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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 biosignal systems, as well as
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mathematical analysis and computer simulations of reaction networks. The recent main targets of
us are an intracellular protein reaction networks that called RTK-Ras-MAPK systems. These
systems are responsible for cell fate decisions including cell proliferation, differentiation, and
apoptosis. We are also studying Par system which is responsible for the formation of cell polarity
in embryogenesis and morphogenesis. We are studying functions and dynamics of proteins
involved in these systems. We also are analyzing how various dynamics of reaction systems, which
lead to higher-order biological function, emerge from the accumulations of elemental protein
reactions.

1. Single-molecule analysis of information processing in living cells (Arata, Back, Hibino,
Hiroshima, Nakamura, Sako, Sato)
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 RTK-Ras-MAPK systems which are responsible for cell fate decision into
proliferation, differentiation, apoptosis, and even carcinogeneis. Among various
RTK-Ras-MAPK systems, recently, we are focusing on ErbB-Ras-MAPK system. By stimulating
this system, EGF induces cell proliferation, but using the same system, NRG induces cell
differentiation (Fig. 1). The membrane receptor ErbB family consists of four members of which
EGF and HRG associate to ErbB1l and B3/4, respectively. We have measured association
between NRG to their receptors that induces dimerization of receptors which is indispensable for
receptor activation. It has long been known that ErbBs on the living cell membrane form high
and low affinity association sites for their ligands, the molecular mechanism of which, however,
has not been elucidated. We carried out single-molecule measurements in cells under low
temperature for observation of association dynamics and equilibrium between ErbB3/4 and NRG
to solve how different association rates emerge through molecule dynamics of ErbB (Fig. 1).
Both association and dissociation rate constants between NRG and ErbB were changed upon
dimerization of ErbB molecules and association of NRG to the dimers of ErbB. This varying rate
constants of unitary reaction steps emerged (apparently) different association sites of NRG on the
cell surface though the reaction network described in Fig. 2. We have suggested that after the
ligand association, dynamic clustering of ErbB’s important for signal amplification and
propagation.  Applying quantitative PALM (photoactivation localization microscopy) and
single-molecule tracking, we are analyzing dynamic clustering of ErbB1 molecules on the cell
surface. We also measured dynamics of various cytoplasmic proteins that recognize activation of
ErbB receptors using FCS (fluorescence correlation spectroscopy) and FCCS (fluorescence cross
correlation spectroscopy). Different from the conventional theory, each adaptor protein molecule
(Grb, She, or PI3K) seems to interact with ErbB molecules independently. We are also studying
the Par system which is responsible for polarization in various types of cells. Using
single-molecule imaging and fluorescence correlation spectroscopy (FCS), we measured lateral
diffusion coefficients, oligomerization, and association/dissociation kinetics of Par2 molecule fused
with GFP and expressed in a nematode zygote. Now we are constructing mathematical model for
the maintenance of cell polarity in a zygote using these reaction parameters.

Figure 1. Reaction network of ErbB system.

Figure 2. Associations of NRG and formation of ErbB dimers.

Left: Single-molecule imaging of fluorescently labeled NRG on the surface of a living MCF-7 cell.
Middle: Reaction network of NRG and ErbB that dynamically realize differentiation of the
dissociation equilibrium constant. r and R represent unliganded and liganded receptor molecule,
respectively. p is a novel reaction intermediate found by single-molecule analysis. 12, rR, pR,
and Rz are receptor dimers with or without ligand. Right: Association equilibrium of NRG
(HRG) to the cell surface as the function of extracellular concentrations. Biphasic association of
NRG which was experimentally observed (circles) could be reproduced by the reaction model
(middle) using experimentally obtained values of reaction rate constants.
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2. Single-molecule dynamics of cell signaling proteins (Hibino, Okamoto, Sako, Sato)

We are examining structural dynamics of cell signaling proteins in single-molecules to
understand structural basis of the complex protein reactions. We use single-pair fluorescence
resonance energy transfer (spFRET) measurement in single molecules, developing a time-stamp
(TS) detection apparatus and a new method of data analysis depending on hidden Marcov model
(HMM) and variational Bayse (VB) methods (TS-HMM-VB). In simulation, TS-HMM-VB
realized more accurate reconstruction of molecular dynamics compared to previous methods such
as change point detection. To show the application of this method, we measured brunch
migration of Holliday junctions which is the intermediate structure of the homologous
recombination of DNA double strands. Stochastic movements of single base pairs were
successfully detected (Fig. 3). The cytoplasmic tail of ErbB1 is a molecular recognition domain
between ErbB1 and various cytoplasmic proteins. We started a study of structural dynamic of
this domain and succeeded to detect intramolecular spFRET in this domain.

Figure 3. Brunch migration of a Holliday junction

A Holliday junction which have three-state brunch migration was designed and labeled with two
different colors of fluorophores (Alexa 488 and 594). TS measurement showed changes of
fluorescent signals from Alexa 488 and 594 with time (red and green lines in right top). Changes
of FRET efficiency was calculated (blue line in right bottom) and state transition was
reconstructed by HMM-VB (red line in right bottom).

3. Molecular mechanism of cell fate decision (Mouri, Sako, Takahashi)

MAPK is thought to be a key molecule in cell fate decision, since its activation is temporal or
sustained under the conditions that induce cell proliferation or differentiation, respectively.
However, precise kinetics of MAPK activation has not been known and single-cell analysis of the
MAPK activation has not been done carefully. In the activation of MAPK, presence of a
bistability has been suggested in theory. We reconstructed activation and inactivation of MAPK
in E. coli cells and are analyzing the response function comparing the experiments and computer
simulation. MEK or MKP activates or inactivates MAPK, respectively. In our reconstruction
system, expressions of MEK, MKP, and MAPK are under regulation of different promoters and
expression levels of each protein can be detected by different colors of fluorescent proteins fused to
each protein. We could regulate the expression levels using different concentrations of inducers
and the activation of MAPK depended on MEK, MKP concentrations. We are also analyzing
MAPK activation and cell fate determination in the same single cells. PC12 cells spontaneously
select three different cell fate, i.e., proliferation, differentiation (into nerve like cells), and cell
death. The selection probabilities of these three fates change depending on the condition of cell
culture. We constructed a mathematical model for stochastic selection of cell fates, an estimated
the kinetic parameters for cell fate decision. Relations between uncertainty (equals spontaneity)
and responsiveness (to EGF and NGF) in cell fate decision were being unraveled.

4. New technologies on optical microscopy (Hibino, Hiroshima, Morita, Okamoto, Sako,

Takanezawa, Yamamoto)
In addition to newly developed technologies used in the above projects, we are developing
following technologies on optical microscopy. (1) G-APD camera: this camera enables
single-photon imaging with 10 ns sampling time (in collaboration with Computational
Astrophysics Laboratory, Supramolecular Science Laboratory, and BSI Laboratory of Molecular
Biophysics). (2) Detection of cellular states based on Raman spectral dynamics: this technology
is for a non-invasive non-staining, and multidimensional analysis of temporal series of
single-cells. We analyzed differentiation process of MCF-7 cells stimulated with HRG (Fig. 3).
(3) Synthesis and characterization of new nano-probes: using novel silica-base fluorescent
nano-particles viscosities of the cytoplasm was measured precisely.

Figure.4. Raman spectral dynamics along the differentiation process of MCF-7 cells.

MCF-7 cells differentiates into mammalian grand-like after stimulation with NRG. Rotational
changes in the cellular components was detected from the Raman spectra during cell
differentiation.
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