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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. Probing the early stages of photoreception in photoactive yellow protein with ultrafast time-domain
Raman spectroscopy
(Kuramochi, Takeuchi, Yonezawa!, Kamikubo!, Kataoka!, Tahara)

Unveiling the nuclear motions of photoreceptor proteins in action is a crucial goal in protein science in
order to understand their elaborate mechanisms and how they achieve optimal selectivity and efficiency.
Previous studies have provided detailed information on the structures of intermediates that appear
during the later stages (>ns) of such photoreception cycles, yet the initial events immediately after
photoabsorption remain unclear because of experimental challenges in monitoring nuclear
rearrangements on ultrafast timescales, 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 a mutant with high sensitivity, providing insights into the key responses that drive
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photoreception. Our data showed a drastic intensity drop of the excited-state marker band at 135 cm-
1 within a few hundred femtoseconds, suggesting a rapid weakening of the hydrogen bond that anchors
the chromophore. We also tracked formation of the first ground-state intermediate over the first few
picoseconds and fully characterized its vibrational structure, revealing a substantially-twisted cis
conformation.

INAIST

2. Local environment inside a novel aromatic micelle investigated by steady-state and femtosecond
fluorescence spectroscopy
(Sartin, Kondo!, Yoshizawal, Takeuchi, Tahara)

The local environment within a recently developed anthracene-shelled micelle (ASM), which is a micelle-
like nanocapsule composed of anthracene-embedded amphiphiles, was investigated by steady-state and
time-resolved spectroscopy of an encapsulated solvatochromic fluorescent probe molecule, coumarin 153
(C153). The absorption maximum of encapsulated C153 (452 nm) is more red-shifted than that of free
C153 in water, indicating a highly polar environment inside the micelle. Despite this, the fluorescence
Stokes shift of encapsulated C153 (~3700 cm') is substantially smaller than that of free C153 in water.
Femtosecond time-resolved broadband fluorescence measurements further showed that the dynamic
Stokes shift is completed within 1 ps, revealing that the reorganization of the micelle interior following
photoexcitation of the C153 probe is characterized by a sub-picosecond, limited-amplitude response. The
femtosecond fluorescence anisotropy data showed that the orientational diffusion of the host-guest
complex is slower (860 ps) than that of the empty micelle (510 ps), suggesting that the micelle structure
is flexible enough to expand when the guest molecule is accommodated and that the micelle rotates with
the encapsulated guest molecule. This softness of the micelles further allows some of them to
simultaneously encapsulate two C153 molecules, as evidenced by the appearance of blue-shifted, H-
dimer-like absorption and fluorescence bands.

1Tokyo Institute of Technology

3. Development of broadband stimulated Raman spectroscopy in the deep ultraviolet region
(Kuramochi, Fujisawa, Takeuchi, Tahara)

We newly developed a setup for broadband stimulated Raman measurements in the deep ultraviolet
(DUV) region, which enables selective probing of the aromatic amino acid residues inside proteins
through the resonance enhancement. We combine the narrowband DUV Raman pump pulse (<10 cm™)
at wavelengths as short as 240 nm and the broadband DUV probe pulse (>1000 cm) to realize
stimulated Raman measurements covering a >1500 cm! spectral window. The stimulated Raman
measurements for neat solvents, tryptophan, tyrosine, and glucose oxidase are performed using 240-
and 290-nm Raman pump, highlighting the high potential of the DUV stimulated Raman probe for
femtosecond time-resolved study of proteins.

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

1. Observation of hydrated electrons at the air/water interface
(Matsuzaki, Kusaka, Nihonyanagi, Yamaguchi, Nagatal, Tahara)

Hydrated electrons are the most fundamental anion species, consisting only of electrons and
surrounding water molecules. Although hydrated electrons have been extensively studied in the bulk
aqueous solutions, even their existence is still controversial at the water surface. We investigated the
hydrated electrons at the air/water interface using new time-resolved interface-selective nonlinear
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vibrational spectroscopy, i.e., UV-excited time-resolved heterodyne-detected vibrational sum frequency
generation spectroscopy. With the generation of electrons at the air/water interface by ultraviolet photo-
irradiation, we observed the appearance of a strong transient band in the OH stretch region by
heterodyne-detected vibrational sum-frequency generation. Through the comparison with the time-
resolved spectra at the air/indole solution interface, the transient band was assigned to the vibration of
water molecules that solvate electron at the interface. The analysis of the frequency and decay of the
observed transient band indicated that the electrons are only partially hydrated at the water surface,
and that they escape into the bulk within 100 ps.

1Univ. of Tokyo

2. Efficient spectral diffusion at the air/water interface revealed by femtosecond time-resolved
heterodyne-detected vibrational sum frequency generation spectroscopy.
(Inoue, Ishiyama!, Nihonyanagi, Yamaguchi, Morita2, Tahara)

Femtosecond vibrational dynamics at the air/water interface is investigated by time-resolved
heterodyne-detected vibrational sum frequency generation (TR-HD-VSFG) spectroscopy and molecular
dynamics (MD) simulation. The low- and high-frequency sides of the hydrogen-bonded (HB) OH stretch
band at the interface are selectively excited with special attention to the bandwidth and energy of the
pump pulses. Narrow bleach is observed immediately after excitation of the high-frequency side of the
HB OH band at ~3500 cm™!, compared to the broad bleach observed with excitation of the low-frequency
side at ~3300 cm™l. However, the time-resolved spectra observed with the two different excitations
become very similar at 0.5 ps and almost indistinguishable by 1.0 ps. This reveals that efficient spectral
diffusion occurs regardless of the difference of the pump frequency. The experimental observations are
well-reproduced by complementary MD simulation. There is no experimental and theoretical evidence
that supports extraordinary slow dynamics in the high-frequency side of the HB OH band, which was
reported before.

1Univ. of Toyama, 2Tohoku Univ.

3. Femtosecond hydrogen-bond dynamics of bulk-like and bound water at positively and negatively
charged lipid interfaces revealed by 2D HD-VSFG spectroscopy.
(Singh, Inoue, Nihonyanagi, Yamaguchi, Tahara)

Interfacial water in the vicinity of lipids plays an important role in many biological processes, such as
drug delivery, ion transportation, and lipid fusion. Hence, molecular-level elucidation of the properties
of water at lipid interfaces is of the utmost importance. In the present study, we apply two-dimensional
heterodyne-detected vibrational sum frequency generation (2D HD-VSFG) spectroscopy to study the
vibrational dynamics of the OH stretch of HOD at charged lipid interfaces. The data indicate that the
spectral diffusion of the OH stretch at a positively charged lipid interface is dominated by the ultrafast
(<~ 100 fs) component, followed by the minor sub-picosecond slow dynamics, while the dynamics at a
negatively charged lipid interface exhibit sub-picosecond dynamics almost exclusively, implying that
fast hydrogen bond fluctuation is prohibited. These results reveal that the ultrafast hydrogen bond
dynamics at the positively charged lipid—water interface are attributable to the bulk-like property of
interfacial water, whereas the slow dynamics at the negatively charged lipid interface are due to bound
water, which is hydrogen-bonded to the hydrophilic head group.

4. Bend vibration of surface water investigated by heterodyne-detected sum frequency generation and
theoretical study: Dominant role of quadrupole.
(Kundu, Tanaka!, Ishiyama2, Ahmed, Inoue, Nihonyanagi, Sawai!, Yamaguchi, Morital, Tahara)

Heterodyne-detected vibrational sum frequency generation spectroscopy was applied to the water
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surface for measuring the imaginary part of second-order nonlinear susceptibility (Im x?) spectrum in
the bend frequency region for the first time. The observed Im %@ spectrum shows an overall positive
band around 1650 cm™1, contradicting former theoretical predictions. We further found that the Im @
spectrum of Nal aqueous solution exhibits an even larger positive band, which is apparently contrary
to the flip-flop orientation of surface water. These unexpected observations are elucidated by calculating
quadrupole contributions beyond the conventional dipole approximation. It is indicated that the Im @
spectrum in the bend region has a large quadrupole contribution from the bulk water.

1Tohoku Univ., 2Univ. of Toyama

5. Water orientation at ceramide/water interfaces studied by heterodyne-detected vibrational sum
frequency generation spectroscopy and molecular dynamics simulation
(Adhikari, Re!, Nishima!, Mohammed, Nihonyanagi, Klauda2, Sugita!, Tahara)

Lipid/water interaction is essential for many biological processes. The water structure at the nonionic
lipid interface remains little known, and there is no scope of a priori prediction of water orientation at
nonionic interfaces, either. In the present study, we combined advanced nonlinear spectroscopy and
molecular dynamics simulation to investigate the water orientation at the ceramide/water interface. We
measured y? spectrum in the OH stretch region of ceramide/isotopically diluted water interface using
heterodyne-detected vibrational sum-frequency generation spectroscopy and found that the interfacial
water prefers an overall hydrogen-up orientation. Molecular dynamics simulation indicates that this
preferred hydrogen-up orientation of water is determined by a delicate balance between hydrogen-up
and hydrogen-down orientation induced by lipid—water and intralipid hydrogen bonds. This mechanism
also suggests that water orientation at neutral lipid interfaces depends highly on the chemical structure
of the lipid headgroup, in contrast to the charged lipid interfaces where the net water orientation is
determined solely by the charge of the lipid headgroup.

ITheoretical Molecular Science Laboratory, 2Univ. of Maryland

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

1. Study of folding/unfolding mechanism of hairpin RNA/DNA by two-dimensional fluorescence lifetime
correlation spectroscopy
(Cheng, Ishii, Tahara)

Two types of nucleic acids, RNA and DNA, have distinct biological functions despite of their similar
chemical structures. In this work, we compare the folding/unfolding dynamics of a hairpin-forming
single-stranded RNA and a corresponding DNA analog using 2D FLCS. In order to study the
thermodynamics of the structure change, we have added a temperature controller to the previous 2D
FLCS setup. It was observed that the folding rate of the hairpin DNA was almost insensitive to the
temperature, whereas that of the hairpin RNA showed a substantial temperature dependence. This
result indicates that in DNA, the reaction barrier in the folding process is dominated by the entropic
contribution, while in RNA, there exists an enthalpic barrier. We concluded that the dynamics of single-
stranded DNA is described as an entropic search in the conformational space. In contrast, single-
stranded RNA takes metastable states and its dynamics is described as transitions among local minima
on the free energy landscape.

2. Development of dynamic quenching based two-dimensional fluorescence lifetime correlation
spectroscopy
(Sarkar, Ishii, Tahara)
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We developed a new method to study microsecond-resolved conformational dynamics of biopolymers
with only single dye labeling by combining dynamic fluorescence quenching and two-dimensional
fluorescence lifetime correlation spectroscopy (DQ 2D FLCS). Dynamic quenching makes the
fluorescence lifetimes of individual conformers of a biopolymer different when the solvent accessibility
around the dye is different. 2D FLCS distinguishes these conformers and provides their interconversion
timescale with a microsecond time resolution. Applying DQ 2D FLCS to a singly-labeled hairpin DNA,
we successfully resolved ~50 microsecond dynamics between the ‘open’ and ‘folded’ states. This new
method can be utilized to study dynamic changes in the local environment of a biopolymer, which is
complementary to the information about global dynamics obtained with single molecule FRET.

3. Conformational fluctuation of cytochrome c¢ on lipid membrane detected by two-dimensional
fluorescence lifetime correlation spectroscopy
(Sakaguchi, Yamanaka!, Hirota!, Ishii, Tahara)

A conformational fluctuation of cytochrome ¢ (Cyto) is induced by its interaction with cardiolipin (CL),
which is one of major components of the inner mitochondrial membrane. We studied the structural and
temporal details of this conformational fluctuation by two-dimensional fluorescence lifetime correlation
spectroscopy (2D FLCS). As a result, two ensembles of partially unfolded forms of Cytc were detected
on the lipid membrane. For each of them, several conformational substates were observed as distinct
fluorescence lifetime peaks. The fluctuations among these substates were found to occur on a timescale
faster than 25 microseconds. On the other hand, interconversion between the two ensembles takes
longer than a few milliseconds. It is concluded that a temporally hierarchical structural fluctuation of
Cytcis induced on the CL-containing membrane.
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