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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 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

(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 and in some cells, clustering of 20-30 molecules of EGFR has been reported. We analyzed dynamics and
functions of EGFR clusters using single-molecule imaging. Optimizing parameters of single-molecule microscopy and
applying digital deconvolution by the point spread function, we improved spatial resolution to allow single-molecule
imaging in cells expressing 10> molecules of EGFR-GFP per cell.

(2) Association between EGF receptor families and their ligands
The family of EGFR consists of four members (ErbB1-4). ErbBL1 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
adipocyte, 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 measured association between EGF and EGFR. Using single-molecule imaging, we measured timecourse of EGF
association in total number of molecule as well as the numbers of monomric and dimeric binding sites. Precise kinetic
analysis is on going. We also started fluorescence labeling of NDF.

(3) Molecular recognitions between Ras and Raf.
Activation of small GTPase Ras under the plasma membrane to recruit Raf, a cytoplasmic serine/threonine kinase. Raf
has two Ras binding domains, RBD and CRD, and is thought to have two conformations, closed and open. Single-molecule
kinetic analysis of dissociation between Ras and Rafl suggested that Raf interacts with inactive Ras using only RBD
domain in the closed conformation, but interacts with activated Ras using both RBD and CRD domain in the open
conformation. To confirm this suggestion, we constructed a FRET probe in which, GFP and YFP were conjugated to both
ends of Raf, respectively. We have measured single-pair FRET in this probe in living cells. When Ras was inactive,
FRET efficiency was high (~70% in average) suggesting closed conformation of Raf. Activation of Ras reduced FRET
efficiency to almost 0% suggesting open conformation of Raf. Reduced FRET efficiency was observed immediately (<0.1 s)
after the association of Raf to Ras. The conformational change of Raf is not spontaneous but induced by active Ras. Thus,
SpFRET measurement supported the suggestion from single molecule kinetics.

2. Studies on the propagation of reaction fluctuations in living cells

(1) Molecular recognitions between epidermal growth factor receptor and Grb2
Phosphorylation of EGFR upon EGF binding induces recognition by an intracellular signaling protein, Grb2. Reaction
kinetics between EGFR and Grb2 was analyzed. Plasma membrane fraction containing phosphorylated EGFR was
prepared from cells and attached on a glass coverslip and association with Grb2 conjugated with the fluorophore Cy3
(Cy3-Grb2) was observed in single molecules. Previous experiments indicated that the dissociation kinetics and
association kinetics could be explained using a three-component multiple-exponential function and a stretched exponential
function, respectively. These results suggest presence of multiple substates both in dissociation and association. Origin
of the multiplicities was analyzed using a point mutant of EGFR in which one of the major association sites of Grb2
(tyrosine 1068) was substituted with phenylalanine (Y1068F). We prepared membrane fraction from cells expressing
Y1068F and analyzed single-molecule kinetics with Grb2. Frequency of interaction of Y1068F with Grb2 was reduced to
60% of the wild type EGFR in consistent to the report that Y1068 is one of the major association sites. There was, however,
no obvious change in the dissociation kinetics suggesting that the multiplicity in the dissociation was not caused by local
variance of the phosphotyrosines but determined by the global interaction between EGFR and Grb2. On the other hand,
complexities in the association kinetics between Y1068F and Grb2 disappeared at 1 nM Grb2 and the reaction could be
described by single exponential function. Under the Grb2 concentrations 10 nM or more, multiplicity similar to those in
wild type was observed. Therefore, it is probable that the complexity in association Kinetics is caused by structural
hysteresis of EGFR after dissociation of Grb2 and that multiple quasi steady states with different association rate are
present during the slow relaxation process. We have observed that the 2nd order association rate between Grb2 and wild
type EGFR decrease with increase of Grb2 concentration. This type of concentration dependency can compensate
fluctuation of Grb2 concentration. Results of Y1068F support complex and purposive reaction dynamics is realized using
structural fluctuations of protein molecules.

(2) Propagation of reaction fluctuations in living cells
RTK-Ras-MAPK systems are intracellular reaction cascade processing signals of 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.
Comparison between these three reactions at different stages of the reaction cascade gives information of signal
transduction and propagation of reaction fluctuations. In semi-intact cells, we have measured number fluctuation of
Cy3-Grb2 and GFP-RasGDSRBD bound with EGFR and Ras with time, respectively. Normalized number fluctuation and
the time constant of the flulctuation was lager for RalIGDSRBD compared to those for Grb2. This result suggests
ultrasensitivity in EGFR-Ras system in addition to the ultrasensitivity in MAPK cascade which has long been suggested
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(Shibata and Fujimoto, PNAS 102:331, 2005). In living cells, cell-to-cell fluctuations in the peak time of reaction showed
maximum at 0.3 nM EGF for Shc and Raf and 3 nM EGF for ERK. Presence of maximum suggests the reactions are
ultrasensitve. Increase of the threshold (3 nM) for the downstream reaction (ERK) cut off large fluctuations around the
threshold input (0.3 nM) to upstream reactions (Shc, Raf). Cell-to-cell fluctuation of the duration of reaction was larger for
Shc and Raf compared to that for ERK. The duration should be determined by inactivation process and this result
suggests presence of a mechanism to cut off fluctuation of inactivation.

(3) Development of assay systems of the fluctuation of ERK activity
A molecular probe to detect activation (phosphorylation) of ERK is being developed. The probe is designed to detect
changes of FRET signal between Cerulean and Venus conjugated to the both end of the probe. cDNA of the probe was
constructed and expressed in PC12 cells. Fluorescence from both Cerulean and Venus were observed in the cytoplasm.

3. Development of new technologies on optical microscopy

(1) Photo-sensitive cell signaling molecule
We are developing photo-sensitive EGF and NGF. We assayed activity of EGF by imaging translocation of GFP-ERK from
the cytoplasm to the nucleus in PC12 cells after stimulation with EGF. A crude fraction of caged EGF showed reduced
activity compared to non-label EGF by a factor of 1/30 — 1/100. The activity was recovered to 1/3 — 1/10 of non-label EGF
after uncaging by UV irradiation. To improve the performance of caged EGF, we have established the methods to purify
caged EGF and analyze uncaging reaction using reversed-phase column chromatography. Caging of NGF is in progress.

(2) Tip-enhanced scanning near-field fluorescence microscope
In collaboration with a research group in Osaka University, we are developing tip-enhanced scanning near-field
fluorescence microscope for biological studies. We have succeeded to image single quantum dots with 40-nm spatial
resolution. For a standard sample, we developed alternated alignment of 5-nm and 8-nm quantum dots along DNA
fragments.

(3) Pattern projection microscope
We started to develop 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 (DMD). We determine the design of PPM and checked
action of DMD making interface to PC.

(4) Single-pair FRET imaging in living cells
We developed a technique to image FRET between single pairs of fluorophores (spFRET) in living cells. We used eGFP
and eYFP as the FRET pair, since these two are most stable fluorescent proteins for single molecule imaging in living cells.
We needed to optimize optics and to develop image processing method. Using spFRET imaging in living cells, we
measured conformations of Rafl (see 1-(3)).

(5) A FRET-based detection of activation of small GTPases
We developed a technique to image GDP/GTP exchange on small GTPases in living cells. This method visualizes FRET
between small GTPases fused with YFP and a fluorescent GTP analogue Bodipy-TR GTP (BPTR-GTP). BPTR-GTP is
microinjected into cells expressing YFP-GTPases. Using this technique, we observed activation of Rho and Rac which
regulate cell-substratum adhesion and revealed that Rho but not Rac controls cell adhesion structure individually.

4. Reconstruction of cell signaling systems

(1) Reconstruction of EKR activation system
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. Constitutively active form of MEK, MKP, and
ERK were cloned into expression vectors in E. coli under promoters which can regulate expression level at will. Reaction
simulator was developed to analyze dynamics of ERK activity. This simulator based on master equations of reaction to
deal with reaction fluctuation under small numbers of reactants.
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