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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 the reaction
networks. The recent main targets of us are 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, 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 the ErbB-Ras-MAPK
system.
In this year, we concentrated on the lateral movements and clustering of ErbB proteins,
which are the receptors of extracellular signaling proteins, in the plasma membrane.
ErbB1 (EGFR) fused with GFP was observed in single molecules. ErbB1l was moving
laterally in transitions among three motional modes; rapid diffusion, slow diffusion, and
immobile periods, within seconds to sub-seconds. The immobile areas were often
surrounded by the slow-diffusion areas which were connected by the rapid diffusion (Fig. 2).
Assembly and disassembly of ErbB1 molecules were observed in all motional modes, as the
result, the molecules usually formed clusters from monomers to tetramers. Association of
EGF to ErbBl increased immobile periods and stimulated clustering. Interactions of
ErbB1 with Grb2, an adopter protein that intermediates ErbB1 and mSos, were mainly
found for 3 and 4-mers of ErbB1 during the immobile periods. Dimerization of ErbB
molecules are thought to be important for activation. Our results newly suggest that
clustering larger than dimers takes important roles in signal transduction after activation
of ErbB molecules.
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 analyzed dynamics of PISK molecules which is a
heterodimer between p85 and pl110 subunits. Both p85 and p110 have several subtypes
including o and B. FCCS measurements revealed that p85 and pll0 form firm
heterodimers independent of cell signaling, and the subtypes o and B were not distinguished
in the heterodimerization.
Using single-molecule imaging and FCS, we measured lateral diffusion coefficients,
oligomerization, and association/dissociation kinetics of Par2 molecule fused with GFP and

SRR 24 AEBE



expressed in a nematode zygote. We found that the dissociation rate constant of Par2 form
the cortex is regulated both by phosphorylations and molecular clustering. We also found
that the association rate constant of Par2 is different along the a-p axis of the zygote.
These phenomena will be incorporated into the reaction model now under construction.

Figure 1. Reaction network of ErbB system.

Figure 2. Lateral movements of ErbB1 along the plasma membrane

The slow diffusion areas depend on cholesterol concentration. Interactions between ErbB1
and Grb2 mainly observed for the 3, 4-mers during immobile periods. Not only the
interaction frequency but individual interaction periods were increased.

2. Single-molecule dynamics of cell signaling proteins (Okamoto, Sako, Sato, Umeki)
We are examining structural dynamics of cell signaling proteins in single-molecules to
understand structural basis of the complex protein reactions. To use single-pair
fluorescence resonance energy transfer (spFRET) measurement of single molecules, we
developed a time-stamp (TS) detection apparatus and a new method of data analysis
depending on a hidden Markov model (HMM) and variational Bayse (VB) inference
(TS-HMM-VB). In simulation, TS-HMM-VB realized more accurate reconstruction of
molecular dynamics compared to previous methods such as change point detection and
maximum likelihood estimation. Using this method, we succeeded to detect single
base-pair movements of a Holliday junction.
The cytoplasmic tail of ErbB1 is a molecular recognition domain between ErbB1 and
various cytoplasmic proteins. We are studying structural dynamic of this domain in
single-molecules combined with TS-HMM-VB (Fig. 3). A structural change after
mimicking a phosphorylation by substitution with acidic amino acid has been observed.
Even more, interaction with Grb2 further changed the structure of this phospho-mimic
mutant.
RAS and its effector RAF are cell signaling molecules downstream of ErbB to regulate cell
fate determination. Dynamic polymorphism has been suggested for RAS molecule, and
open/close dynamics was observed in RAF molecule. Planning to detect these structural
dynamics of RAS and RAF using reconstitution systems, we are trying to purify these
molecules in intact forms using SF9 expression system.

Figure 3. Single-molecule imaging of the cytoplasmic tail domain of ErbB1
Single-molecules were conjugated with Alexa 488 (donor fluorophore; upper left) and Alexa
555 (acceptor fluorophore; upper right) to detect single-pair FRET signal (bottom right).

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 analyzed 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
not find bistability in our experimental conditions (which are thought to include
physiological concentrations of proteins), but found changes of the ultrasensitivity
depending on ERK concentration. This phenomenon was explained theoretically.

Cell fate decision of PC12 into proliferation, differentiation (into nerve like cells), and cell
death i1s thought to be regulated by the dynamics of ERK activation after growth factor
stimulations. In the absence of any growth factors, however, cells spontaneously select the
three different cell fates. The selection probabilities of these three fates depended on the
condition of cell culture. We constructed a mathematical model for stochastic selection of
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cell fates, and estimated the kinetic parameters for cell fate decision. Randomness of the
fate decision increased as the decrease of serum concentration in the culture medium.
Serum concentration also changed the cellular response to the growth factors. In some
conditions, increase of the growth rate by differentiation factor (NGF) and differentiation
rate by the growth factor (EGF) were observed. Interestingly, there was an optimum
randomness of the spontaneous cell fate decision which gave the maximum response to the
growth factors.

Figure 4. Reconstruction of ERK phosphorylation and dephosphorylation

(left) Reaction network which we have reconstructed in E. coli. (right) The ultrasensitivity
of ERK phosphorylation is a function of the ERK concentration. This change is due to dual
phorophrylation process and zero-th order ultrasensitivity.

4. New technologies on optical microscopy and their applications (Hiroshima, Morita,

Okamoto, Sako, Takanezawa, Yamamoto)
In addition to newly developed technologies used in the above projects, we are developing
technologies on optical microscopy and finding applications of them as follows: (1) G-APD
camera: this camera enables single-photon imaging with 10 ns sampling time. We have
reported the fundamental performance of the camera in an international congress (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 succeeded to detect
characteristic dynamics of MCF-7 cells under proliferation and differentiation processes.
(3) Selective imaging of a specific membrane protein glycoform: Difference in the
internalization rate depending on the glycoforms has been detected (in collaboration with
Glycometabolome Team). (4) Local nucleosome dynamics: Movements of GFP probe in the
nuclear of living cells was measured using FCS to reveal local nucleosome dynamics (in
collaboration with National Institute of Genetics and Cellular Dynamics Laboratory).
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