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This project is aimed at studying non-equilibriutatistical mechanics in small biological systems.

The main concern is focused on the influence ditflations and intrinsic noises on small systen@uding

(i) bhow will the action potentials on neuron axons waith the ion channel density nonuniformity.

(i) how does the discrete nature of a chemical reaefii@ct the velocity and the front broadening @& th
soliton wave propagating on the self-assembled fagacs.

(i) how do the extrinsic fluctuation affect generaldbiemical networks.

(iv) how does the efficiency of doing work in small €mst depend on the rate of energy supply.

Key words:
neuron, ion channel, soliton, SAM, ion pump, enapgipation, Jarzynski equality, fluctuation,
noise, non-equilibrium statistical mechanics.
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#cm A 4 o % A 50+#  Hodgkin % Huxleyiﬁffe* * cables@#% ki it s (77 = ads i (7 5 [Hodgkin
et al, J. Physiol. 117,500 (1952 B 32 #% ~ R _F S # = f2 1 27 5 9 % P LRI a7 5 o &

M ONEE EORIEHATIEHN 0 MEL PN (T 21T kAR RARX TR AR o b]4e cortical A A s ELEE > T
g = IR ?«#ﬁtﬁﬁ-ﬂi?;ﬁﬁi i g = 3 8% [B.Naundorf, et al, Nature 440,1060(2006} % 4~ HH 123
WHAERBERZIDI AT > R T RkFRF AN G BRGNP I A ERRE 2535 B
[Lai et al, Nat. Rev. Neurosci. 7, 548 (2006)}]4-#t+ i ;¢ cluster [N. Issa, et al, PNAS 91,7578
(1994)] #wR > BFR > 2 B P 07 323 A i = g 2 # (7T [Waxman, et al, Science
228,1502(1985)} *4 11 b intrinsic & $54 {2 i A G 4 T AAFARENA) S EATE H BIRE B A

J IR extrinsicin 33 3 4 o 4o tetrodotoxinZ  tetraethylammoniunie % 4 2 493 3¢ [H. C. Lai et al,
Nat. Rev. Neurosci. 7, 548 (2006)1~ + 3+ & 5 GdF 3t g+ g 7 323 B K@ 5 -

F g * NEURONAZ ;' 3+ 5 Hodgkin-Huxley model 1335 % F dt+ i i » e RBET 2o 3
FBEL R L CALR ML RRAIGE R ZIFAT ap B 2 ~ 5 (bifurcation)s] -
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We have successfully calculated the phase diag(gmgsl and 2) of a variety of non-uniform channel
densities. This channel nonuniformity affects tbeal neural excitability and causes several exotic
behaviors unconventional to generic systems irdstite physics. They can extinguish, reflect,llnea
rectify, or switch a traveling electric signal amgnerate multiple attractors leading to various
bifurcations under defect shape variations.
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This subproject is finished faster than expected.N&ve submitted the manuscript for publication.
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This subproject stopped at some stage, partly Isecayperimentally NDL changed its center mission
after a new director takes up his post. Moreover,student working on this subproject was too basy
his family events. However, we continue the studywo other related topics including (i) stochastic
resonance on spin lattices (as the energy proditetie 2-dipole case in Fig. 3) and (ii)) EY spin
relaxation in a quasi-1-dim system (which confirmxperimental findings as in Fig. 4).
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We have finished (ii) and submitted it. We have punally observed stochastic resonance in (i) ard a
deriving a formula to explain the signal-to-noiaéa generated by the second passage in Fig.3.
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o BiT Bialek ® A F3 X B FHE S & F hit 4k (2 (chemotaxis) & & biological
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We have successfully derived a Langevin formalisee(Eq.(11) below) for general networks under
extrinsic noises. This equation enables us to dwter the variances (fluctuations) of general
biochemical networks. Based on this formalism weeheaalculated the variances of all dynamically
equivalent networks. On the example of biologiemeptors, we compare the measurement uncertainty
estimated from different hierarchies of selectetelic models for such large biological molecules.

déN .
= MON + oF, (11)
dt '
where N = [r?-n-l_.r?-'n-g...._.ﬁn.m]T. the diagonal term
M;; = —>_,kij is the sum of the outflow from i to
all possible j, the off-diagonal term M;; = 1’_{3? de-

notes the l]lﬂ{)\'\ from all possible j into i, and 0F;; =
(k1)1 Z ;g I.I,,ha —n l‘??(ﬁEj? where Ezj is the acti-

vation energy from state i to state j and 6E;; is its fluc-
tuation. For an m-state network with p connected pairs,
OF and N are p- and m-dimensional respectively. Due

The theoretical proof has been almost completeal®esummarizing the results as a preprint.
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HoaBIREFDAD L LIAG 7§ E & 3&"‘3’—”& T g wo @ A d Jarzynskiéﬁ;‘i#&;:
exp\G/KT)= exp(w/kT))» 2 # 1k % Boltzmann® #> T 5 & & »(.)5 % = F 2% T 35[C,Jarzynski,
PRE 56,5018 (1997)] .ﬂﬁé BeE P EN e EEF S P %L FEF > 2 DNA ~ RNA - polymers™ 3

¥ B ek 3 [G.Lee,Nature,440,246 (2006) and references thereif % i&4g B & 4 & confined space
HF LRI M ek R entropy B AG ¥ G £ & ke XA i3 # polymer entropy
G2 % i B % § A diffusion approximation[Edwards and Freed, J. PAysGen. Phys. 2, 145 (1969)]

=

v if * %t confined spacek ~ *t persistent lengthnzg 8 » @ 7 & * k3 - SR v 3 B e entropic
force- ]+ confined polymern it £ 32 ¥ it fa simulation> % entropic force# ¥ £ v% ¢4 2uin -
R FWILAT b ¥ o

=k

2 i 12 non-self-avoiding polymer % » 363 7 — B ¥ exactly:* ¥ ! confined 5 & entropic force
o3V o B mdecfl 3 ideal gasd it 4uiE E s entropic forcelfd o5t o 5 7 entropy¥ E 4%
F18 confined polymernAG - 11 — i {£74 - polymerds » j& "5 3 i e+ > A PRI 2453 8 17 5
1/\G {= molecular dynamic$i#t & % 2 2 Jarzynski equality* & % % - % > 2 3 B F o

=~ %

Based on our theoretical formula for the entropicé of non-self-avoiding polymers, we are able to
calculate the work done on pulling a polymer thtoagnarrow channel. This theoretical method gives a
result precisely confirming that obtained from auplecular simulation (Fig. 5). Furthermore, this
formula is used to calculate the polymer entroprcé exerted on a cylinder piston, which is comgare
with the conventionally discussed entropic forcawfideal gas (Fig. 6).

1 15 2 2.5 3 35 4
Piston height h (m)

Fig. 5 Fig. 6

We are collecting more results about entropic feme soft boundaries for a preprint.
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(® <~ ) 21st International Conference on Noise and Fluiinat

(F %) f& kAR P 5w

e (# = ) Unidirectional rotation driven by random fluctuateo

| attended the 4 days conferen@d st International Conference on Noise and Fluminogtduring 12-16
June this summer. The topics discussed in thisecente range over all recent important issues ises0
and fluctuations, including theory of noise fludioas (like stochastic processes, classical, séasiseal,
and quantum theory, chaos, random walk, and sttch@sonance), noise and fluctuations in material,
semiconductor, electronic device, photonic devitesoscopic conductor, circuits system, far-from-
equilibrium systems , financial systems, biologicgistems, as well as modeling, simulation, and
measurement techniques. Several topics are refaj@dblems studied in our group and some intargsti
talks are close to our recent works. In the follagvi highlighted two most related topics.

(1) Dr. Tetsuya J. Kobayashi from Tokyo univergitgsented “Bayesian information decoding by a cell”
Bayesian theory is a powerful tool for predictiigelinood of an event, which can widely applied to

very broad disciplines. Dr. Kobayashi used thisotly to study biological signaling. He emphasized
10



that information processing of externally introddicsignals is a basic task of signal transduction
pathways and genetic regulatory networks in a &sdlcause of the presence of intrinsic and extrinsic
noise inside and outside of a cell, such a pathlnesyto be robust to noise that undermines infoonati
contained in the signals. Even though molecularaitdetof the pathways have been clarified
experimentally, we still do not know what kind oftracellular reactions are relevant to the robust
information processing to noise. In his presentatiee firstly derived an optimal information deaugli
dynamics by employing the theory of Bayesian dewgdiThen, he demonstrated that this optimal
decoding kinetics can be implemented by an aPadle.dpynamical properties of that cycle was also be
revealed from the bifurcation viewpoint. Moreovieg, investigated efficiency of information decoding
several intercellular reactions including the aPeyfte.

(2) David M. Holloway (British Columbia Institutef d'echnology) and Alexander V. Spirov (State
University of New York at Stony Brook) presented€li@ expression noise in embryonic spatial
patterning -- reliable formation of the head-td-tatis in the fruit fly”. They used fruit flies as model
for understanding the genetic regulation involwvegpecifying the complex body plans of higher angma
The head-to-tail (anterior-posterior) axis of tHg i established in the first hours of development
Maternally supplied factors form concentration geats which direct embryonic (zygotic) genes where
to be activated to express proteins. These prqiatterns specify the positions and cell types ef th
body’s tissues. Comparing between embryos, reesgarch has shown that the zygotic gene products
are much more precisely positioned than the matgnaalients, indicating an embryonic error reduttio
mechanism. Within embryos, there is the additicasgect that DNA and mRNA operate at very low
copy number, and the associated high relative r@asethe potential to strongly affect protein espien
patterns. In recent work, the authors have focusethe noise aspects of positional specificatiottiwi
individual embryos. They simulated activationhohchback (hb), a primary target of the maternal Bicoid
(Bcd) protein gradient, which forms an expressiatigyn dividing the embryo into anterior and paster
halves. By using a master equation, they simultttedstochastic dynamics b regulation, using the
known details of théb promoter, the region of DNA responsible for traitsag hb mRNA. The model
was then solved stochastically to predict the noigput in different experiments.

Besides these two works, other interesting issedsted to our group study include “Solutions of
nonlinear stochastic differential equations withridise power spectrum” presented by B. Kaulakyal et
“Stochastic Resonance with Group Chase and Esqapsénted by A. Kamimura, et al, “Thermal Noise
driven Heat Engines” presented by L.B. Kish, “Tichependent statistical thermodynamic properties of
disordered solids” presented by M. Ochiai, “The itifistributions of Growth Rate Fluctuation of
Complex Systems” presented by Hideki Takayasu, $Blstochastic resonance in the model of neural
auditory system”, presented by Y.V. Ushakov, “Noiaad Fluctuations in Human Physiology:
Anomalous Statistics in Health and Diseases” piteskloy Y. Yamamoto.
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