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Classification

Representative No Significant
Porteins »> Motion
839 311
|
Significant Motions
h A ' i’ r w
Other Motions
Domain Domain + Local Local 35 (44/8) Buried
Motions Motions Motions Ligand
81 (85) 48 (51+89/51) 260 (398/190) Domain Local | prastic 104
10 | e | 2
! !
Independent of Coupled with Ligand Binding
Ligand Binding ¥ ¥ + 7
f"""' """ | Giseiad s ! Other Motions
: Independent : : Independent ; Domain Local 11 (10/2) Buried
Domain Local Mot Motions Li d
Motions Mations otions Igan
72 (74) 109 (139) 59 (62) 151 (181/74) Oamain| Local | prasic 104
R . [ N 6(5) | 4(42) 1
" Coupled with -
Crystal Environment
RUNIE. 2 RN, v v v v v
.: |ndependent E E |ndependent E Domain Domain Domain Local Local
* Domain =+ - Local . Closure QOpening Rearrange Closure QOpening
Motions Motions 47 (49) 6(7) 6 (6) 110 (127/61) || 49 (54/13)
72 (74) 82 (96)

T. Amemiya et al. J.Mol.Biol

. 408, 568 (2011)
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Domain Motion Local Motion

No Significant
Motion

R. Koike et al. J.Mol.Biol. 379, 397 (2008)
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Classification

Representative No Significant
Porteins > Motion
839 311
|
Significant Motions
v ' i r v
Other Motions
Domain Domain + Local Local 35 (44/8) Buried
Motions Motions Motions Ligand
81 (85) 48 (51+89/51) 260 (398/190) Doman tocal | pragiic 104
1@ | o3 | 2
! !
Independent of Coupled with Ligand Binding
Ligand Binding ¥ ¥ + 2
goeeer¥eoeen } Samamaaccecs ! Other Motions
p I i I g Lo o Domain Local 11 (10/2) Buried
Domain ; - Local Moti Motions Li d
Motions i : Motions ouons Igan
72(74) 1 i 109(139) 59 (62) 151 (181/74) Ooman | Local | prasie 104
PR S-S : 66 442 ] 1
" Coupled with -

Crystal Environment

U U U U

Independent Independent

* Domain : * Local
Motions @ : Motions

72(74) i D 82(%)

L)

w w v w w
Domain Domain Domain Local Local
Closure Opening Rearrange Closure Opening
47 (49) 6(7) 6 (6) 110 (127/61) 49 (54113)
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Classification

Representative No Significant
Porteins > Motion
839 311
|
Significant Motions
v ' i r v
Other Motions
Domain Domain + Local Local 35 (44/8) Buried
Motions Motions Motions Ligand
81 (85) 48 (51+89/51) 260 (398/190) Doman tocal | pragiic 104
1@ | o3 | 2
! !
Independent of Coupled with Ligand Binding
Ligand Binding ¥ ¥ + 2
goeeer¥eoeen } Samamaaccecs ! Other Motions
p I i I g Lo o Domain Local 11 (10/2) Buried
Domain ; - Local Moti Motions Li d
Motions i : Motions ouons Igan
72(74) 1 i 109(139) 59 (62) 151 (181/74) Ooman | Local | prasie 104
PR S-S : 66 442 ] 1
" Coupled with -

Crystal Environment

U U U U

Independent Independent

* Domain : * Local
Motions @ : Motions

72(74) i D 82(%)

L)

w w v w w
Domain Domain Domain Local Local
Closure Opening Rearrange Closure Opening
47 (49) 6(7) 6 (6) 110 (127/61) 49 (54113)
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RMSDs frominifial
structures af 10 ns [A]

Pair-wise RMSD [A]
PDB ID1 PDB ID2

Protein 1 Minimum

1nOu_A
2qQyu_A
leut_A
2zgv_A
le4f T
2v8i_A
2ps0_A
3b8s_B
2ddb_A
201c_A
1rif_A

1nOv_D
29za_A
Tw8n_A
3c3b_A
led4g T
2v8| A
2ps3_A
3b%d_A
2epf D
20l1c_D
1rif_B

38.6
30.6
23.1
3.6
1.6
1.9
3.2
54
33
20
4.7

Protein 2 Initial
28.1 34.7
11.4 6.1
14.8 2.7

23 7.0
33 2.7
1.1 2.1
2.6 20
3.0 24
4.9 1.8
2.1 1.5
29 1.1

(time [ns])
18.6 (5.2/0.4)
2.0 (0.1/0.3)
2.0 (0.1/0.1)
1.8 (1.1/6.0)
1.7 (5.2/5.4)
1.0 (7.4/3.3)
1.6 (7.9/3.7)
1.3 (2.6/1.3)
1.2 (0.7/0.9)
0.8 (2.6/1.1)
1.3 (0.7/0.2)

L_ Single
linker

[ Multiple
linker

FHE (RRKP. 2H)



Correlation with the number of linkers

50 -
coupled domain
i - motions
«w 40
= independent
%’ domain motions
= 30 -
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1 2 >3 3 domains

Number of linkers
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Molecular Dynamics Simulation

Elastic Network Model




Linear Response Theory of Protein Structural Changes

Ar = g2t

Maltose-binding periplasmic protein
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Molecular dynamics simulations for biomolecules

Nature Vol 267 16 June 1977

585

articles

Dynamics of folded proteins
J. Andrew McCammon, Bruce R. Gelin & Martin Karplus

Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138

The dynamics of a folded globular protein (bovine pancreatic
trypsin inhibitor) have been studied by solving the equations
of motion for the atoms with an empirical potential energy
Junction. The results provide the magnitude, correlations and
decay of fluctuations about the average structure. These
suggest that the protein interior is fluid-fike in that the local
atom motions have a diffusional character.

number of interactions which must be calculated and also
permits larger steps in the trajectory calculation since the high
frequency hydrogen vibrations have been eliminated. Integra-
tion of the equations of motion was performed by means of the
Gear algorithm®* with time steps of 9.78x1071%s. X-ray
coordinates?! were used for the initial positions and the initial
velocities were set equal to zero. After 100 equilibration steps,
the stresses in the initial structure had partly relaxed and the
system had an internal kinetic energy corresponding to a
temperature of 140 K. At this point, all velocities were multi-

Bovine pancreatic trypsin inhibitor
(BPTI) 454 non-hydrogen atoms
In vacuum

~8.8 ps

Fig. 1 The peptde backbon (a carbonsb and disulphide bonds of FTL. ¢, Xeray sructure™. &, Time cvobved ructare afier 3.2 53 of
ynamical simulation.
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Protein’s vibrational dynamics



i <=1 ‘\:\\r\
? tacgllid S e LA S ' N {us}g Protein Hardware  Software Citation
EExPe el i e :
"-';;::*"f‘?’"gj“ 2 & A 1031  BPTI Anton [mative] Here
R o T ) 236 epW Anfon [mative] Hete
¥ 10 WW domain x86 cluster NAMD [10]
’j 2 villin HP-35 x86 GROMACS [6]
s 2 thodopsin Blue Gene/l. Blue Matter [23]
::, 2 thodopsin Blue Gene/l. Blue Matter [12]
o 2  BAR x86 cluster  Desmond [5]
- '-'R*f };fg" b S b 4 ; aee ol Table 1: The longest (to our knowledge) published all-atom MD
s A e v el T e 38 BB SN | simulations of proteins in explicitly represented water.
AL F L8
‘\\(, ! L ¢ g :-N'E’
(a) ,_ (c)
> 1ms
~10,000 atoms including
explicit water

108 time longer simulation

&
I.

o,

t=5ps t=25pus t=50 ys

Bacteriophage lambda protein W (gpW)

, 58 residues
D. E. Shaw et al. Science 330, 341 (2010)



Lignocellulosic Biomass

A system was constructed of
lignocellulosic biomass containing 52
lignin molecules each with 61 monomers,
the same cellulose fibril as described
above and 1,037,585 TIP3P water
molecules, totaling 3,316,443 (or 3.3
million) atoms.

7,300 times larger system
(3 x 107 times more interactions)

JaguarPF, a Cray XTS5 massively parallel processing
computer with 30,000 Opteron 2.3 GHz cores
200TFLOPS

2x108 times larger power

R Schulz, et al. J. Chem. Theory Comput 5, 2798 (2009)



33 years: 1977 = 2010

Quantitative Measure

Computer Power 2 x108

Target Systems
Size (Interaction) 3 x107
Time Scale 1 x108

Qualitative Measure

Physics: Vibrational Dynamics

|

Biology: Biomolecular Functions

Real Simulations




Next-Generation Supercomputer 'R |

10 PFLOPS
6.4 x 10° cores
1PB memory

Projected Performance Development

100PFlop:
-8 #1
10 PFlops o #500
-8- Sum
1o — #1Trend
Line
100 TFlops - ~— #500 Trend
8 Line
£ 10TFops ~— Sum Trend
E Line
2 1 TAopsd
&
100 GFlops
10 GFlops 1
£
IGF\ops-ﬁfF‘
B e e B e
8 8 &5 8 5 8 8 5 3 =m2n2 = o
S 5 3 o SHoES ol cEECIEIEC NS S
2 2 2 2 8§ 8 & & & & & &8 &

27/05/2010 hitp:/iwww top500.0rg/




9
Next Generation Integrated Simulation

of Living Matter
ISLiM

Integrated Simulation of Living Matter

RIKEN In Collaboration with

Close collaborations Close collaborations

Computational Science Research Program
Cell Scale WG

Hideo YOKOTA (RIKEN)
Makoto SUEMATSU (Keio Univ.)
Yoshihisa KURACHI (Osaka Univ.)
Susumu SEINO (Kobe Univ.)
Shinya GOTO (Tokai Univ.)

— Akinori KIDERA, Leader of Molecular Scale Team

— Hideo YOKOTA, Leader of Cell Scale Team

Data Analysis Fusion WG
Satoru MIYANO (RIKEN)

- i i Tomoyuki HIGUCHI {Inst. of Statistical Mathmatics)
Satoru MIYANO, Leader of Data Analysis Fusion Team Yutaka AKIVAMA (Tokyo nc.ofTechnology

Naoyuki KAMATANI (RIKEN)
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(1) 2L b2 > RR—% —% Bl
Multidrug Efflux Transporter AcrB

Multidrug resistance:

A serious problem in the
chemotherapy and in the
antibiotic tfreatment

AcrB is a principal multidrug
exporter.

Functionally rotating mechanism Proton Transfer

Pccess Binding Extrusiop, (QM)

Cooperative Structural Transitions
(MM-MM/CG)

2 Drug Transport
A (MM/CG-CG)

S Murakami S, et al. Nature 443, 173 (2006)



Proton transfer — Structure change

a. MM Protonation states & Gate opening
All atom molecular dynamics simulation
T. Yamane, M. lkeguchi (YCU)

Structure change — Drug transport
b. MM/CG Ligand binding sites
3D-RISM calculation
T. Imai, A. Kidera (Riken), F. Hirata (IMS)

c. GG Cooperative motions
Triple Go model simulation
X.-Q. Yao, S. Takada (Kyoto U)



IoN

ICs simulat

a. MM All atom molecular dynam

T. Yamane, M. lkeguchi (YCU)



MM Extrusion state

D407CB-K940N; ™ D407™ D408
D408CB — K940NE -
T978CB - K940NC .
6
4
2
0
2 :; D407H D408H
2 10
S 8
8 ¢
E s
s
g 2
0

"' D407" D408H

20 40 60 80 100
Time (ns)



b. MM/C& 3D-RISM Calculation

3D-RISM/KH equations
hr)=> j c, (F)(we, (r-e)+ o 0% (r=r))dr’

exp(d,(r))-1 for d,(r)<0

h (r) = )
! d (r) for d (r)>0 ¢
where d (r)=-pu, (r)+h (r)—c,(r)
Isopopanol
Acetone
Acetonitrile
Phenol

&OO
®P® &  Isopopanol

® QOO + water
T O® Crystal structure

T. Imai, et al. J. Am. Chem. Soc. 131, 12430 (2009)



Appllication to AcrB

Fragment Molecules Used as Ligands

-J
<
>

T. Imai, et al., J.Phys.Chem B in press



“Multi-functional” Sites

MM/CG

IoN

.

Extrus



c. €G Triple Go-model Simulation

C,CG model of Porter domain

Multiple-basin model

Okazaki, et al. PNAS 103, 11844 (2006)

Trimer interface
Three types of multiple LJ type

Binding " Extrusion

Ligand

- Minocycline

. Repulsive potential

Xin-Qiu Yao, et al. Nature Commun. 1, 117 (2010)






Table 1| Structural characteristics of the three states.

Entrance Cleft Binding Exit
pocket
A/access @] O X X
B/binding O O O X
E/extrusion X X X O

O, open; X, closed.
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2) BF(LPEHE
Have you seen MO of protein?

HOMO

cyfochrome C

localized delocalized

All-electron calculations (not divided) using ProteinDF

e R (RX)
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Coupled Simulation

Speed

Boundary conditions - Average quantities

Precision

Homogeneous Systems



Coupled Simulation in Biomolecules

Parallel Algorithm

MM/CG

GS Ayton, WG Noid, GA Voth, Current Opinion in Structural Biology 17, 192 (2007)



QM/MM

Coupling between Enzymatic Reaction
and Protein Motions

1. On-the-fly QM/MM MD simulation - S. Hayashi (Kyoto U)

HQM/MM (rQM’rMM)
2. QM/MM umbrella sampling - H. Nakamura (Osaka U)

HQM/MM (rQM , r|\/||v|)
Fom = Ao +(1—2) Koy
3. QM/MM free energy - S. Hayashi (Kyoto U)
1
F(rou)= 3 In_“dr,v|M exp[—,BHQM,MM (Fom: Fum )}

Equilibrivm MM

Nonequilibrivm MM



On-the-fly @W/MM MD Simulation

Bovine rhodopsin

Hayashi S, Tajkhorshid E, Schulten K, Biophys J. 96, 403 (2009)



QM/MM umbrella sampling

Cis-trans isomerization of a
solvated Proline dipeptide

— 0 _ 1 Hydrogen bond
K —— N-HN (d,)
g sass O-HN(d,) |
M; = 35 - o

2 g 30} ]
:-9- l.ﬁ/L_/_,—/\/_J
=
& 20F .
>‘ i 1 L 1 L 1 L 1 i 1 "
(=19 0 60 120 180 240 300 360

Reaction Coordinate o' (°)

Hydration

S S 12 ; ' T
& o
T = | oH(d) 250°
2 w08k
E =06
= =
’E w04 1
(=] =
= = 0 3 = '\
< A rie
= () = 00
C 2 4 6 g B 2
Distance {A) Distance (.j\}

Y. Yonezawa et al., J. Am. Chem. Soc., 131, 4535 (2009)



QMM/MM free energy

F (d, rqm) _% In _[drMM exp[—ﬂHQM,MM (d’ fom Fram )]

Complete separation of QM/MM optimization and MD sampling

Conventional Present
MM MM
QM | QM
Powm (d, rQwM (rMM) Pawm (d’ rwm (rMM)
7 __ ' ion S - re ting

exp(_ﬂ[HQM/MM (d Fom: I ) H ovmm (dO’ rQOM » Fvim )])
drym exp(_ﬂ[HQM/MM (d MM) QMMM (do’ VSM » Fam

Prana (8 Fgpa Ty )—j

)])pMM (d°,

S. Hayashi (Kyoto U)



MM/CG

Parallel algorithm
3D-RISM

Serial algorithm
Coupled Hamiltonian
Path Search — Path Ensemble
Sequential Monte Carlo Simulation




N O-MM/CG Simulation

restraining

H(x;z)=V (x)+U(2)

MM CG
X z



Removing the influence from the coupling

H(x;2) =V () +U (2)+k/2(6(x)~2)"
MM CG coupling

X Z
Hamiltonian
Exchange k—0 S Path S earch
(multicopy) U(z)=0 (multicopy)
/ /
H(x;z) =V (x) —F(z)—>In_[dxe‘ﬁv(x)&(@(x)—z)
MM potential of mean force of MM
potential on z
Multiscale Enhanced On-the-fly String Method
ngp“ng (MS ES) L. Maragliano, E. Vanden-Eijnden,
Chem. Phys. Lett. 446, 182 (2007).




2-2. Multiscale Enhanced Sampling (MSES)

K. Moritsugu (Riken)

Hamiltonian
Exchange

K Moritsugu, T. Terada, A. Kidera, J. Chem.Phys. 133, 224105 (2010)



mn

d (Asp3N-Thr80

[4)]
L e

)7[/4“’

—
o
L

Enhanced Sampling

Temperature RE

ﬂ IB I:V m’ (Xn’ﬂ ):|
1.
2.
3. The potential is harmonic

A

T T 1 2 [T L
@) - ®)
I fiﬁ - 10:_ / i
— 5__ —
J | MSES
. motieworical] | LGB
0 5 10 15 20 0 5 10 15 20
d (Asp3N-Gly70) [A]
Metropolis Criterion  min(Lexp(A,,))
MSES

IB k _k |:W m? m)_W(
W(x,z)zz[ﬁ(x)-

The constraint W can be set independently of V(x)
The number of degrees of freedom in W can be small

Excellent scalability has been attained in MSES.

X ,Z

n'e=n

2]2

)]



Intrinsically Disordered Protein: Sortase A

Enhance the disordered regions

N Suree, et al. J. Biol. Chem. 284, 24465 (2009)



disordered loop

(a)

dynamic loop
_—

dynamic loop ¢—>

disordered loop <—>

50 100 150
residue number

1000 10000
VMmca [kcal/mol]

d(Glu113-Glu50) [A]
momroamBRNEERS

Dynamic and Disordered Loops

100 10

0.16 @) 20 replicas |
Zooo i ‘
S I

00 10000

Vmmceg [keal/mol]

ol

(9]

[kJ/mol]

RMSD for Dynamic Loop [A]
[+2]

2 4

RMSD for Disordered Loop [A]

Disordered Loop only

30 T
__ = free
T 26 -

24
L 22 F
EZG_
oh 18
— 16
Sar
Gt
Ty

8

[KJ/mol]

I
4 6

I 1 I
8 10 12 14

d(Pro105-Arg139) [A]

10

I bou[nd

calcium
+peptide

30
41 28
1 %

4 2}
4 22+
4 20+

4 16F
4 1t
4 12k
4 1w}

" calcium

4 8
1 26
4 24
4 2k

4 18k
4 16
4 14k
4 12k
4 10k

I I
4 6 8 10 12

d(Pro105-Arg139) [A]



2-3. Path Search: On-the-fly String Method

H (x;z) =V (x)+U (2)+k/2(6(x)~2)°" Y. Matsunaga
MM CG coupling (Riken)

k — oo Path Search
U(z)=0 (multicopy)
4

potential of mean force on z

No guiding potential — Entropy driven
Require some constraints — Path search

Path Search Methods
Minimum energy paths
Intrinsic reaction coordinate (K Fukui, 1981)
Self-penalty walk (R. Elber, 1987)
Conjugate-peak refinement (M. Karplus, 1992)
Nudged-elastic band (H. Jonsson, 1994)
String method (E. Vanden-Ejinden, 2002)

Finite tempearture paths
Max flux method (J.E. Straub, 1997)
Finite tempearture string method (E. Vanden-Ejinden, 2005)
On-the-fly string method (E. Vanden-Ejinden, 2007)



Alanine-dipeptide in GB water

2=(4.y) y=A

8 replicas

0.5
[kcal/mol]




(98]

F (kcal/mol)

A

Minimum Free Energy Path

N
0

\]

o

—
T

o

.
—_—
=

R
iIndex of string

G



Adenylate kinase in water
(65,000 atom system)

z: 20 principal components

65 replicas

LID
domain
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