
スタディグループ：�
振動／運動でつなぐ生命現象と数理的原理�

参加教員�
小山時隆　 准教授　生物科学専攻�
藤定義　  准教授　物理学・宇宙物理学専攻�
市川正敏　 講師　  物理学・宇宙物理学専攻�
松本剛　  助教　  物理学・宇宙物理学専攻�



生命現象に潜む階層を横断する
数理原理の探求�

物理：藤定義、市川正敏、松本剛�
生物：小山時隆、高瀬悠太�
数学：山田道夫�
�
理学研究科的な研究者の集団�
�

　�

2016年度企画�

　�



SG企画　宮城県蕪栗沼（ラムサール条約）ガンの観察（2017.2.11早朝）�



興味の対象�

•  生物／非生物の振動、運動、乱流など�

– 数理手法なしには捉えることは出来ないが、�

– 数理手法で何が理解できるか不明瞭�



5 

植物の概日時計発振機構のモデルを簡略にしたモデルの 
数理モデルをあらわす微分方程式群 

 28の微分方程式と104のパラメーター 
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using the GC-RMA routine (Wu et al., 2004) in GeneSpring GX version 7.3.1 (Agilent 

Technologies, Winnersh, UK). Only genes that could be unambiguously mapped to 

Arabidopsis transcripts (based on TAIR 7 annotations) were considered in the identification 

of differentially-expressed genes. Results were filtered to remove non-changing transcripts (< 

log 2 fold change in expression from the median across all 8 conditions) and those flagged as 

absent in all 16 individual micro-array chips (according to the MAS5.0 algorithm). 

Differentially-expressed genes were identified by a 2-way ANOVA, to identify those of the 

remaining 3517 genes that showed a significant change in expression associated with 

genotype (WT or lhy/cca1) or time, and in particular the five genes with a significant 

(P<0.05) interaction  between  ‘genotype’  and  ‘time’. Benjamini and Hochberg False 

Discovery Rate correction was applied to reduce multiple testing errors. Four genes showed 

greater light inducibility in lhy/cca1: At1g22770 (GI), At1g10760 (SEX1), At2g42540 

(Cor15a) and At1g56300 (DNAJ heat shock protein); At5g06980 showed reduced light 

inducibility in lhy/cca1. Data are available from NASC, dataset number 430, and from 

ArrayExpress, dataset E-GEOD-19263. 

3. Model description 

a. Equations 
 

The model, which corresponds to the scheme of the circadian clock from Figure 1 of the 

Results, is described by the system of ordinary differential equations (ODEs): 
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Where i
m
i cc  and  stand for dimensionless concentrations of mRNA and protein, respectively. 

The  time  unit  is  an  hour.  Index  “i”  labels  the  molecular  components  LHY/CCA1  mRNA  or  

protein (L), LHY/CCA1 modified protein (Lmod), total amount of LHY/CCA1 protein 

(Ltot), TOC1 mRNA or protein (T), mRNA and proteins for PRR9 (P9), PRR7 (P7), NI (NI), 

ELF4 (E4), LUX (LUX), ZTL protein (ZTL), mRNA for ELF3 (E3); GI (G), cytoplasmic 

proteins ELF3 (E3c), GI (Gc), COP1 (COP1c), nuclear proteins ELF3 (E3n), GI (Gn), 

nuclear protein COP1 in two forms – day (COP1d) and night (COP1n), cytoplasmic protein 

complexes ELF3-GI (EGc), GI-ZTL (ZG), nuclear protein complexes ELF3-GI (EGn), 

ELF3-ELF4 (E34), ELF4-ELF3-LUX (EC) and total amount of GI protein in nucleus 

(Gn_tot). The parameters jj mn  ,  represent the rate constants of transcription and degradation, 

respectively; jp  are constants of translation, protein modification, protein complex formation 

and translocation between nucleus and cytoplasm; jg  are Michaelis-Menten constants and a, 

b, c, d, e ,f are Hill coefficients; jq  are the rate constants of acute (P-dependent) light 

activation of transcription. The acute light response in activation of PRR9, LHY/CCA1, GI 

Pokhilko et al. 2012 Mol. Syst. Biol.�



植物の概日時計発振機構のモデルを 
直感的に簡略にしたモデルを 
無理やり線形システムで表現 

6 

A 

B C 

CCA1, LHY 
（朝発現） 

TOC1/GI, ELF3/ELF4/LUX 
（夕～夜発現） 

PRR9/PRR7/PRR5/TOC1 
（昼～夕発現） 

d
dt

A
B
C

!

"

#
#
#

$

%

&
&
&
=

−da 0 −rca
−rab −db 0
0 −rbc −dc

!

"

#
#
##

$

%

&
&
&&

A
B
C

!

"

#
#
#

$

%

&
&
&
+ Input



7 

同じ概日時計発振機構を表したいのに、、、 
使える？将来的に分かり合える？ 
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using the GC-RMA routine (Wu et al., 2004) in GeneSpring GX version 7.3.1 (Agilent 

Technologies, Winnersh, UK). Only genes that could be unambiguously mapped to 

Arabidopsis transcripts (based on TAIR 7 annotations) were considered in the identification 

of differentially-expressed genes. Results were filtered to remove non-changing transcripts (< 

log 2 fold change in expression from the median across all 8 conditions) and those flagged as 

absent in all 16 individual micro-array chips (according to the MAS5.0 algorithm). 

Differentially-expressed genes were identified by a 2-way ANOVA, to identify those of the 

remaining 3517 genes that showed a significant change in expression associated with 

genotype (WT or lhy/cca1) or time, and in particular the five genes with a significant 

(P<0.05) interaction  between  ‘genotype’  and  ‘time’. Benjamini and Hochberg False 

Discovery Rate correction was applied to reduce multiple testing errors. Four genes showed 

greater light inducibility in lhy/cca1: At1g22770 (GI), At1g10760 (SEX1), At2g42540 

(Cor15a) and At1g56300 (DNAJ heat shock protein); At5g06980 showed reduced light 

inducibility in lhy/cca1. Data are available from NASC, dataset number 430, and from 

ArrayExpress, dataset E-GEOD-19263. 

3. Model description 

a. Equations 
 

The model, which corresponds to the scheme of the circadian clock from Figure 1 of the 

Results, is described by the system of ordinary differential equations (ODEs): 
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Where i
m
i cc  and  stand for dimensionless concentrations of mRNA and protein, respectively. 

The  time  unit  is  an  hour.  Index  “i”  labels  the  molecular  components  LHY/CCA1  mRNA  or  

protein (L), LHY/CCA1 modified protein (Lmod), total amount of LHY/CCA1 protein 

(Ltot), TOC1 mRNA or protein (T), mRNA and proteins for PRR9 (P9), PRR7 (P7), NI (NI), 

ELF4 (E4), LUX (LUX), ZTL protein (ZTL), mRNA for ELF3 (E3); GI (G), cytoplasmic 

proteins ELF3 (E3c), GI (Gc), COP1 (COP1c), nuclear proteins ELF3 (E3n), GI (Gn), 

nuclear protein COP1 in two forms – day (COP1d) and night (COP1n), cytoplasmic protein 

complexes ELF3-GI (EGc), GI-ZTL (ZG), nuclear protein complexes ELF3-GI (EGn), 

ELF3-ELF4 (E34), ELF4-ELF3-LUX (EC) and total amount of GI protein in nucleus 

(Gn_tot). The parameters jj mn  ,  represent the rate constants of transcription and degradation, 

respectively; jp  are constants of translation, protein modification, protein complex formation 

and translocation between nucleus and cytoplasm; jg  are Michaelis-Menten constants and a, 

b, c, d, e ,f are Hill coefficients; jq  are the rate constants of acute (P-dependent) light 

activation of transcription. The acute light response in activation of PRR9, LHY/CCA1, GI 
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rhythmic properties. This was problematic, because the model
required a hypothetical component Y to explain the rhythms
observed in the lhy/cca1 double mutant. GI, the first gene
proposed as a candidate for Y, was known not to perform all of
the required functions (Locke et al, 2005), so the biological
identity of the missing components was unknown. Conversely,
three mutants that did cause striking, arrhythmic phenotypes
could not be integrated into the model, because the functions
of the plant-specific proteins ELF3 (EARLY FLOWERING 3),
ELF4 (EARLY FLOWERING 4) and the GARP transcription LUX
(LUX ARRHYTHMO) (also known as PCL1) were unclear
(Hicks et al, 1996; Covington et al, 2001; Doyle et al, 2002;
Hazen et al, 2005).

Recent results demonstrate that ELF3, ELF4 and LUX are
the key regulators of clock gene expression at night (Onai
and Ishiura, 2005; Kolmos et al, 2009; Dixon et al, 2011; Helfer
et al, 2011). ELF3, ELF4 and LUX proteins were shown to
form a complex, the EC (evening complex), which binds to
the promoters of target genes (Nusinow et al, 2011). Although
only LUX protein binds directly to promoters, both ELF3 and
ELF4 proteins are important for EC function (Nusinow et al,
2011). The binding of the EC to the promoters of target genes,
such as PRR9 and LUX itself, suppresses their expression
(Dixon et al, 2011; Helfer et al, 2011). The importance of the
ELF3/ELF4/LUX complex for free-running rhythms in constant
light, and for entrainment of both wild-type (WT) and the lhy/
cca1 double mutant (Hazen et al, 2005; Onai and Ishiura, 2005;
Kolmos et al, 2009; Dixon et al, 2011), suggested that ELF3,
ELF4 and LUX (the EC genes) are the major elements of the
evening loop of the clock. However, the evening loop’s
structure and integration with the rest of the clock circuit
remained unclear.

To create the new clock structure, we first recast the evening
loop to include the EC genes, together with post-translational
regulation of ELF3 protein by the ubiquitin E3 ligase COP1
(CONSTITUTIVE PHOTOMORPHOGENIC 1) (Yu et al, 2008)
(Figure 1, see Results for further detail). The oscillatory
mechanism of the evening loop was analysed using data
from the lhy/cca1 double mutant, where only the evening
loop sustains rhythmicity. We explored the function of GI
in the new circuit, using data from the lhy/cca1/gi triple
mutant. Second, we connected the evening loop to the rest of
the clock and explored a new mechanism connecting the
clock’s evening components to the morning genes. In the
context of the whole clock circuit, the observed repression of
PRR9 by the EC (Dixon et al, 2011; Helfer et al, 2011) creates a
three-negative feedback ring structure, termed the repressi-
lator. Another prediction relates to the regulation of LHY and
CCA1 expression by TOC1. Although the molecular details
remain to be elucidated, our computational analysis revealed
that timeseries data on the ztl and prr7/prr9 mutants
(Farre et al, 2005; Baudry et al, 2010) are more consistent
with TOC1 being an inhibitor instead of an activator of LHY
and CCA1 expression. Besides, our new experiments with the
toc1 mutant and TOC1-overexpressing (TOC1-ox) plants
further supported the negative role of TOC1 in regulation
of LHY and CCA1 genes inside the morning loop. The
proposed clock circuit integrates both positive and negative
connections, including the repressilator, into a complex,
multi-loop structure. Our model of this circuit includes
significantly more experimental data and explains the clock’s
responses to multiple genetic and environmental perturba-
tions, now including the canonical response to short light
pulses at various times (the phase-response curve (PRC)).

ZTL

PRR9 TOC1Y

TOC1
mod

LHY/
CCA1 PRR7 NI GI

PRR9 TOC1LHY/
CCA1

PRR7 NI ECGI LUX ELF3ELF4

COP1

ZTL

Figure 1 The revised outline of the Arabidopsis circadian clock. Elements of the morning and evening loops are shown in yellow and grey, respectively. Proteins are
shown only for EC, ZTL and COP1 for simplicity. Transcriptional regulation is shown by solid lines. EC protein complex formation is denoted by a dashed black line. Post-
translational regulation of TOC1 and the EC by GI, ZTL and COP1 are shown by red dashed lines. Acute light responses in gene transcription are shown by flashes. Post-
translational regulation by light is shown by small yellow circles. The previous outline circuit (Pokhilko et al, 2010) is shown on the upper right.

Repressilator model of the plant clock
A Pokhilko et al
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日本流体力学会 2014年度学会賞 

ウォシュレット※1の吐水技術で「技術賞」受賞  
同技術でボリュームゾーンのウォシュレットの省エネ化を推進 

TOTO株式会社（本社：福岡県北九州市、社長：喜多村 円）は、ボリュームゾーンのウォシュレット※2に採

用している吐水技術で、一般社団法人日本流体力学会（会長：船越 満明）の 2014 年度学会賞「技術賞」

を受賞しました。受賞名は「バルーン状大気泡を用いた間欠吐水技術※3 の開発と省エネ温水洗浄便座の

普及」です。 

※2：ウォシュレット一体形便器を含む ※3：特許第 5024576 号 ※4：1997年発売の TCF771(ウォシュレット G) ※5：受賞技術を使った瞬間式ウォシュ
レット（TCF722）と従来品（TCF771）との比較 

※1：「ウォシュレット」はＴＯＴＯ株式会社の登録商標です 
 

「バルーン状大気泡を用いた間欠吐水技術」による水玉吐水（おしり洗浄） 

「技術賞」とは 
「流体力学の知見に基づく画期的な技術（製品やソフトウェアを含む）を開発したと認められる個人もしくは代表

者とそのグループに授与される。ただし、過去 10年以内に発表された技術で、既にある程度実用化等の評価が

なされ、また、多くの人への受益が認められるものを対象とする」（日本流体力学会ウェブサイトより） 
 

「技術賞」受賞一覧 

2014年度……バルーン状大気泡を用いた間欠吐水技術の開発と省エネ温水洗浄便座の普及 

2013年度……該当なし 

2012年度……該当なし 

2011年度……該当なし 

2010年度……小惑星探査機はやぶさ回収カプセルの熱・空気力学設計 

2009年度……該当なし 

2008年度……風レンズ風車（超高効率風力発電システム）の開発 

2007年度……エアコン上下両開きロングパネル方式気流制御技術 
 

日本流体力学会ウェブサイト ht tp: / /www.nagare .or. jp /  

日本流体力学会は、水や空気など“流れ”を扱う学問分野で国内最大の学会で、毎年 1 回、学会賞として

論文賞・竜門賞・技術賞・FDR 賞を授与しています。TOTO が受賞した「技術賞」は、流体力学的に画期的

な技術であることに加えて、実用化されて多くの人の役に立っていることが選考条件となっており、「該当

なし」の年もあります。なお、同賞が授与されるのは、2010 年度の「小惑星探査機はやぶさ回収カプセル

の熱・空気力学設計」以来、4年ぶりとなります。 
 

受賞技術は、ポンプなどメカニカルな部品を使わず、水と空気の流れの制御だけで、水玉吐水を実現した

ものです。高い洗浄感を保ちながら節水が可能となり、ウォシュレットの省エネ化に貢献しています。従来

品※4と比べて使用水量は約 40％となり、年間消費電力量は約 35％※5となります。同技術は 2012 年より

順次展開し、現在ではボリュームゾーンのほぼ全てのウォシュレットに採用されています。 
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運動、水流について�
水流も加工すればアメーバ並みに生き物っぽくなる�

アメーバのスナップショット：細胞運動に伴う変形�



掘り進める内容�

•  概日振動、外力、振動の空間伝播（小山）�

•  細胞運動、３次元的運動（市川）�

•  水流、音、乱流（藤、松本）�

•  生物学的の研究手法、シミュレーション等�



実施計画�

•  教員／講師によるテーマ／問題点の紹介�

•  参加学生による議論／問題解決�

•  生物学系研究施設見学�

•  その他、自主的勉強会、成果まとめなど�

•  月に２回程度�

•  月曜日の夕方に実施予定�


