
The retinal�containing visual pigment rhodopsin

(R498) is one of the earliest proteins of the animal king�

dom; it appeared in the Precambrian about 580�550 mil�

lion years ago [1]. The chromophore center of this protein

is highly conserved, and chromophore photoisomeriza�

tion as a trigger of the phototransduction process is a gen�

eral reaction in all species ranging from the most primi�

tive (phototaxis) to highly organized (vision). The visual

pigment rhodopsin is a typical member of the G�protein�

coupled receptor family. Its molecule is composed of

chromophore (11�cis�retinal) and protein (opsin). The

11�cis�retinal chromophore is covalently attached to the

apoprotein opsin through a protonated Schiff�base link�

age to the ε�amino group of Lys296. Absorption of a pho�

ton results in isomerization of 11�cis�retinal to the all�

trans configuration. This reaction, in turn, induces con�

formational changes in opsin with breakage of the cova�

lent bond between retinal and opsin (photolysis). The

phototransduction process starts at the stage of formation

of metarhodopsin II leading to an electrical signal in the

photoreceptor cell.

Isomerization of 11�cis�retinal chromophore of the

rhodopsin molecule to the all�trans form is the first and

the only photochemical reaction in the complex process
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Abstract—The coherent 11�cis�retinal photoisomerization dynamics in bovine rhodopsin was studied by femtosecond time�

resolved laser absorption spectroscopy at 30�fs resolution. Femtosecond pulses of 500, 535, and 560 nm wavelength were

used for rhodopsin excitation to produce different initial Franck–Condon states and relevant distinct values of the vibra�

tional energy of the molecule in its electron excited state. Time evolution of the photoinduced rhodopsin absorption spec�

tra was monitored after femtosecond excitation in the spectral range of 400�720 nm. Oscillations of the time�resolved

absorption signals of rhodopsin photoproducts represented by photorhodopsin570 with vibrationally�excited all�trans�retinal

and rhodopsin498 in its initial state with vibrationally�excited 11�cis�retinal were studied. These oscillations reflect the

dynamics of coherent vibrational wave�packets in the ground state of photoproducts. Fourier analysis of these oscillatory

components has revealed frequencies, amplitudes, and initial phases of different vibrational modes, along which the motion

of wave�packets of both photoproducts occurs. The main vibrational modes established are 62, 160 cm–1 and 44, 142 cm–1

for photorhodopsin570 and for rhodopsin498, respectively. These vibrational modes are directly involved in the coherent reac�

tion under the study, and their amplitudes in the power spectrum obtained through the Fourier transform of the kinetic

curves depend on the excitation wavelength of rhodopsin.
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of phototransduction. This reaction can be considered as

unique in its features. First, it is a fast photochemical

reaction. Its duration is less than 200 fs [2�4], whereas the

photoisomerization of free retinal in solution takes sever�

al picoseconds [5]. Second, it goes with high quantum

yield of 0.65 [6], whereas the quantum yield of free reti�

nal photoisomerization in a solution does not exceed 0.15

[7]. Third, most of the energy of the absorbed photon

(more than 60%) is transformed to the chemical energy of

conformational changes of the protein [8]. This is indica�

tive of a crucial role of the protein environment in

dynamics of this reaction.

The study of photoisomerization of rhodopsin con�

taining 11�cis�retinal or its analogs with totally or partial�

ly blocked C11=C12 double bond has led to the conclusion

that the photoisomerization occurs in the excited state

and finalizes with the transition of the molecule to its

ground state to form the first reaction product, pho�

torhodopsin (photo570), which converts to the next prod�

uct, bathorhodopsin (batho535) [2, 3, 9, 10]. Inspection of

kinetics curves describing the formation of the reaction

primary products within the femto� and picosecond time

ranges has revealed coherent phenomena associated with

the phase motion of retinal nuclei in the reaction

process – with coherent vibrational wave packets [2, 11,

12]. The dependence of both the reaction quantum yield

and maximum of rhodopsin fluorescence band on the

excitation wavelength was detected in experiments on sta�

tionary photolysis [6, 13].

Thus, all the regarded features of the photochemical

reaction of 11�cis�retinal cis�trans isomerization in

rhodopsin lead to the conclusion that, the S1→S0 transi�

tion to the ground state is faster than the equilibrium

achievement between the vibrational degrees of freedom

in the S1 electron excited state. This fact can explain

experimentally observed dependence of quantum yield on

the excitation wavelength.

The study on cis�trans isomerization of the retinal

using the laser femtosecond spectroscopy technique has

demonstrated that a femtosecond pulse coherently

excites a superposition of the chromophore vibrational

states on S1 excited potential energy surface (PES). This

set of the excited vibrational states is called coherent

vibrational wave packet (hereinafter referred to as “wave

packet”) (Fig. 1). The wave packet migrates along the S1

PES from the initial Franck–Condon (FC) state to the

region of S0/S1 conical intersection of PESs [12, 14�16].

The transition from the S1 to the S0 PES is most likely in

a vicinity of the intersection point. This transition corre�

sponds to formation of the initial product, hypothetically

photo570. The S1→S0 transition in the vicinity of conical

intersection is frequently accompanied by the mainte�

nance of the wave packet on the S0 surface, that is, the

reaction flows in coherent mode [17]. An important sign

of such reaction mode is coherent oscillations observed in

the dynamics of reagent decay and product formation.

The observation of oscillations in kinetics curves by the

method of femtosecond spectroscopy is not sufficient for

making a conclusion on coherent mode. The wave pack�

ets observable might not be associated with degrees of

freedom determining the unit process of the reaction, and

these wave packets are inactive in relation to the unit.

This circumstance is taken into account when the ques�

tion of coherent mode is analyzed in the present work.

Determination of vibrational modes belonging to the

active reaction modes is one of the most important goals

when elucidating the reaction mechanism. It is now sup�

posed that these reaction vibrational modes are low�fre�

quency vibrations of the polyene retinal chain

(<600 cm–1), which have mostly delocalized torsion char�

acter, as well as high�frequency out�of�plane oscillations

of hydrogen atoms of the C11=C12 bond (~970 cm–1) [18�

21]. In spite of the fact that the set of frequencies for nor�

mal vibrations of 11�cis�retinal in rhodopsin and the char�

acter of corresponding movements have been determined

[18�20], the question remains unsolved concerning which

of these vibrations participate in the photoisomerization

reaction, and what is the extent of the participation.

The question concerning the influence of the initial

excitation energy of rhodopsin on the dynamics of retinal

isomerization and on the dynamics of non�radiative

S1→S0 transition of the molecule has not been studied in

detail. We studied earlier the features of the 11�cis�retinal

photoisomerization reaction in rhodopsin after excitation

by 308 nm pulses near the absorption β�band of the visu�
Fig. 1. Scheme of potential energy surfaces participating in pri�

mary reactions of rhodopsin.
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al pigment molecule [22]. Under this excitation of

rhodopsin the transmission of photoexcitation energy was

shown to occur from the Sn high electron excited states of

retinal to the S1 state with the representative time of about

100 fs. Following this, the processes possessing the same

time characteristics flow in rhodopsin, which are identi�

cal to those occurring after its excitation with visible light

in its main absorption α�band (~450�600 nm).

The tasks of the work included the study of differen�

tial spectra of rhodopsin absorption after the excitation

with femtosecond pulse at various energies of the excita�

tion quantum leading to the emergence of different initial

FC states of the system, analysis of the oscillatory effects

in time�resolved absorption signals of the reaction prod�

ucts, determination of amplitude and phase–frequency

characteristics of wave packets formed at various excita�

tion wavelengths (500, 535, and 560 nm), as well as to

reveal torsion vibrational frequencies of the rhodopsin

chromophore carbons belonging to the reaction vibra�

tional modes.

MATERIALS AND METHODS

Rhodopsin preparation. Rod outer segments (ROS)

from bovine (Bos taurus) retinas and rhodopsin extracts

were prepared by the modified method of Okada et al.

[23]. Retinas were isolated no later than 3 h after slaugh�

tering, and then 53% sucrose solution (Sigma, USA) in

the buffer A (10 mM Mops (Sigma, Germany), pH 7.5,

containing 30 mM NaCl (Sigma, USA), 60 mM KCl

(Sigma, USA), 2 mM MgCl2 (Sigma, Japan), 0.1 mM

phenylmethylsulfonyl fluoride (PMSF) (Sigma, China),

1 mM dithiothreitol (Sigma, China), and 0.01% NaN3

(Sigma, China)) was added to the retina preparations,

1 ml per each retina. The suspension was vigorously shak�

en for 3 min and centrifuged for 40 min at 2000g. The

supernatant was diluted four times with buffer A and cen�

trifuged for 60 min at 2000g. The pellet was resuspended

in 25 ml of 40% sucrose in buffer A, and then 10 ml of the

buffer A was layered on top to make a stepwise gradient of

density with following centrifugation for 60 min at 4°C

and 25,000g on a Beckman Coulter Avanti J30I centrifuge

equipped with JS 24,38 rotor. The ROS fraction was sam�

pled at the buffer–sucrose border, diluted with buffer B

(5 mM Tris�HCl (Fluka, Germany), pH 8.0, containing

0.5 mM MgCl2, 0.4 mM EDTA (Sigma, USA), 1 mM

dithiothreitol, and 0.01% NaN3) to the density of

1.05 g/cm3, and the absorption spectrum of the resulting

suspension was recorded. Absorption spectra were

recorded using a Shimadzu UV�1700 (Japan) spec�

trophotometer. ROS were precipitated by centrifugation

for 30 min at 41,400g. The pellet was resuspended in

0.01% NaN3 in distilled water and centrifuged for 30 min

at 41,400g. The pellet, consisting of photoreceptor mem�

brane disks, was frozen at –80°C.

To prepare rhodopsin extracts, the disks were thawed

and resuspended in 1.6% n�nonyl�β�D�heptylthiogluco�

side (n�heptyl�β�D�thioglucoside) (HTG) (Anatrace,

USA) detergent in buffer C (0.1 M CH3COONa (Fluka,

Germany), 0.1 M (CH3COO)2Zn (Fluka, Germany),

0.3 M ammonium sulfate (Sigma, USA), and 0.01%

NaN3, pH 6.0), 0.8 ml of the solution per mg rhodopsin.

The extract was incubated for 3 h at 20°C and then 12 h at

4°C. The rhodopsin extract was centrifuged for 30 min at

41,400g followed by filtration through a Millipore filter

(Millex GS PVDF 0.22 µm) and concentrated using

Millipore centrifuge filters (Amicon Ultra�4 Ultracell

30k). Thus prepared rhodopsin HTG�extracts had con�

centration of 4�5 mg/ml and possessed A280/A500 = 1.7�1.9

purity. A 2 M solution of NH2OH (Fluka, Switzerland)

was added to the final concentration of 0.1 M before

measurements. All the manipulations with samples con�

taining rhodopsin were carried out under dim red illumi�

nation.

Femtosecond laser spectroscopy. The absorption

femtosecond laser spectroscopy studies were carried out

using the equipment described earlier [24] by the method

of excitation�probing. Femtosecond pulses were generat�

ed in a Tsunami (Spectra Physics, USA) solid�state tita�

nium�sapphire laser (τ = 80 fs, E = 0.8 nJ, λ = 802 nm,

f = 80 MHz) with pumping by continuous emission of a

MilleniaVs (Spectra Physics) solid�state laser with diode

pumping (λ = 530 nm, P = 4.65 W). Femtosecond pulses

with parameters τ = 90 fs, E = 1.2 mJ, λ = 805 nm, and

f = 1 kHz were produced after the amplification in a

Spitfire (Spectra Physics) regenerative amplifier with

pumping by Evolution X (Spectra Physics) laser emission

(P = 8 W, λ = 527 nm, f = 1 kHz, τ = 150 ns).

To produce exciting and probing pulses, the ampli�

fied emission was divided into two beams. One beam

designed for the production of exiting pulses was directed

to the delay line allowing delay of the exciting pulse rela�

tively the probing one in 0�600 ps range with minimum

step of 3.3 fs. The laser pulse was directed thereafter to a

non�collinear optical parametric amplifier (Clark MXR,

Germany), which transformed the 805 nm wavelength

into λ = 500, 535, and 560 nm wavelengths (τ = 20�30 fs,

E = 70, 130, and 200 nJ, respectively). Different energies

of exciting pulses were chosen to achieve equal concen�

trations of excited states. The second beam of the ampli�

fied laser emission was attenuated to the energy of ~0.5�

2 µJ and focused to a cell with water in which the super�

continuum pulse was generated with the spectral range of

400�1000 nm and total energy less than 10 nJ. The pro�

duced supercontinuum pulse was divided into two chan�

nels: probing and reference pulses. The signals were reg�

istered using an SP�300 (Acton, USA) polychromator

and SPEC�10 (Roper Scientific, USA) CCD�camera.

The experiments were carried out at room tempera�

ture in a flow cell of 0.5 mm thickness. Fifty spectra were

accumulated at each delay time between exciting and
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probing pulses. Due to the light scattering associated with

the exciting pulse passing, the regions 495�535, 500�560,

and 540�600 nm were inaccessible for probing in the

experiments with the exciting pulses of 500, 535, and

560 nm, respectively. In control experiments, the meas�

urements were done in detergent solution without

rhodopsin (1.6% HTG solution in the buffer C) and the

absence of interfering effects of the detergent or buffer

was demonstrated. A coherent response of nonlinear

optical polarization of the solvent repeating the shape of

the exciting pulse typical of the femtosecond photolysis

was only observed in the time ranges of the exciting pulse

action. The experimental data were processed with Span

software (Shareware: Belousov, Verzakov), written using

the Matlab computer language medium, and Igor Pro

software.

RESULTS AND DISCUSSION

Femtosecond laser spectroscopy of 11�cis�retinal
photoisomerization in rhodopsin. Change in the photoin�

duced absorption of the visual pigment recorded after the

excitation of the molecule with pulses of 500, 535, and

560 nm is demonstrated as differential spectra (Fig. 2)

and kinetic curves (Figs. 3 and 4).

The differential spectrum (Fig. 2) represents the dif�

ference between the sample absorption after its excitation

and that of the non�excited sample. Generally, the differ�

ential absorption spectrum is expressed as follows:

∆D = D(ESA) + D(GSA) – D0(GSA) – D(SE),

where D(ESA) is the absorption of rhodopsin excited

state, D(GSA) is the sum of absorption of the rhodopsin

ground state after the excitation and the isomerization

reaction products photo570 and batho535, D0(GSA) is the

absorption of R498 ground state before the excitation, and

–D(SE) is a possible stimulated emission from the excit�

ed state. The difference D(GSA) – D0(GSA) ignoring

absorption of the isomerization reaction products is the

bleaching of the R498 ground state and is due to depletion

of the population of this state due to the excitation. The

signal D(SE) was not observed in the given system within

the studied spectral range of 400�720 nm.

The positive absorption associated with the forma�

tion of photo570, the first reaction product of retinal iso�

merization, is observed 60 fs after the excitation at

600 nm (Fig. 2). This absorption reaches its maximum at

200 fs (Fig. 3; curves 6 and 7) and shifts to shorter wave�

length after 2�3 ps, reflecting the transition of photo570 to

the next product, batho535.

The negative absorption band associated with R498

bleaching increases in the 440�560 nm region approxi�

mately 150 fs after the excitation (Fig. 2). However, the

R498 bleaching band must arise within the exciting pulse

time frames ~30 fs. This apparent contradiction is

explainable by the contribution of the D(ESA) rhodopsin

excited state to the absorption within this spectral region

with the maximum about 500�510 nm at early delay times

[2, 3]. The formation of photo570 likely occurs from this

electron excited state. Besides, we observed some positive

absorption within 410�460 nm region at early times (Figs.

2 and 3), which is probably a shoulder of the absorption

band attributed to the rhodopsin excited state. This

absorption is observable earlier than 40 fs and disappears

in ~150 fs after the excitation (Fig. 3; curve 1). Thus, one

can say that the decay of the signal within 410�560 nm

range in 40�150 fs time range reflects the disappearance

of rhodopsin excited state, which is in agreement with the

time of photo570 formation.

The negative absorption band at 500 nm begins

decreasing after its maximum to 130�150 fs, but this

process is not monoexponential. In our opinion, the

reduction of this negative band is due to the returning of

one�third of rhodopsin molecules to the S0 initial state of

R498 and, to a lesser extent, due to formation of photo570

and batho535 products, which also contributes to the

absorption within this spectral region (Fig. 3; curves 2�

5).

A positive absorption band is observed in the 650�

720 nm region at the delay times up to 2 ps (Figs. 2 and

Fig. 2. Spectra of photoinduced absorption of rhodopsin recorded

after excitation of rhodopsin extract with 500 nm pulses in 410�

720 nm spectral range at the following delay times: –0.11 (1), 0.06

(2), 0.08 (3), 0.1 (4), 0.15 (5), 0.2 (6), and 3 ps (7 ).
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3), which arises approximately in ~100 fs after the exci�

tation and disappears with representative times of 60 fs

and 1 ps (Fig. 3; curve 10). The absorption in this region

was observed earlier [4] and was attributed to rhodopsin

excited state, from which some molecules return to the

R498 initial state S0. Kinetics of the long�wavelength

absorption band disappearance does not correspond to

the formation of photo570 (Figs. 2 and 3). Thus, this

excited state can be associated with the process of the

R498 initial state formation requiring a time longer than

200 fs.

Analysis of kinetic curves. Kinetics curves and spectra

of rhodopsin photoinduced absorption recorded after

rhodopsin excitation with 500, 535, and 560 nm pulses

within the 410�650 nm spectral region in the 0.09�11 ps

time range, can be interpreted using the following simpli�

fied kinetic model (see Scheme) describing the transitions

shown in Fig. 1.

RFC designates the initial (FC) state in this model,

and R*510 designates the electron excited state with the

absorption maximum at 510 nm. The model does not

reflect the wave packet oscillation dynamics and is used

for simplified procedure of estimation of the transition

times. As we show below, this model facilitates demon�

stration of the oscillation component in kinetic curves on

the background of relaxation components of the process.

Based on the Scheme, one can solve the system of differ�

ential equations for [R498], [RFC], [R*510], [photo570], and

Fig. 3. Kinetic curves of photoinduced rhodopsin absorption changes recorded upon excitation of rhodopsin extracts with 535 nm pulses at

delay times of –0.2�to�1.5 ps at probing wavelengths of 420 (1), 440 (2), 460 (3), 480 (4), 500 (5), 580 (6), 610 (7), 640 (8), 670 (9), and

690 nm (10). The signal from control detergent solution was subtracted from the kinetic curves. The sharp transient on kinetic curves at zero

time is due to the coherent spike.
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[batho535] (concentrations of all the participants of the

reaction) using equation

,

where ϕ is the quantum yield of the isomerization reac�

tion (ϕ ~ 0.65 [6]). The following equation describes the

change in optical density taking into account the solution

of the equation system for the Scheme:

,

,                                        ,                    .        (1)

An example of model curves of type (1) is given in

Fig. 4. The chosen wavelengths for probing are typical for

the bleaching spectrum range and partial regeneration of

the initial rhodopsin state R498 (Fig. 4; 480 nm) and for

the region of the photo570 and batho535 formation (Fig. 4;

610 nm). The construction of model curves of type (1)

allows determination of time constants characterizing the

kinetics of primary reactions of rhodopsin after the exci�

tation with pulses within the 500�560 nm wavelength

range. The time constants were 40 fs for the formation of

rhodopsin excited state R*510, 110�125 fs for photoexcita�

tion energy transition from the R*510 to the photo570 poten�

tial well, 2.4�2.65 ps for the transition of photo570 to

batho535, and 175�230 fs for the transition from the excit�

ed state R*510 to the ground state R498 of rhodopsin. The

time constant values obtained from the analysis are virtu�

ally the same (within the confidence interval) to those

obtained from experiments with rhodopsin excitation

with 500, 535, and 560 nm pulses. Nevertheless, some

Fig. 4. Comparison of non�normalized kinetic curves for rhodopsin photoinduced absorption recorded after excitation with 500 nm (1a) and

560 nm (2a) pulses at delay times of 0.06�1.5 ps and 480 nm (left) and 610 nm (right) probing wavelengths. The figure also shows model curves

(3) and oscillatory components of the kinetic curves (1b, 2b).
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difference is observed in the character of kinetic curves

obtained in the experiments on rhodopsin excitation with

500, 535, and 560 nm pulses at times up to a few picosec�

onds.

As we mentioned above, the photochemical isomer�

ization of 11�cis�retinal in rhodopsin demonstrates the

features of a coherent reaction. Oscillations of signal

associated with the formation of wave packets (Figs. 3 and

4) are observed in the kinetic curves describing the forma�

tion of the photoisomerization products, photo570 and

batho535, as well as the formation of the R498 molecule.

The oscillations are observed at times up to 2 ps. Since

this time is less than batho535 formation time, it is possible

that oscillations of signal are associated more likely with

photo570 time�resolved absorption. Note, that no signal

oscillation is observed in the kinetic curves reflecting the

absorption of two excited states of rhodopsin (Fig. 3;

curves 1 and 10).

The system of differential equations corresponding

to the Scheme and its solution (Eq. (1)) do not take into

account the oscillatory components of the signal. The

oscillatory components are represented in the upper part

of Fig. 4 for the kinetic curves given in this figure. These

curves were obtained by subtraction of the model curves

from the experimental kinetic curves. Thus, one can sup�

pose that the difference in kinetic curves observed at the

times of existence of wave packets is due to formation of

different FC states after rhodopsin excitation by pulses of

various wavelengths and different wave packet dynamics

in the course of the reaction.

Oscillations of time�resolved signals of primary pho�

toproduct absorption were discovered earlier in photoin�

duced signals of rhodopsin absorption, as well as in emis�

sion signals of bacteriorhodopsin and protonated Schiff

bases of retinal within the time range up to several

picoseconds [11, 12, 25]. The presence of oscillations

reflects the fact that the photoreaction in all the men�

tioned systems has many common features and its course

is non�adiabatic as a result of coherent motion of the

nuclear system along the reaction coordinate.

The signal oscillations characterize the motion of

wave packets along the S0 PES of the reaction product,

and the analysis of the oscillation frequency components

can give information on oscillatory modes contributing to

the corresponding wave packets. The contribution of each

frequency component can be evidence for the role of a

distinct vibrational mode in the process of photo570 and

R498 formation. Therefore, Fourier analysis was carried

out for oscillatory components of the kinetic curves, the

results being presented in Fig. 5. Power spectra for the

Fourier components obtained within the absorption

ranges of R498 are represented in Fig. 5 (a�c) and power

spectra obtained within the absorption ranges of photo570

and batho535 in Fig. 5 (d�f).

The identical set of frequencies was obtained over all

the R498 absorption band (420�540 nm) with the following

values: 44, 89, 142, ~191, ~240, and ~315 cm–1, with

dominating frequencies at 142 cm–1 and, to a lesser

extent, at 44 cm–1. The identical set of frequencies was

obtained within the absorption band of photo570 (540�

650 nm), but with higher values: 62, ~115, 160, 204,

~244, ~280, ~320, ~360, ~430, and ~470 cm–1 with dom�

inating frequencies at 62 cm–1 and, to a lesser extent, at

160 cm–1.

Oscillations with frequencies near to 62 and

142 cm–1 in fast rhodopsin photoinduced signals were

observed earlier [2, 11]. The revealed oscillation frequen�

cies are in agreement with the frequencies of vibrational

modes obtained for rhodopsin by Raman spectroscopy

[20] and picosecond time�resolved Raman spectroscopy

[26]. The frequencies of vibrational modes of rhodopsin

ground state were determined using these methods, for

instance, 93, 131, 246, 260, 320, 410, 446, and 568 cm–1

and for the products photo570 (batho535), for instance,

167, 244, 300 (320), 401, and 503 cm–1 (Stokes frequen�

cies) and 282, 350, and 477 cm–1 (anti�Stokes frequen�

cies). Types of retinal molecule movements in rhodopsin

corresponding to the observed frequencies were deter�

mined as well. For instance, the 260 cm–1 frequency was

attributed to torsional vibrations of the C10�C13 region,

246 cm–1 to C–C–C bends, and 93, 131, and 320 cm–1 to

delocalized torsional vibrations of the retinal molecule.

One can suppose that the main vibrational modes

observed in the present work, namely 44, 62, 142, and

160 cm–1, correspond to the delocalized torsional vibra�

tions of the polyene retinal chain [18, 20].

Since dependence on phase of nuclear vibrational

motion is a feature of coherent processes, the analysis of

change in the vibration phase with distinct frequencies in

the reaction flow indicates the involvement of correspon�

ding vibrational modes in the reaction and coherent char�

acter of the reaction course itself. With this goal, the

oscillation phases were determined with the main

observed frequencies (44, 62, 142, and 160 cm–1) through

the whole probing range (Fig. 6).

The analysis demonstrated that the phase of all stud�

ied oscillation frequencies does not depend on probing

wavelength in the region of R498 absorption and the region

of photo570 absorption; however, the phase sharply

changes almost by 180° on the transition between these

spectral regions (~520�540 nm). This effect unambigu�

ously indicates that, within the region of S0/S1 PES coni�

cal intersection, the transition from the excited state to

the products (photo570 and batho535) and to the initial

state R498 occurs in the mode of coherent nuclear vibra�

tions, which is characteristic of a wave packet. In other

words, the wave packet motion along the reaction coordi�

nate, which takes place in the course of coherent reac�

tion, should be reflected in the phase shift of the reaction

vibrational modes if two different wave packets passed

through the conical intersection at different times (Fig.

1).
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Fig. 5. Power spectra for the Fourier components of oscillations of the rhodopsin photoinduced absorption kinetic curves obtained after exci�

tation with 500 (a, d), 535 (b, e), and 560 nm (c, f) pulses within 0.09�1 ps time range at 460�490 nm (a�c) and 580�620 nm (d�f) probing

wavelengths.
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Thus, the oscillation frequencies (44, 62, 142, and

160 cm–1) revealed in the present work correspond to the

vibrational modes that are active both in the elementary

act of 11�cis�retinal isomerization in rhodopsin and in

recovery of the R498 ground state.

Photo570 and R498 formed due to the photoexcitation

energy transition to the ground state possess a large stor�

age of vibrational energy. The disappearance dynamics of

oscillations of time�resolved absorption signals from these

products reflects the redistribution process of vibrational

energy between different modes. In the case of photo570,

this process corresponds to the transition of this product

to the next product, batho535, whose formation finalizes

accumulation of 60% of the absorbed light quantum ener�

gy in the rhodopsin molecule. Characteristic fall times for

the oscillation components with frequencies of 44, 62,

142, and 160 cm–1 were determined to estimate the times

required for redistribution of the vibrational energy in

photo570 and R498 products. The oscillation components

of rhodopsin photoinduced absorption signals regarded

within the 90�3000 fs time range and the 460�490 and

580�620 nm spectral ranges were described by the follow�

ing function:

,         (2)

where bj is the contribution to the signal from the j oscil�

lation component with phase ϕj and frequency ωj; and τj

is the fall time of the j component. Characteristic fall

times obtained from the construction of model curves of

type (2) are presented in the table.

As it can be seen from the table, the fall times of

oscillation with frequencies of 62 and 160 cm–1 are longer

than those with frequencies of 44 and 142 cm–1 and do

not depend on rhodopsin excitation wavelength within

the confidence interval. Thus, we conclude that the for�

mation of photo570 and its transition to batho535 are

accompanied by longer�lived oscillations, as compared

with those featuring the return of the molecule to the

ground state R498. This suggests a longer time of coheren�

cy (lifetime of wave packet) for modes directly implicated

in photoisomerization because it is physiologically

important to enhance quantum yield of this process in

comparison with the process of return of the molecule to

the ground state R498. Probably the protein surrounding

Fig. 6. Dependence of phases of the main observed oscillation frequencies 44 (a), 142 (b), 62 (c), and 160 cm–1 (d) on probing wavelength for

experiments with rhodopsin excitation by 500 (1), 535 (2), and 560 nm (3) pulses.
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the retinal plays an important role in keeping the

coherency on reaction vibrational modes by hindering the

vibration relaxation process for distinct vibrational

modes. As can be seen from the table, the fall times of the

main oscillations with frequencies of 62 and 160 cm–1

reflecting redistribution processes of vibration energy and

vibrational relaxation in photo570 to batho535 transition are

within 1 ps limits, whereas the time of batho535 formation

was estimated as 2.5 ps. This fact suggests that most

processes in which the rhodopsin molecule looses exces�

sive vibrational energy flow with the active participation

of other higher�frequency vibrational modes. Data that

can serve as a confirmation of this fact were obtained in

work [26], where the times of disappearance of anti�

Stokes frequencies (>282 cm–1) were estimated in

picosecond time�resolved Raman spectra and comprised

2.0�2.7 ps, which is typical for photo570 product.

When rhodopsin was excited by pulses with various

wavelengths within the 500�560 nm range, virtually iden�

tical oscillation frequencies of kinetic curves (Fig. 5), fre�

quency phases of 44 and 62 cm–1 (Fig. 6), and frequency

fall times of 44, 62, 144, and 160 cm–1 were obtained,

whereas Fourier analysis demonstrated that change in the

excitation photon energy by 2000 cm–1 influences both

the amplitude ratio of different Fourier components (Fig.

5) and their phases (Fig. 6). When supposing that this

amplitude change is due to energy redistribution in differ�

ent vibrational modes taking into account the coherent

character of the reaction, one can qualitatively explain

the experimental data of work [6] on the dependence of

the reaction quantum yield on the excitation wavelength

within the 500�570 nm range.

Thus, the results are indicative of the dependence of

wave packet dynamics during the photoisomerization of

11�cis�retinal in rhodopsin on the characteristics of the

initial FC state and reflect different trajectories of motion

of wave packets. Frequencies, amplitudes, and phases of

vibrational modes participating in the photochemical

reaction of 11�cis�retinal isomerization in the rhodopsin

molecule were revealed in the present work. The data

confirm a hypothesis put forward earlier [19, 20], which

states that delocalized low�frequency torsional vibrations

of the chromophore polyene chain play a crucial role in

11�cis�retinal photoisomerization in rhodopsin.

The change in energy of excitation photon by

2000 cm–1 has been demonstrated to alter the amplitude

ratio of different reacting vibrational modes at constancy

of their frequencies. These data confirm non�statistical

coherent character of the photoreaction of the rhodopsin

molecule and reveal a possibility for realization of coher�

ent control of the reaction product yield via directed

change of phase characteristics of wave packets corre�

sponding to distinct vibrational modes. So, for instance,

the photoisomerization reaction quantum yield can be

changed, as demonstrated in work [27] on bacterio�

rhodopsin as an example, through the alteration of

phase–amplitude characteristics of spectral components

of the excitation pulse. The approach developed in the

present work can serve as an experimental criterion for

coherency in other reactions, along with photoisomeriza�

tion of 11�cis�retinal in opsin chromophore center, and as

a method for determination of activity of various vibra�

tional modes.
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