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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 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. Ultrafast photodissociation dynamics of diphenylcyclopropenone studied by time-resolved impulsive
stimulated Raman spectroscopy
(Kuramochi, Takeuchi, Tahara)

We studied ultrafast photodissociation reaction of diphenylcyclopropenone (DPCP) in solution by time-
resolved impulsive stimulated Raman spectroscopy (TR-ISRS) using sub-6-fs pulses. The obtained
femtosecond time-resolved Raman data of excited-state DPCP did not show any noticeable spectral
change during its lifetime of 180 fs. This indicates that photoexcited DPCP is trapped at the excited-
state potential energy minimum before undergoing the photodissociation, which is consistent with the
predissociation picture of ultrafast photodissociation reaction of DPCP. The present study demonstrates
the high capability of TR-ISRS for structural characterization of short-lived reactive transients that
decay within only a few hundreds of femtoseconds.

2. Origin of the reactive and non-reactive excited states in the primary reaction of rhodopsins: pH
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dependence of femtosecond absorption of light-driven sodium ion pump rhodopsin KR2
(Shinya Tahara, Takeuchi, Abe-Yoshizumi, Inoue, Ohtani, Kandori, Tahei Tahara)

KR2 is the first light-driven Nat*-pumping rhodopsin discovered. We previously reported that
photoexcitation of KR2 generates multiple S1 states, i.e., “reactive” and “non-reactive” S1 states at the
physiological pH, but their origin remained unclear. To elucidate the origin of these S1 states, we
examined the S1 state dynamics of KR2 using femtosecond time-resolved absorption spectroscopy at
different pH ranging from pH 4 to 11. It was found that the relative population of the reactive S: state
correlates well with the titration curve of Asp116 which is the counterion of the chromophore, indicating
that the protonation state of Aspll6 is directly related to the formation of these S: states. The
quantitative analysis led us to conclude that the reactive and non-reactive S1 states originate from KR2
proteins in which a hydrogen bond between Aspll6 and the chromophore is present and absent,
respectively.

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

1. Ultrafast dynamics study of water at a zwitterionic lipid/water interface revealed by 2D HD-VSFG
spectroscopy
(Inoue, Singh, Nihonyanagi, Yamaguchi!, Tahara)

Molecular-level elucidation of hydration at biological membrane interfaces is of great importance for
understanding biological processes. We studied ultrafast hydrogen-bond dynamics at a zwitterionic
phosphatidylcholine/water interface by two-dimensional heterodyne-detected vibrational sum
frequency generation (2D HD-VSFG) spectroscopy. The obtained 2D spectra confirm that the anionic
phosphate and cationic choline sites are individually hydrated at the interface. Furthermore, the data
show that the dynamics of water at the zwitterionic lipid interface is not a simple sum of the dynamics
of the water species that hydrate to the separate phosphate and choline. The center line slope analysis
of the 2D spectra reveals that ultrafast hydrogen-bond fluctuation is not significantly suppressed
around the phosphate at the zwitterionic lipid interface, which makes the hydrogen-bond dynamics look
similar to that of the bulk water. The present study indicates that the hydrogen-bond dynamics at
membrane interfaces is not determined only by the hydrogen bond to a specific site of the interface but
is largely dependent on the water dynamics in the vicinity and other nearby moieties, through the
hydrogen-bond network.

1Saitama Univ.

2. Isoelectric point of hemoglobin at the air/water interface probed by the orientation of water molecules
(Devineau, Inoue, Kusaka, Urashima, Nihonyanagi, Baigl!, Tsuneshige2, Tahara)

Elucidation of the molecular mechanisms of protein adsorption is of essential importance for further
development of biotechnology. In this work, we used interface-selective nonlinear vibrational
spectroscopy to investigate protein charge at the air/water interface by probing the orientation of
interfacial water molecules. We measured the Imy®@ spectra of hemoglobin, myoglobin, serum albumin
and lysozyme at the air/water interface in the CH and OH stretching regions using heterodyne-detected
vibrational sum frequency generation (HD-VSFG) spectroscopy, and we deduced the isoelectric point of
the protein by monitoring the orientational flip-flop of water molecules at the interface. Strikingly, our
measurements indicate that the isoelectric point of hemoglobin is significantly lowered (by about one
pH unit) at the air/water interface compared to that in the bulk. This can be predominantly attributed
to the modifications of the protein structure at the air/water interface. Our results also suggest that a
similar mechanism accounts for the modification of myoglobin charge at the air/water interface. This
effect has not been reported for other model proteins at interfaces probed by conventional VSFG
techniques, and it emphasizes the importance of the structural modifications of proteins at the interface,

Rk 29 #FE / FY 2017



which can drastically affect their charge profiles in a protein-specific manner. The direct experimental
approach using HD-VSFG can unveil the changes of the isoelectric point of adsorbed proteins at various
interfaces, which is of major relevance to many biological applications and sheds new light on the effect
of interfaces on protein charge.

1Sorbonne Universite’s, 2Housel Univ.

3. Structure at the air/water interface in the presence of phenol
(Kusaka, Ishiyama!, Nihonyanagi, Morita2, Tahara)

Many kinds of organic compounds pollute the aquatic environment, and they change the properties of
the water surface due to their high surface affinity. Chemical reactions at the water surface are key in
environmental chemistry because, for instance, reactions occurring at the surface of aqueous aerosols
play essential roles in the atmosphere. Therefore, it is very important to elucidate how organic
compounds affect the properties of water surfaces. In this study, we chose phenol as an organic pollutant
prototype and investigated how phenol affects the molecular-level structure of the air/water interface.
Interface-selective vibrational spectra, i.e., the imaginary part of second-order nonlinear susceptibility
(Imy®), of the air/water—phenol mixture interface in the OH stretch region were collected using
heterodyne-detected vibrational sum frequency generation (HD-VSFG) spectroscopy, and the observed
Imy® spectra were interpreted with the aid of molecular dynamics (MD) simulation. The Imy® spectra
observed via HD-VSFG drastically change as a function of phenol concentration in water, and exhibit
two isosbestic points. In the spectra, a positive OH band appears at 3620 cm™!, which is assigned to an
OH group of water that forms an OH-n hydrogen-bond (H-bond) with the aromatic ring of phenol, and
a strong negative OH band appears around 3200 cm'!, which is attributed to a water that accepts a H-
bond from the phenol OH while pointing its OH groups toward the bulk water side. It was concluded
that two types of unique water molecules hydrate a phenol molecule: (1) water that forms an OH-n H-
bond; and (2) water that accepts a H-bond from a phenol OH group. Each phenol molecule adsorbed at
the air/water forms a specific hydration structure, which causes a large change in the interfacial water
structure. The present study provides a clear example demonstrating that even such a simple organic
pollutant as phenol can drastically alter the interfacial water structure.

1Univ. of Toyama, 2Tohoku Univ.

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

1. Observation of the cooperative collapse in the spontaneous folding process of cytochrome ¢ by two-
dimensional fluorescence lifetime correlation spectroscopy
(Sakaguchi, Yamanaka!, Hirota!, Ishii, Tahara)

The folding dynamics of cytochrome ¢ (cytc) has been extensively studied by a variety of experimental
methods. However, site-specific folding dynamics on the short time scale is still controversial. In this
work, the microsecond folding dynamics of cytc under the equilibrium condition was investigated by
two-dimensional fluorescence lifetime correlation spectroscopy (2D FLCS). For clarifying the site-
specific kinetics, we prepared three samples which have different labeling sites of the FRET donor. The
structural heterogeneity induced by acid denaturation was detected by 2D FLCS as two species for all
the three samples. These two species were assigned to the unfolded and a partially folded intermediate
state based on their fluorescence lifetimes. The interconversion timescale between the two species was
very similar for the three samples and was in good agreement with the timescale of the initial collapse
of cyte which was observed in non-equilibrium conditions with mixing methods. This result indicates
that the collapse of cytc occurs cooperatively with little site-specificity.
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2. Two-dimensional fluorescence lifetime correlation spectroscopy with pulsed interleaved excitation
(Sarkar, Mizuno, Sakaguchi, Ishii, Tahara)

2D FLCS can resolve conformational inhomogeneity of biopolymers utilizing fluorescence lifetime
measurement of FRET-labeled molecules and enables us to examine conformational transitions with a
microsecond time resolution. For improving the accuracy of 2D FL.CS, we introduced a new method that
incorporates pulsed interleaved excitation (PIE), in which the donor and acceptor dyes of a FRET pair
are excited alternately. We constructed an experimental setup of PIE 2D FLCS based on a
supercontinuum light source. For data analysis, we introduced the maximum entropy method in order
to establish a protocol for separating contributions of co-existing species in the sample and for
determining the dye stoichiometry, donor fluorescence lifetime, and FRET efficiency for each species.
The result of application to experimental and simulated photon data demonstrated the feasibility of this
new method to real FRET-1abeled molecules.

3. Development of scanning 2D FLCS and application to structural dynamics of hairpin DNA
(Hasegawa, Vaidya, Ishii, Tahara)

2D FLCS is a new method of single-molecule measurements, which enables us to observe structural
dynamics of biomolecules in the microsecond time region. In 2D FLCS, however, the observation time
window has been limited to several milliseconds because of the translational diffusion of the molecules.
In this work, we attempted to extend the observation time window of 2D FLCS by immobilizing the
sample molecules on a glass substrate. We name this new method scanning 2D FLCS because the
sample stage is scanned continuously for preventing photobleaching. It was confirmed that the
observation time window can be extended to hundreds of milliseconds by this approach. We applied this
method to the study of structural dynamics of hairpin DNA and observed the interconversion between
the closed and the open forms in the micro- to millisecond time region. It is anticipated that the scanning
2D FLCS will become a powerful tool to elucidate temporally hierarchical dynamics of biomolecules.
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