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Scientific Background on the Nobel Prize in Chemistry 2013

DEVELOPMENT OF MULTISCALE MODELS FOR QM/MMi% \
COMPLEX CHEMICAL SYSTEMS
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physics

dielectric

Martin Karplus Michael Levitt Arieh Warshel medium



BED ) —~)L FI%L'
— RIDRHE




125 Questions of ScienceM
What Don’t We Know ?
o 5B 104Hi), HEis | Science] DFE T
125E %2505 C, 200547 H1H & C,
BRI H1 250 kR E 2 28 1T T2,

(Hard Questions)

Science 309
(1 July 2005)
pp. /75-102
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How and Where Did Life OM
Earth Arise ?
o Millerd 32 (1953) : 7 /B8 D E R
& o RNAY — LG vs., #o 2 7'8E . DNA
+ Oparin-Haldane® =7 & /L X —MiG
o 1R 7}([1 J}Lﬂfﬁnﬁ
o HIERAMECTEER - Astrobiology

B 7-Question: > ZDEIT.
What is the origin of EfLiiETn? ]

homochirality in nature ?
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How Will Big Pictures EmerQM
From a Sea of Biological Data ?

o WRIRAEMFHIT — 206, [EDIITHRE;
| {Zlif))@ﬂ/\fl/ NADD? | D rBig Picture | 73
Fon5H0 2 (Systems Biology)
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How Are Memories Stored
Retrieved ?

o TAMDADAEL T EL TOWEEEZ S T JE
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How do general anestheticn
work ?

o Fﬁ;@’#@@K%ﬁ:X‘Ni%&iifiﬁﬁ@%éirb’c \
| AYVALAR

o XeD IR ARIEHEA AT IREMEA N B, |
| o Pauling®, 19604EE IC R (kT 22 —F |

v TN,
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How do migrating organier

find their wav ?
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What Are the Limits of “

Conventional Computing ?
. _:%E’J [ ZIHE B S omE b, waIME DR
8 ("Hard Question"tiiE 2720 ?)
IHAJ@@%EP VS. NPF'EE/FQ
o THL vs, EF oL a—X#
o RHEMAEIOICH,

HIl1 7T —1 -

https://ja .wikipedia.org/wiki/D—Wave_Systeri



+ How much will new technologies
lower the cost of sequencing ?

Cost per Genome

NGS — _
IN—=F Ve F ) K
N A r ¢
20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 g E :tl)'; H#{—to)iu% L

http://www.genome.gov/sequencingcosts/



+ What are the limits of learning by |
machines ? ‘

+ Deep Learning=<°IBM WatsoniZftFEzins |
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To What Extent Are Genetic Variat@
and Personal Health Linked ?

o O H - BIVEH LSNPsD BIfR (@F@ﬁ%
AT RN R EADREEPEDIE)
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Structure-Based Drug Design (SBDD)M
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Systems Approach to Photosynthesis

Oxygen-evolving photosynthetic system

----- + BT RLE—DER
..... + EFa)ONR
----- + 70 b oH DA

ATP
synthase

PS II

Umena et al. (2011)
1.9 A resolution
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antenna system (chlorosome/baseplate) with the r '

sulfur bacteria.

Chlorosome

e e

Baseplate

Reaction
Center R
Complex _ o Eii::’i"ts J,i"',l f time (ps)
H mepedien L1 (Kelly and Rhee, 2011)
S0l aan AT LN
. . . a o .""', Ia" ; £ ; * ;'I =!_ [y ".‘
Quantum beat in two-dimensional 2 A YA LY Quantum
: . g eof il TRTERY L
Fourier transform electronic spectroscopy ¢ /"¢ VY Biol
+ v
i |O O
(Engel et al,, 2007) " gy

100 200 300 400 500 600
Population time (fs) ' J

The FMO complex has recently become a paradigmatic model system ird”
terms of the long-lived electronic quantum coherence associated with |
highly efficient excitation energy transfer that has been experimentally
observed in photosynthetic systems.



Description of excitation energy trans
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Figure 1. Temporal evolutions of the population density of exdton at the acceptor site, Pa(t), for o= 100 fs and hfa= 1000 {blue), 400 (red}, 100 (green), 10 (purple ) fs. (a)
" = 1000 fs. (b) wmz" = 100 fs. {¢) wz" = 30 fs. (d)wz' = 10 fs.

(ST, Chem. Phys. Lett. 508 (2011) 139.)
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Molecular Mechanics (MM)

oo Tww T <

Bond stretching Angle bending Torsion
2
_ 2 V
ZKr(r req) ZKQ(Q_eeq) Z —”(1+cos[n¢—7/
bonds angles dihedrals

@ ~~—>9 @< H>@ Parameters should depend

on global conformations a
surrounding environment

Z qiqj Z AJ' _ BiJ’ Problem: Significance df:"
R R;Z Ri? guantitative accuracy

atoms 1 atoms

Electrostatic interaction van der Waals
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4 EFEEJEE@‘:T“/
ZH | BRODIRRE
BROINEEER (e.q., BEE|Ex) NEFmE(CHE

ODEs (&7 A ELN)
d|[D~]

D~ . A
. | 14 —— = —ky[D7|[A] + k[D][A™] +
=l 1o
D " A

= ky[D7][A] — ke[D][A7] + - -

donor  acceptor \D~] + [D] = const.

[A™] + [A] = const. |

[ 1: RE, ki RIGREEE (K



PS II Reaction Diagram

RIS
dissipation Peripheral
fluorescence Antenna ©
g n |
dissipation  ¢(re Antenna Yz Y: S
fluorescence P 0 ™=
A A " Y,*So"
H 3 *
;g:: k Peso YzS4
Phe i\ Phe- 7
Qa- ' Peso™ Psaot < Qr &> Peso
Y Phe Phe- Phe- Y,+S3" OEC
it _ Qa- . Q .
Peso <-i-mv.. R (__)Pm_'_ > A €+— Psso ¢4-» T Y’Z+S‘|
'g'e Phe- [K2 ':Jhe Ss
A~ A" &
Peso ¥ Peso™ | Qa "? Peso* ) ¢ T Psso S2
Phe <.i..... Phe °Phe Phe <> Y48, &
Qa Qa triplet Qa o . 6]: Qa
Psaot Peso
Phe- Phe
Qa Qa
(J-) IR A — /U AE
Q@ <> Qo > 10190) RiZ Kk 5




\

( dVi(t)

dYp*(t)
di

dZ1(t)
di

dZa(t
dit

d21(t)
dt

:m in (kF"—kd"—k %W‘Fk QD}V]_‘F;CL FIVT _'ﬁ'UVlWT

_ Wi - Xo+Xy+Yo+Yy Qo

= WrtviTRE Vm_ (kg + kq + k. - + kq QT}Wl kuwl + kpVida e
—kXEERW, 4 ko2 (X0 + V7).

= Xo Vi EXE-W + E_ VDX 4 (ke + kg + ke XeEXadVedVe g Q0

TWriVrtRy Jin T PRy LT ot T Rd TR Fr aQr /1
+kﬂrY4 + rlﬁrllr;dXQ + kat[‘XS-' + kq T'rX4 — k—S%Xﬂ + Ei'-‘l';%zgl'-}/[] - {k_“Zl + k_4222}%‘1
X X . W . L Ao+ X +HYa 4V . i
= i Vin + g Wi — koo qpe Xy — (B + kp + kg + ko 22200 4 B0y X, 4

= kX — (ko + K2y + Ker + Fin? + ka2 )Xo + ko f2Xs + kY

+MY2 (k- 4131 + k_42Z2) 52

= kST Xz — (k2 +k_3g )Xs +k_2Yp + E‘”E”QT’“”ALYS — (k—q1Zy + k_yoZs) 52
= —kg gt Xy + k37t X + MG Y, — (k_1Zi + k_1222) 7,

= ku Xy — kX5,

= kX3 — k5" Xy,

= e Vin — Fe gt Wi + koo Yy + (kp + kg + k Z2EXLEYI3V 4 1 H0)Y) + By Xy

+k3“Y“ + kinAYy 4 kg g2Yy — (k_g + k_gqt + B ZutboZ0)y) 4 (k43 7y + kg3 Z0) 32
= wrrvasrs Vin + R Wi — Rt Vi — (K + ki + kg + ke X 4 kB, R

= k§Yy — (RS g + K + kin® + ka2 + k_afi Yy + MUEGHRINY, 4 (k41 Z) + k_gnZy) 32,

= kag2Ys — (k—3ptYz + 7%12”22’““2' )Y3 + {k—412'1 + k42 Z2) %2

= k2x2 — (ka2 + Bﬁ%ﬁk + ko + kL )Yy + kst Yo + (karZy + kg2 Z0) 32,

= kY2 — kGHYST,

— kaayztr _ ké‘“Y”

= k1 B2 (Yo + Yo + Yo + Yy) — by Jotiarfarfu 7,

Ry

& Xo+Xo+Xs+X
—kip 7t (Yo + Y2 + Y3 + V) + k_gp=0tatimatonz,
=k 2 (Yo+ Y2 + Ya + Vi) — hoppXotXatXatlu 7y o7, 80 4 k570 3L

= ks Zg— - —EZU% — k@1,

(4.1a)

Volt) =Vr -V,
Wo(t) = Wr— W,
Zo(t) =Zr— 21— Zy,
Qo(t) =Qrt—Q,

(4.1b)
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" P—s 7 PD— v *r* w P_E_BA P 70 P

Vv
¢ 0
% =Vgy— kuxD =+ k;,xz — kfX1x|], — e
k
dx 0 k
4 d_tl =11 — k1x1 + kpxa — kfx1xu, b
dx v kf
\ d—f =17 — kaxa — kpx2 + kpx1x0, s
k'l
K, ki & fast kg, v; @ slow
k.
ﬂ[={kj|ijkb} and ﬂ]|={kj|kjmk{}} ﬁ kj € A,
Ki =
r1=kpt and 1y = kot. 111 = ko[kp J k;
E kJ EA".,

Case of kg, k1, ko €Ay
( dxg
= E1,11Vo — €1,1K0Xp + KpX2 — KfX1Xp,

x02 =xo(71)+x2(71) and x12 =x1(71) +xz{rl

Pseudo-steady state: x; = -

d‘q
dxq

] dr, - Sl — ki Xy + KpXy — KpXiXo,
T

dxy s

Gp = ELIV2 — ELIK2X — KpXp + KpX1Xp. (T = o)

\



Fast time scale — Slower time scale \

\/{Kh + KpX12 — KpX02 jz —|—41ka‘bx']2 — {Kb + KpX12 — KfX']E:]

I{T;cxn[fll = Iy (x02,X12) = 27

: X12
lim x{(ty) = I'x, (Xg2.X12) = .
foo 1 ¥1702- 120 = + (&5 [icp ) Ty (X02, X12)

lim x3(71) = I',(x02, x12) = X02 — Tk, (x02, X12)-

T — 00

dxp2

———= =vg+ vy —kpl k. (X07.X12) — k2T x (Xp2, X192 ), . .
doy ~ V0T V2~ Kol oz Xiz) = k2 D M0z, X12). by of slower variabl
dx lower tim I

Fllf = V1 + V3 — k11 (X2, X12) — k2T, (X072, X12). 2l Slowel e seele \

Iterative coarse graining

Dynamics at faster Dynamics at slower More slower
time scale T, time scale 1y time scale

ﬁ , /
. i Vi
Faster variables ‘ Slower variables ‘ By

Renormalization
(T. Matsuoka, ST and K. Ebina, BioSystems 117 (2014) 15-29.)
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Coarse-Graining for PS II M

full diagram of principal path
S|mpI|f|ed PSII diagram of
I N S Hierarchical simplified PSI|

~
4
- A

I

Coarse- !

L 0=
e
\_I_/

multi timescale slowest timescale

(T. Matsuoka, ST and K. Ebina, J. Theor. Biol. 380 (2015) 220.)



Comparison with experiment x

a
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4 5 | () with PEB0+ quenching P, )
® e
Induced Fluorescence (Pea Leaf) | el )

.
7
iy v light exeitation rae
/ 20005’
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i | €000’ @
ao00 5™
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I 4.5 '# "1 gg b
0.Mm 0.1 1 10 100 1000 4 =1 :EG' '/
Time {I"I"IS} %‘::3.5 I 3 .! w: light exciiation rate
20000 5
M 31 l. i. 150005 W
Experiment ~ 685 nm 2.5} o oo00s" ©
(Schansker et al. 2006) 2f s e
e A000 &
15} Cmg
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Time (ms)

Calculations
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