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Abstract—This article reviews the primary reaction processes in rhodopsin, a photoreceptive pigment for twilight vision.
Rhodopsin has an 11cis retinal as the chromophore, which binds covalently with a lysine residue through a protonated Schiff
base linkage. Absorption of a photon by rhodopsin initiates the primary photochemical reaction in the chromophore.
Picosecond timeresolved spectroscopy of 11cis locked rhodopsin analogs revealed that the cistrans isomerization of the
chromophore is the primary reaction in rhodopsin. Then, generation of femtosecond laser pulses in the 1990s made it possi
ble to follow the process of isomerization in real time. Formation of photorhodopsin within 200 fsec was observed by a tran
sient absorption (pump–probe) experiment, which also revealed that the photoisomerization in rhodopsin is a vibrationally
coherent process. Femtosecond fluorescence spectroscopy directly captured excitedstate dynamics of rhodopsin, so that
both coherent reaction process and unreacted excited state were observed. Faster photoreaction of the chromophore in
rhodopsin than that in solution implies that the protein environment facilitates the efficient isomerization process. Such con
tributions of the protein residues have been monitored by infrared spectroscopy of rhodopsin, bathorhodopsin, and
isorhodopsin (9cis rhodopsin) at low temperatures. The crystal structure of bovine rhodopsin recently reported will lead to
better understanding of the mechanism in future.
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Rhodopsin is the only photoreceptor protein (a
visual pigment) in the outer segment of rod visual cell
responsible for twilight vision. It has been extensively
studied more than any other visual pigments such as cone
pigments responsible for color vision because of relative
ease of preparation and abundance. Rhodopsin has 11
cis retinal as its chromophore, which is embedded inside
a single peptide transmembrane protein called opsin.
The role of rhodopsin in the signal transduction cascade
of vision is to activate transducin, a heterotrimeric G
protein, upon absorption of light (reviewed in [14]).
Therefore, a central question in rhodopsin is how light
energy is used to change protein structure through pho
tochemical reaction of the retinal chromophore.
Rhodopsin (opsin), a member of Gprotein coupled
receptor family, is composed of 7transmembrane
helices. The 11cis retinal forms the Schiff base linkage
with a lysine residue of the 7th helix (Lys296 in the case
of bovine rhodopsin), and the Schiff base is protonated,
which is stabilized by a negatively charged carboxylate
(Glu113 in the case of bovine rhodopsin) [14]. The β
ionone ring of the retinal is coupled with hydrophobic
* To whom correspondence should be addressed.

region of opsin through hydrophobic interactions [5].
Thus, the retinal chromophore is fixed by three kinds of
chemical bonds in the retinal binding pocket of
rhodopsin.
Absorption of a photon by the chromophore induces
a primary photoreaction, followed by conformational
changes of protein, and eventually activates transducin.
This is called the “bleaching process” because rhodopsin
loses its color. Several intermediate states are formed dur
ing the bleaching process, which have been identified by
visible spectroscopy (Fig. 1). In such studies, both low
temperature and timeresolved spectroscopies have pro
vided a great deal of information on the bleaching
processes of rhodopsin (reviewed in [4, 6, 7]).
Among the bleaching processes of rhodopsin, we
define the “primary process” as the event of formation of
bathorhodopsin (Fig. 1). Bathorhodopsin is formed and
stable in the picosecond time domain. It is also stable at
low temperature (<–140°C) [6]. Unlike bathorhodopsin,
photorhodopsin cannot be stabilized at low temperature,
as well as the excited state of rhodopsin [7]. There has
been a fundamental question on the nature of the primary
photoprocess in rhodopsin: What is the primary reaction
in vision? To address this question, the primary process of
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Fig. 1. Photobleaching process of bovine rhodopsin. The pri
mary process is shown in the frame, which involves excited
state of rhodopsin, photorhodopsin, and bathorhodopsin.
MetarhodopsinII that activates transducin is underlined.

rhodopsin has been extensively studied by lowtempera
ture and timeresolved spectroscopies.
In 1992, we published an article entitled “primary
photochemical events in the rhodopsin molecule” [8], in
which both lowtemperature and timeresolved spectro
scopic approaches were reviewed. Since the chromophore
of rhodopsin is in 11cis form and the final bleaching
product is a mixture of alltrans retinal and opsin (Fig. 1),
the cistrans isomerization of the chromophore must
occur during the bleaching process of rhodopsin. On the
basis of the remarkable redshift of rhodopsin to
bathorhodopsin, Yoshizawa and Wald proposed that
bathorhodopsin would have a twisted alltrans chro
mophore [9]. This hypothesis gave an indication that the
primary reaction in vision is a cistrans isomerization of
the retinal chromophore. However, the discovery of pre
cursors of bathorhodopsin, such as photorhodopsin and
hypsorhodopsin, by lowtemperature and picosecond
timeresolved spectroscopies [1012] raised a question,
“what is the primary reaction in vision?” again. In addi
tion, an application of picosecond laser photolysis led to
propose another possibility, a proton translocation mech
anism [13]. In the first chapter of this article, we will
make a historical review of the study of the primary reac
tion in rhodopsin.
In the study of the primary reaction mechanism,
rhodopsin analogs possessing 11cis locked ring retinals
supplied a mass of interesting and valuable information
[8]. In the second chapter, we review the study of such
systems, by which we are convinced that the primary

reaction in vision is a cistrans isomerization of the chro
mophore.
Although picosecond laser photolysis provided much
information on the primary reaction in rhodopsin, it
could not capture the electronically excited state of
rhodopsin. Since the primary isomerization occurs in the
excited state of rhodopsin, we need femtosecond pulses to
examine the reaction dynamics of rhodopsin in real time.
In the last decade of the 20th century, femtosecond spec
troscopy was applied to rhodopsin. However, the early
stage of trials was rather confusing on the mechanism of
the primary processes of rhodopsin, as was for picosecond
spectroscopy of rhodopsin [7, 8]. In the third chapter,
recent advances in femtosecond spectroscopy of
rhodopsin are described, where the situation becomes
clearer now.
It is known that the cistrans isomerization is high
ly efficient in rhodopsin (quantum yield: 0.67) [14],
which is essential to make twilight vision highly sensi
tive. In fact, a human rod cell can respond to a single
photon absorption. Such an efficient photoisomeriza
tion of the retinal chromophore is characteristic in the
protein environment of rhodopsin, being in contrast to
the rhodopsin chromophore in solution. This indicates
that the protein environment facilitates the isomeriza
tion. How is it possible? To understand the mechanism,
structural information is necessary, and such vibrational
spectroscopies as resonance Raman and infrared spec
troscopies are useful. Resonance Raman spectroscopy
has experimentally revealed that light energy is stored by
chromophore distortion, which was originally proposed
by Yoshizawa and Wald [9]. On the other hand, infrared
spectroscopy has revealed how the protein responds to
the chromophore motion. In the fourth chapter, the
structural study of the primary isomerization processes
are mainly presented on the basis of our lowtempera
ture infrared spectroscopy.
Very recently, bovine rhodopsin was crystallized by
Okada et al. [15], and its threedimensional structure was
determined [16] as the first structure of Gprotein cou
pled receptor family which includes over 1000 proteins.
Such accomplishment promises better understanding of
the primary reaction mechanism in rhodopsin in future.
As a perspective, we give some comments on the
rhodopsin structure in the fifth chapter.

I. HISTORY OF THE STUDIES
ON THE PRIMARY REACTION OF RHODOPSIN
To investigate the primary photoreaction processes
in rhodopsin, two spectroscopic approaches have been
applied; lowtemperature and timeresolved spectro
scopies [8]. They can detect primary photointermediate
states by reducing the thermal reaction rate at low tem
perature (lowtemperature spectroscopy) or directly
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probing dynamical processes at physiological tempera
ture (timeresolved spectroscopy). Historically, the for
mer technique was in advance of the latter, because gen
eration of ultrashort pulses was necessary to detect pri
mary intermediates of rhodopsin at physiological temper
ature, and picosecond pulses emerged in the 1970s [8].
After discovery of the chromophore (vitamin A) by
George Wald in the 1930s, Yoshizawa and Kito first found
a redshifted photoproduct of bovine rhodopsin at low
temperature (–186°C), which reverted to rhodopsin by
illumination [17]. On warming above –140°C, this photo
product (now called bathorhodopsin [10]) is converted to
lumirhodopsin and finally decomposed to alltrans retinal
and opsin through several intermediates (Fig. 1). Based
on low temperature spectrophotometric experiments,
Yoshizawa and Wald proposed in 1963 that
bathorhodopsin has a “highly constrained and distorted”
alltrans retinal as its chromophore and is on a higher
potential energy level than rhodopsin and subsequent
intermediates [9]. According to their prediction, the
process of rhodopsin to bathorhodopsin should be a cis
trans isomerization of the chromophore.
The first challenge to the isomerization model was
made in 1972 by picosecond laser photolysis [18].
Busch et al. reported the formation of bathorhodopsin
within 6 psec after excitation of rhodopsin at room tem
perature, and interpreted that its formation would be
too fast to be attributed to such a conformational
change as the cistrans isomerization of the retinal
chromophore [18]. On the basis of both isotope effect
and nonArrhenius temperature dependence of the for
mation time of bathorhodopsin, Peters et al. proposed a
model that the formation of bathorhodopsin is accom
panied by proton translocation [13]. Which reaction
takes place in rhodopsin, isomerization or proton
translocation?
The isomerization model was favored by various low
temperature spectroscopic results [8], such as consider
able angle change (26°) of the transition dipole moment
between rhodopsin and bathorhodopsin [19], and no for
mation of bathorhodopsin for an 11cis locked rhodopsin
analog [20]. Lowtemperature resonance Raman spec
troscopy revealed that a chromophore isomerization
occurs in the rhodopsin–bathorhodopsin transformation
[21]. To determine what is the primary reaction of
rhodopsin at physiological temperature, however, time
resolved spectroscopy with ultrashort pulses was neces
sary.
In the 1970s and 1980s, various studies were per
formed by picosecond timeresolved spectroscopy [8].
However, rather complicated results were obtained from
picosecond timeresolved spectroscopy of rhodopsin.
The results were classified into three; the primary inter
mediate is bathorhodopsin itself (case 1), the primary
intermediate is a blueshifted photoproduct (hyp
sorhodopsin [10]) that decays to bathorhodopsin (case 2),
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and the primary intermediate is a more redshifted pho
toproduct (photorhodopsin [12]) that decays to
bathorhodopsin (case 3). Such discrepancy among groups
was then explained in terms of the difference in laser
power for excitation of rhodopsin. Namely, little atten
tion was paid to the energy density of the laser pulse at the
early stage of investigation, and it turned out that excita
tion photon density is extremely important in the study of
photochemistry of rhodopsin [8]. We found that pho
torhodopsin was formed under weak excitation condi
tions in bovine and invertebrate (squid and octopus)
rhodopsins (case 3) [12], while strong excitation brought
about different results due to multiphoton absorption. In
bovine rhodopsin, no kinetic changes from pho
torhodopsin to bathorhodopsin were apparently observed
under strong excitation conditions, which could lead to a
conclusion that bathorhodopsin is formed as the primary
intermediate (case 1) [22]. On the other hand, hyp
sorhodopsin was formed under strong excitation condi
tions of invertebrate (squid and octopus) rhodopsins as a
two photon product of rhodopsin, decaying to
bathorhodopsin (case 2) [23]. Thus, different results are
most likely to originate from the difference in excitation
photon densities.
Picosecond timeresolved spectroscopy of rhodopsin
under physiological (i.e., weak excitation) conditions
revealed that photorhodopsin is formed as a single photon
product, decaying to bathorhodopsin (Fig. 1). The time
constant of the transition between photorhodopsin and
bathorhodopsin was determined to be 45 psec for bovine
[22] and 200 psec for squid [23]. Bathorhodopsin
observed at room temperature decays to lumirhodopsin,
while bathorhodopsin at low temperature is converted to
lumirhodopsin on warming (Fig. 1). On the other hand,
photorhodopsin could not be stabilized at low tempera
ture. This fact indicated that the properties of pho
torhodopsin can be examined only by timeresolved spec
troscopy.
Absorption spectra of photointermediates of
rhodopsin provide fundamental information. Therefore,
we next attempted to determine absorption spectra of
photorhodopsin and bathorhodopsin at room tempera
ture. In determining absorption spectra of intermediates,
an accurate estimation of percentage of bleaching is nec
essary. Although it is generally difficult in laser spec
troscopy, we succeeded to estimate percentage of bleach
ing by picosecond laser excitation of rhodopsin mole
cules immobilized in polyacrylamide gel [24]. Thus,
absorption spectra of bathorhodopsin and pho
torhodopsin were obtained at room temperature (Fig. 2).
The absorption maximum of bathorhodopsin at room
temperature was located at about 535 nm [23], consider
ably blueshifted in comparison with that at low temper
ature (543 nm) [9]. In addition, the spectral half band
width (4660 cm–1, Fig. 2) was broader than those of
rhodopsin (4300 cm–1, Fig. 2) and bathorhodopsin at low
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Fig. 2. Absorption spectra of bovine rhodopsin,
bathorhodopsin, and photorhodopsin at room temperature.
Because of scattering of the excitation pulse, it was impossible
to measure the spectral region from 530 to 550 nm. The spec
tra in the region were estimated by extrapolating the spectra in
both sides of the region (dotted lines). This figure is modified
from Kandori et al. [24].

temperature (4250 cm–1 [9]), while the oscillator
strength of bathorhodopsin was comparable with that of
rhodopsin at room temperature.
The absorption spectrum of photorhodopsin has its
maximum at 570 nm. It is also noted that both spectral
half bandwidth and oscillator strength of photorhodopsin
were considerably smaller than those of rhodopsin and
bathorhodopsin. The small oscillator strength of pho
torhodopsin suggested that photorhodopsin possesses
highly distorted chromophore, because the oscillator
strength is sensitive to coplanarity of the conjugated dou
ble bond system [25]. Thus, the absolute absorption spec
trum of photorhodopsin implied that the chromophore is
distorted, possibly in an alltrans form. More plausible
evidence was given by the comprehensive study of 11cis
locked rhodopsin analogs as shown in the next chapter.

II. PRIMARY REACTION
IS cistrans PHOTOISOMERIZATION
As possible models of the primary photochemical
reaction in rhodopsin, both isomerization and proton
translocation were proposed as described in the previous
chapter. The former was on the basis of the lowtempera
ture spectroscopy of bathorhodopsin [9, 10, 19, 20], while
the latter was on the basis of the lowtemperature
picosecond photolysis on bathorhodopsin [13, 18]. Since
photorhodopsin is formed as the precursor of
bathorhodopsin at room temperature, the primary reac
tion mechanism in rhodopsin had to be examined by

timeresolved spectroscopy. Regarding the proton
translocation model, it should be noted that the excita
tion photon density was extremely high in the lowtem
perature picosecond experiments [13, 18]. Therefore, the
nonArrhenius dependence of the formation rate of
bathorhodopsin on temperature and deuterium isotope
effect may be results that could be detected only under
intense excitation conditions. In fact, a deuterium iso
tope effect was not observed in the process from pho
torhodopsin to bathorhodopsin under weak excitation
conditions [22].
For further investigation of the primary reaction
mechanism, rhodopsin analogs possessing 11cis locked
ring retinals were used. Irradiation of 11cis locked
rhodopsin analogs such as 5membered [20] and 7
membered rhodopsins at room temperatures [26] dis
played no formation of bathorhodopsin, indicating that
the cistrans isomerization of the chromophore is essen
tial for the formation of bathorhodopsin. Then, what
about photorhodopsin? In this regard, a notable study
was reported in 1983. Buchert et al. described that exci
tation of 7membered rhodopsin yielded three transient
photoproducts, one of which was close to pho
torhodopsin in terms of redshifted absorption spectrum
and with a lifetime in the picosecond time domain [27].
This observation might argue against the isomerization
model, even if bathorhodopsin has an alltrans chro
mophore.
Therefore, we attempted a comprehensive study by
applying picosecond spectroscopy to rhodopsin
analogs possessing 11cislocked ring retinals as their
chromophores. In these rhodopsin analogs, 11cis
locked retinals with 5, 7, and 8membered rings are
incorporated into bovine opsin, so that the formed pig
ments become unbleachable. In spite of no photo
bleaching of these pigments, interestingly, picosecond
timeresolved spectroscopy detected differences in
photophysical and photochemical properties among
them (Fig. 3).
In the case of 5membered rhodopsin, only a long
lived excited state (τ = 85 psec) was formed without any
groundstate photoproduct (Fig. 3d), giving direct evi
dence that the cistrans isomerization is the primary
event in vision [28]. Excitation of 7membered
rhodopsin, on the other hand, yielded a groundstate
photoproduct having a spectrum similar to pho
torhodopsin (Fig. 3c). These different results were inter
preted in terms of the rotational flexibility along C11–C12
double bond [28]. This hypothesis was further supported
by the results with an 8membered rhodopsin that pos
sesses a more flexible ring. Upon excitation of 8mem
bered rhodopsin with a 21 psec pulse, two photoprod
ucts, photorhodopsinlike and bathorhodopsinlike
products were observed (Fig. 3b) [29]. Thus, the picosec
ond absorption studies directly elucidated the correlation
between the primary processes of rhodopsin and the flex
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Fig. 3. Schematic drawing of ground and excitedstate poten
tial surfaces along the 11ene torsional coordinates of the
chromophore of rhodopsin (a), 8membered rhodopsin (b), 7
membered rhodopsin (c), and 5membered rhodopsin (d).
This figure is modified from Mizukami et al. [29].

ibility of C11–C12 double bond of the chromophore, and
we eventually inferred the respective potential surfaces as
shown in Fig. 3 [29].

III. PHOTOISOMERIZATION IN RHODOPSIN
OCCURS IN FEMTOSECONDS
As described above, the cistrans isomerization of
the chromophore of rhodopsin is the primary reaction in
vision, which is likely to occur in the electronically
excited state of rhodopsin. Although picosecond time
resolved spectroscopy of rhodopsin successfully detect
ed the primary intermediates at room temperature,
direct observation of the cistrans isomerization process
needs a better time resolution to capture its excited
state. Doukas et al. estimated the excitedstate lifetime
of rhodopsin to be in a subpicosecond time domain from
their observation of the fluorescence quantum yield
[30]. Therefore, we had to wait for generation of fem
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tosecond pulses to detect the isomerization process of
rhodopsin in real time.
In 1991, two groups first reported femtosecond tran
sient absorption spectroscopy of bovine rhodopsin [31,
32], whereas their conclusions were remarkably different
from each other (table). One group excited bovine
rhodopsin with a 35 fsec pulse and probed with a 10 fsec
pulse, and concluded that product formation completed
within 200 fsec [31]. An amazingly fast event! In contrast,
the other group measured transient absorption of bovine
rhodopsin with 300 fsec resolution, and concluded that
the primary isomerized photointermediate appears in
3 psec [32]. In the following year, a different group
applied femtosecond transient absorption spectroscopy to
octopus rhodopsin, and reported that there are two time
constants for the formation of the primary photointerme
diates, 400 fsec and 2 psec [33]. Thus, the first trials pro
vided rather confusing results on the primary processes of
rhodopsin photoisomerization. Timeresolved spec
troscopy of rhodopsin with femtosecond resolution so far
reported are listed in the table [3143] as well as that
applied to the rhodopsin chromophore (protonated Schiff
base formed from 11cis retinal and butylamine) in solu
tion [44].
The first group quickly reported several femtosecond
pump–probe works one after another, which involved the
measurement of bovine rhodopsin with widespectral
window [35], the measurements of 9cis rhodopsin [34],
and 13demethyl rhodopsin [37] (table). In addition, they
observed oscillatory features with a period of 550 fsec
(60 cm–1) on the kinetics at probe wavelengths within the
photoproduct absorption band of rhodopsin, whose phase
and amplitude demonstrate that they are the result of
nonstationary vibrational motion in the ground state of
photorhodopsin [36]. The observation of coherent vibra
tional motion in photorhodopsin supports the idea that
the primary step in vision is a vibrationally coherent
process and that the high quantum yield of the cistrans
isomerization in rhodopsin is a consequence of the
extreme speed of the excitedstate torsional motion.
The idea of an extremely fast isomerization also
matched with the results on 8membered rhodopsin, in
which we estimated the fluorescence lifetime of 8mem
bered rhodopsin to be 60 fsec throughout the observed
wavelengths (550640 nm) [38]. The results were inter
preted in terms of rapid deformation around the C11–C12
double bond occurring as fast as vibrational motions of
the chromophore (Fig. 3). Thus, it seems that coherent
isomerization becomes a general consensus in the field of
ultrafast spectroscopy of rhodopsin, which was reviewed
by the first group [45, 46]. Thus, the vibrationally coher
ent photoisomerization can lead to the high reaction
quantum yield of rhodopsin. In fact, the cistrans isomer
ization yield of the rhodopsin chromophore (a protonat
ed Schiff base of 11cis retinal) in solution (~0.15) [47,
48] is much smaller than that in protein (0.67 [14]), indi
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Femtosecond timeresolved spectroscopy of rhodopsin
Authors

Year

Sample

Spectroscopy

Pulse property

References

Schoenlein et al.

1991

Rh

pump–probe

[31]

Yan et al.

1991

Rh

pump–probe

Taiji et al.

1992

Rh (octopus)

pump–probe

Schoenlein et al.

1993

9cis Rh

pump–probe

Peteanu et al.

1994

Rh

pump–probe

Wang et al.

1994

Rh

pump–probe

Wang et al.

1996

13dm Rh

pump–probe

Kandori et al.

1996

8membered Rh

fluorescence

Kobayashi et al.

1998

Rh (octopus)

pump–probe

Chosrowjan et al.

1998

Rh

fluorescence

Haran et al.

1999

Rh

pump–probe

Yan et al.

2001

Rh

pump–probe

Kandori et al.

2001

Rh

fluorescence

Kandori et al.

1995

PSB11/MeOH

fluorescence

pump: 500 nm, 35 fsec,
probe: 450580 nm, 10 fsec
pump: 500 nm,
probe: 520620 nm,
timeresolution: 300 fsec
pump: 525 nm, 300 fsec,
probe: 4001000 nm
pump: 500 nm, 40 fsec,
probe: 450670 nm, 10 fsec
pump: 500 nm, 35 fsec,
probe: 490670 nm, 10 fsec
pump: 500 nm, 35 fsec,
probe: 490620 nm, 10 fsec
pump: 500 nm, 40 fsec,
probe: 470650 nm, 10 fsec
excitation: 444 nm,
emission: 550670 nm,
timeresolution: 180 fsec*
pump: 525 nm, 300 fsec,
probe: 4001000 nm
excitation: 430 nm,
emission: 578, 635 nm,
timeresolution: 210 fsec*
pump: 500 nm,
probe: 580900 nm,
timeresolution: 100140 fsec*
pump: 500 nm,
probe: 570, 605 nm,
timeresolution: 300 fsec
excitation: 430 nm,
emission: 530780 nm,
timeresolution: 210 fsec*
excitation: 444 nm,
emission: 605, 695 nm,
timeresolution: 170 fsec*

[32]

[33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

[41]

[42]

[43]

[44]

Note: In sample condition column, animals are bovine except for two reports on octopus. Rh, rhodopsin; 13dm Rh, 13demethylrhodopsin;
PSB11/MeOH, protonated Schiff base of 11cis retinal in methanol; *, cross correlation width.

cating that the isomerization of the rhodopsin chro
mophore is much enhanced in the protein environment
of rhodopsin.
While the coherent isomerization provided a new
concept on the excitedstate dynamics in rhodopsin,
there remained various questions on the primary cistrans
photoisomerization of rhodopsin. One of them is that the
coherent isomerization could result in a quantum yield
much higher than that observed in rhodopsin. Another
issue is that the dynamics of rhodopsin seems far different
from that of the chromophore in solution, if the photore
action of rhodopsin is simply described by the coherent
isomerization within 200 fsec. The fluorescence dynamics
of the protonated Schiff base of 11cis retinal in solution

was found to possess two components, one in femtosec
ond (90600 fsec, 25%) and another in the picosecond
time domain (23 psec, 75%) [44]. These issues required
further efforts for better understanding of the primary
process of rhodopsin, and the mechanism of its excited
state dynamics was still an open question.
It was intriguing that the first group missed observing
stimulated emission, while they observed an absorption
band of the excited state at shorter wavelength side of
rhodopsin [31, 35]. It might be explained assuming the
product absorption rapidly appears at the same wave
length region. On the other hand, stimulated emission
from octopus rhodopsin [33, 39] was observed with a
timeresolution lower than the first group. The femtosec
BIOCHEMISTRY (Moscow) Vol. 66 No. 11 2001
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ond transient absorption study by Haran et al. extended
the wavelength region into the near infrared, which
resulted in detection of the stimulated emission from
bovine rhodopsin [41].
All these studies with femtosecond pulses on the pri
mary photochemical processes of rhodopsin were done by
means of transient absorption (pump–probe) spec
troscopy. To probe the excitedstate dynamics of
rhodopsin, however, the absorption spectroscopy may not
be advantageous, because other spectral features, such as
groundstate depletion and product absorption, are pos
sibly superimposed on the excitedstate spectral features
(absorption and stimulated emission) in the obtained
data. Each spectral feature may even vary in the fem
tosecond time domain, which provides further difficulty
in analyzing the data. On the other hand, fluorescence
spectroscopy focuses only onto the excitedstate process
es, so that the excitedstate dynamics can be observed
more directly. Thus, we attempted to apply femtosecond
upconversion spectroscopy to detect the excitedstate
dynamics of rhodopsin in real time. After reports on the
rhodopsin chromophore in solution [44] and 8mem
bered rhodopsin [38], we recently succeeded to detect
fluorescence from rhodopsin in real time [40, 43] (table).
The fluorescence decay at 578 and 635 nm was clear
ly nonexponential and different from each other in the
first report [40]. The results motivated us to measure flu
orescence decay kinetics in a wider wavelength region.
Figure 4 shows the recent results of the rhodopsin emis
sion in real time that were monitored at 6 wavelengths
between 530 and 780 nm [43]. The decay kinetics clearly
showed nonexponential nature, where both femtosecond
(125330 fsec) and early picosecond (1.02.3 psec) com
ponents were predominantly obtained as the best fit. As
shown in Fig. 4, no dynamic Stokes shift was detected,
whereas the femtosecond component of the fluorescence
at both blue (530 and 580 nm) and red (780 nm) sides of
the spectrum decayed faster than that at the center. This
result suggests that the conversion from the
Franck–Condon state to the fluorescence state occurs
within the time resolution of the apparatus (<100 fsec)
owing to coupling with intrachromophore high frequen
cy modes and faster initial decay is due to sharpening of
band shape caused by a decrease of amplitudes of high
frequency modes along the reaction coordinate of twist
ing.
The fastest main components in the 100 fsec regime
are probably correlated with the ultrafast coherent iso
merization process, which leads to formation of pho
torhodopsin within 200 fsec [31, 45, 46]. On the other
hand, the origin of the early picosecond components was
not clear. We confirmed the linear relationship between
the excitation laser power and the fluorescence intensity,
indicating that the two components of the fluorescence
decay indeed originate from the excited state of
rhodopsin. The presence of two electrically excited states
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630 nm

680 nm

730 nm

780 nm

0
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2

3

4
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Time, psec

Fig. 4. Fluorescence dynamics of bovine rhodopsin excited at
430 nm and monitored at 530 (133), 580 (145), 630 (204), 680
(169), 730 (106), and 780 nm (60). The numbers in parenthe
ses show the photon counts at maximum position for each
monitoring wavelength, respectively. Smooth curves are the
best fits obtained by deconvolution procedure with the instru
mental response function (full width of half maximum:
210 fsec). Three kinetic components are used in the fitting;
femtosecond (125330 fsec), early picosecond (1.02.4 psec),
and >50 psec components, among which the femtosecond
component is major (5887%). This figure is modified from
Kandori et al. [43].

may be related to the observation. Interestingly, the aver
aged amplitude of the femtosecond components among 6
wavelengths was about 70%, being very close to the quan
tum yield of photoisomerization of rhodopsin (0.67). We
thus concluded that the slow components (~30%) origi
nate from the nonreactive excited state of rhodopsin, and
proposed a scheme shown in Fig. 5. It is noted that such
a “branch model” was first proposed for halorhodopsin, a
chloride ion pump, based on the longer stimulated emis
sion than the product rise in the pumpprobe measure
ment [49]. In general, two kinetic components are
observable which cannot be explained by a simple one
dimensional reaction pathway conventionally assumed
for rhodopsin so far.
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The excited state features of rhodopsin have been
mainly studied by steadystate fluorescence spectroscopy.
Fluorescence quantum yields of rhodopsin have been
reported to be 5·10–3 [50], 6·10–4 [51], 1.2·10–5 [30], and
9·10–6 [52], which range in almost 3 orders of magnitude.
This fact suggests difficulty in estimating accurate quan
tum yield from weak fluorescence of rhodopsin. The value
of the most recent study corresponds to 50 fsec as the
excitedstate lifetime [52]. The authors argued about the
coincidence with the ultrafast processes of rhodopsin.
However, the fluorescence lifetime measured in real time
[40, 43] clearly demonstrated that the lifetime is certain
ly longer than 50 fsec. The excitedstate dynamics of
rhodopsin are still not well understood, but studies under
way promise to give a better understanding.
Generation of femtosecond laser pulses enabled us
to challenge the photochemistry of rhodopsin in real
time. It was concluded that photoisomerization occurs in
a coherent manner in the femtosecond time domain,
leading to highly efficient formation of photorhodopsin.
In addition, recent theoretical studies with the aids of
deuterated retinal analogs suggested that isomerization
starts at 60 fsec after the photon absorption [53]. It is in
remarkable contrast to the argument 30 years ago that
formation of the photoproduct within 6 psec would be too
fast to be attributed to such a conformational change as
cistrans isomerization of retinal [18]. In fact, the isomer
ization takes place in 100 fsec regime, and the twisted all
trans state in photorhodopsin is formed within 200 fsec!
Such reactions are indeed achieved in the protein envi
ronment, because a femtosecond component is rather
minor for the rhodopsin chromophore (protonated Schiff
base of 11cis retinal) in solution [44]. The protein envi
ronment facilitates ultrafast motion of the retinal mole
cule from 11cis to alltrans forms. In addition, femtosec

<100 fsec

FL2

FC

<100 fsec

(~30%)

FL1

coherent twisting
100–300 fsec

(~70%)

Photorhodopsin

deactivation
1.0–2.5 psec

Rhodopsin

Fig. 5. Schematic diagram for the primary reaction processes
of rhodopsin. FC and FL correspond to the excited
Franck–Condon and fluorescence states, respectively. FCto
FL conversion followed by the ultrafast twisting to the forma
tion of photointermediate and the slow deactivation to the
original ground state. This figure is modified from Kandori et
al. [43].

ond spectroscopy revealed the presence of the slower
picosecond components, which could not be coupled
with the isomerization. It is of interest to address the fol
lowing question: when a rhodopsin molecule is photoex
cited, what determines the branch? We need further
efforts to understand the fate of the excited rhodopsin
molecule.

IV. EFFICIENT PHOTOISOMERIZATION OCCURS
IN THE SPECIFIC PROTEIN ENVIRONMENT
It is well known that rhodopsin is an excellent
molecular switch to convert light signal to the electric
response of the photoreceptor cell. As mentioned in the
preceding chapter, the highly efficient photoisomeriza
tion of rhodopsin (quantum yield: 0.67) is assured by the
extremely fast cistrans isomerization of the chromophore
that is facilitated by the protein environment. Earlier res
onance Raman spectroscopy of bathorhodopsin revealed
the distorted structure of the chromophore through the
analysis of hydrogenoutofplane (HOOP) vibrational
modes [54, 55]. It could constitute one of the modes for
light energy storage in bathorhodopsin (~35 kcal/mol
[56]). Further secrets of the efficient isomerization and
energy storage must be hidden in the protein structure
and structural changes of the rhodopsin molecule.
Figure 6 shows the secondary structural model of
bovine rhodopsin. The retinal chromophore binds to
Lys296 of the 7th helix, and Glu113 of the 3rd helix is the
counterion of the protonated Schiff base [57, 58]. In
rhodopsin, the chromophore is surrounded by amino acid
residues, and the chromophore–protein interaction is
altered by the photoisomerization. To investigate such
changes of the interaction, infrared spectroscopy is a
powerful tool, because it monitors conformational
changes of protein as well as the chromophore structure
(reviewed in [5961]). In particular, the reliable Fourier
transform infrared (FTIR) spectrophotometer provided
progress in rhodopsin study. Infrared spectral changes
accompanying the cistrans isomerization of the retinal
chromophore in the rhodopsin molecule were reported in
the 1800800 cm–1 region [6264].
To further examine the conformational changes, we
optimized the measuring system for lowtemperature
infrared spectroscopy of rhodopsin. As a result, we are
now able to measure the difference infrared spectra
among rhodopsin, bathorhodopsin, and isorhodopsin (9
cis rhodopsin) at liquid nitrogen temperature (77 K) in
the whole midinfrared region (4000800 cm–1) [65]. In
the measurement, the improved equipment could limit
the fluctuation within an order of 10–4 absorbance unit in
the whole region. Furthermore, several repeated record
ings allowed to detect the absorbance change as small as
10–5, which is sufficient to detect a single vibration in
rhodopsin. Figure 7 shows the bathorhodopsin minus
BIOCHEMISTRY (Moscow) Vol. 66 No. 11 2001
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Bovine Rhodopsin
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Fig. 6. Secondary structure of bovine rhodopsin. Including Lys296 forming a Schiff base linkage with 11cis retinal, and Glu113 as the pro
tonated Schiff base counterion, 16 highlighted amino acid residues are located within 4.0 Å from the retinal chromophore according to the
recent crystallographic structure of rhodopsin [16]. This figure is a gift from Dr. T. Okada.
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monitor water structural changes during the functional
processes in rhodopsins [61, 66]. It is noted that the spec
tral feature is similar between bathorhodopsin minus
rhodopsin (top) and bathorhodopsin minus isorhodopsin
Difference Absorb.

rhodopsin spectrum. Large spectral changes in the 1600
800 cm–1 originate from vibrational bands of the retinal
chromophore such as C=C stretch (16001500 cm–1),
C–C stretch (13001100 cm–1) and hydrogenoutof
plane vibrations (1000800 cm–1). In contrast, spectral
changes in the higher frequency region (>1600 cm–1) are
mainly due to protein bands. In particular, O–H and
N–H stretching vibrations appearing in the 3700
2700 cm–1 region are good probes of hydrogen bonds.
Thus, accurate spectral detection provided a new tool for
experimental study of the protein changes in response to
the chromophore motion.
Figure 8 shows infrared spectral changes of bovine
rhodopsin in the 36503410 cm–1 region. Vibrational
bands in the frame originate from water molecules
because they exhibit isotope shift in H218O (dotted lines).
Infrared spectroscopy is indeed a powerful technique to

0.002

Batho minus Rho
77 K

0.000

–0.002
4000

3500

3000

2500

2000

1500

1000

–1

Wavenumber, cm

Fig. 7. Bathorhodopsin minus rhodopsin infrared spectrum of
bovine rhodopsin measured at 77 K. The data originate from
Kandori and Maeda [65].
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The initial movement of the Schiff base region is consis
tent with the crosslinking studies using a retinal analog
having a photoaffinity substituent in its βionone ring
[70]. That is, the crosslinking group is attached to
Trp265 in the 6th helix in rhodopsin, as the crystal struc
ture presumes [16], and is still attached in batho
rhodopsin after photoisomerization. However, the β
ionone ring flips over to the position near Ala169 in the
4th helix during the transition from bathorhodopsin to
lumirhodopsin.
These facts suggest the rotation of the Schiff base
side at the stage of bathorhodopsin. It is however noted
that the strong hydrogen bond of the Schiff base remains
unchanged between rhodopsin and bathorhodopsin [71].
To explain this observation, the new hydrogenbonding
acceptor of the Schiff base proton is necessarily taken into
account after the Schiff base motion. Another possibility
is that the hydrogenbonding acceptor moves together
with the Schiff base. We suggested a water molecule play

Wavenumber, cm–1

Fig. 8. Bathorhodopsin minus rhodopsin (top), bathorho
dopsin minus isorhodopsin (middle) and rhodopsin minus
isorhodopsin (bottom) infrared spectra of bovine rhodopsin in
the 36503410 cm–1 region. The sample was hydrated with H2O
(solid lines) or H218O (dotted lines). One division of Yaxis
corresponds to 0.0015 absorbance unit. Solid frame indicates
O–H stretching vibrations of water molecules. This figure is
modified from Kandori and Maeda [65].

(middle) spectra, indicating that water structures are
identical in rhodopsin and isorhodopsin. In fact, no clear
spectral feature is visible for the rhodopsin minus
isorhodopsin spectrum (bottom). Since only the Schiff
base region is polar in the retinal chromophore (Fig. 9),
we inferred that these water molecules are in the Schiff
base region [65]. Subsequently, location of two water
molecules has been assigned by the use of mutant pro
teins; one is close to Glu113 [67], and the other is in the
Asp83Gly120 region [68]. The former water molecule is
indeed located in the Schiff base region, and the latter
water molecule is in the region, which is probably con
nected by hydrogenbonding network to the Schiff base.
The identical water structures between rhodopsin
and isorhodopsin provide an insight into the isomeriza
tion mechanism in rhodopsin. Namely, there has been a
longstanding question; “which side of the retinal chro
mophore moves upon isomerization, the βionone ring or
the Schiff base?” Motion of the Schiff base side was pre
viously suggested by lowtemperature visible spec
troscopy of fluorinated rhodopsin analogs [69]. The
observation of the water structural changes provided
additional experimental suggestion that the Schiff base
side actually moves (rotates), so that water structures are
identical between rhodopsin and isorhodopsin (Fig. 9).

Rhodopsin

+

NH

Bathorhodopsin

N
+
H

Isorhodopsin

+

NH

Fig. 9. Schematic drawing of the structure of the chromophore
in rhodopsin, bathorhodopsin, and isorhodopsin. The Schiff
base region shown by shaded oval is the only polar region in the
retinal chromophore. This figure is modified from Kandori and
Maeda [65].
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ing such a role [67]. Presence of a water molecule
between the Schiff base and Glu113 was supported by
recent NMR studies [72, 73]. Nevertheless, Xray crystal
lographic structure [16] does not show such water mole
cules in the Schiff base region as described below, which
requires further clarification on the Schiff base structure.
Figure 8 also shows an interesting protein band. Like
water bands, protein bands were generally similar between
rhodopsin and isorhodopsin. This sounds reasonable,
because they are stable at room temperature, while
bathorhodopsin decays to subsequent intermediates. One
exceptional band is the X–H stretching vibration in the
35003450 cm–1 region. The isomerspecific protein band
appears at 3463, 3487, and 3479 cm–1 for rhodopsin,
bathorhodopsin, and isorhodopsin, respectively (Fig. 8)
[65]. The band, being due to either O–H or N–H stretch,
is not exchangeable for D2O, indicating that the group is
embedded in the hydrophobic region. Identification of
this band in the future will provide better understanding
of protein structural changes accompanying retinal iso
merization.
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V. PERSPECTIVE: AFTER THE EMERGENCE
OF THE CRYSTAL STRUCTURE
Recently, bovine rhodopsin was crystallized by
Okada et al. [15], and its threedimensional structure was
determined with 2.8 Å resolution [16]. These accomplish
ments promise better understanding of the primary reac
tion mechanism in rhodopsin, and existing data by vari
ous techniques have to be reexamined on the basis of the
structural background. Because of the limited space, we
would like to make brief comments in the following.
Figure 10 shows the retinal molecule and surround
ing amino acids according to the crystallographic struc
ture of bovine rhodopsin [16]. All 16 amino acid residues
within 4.0 Å from the retinal are shown including Lys296
(Figs. 6 and 10). Two bulky side chains, Ile189 and
Trp265 sandwich the retinal vertically in Fig. 10b, while
Thr118 and Tyr268 are located at both sides of the poly
ene chain (Fig. 10, a and b). Regarding water molecules,
a water is confirmed in the vicinity of Asp83Gly120 as
predicted by Nagata et al. [68], whereas no water mole
cules were shown in the Schiff base region involving
Glu113. The latter is of particular interest, because the
Schiff base structure is closely related to the mechanisms
of spectral tuning, high pKa of the Schiff base, and pri
mary photoisomerization. Further experimental efforts
will provide information on the Schiff base structure.
Extensive studies by means of ultrafast spectroscopy
of rhodopsin have provided an answer to the question,
“What is the primary reaction in vision?” We now know
that it is isomerization from 11cis to alltrans.
Femtosecond spectroscopy of rhodopsin eventually cap
tured the excited state of rhodopsin, and as the conse
BIOCHEMISTRY (Moscow) Vol. 66 No. 11
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Fig. 10. Crystallographic structure of bovine rhodopsin (PDB:
1F88) [16]. The retinal molecule is viewed from 9methyl
group and I189 (a), or viewed from Y268 and A292 (b). Totally
16 amino acids are shown that have atoms within 4.0 Å from
the retinal chromophore (drawn by ball and stick in black).

quence, we know that unique photochemistry takes place
in our eyes. Namely, the cistrans isomerization in vision
is a coherent reaction through the barrierless potential
surface, in which formation of photorhodopsin occurs in
200 fsec. Such amazingly fast reaction is facilitated in the
protein environment, and vibrational analysis of primary
intermediates, such as resonance Raman and infrared
spectroscopies, have provided insight into the isomeriza
tion mechanism from structural background. The atomic
structure of bovine rhodopsin has further encouraged
detailed understanding of the mechanism.
When we published the last review article on primary
photochemical events of rhodopsin in 1992 [8], we did not
make a conclusion concerning the nature of the primary
reaction in rhodopsin. We had no femtosecond pulses and
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we did not know the crystallographic structure of
rhodopsin. Remarkable progress has taken place during
the past 10 years, and this progress is shown in this article.
What will be the progress in the next 10 years? Regarding
the dynamics, we still do not know the origin of the non
reactive pathways. On the other hand, we have started to
study the role of the protein environment during the reti
nal isomerization from the structural background. Further
efforts by means of spectroscopy, diffraction, and theory
will provide us with new insights into the structure and
dynamics of photoisomerization in rhodopsin.
We would like to thank Drs. K. Nakanishi of
Columbia University (USA), M. Ito of Kobe
Pharmaceutical University (Japan), N. Mataga of Institute
for Laser Technology (Japan), A. Maeda of University of
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(Japan) for their contributions to the results shown in this
review article. We thank Dr. T. Okada for a kind gift of the
figure of the secondary structure of bovine rhodopsin (Fig.
6). We also thank many collaborators in the references.
Some of the research described herein was supported by
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