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History of Molecular Dynamics Simulations of

Proteins
P Ca?*ATPase (more than 270,000 atoms including water)
M 2005 Sugita, Ikeguchi, Kidera, Toyoshima, JACS, 127,6150
7 . G : SETRaE R
L"f P ;ﬁh e 5 ¥ : ﬁ#"_‘fﬂ ﬁ;i' “:*
BPTI (3000 atoms)

Nature, 267, 585, 1977
in vacuum, 10 ps

Lysozyme
(20,000 atoms)
1990s

1n water,
several ns
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=] K-computer '
663,552 cores

1.327 PB memory

11.28 PFLOPS (Rpeqi) Fugaku

10.51 PFLOPS (Rmox)

Shutdown in Aug. 2019
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O Performance Targets

v 100 times faster than K for some applications
(tuning included)
v 30 to 40 MW power consumption

O Peak Performance

RIKEN Sugita Group: GENESIS

O Predicted Performance of 9 Target Applications a5 of 2019/05/14

Performance

PostK K
Peak DP 400+ Pflops
(double precision) (34x +) 11.3 Pflops*
Peak SP 800+ Pflops
(single precision) (70x +) 11.3 Pflops
Peak HP 1600+ Pflops N
(half precision) (141x +)
Total memory | 150+ PB/sec
bandwidth (29x +) 5,184TB/sec

* Reported in TOP500 (including 1/0 nodes)

O Geometric Mean of Performance
Speedup of the 9 Target Applications
over the K-Computer

37X+

Area Priority Issue Speedup over K Application Brief description
1. Innovative computing

5 X | infrastructure for drug 125x + GENESIS MD for proteins

(é % discovery

S o 2. Personalized and .

< 2 preventive medicine 8x + Genomon N prgcessmg
using big data (Genome alignment)

° 3. Integrated simulation Earthquake simulator (FEM in
Mo systems induced by 45x + GAMERA .
2 § O | earthquake and tsunami unstructured & structured grid)
o 'z m . . -
g ] % 4. Meteorological and NICAM+ Weather prediction system using
S 8 7 | global environmental 120x + LETKF Big data (structured grid stencil &

= prediction using big data ensemble Kalman filter)

5. New technologies for Molecular slechonic shiat
energy creation, olecular electronic simulation

%1 conversion / storage, 40x + NTChem (structure calculation)

é and use

@ g Aﬁce'erat‘:df Computational Mechanics

c evelopment O .

® innovaive clean energy 35x + Adventure | System for Large Scale Analysis

systems and Design (unstructured grid)

o 7. Creation of new
28 functional devices and Ab-initio simulation
323 |- + RSDFT . .

8 © 3 | high-performance 30x (density functional theory)
§ = & | materials

< —

3 8 5| 8. Development of : .
Do 2 = . p
29 innovative design and 25x + FFB Large Eady SImU|.atlon
@ production processes (unstructured grid)
2 9. Elucidation of the . . .
Q. Lattice QCD simulation
® % | fundamental laws and + LQCD :
§ & 25x Q (structured grid Monte Carlo)

evolution of the universe

https://postk-web.r-ccs.riken.jp/perf.html
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Hierarchy of Protein Dynamics

—

10-15 10-12 10~ 106 10-3 100 103 106
femto pico nano micro milli second hour day
bond methyl qup dom.am slow dynamics
vibration rotation motion motion
side chain rotamers ~ protein folding
drug binding

Conventional MD Simulations
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V31— 23V0EETTIR: RMSD, RV

Root Mean Square Deviation (RMSD)
vV SBEENOITNEER

v B DREEL 5

vV FAMVEHHLTNRIEES: N
EADRMSDII LEER I K ECT3 D
% EAMVRMSDIE /N ELY



(RMSD from crystal structure) Root Mean Square Deviation (RMSD)

. (Zz Xi — Xref'i)2
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MDY 21l —Y3 o 0EE T RMSD, RMSFE
Root Mean Square Deviation (RMSD)
vV SHEBEENMDITNZER A

v Rl DR 2R 2

vV FAMVEHHLTNRIEES: N
EADRMSDII LEER I K ECT3 D
2 KALURMSDIE /&Y

Root Mean Square Fluctuation (RMSF)

(Zt Xi (t) _ xave,i)z

vV RFES - REZESOER

v fEbWVTLVSE R, BEULERrEF 5l
v 2RIEERMLIEFELEN ML

v =T EMLdFELENKRED

v EHRBENMOTN (FERE)
RMSF(i) = J

T






Protein Fluctuation (RMSF)

; 3 Subunit
T —E (Empty; Open) [ A \
= 44 — TP (ATP bound; Closed)
S {1 —DP (ADP bound; Closed)
T 3.
-
IS
=
L 2-
w |
Z 1 | v | /
- LAY
Md ) ,f.“'A\)
0 - '

100 200 300 400
Residue Number

v" Fluctuation of C-terminal domain: Be>Btp>Bpp

v Despite fairly similar conformations of B1p and Bpp,

fluctuations of C-terminal domain are different.
Y. Ito & M. Ikeguchi, J. Comp. Chem. 31, 2175 (2010)
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Ab—a  DEER

Correlation Matrix (¥8BS1T7%!) C - <Ari Arj>
v EHEEOES J(ar?){ar?)
v —$#EICELVTVSERTEH A
“ 2 )
v B KA VB ! £ 1o ! f




Correlated Motion in Protein

N R

o4 450 % || |
0.2 aled. 02 . ' ' '
oo 400 o el ¢;=1C;=0 C;=-1
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0s 3501 : % -
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@ 150
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50 A}%'.;, = e
50 100 150 200 250 300 350 400 450
Residue Number

Y. Ito & M. lIkeguchi, J. Comp. Chem. 31, 2175 (2010)



Correlation Matrix ($8E81751) C - <Ari-Arj>

v 2 2
v EEHEOES \/<A"i Har})
v —$EICEILVTUVBE AT R
v B A VBB 1

Principal Component Analysis (PCA)
(RS RAT) C,=1C,=0 C,=-1

v EMHIEE EH

v BEE MR DERFASTEATI R A1
v BEEERAAANIETSLT (Ax;Ax;)

BEHORENIERINONS i=1--3N



(b)

v PCATIE, REGHELES M EHH
v R FOREEEFZFHENTED,

Computational Biochemistry and Biophysics, Becker et al. eds., 2001.



v Top mode (&, £KIELED 30 % ZH8H%
v Top ten modes (&, £&KIELFD 70 % ZEHD

Fluctuation Ratio

1.0

0.8 -

0.6 1

0.4 -

024 |

0.0

i\
T
L e TN A S S e

00000
v *® ...:o;:::."..'
® e®
_t....' ’

= TF,: Flucuation of each mode
—e— TF,: Cummulative flucuation

»— MF,: Flucuation of each mode

*  MF,: Cummulative flucuation

0

5 10 15 20 25 30
PCA Mode No.

vVAZBHOE-FEATPIEEROBERILERVEE

BEHER.FREICKREGEBREERON, 0T CHIE, EAFTENEL,
BRONTZHRICDFH . FELVTVSIERD DD,

Y. Ito & M. lkeguchi, Chem. Phys. Lett. 490, 80 (2010)

=Y
o\ _
—mu— MF_: Correlation with 3
= MF_: Correlation with 3,
— MF_: Correlation with i, half-close
0.8 1
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£ 06-
E 0.4— II|I |
[4h) \ | m
= \ ) u
Y IlI \ \
{S 0.2+ \ Hﬁ/f X“ / \ .
" [ \ // o
0.0 ¥ T T - T
0 4 6 8 10
PCA Mode No.




v'Relaxation from interactions with
adjacent subunits

Mode 1: magenta
Mode 2: yellow
Mode 3: cyan

Mode 4: green
Be—Bpp: red

v Intrinsic flexibility is well correlated
with structural transition

Y. Ito & M. lkeguchi, Chem. Phys. Lett. 490, 80 (2010)
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ng/10A5 cells

Interaction between ligand and protein
Interaction between CYP1A2 and EPA ( _
? /, /\Thr11§'

—‘

15 ; 15 1 "WT
Omock - ® BT118A
10 | ®"hCYP1A2 %10 ) DS122A
(&)
0 ON312A
5 - 'o- ] * %
. e - ?5 ‘—
O.Emmm:n_uwmmmmwmmmwmm 0 - ,-:‘-I_
TR R TR TR AR TR TRl 17.18-E .
IIITISITIIGIISITISIIT ,18-EpETE 17,18-diHETE
S ERESEEFRE R E SR
" ® 5 M §; E; Cc17

Isobe, YI, MI, Arita, Sci. Rep. 8: 7951 (2018)
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IECES AN ) smirse
(ALK EE) Y (BIKEE)
NFELLFOANTLK
B+ ~ M AT T OrhRk B2
1=0 i=1 1=2 1=N
=0 2=0.01 2=0.02 =1
FIHA (A) JREE RECENREEDEHRIRILF—Z

D& (B
N—
AG = —t,T > Infexp (— 221} sezwie—mms
B k BT ; Free Energy Perturbation
#ANFIESHE Thermodynamic Integration
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D (CEBennett Acceptance Ratio (BAR)IGE
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Hikiri, MI, et al. ] Chem Theory Comput. 2016 12: 5990. Time [ns]
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Hikiri, MI, et al. J Chem Theory Comput. 2016 12: 5990.



MD CHEEFT CEB & (51])

NAEEODLEEED

- BEHEBEOECNE LMK, ECHELD?
EBDHEZER S

- EREOECHEERILGEBILTLVED?
HMBEERZES

— AV REDFBEEAE, ETH RV ?
ANFEZ1S5

- EEERIRIE—. IVAIE—. IV ME-%158%
UH Y FEER—XZ2Fd

- UHVFDRERBHEERN—XFHE




(Generalized) Replica Exchange with Solute Tempering (REST / gREST)

REST: Liu et al. PNAS, 102, 13749 (2005).
gREST: M.Kamiya and Y.Sugita, JCP, 149, 072304 (2018).

high replica3  replica3 replical replical replica2 replica2
MD =m * mm ™ um
= (600K) H '.:
- g replica2  replical swreplica3  replica2 = replical  replica3
Qo = MD . . =
) o (450K) [ - -
c = 5 - .
L g replical _-"_- replica2  replica2 I replica3 replica3 = replical
l_ IVID q. ql lq‘ - }ll >: -H
> (300K) >
low time(t)

Conventional REST

Charge Charge

U @ o

Bond Bond

Ange Ange

Dihedral Dihedral
CMAP

CMAP
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Method: umbrella sampling simulations

Umbrella Sampling MD

S - ms

Free energy

Basin around Basin around
open structure closed structure

Conformations



Method: umbrella sampling simulations
HFRAETY UL EMIT
HEYYTUY
FNEN., BMIOMDBDT,
A 1 (C 5 E AT RE

T LTIHRBMDED R E L AT RE
Replica Exchange Umbrella

Sampling (REUS%)

Free energy

>
BEZE bz 9 % &It EEAZ (Reaction Coordinate)

Conformations



Method: umbrella sampling simulations

BERRTYIVILENMIT

——. BohRBE0HEESTE
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Free energy

>
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/" 1. Initial Path
Nudged Elastic Band

Energy

\_

ﬂ. Umbrella Sampling Simulations\

For each intermediates along path, simulations
with restraint,

wj = Krmsd(ADrmsd - Al)min)2
AD = rde(X,X ) - I'InSd()(’)(closed)

rmsd open

was carried out.
Restraint potential is applied to both main chains
and side chains.

/ 3. WHAM \

\B. Roux JACS (2005) C.L. Brooks PNAS (2007)/

Weighted Histogram
Analysis Method was used
for removing restraints and
calculating free energy
profiles along structural
transition between open
and closed conformations.

\_ /




ATP Bound
25 T T T v T v T
blue: open .
yellow: closed s7[+ open close
green: ATP S 15
= | . ®
?10 i .‘l'-‘ c—\?;
o t % i ii
th) St . l l ﬁj, ;
0 ’ 1 1 A 1 a 1 2 lf'fl
-3 -2 -1 0 1 2
B ADrmsd (A)
@i‘ﬁ s ATP un'bou_nd'
A A _20}
e | |
S 15} open Close
v’ Meta-stable state is found: 8ol
ATP-bound open conformation. 2
2 5t
w
—> encounter complex N
a2 1 0 1 2

lto, Oroguchi, lkeguchi, JACS, 133, 3372 (2

011)




Gly15s_ 4 Thri63) - ATPLEY I ™ o
=
o

H-bond partner of Asp256 is changed

from Lys162 to Thr163 (P-loop).

Mutation of Asp256, Lys162, or Thr163 results in
remaining open conformation even with ATP bound.

ATP Bound

o—hl-\ 2 :-
i g
| I | i A
I 1 -

3 2 S T
Open  *®mssClosed

aC/B6  (ii—iii)D-b

; Gly156

*Lys162

' *Thr163

l *Asp256

I (heavy atoms)

4 0 1
ADrmsd (A)
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A lot of short MDs Definition of ‘State’ Markov state model

%Iaﬁg ti; i %ﬂaﬂg time 'Fl)'(rjelxonuslglloonnmat .n
Network

AANO A A o f\ N ~
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= - -~
Coarse-grained (CG) R KFD

Fast motion
Low precision

&N, "MMECGELERSER LY YT
{v LTUNZHSEICLIMMEF D1ERES S

=

All atom (MM)

Slow motion
High precision

ZILEITHIVNDED
PRE Az IEFE S INRE
DIE@BEDHN LT
YAV 9B EDHEL

Closedi#iBTO) /7 ggps
—EDDIEEIREE oy
A A Opent& & T MM-CG

REQGYLE

K. Moritsugu, T. Terada, A. Kidera, 2017
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*’?Wﬁﬁgwﬁugﬁ”_w MCHs MSES;EICL D[R FREEIERE
UJE?T—:E;EEJEBGD - weighted ensemble;ZDFHA ENHE
WENMFIDAEH Moritsugu et al., JCP 2018
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MRPRIAZEDRIRI TR THD & MSESIIC k2 & H FREEIRRE

gg;ﬂ:gfgém weighted ensemble;ZDflH SHE

glucose-bound glucose-unbound (kJ/mol)

T80 120

PC2

closed

; ; ) super-lc;';.)én‘ ]
-120 -80 -40 0 40 80 120 -120 -80 -40 0 40 80 120

L
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DI AFF —TCOERFIBERR(C X DEEHCHEIBOREMT

WERRBEDRIZFEA—HYNTHD g s 472
.. Nl MSESEICL D ERFIBERKRL
VIVAFF—LERED - weighted ensemble;ZD#H &

BESMFTIDOAEEE
| ’JJICI RIEEZ - 3-basin kinetic model:

80 open

A EER ]
0 | .
! 5 WE1 0.047 ms!
ﬂ L o - La -

i . c S TR

energy barrler 'E |§i AG+ — _kBTln (k /k ) A

2 80 a0 0 a0 80 120 0.30 ms™! :

~
8 II}L:I_ = -H-,]\ [kJ/mol] i é
UARRARRNE PR~~~ M N 14.6 kJ/mol 3.1 kJ/mol
12 : :
a0F T SRR SRS
0 TE closed/ open/ open/
- J : helical helical coiled
- ! B ) 2
B R T k=1.1 ms!

PC1
H)LA—ARE(CLBconformational switch SR A—H-DRBEZILHFEHZE
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