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Purpose of Research

The goal of this laboratory is to understand principles of signal processing carried out by biological
systems including proteins, protein networks, cells, and cell communities. Special attention is

20



being paid to thermal fluctuation, number fluctuation, self organization and self assembly. This
laboratory studies how bio-molecules assemble to process the intra- and extra-cellular information
and express flexible higher-order cellular responses. Single-molecule measurements, optical
microscopy, cell engineering, reconstruction of biosignal systems, as well as mathematical analysis
and computer simulations of reaction networks are the main techniques developed and employed by
this laboratory.

1. Single-molecule analysis of cell signaling systems (Hiroshima, Hibino, Sato, Sako)

(1) Dynamic clustering of epidermal growth factor receptor
Epidermal growth factor receptor (EGFR), which is responsible for cell proliferation, forms dimers
even absence of the ligand EGF. Furthermore in some cells, clustering of 20-30 molecules of EGFR
has been reported. We analyze dynamics and functions of EGFR clusters using single-molecule
imaging. Appling high spatial-resolution single-molecule imaging, homodimers was suggested to
be the unit of hierarchical clustering of EGFR.

(2) Association between EGF receptor families and their ligands
The EGFR family consists of four members (ErbB1-4). ErbBl is the receptor for EGF and ErbB3
and 4 are the receptors for neu differentiation factor (NDF). In MFC-7 cell, EGF and NDF induce
proliferation and differentiation to mammary cells, respectively. Toward understanding how these
two (EGF and NDF) ligands induce completely different cell fates using almost similar protein
networks, we started quantitative analysis of the reaction networks. As the first step, we prepared
fluorescent EGF and NDF to measure ligand-receptor association in single molecules on the living
cell membrane. We also constructed a mathematical model to analyze the association reactions.
(collaboration with Cellular Systems Modeling Team)

(3) Molecular recognitions between Ras and Raf.
Activation of small GTPase Ras under the plasma membrane recruits Raf, a cytoplasmic
serine/threonine kinase to the cell surface. This interaction is important for cells as one of the
major dysregulations in cancer cells. Raf has two Ras binding domains, RBD and CRD, and is
thought to have two conformations, closed and open. Single-molecule Kkinetic analysis of the
dissociation between Ras and Rafl in combination with single-molecule conformation analysis of
Raf revealed that the conformational dynamics of Raf is used for Raf to distinguish activation of Ras.
Based on the single-molecule measurements, a kinetic model is under construction for the
activation process of Raf in the ternaly complex among Ras and the plasma membrane kinases.

2. Propagation of reaction fluctuations in living cells (Okamoto, Hibino, Ota, Sato, Sako)

(1) Molecular recognitions between epidermal growth factor receptor and Grb2
Phosphorylation of EGFR upon EGF binding induces recognition by an intracellular signaling
protein, Grb2. In the reactions between EGFR and Grb2, we found negative concentration
dependency in the association rate and reaction memory (non-Markovian process). This complex
reaction is thought to be caused by structural hysteresis of EGFR after dissociation of Grb2. In
order to verify this hypothesis, we started construction of an experimental system to measure
structural dynamics of EGFR. This year, we constructed recombinant expression and purification
system of the cytoplasmic domain of EGFR and a microscope to measure single-pair FRET with
subms time resolution.

(2) Propagation of reaction fluctuations in living cells
RTK-Ras-MAPK systems are the intracellular reaction cascade processing signals including EGF
and nerve growth factor (NGF). Activation of RTK, such as EGFR and TrkA (NGF receptor), can
be detected by the translocation of Shc to the plasma membrane. Activation of Ras can be detected
by the translocation of effector molecules such as Raf and RalGDS to the plasma membrane. And
the activation of ERK (MAPK) can be detected by the translocation of ERK to the nucleus. Toward
guantitative measurements of intracellular propagation of reaction intensity and its fluctuation, we
constructed plasmids carrying the fluorescent probes and are establishing stable transformants of
these probes.

3. New technologies on optical microscopy (Yamamoto, Okamoto, Sako)

(1) Photo-sensitive cell signaling molecule
We are developing photo-sensitive EGF. For the fixation of the molecule onto glass coverslips for
microscopy, cDNA of EGF fused with HA-tag was constructed and being expressed in cell-free



protein expression systems.

(2) Pattern projection microscope
We are developing pattern projection microscope (PPM) which allows photo irradiation to
microscope specimens with arbitrary spatial and temporal pattern. In PPM, spatio-temporal
patterns are made with diffraction-limited spatial resolution and 75-Hz time resolution using
digital mirror device. Prototype of PPM was constructed and a software algorithm was designed to
regulate PPM.

(3) High-speed single-molecule measurements and imaging
To achieve single-molecule detection of molecular dynamics in subms ~ us of time domain, we
started developments of high-speed single-molecule measurements and imaging. Time stamp
detection and maximum likelihood estimation will allow us to determine molecular states using
~100 photons emitted from a fluorophore during 10-100 us. Also we are developing G-APD camera
which enables single-photon imaging with 10 ns sampling time (in collaboration with
Computational Astrophysics Laboratory, Nano-Integration Material Research Unit, and BSI
Laboratory of Molecular Biophysics).

4. Reconstruction of cell signaling systems (Takahashi, Hibino, Sato, Sako)

We are reconstructing reactions for activation and inactivation of ERK in E. coli. ERK is activated
though phospholylation by MEK and inhibited through dephospholyation by MKP. This reaction
system was reconstituted in E. coli cells and phosphorylation and dephosphorylation of ERK were
observed. Using a reaction simulator to analyze dynamics of ERK activity with number
fluctuation, effects of reaction volume for ERK activation was calculated.
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