©
2019 2022

Improving Coarse-Grained Molecular Models through the Combination of All-Atom
Models and Machine Learning Methods
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Structure based coarse-grained (CG) molecular dynamics (MD) offers a
computationally efficient approach for investigating the long-timescale dynamics of biomolecules
compared to all-atom molecular dynamics (AAMD). However, conventional CGMD suffers from lower force
field accuracy and ambiguity in model parameters related to interactions. Additionally, there is a
tendency for sampling structures to be trapped near the reference structure.

To address these issues, we developed a new CG-model by combining short-timescale AAMD simulations,
capturing fluctuation correlations, and machine learning techniques to enable efficient
model-parameter exploration. By applying this new model, we successfully achieved efficient and
exploratory sampling of diverse structural ensembles in large protein systems, surpassing the
sampling performance via conventional AA-MD and CG-MD.



MD
D
Sampling)
)

coefficient map)
Grained Elastic Network Model: adaptive CG-ENM)

(200
@
ATP (ms
F1
F1
EVI
(RS )
RS BO
BOUS 41

12%

ATP

MD

ANTON
1
(successful
(BO: Bayesian Optimization) (US: Uncertainty
(BOUYS)
(ns ) MD

(DCCM: Dynamic correlation
(adaptive Coarse-

(1000 )
(adaptive CG-ENM
( ) )
Fl-atp ase
) (v - )
120
(Off-lattice Go )
(- ) afp ( )
T
(successful )
BOUS
B0 ) ws )
1
80
10 100 100
2 (successful )
BOUS us BO RS
(BOUS RS



BOUS (41) g US(80) g BO(0 RS (80)

% % < 23 < 2
i i T g T 3
2 2 o3 9 2
x X 238 Y
4] ] w 25 o 25
5 5 5 2 5 24
® & B % B %
(1] [ [T @ 20
o (=% o 25 e 2
E 2 " = £ E 2 E 2 W]
e 2 n & e 2 Qg 2
29 | 2= 29
NSRS NS CERANTR oA NN CERAORS
—HONNOO —ANINOO —NINOO —NINOO
- ey - N
EVI ) EVI EVI EVI
1. BOUS us BO RS( )
F1
( )
P —
@
E
o
g 6
=F
2
8 4
g us
&)
2 — BO
5 2 e
5 RS
i ---- Total SPs
)
Qa
0 50 100 150 200 250
Num. of sampling iterations
2 BOUS US BO RS (successful
)
( )
BOUS  Fl-atp
ase
) adaptive CG-ENM
adenylate kinase ADK glutamine binding protein GBP ns
MD DCCM
MD
Large  Small Large
a)
@
B
&
. 0 1
Residue ID Residue ID
3 DCCM (A B) ADK  GBP
(C D) ADK  GBP  DCCM (

DCCM adaptive CG-ENM



Q-score RMSD
RS
adaptive CG-ENM AA-
MD MD 4A adaptive
CG-ENM TREMD (ENM)  AA-MD 1y
S 8B adaptive
CG-ENM apo holo
holo
4 S1 S1  holo RMSD 3.8
4C  S1-S5 holo apo
adaptive CG-ENM
A conventiona
0.90 ggagl,‘\‘ﬁ ENM. AAMD  AAMD
i (TREMD) _ (50ns) (1us)
085 o %%fgm
: 25 e T Lﬂuwuy
i i
& % P
0,75v g'_g D,BW W W
65 0.75
0.70 5

-20 -10 0 10 =
PC1 2
15]
1] 10 0
Time steps
C [x 1)
holo (target) apo (initial)

RMSD 7.20A
0.89
Rg—1 9.46A

RM_ISD =0.0A
Rg=16.32A

25
Frame
[x10]

Time [ns]

¥hwwi

RMSD 3.93A RMSD_G 89A RMSD 17.89A RMSD 12.77A RMSD 12.63A
Rg-m 16A Rg 1s saA Rg 20 SUA Rg 17 42A Rg—15 s4A
4 ADK adaptive CG-ENM
A PC12
CG-ENM AA-MD 50ns 1y s
B holo
Rg C apo
S1-S5  (
Adaptive CG-ENM
ADK GBP

(Integrin )
(adaptive-CGENM)

( )

Tume [uS]

CG-ENM
Adaptive CG-ENM

RMSD Q-score apo holo

holo adaptive CG-ENM
)
CG-ENM  AA-MD

1000

AA-MD



2 2 0 2

Kanada Ryo Terayama Kei Tokuhisa Atsushi Matsumoto Shigeyuki Okuno Yasushi 18

Enhanced Conformational Sampling with an Adaptive Coarse-Grained Elastic Network Model Using 2022
Short-Time All-Atom Molecular Dynamics

Journal of Chemical Theory and Computation 2062 2074

DOl
10.1021/acs. jctc.1c01074

Kanada Ryo Tokuhisa Atsushi Tsuda Koji Okuno Yasushi Terayama Kei 10

Exploring Successful Parameter Region for Coarse-Grained Simulation of Biomolecules by Bayesian 2020
Optimization and Active Learning

Biomolecules 482 482

DOl
10.3390/biom10030482

5 0 0

Seiryo Sugiura, Ryo Kanada, Takumi Washio, Xiaoke Cui, Jun-ichi Okada, Yasushi Okuno, Toshiaki Hisada

A Heart simulator coupling the molecular dynamics with the finite element model: Cross-scale integration of our knowledge on
heart

The 50th NIPS International Symposium ‘ MIRACLES’ in Cardiovascular Physiology -Metabolism, Interactions, Regulation,
Application, Chemical Biology, Longevity, Exercise and Signaling-

2019

Ryo Kanada, Takumi Washio,Seiryo Sugiura,Jun-ichi Okada,Shoji Takada,Yasushi Okuno,and Toshiaki Hisada

Cross-linking of UT-Heart simulator and coarse-grained molecular simulation

LSACJ2019

2019




Ryo Kanada, Kei Terayama, Atsushi Tokuhisa, Shigeyuki Matsumoto, and Yasushi Okuno

Efficient Conformational Sampling with an Adaptive Coarse-Grained Elastic Network Model using Dynamic Cross-Correlation
Coefficient

The 60th Annual Meeting of the Biophysical Society of Japan

2022

Ryo Kanada, Kei Terayama, Atsushi Tokuhisa and Yasushi Okuno

Efficient Conformational Sampling with an Adaptive Coarse-Grained Elastic Network Model using Bayesian Optimization

The 5th R-CCS International Symposium

2023

Ryo Kanada, Kei Terayama, and Atsushi Tokuhisa

Efficient Parameter Search for Coarse Grained Simulation by Machine Learning Methods

The 4th R-CCS International Symposium

2022







