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Time-resolved study of protein reactions using the transient grating method
combined with a stopped-flow apparatus

oYusuke Nakasone', Shunki Tarakamoto', Masahide Terazima'
! Department of Chemistry, Kyoto University, Japan

[Abstract] The transient grating (TG) method is a unique and powerful technique to
study the reaction dynamics of protein from the view point of diffusion coefficient (D)
change.! In order to detect the TG signal, however, the reaction must be triggered by light,
and consequently, the target had been limited to photosensor proteins. In this study, we
combined the TG method with stopped-flow technique to expand the number of target
molecule. In order to optimize the system (e.g. mixing efficiency, time resolution, sample
consumption), we have developed a new stopped-flow apparatus utilizing a microchannel
mixing cell. Using this system, we can monitor the protein reactions with only 2 pl sample
consumption for a mixing. Additionally, we labeled proteins with a photochromic compound
to detect the TG signal and succeeded in detection of D change upon mixing of two solutions.

We will present the detail of the system and application to protein reactions at the conference.
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Development of total internal reflection fluorescence lifetime correlation
spectroscopy and its application to the study of biomembrane

oTakuhiro Otosu, Shoichi Yamaguchi
Department of Applied Chemistry, Saitama University, Japan

[Abstract] Biological membrane is a complex lipid bilayer which is composed of lipids,
membrane proteins, cholesterol, and so on. To fully understand the relationship between the
complexity of the membrane and various biological functions expressed on the membrane,
one needs to analyze the dynamics of multiple molecules simultaneously. To this aim, we
developed fluorescence lifetime correlation spectroscopy with total-internal reflection
microscopy (TIR-FLCS). High depth resolution achieved by the evanescent-wave and the
correlation analysis of fluorescence lifetime in TIR-FLCS enables us to elucidate the diffusion
and the conformational dynamics of multiple molecules in/on a supported lipid bilayer (SLB),
a model membrane formed on a glass coverslip, without suffering from the substantial
background signals from the bulk phase. The usefulness of TIR-FLCS is demonstrated by
analyzing the diffusion of fluorescent lipids in inner and outer leaflets of SLB.
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Fig.3. (a) Independent lifetime distributions. (b) Fluorescence decay curves of compl (red, lower) and comp?2
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of comp1 (red) and comp2 (blue), and the cross-correlation between these components (green).

[2%E& 3]

[1] K. Ishii and T. Tahara, J. Phys. Chem. B 117, 11414-11422, 11423-11432 (2013).

[2] T. Otosu, K. Ishii, and T. Tahara, Nat. Commun., 6, 7695 (2015).
[3] P. Kapusta, M. Wahl, A. Benda, and J. Enderlein, J. Fluoresc., 17, 43 (2007).



1D05

Development of dynamic quenching based two-dimensional fluorescence
lifetime correlation spectroscopy for studying microsecond conformational
dynamics of singly labeled biopolymers

oBidyut Sarkar', Kunihiko Ishii'?, Tahei Tahara'*
! Molecular Spectroscopy Laboratory, RIKEN, Japan
2 RIKEN Center for Advanced Photonics, RIKEN, Japan

[Abstract] Single molecule FRET (smFRET) is widely employed to study conformational
dynamics of biopolymers. FRET requires multiple dye labeling and provides conformational
information through the distance between two dyes. Here, we report 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 different when the solvent accessibility around the dye is
different. 2D FLCS distinguishes these conformers and provides their interconversion
timescale with ps-time resolution. Applying DQ 2D FLCS to a singly-labeled hairpin DNA,
we successfully resolved ~50 ps 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 smFRET.

[Introduction] The functions of biopolymers, such as proteins or polynucleotides, are
governed by their conformations, and more importantly, by fluctuations among the
conformational ensembles. In contrast to ensemble measurements which observe the average
behavior of biopolymers, single molecule measurements can detect individual conformers and
their interconversion dynamics. However, conventional smFRET methods can usually probe
conformational transitions only on a ms and slower timescales. Moreover, FRET requires
multiple fluorophore labeling and is sensitive only for a limited range of dye-pair distance.

In this work, we report on a single-dye based single molecule method by employing 2D
FLCS and dynamic fluorescence quenching. 2D FLCS is a novel single molecule tool that
distinguishes the conformers based on their fluorescence lifetimes, and it provides ps-resolved
reaction kinetics [1]. Dynamic quenching is a process in which some
external quenchers (e.g. iodide ion) non-radiatively de-exite a
fluorescent dye by collision [2]. Because dynamic quenching results in
shortening of the fluorescence lifetime of a dye, if it is applied to a
dye-labeled biopolymer, different conformers become distinguishable

with different fluorescence lifetimes reflecting different solvent ' gem

accessibilities around the dye. We named this new method gjg. 1. Schematic of
“dynamic-quenching based 2D FLCS (DQ 2D FLCS)”, and here we (A) singly labeled and
report its first application to the conformational dynamics of a (B) FRET-pair labeled
singly-labeled hairpin DNA (Fig.1A). For comparison, we also hairpin DNA.
performed conventional 2D FLCS study on a FRET-pair labeled DNA (Fig.1B).

[Methods] 2D FLCS measurements were performed on 5 nM DNA samples at pH 8 (10mM
TRIS-HCI), following a protocol described earlier [1]. 200 mM Nal was used for dynamic
quenching experiments. For the control experiments, 200 mM NaCl was used instead of Nal.
Individual lifetime distributions and 2D lifetime correlation maps were obtained from the
global 2D MEM analyses on 2D emission delay maps as explained in [1].



[Results and Discussion] The 2D FLCS measurement on the singly labeled DNA in the
absence of a quencher yields a single lifetime distribution (Fig. 2A). In contrast, two lifetime
distributions separate out upon addition of the quencher (200 mM I7, Fig. 2B). Fig. 2D shows
the fluorescence decays calculated from the two lifetime distributions as well as that obtained
without the quencher. It is clear that the dye is dynamically quenched in both the states,
although the average fluorescence lifetime, i.e. the degree of quenching, is significantly
A.Singly labeled: 0mM " B. Singly labeled: 200mM I C. FRET-pair labeled different. Since it is expected that the open
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2 ol dt <o < acd exposed than the folded state, we assign the
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[} 2 e 2 . . .
£ £ 8 S one (blue distribution) to the folded state.
LR * + . . . .
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Fig. 2. (A-C) Lifetime distributions of distinguishable the cross-peak intensity suggests ~50-100
species (top panels) and corresponding 2D lifetime s timescale for this dynamics.

correlation maps at specified delay times (bottom The 2D FLCS measurement on the

panels) for singly labeled DNA without iodide (A) and FRET-pair labeled DNA vyields three
with 200 mM iodide (B), and for FRET pair labeled lifetime distributions (Fig 2C:

DNA (C). The cross-peaks between the blue and red di 1 d
distributions in (B, C) are marked with black arrows. corresponding uorescence ccays are

The cross-peaks of the green distribution with red/blue Shown in Fig. 2E). We assign the shortest
distributions in (C) are expected within the black broken lifetime distribution (blue distribution) to
boxes. (D, E) Fluorescence decays of individual states the folded state, because a short dye-pair
corresponding to the lifetime distributions in A-C are  ({istance in the folded state should result in
shown in correspond.ing colors for singly labeled DNA high FRET efficiency and a short donor
(D) and for FRET-pair labeled DNA (E). fluorescence lifetime. The red distribution,
with longer fluorescence lifetime corresponding to a longer dye-pair distance, is assigned to
the open state. These two states show cross-peaks at AT=50-60 us (Fig 2C, black arrows),
which further intensify at AT=500-550 ps. This dynamics is similar to that observed from DQ
2D FLCS. Note that the third state (green distribution) is assignable to acceptor-missing
molecules, because it has the longest fluorescence lifetime and shows no cross-peaks with
other two states as indicated with the black broken boxes in Fig. 2C.

In summary, we developed DQ 2D FLCS method which can investigate ps-resolved
dynamics of local solvent accessibility of a singly dye-labeled biopolymer. The application to
hairpin DNA showed a consistent result with the FRET-based 2D FLCS measurement. The
information about the site-specific solvent exposure obtainable from DQ 2D FLCS shed new
light on the dynamics of biopolymers and is complementary to the dye-pair distance
information obtained from FRET measurements.

[References]
[1] Ishii, K.; Tahara, T. J. Phys. Chem. B 117, 11414 & 11423 (2013).
[2] Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3™ ed.; Springer: New York (2006).
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What happens in live cells with application of
nanosecond pulsed electric field?

oNobuhiro Ohta', Kamlesh Awasthi', Takakazu Nakabayashi2
"Department of Applied Chemistry and Institute of Molecular Science,
National Chiao Tung University, Taiwan
’Department of Pharmaceutical Science, Tohoku University, Japan

[Abstract] Effects of nanosecond pulsed electric field (nsPEF) on dynamics and function of
live cells have been examined with fluorescence intensity and lifetime microscopy by detecting
autofluorescence of nicotinamide adenine dinucleotide (NADH). Morphological change as well
as the change in fluorescence lifetime of NADH have been observed after application of nsPEF
having a pulsed width of 10 - 50 ns and a strength of 0 — 45 kV c¢m’', indicating that apoptosis
was induced by nsPEF. Apoptosis induced by nsPEF has been confirmed by comparing the
autofluorescence lifetime of NADH after application of nsPEF and the lifetime of NADH
obtained after addition of apoptosis inducer (chemicals). It is shown that the measurement of
fluorescence lifetime image (FLIM) provides a sensitive and noninvasive detection of the
progress of apoptosis induced by application of nsPEFs. It is also shown that autofluorescence
lifetime of NADH is different from each other between normal and cancer cells and that the
effects of nsPEF on normal and cancer cells are different from each other.
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Quantification of water in living cells by Raman imaging
oMizuki Takeuchi', Shinji Kajimoto', Liming Li*, Takakazu Nakabayashi'
! Graduate School of Pharmaceutical Sciences, Tohoku University
? Chitose Institute of Science and Technology

[ Abstract] We report direct observation of spatial distribution and quantification of water
molecules inside a living HeLa cell and a budding yeast cell using Raman images of the O-H
stretching band. We found that the O-H stretching Raman intensity of the nucleus was higher
than that of the cytoplasm, indicating that water density is lower in the cytoplasm than in the
nucleus. The shape of the O-H stretching band of the nucleus is different from that of the
cytoplasm, suggesting that hydrogen-bonding networks and/or Raman bands of biomolecules
are different between the nucleus and the cytoplasm. The results of intensities of C-H
stretching bands also indicated that the concentration of biomolecules in the nucleus is lower
than that of the cytoplasm. We concluded that the nucleus is less crowded with biomolecules
than the cytoplasm.
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Fig. 1. Raman images of a living HeLa cell. The Raman
images were constructed by plotting the integrated
Raman intensity in the C-H stretching (A) and O-H
stretching (B) band regions.
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Fig. 2. Average Raman spectra of the nucleus ((a) blue,
n=7) and the cytoplasm ((b) red n=7) of HeLa cells, and
the difference Raman spectra (green). A raman spectrum
of Hank's Balanced Salt Solution (HBSS, (C) black,
n=7) was also shown.
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solution. The intensities due to biomolecules
were subtracted in the analysis.
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Chemical Compositions and Their Heterogeneous Distributions in

Bathroom Biofilms Revealed by Hyperspectral Raman Imaging
oMai Sasaki, Mitsuru Yasuda, Shinsuke Shigeto
Graduate School of Science and Technology, Kwansei Gakuin University, Japan

[Abstract] More than 90% of microorganisms on the earth are considered to inhabit
structured communities known as biofilms that are formed at surfaces or interfaces. Biofilms
are found in a diversity of environments ranging from deep sea to soil to home. Bacteria in
biofilms have different features from the free-floating counterpart. Among many kinds of
biofilms, household biofilms, such as those around water pipes, kitchens, and bathrooms, are
arguably most familiar to us, but little has been understood about those household biofilms
and their fundamental properties. In the present work, we use Raman microspectroscopy,
which enables nondestructive chemical-component analysis without staining, to study
biofilms formed in a bathroom (“pink biofilms”). We reveal the chemical compositions and
their localizations in pink biofilms using hyperspectral Raman imaging analysis with
multivariate curve resolution—alternating least-squares (MCR—ALS) method.
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Measurements of Changes in Intracellular Ion Concentrations with the
Application of Nanosecond Pulsed Electric Fields
oYusuke Horii', Hirotsugu Hiramatsu®, Shinji Kajimoto', Takakazu Nakabayashi'
" Graduate School of Pharmaceutical Sciences, Tohoku University, Japan
? Department of Applied Chemistry, National Chiao Tung University, Taiwan

[ Abstract] Nanosecond pulsed electric fields (nsPEFs) are expected to be applicable to
pharmacy and medicine because nsPEFs induce changes in intracellular environments without
significant damage of cell membranes. However, the mechanism of nsPEFs-induced changes
in intracellular environments still remains unclear. In the present study, we have constructed
the electrodes for applying nsPEFs to cultured cells and investigated the change in
intracellular ion concentrations due to nsPEFs by spectroscopic techniques. Application to
1000 pulses induced cell deaths and intracellular [Ca®"] ([Ca®'];) increased by the influx of
extracellular Ca®™ through the damage of cell membranes. Application to 10 pulses also
induced the increase in [Ca*']; without the change in cell shape, which comes from the
generation of transient nanopores in cell membrane. The dynamics of generation of nanopores
was discussed on the basis of obtained results.
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Information-theoretical Data Analysis Approaches to Raman Micro-
spectroscopic Images

Khalifa Mohammad Helal?, Harsono Cahyadi?, J. Nicholas Taylor® 3, Akira Okajima®,
Yasuaki Kumamoto®, Hideo Tanaka®, Yoshinori Harada® ®, Tamiki Komatsuzaki® % 2
YGraduate School of Life Science, Hokkaido University, Japan; *Research Institute for
Electronic Science, Hokkaido University, Japan;, >JST/CREST; *Dept. of Methodologies for
Medical Research, Kyoto Prefectural Univ. of Medicine, Japan; ®Dept. of Pathology and Cell
Regulation, Kyoto Prefectural Univ. of Medicine, Japan

[Abstract] Raman micro-spectroscopic imaging is a non-invasive and label-free live cell
imaging technique where the images contain spatial and spectral information of molecular
vibrations, e.g., in single cells. The spectral features are unique to specific bio-molecules such
as cytochrome C, lipids, etc. As Raman images contain much information but signals in raw
spectra are weak, development of useful data processing methods are needed. Here, we develop
information-theoretical data analysis approaches to Raman micro-spectroscopic images. Data
obtained from two different disease types of rat hepatic steatosis were analyzed. Due to
background contamination and large noise fluctuations in raw spectra, we preprocessed the data
with several data analysis tools such as recursive polynomial fitting, singular value
decomposition, etc., to enhance discriminating features of them. An information-theoretical soft
clustering method using rate-distortion theory is used to classify the disease types. We show
how Raman imaging is useful for differentiating cellular conditions.

Keywords: Raman imaging, Preprocessing, Clustering, Information theory, Rate-distortion
theory.

[Introduction] Raman imaging is expected to provide a new means to diagnose diseases and
differentiate the types of diseases even in the case that morphologies in single cells may be
unaltered. Raman imaging gives structural and chemical information about not only specific
molecules but also the whole sample being analyzed, so that one does not need to identify
marker proteins. The data are hyperspectral Raman images where each pixel represents a
spectrum containing rich molecular information. Multivariate statistical methods are very
useful for processing of Raman and IR spectral data because of their ability to analyze the vast
spectral distribution and discriminate between spectra of different samples that show only very
minor changes [1, 2]. Preprocessing of the Raman data is required to reduce effects of unwanted
signals [1, 3]. It is thus needed to establish a theoretical and algorithmic platform to differentiate
the underlying cell types, the stage of disease, and prediction of disease by referencing spectral

differences in terms of molecular fingerprints buried in Raman signal.

[Brief concept of clustering analysis in Raman shift feature space] Figure 1 provides a
sketch of spatiotemporal Raman spectra in a high dimension where each point corresponds to



a Raman spectrum after application of appropriate preprocessing. To quantify differences
among the spectra, we choose the Manhattan (/1) distance metric, which is known to provide the
best discrimination between the different points in high dimensional data spaces [4]. The
Manhattan distance between spectra S; and §; is d;; = ZW|Si w) = §; (W)|, where w is the
spectral dimension (wavenumber). The information-theoretical rate-distortion theory [5, 6] is
implemented as a clustering scheme, enabling the low S/N ratio of Raman spectra to be better
considered in comparison to a standard clustering scheme. This theory clusters a set of spectra
into a smaller number of groups via minimization of the functional F = I(C;S) + f(d) with
respect to the conditional probability p(Ci|S;), through an iterative calculation. Here C
denotes a set of clusters to be obtained, S denotes a given set of spectra, I(C;S) is the mutual
information between
C and S, (d) isthe

mean distortion

Phenotypic state dynamics in the feature space

Nonlinear prir{pal mode 1
b) Classification of cell type <f (a,x)>

107 dimension’s spatiotemporal

among all spectra a) Raman spectra
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b s
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] Pl distinct
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molecules in the ol & N A

Phenotypic evolution

system, can be principal mode 2

classified. In this Figure 1

presentation, we

show our recent analysis on liver tissues of different disease types of rat hepatic steatosis. The
identification of disease types of rat hepatic steatosis so far relies mainly on the morphological
information of tissues. We discuss how Raman spectra can differentiate and predict disease-

related changes in biomolecular composition of the liver tissue.
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