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Fig. 2 Cortical control of PAR protein
dynamics to maintain cell polarity.
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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 biomolecules 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 target of us is an intracellular protein reaction network
that called ErbB-RAS-MAPK system. This system is 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. In addition, we are investigating functions and dynamics of proteins,
including GPCRs, involved in cell signaling. We are analyzing how diverse dynamics of
reaction systems, which lead to higher-order biological function, emerged from the
accumulations of elemental protein reactions.

1. Single-molecule analysis of information processing in living cells (Abe, Arata, Hiroshima,
Miyagi, Sako, Sato, Suzuki, Umeki, Yoshizawa)
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.

(1) ErbB-RAS-MAPK system

Movements of ErbB1 receptors fused with GFP were observed in living cells as well as their
molecular clustering and interaction with GRB2 by using single-molecule imaging. The
results indicate that EGF, an extracellular ligand of ErbB1, transiently stimulates ErbB1
movements to induce higher-order clustering of ErbB1, and the clusters are the primary
sites of signal transduction to GRB2. This work first demonstrates biological importance
of the higher-order clusters of ErbB in signal transduction (Hiroshima et al. submitted).

Activation of ErbB induces GDP/GTP exchange on RAS by SOS on the plasma membrane.
SOS has various genetic mutations that cause the Noonan syndrome (NS) disease, of which
pathological mechanisms are still unclear. We examined behaviors of three different NS
mutants of SOS on the cell surface, and specified defects in each mutant at the different
points in the process of RAS activation by SOS (Nakamura, Umeki, et al. in revision).

RalGDS is one of the RAS effectors and functions as a guanine nucleotide exchange factor
for RAL. We performed a single-molecule fluorescence analysis of RalGDS and its
functional domains (RBD and REMCDC) on the plasma membranes of living cells. We
infer that RAS activation not merely increases the cell-surface density of RalGDS, but
actively stimulates the RalGDS—RAL interaction causing a structural change in RalGDS
and/or the accumulation of RAL, as well as the GTP-Ras/RalGDS clusters, to induce the full
activation of RAL. (Fig1; Yoshizawa, Umeki, et al. BPPB 14:75, 2017)
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(2) PAR system

The asymmetric localization of PAR polarity proteins is thought to be maintained by
excluding cortical PAR proteins that traverse the anterior-posterior polarity boundary via
diffusion. However, single-molecule detection technologies in C. elegans embryos revealed
that most PAR-2 molecules associate and dissociate from the same cortical side. The
dissociation rate was asymmetric along the polarity axis and varied with oligomer size and
phosphorylation of PAR-2. Unexpectedly, the association rate was asymmetric in a
PKC-3-dependent mechanism. The measured in vivo Kkinetic rates were sufficient to
recapitulate polarity maintenance in a mathematical model. These results indicate that
the cortical PAR-2 asymmetry is maintained by the local exchange reactions at the
cortical-cytoplasm boundary rather than at the cortical polarity boundary. (Fig2; Arata et al.
Cell Rep. 16:2156, 2016)

2. Single-molecule dynamics of cell signaling proteins (Hiroshima, Maeda, Nagamine,
Okamoto, Sako, Sato, Umeki, Yanagawa)
We are examining motional and structural dynamics of cell signaling proteins in
single-molecules to understand structural basis of the complex protein reactions.

(1) Single molecule structural dynamics of ErbB

ErbB requires formation of a specific dimer structure for signal transduction after ligand
binding. We constructed a ten nanometer-scale proteolipid membrane (nanodisc) including
the membrane spanning and juxtamembrane (TM-JM) fragments of ErbB1.
Monomer-dimer transitions at the JM region have been observed and precise kinetic
analysis is being carried. We are also measuring single-molecule structural dynamics in
the cytoplasmic tail of ErbB, which is the multiple phosphorylation and molecular
recognition sites.

(2) Intracellular structural distribution of RAF

RAF is a cytoplasmic kinase regulated by RAS. RAF has two different conformations (open
and closed). The open form is the active state of RAF, and the open/close dynamics can be
detected from single-pair FRET between two fluorescent proteins conjugated to the two
ends of a single RAF molecule. We improved the FRET probe of RAF to measure the
structure of single RAF molecules in living cells. The average structure of RAF molecules
are varied in each single cell in the resting condition.

(3) Movements and oligomerization of GPCRs

We are studying the dynamics of trimeric G-protein coupled receptors (GPCRs), which is a
major super family of cell surface receptors. Recently, many species of GPCRs were
reported or expected to form homo- and/or hetero-oligomers to be regulated pathways and
strengths of their signal transduction.

The type III metabolic glutamate receptor (mGluR3) is a GPCR involved in outbreak of
schizophrenia. Based on single-molecule tracking of mGIluR3 tagged with a fluorescent
protein, we detected four motional modes different in the lateral diffusion coefficient.
Cluster size of mGIluR3 increased in average as the diffusion coefficient decreased.
Association of the agonists and antagonist changed the diffusion dynamics to the opposite
directions. We found that this phenomenon is common to other 8 species of GPCRs as well
as mGluR3, suggesting that effects of chemicals to GPCR activity can be detected by only
observing lateral movements of GPCRs. (Jpn. Patent Appl. 2017-84803; Yanagawa et al.
submitted).

3. Molecular mechanism of cell fate decision (Inaba, Sako, Yamamoto)
To investigate how internal state of cells changes along the pathways of cell fate selection
into differentiation, proliferation, and death, we are measuring single cell dynamics using
multiple technologies.



(1) Single-cell dynamics of NF-xB

Responding to the B-cell receptor stimulation, a translation factor NF-kB shows switch-like
and oscillatory dynamics to regulate gene expression for B cell maturation. To reveal the
physiological meaning of NF-kB dynamics, we are constructing single cell measurement
system of NF-«B dynamics and genome-wide gene expression. Single cell imaging revealed
cell-to-cell fluctuation of the nuclear translocation of NF-kB is far larger than that expected
from random distribution.

(2) Single-cell dynamics of RAF

As mentioned above, we found a large cell-to-cell deviation of the average conformation of
RAF molecules. We are investigating long term dynamics of the RAF conformation in single
cells. This year, we constructed an image processing algorism for automatic measurements
of single-cell FRET signal of the RAF probe in single cells.

4. Novel technologies on optical microscopy and their applications (Hiroshima, Sako, Shindo,

Yoshizawa)
In addition to the newly developed technologies used in the above projects, we are
developing various technologies of bioimaging and data processing. This year, we
developed a novel computational technology to infer structure and reaction parameter
values of intracellular reaction networks based on the simultaneously measured time
courses of multiple molecular reactions in the same single cells. We succeeded to analyze
non-linear reaction networks composed of 3 reaction nodes. (Shindo et al. submitted)

5. Cell biological functions of membrane lipids (Kobayashi, Makino, Murate, Sumi,
Tomishige)
(1) Redistribution of recycling endosome by a cholesterol intermediate
SC4MOL, one of the enzymes in cholesterol biosynthetic pathway, is responsible for a
syndrome that incudes psoriasiform dermatitis, microcephaly, and developmental delay.
We established and analyzed SC4MOL-knockout HeLa (KO) cells, and found an
accumulation of the substrate, a slight decrease of cholesterol, and redistribution of
recycling endosomes (RE) in the KO cells. In this year, we showed that a combination of
intermediate addition and cholesterol reduction successfully reproduced the RE
redistribution in the wild-type cells. This assay system allowed us to evaluate the ability
of sterols to redistribute RE in cells.

(2) Asymmetric distribution of membrane lipids

While asymmetric transmembrane distribution of constituent lipids in the plasma
membrane is maintained by several species of lipid transfer proteins, including flippase,
floppase and scramblase, the role of each type of transfer proteins is not fully understood.
To clarify the function of these proteins, we employed an immunoelectron microscopy to
demonstrate the transbilayer distributions of phosphatidylethanolamine (PE) in the plasma
membrane of flippase- and scramblase-deficient Drosophila cells and found that the PE
distributions are comparable in the mutants and wild-type cells. Our results suggest that
these proteins have only a little role in the maintenance of asymmetric distribution of PE in
the plasma membrane.
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