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Outline

The aim of us is to understand principles of signal processing carried out by biological systems
in the classes of proteins, protein networks, cells, and cell communities. We are studying
how bio-molecules assemble to process the intra- and extra-cellular information and express
flexible higher-order cellular responses. In these studies, we develop and use techniques of
single-molecule measurements, optical microscopy, cell engineering, reconstruction of
biosignaling systems, as well as mathematical analysis and computer simulations of the
reaction networks. The recent main targets of us are intracellular protein reaction networks
that called ErbB-Ras-MAPK systems. These systems are responsible for cell fate decisions
including cell proliferation, differentiation, and apoptosis. We are also studying the PAR
system which is responsible for the formation of cell polarity in embryogenesis and
morphogenesis. In addition, we are investigating functions and dynamics of proteins,
including GPCRs, involved in cell signaling. We are analyzing how diverse dynamics of
reaction systems, which lead to higher-order biological function, emerged from the
accumulations of elemental protein reactions.

1. Single-molecule analysis of information processing in living cells (Arata, Hiroshima,
Miyagi, Nakamura, Sako, Sato, Suzuki, Umeki)
Decision making of biological cells is carried out by intracellular reaction network of
proteins. To understand this process, quantitative measurements of intracellular reactions
followed by theoretical and computational analysis are indispensable. We are analyzing
intracellular reaction networks called ErbB-Ras-MAPK systems which are responsible for
cell fate decision into proliferation, differentiation, apoptosis, and even carcinogeneis.
Another major target of us is PAR system, which is responsible for cell polarization in
various kinds of cells. PAR system regulates morphogenesis in the developmental
program.

(1) ErbB-Ras-MAPK system

SOS is a guanine nucleotide exchange factor that regulates cell behavior by activating the
small GTPase RAS. Recent in vitro studies have suggested that an interaction between
SOS and the active form of RAS generates a positive feedback loop that propagates RAS
activation. However, it remains unclear how the multiple domains of SOS contribute to
the regulation of the feedback loop in living cells. We observed single molecules of SOS in
living cells to analyze the kinetics and dynamics of SOS behavior. The results indicate that
the histone fold and Grb2-binding domains of SOS concertedly produce an intermediate
state of SOS on the cell surface, and that the feedback loop functions during the
intermediate state. The concerted functions of multiple membrane-associating domains of

SOS governed the positive feedback loop, which is crucial for cell fate decision regulated by
RAS. (Nakamura et al. BPPB, 2016)

The phosphorylation cascade in the ERK pathway, which is a downstream of RAS, is a
versatile reaction network motif that can potentially act as a switch, oscillator or memory.
Nevertheless, there is accumulating evidence that the phosphorylation response is mostly
linear to extracellular signals in mammalian cells. We found that subsequent nuclear
translocation gave rise to a switch-like increase in nuclear ERK concentration in response to
signal input. In wvitro reconstruction of ERK nuclear transport indicated that
ERK-mediated phosphorylation of nucleoporins regulates ERK translocation. A
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mathematical model based on these results successfully confirmed the experimental
observations. Nuclear translocation accompanied with autoregulatory mechanisms act as
a switch in ERK signaling. (Shindo et al. NatComm 2016)

(2) PAR system

Using single-molecule imaging and fluorescence correlation spectroscopy (FCS), we are
analyzing mechanism of PAR-2 accumulation at the posterior half of the cortex in nematode
zygotes. Based on the experimentally obtained reaction parameters, we constructed a
mathematical model to explain the asymmetric PAR localization. The model suggests that
rapid turnover of PAR molecules between the cytoplasm and cortex realizes bistable
formation of cell polarity in nematode zygotes.

Figure 1. Regulation of SOS/RAS positive feedback suggested from single-molecule kinetic
analysis. Simultaneous association of H and G domains of SOS is an essential step in the
formation of a positive feedback loop between SOS and active form of RAS.

2. Single-molecule dynamics of cell signaling proteins (Hiroshima, Maeda, Nagamine,
Okamoto, Sako, Sato, Umeki, Yanagawa)
We are examining motional and structural dynamics of cell signaling proteins in
single-molecules to understand structural basis of the complex protein reactions.

(1) Single molecule measurement of the structural dynamics of ErbB

ErbB requires formation of a specific dimer structure for signal transduction after ligand
binding. To investigate the mechanism of ErbB activation in dimers, we constructed a ten
nanometer-scale proteo-lipid membrane (nanodisc) including the membrane spanning and
juxtamembrane fragments of ErbB1l. The cytoplasmic terminus of the ErbB fragment was
fluorescently labelled to detect FRET signals between two fragments embedded in a single
nanodisc. We succeeded in this reconstruction and detected FRET signals from single
FRET pairs. In a preliminary measurement, we have detected the presence of at least
three different structures and transitions between them.

(2) Intracellular structural distribution of RAF

RAF is a cytoplasmic kinase regulated by RAS. RAF has two different conformations (open
and closed) in relation to its activity. The open form is the active state of RAF and the
open/close can be detected from single-pair FRET between two fluorescent proteins
conjugated to the two ends of a single RAF molecule. We improved the FRET probe of RAF
to measure the structure of single RAF molecules in living cells using the photon counting
histogram technique. The structural distributions in the cytoplasm were different between
the wild type and mutants of RAF.

(3) Movements and oligomerzation of mGluR

We are studying the dynamics of trimeric G-protein coupled receptors (GPCRs), which is a
major super family of cell surface receptors. Recently, many species of GPCRs were
reported or expected to form homo- and/or hetero-oligomers to be regulated pathways and
strengths of their signal transduction.

The type III metabolic glutamate receptor (mGluR3) is a GPCR involved in outbreak of
schizophrenia. mGluR3 forms stable homodimers through a covalent association at the
extracellular domain. Based on single-molecule tracking of mGluR tagged with a
fluorescent protein, we found that mGluR3 on the plasma membrane forms clusters
including dimers and larger oligomers. These clusters were diffusing around on the cell
surface in transition among four motional states different in the lateral diffusion coefficient
(Fig. 2). Association of the agonists and antagonist, including glutamate, affected the
motional states in each specific manner. In the slowest diffusion state, mGluR3 clusters
interacted with clathrin coated pits.

Figure 2. Movements of single mGluR3 clusters on the cell surface. Positions of single
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clusters with 30-ms intervals were connected and colored according to the transitions of
lateral diffusion coefficient.

3. Molecular mechanism of cell fate decision (Sako, Takanezawa, Yamamoto)
One of the major unsolved problem in modern physical cell biology is how internal state of
cells changes along the pathways of cell fate selection into differentiation, proliferation, and
death. Dynamics of the internal state is reflected in the changes in the global chemical
composition of cells. Raman microspectroscopy, allows multi-dimensional, non-invasive,
and label-free measurements of the chemical compositions in single living cells.

MCF-7 cells are a human cancer-derived cell line that can be induced to proliferate with
addition of an ErbB1 ligand, EGF, while induced to differentiate into mammary-gland-like
cells with the addition of an ErbB3/B4 ligand, heregulin (HRG) to the culture medium. We
used the Raman spectra of single cells to trace their internal dynamics during the early
stages of these growth factor stimulations. Applying a Gaussian mixture model to the
major principal components of the single-cell Raman spectra, we detected the dynamics of
the chemical states in the absence and presence of EGF and HRG. The dynamics
displayed characteristic variations according to the functions of the growth factors. In the
differentiation pathway (HRG), the chemical composition changed directionally between
multiple states, including both reversible and irreversible state transitions. In contrast, in
the proliferation pathway (EGF), the chemical composition was homogenized into a single
state. The differentiation factor also stimulated the fluctuations in the chemical
composition, whereas the proliferation factor did not. (Takanezawa et al., Biophysd 2015)

Figure 3. Time evolution and fluctuations in the cellular chemical states

Two dimensional plots of the distributions of the chemical composition of cells under
different conditions are compared to show their time evolutions during growth factor
stimulations. Black ellipses show the state at the indicated stage. Gray ellipses show the
state before the indicated stage.

4. New technologies on optical microscopy and their applications (Okamoto, Sako, Umeki)
In addition to the newly developed technologies used in the above projects, we are
developing technologies on optical microscopy and, in this year, found applications of them
as follows:

(1) Dynamics of Holliday junctions

Branch migration of Holliday junction (HJ) DNA in solution is a spontaneous
conformational change between multiple discrete states. Single-molecule FRET
measurement was applied to three-state branch migration. The photon-based variational
Bayes-hidden Markov model (VB-HMM) method, which we have developed previously, was
applied to fluorescence signals to reproduce the state transition trajectories and evaluate
the transition parameters, such as the transition rates. The upper limit of time resolution
suggested in simulation was nearly achieved for the state dynamics with relatively small
FRET changes and the distinctions in the populations of different states were successfully
retrieved. (Okamoto et al. BiophysChem 2015)

(2) Membrane fluidity of feeder cells for maintenance of iPS cell

We found that suitable chemical fixation did not reduce the cell membrane fluidity and
maintain the pluripotency of mouse induced pluripotent stem cells. Membrane fluidity
was monitored using single-molecule tracking of GFP-labeled EGFR. (Zhou et al. SciRep
2015)

(3) Novel fluorescent GTP analogue

A novel fluorescent GTP analogue, 2'(3)-0-{6-(N-(7-nitrobenz-2-oxa-1,3- diazol-4-yl)amino)
hexanoic}-GTP (NBD-GTP), was synthesized and utilized to monitor the effect of mutations
in the functional region of mouse K-Ras. NBD-GTP is applicable to the kinetic studies for
small G proteins. (Iwata et al. JBiochem 2015)
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