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

1. Single-molecule analysis of information processing in living cells (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.
Recently, we are studying about ErbB-Ras-MAPK system, a member of RTK-Ras-MAPK system.
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 and found that
for both receptor systems, predimerization and allosteric conformational change of receptors
regulate dimerization of the ligand/receptor complex which is required for cell signaling (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) that allows super resolution imaging of fluorescent molecules, we analyzed the
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cluster size distiribution of ErbB1 molecules on the cell surface (Fig. 2). At the same time, we
measured lateral diffusion movements of ErbB1 clusters. These measurements provided basic
information for the modeling of receptor dynamics which is in progress. 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).
We have detected the differences in the regulation of protein dynamics after cell stimulation
depend on the species of ligands (EGF or HRG) in cases of some cytoplasmic proteins (Fig. 3). By
integrating the results of these measurements by aide of computational biology, we expect to
understand the mechanism of cell signaling.

Figure 1. Associations between extracellular ligands and ErbB.

Left: Single-molecule imaging of fluorescently labeled EGF or NRG on the surface of a living cell.
Right: Associations between EGF and ErbB1 is accelerated by predimerization and allosteric
formation of the association intermediate. Associations between HRG and ErbB3/4 take place
basically in the same manner.

Figure 2. Super localization imaging of ErbB clusters.

Even though the spatial resolution of single-molecule images in the conventional fluorescence
microscopy (left) is less than 250 nm, the center of mass of each image can be determined <20 nm
accuracy (right). By determining the location of single-molecules one-by-one, we can construct
super resolution images of ErbB clusters on the cell surface.

Figure 3. FCS measurements of PI3K.

FCS is the technique to measure lateral diffusion of fluorescent molecules in living cells. In cells
before stimulation (no ligand), PISK-GFP diffuses rapidly in the cytoplasm. After stimulation of
cells with EGF or HRG, a slow diffusion component representing the movements of PI3K
complexed with ErbB’s has been observed. The diffusion coefficients and percent fractions of the
slow diffusion component were different for EGF and HRG.

2. Single-molecule dynamics of cell signaling proteins (Hibino, Okamoto, Ota, 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. We are examining structural dynamics of cell signaling
proteins in single-molecules to understand structural basis of these complexities in protein
reactions. Even though two conformational states, closed and open, has long been proposed for
RAF, a therine/threonine kinase, it has not understood yet when, how, and to what the RAF
conformation is regulated in cells. We constructed a FRET probe of RAF in which GFP and YFP
were fused to N- and C-terminus of RAF and detect RAF conformation in living cells. The results
suggest that RAF takes a closed conformation in quiescent cells but association of RasGTP, the
active form of Ras on the plasma membrane, induced opening of RAF conformation. This
structural regulation of RAF increased accuracy of Ras/RAF signal transduction.

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

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 to investigate the response function of MAPK
activation. Reconstitution has been finished and now we 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. Activity of MAPK can be observed by nuclear
transport of GFP-MAPK. A rat cultured cell, PC12, select proliferation, differentiation, and cell
death stochastically according to the culture condition. The growth factors, EGF and NGF,
regulate by changing the probability of the cell fate selection.

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



For the single-molecule detection of molecular dynamics in subms ~ ps of time domain,
developments of high-speed single-molecule measurements and imaging are in progress. The
prototype of time stamp detection system has been developed to allow determination of molecular
states using ~100 photons emitted from a fluorophore during ~100 ps. We are also developing a
G-APD camera that enables single-photon imaging with 10 ns sampling time (in collaboration
with Computational Astrophysics Laboratory, Supramolecular Science Laboratory, and BSI
Laboratory of Molecular Biophysics).

Methods to detect conformations of individual protein molecules in living cells using
intramolecular single-pair FRET imaging and quantitative PALM (photoactivation localization
microscopy) to measure cluster size distributions of membrane proteins have been developed.
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