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ABSTRACT: A primary process in vision is the cis—trans photoisomerization of a
chromophore of rhodopsin, called retinal. In the present work, we have performed
ultrafast time-resolved spectroscopy of octopus rhodopsin using a sub-5-fs pulse
laser. In comparison with our previous study on bacteriorhodopsin, we found that
octopus rhodopsin follows similar dynamics after photoexcitation but with
different time constants. Spectrogram analysis showed that a C=N stretching
mode appeared directly after photoexcitation. After reaching the conical
intersection region at 80 fs, the overlapping hydrogen out-of-plane and in-plane
C=C—H modes emerged as distinct peaks at ~200 fs, finishing a rapid relaxation
along the coordinate related with these modes. The intensities of these peaks and
a C=C stretching mode were found to be modulated at a period of ~500 fs,
reflecting torsional motion around the C=C double bond before thermalization
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1. INTRODUCTION

The visual process in a photoactive cell consists of a series of
chemical reactions mediated via several intermediates and
culminating in stimulation of the optic nerve. Rhodopsin (Rh)
is a photoreceptive pigment for twilight vision, which consists
of the apoprotein opsin and the 11-cis-retinal chromophore.
Photoexcitation of Rh leads to a series of intermediates that
eventually initiate an enzyme cascade triggering electric
excitation.' >The Rh pigment has been studied more than
any other visual pigment, including those responsible for color
vision, because of its relatively easy preparation. The following
section describes the current understanding of the photo-
isomerization of retinal based on previous studies.®">’

The first intermediate of Rh is called primeRh® (or
photoRh®) and the second intermediate, identified earlier
than the first, is called bathoRh.> Comparison of the absorption
spectrum of primeRh'® and studies of 11-cis-locked Rh'"'*
indicated that the chromophore in primeRh has a distorted all-
trans configuration. Therefore, to form bathoRh, the chromo-
phore must undergo cis—trans isomerization. Studies on the
cis—trans isomerization yield of the Rh chromophore in
solution"*'* and in protein'® have shown that the isomerization
yield is enhanced by more than an order of magnitude in the
protein environment. Other studies have inferred that the first
intermediate (primeRh) is the nonthermal state of bathoRh.'®"”
The transitions between the intermediates and their time
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constants have been reported as follows. After photoexcitation
of Rh, a Franck—Condon (FC) state proceeds to a conical
intersection (CI) on the potential energy surface of the
electronic excited state in ~100 fs as estimated in time-resolved
measurements.”'”~>° Femtosecond transient absorption mea-
surement has elucidated that curve crossing to the ground state
takes about 200 fs to form the highly distorted primeRh.*'
Picosecond Raman study clarified that a temporal decay of a few
picoseconds corresponds to conversion from primeRh to
bathoRh.**

Relatively few studies'® ™" exist on the ultrafast dynamics of
Rh because of the difficulties in preparation due to the fragility
of the samples. In place of detailed studies on Rbh,
bacteriorhodopsin (bR) has been extensively studied as a
model system as it is relatively robust in experiments. In the
femtosecond time-resovled stimulated Raman study of bR,
the photoisomerization of bR has been reported to follow the
process

hv <200 fs 500fs _ 3ps
bR — FC(H) —— CI(L45p) — ] — K — -~

In a previous work we performed ultrafast time-resolved
spectroscopy of bR to clarify its electronic dynamics and
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Figure 1. Laser spectrum (solid line) and absorption spectrum (dotted line) of octopus Rh.

vibration dynamics in detail** The results elucidated the
dynamics of the intermediates, which have lifetimes consistent
with previous reports on dynamic hole-burning,>® time-resolved
fluorescence,”® and transient absorption.27 However, the
relaxation dynamics of bR and Rh are expected to be quite dif-
ferent considering the differences in structural transition between
the retinal in bR (from all-trans to 13-cis configuration) and that
in Rh (from 11-cis to all-trans configuration).

In the present work, we have performed ultrafast time-
resolved spectroscopy of octopus Rh using a sub-5-fs laser pulse
and a 128-channel detection system. The ultrafast time
resolution of sub-S-fs enabled us to study both the electronic
and vibration dynamics, and the multichannel detector array
allowed simultaneous observation of the signals over all probe
wavelengths, avoiding sample degradation. The observed
ultrafast dynamics of Rh showed a difference from the results
for bR obtained in the previous work, as the present work
clarified that the transition from the FC state to CI proceeds
faster in octopus Rh than in bR.

2. EXPERIMENTAL METHODS

Femtosecond Spectroscopy Apparatus. The pulsed-
light sources and setup for femtosecond time-resolved
absorption spectroscopy used in this work are described in
previous reports from our group.’*° A 4.7-fs, 1-kHz pulse
train was generated from a noncollinear optical parametric
amplifier (NOPA) with a pulse compressor,”® covering a
wavelength range from 528 to 727 nm. The laser spectrum
obtained by NOPA is shown in Figure 1. The energy and peak
intensity of the pump pulses at the sample were ~10 nJ and
10 GW/cm?, respectively, which are approximately 10 times
higher than the probe pulses. The pulse energies (intensities) of
the pump and probe pulses at the sample position were approx-
imately 20 and S nJ (7.5 X 10'* and 8.5 X 10" photons/cm?),
respectively.

In order to measure weak pump—probe signals at various
wavelengths, we used a multichannel lock-in amplifier, which
was specifically designed for the simultaneous detection of low-
intensity signals over the entire spectral region. The multi-
channel lock-in amplifier consists of 128 lock-in amplifiers
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connected to 128 avalanche photodiodes. In the present
experiment, multichannel signals, spectrally resolved by a
polychromator (JASCO M25-TP), were detected by the
avalanche photodiodes with the lock-in amplifiers in reference
to pump pulses modulated at 500 Hz by a mechanical chopper.
The normalized transmittance changes in the range extending
from 528 to 727 nm were measured for —100 to 2000 fs with a
1-fs interval.

Octopus Rh. The microvillar membranes of the octopus
retina (Mizudako, Paroctopus dofleini) were isolated by sucrose
flotation (34 wt %, buffer A) (400 mM KLC, 10 mM MgCl, +
20 uM p-APMSF) repeated twice. The obtained pellet was
washed several times with buffer A and with buffer B (10 mM
MOPS [pH 7.4], 1 mM DTT, 20 uM p-APMSF). The final
products were suspended in buffer B and kept at —80 °C in the
dark. A part of this frozen sample was thawed and centrifuged.
The as-obtained pellet was solubilized in H,O with 2 mM
MOPS [pH 7.4] and 2% sucrose monolaurate (L-1690 or SM-
1200). The solution was centrifuged, and the supernatant was
used as the sample, which was added to a 1 mm-thick stationary
optical cell for experiments without circulation. The absorption
spectrum of the sample showed no difference between before
and after the pump—probe measurement within the margin of
the error of about 10%. The peak absorbance at 490 nm of the
sample solution was 1.1. The absorption spectrum of the
octopus Rh is plotted in Figure 1 together with the laser
spectrum.

3. RESULTS AND DISCUSSION

Figure 2a shows the real-time absorption difference spectra,
AA, in the time region between —100 and 2000 fs over the
spectral region from 528 to 727 nm. Real-time traces probed at
577, 610, 641, and 682 nm are shown in Figure 2b. In all the
observed spectral regions, the sign of AA was positive in the
initial period following photoexcitation, which is thought to
reflect induced absorption. Relaxation from the FC state
(named the H state in the case of bR) in the first electronic
excited state to a geometrically relaxed state such as a twisted
state, which is called the I state in the case of bR, is associated
with the decrease in the positive AA signal. This is induced by
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Figure 2. Observed time-resolved difference absorption spectra. (a) Two-dimensional display of measured time-resolved difference absorption

spectra AA(tA). (b) Real-time traces of the absorbance difference for five probe wavelengths.

the spectral blue shit of the induced absorption. The shift takes
place because the induced absorption is affected by the energy
stabilization and destabilization of the initial state (I state in the
case of bR) and the final state (FC state of the induced
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absorption from the I state), respectively. The oscillatory
features around time zero are considered to be coherent
artifacts generated by the interference between probe light and
scattered pump light.
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The photoexcited Rh is reported to decay by the following
process:6’7’20

hv <100 fs

100—300 fs
Rh - FC —— Cl ——

(1)
where FC indicates the Franck—Condon state. The FC and CI
were previously called the H state and J state, respectively, as
described above.

Electronic Dynamics. To determine the lifetimes and
spectra of the decaying components, we fitted the observed
time-resolved difference absorption spectra AA(tA) using a
global fitting method®" over all probe wavelengths. The fitting
function included three components as follows, representing
two transitions with distinct time constants:

1-4ps >1ns
primeRh —— bathoRh——

AA(t, M) = AAG(A) + AA (M) exp( — t/Ty)
+ AA, (M) exp( — t/1,)
(1 < 1)) ()

Finding the condition for least-squares error in the global fit
analysis, we have estimated the time constants of 7, and 7, as
80 fs and 1.1 ps, respectively. The two time constants reflect the
sequential relaxation after photoexcitation. The whole process
can be expressed by

AA(t, 1) = AAL (1) exp(—t/1,) + AAL()
X [1 = exp(—t/1)] exp(~t/75)
+ AW - exp(~t/7)]

X [1 — exp(—t/7,)] (3)

where AA;(1) (i = a, b, ) is the spectrum of each intermediate.
Considering 7, < 7,, eq 3 can be approximated as

AA(t, N) = AA,(A) exp(—t/1) + AAL(A)
X [exp(—t/1,) — exp(—t/7})]

+ ALV — expl(—t/%)] @
Using eqs 2 and 4, we obtain
AA (M) = A4, (R) — AAy () (8)
Ady(2) = AAL(R) — AA(R) (6)
AA(A) = AA(N) ()
Equations S-7 give
AA, (M) = AAy(A) + AA (M) + A4, (M) (8)
AAL () = AAG(M) + A4, (R) )

Spectra of AAy(4), AA,(4), and AA,(1) were estimated by
least-squares fit of AA(tA) using the two obtained time
constants of 7, and 7,. Using eqs 7—9, AA,(1), AA,(1), and
AA(A) were calculated from the spectra of AAy(4), AA,(A),
and AA,(4), and the result is plotted in Figure 3a. The three
spectra were normalized for their comparison in Figure 3b.

Previous work by Shank and Mathies and others observed
the signal rise on a 100 fs time scale in their study of
femtosecond transient absorption measured by 35-fs pump
pulses, and concluded that the wavepacket rapidly leaves the
FC region in the 100 fs time scale.”> Mathies claimed to have
found that the system is carried toward CI in ~S0 fs in his
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Figure 3. Results of global fitting analysis. (a) Mean square error
calculated scanning the value of 7, and 7,. (b) Spectra of AA,(1),
AAy(4), and AA (1) calculated from the spectra of AA,(4) (i =0,1,2).
The spectra of AA,(4) were obtained in least-squares fit of AA(t,4)
using 7, and 7, estimated in panel a.

study of femtosecond stimulated Raman spectroscopy using
30-fs photochemical pump pulses.” It implies that 7; (80 fs)
obtained in the present work corresponds to the time moving
from the FC region to CL In the present work, we could
determine the time constant using a much shorter pulse of sub-
S-fs pulses. The spectrum of AA,(1) in eq 3 has a negative
value, which is thought to reflect the induced absorption of the
FC state.

Spectra of AAy(4) and AA.(4) show similar spectral shape
with positive value in the all-probe wavelength region, reflecting
induced absorption of reaction intermediates. The spectrum of
AA(A) around 575 nm is narrower than the spectrum of
AAy(4). The narrowing of the spectrum is considered to be
caused by the vibration cooling on the ground state potential
surface. Therefore AA,(1) and AA(4) are thought to cor-
respond to the induced absorption of primeRh and bathoRbh,
respectively. This implies that primeRh becomes thermalized
into bathoRh in the time constant of 7,.

Vibration Dynamics. Wavepacket motion in the electronic
excited state and that in the electronic ground state modulate
the AA(t) traces. Therefore, Fourier analysis of the AA(t)
traces reflects the vibrational modes either of the photoactive
state or the nonphotoactive state. The vibration mode signals of
the nonphotoactive state are expected to decay without
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Figure 4. Spectrograms calculated from the AA traces at 530 nm. The black dots show the C=C stretching mode. Spectrograms are shown for the
(a) 900—1750 cm ™" range and (b) the 1410—1560 cm™' range rescaled in intensity to show the frequency modulation of the C=C stretching mode.
(c) Two-dimensional Fourier power spectra of the time-resolved difference absorption traces AA(t) over delay times ranging from 800 to 2000 fs.

frequency shift or modulation. Therefore, the vibration mode
signals showing frequency shift or modulation are thought to be
assigned to the dynacmics of the vibration mode coupled to the
photoactive state. In the following, we discuss the vibration
mode signals showing frequency shift or modulation to discuss
the dynamics of the vibration mode coupled to the photoactive
state

Fourier power spectra of the time traces of the absorption
difference exhibit three prominent modes at around 1550,
1200, and 1000 cm™' assigned to C=C stretching (vc—c),
C—C stretching (vc_c), and hydrogen out-of-plane (HOOP)
modes, respectively. The dynamics of those vibration modes at
each probe wavelength can be studied by calculating the
instantaneous molecular vibration frequencies using spectro-
gram analysis®>>* of the time-resolved difference absorption
traces. A Blackman window with a fwhm of 240 fs was used as a
gate function in the spectrogram calculation. Figure 4a shows
the calculated spectrograms at a probe wavelength of 530 nm.
For delay times shorter than 150 fs, the spectrogram shows the
existence of a C=N stretching mode at a frequency of ~1610 cm ",
which quickly decays in a similar fashion to that observed
in photoisomerization of bR.** This confirms that the primary
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event after photoexcitation of the octopus Rh is a deformation
of the retinal configuration near the C=N bond of the proton-
ated Schiff base.

Just after the photoexcitation, strain in retinal is localized
around the Schiff base and propagates to surrounding C=C
bonds within a few hundred femtoseconds. Therefore the
C=N stretching mode is more distinct than the C=C stretch-
ing mode in the early time scale. The reason why the observed
frequency of the C=N stretching mode (1610 cm ') was lower
than that of the ground state reported as ~1650 cm ™" in Raman
study® can be explained as follows in the analogy of the
explanation for bR.*® The Schiff base forms a hydrogen bond to
its salt bridge partner in the ground state. The primary process
after photoexcitation involves a movement of the Schiff base
proton away from a counterion, which breaks the hydrogen
bond and causes a red-shift of the C=N stretching frequency.

Figure 4b shows a spectrogram of the 1410—1560 cm ™" range
with rescaled intensity to clearly show the frequency
modulation in the C=C stretching mode. The spectrogram
is a time-frequency analysis using the sliding Fourier transform
window and an artifact can appear in the spectrogram trace as a
modulation of frequency and intensity that is caused by a beat

dx.doi.org/10.1021/jp209356s | J. Phys. Chem. B 2012, 116, 1920—1926
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between neighboring frequency modes.”” The modulation
period corresponds to the inverse of the frequency difference
between the neighboring modes. When the time width of the
sliding window is much shorter than the modulation period of
the artifact, the spectrogram trace is significantly contami-
nated by the artifact. The observed frequency modulation in
Figure 4b has a period of 500 fs, which corresponds to
67 con” . If the frequency modulation is caused by an artifact,
neighboring frequency modes separated by 67 cm™ should be
observed in the Fourier power spectrum of the time-resolved
difference absorption trace. However, the Fourier power
spectrum calculated from the time-resolved trace in the region
from 200 to 1200 fs did not show a neighboring mode around
1500 cm™' separated by 67 cm™'. It confirms that the
frequency modulation observed in the spectrogram trace is
not an artifact caused by the beat between neighboring modes,
but reflects a real-time frequency change of the vibration
frequency.

After photoisomerization of the retinal is completed, the
frequency of the C=C stretching mode was found to be
modulated at a period of ~500 fs. The frequency modulation
reflects the wavepacket motion on the potential energy surface
of the relevant electronic states of all of the ground state, the
excited state, prime Rh, and bathoRh, which appear after the
photoexcitation.**** This value for octopus Rh is consistent
with the period of 550 fs observed in the wavepacket motion
results on bovine Rh reported by Shank et al,** and is
considerably different from the period of ~200 fs in bR.>’ The
frequency modulation reflects torsional motion around the
C,;=C,, double bond before thermalization in the all-trans
structure. The change in the frequency can be ascribed to
modulation of the bond length of the C;;=C,, double bond
using an empirical equation relating the bond length and
vibration frequency. The empirical equation is obtained as
follows.

The relationship between the bond-stretching force constant
k (dyn/cm), bond length d (A), 7z bond order (P), and
electronegativity (y) was found by Gordy as follows:*'

3/2
k=a(P+ 1)(1) +b
d (10)

Here, a and b are empirical constants equal to 1.67 X 10° and
0.30 X 10°, respectively, for stable molecules exhibiting their
normal covalencies. Gordy has estimated the average deviation
of k calculated from k values observed for 71 cases to be 1.84%.
The bond vibration frequency v (cm™) can then be related to
the bond-stretching force constant k (dyn/cm) assuming an
isolated oscillator as

(11)

where m and c are the mass of the bonded atom and the
velocity of light, respectively.*” Taking egs 1 and 2, we can
obtain the relation between the bond length d and the vibration
frequency v as

3/2 1/2
V= C[a(P + 1)(2) + b}
d (12)

where y = 2.5 and C = 1.66. Dewar derived the relationship
between the bond length d and the bond order P for single and
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double bonds as d = 1.489—0.151P.* For a single bond, P is 0,
and for a double bond, P is 1. Using this equation, the observed
frequency change in the C=C stretching mode leads to a
modulation in the bond length of the C;;==C,, double bond of
~11 +2 mA.

The assignment was certified by the direct observation of the
real-time frequency of the HOOP mode and C=C—H in-plane
bending mode as discussed below.

The in-plane C=C—H bending modes coupled with C—C
stretching modes appear at around 1200 cm™'. This is the so-
called fingerprint region, which is very sensitive to chromo-
phore conformation. In the observed spectrogram, the HOOP
mode and C=C-H in-plane bending mode are merged until
~200 fs, followed by the clear separation of the two modes. It
elucidates that the rapid tortion along the HOOP coordinate
finishes around 200 fs, which is the time when primeRh is
reported to appear.”**

The intensities of the HOOP mode and C=C—H in-plane
bending mode are also modulated at a period of ~500 fs,
reflecting torsional motion around the C;;=C,, double bond
in thermalization from primeRh to bathoRh.

Therefore, when the system crosses CI at 80 fs after
excitation, the 200-fs tortional motion along the HOOP
coordinate is nearly half finished, and the system is still in
the 11-cis configuration with partial deformation of the quasi
planarity of the plane formed by C,;=C,,—C,; bonds, i.e., the
torsional motion around the C,,=C,, double bond with 500-fs
period is (partially) finished with the rotaion angle of about
one-sixth (= 80/500) of 180°.

Figure 4c shows two-dimensional Fourier power spectra of
the time-resolved difference absorption traces AA(t) over delay
times ranging from 800 to 2000 fs. The signals centered at
around 60 cm™' confirm that these time-resolved traces are also
modulated at a period of ~500 fs, reflecting wavepacket motion
at the same period.

In the case of bovine Rh, the transition time from the FC
state to CI is reported to be 50 fs,** which was estimated as
80 fs for octopus Rh in the present work. For the other transi-
tions with femtosecond and picosecond time constants in
bovine Rh, the results are similar to those observed in octopus
Rh shown above. Comparing these results with our previous
study on transient absorption of bR,”” we can see that the
transition from the FC state to CI proceeds faster in octopus
Rh (80 fs) than in bR (~200 fs).

4. CONCLUSIONS

In this work, we have measured time-resolved difference
absorption spectra of octopus Rh using a sub-5-fs laser pulse
with broadband multichannel detectors. The obtained data
matrix has 128 data points in the 528—727-nm region with a
1.56-nm interval and 2100 data points between —100 and 2000 fs
with a 1-fs interval. The obtained time-resolved traces were
fitted by a double-exponential function using a global fitting
method over all probe wavelengths. The time constants of the
processes following photoexcitation are comparable between
the octopus Rh and bovine Rh results. However, in comparison
with the model bR system, the transition time from the FC
state to CI in octopus Rh were found to be 80 fs, being about
3 times shorter than in bR, which we measured in transient
absorption of bR.*’

The vibration dynamics of photoisomerization were studied
by spectrogram analysis. At delay times shorter than 150 fs, the
C=N stretching mode appears and quickly disappears within
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150 fs. This observation indicates that the primary event after
photoexcitation of the octopus Rh is a deformation of the
retinal configuration near the C=N bond in the protonated
Schiff base. An observed frequency modulation of the C=C
stretching mode at a period of ~500 fs was also observed,
reflecting torsional motion around the C;;==C, double bond
of primeRh before thermalization to bathoRh. This value is
similar to the period of 550 fs obtained for wavepacket motion
observed in transient absorption measurement of bovine Rh.*’
By contrast, the modulation period for bR was observed to
be ~200 fs in transient absorption measurement of bR.>” On
the basis of the frequency change in the C=C stretching mode,
the bond length of the C;;==C,, double bond was found to be
modulated on the order of ~10 mA. The HOOP and C=C-H
modes are merged until 200 fs, therefore the rapid torsion
along the HOOP coordinate is thought to be half finished at
the delay of 80 fs when the system crosses CI. Their intensities
were observed to be modulated at a period of ~500 fs, again
affected by the torsional motion around the C;;==C,, double

bond.
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