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Real-time investigations of the rearrangement of bonds during
chemical transformations require femtosecond temporal resolu-
tion, so that the atomic vibrations within the reacting molecules
can be observed. Following the development of lasers capable of
emitting ultrashort laser flashes on this timescale, chemical
reactions involving relatively simple molecules have been moni-
tored in detail, revealing the transient existence of intermediate
species as reactants are transformed into productsH. Here we
report the direct observation of nuclear motion in a complex
biological system, the retinal chromophore of bacteriorhodopsin
(bRsgg)*, as it undergoes the trans—cis photoisomerization that is
fundamental to the vision process. By using visible-light pulses of
less than 5femtosecond in duration®, we are able to monitor
changes in the vibrational spectra of the transition state and thus
show that despite photoexcitation of the anti-bonding molecular
orbital involved, isomerization does not occur instantly, but
involves transient formation of a so-called ‘tumbling state’. Our
observations thus agree with growing experimental’ and
ab initio evidence™® for a three-state photoisomerization
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Figure 1 Schematic potential energy curves of two-state and three-state models along
the torsional angle of the Cy3 = C;4 bond of the protonated retinal Schiff base of bRsgg. In
the two-state model, the wave packet ‘slides down’ the barrier-free smooth potential
surface along the G453 = Cy4 torsion coordinate from the Franck—Condon (H) state to the
90° rotated conformer () within 200 fs, and a temporal change in the emission spectrum
(dynamic Stokes shift) is expected corresponding to the H—l4g process. In the three-state
model, the skeletally deformed state (I) is converted to a tumbling state with a time
constant of 200 fs and then the torsional angle distribution becomes narrow. In both
models K is in a cisoid conformation.
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model*'*" and firmly discount the initially suggested two-state
model'®* for this process.

Using pulses shorter than 5 fs, we have succeeded in reaching the
fundamental limit in resolving nuclear motion in a complex bio-
logical system. bRsgs undergoes the following photochemical cycle:

hy
bRsgs = H — Ligy — Jgps — Kgjo—

Lsys — My, — Nigy — Ogyp — DRsgg

Here, H denotes the Franck—Condon excited state of bRsgs with
an all-trans retinal Schiff base. The subscripts represent the wave-
lengths (in nm) of absorption maxima of the species. Several
vibrational spectroscopy studies using ultrashort pulses™' ™' have
shown that H and I, are excited-state species with a chromophore
of an all-trans conformation, and that K¢ is a ground-state species
with the chromophore already converted to the 13-cis conforma-
tion. But the primary molecular processes between the H and Ky
states have been controversial, with two models discussed for the
photoisomerization process: the two-state'® > model and the three-
state model®*'*" (Fig. 1). However, recent experiments’™'* and ab
initio calculations''® favour the three-state model, with changes in
the molecule’s structure assumed to precede the trans—cis isomer-
ization®™S.
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Figure 2 Time-dependence of the transmittance change (A 7/T) following sub-5-fs pulse
excitation of a suspension of the light-adapted purple membrane of Halobacterium
salinarum containing bRsgg at room temperature. Sub-5-fs pump and probe pulses
(520—750 nm) were generated by non-collinear optical parametric amplification®®. The
positive AT/T observed at wavelengths shorter than 630 nm is due to the bleaching of
bRsgg. At wavelengths longer than 660 nm, a negative signal due to the absorption of |
(S,«=S; transition) appeared at 250 fs. The inset shows an enlarged trace monitored at
630 nm.
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In order to elucidate the isomerization process in more detail, we
measured the time-resolved transmittance change (AT/T), which
we call the real-time signal, of bRs¢s using sub-5-fs pulses as both
pump and probe at room temperature. Figure 2 shows the real-time
signals of bRses at several wavelengths. The measured AT/T is
modulated by molecular vibrations, which correspond to Raman-
active modes®?*®. The Fourier transformation of AT/T around an
arbitrary delay time t4 gives the amplitudes and frequencies of the
molecular vibrations at 4. Figure 3 shows spectrograms calculated
for real-time signals probed at 610 nm. As shown in the spectro-
grams, instantaneous frequencies are modulated at a period of
about 200 fs. This can be seen from the time-integrated Fourier
power spectrum of the vibrationally induced transmittance modu-
lation. Figure 4 shows the results of peak detection using the
previously measured Raman frequencies™”** for the 630-nm
probe data. We conclude that the temporal shifts in frequency are
due to wave-packet motion of the excited state rather than the
ground state for the following reasons. (1) The spectrogram
calculated for the real-time signal at 660 nm due to excited-state
absorption (shown in Fig. 2) has the same features as those at other
wavelengths. (2) The pulse width (sub-5-fs) is much shorter than
the observed molecular vibration periods, and is too short to
enhance the molecular vibration in the ground electronic state®*.
(3) The decay of the molecular vibration amplitude is not longer
than that of AT/T.

The key feature of the spectrogram is the frequency of the
ethylene-like symmetric C=C stretching modes in the 1,500—
1,550 cm™ region reflecting w-bond order. Interestingly, the peak
frequency is modulated between 1,500 and 1,550 cm™'. A similar
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Figure 3 Spectrogram calculated for the trace at 610 nm. The calculations used the
Hanning window function Wt — t;) = 1/2 + (1/2)cos[w(t — t4)/2At] with a 75-fs
half-width at half-maximum (HWHM) of Afand a peak at £ (window delay time). The
Fourier transformation of A7/T kinetics gives frequency information that corresponds to
Raman frequency. The Fourier amplitude increases from blue to red (false colours). Black
lines show the peaks of several modes strongly coupled to photoexcitation. The
spectrogram shows the appearance of all the significant vibrations?>%"% in the
characteristic frequency ranges 1,500—1,650 cm™ (C = C and C = N stretching modes),
1,150—1,250 cm™' (in-plane C = C—H bending coupling with the C—C stretching modes)
and 900-1,000cm™ (the hydrogen-out-of plane (HOOP) mode). The HOOP made is
inactive when the molecular structure is highly planar, and is enhanced by distortion of
the molecular plane. The increase in the HOOP signal intensity just after excitation
(30fs) shows the distortion. The changes in the frequencies and amplitudes of HOOP and
C = C-H in-plane-wagging can be seen following the progress of the twisting around the
C43 = Cy4 bond. Their frequencies cannot be discriminated at 150—200 fs because the in-
plane and out-of-plane modes cannot be well defined owing to the non-planarity of the
molecule. After that, these vibrations recover and then their intensities are reduced
substantially because of the broad distributions of frequencies for the 200—600 fs region.
The intensities partially recover when the frequency distributions become narrow owing to
thermalization in the 700—900 fs region. This shows that isomerization from transoid to
cisoid conformation followed by thermalization is over at this time region.
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modulation of instantaneous frequencies has been observed for
polydiacetylene (PDA) in previous work using the same sub-5-fs
visible pulses”. In PDA, the frequencies of C=C and C-C
stretching are modulated at the vibrational period of the C=C-C
bending mode (145 fs) for about 2 ps. The modulation frequency in
bRy was calculated to be 160cm™ from the Fourier transform
calculation of the Fourier power spectrum, which corresponds to
the 200-fs oscillation period of twisting around the C=C bond. To
our knowledge, this is the first real-time observation of the fre-
quency modulation of C = C stretching associated with the torsional
motion relevant to the trans—cis isomerization. The frequency
modulation induces the generation of side bands, but conventional
Raman spectroscopy cannot discriminate the bands from modes
existing accidentally nearby.

We now examine the contribution of the 200-fs torsional motion
to the coupling of other vibrational modes by describing four events
that occur on different timescales. The first event occurs within 50—
100 fs. The wave-packet reaches the flat potential region (I5 with a
B,-like electronic configuration) from H. Periodic out-of-plane
distortion also begins. An intense C=N stretching band from the
protonated Schiff base (C;s=NH", 1,620-1,630cm™") appears
within 50 fs. Both the intensity and frequency of the band dra-
matically decrease within 100 fs. The fast dumping causes spectral
broadening: although conventional methods cannot distinguish the
homogeneous and inhomogeneous broadening, the method we
describe here—of observing the time-dependent molecular vibra-
tion—can distinguish the two, by detecting the recurrence in the

u
\
\

154 400-700fs -
10+ -
5 - -

0 ] f f y f == y f y T i
154 700-1,000 fs C

10 =
5_ 4/\'_’/\¥ -
0- T } : } | T } + I

15 800-1,100 fs
10 -
5 - -
4 A L
0 e e
800 1,000 1,200 1,400 1,600

15
101
5_

100-400 fs

15+ 200-500 fs

10
5]
0 ] T T

15+ 300-600 fs

10

5 _-
¥. | |

I

Intensity (arbitrary units)
o

Frequency (cm™)

Figure 4 Fourier power spectrum of instantaneous frequencies appearing in the trace of
transmittance change probed at 630 nm. The spectra were obtained by the maximum
entropy method for the 300-fs rectangular gated signals.
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case of inhomogeneous broadening. The fast frequency lowering
indicates the effect of the torsional motion. The in-plane C=C-H
bending modes coupled with C—C stretching modes appear in the
1,150—1,300 cm™" region, which is called the fingerprint region,
because it is very sensitive to the chromophore conformation. The
skeletal vibrations around 1,250 cm™ are activated in the first 100 fs
as predicted theoretically'®. The hydrogen-out-of-plane (HOOP)
modes appear just after the excitation in the 800—1,050 cm™" region.
The intensity of the HOOP modes is sensitive to the tilting angle
around the C=C bond. We expect that the HOOP intensity at first
increases with the torsional angle, and then decreases or even
disappears as the angle approaches 90°.

The second event is seen in the 100—200 fs region, and involves
splitting of the band centred around 1,250 cm™" into two peaks
about 100 fs after excitation of the chromophore. The frequency of
one peak gradually increases, reaching 1,520-1,540 cm™" at about
150 fs, while the frequency of the other peak gradually decreases,
reaching a value as low as 1,140 cm™" at 170 fs after excitation. The
temporal shift of the frequency of the latter mode (C=C-H in-
plane bending) is correlated with that of the HOOP band. These
frequencies are modulated with the 200-fs period of the C-C=C
torsion. The peak positions of the HOOP mode and the in-plane
C=C-H bending modes are well separated in the region below
100 fs, but not in the 150-200 fs region. These mode frequencies
approach each other and merge into a single peak, as there is neither
an in-plane nor an out-of-plane mode in a distorted configuration.
The two modes reappear in the region slightly longer than 250 fs,
where planarity is recovered. This suggests that the trans—13-cis
isomerization occurred within less than 200 fs according to the two-
state model. However, the product K¢ has not yet been formed. For
the t3 >200 fs region, the intensities of the C=C-H bending and
HOOP modes become very weak at all the probe photon energies
studied (610—680 nm, data not shown). Therefore, the coincident
increase and decrease of the frequencies of the HOOP and in-plane
C=C-H bending modes strongly indicate that the torsional

1,150-1,250 cm™

in-plane rocking

900-1,000 cm™

out-of-plane wagging

=Cp
H  "all trans”
H5;C 9=0
Lys
! 1,500-1,550 cm™
* C=C stretching
—Cy /I—T{% "tumbling state"
) H
&) P 0 = 2+3(t)
we <> Scp =N
Lys
HiC P
Ciz 3F Cus H  "13-cis"
e >
= C12 C15 —N =1
Lys

Figure 5 A mechanism of the frans—cis photoisomerization of the retinal chromophore.
After photoexcitation of bRsgg to the Franck—Condon state (H), two moieties are
rotated with respect to each other to a skeletally deformed state (I460; top) and then

to a tumbling state (middle) and then to a cis conformation (Kg1o; bottom).
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motion modifies the frequencies of both the out-of-plane and in-
plane bending-mode frequencies with a period of 200 fs.

The third event is the formation of the transition state in the 200—
600fs region. C=N stretching, C=C-H bending, and HOOP
modes are also silent in this region. The weak intensity is partly
due to the broad distribution of molecular conformations covered
by the wave packet. Energy randomization occurs during the fast
wave-packet motion along the potential curves of the excited B,-like
and Ag-like states, and during the Landau—Zener (LZ) tunnelling in
between B, and A,. However, the isomerization in the C;3=Cy,
bond has not occurred at this stage. The skeletal change precedes the
isomerization. We call the molecular state in the 200—600 fs region a
‘tumbling state’. In this state, the intensity reduction of C=C
stretching is not as drastic as those of the HOOP and in-plane
bending, as the number of the C = C stretching modes is larger than
that of the C—C—H configuration, and the C = C stretching is less
sensitive to the torsional angle than the HOOP and in-plane
bending modes. These features can be explained by the torsional
motion of the two moieties of the retinal Schiff base separated by the
C;3=Cy4 double bond just after excitation, as shown in Fig. 5. The
torsional motion and the broadening due to the inhomogeneity of
the torsional angles and the rapid change in frequencies induce the
reduction of the intensities of the corresponding vibrational bands.

The final event occurs 700 fs later. At 700—900 fs, the intensities of
the in-plane C = C—H bending and C—C stretching modes (1,150—
1,250 cm™) are partially recovered, owing to the narrowing of the
torsional angle distribution in the quasi-thermal state after relaxing
to the bottom of the potential curve of the A,-like excited state along
the torsional angle coordinate. After this relaxation to the ground
state, the conformational change takes place again through LZ
tunnelling to the 13-cis conformation, that is, K¢, with 55%
efficiency'. This verifies that the oscillating signal is not caused by
the molecular vibration in the ground electronic state, but by
vibration in the excited states. The gate delay time of 700—800 fs
corresponds to the period of the population thermalized before it is
converted to the K intermediate. t
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Over 75% of the world marine fisheries catch (over 80 million
tonnes per year) is sold on international markets, in contrast to
other food commodities (such as rice)"”. At present, only one
institution, the Food and Agriculture Organization of the United
Nations (FAO) maintains global fisheries statistics. As an inter-
governmental organization, however, FAO must generally rely on
the statistics provided by member countries, even if it is doubtful
that these correspond to reality. Here we show that misreporting
by countries with large fisheries, combined with the large and
widely fluctuating catch of species such as the Peruvian anchoveta,
can cause globally spurious trends. Such trends influence unwise
investment decisions by firms in the fishing sector and by banks,
and prevent the effective global management of international
fisheries.

World fisheries catches have greatly increased since 1950, when
the FAO of the United Nations began reporting global figures’. The
reported catch increases were greatest in the 1960s, when the
traditional fishing grounds of the North Atlantic and North Pacific
became fully exploited, and new fisheries opened at lower latitudes
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and in the Southern Hemisphere. Global catches increased more
slowly after the 1972 collapse of the Peruvian anchoveta fishery*, the
first fishery collapse that had repercussions on global supply and
prices of fishmeal (Fig. 1a). Even taking into account the variability
of the anchoveta, global catches were therefore widely expected to
plateau in the 1990s at values of around 80 million tonnes, especially
as this figure, combined with estimated discards of 16—40 million
tonnes’, matched the global potential estimates published since the
1960s (ref. 6). Yet the global catches reported by the FAO generally
increased through the 1990s, driven largely by catch reports from
China.

These reports appear suspicious for the following three reasons:
(1) The major fish populations along the Chinese coast for which
assessments were available had been classified as overexploited
decades ago, and fishing effort has since continued to climb”% (2)
Estimates of catch per unit of effort based on official catch and effort
statistics were constant in the Yellow, east China and south China
seas from 1980 to 1995 (ref. 9), that is, during a period of
continually increasing fishing effort and reported catches, and in
contrast to declining abundance estimates based on survey data’; (3)
Re-expressing the officially reported catches from Chinese waters on
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Figure 1 Time series of global and Chinese marine fisheries catches (1950 to present).
a, Global reported catch, with and without the highly variable Peruvian anchoveta.
Uncorrected figures are from FAO (ref. 3); corrected values were obtained by replacing
FAQ figures by estimates from b. The response to the 1982—83 El Nifio/Southern
Oscillation (ENSO) is not visible as anchoveta biomass levels, and hence catches were still
very low from the effect of the previous ENSO in 1972 (ref. 4). b, Reported Chinese
catches (from China’s exclusive economic zone (EEZ) and distant water fisheries)
increased exponentially from the mid-1980s to 1998, when the ‘zero-growth policy’ was
introduced. The corrected values for the Chinese EEZ were estimated from the general

linear model described in the Methods section.
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