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Frontiers of molecular dynamics simulations of protein systems—reexamine from
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State Key Laboratory of Multi-phase Complex Systems, Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190,
China

Abstract: Proteins are the essential parts of living organisms and they participate in virtually every process within
cells. An in-depth understanding of the spatiotemporal multi-scale structure and the dominating mechanisms of
protein structures would be the basis for scientific exploration of the origin of life, the mechanisms of diseases and
the development of new drugs. Due to the limitations of the spatial and temporal resolutions of current experimental
methods, computer simulations, especially molecular dynamics simulations, have become one of the most important
methods to study the structure and function of protein systems. This article reviewed the progress of molecular
simulations and their application in the research of protein systems during the past half century, especially for
molecular dynamics simulations and enhanced sampling methods. The time and space involved in protein simulations
covers a wide range of scales, which makes it a great challenge to simulate the spatial-temporal multi-scale structures
quickly and accurately, or to investigate the physiological process and the underlying dominating mechanisms.
Therefore, this article summarized the recent development of the theoretical models and computing algorithms, and
their applications in the investigations of the molecular mechanisms of the native structures and structural changes of
the structured proteins, the dynamic structure ensemble of intrinsic disordered proteins and the coupled folding and
binding with target protein or other biological molecules, protein complex such as molecular chaperonin, virus
particle, etc. Furthermore, the evolution of the popular softwares for molecular dynamics simulations driven by the
rapid development of high-performance super computers, and their acceleration of the spatial-temporal scales in
molecular dynamics simulations of protein systems, were further discussed. At the end of the article, based on the
rapid development of mesoscience theory and its successful applications in a variety of complex systems, the future
simulation methods and theoretical research of protein systems were prospected.

Learning key points:

(1) In the last half century, protein molecular models and molecular simulation methods, especially the coarse
grained model, non-equilibrium molecular dynamics simulation methods and enhanced sampling methods, have
been developing rapidly.

(2) With the development of computer hardware and simulation software, protein simulation had been extended
from the study of protein structure at molecular scale to the structure and function of protein complex.

(3) From the perspective of mesoscience, the multi-level and multi-scale spatio-temporal dynamic structures of
biological macromolecules such as proteins are originated from compromise in competition between different
dominating mechanisms.
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M2 FEER AR, I HEER /N loop #4 Gt g
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Liganded GPIba

Unliganded GPIbu

Flow

K1 MEBEEE GPIba REEEH S E G AR EEM
Fig.1 Crystal structure of unliganded and liganded GPIba
subunit*4!

Structured protein

K2 ghirgtei a5 A o i E e il s =

Fig.2 Schematic diagram of the free energy landscape of structured protein and intrinsic disordered protein
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RIEMIER N E, ERERMIESERT, FELF
B Y BOR SR B il IE 4T B i 28 1 45 5 5 1
%, WEEERETISEEE T 52 MKR, 4tk
AR WA [5G 7 2 ARV B AR I 2 E

VE R AT AL A SR B A 2 S5 R A2 AL 1) 53 b — Pz il AL .
32 EAXFEARNEISEN

TSR TR, AR N VF 2 D)se E B BT A
TR R E N Z4E T AR, T2 LB R RERE
HFAAE, X IR E F BUBAR A 45 6 Fr 8 F 5 (Intrinsically
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BEAT TAD ~ 22 PO AR i M ASIEEL. i T, R
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e Q0 77 B ABE AU P B )RR R R i A7), (R R X
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B 5 TE SR e 7K P (1 32 R0 5 BURE 7 25 1
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tempering J7IER AT 1 RRIZ I B A% B 1 0 iy &5 A 4 b
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A T EEIAZ) 60 kDa KA ER 7R H 2 s
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IRAEWB) 1 Z I FEAIAETE 2. Tang S50 bt BUER B £
— RN KN S A BE AR RS B 1) 23 1 FEAR AR
PR B AE OLHEAT T SR EREL, RSE A E AR s
PN B H A 7 A 35 2 Y 355 R e T TR I8 AE 7 I A TR AT S
EE. PR SIS AR AE LR B4 B i B R R A R AR
it A, okt BT 8 T — R84 FREABEST. Van
der Vaart &5 UCVEL ) % 30 i 50 MR B 7E [F] GroEL [
A-domain A EAEH 1t 2 B &7 L37 &, Takagi 577
KH Go AN 8 ANREEHUD T 100 H/NE A B2 IR T
[RIAS: T2 2 (8] B B3R AT T B I 77 1) 40 130 0 A,
CLff € 2 1 5T 10 47 8 o 28 B e T 2 1 ot 5 25 s (R AR 0T
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A7 ik A BRE R LR FH IR AR A4, R EURR A AE 5 AN
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SFEN TR, A RR O LR AT T A Ak
1w, N GroEL/ES &)@ty & A e n/E M 71
M E B H AT .

WehE AR —MEHZANEARS FHRN S TS
2, R F = IR B (ATP) /K R TR AL 27 RE 3K 5 B &
S AT B 5 IS € s B, A 2 0
2. MR EFE NG Tas i Fe v Rk 5 E AR U080,
H AT, 7 ATP BB 2% B W e 3 A0 N B 30 2 1 IRk
Ae. IRENE AEME ErEah T iR
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GroES

A-domain

GroEL

| E-domain

(Only the cis-cavity is shown for clarity)
Clusters of negatively charged residues exposed toward the cis-cavity are highlighted in orange (E251, D252, E254) and purple (D358, D360, E362) respectively.
GroES, the A-domain, I-domain and E-domain of GroEL are shown in red, blue, yellow and green, respectively

K3 GroEL/ES &4k
Fig.3 The structure of GroEL/ES complex!"®]
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(a) Overall structure (b) Kinesin-1 monomer
(d) Complex of kinesin-1 monomer and microtubule

(c) Kinesin-1 dimer

(Yellow for kinesin-1 monomer, blue and red for a-tubulin and B-tubulin in
microtubule)

K4 DREhE kR LRI

Fig.4 The structure of kinesin complex®!J

R, i T BN R SR TR BERIH LA BB % 1 it
FEH BT RAERIVE R, IREh R A 7R R A LER 2 A4t
5%,

B — R I E AT e Ao T 1
BEY, — M HE AR s R ALK, X
FgE M) J T e AR R — E R A i A BF T B
Freddolino Z5%3:% Fil 4% J& F BB 7L T H 100 J5A4NJEF
RS, 8 T RNA E4ERFR AR TN
BRIR 250 Hh BT R 1 B B2 . Zhao S5BYEEF VR HL T
e W% 3 N 2 G B B PR B AR ST R IR HIV-1 K 522K
FIIAMIRES R, X 216 A HIV-1 KEEFANEAEM 12
AN HEEILEAI S 6400 J54 8 TR AR 53T T 4
JEF BN, SRAF TR EEAR T RO 4544, Xu 558
BTS2 56 W 5% 3] 1) JAL S B 1 0 45+ B LR AT 1V
MR ZEOSSRARGE, MWETH 8 BREEZEN
) RNA 8. KFEAZ . SN2 BE A 407
IR PRI 5), X 3 2N E T HITUBOR B E
B R I BhAS AT T 2R T, R T
ORI S5 R TR, NPIUBOR E I 2T RS T 5
15 2. Rapaport!®&87V @ 37 [ BT AR PR R AR Y, i
JR AN E N &b b A R 2 TR, TR
A8 (Capsid)f) 21255 2. Arkhipov 2588044 2, -5 25
A FEAL RN 3600 AMHRALRL T, KA MD 7T 17 H
TEANIER R RIAE AT AR,

34 BEHTEREEEARABRENEA

FATH SR (T H SRS eSS, HE LY MD A5,

B LR AT 3. ] REASL UL A R AASE A L



6 W]

EBEEE: A AR T3 AL AT i e — M B A B AL 1133

Electron microscopic
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Fig.5 An influenza virion examined by electron microscopic and the 3D structure reconstructed by computer!®?]
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