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The goal of this laboratory is to understand principles of signal processing which carried out by biological systems including
proteins, protein networks, cells, and cell communities. Special attention is being paid to the ground rules of bio-molecular
reaction, which are thermal fluctuation, number fluctuation, self organization and self assembly, in studies how
bio-molecules, using energy as small as environmental noise, assemble and process the inter- and extra-cellular
information to express flexible cellular responses. Single-molecule measurements and related optical microscopy, cell
engineering, reconstruction of biosignal systems, and mathematical analysis and computer simulations of reaction
networks are the main techniques of this laboratory.

1. Single-molecule analysis of cell signaling systems

(1) Dynamic clustering of epidermal growth factor receptor
Most of the membrane proteins functions via inter-molecular interactions. Epidermal growth factor receptor (EGFR),
which is responsible for cell proliferation, forms pre-dimers before association with the ligand EGF. In cells which express
many numbers of EGFR molecules, clustering of 20-30 molecules of EGFR has been reported. We carried out
single-molecule analysis of the cluster size and movements of EGFR-GFP to reveal dynamic structures and functions of
EGFR clusters. In CHO-K1 cell (EGFR null) expressing 104 molecules/cell of EGFR-GFP, clusters of EGFR-GFP which has
the size distribution from monomers to hexamers were observed. Monomers and dimers were the fundamental units of the
clusters. Cluster size was regulated by the actin cytoskeletons. And there was no correlation between the cluster size and
the movements of EGFRs.

(2) Formation of the signaling dimers of epidermal growth factor receptors
Global cellular responses induced by epidermal growth factor (EGF) receptor (EGFR) occur immediately with a less than
1% occupancy among tens thousands of EGFR molecules on single cell surface. Activation of EGFR requires the formation
of a signaling dimer of EGFR bound with a single ligand to each molecule. How sufficient numbers of signaling dimer are
formed at such small occupancy rate is still not known. We have analyzed the kinetics of EGF-binding and the formation of
the signaling dimer using single-molecule imaging and mathematical modeling. A small number of EGFR on the cell
surface formed dimeric binding sites which bound with EGF two-orders of magnitude faster than the monomeric binding
sites. There was a positive cooperative binding of EGF to the dimeric binding sites through a newly discovered kinetic
intermediate. These two mechanisms facilitate the formation of signaling dimers of the EGF/EGFR complexes.

(3) Molecular recognitions between Ras and Raf.
When cells are stimulated by various growth factors including EGF, small GTPase Ras is activated in the plasma
membrane and recruits Raf, a cytoplasmic serine/threonine kinase, through two Ras binding domains, RBD and CRD. This
recruitment is essential for activation of Raf. We have visualized individual GFP-Raf molecules in living cells using TIRF
microscopy to investigate the kinetics of Ras and Raf interaction. The results suggest: 1) binding between Ras/Raf
involves an intermediate state; 2) formation of the intermediate state requires both RBD and CRD; 3) the transition from
only RBD bound to Ras to both RBD and CRD bound to Ras is not rate limiting for the intermediate formation but is used
to distinguish active Ras from inactive Ras; and 4) formation of the intermediate state is related to serine/threonine- and
tyrosine-phospholyration of Raf.

2. Studies on the propagation of reaction fluctuations in living cells

(1) Molecular recognitions between epidermal growth factor receptor and Grb2
Phosphorylation of EGFR upon binding of EGF induces recognition of various intracellular signaling molecules, including
Grb2. The reaction kinetics between EGFR and Grb2 was analyzed by visualizing single molecules of Grb2 conjugated to
the fluorophore Cy3 (Cy3—Grb2). The dissociation kinetics could be explained using a multiple-exponential function with a
major (>90%) dissociation rate of 8 s and a few minor components suggesting the presence of multiple bound states. In
contrast, the association kinetics could be described by a stretched exponential function, suggesting the presence of
multiple reaction channels from many unbound substates. Transitions between the unbound substates were also suggested.
The rate of association was not proportional to the Grb2 concentration: an increase in Cy3—Grb2 concentration by a factor
of ten induced an increase in the association rate only by a factor of approximatelybout three. This effect can compensate
fluctuation of the signal transduction from EGFR to Grb2 caused by variations in the expression level of Grb2 in living
cells.

(2) Development of assay systems of the propagation of reaction fluctuations in living cells
RTK-Ras-MAPK system is processing signals of EGF and nerve growth factor NGF) through reaction cascade of cell
signaling proteins. Measurement systems were developed for probing propagation of reaction fluctuation through
RTK-Ras-MAPK system. Activation of RTK, such as EGFR and TrkA (NGF receptor), can be detected by the translocation
of She to the plasma membrane. Activation of Ras can be detected by the translocation of GFP to the plasma membrane.
And the activation of ERK (MAPK) can be detected by the translocation of ERK to the nucleus. Expression vectors of
She-GFP, YFP-Ras and GFP-ERK were made and stable clones of HeL.a and PC12 cells expressing each protein were
established. It is confirmed that the activations of RTK, Ras and ERK can be analyzed in these clones.

(3) Development of assay systems of the fluctuation of ERK activity
Activated ERK has been reported to have roles in signal transduction in the cytoplasm as well as the activation of
transcription factors in the nucleus. A molecular probe to detect activation of ERK directory independent on the
translocation is being developed. The probe will detect the changing of fluorescence energy transfer signal between two
fluorescent proteins conjugated to the both end of a fusion protein between ERK and its substrate. Design of the probe has
been finished and now the gene of the probe is under construction.

3. Development of new technologies on optical microscopy
(1) Development of photo-sensitive cell signaling molecule



Techniques to allow spatio-temporal regulation of cells singling inputs are desired to reveal dynamics of cell signal
processing. Photo-activation is the most easy and flexible technique to realize spatio-temporal regulation. We are
developing photo-sensitive EGF and NGF. Modification of a specific amino acid residue of EGF with a photo-sensitive caged
compound reduced activity of EGF to induce intracellular calcium response less than 1/100. Also in NGF, modification of
specific amino acid residues suppressed activity of NGF to induce neuron-like differentiation of PC12 cell.

(2) Development of tip-enhanced scanning near-field fluorescence microscope
Spatial resolution of optical microscopes using for single-molecule detection such as total internal reflection fluorescence
microscope is not enough to analyze precise cell structure in molecular-level. Tip-enhanced scanning near-field fluorescence
microscope is a powerful candidate to realize 10-nm level optical resolution. In collaboration with a research group in
Osaka University, we are developing this type of microscope for biological studies. We have confirmed fluorescence signal
amplification expected by tip-enhancement and prepared several standard samples including nanometer size particles
aligned along DNA fragments.

4. Reconstruction of cell signaling systems

(1) Reconstruction of EKR activation system
Analysis of the fluctuations of biological reactions at very low concentrations or very small number of molecules is
important to reveal dynamic molecular structures related to the expression of molecular functions. Reconstruction of
protein reaction in E. coli cells can be used to realize an array of very small volume test tubes which autonomously prepare
different reaction conditions. We are reconstructing the ERK activation system in E. coli. ERK2 is activated though
phospholylation by MEK1 (MAPKK) and inhibited through dephospholyation by MKP1. Expression vectors for
constitutively active MEK1, MKP1, ERK2 and fluorescence probe for ERK2 activation (see 2-(3)) have been almost
finished.
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