keeping with the charge redistri-
bution mechanism, excluding alternative explanations,
e.g., attributing the effect to excess light energy dissipated
as heat.

d. The oxidation reaction in non-retinal, non-isomer-
izable, chromophores. An inherent difficulty with all of the
above systems arises from the fact that the retinal analogs
employed carried isomerizable C=C or C=N bonds,
other than the “critical” C;;=C,, bond. Therefore,
although unlikely, isomerization around other double
bonds could replace that of the locked C,;=C,, as a cause
of the light catalytic effect. To circumvent this difficulty,
several dye molecules (/0-12, Fig. 2), characterized by a
completely rigid structure in which no double bond iso-
merization can occur, were incorporated into the binding
site of the spin labeled opsin [62]. Incorporation occurs
via noncovalent trapping in the binding site that displaces
the retinal oxime. It was revealed (see table) that in the
case of A103C labeling (but not in the case of A74C) the
oxidation reaction was significantly accelerated by light.
It is thus evident that non-isomerizable chromophores
that carry no resemblance to retinals are as effective in
inducing the light-induced conformational changes in
the A103C region of the protein.

III. CONCLUDING DISCUSSION

It is appropriate to compare the effects of locking of
the C,;=C,, bond on the early time-resolved photophysi-
cal phenomena in bR, as revealed by ultrafast spec-
troscopy, with those associated with the light-induced
conformational alterations in the protein. We have seen
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Relative photocatalytic efficiency (relative to non-illu-
minated solution) of native and artificial bacterio-
rhodopsin pigments (values are relative to native bacterio-
rhodopsin)

103C
spin-labeled
reduction®

103C
spin-labeled
reoxidation®

Retinal-protein
photocatalytic
cleavage?

Pigment

1 1 1

0.1 0.93 1.22
2.95 1.33
0.02 0.97
0

1.33
1.11
0.66
0.75
0.21¢
0.52¢
2.42¢

O 0 N N Ui AW N~

—_—
No—= O

2 Dark and light reactions were carried out in the presence of 0.2 M
hydroxylamine.

b Reduction of the radical attached to 103C residue, followed by EPR
spectroscopy.

¢ Spontaneous reoxidation of the reduced radical by molecular oxygen.

4 The dyes were illuminated with a 450 nm cut-off filter, whereas native
bR was illuminated with white light.

that such alterations, reflected by changes in the chemi-
cal reactivity of the Schiff base or of an attached spin
label, are essentially insensitive to locking of the “criti-
cal” C=C bond. This implies that the alterations are trig-
gered prior to the stage at which the photoreactions of the
native pigment and those of the locked pigments diverge.
As discussed above this occurs at the stage of the FS (I
intermediate) that in the locked molecules exhibits a life-
time of 10-20 psec. In the native pigment I, decays in
less than 1 psec giving rise to the subsequent photocycle
that lasts for several msec. Since the light-catalytic effi-
ciency does not appear to depend on the excited state life-
time it seems reasonable to conclude that protein activa-
tion is triggered on a sub-picosecond time scale, as early
as during, or after, the FC—FS relaxation. Moreover, the
data discussed above clearly show that during this time
range the retinal chromophore does not undergo a sub-
stantial torsion about a C=C bond.

At present, the accumulated evidence points to
charge delocalization in the excited state as the cause of
the light-induced conformational changes in the protein.
In some cases [63-65] the light catalytic effect can be
directly correlated with the presence of an induced dipole
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(as determined for the vertically excited FC state) by sec-
ond harmonic generation, or by two photon double reso-
nance spectroscopy [66]. In other cases (see above) the
presence of an excited state dipole is postulated on the
basis of molecular symmetry considerations. For the non-
covalently bound dyes /0-12 (Fig. 2) the presence and
size of charge delocalization still awaits direct experimen-
tal verification. A major challenge will be that of defining
on a molecular level the structural reorganization of the
protein. It will primarily be understanding the mecha-
nisms that affect the reactivity of the Schiff base and
transmits structural alterations to other protein domains.
However, independently of such quantitative knowledge,
it is evident that opfical excitation of an appropriately
embedded chromophore, may induce transient structural
changes in the opsin that affect its chemical reactivity. This
is a general conclusion that may also apply to visual pig-
ments, to other proteins, and possibly to other macro-
molecules.

It should be pointed out that additional questions
related to the mechanism of protein activation and its
consequences are still open. For example, the time scale
of the chemical reaction. Does the reaction occur during
the excited state lifetime or on longer time scales, in
which the protein structural change persists after com-
plete relaxation of the chromophore to its original ground
state? In case of the hydroxylamine bond cleavage
described above, the reaction was shown to occur on time
scales that are much longer than that of the FS. However,
such discrimination between the two alternatives is not
yet available in the case of the spin label reduction and
reoxidation processes.

A second point concerns the question as to whether
and how are the structural changes that do not require
isomerization related to the bR photocycle and to its bio-
logical activity. A simple approach may invoke that such
changes are unrelated to the photocycle and (as it is usu-
ally assumed) all photocycle phenomena are exclusively
triggered by isomerization, as early as at the stage of the J
or K intermediates. It is tempting to suggest, however,
that the above changes do couple to those triggered by
isomerization. In such a case, there appear to be two
alternative coupling mechanisms. a) The early changes,
induced most probably by charge delocalization in the
excited state, are a pre-requisite for isomerization of the
chromophore at the J or K stages. Note that although
C,;=C,, isomerization at the K stage is well established, a
recent CARS study of bR [67] suggests that J still main-
tains the original all-frans configuration of light-adapted
bR. This study points that J is a twisted non-isomerized
either excited or ground state. b) Alternatively, the
changes induced by charge redistribution and those
induced by isomerization are triggered independently,
coupling only at later stages of the photocycle. According
to either mechanism the molecular changes occurring
during the photocycle that are responsible for the func-
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tion of bR require both kinds of protein structural trans-
formations. Discrimination between the various alterna-
tives, clarifying the exact mechanism of retinal-protein
activation by light, remains a challenging objective of
future studies.
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