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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
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.
We are studying functions and dynamics of proteins involved in these systems. We also are
analyzing how various dynamics of reaction systems emerge from the accumulations of elemental
protein reactions.

1. Single-molecule analysis of information processing in living cells (Arata, Back, Hibino,
Hiroshima, 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. Quantitative single-molecule
measurement in living cells in combination with mathematical analysis is our main technology.
We are studying about ErbB-Ras-MAPK system, a member of RTK-Ras-MAPK systems. By
stimulating this system, EGF induces cell proliferation, but using the same system, HRG induces
cell differentiation. The membrane receptor ErbB family consists of four members of which EGF
and HRG associate to ErbB1 and B3/4, respectively. We have measured association between
EGF and HRG 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. This year, we carried out single-molecule measurements in cells under
low temperature for observation of association equilibrium between ErbB3/4 and HRG to solve
how different association rates emerges through molecule dynamics of ErbB (Fig. 1). 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 analyzed dynamic clustering of ErbB1 molecules on
the cell surface. We applied new analysis method of single-molecule trajectory that uses a
hidden Marcov model (HMM) and the vriational Bayesian (VB) method to the movements of
single ErbB-GFP molecules in living CHO cells. The movements consisted of three motional
modes differ in the lateral diffusion coefficient and we described a diagram of the transition of
motional modes (Fig. 2). 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, Shc, or PI3K) seems to interact with ErbB molecules
independently. From this year, we started single-molecule studies of Par system which is
responsible for polarization in various types of cells. As the start point, we established condition
of single-molecule measurements (single-molecule imaging and FCS) in a fertilized egg of C.
elegance. Based on the results of single-molecule measurements, first, we will construct
mathematical model for the maintenance of cell polarity in the single-cell stage.

Figure 1. Associations of extracellular ligands and formation of ErbB dimers.

Left: Single-molecule imaging of fluorescently labeled EGF or NRG (HRG) on the surface of a
living cell. Right: Reaction network of the ligand 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. r2, rR, pR, and Rz are receptor dimers with or without ligand.

Figure 2. Single-molecule motion analysis of ErbB1.
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A new analysis method based on HMM-VB detected three motional modes of ErbB1 in the cell
membrane, i.e., immobile (light blue), slow (orange) and rapid (blue) diffusion. These three
motional mode is interchanging transiently and a single-molecule trajectory was subdivided into
periods of different motional modes (left). From this analysis, a diagram of the transition of
motional modes was described (right).

2. Single-molecule dynamics of cell signaling proteins (Hibino, Okamoto, Sako, Sato)

In single-molecule measurements of the interactions between cell signaling proteins, we have
found complex protein reaction properties including multiple states, abnormal concentration
dependency, and reaction memory. Now we are examining structural dynamics of cell signaling
proteins in single-molecules to understand structural basis of these complexities in protein
reactions. For this end, sensitivity and temporal resolution of single-molecule structural
measurements need to be improved. Thus, we developed a time-stamp detection apparatus and
a new method of data analysis of single-molecule FRET measurements. Time-stamp
measurement that records all time points of single photon detection from single fluorescent
molecule is good for improvements of temporal resolution because it can estimate the change
points of molecular structure in the unit of single photons instead of time-bin in conventional
techniques. We extended time-stamp analysis into 2-channel detection for FRET measurements
applying HMM-VB methods. Results of simulation analyses suggested our methods is superior
to other time-stamp analysis methods.

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

Though it is largely unknown how RTK-Ras-MAPK systems can induce different cell fates
according to the different inputs and circumstances to cells, 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
reconstruct activation and inactivation of MAPK in E. coli cells and are analyzing the response
function comparing the experiments and computer simulation. 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, and by comparing the
model and experiments, kinetic parameters for cell fate decision were estimated by Marocv chain
Monte Carlo model using simulated annealing. This model can explain local fluctuations of cell
densities observed in the experiments.

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: novel silica-base fluorescent
nano-particles with several tens nanometers in diameter have been developed and demonstrated
to be good for a standard probe for the detection of intracellular dynamics and interactions of
proteins.

Figure.3. Raman spectral dynamics along the differentiation process of MCF-7 cells.
MCF-7 cells differentiates into mammalian grand-like after stimulation with HRG. Raman
spectrum (left) has been obtained with time after HRG stimulation from the cytoplasm of single
cells. SIMCA (soft independent modeling of class analogy) analysis revealed differentiation is
not a straight pathway and a large cell-to-cell deviation at the initial stage (3 days).
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