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Key Sentence :

1. Elucidating and controlling ultrafast phenomena in the condensed-phase

2. Studying soft interfaces by new nonlinear spectroscopy

3. Examining the nanosecond-millisecond structural dynamics of biomolecules

Key Word :
ultrafast spectroscopy, nonlinear spectroscopy, single molecule spectroscopy, advanced spectroscopy,
reaction dynamics, interface, biological macromolecules

Outline
Spectroscopy is the “eyes” of modern science, and hence it plays essential roles in a variety of research
fields covering physics, chemistry, and biology. We develop and utilize the most advanced spectroscopy
for molecular science of complex systems in the condensed-phase. To elucidate a variety of complex
phenomena occurring in the condensed phase, we need to clarify the electronic and vibrational states of
molecules, the response of surroundings, and the fluctuation and dissipation of energy behind. Based
on this view, we carry out fundamental research using the most advanced linear/nonlinear
spectroscopic methods with most suitable time- and space-resolution for the problems to be studied.
Currently, we are carrying out the following projects:

1. Study of ultrafast dynamics by advanced time-resolved spectroscopy,

2. Study of soft interfaces and development of interface-selective nonlinear spectroscopy,

3. Study of structural dynamics of biomolecules and development of new single molecule

spectroscopy.

Targets of the projects 1, 2, 3 are (1) fundamental molecules and complex molecules in solution, (2)
molecules at the air/liquid, liquid/liquid, liquid/solid and biological interfaces, and (3) biological
macromolecules, respectively.

A. Study of ultrafast dynamics by advanced time-resolved spectroscopy

1. Probing Ultrafast Photoreceptive Response inside Photoactive Yellow Protein (PYP) with
Time-Domain Raman
(Kuramochi, Takeuchi, Yonezawa, Kamikubo, Kataoka, Tahara)

Unveiling nuclear motions of photoreceptor proteins in action is an ultimate goal in protein science to
elucidate their elaborate mechanism achieving optimal selectivity and efficiency. Yet the initial
events immediately after photoabsorption remain unclear because of experimental challenges in
monitoring nuclear rearrangements on ultrafast time scales, including protein-specific low-frequency
motions. Using time-domain Raman probing with sub-7-fs pulses, we obtained snapshot vibrational
spectra of photoactive yellow protein and its mutant with unprecedented sensitivity. Our data show a
drastic intensity drop of the excited-state marker band at 135 cm™! within a few hundred femtoseconds,
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reflecting a weakening of the hydrogen bond that anchors the chromophore.

2. Femtosecond absorption study of the substituent effect on the MLCT excited-state dynamics of Cu(I)
complexes
(Hua, Iwamura, Takeuchi, Tahara)

The substituent effect on the excited-state dynamics of bis-diimine Cu(I) complexes was investigated by
femtosecond time-resolved absorption spectroscopy with the Si1<-So metal-to-ligand charge transfer
(MLCT) photoexcitation. The time-resolved absorption of [Cu(phen)z]* (phen = 1,10-phenanthroline)
showed a slight intensity increase of the S1 absorption with a time-constant of 0.1 — 0.2 ps, reflecting
the flattening distortion occurring in the Si1 state. The transient absorption of the ‘flattened’ S1 state
was clearly observed, although its fluorescence was not observed in the previous fluorescence
up-conversion study in the visible region. The flattened S: state decayed with a time constant of ~2 ps,
and the So bleaching recovered accordingly. This clarifies that the Si state of [Cu(phen)s]* is
predominantly relaxed to the So state by internal conversion. The time-resolved absorption of
[Cu(dpphen)z]* (dpphen = 2,9-diphenyl-1,10-phenanthroline) showed a 0.9-ps intensity increase of the
S1 absorption due to the flattening distortion, and then exhibited a 11-ps spectral change due to the
intersystem crossing. This excited-state dynamics of [Cu(dpphen)s]* is very similar to that of
[Cu(dmphen)z]* (dmphen = 2,9-dimethyl-1,10-phenanthroline). In the ultrafast pump-probe
measurements with 35-fs time resolution, [Cu(phen)2l* and [Cu(dpphen)2]* exhibited oscillation due to
the nuclear wavepacket motions of the initial S1 state, and the oscillation was damped as the structural
change took place. This indicates that the initial S: states have well-defined vibrational structures
and that the vibrational coherence is retained in their short lifetimes. The present time-resolved
absorption study, together with the previous time-resolved fluorescence study, provides a unified view
for the ultrafast dynamics of the MLCT excited state of the Cu(I) complexes.

3. Femtosecond Kerr-gate fluorescence spectroscopic study of the primary photoreaction dynamics of
Anabaena sensory rhodopsin
(S. Tahara, Wei, Takeuchi, T. Tahara)

Time-resolved fluorescence measurement with high repetition-rate lasers has been often employed for
studies of the excited-state dynamics. However, the scheme is not suitable for molecular systems that
involve long-lived intermediates, such as photoreceptor proteins, because the intermediate can be
re-excited by the succeeding pulses. To solve this problem, we constructed a femtosecond Kerr-gate
fluorescence setup using a 1-kHz repetition-rate laser. Using this setup, we measured time-resolved
fluorescence spectra of Anabaena sensory rhodopsins (ASR) having all-trans (AT-ASR) and 13-cis
(C-ASR) retinal chromophores. It was found that the fluorescence lifetime of AT-ASR is about 2 ps,
whereas that of C-ASR is as short as 200 fs. This large difference in lifetime indicates that the
excited-state dynamics of ASR strongly depends on the conformation of the chromophore.

B. Study of soft Interfaces and development of interface-selective nonlinear spectroscopy

1. Counterion Effect on Interfacial Water at Charged Interfaces

(Nihonyanagi, Yamaguchi, Tahara)

Specific counterion effects represented by Hofmeister series are important for a variety of phenomena
such as protein precipitations, surface tensions of electrolytes solutions, phase transitions of
surfactants, etc. We applied heterodyne-detected vibrational sum-frequency generation spectroscopy to
study the counter ion effect on the interfacial water at charged interfaces and discussed the observed
effect with relevance to the Hofmeister series. Experiments were carried out for model systems of
positively charged cetyltrimethylammonium monolayer/ electrolyte solution interface and negatively
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charged dodecylsulfate monolayer/electrolyte interface. At the positively charged interface, the
intensity of the OH band of the interfacial water decreases in the order of the Hofmeister series,
suggesting that the adsorbability of halide anions onto the interface determines the Hofmeister order.
At the negatively charged interfaces, on the other hand, the OH band intensity does not depend
significantly on the counter cation whereas variation in the hydrogen bond strength of the interfacial
water is well correlated with the Hofmeister order of the cation effect. These results provide new
insights into the molecular level mechanisms of anionic and cationic Hofmeister effects.

2. Evaluation of pH at Charged Lipid/Water Interfaces by Heterodyne-Detected Electronic Sum
Frequency Generation
(Kundu, Yamaguchi, Tahara)

Although the interface pH at a biological membrane is important for biological processes at the
membrane, there has been no systematic study to evaluate it. We apply novel interface-selective
nonlinear spectroscopy to the evaluation of the pH at model biological membranes (lipid/water
interfaces). It is clearly shown that the pH at the charged lipid/water interfaces is substantially
deviated from the bulk pH. The pH at the lipid/water interface is higher than that in the bulk when the
head group of the lipid is positively charged, whereas the pH at the lipid/water interface is lower when
the lipid has a negatively charged head group.

3. Mosaic of Water Orientation Structures at a Neutral Zwitterionic Lipid/Water Interface Revealed by
Molecular Dynamics Simulations
(Re, Nishima, Tahara, Sugita)

Ordering of water structures near the surface of biological membranes has been recently extensively
studied using interface-selective techniques like vibrational sum frequency generation (VSFG)
spectroscopy. The detailed structures of interface water have emerged for charged lipids, but those for
neutral zwitterionic lipids remain obscure. Previously, our group has shown that there are three
distinct water species: phosphate hydrating water, choline hydrating water and water in hydrophobic
region. We collaborated with Theoretical Molecular Science Lab and analyze an all-atom molecular
dynamics (MD) trajectory of a hydrated 1-palmitoyl-2-oleoyl-sn-glycero-3- phosphocholine bilayer to
characterize the orientation of interface waters in different chemical environments. The structure and
dynamics of interfacial waters strongly depend on both their vertical position along the bilayer normal
as well as vicinal lipid charged groups. Water orientation in the vicinity of phosphate groups is opposite
to that around choline groups. The results are consistent with observed VSFG spectra and demonstrate
that a mosaic of water orientation structures exists on the surface of a neutral zwitterionic
phospholipid bilayer, reflecting rapid water exchange and the influence of local chemical environments.

4. Study of Water Bend Mode at the Neat Water Surface
(Kundu, Nihonyanagi, Yamaguchi, Tahara)

Molecular level elucidation of hydrogen bonding network structure at the air/water interface is of
essential importance for many fundamental processes. In this work, we observed, for the first time, the
imaginary part of 2nd-order nonlinear susceptibility (Imy®) spectrum of water in the bend frequency
region which was experimentally obtained by the use of heterodyne-detected vibrational sum frequency
generation spectroscopy. The observed Imy@ spectrum shows only one positive peak around 1660 cm™1,
contradicting a former theoretical prediction. The peak frequency of the interfacial bend mode is close
to that in the IR absorption spectrum of bulk water, indicating that the observed bend mode in the
Im %@ spectrum is due to hydrogen-bonded water at the surface.



C. Study of structural dynamics of biomolecules and development of new single molecule spectroscopy

1. Observation of microsecond structural dynamics of cytochrome ¢ by two-dimensional fluorescence
lifetime correlation spectroscopy
(Otosu, Ishii, Tahara)

How polypeptide chains acquire specific conformations to realize unique biological functions is a
central problem of protein science. Single-molecule spectroscopy, combined with fluorescence resonance
energy transfer, is utilized to study the conformational heterogeneity and the state-to-state transition
dynamics of proteins on the submillisecond to second timescales. However, observation of the dynamics
on the microsecond timescale is still very challenging. This timescale is important because the
elementary processes of protein dynamics take place and direct comparison between experiment and
simulation is possible. In this study, we applied a newly developed single-molecule technique,
two-dimensional fluorescence lifetime correlation spectroscopy, to the microsecond structural dynamics
of a protein, cytochrome c. As a result, three conformational ensembles and the microsecond transitions
in each ensemble are observed in the correlation signal, demonstrating the importance of quantifying
microsecond dynamics of proteins on the folding free energy landscape.

2. Correction of the afterpulsing effect in fluorescence correlation spectroscopy using time symmetry
analysis
(Ishii, Tahara)

Fluorescence correlation spectroscopy (FCS) is a powerful method for observing spontaneous
fluctuations of biomolecules in the microsecond time scale. In FCS, a photon-counting avalanche
photodiode (APD) is usually employed for detecting fluorescence signals from the sample. It is known
that APDs have a problem in FCS measurements in submicro- to early microsecond delay time.
Namely, the signal pulses are occasionally followed by artificial signals generated within microseconds
after the true signal, which are called afterpulses. In this work, we have developed a numerical
procedure that eliminates the afterpulsing effect in correlation signals by analyzing the time reversal
asymmetry of the photon data recorded with a time-correlated single photon counting device. It was
revealed that the afterpulsing effect was completely eliminated using the present method both in a
pure dye solution and a mixture solution of two dyes with different fluorescence lifetimes, whereas the
previous method significantly underestimated the correlation amplitude of the dye mixture solution.
The method introduced in this work enables precise correlation measurements down to the
submicrosecond time region with a relatively simple optical setup and will facilitate various
applications of FCS toward elucidation of fast spontaneous dynamics of complex biomolecules.

3. Development of multi-focus confocal microscope for high-throughput measurement in
two-dimensional fluorescence lifetime correlation spectroscopy
(Otosu, Ishii, Tahara)

We have recently developed the two-dimensional fluorescence lifetime correlation spectroscopy (2D
FLCS) which can analyze complex dynamics of biopolymers with an unprecedented time resolution.
However, when 2D FLCS is applied to microsecond molecular dynamics, one needs to collect a large
number of photons that requires a lengthy measurement. In order to reduce the measurement time of
2D FLCS, we have developed a multifocus confocal microscope system. In this system, we use
beamsplitters to split the excitation laser beam into seven equivalent parts and make seven excitation
spots on the sample. By imaging these spots onto the entrance aperture of a fiber bundle and detecting
the signal from each fiber separately, we can perform seven independent measurements
simultaneously. The capability of this system was tested by performing the conventional FCS and 2D
FLCS. The results showed that this multifocus system is applicable in both cases, and the data
accumulation can be seven times faster than a single-focus system.
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