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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 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 (Arata, Back, Hiroshima,
Miyagi, Nakamura, Sako, Sakuma, 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
system (Figure 1). Another major target of us is PAR system, which is responsible for cell
polarization in various kinds of cells (Figure 2). PAR system regulates morphogenesis in
the developmental program.

(1) ErbB-Ras-MAPK system

Because ErbB is a single membrane-spanning protein, it requires complex formation to
transduce signals across the plasma membrane of cells. As we have previously revealed,
tri- and tetramers of ErbB are the major signaling sites on the cell surface. Before cell
stimulation with the ligands of ErbB, ErbB molecules mainly present as monomers and
dimers on the cell surface. Therefore, molecular dynamics along the cell surface should be
altered during the formation of higher-order clusters larger than dimer. Using single
molecule imaging of GFP-tagged ErbB1, we analyzed lateral movements of ErbB and found
that at the very early stages (15~30 s) of cell stimulation, a subpopulation of ErbB
transiently enlarges the areas of molecular movements, and higher-order clusters of ErbB
are formed during this period. Structural changes in ErbB molecule, which induce
activation (phosphorylation) of ErbB dimers, have been suggested from X-ray
crystallography. Our result indicates that the structural changes of ErbB are coupled to
the alteration of molecular dynamics to induce a global molecular rearrangement on the cell
surface regulating cell signaling. (Hiroshima et al. in prep.)

SRR 26 AFFE



(2) PAR system

Using single-molecule imaging and fluorescence correlation spectroscopy (FCS), we are
analyzing mechanism of PAR-2 accumulation at the posterior half of the cortex in nematode
zygotes. All major intracellular dynamics of PAR2, i.e., association and dissociation of
cytoplasmic PAR2 with the cell cortex, and lateral diffusion of PAR2 both in the cytoplasm
and on the cortex, were measured quantitatively in living zygotes. Based on the
measurement results, we constructed a mathematical reaction network model. The model
succeeded to reproduce polarization of PAR2 in model systems. Model analyses suggested
that the PAR2 polarization is maintained by a bistable mechanism. (Arata et al, submitted.;
Figure 2)

Figure 1. ErbB-RAS-MAPK system (modified from Nat Rev Mol Cell Biol 2:127, 2001)

Figure 2. Asymmetric localization of PAR-2 in nematode zygotes.

(left) Single molecule imaging of PAR-2 conjugated with GFP observed in a living zygote.
(right) Oppositely asymmetric localizations of PAR-2 (green) and PAR-6 (red). PAR-6 is an
anteriorly localizing PAR protein. PAR-2 and PAR-6 negatively regulate each other, thus
PAR-2 has a positive (double negative) feedback. Polarization of PAR-2 was explained by a
bistable mechanism depending on the positive feedback of PAR-2.

2. Single-molecule dynamics of cell signaling proteins (Hiroshima, Maeda, Okamoto, Sako,
Sato, Umeki, Yanagawa)
We are examining structural dynamics of cell signaling proteins in single-molecules to
understand structural basis of the complex protein reactions.
(1) Single molecule measurement system mimicking intracellular environments
We developed single-molecule measurement systems mimicking biomembranes. Because
most of the cell signaling proteins that we are studying recently work on the plasma
membrane of cells, this technical development is important for us to understand protein
structures and reactions in physiological conditions. We confirmed that single fluorescent
molecules are well observed on the aqueous surface of an artificial lipid bilayer expanded
along a glass surface. By selecting appropriate lipid species and environmental
temperature, we can control the lateral movements of proteins on the lipid surface.

(2) Protein dynamics of GPCRs

In addition to RTKSs, we studied structural 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.

For example, hetero-oligomerization has been suggested between two species of GPCRs,
metabotropic glutamate receptor (mGluR) and serotonin receptor (5HTR). However,
substantial information about structure and function of the hetro-oligomer is still lacking.
We constructed protein-tag fused molecules of the receptors at various cytoplasmic loops in
their structures, and finally succeeded to detect glutamate dependent changes in the FRET
signals between the two receptor species. We are planning detailed analysis of the
structural dynamics of the hetero-oligomer using single-molecule imaging. (Figure 3)

In rhodopsin, another type of GPCR, which is the visual pigment of retinal rod cells,
fluorescence labeling at the cytoplasmic cysteine 316 residue allows detection of the
structural dynamics between inactive and active states. Using this probe, we are studying
correlation between structure and function of rhodopsin. This year, we measured
dynamics of a constitutively active mutant, M257Y. Spontaneous structural transition
was observed in the dark state of M257Y, different from the wild type. In the opsin form,
which is free from the intrinsic inverse agonist, retinal, spontaneous transition was
observed for both M257Y and wild-type, however, transition to the active form was more
frequent in M257Y than in the wild-type. These results suggest that structural instability
of the protein part (opsin) of M257Y produces constitutive activity. (Maeda et al. in prep.)
(Works on GPCR are in collaboration with Shichida’s group at Kyoto University.)
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Figure 3. Single-molecule imaging of mGIuR in a living HEK293T cell.

Molecular mechanism of cell fate decision (Sako, Takanezawa, Yamamoto)

One of the major unsolved problem in modern physical cell biology is how internal state of
cells changes along the pathways of cell fate selection into differentiation, proliferation, and
death. Dynamics of the internal state is reflected in the changes in the global chemical
composition of cells. Thus, we are using Raman microspectroscopy, which allows
multi-dimensional, non-invasive, and label-free measurements, to detect changes in the
chemical compositions in single living cells.

MCF-7 cells are a human cancer-derived cell line that can be induced to differentiate into
mammary-gland-like cells with the addition of a ErbB3/B4 ligand, heregulin (HRG) to the
culture medium. We measured the spectra in the cytoplasm of MCF-7 cells during 12 days
of HRG stimulation. The Raman scattering spectrum, which was the major component of
the signal, changed with time. A multicomponent analysis of the Raman spectrum
revealed that the dynamics of the major components of the intracellular molecules,
including proteins and lipids, changed cyclically along the differentiation pathway (Figure
4). The background autofluorescence signals of Raman scattering also provided
information about the differentiation process. Using the total information from the Raman
and autofluorescence spectra, we can visualize the pathway of cell differentiation in the
multicomponent phase space. (Morita, Takanezawa et al., Biophys J 107:2221, 2014)

Figure 4. Dynamics in the major components of Raman spectra in single cells.

Each single spectrum obtained in the indicated day of differentiation was plotted in
two-dimensional space of the principal component (PC) 1 and 2. Solid dots represent the
indicated day and open dots represent the other days, for comparison. Spectra at I, II, III
were rich in protein, lipid, and water signals, respectively.

New technologies on optical microscopy and their applications (Pack, Hiroshima, Sako)

In addition to the newly developed technologies used in the above projects, we are
developing technologies on optical microscopy and, in this year, found applications of them
as follows:

(1) Dynamics of the supra-molecular complex, proteasome, in living cells using fluorescence
correlation spectroscopy (FCS)

The 26S proteasome is a huge protein complex inside cells, which has the diameter of 10 nm
and length of 50 nm, functioning to degradate proteins in cells. Complete proteasome
particles have been detected in both the cytoplasm and nucleoplasm, however, it was
unknown how large proteasome complexes are constructed in the nucleus after syntheses of
their components in the cytoplasm. Our FCS measurements indicated that whole complex
of proteasome are formed in the cytoplasm and then transported directly into the nucleus
through the nuclear pore. It is a surprising result when we consider the diameter of
nuclear pore, 10 nm. (Pack et al. Nat Commn 5:4396, 2014; This work was in collaboration
with Yasushi Saeki at Tokyo Metropolitan Institute of Medical Science.)

(2) Single-cell imaging of the transcription factor, NF-xB

NF-«B is a major transcription factor in the stress, inflammation, and immune responses in
cells. In single cell levels, NF-kB is activated in a switch-like manner (on or off), however,
the molecular mechanism of this switching had not been known. We revealed that a
positive feedback from IKK to TAK1l determines the NF-xB response depending on a
scaffold protein, CARMA1. Single-cell imaging of the nuclear transport of NF-«B tagged
with GFP demonstrated that disruption of the CARMA1 function abolishes the switch-like
response. (Shinohara, Hiroshima et al. Science 344:760, 2014; This work was in
collaboration with Mariko Okada-Hatakeyama’s group in RIKEN, IMS.)
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