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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
biosignaling 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 the PAR
system which is responsible for the formation of cell polarity in embryogenesis and
morphogenesis. We are investigating functions and dynamics of proteins involved in these
systems. Also, we 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, Umeki)
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
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system.

In this year, we concentrated on the signal transduction from the membrane receptor ErbB
to a cytoplasmic protein Grb2. Upon association of the ligand EGF, ErbB1 molecules form
signaling dimers in which mutual phosphorylations between ErbB1 molecules takes place
on their cytoplasmic tail domain. Grb2 recognizes the phorphosrylations of ErbB1.

We have measured the interactions between GFP-fused ErbB1 and Hal.o-tag-fused Grb2,
labelled with TMR, in living CHO cells using a simultaneous dual-color single-molecule
imaging technique. ErbB1l formed oligomers monomers to tetramers on the plasma
membrane, and we found that after EGF association, the interaction probability increased
for every size of ErbB1 oligomers. Although every oligomer showed three kind of motional
modes in lateral diffusion, specific for the dimers and lager oligomers, interactions were
observed more frequently for the immobile period (Figure 2). Moreover, especially for the
immobile oligomers, we found long-lasted (~150 ms) interactions. Since short interactions
(~50 ms) were observed even between ErbB1 before EGF stimulation and Grb2, we expect
the long interaction is important for signal transduction.

The interaction between ErbB1 and Grb2 can also be studied on a glass substrate using
membrane fragments from EGF-stimulated cells and recombinant Grb2 molecules
conjugated with a fluorophore. Because ErbB1 molecules are fixed on the substrate, in this
system, we can analyze single-molecule trajectories. Collaborating with Komatsuzaki’s group at
Hokkaido University, we analyzed the data using the mutiscale space state network (SSN) analysis. The
multiscale SSN describes the networks of Markovian state transition by scanning the time domain for the
populations of discretized reaction trajectories. Time dependency of the reaction dynamics is
interpreted from the time-dependent changes of the structure of transition networks and parameters. In
this reaction, we previously suggested presence of multiple states, reaction memory, and a concentration
dependency of the second order reaction rate constant. We indicated the multiscale SSN can reproduce
the results of usual autocorrelation analysis, moreover, reveals an increase of the complexity of the
network with time (Figure 3). A low frequency reaction state reset the reaction memory possessed by
the high frequency reaction states.

Grb2 brings SOS molecules which is a RAS activator to the plasma membrane. In
single-molecule imaging of SOS, we noticed the dwell time of single SOS molecules on the
plasma membrane was regulated by the feedback loop between SOS and RAS. In addition,
the dwell time was correlated with the sustainability of SOS translocation on the membrane.
We are also analyzing interactions between RAS and its effector molecules.

Using single-molecule imaging and FCS, we are analyzing mechanism of PAR-2
accumulation at the posterior half of the cortex in nematode zygote. In addition to the
dissociation reaction of PAR-2 from the cortex into the cytoplasm, the association reaction
from the cytoplasm to the cortex showed reaction rate constant varied along the a—p axis of
the embryos. Similar to that in the dissociation reaction, the asymmetry in the association
rate constant depended on the phosphorylations of PAR-2 by the aPKC (PKC-3).

Figure 1. Reaction network of ErbB system.

Figure 2. Total interaction periods between EGFR and Grb2 in EGF-stimulated cells.
Interactions were mainly observed in immobile clusters of EGFR. Although significant
amount of interactions were observed in slow-mobile monomers and dimers, individual
on-times of these interactions were short.

Figure 3. Multiscale space state network for the interactions between ErbB1 and Grb2 in
vitro.

Black and while circles represent unbound and bound states, respectively, with the area
proportional to the fractions of the states. Thickness of the arrows between the states
indicates the state transition rates. Time constant of the analysis was increased from SK1
(33 ms) to SK27 (0.9 s). As the increase of the time constant, complexity of the network
increased with increased number of states.

2. Single-molecule dynamics of cell signaling proteins (Hiroshima, Okamoto, Sako, Sato)
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
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3.

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).

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. The tail domain is an intrinsically
disordered region, which has no rigid conformation and is expected to show complex
structural dynamics depending on the phorphorylation states and molecular interactions.
We purified recombinant tail domain (about 200 amino-acid residues), labelled it with two
different colors of fluorophores, Alexa488 and Alexa555, and measured spFRET signals.
Based on the signal distributions, we noticed that the tail domain has several different
structures between the amino-terminus and the cysteine at 65 amino-acid residue from the
amino-terminus. In addition, we newly detected spFRET signals between the two
cysteines at 74 and 162 residues from the amino-terminus. Precise analysis of the
dynamics of this newly found FRET signals is now in progress.

Another method for detection of single-molecule structural dynamics is to use changes of
fluorescence intensity depending on the microenvironments around the fluorophore. For
example, fluorescence labelling of rhodopsin molecule, which is the visual pigment of retinal
rod cells, at the cytoplasmic cysteine 316 residue allows detection of activation state. After
acceptance of photon, rhodopsin takes several different intermediate states. Among them,
meta-II state, which is in equilibrium with meta-I sate, is thought to be the active state of
rhodopsin interacting with the G-protein. Meta-I and meta-II states are distinguishable
from the absorption spectra of retinal binding with rhodopsin. We measured
single-molecule dynamics between the active and inactive state from the fluorescence
intensity changes of the fluorophore labelling cysteine 316 in comparison with the
meta-I/meta-II equilibrium. We found that both meta-I and meth-II states were in
equilibrium between the active and inactive states, and in meta-II, the equilibrium was
more biased to the active state (Figure 4). Thus, the structural changes of retinal, the
invers agonist of rhodopsin, and opsin, the protein moiety of rhodopsin, were loosely
coupling. This work has been done in collaboration with Yasushi Imamoto et al. at Kyoto
University.

Figure 4. Active-inactive equilibrium of rhodopsin in different states.

Molecular mechanism of cell fate decision (Mouri, Sako)

Cell fate decision of PC12 into proliferation, differentiation (into nerve like cells), and cell
death is 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, but quantitative measurements of the relationships between
heterogeneity and responsiveness to growth factors have not been carried out.

We studied the effects of growth factors (EGF and NGF) under three different serum
conditions under which PC12 cell shows different degree of heterogeneity in fate decisions.
The heterogeneity in the spontaneous fate decision was defined as the entropy values for a
population of cells. The heterogeneity decreased as the concentration of surrounding serum
increased. Based on the mathematical model and parameter values, we redefined the
effects of growth factors: EGF increased the proliferation rate at the single-cell level, though
the effect was unclear and covered by the surrounding serum at the population level as
shown in the previous experiments. Under some serum concentrations, EGF (NGF)
directed even differentiation (proliferation) at the single-cell level, respectively. Even
when the efficient responses to the growth factors were observed at the population level, the
growth factors only stochastically control single cells into different cell fates. The strength
of responses to EGF and NGF as a function of entropy (cell-fate heterogeneity) has a peak
for a moderate entropy value (Figure 5). Thus the reactions in RTK (EGFR and
NGFR)-RAS-MAPK systems possibly change their properties according to the environment
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that affects the variety of the internal conditions in individual cells, which relates to the
spontaneity of cells. Finally, we showed that the relationship between means and
variances of the local cell density obeyed a power-law relation, which can be explained by a
stochastic simulation that supports cells had a single set of transition rates with constant
values at each condition.

Figure 5. Response to growth factors as the functions of heterogeneity.

Ratio of the fate decision rates between in the presence and absence of growth factors are
plotted as the functions of entropy values of spontaneous fate selection. Functions show
maximal at the moderate entropy value.

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

Okamoto, Sako, Takanezawa, Yamamoto, Yanagawa)
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) Direct
observation of the movements of nanoparticles in the cytoplasm of living cells. (2)
Detection of cellular states based on Raman spectral dynamics: this technology is for
non-invasive, non-staining, and multidimensional analysis of temporal series of single-cells.
(3) Kinetic measurements of the protein synthesis on single ribosomes in vitro (in
collaboration with Hiroshi Abe at Hokkaido Universtiy). (4) Single-molecule analysis of
higher-order clustering of metabotropic glutamine receptor molecules on the cell surface.
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