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Figure 1 (Color online) Conformational transformation mechanisms of four complex protein systems revealed by a combined strategy integrating
all-atom conventional molecular dynamics (cMD) simulations and enhanced sampling via metadynamics (MetaD). All proteins are described using the
CHARMM36m force field [12]. (a) Conformational dynamics of human y-secretase in recognizing amyloid precursor protein (APP) substrate [13]. The
simulations indicate that human y-secretase can induce the unwinding of the APP transmembrane region, forming a hybrid antiparallel B-sheet.
Analysis on the free energy surface reveals three possible catalytic cleavage products: @ inactive, @ AP49, and 3 AB48. (b) The single E76K
mutation modulates the open-closed conformational dynamics for SHP2 protein tyrosine phosphatase [14]. (c) Conformational dynamics of solute
carrier protein SLC12A6 in dephosphorylated and monophosphorylated states, highlighting its transformation between active and inactive
conformations [15]. (d) The 5 ps all-atom c¢cMD simulations and 900 ns two-dimensional MetaD simulations reveal the sodium-driven substrate-
coupled transport mechanism in the human Na-taurocholate co-transporting polypeptide (NTCP) [16].
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Figure 2 (Color online) Classical MD simulation system and various
acceleration schemes, taken alanine dipeptide as a model system. (a)
Free energy landscape of gas-phase alanine dipeptide backbone
conformational space (¢, y are dihedral angles). The system was
described using the CHARMM36m force field [12], and umbrella
sampling was performed on the ¢-y dihedral angles with a sampling
window of m/15 in vacuum. Langevin dynamics integrator was
employed at a temperature of 350 K with a damping coefficient of
30 ps_l. The free energy landscape was reconstructed using the
FastMBAR reweighting algorithm [42]. Red indicates the three main
stable conformations: C7,, C7., C5 [43]; while blue indicates two
possible transition states between the C7 conformers [44]. (b) Three ML
acceleration strategies for MD simulation.
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KB J15#4FE. MDN-LSTMAHESE A 52 7= (¥ I A5 3 41 7
PSR AL T — o LI P RS 1 v, (B R
BT KRG 2 — P IIE.

PHOB R E T S A A B A AR,
ST I MD B, Schreiner# Y H T Ba s
Fo S5 27 ST RE SR, al SR 2% AR 25 W () 4 HIONE 2 A
RUFISEQ) JUMT &5 AR B8, 2% 2] ZANIT (] 40 HR 28 R 1)
AR, 7 IX LR 0] DAAE S 0 2 2RSS B
AR — B I BE LS 715 FE . T A fEMiller —
YA TR K LA K Chignolin® DY AP 47 & £
1R R EREAT T ARG IR, SRz AL REAE X 32
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BR. WSSt T DiftEMDHEZR, il FH 7 ik 80
JUAAT 3 = T L B T R — I A2 1 R A .
AR A 3DER T 8 B - D ZE R RISk HiE R
JIREEE, DA Gt e B TR 2 TR A 5 ) A AR R
IR Fo Ve A A TR 2 I () 2D K A HEVE — NIRRT
JF 1Al

LI ] K 7R TR RBEMD AR 43 45 K BR 1 1
I BT X AR, Fu I Rsuns PR R T
RGHR o A RIS (8] RO 73 il Ab B AR, DARE =k
MR RAR R P FE AT AR HAE . X v
TR AR A 2= IR A 2 REAE R, BETE
PPAS AL A B 7 TS T I Bk AR, Bbabh, TIR-IEIE 7
EA IR T AEMDE S0 8 AT . %07 1R
T PR RS T R IR ARE R SR st AT aa AE I, I ARLSK A
B . Kochkov RT3 1 75 v 7 2%
f&1E(learned correction, LC)fH 2% W 2% 45 7Y S F i A1 42
BRI ZE. (EAAT 28, LOBIRYTE IR S fEmf
P Gt AERR PR RN AR E T 7 T 2 ) AR E AR T g R —
;, FFHAEZ RS L T EPDAIResNet 22 44).
LCHE R g fai 58, SEBNAE 5, AT REH & i iz AL k.
e R RAEZELiFlow! S FH TR -8 1E F A Sfe 2 = 4 3k
[ A5 LA TR 1R 0130 02, SEBXS TR — B AP i 1A
PREJHES. IZHEZERIR I N T 2R IS RCAL Y, ffif5
B e 0% B G AN [) B3R B 26, FHE SIS AN ]
SR JE T & RIAL PR, 2540, MultiPDENet /7 )
BEIARIZ B 50 7 R FROW R, R o0 R
FRRE P EE 7 FE B SR, TR 2 00 RO s st 5 vt
T T B 22 93 4 10 6 AR U 48 K SR M I i 0 T AR,
FEH IR ZER EMSE IEE R, S5EPARE LASEEL N
TEFARBE R RUR, X EAEZE LS & T T AE 1E 1%
O, 78RR AN &N A TS T2 NN RERZ
IR

Young! AR & UL AR 43 T AR T4k 2250t 12 45
FIMDHUZE T 14 BE T e S HERF 7T, 45 R, BB
WA 25 (P PEREAE T HoAth 224, S5AR#42 I 45 (E3NN)IR .,
BE AL TRNN. § UG Beoam i A e 71, B 24
P ATAT A AR, DA OR AR s e S B
1, AT RGO I AT A 2 I B MR RE R 22, IX
T 7 ER SR TR B, HLBRT =) DT AR 418 2 — MR /N Ak
R, ABX T AE T E R B I PR N HEBD B R R
AR RS HME.
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4 PHIREK: SRR L bR R &

FERIEFE R 31K A AR N, Gn e v AR AE
I AR — S IR A A R B A% O i) . A G 2
FRG3 ITVEAE AT I 1] RUBE (0 2 285 2 2 I A7 76 1 K s
Ba: — 2 e 4R R R 7 [A] HholR 2 P RCR I BR ], — 2 &
T B[R] R 2550 1 G A AS PR AR () R AE TU AR .
b b, AGHE I E R LA AR A S5 4 AR IX L 2
e TR] P BRI ML R RT K 320 3yt G AR AR AL ) 1
SN 1B RS BN YRS AW WAL R S A ST o
RO W) BRI TR RS 7 2R R A T S I Gt oK
e, a3 20 E IR AT SRR B R I Y 24 il PR A
BRIT I A 2. IX 77 ki H Ba X 18] RO (im-
plied timescale) & A5 AR G, FIELLPIT EIL N
WA Z A BRI, 3X M A AE g BRI 7 R AE AN TH 5
MR, FenlEH Ot REA TS, HisEan
RAWEEW R 2% B H e SO I R RE 3 &

— T R RE B o A 1 AE P S AR AS ]
FHRAFEEN T RS RGN ITEARE —F
BRI T, AT DA Aot AN TR] PR & 40 7%
FMDEAL NI, T 8ol R AR AR I A
IPAESON S

LI RS ) SE R 7 % RIS, T DK IE AR A 1]
[R5 ) ARy By R AT R . B T o Ry At
NEAE T AR AR KIS 8] RUBE | R G280 ) 5 AL )
R HIIR. Zr > Adhf, HP 45 5 5 i i 1 2L (8]
NAAR 15 B A AL S S LIRS 2. (R,
oA b F T AR I A B0 ) R R B G )
[ RUEE, T AR A KT RO ERRT (A0 K B AL Kk, S
HWOTEAR, FATTEIA T3 L IES ) 115 104
HRE (R A, T ORI ) R T WA M 5481k
()5 1AL,

Ly IR ] FKad FEAR 431 2% (variational approach for
Markov processes networks, VAMPnets) & — M ii F
EPDHEZE ({9 PR B 5 21 iy 7, BT 2 FALFR 143
T8 1IN 8 By IR AT K5 1 2% VAMPnetsid
A5 R BT Gt AR AL J2 PR e 22 I 2% 2 S T 4IRS
6] R A AE S i, e 4IRS =5 () SR T I e %
MR B R i Sy R AT R %, gk B A i ME R
Sy IR AT RIS AR MR YE R R b Al v i R T 22

5. JRIM, VAMPnets T 257 g 25 (0] PRLRLAL AL G4l
b BB 15 SR AT R4, HAR S H A E AR
FAARR RS AR A E AL, R d A A iR R
WRZAE . thAb, {8 S R AT RARZS B A (Markov state
model, MSM)RAEM KA 23 [ 3)) 77 2 Ak th sh &
T 1 B 1] ) 2 B I3 47 VAM Pnets T AF 3t 1) AT 2.
Hernandez5 " i (948 43 ) )3 25 4 B 55 £E VAEHE 442
FRAE AL 1 E AR DGR R SR B S BN 2 AL A e
I P ) e o R R KA )R, SRR
AR RS RNV SRt RN L D i U S < G e SN RN
SIS R AR N, FF R I o AT B A TRV REAE A Ak
HRU AR & R 812 5.

Timewarp 75 3% iE 51 A 45 0 — L i BE 2 15
NI IR ] R EE SR P (MCMO) IR #i, ELEE M
R TR RS o5 B B0 pQe(t + 1) e(2)) BEAT K FE,
YRR TSI A R AP R, R 4ERE T
SPHTINT 12 B IR 25 2 A . AR Y T LA 1R (]
R R %2 A s, BABIFRT RN 7R
RBEFEE T ZIKRGH, ZHELEEMCMCKFE
RS RS SMD RIS K. B i i 71
KA Z AR BRMDBL A e A /b 55 ]
AR 0. BeAb, T 2% A3 BB Y (1) Score Dy-
namics 77V VK1 G5 135 5 B 20 I 4 TR £ 43 $
Iy, WSLH 1 X6 e Rk 22 0 B PR T, ] 7 S R0 2% Bk (1)
BRKTNERTERREE2 MR R, HEEH
PEMH IR ), TENRR KAV R EENE
TREIR R R R AT HIECR.

38 51 v BEARR T 5 80 ) 5 By IR a] A 1) e s
fBise. SR, 9 SEIREN 77 % B R XD IRAS 25 8] R Gui AT
R 225l NEAZ8N, FEOLARS AR I 8
MO AFAE AR D /R 0] R oCHk.  IX PP B G AE 40 My 4 4 SR B
5] IR R B0 77 5 A R R 2, 15 5 T MSMAS Y
XTARLAL B 77 2540 GBRAT B Tl 7= A R gt w22, A
i oxX — i, WERENIR R T 2 RS R Ry
. BBBPARA AT S8 52 SR b i BE AR BN,
— N7 SRR R T /R W] R A (hidden Markov
models, HMM) L& AAMSM>", (HHMMEE T8k
PHER 532 5 B N JR i Bt LRSIt ik, Rifgsgid K
2 5 S VI T AL 157 (observable  opera-
tor models, OOM)J & 1)1 2% 3] 75 12 INAE~F- i 504 2%
S 735, I E A AR SR ] Kl ) 7. =R
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T % B A R AE AR B /R AT R Bh )% BT — R 51
TR R B TAET™, BT s h T
@7 HES R ] KSR (quasi-Markov  state models,
qMSM)?L A ALE I AT 2 A% B B (memory  ker-
nel) AR B IR 7 52 Ok, e 0% 72 BRI B RE F
FHE BN ) B, R SE I K TR REE 3 /) 2247
9 I HAERR T

FEBINE R A — A0S WAE T AR 5
PERCSCVERIUCECRE: T8 = BIRA R R) 3 ) 22 S 4L,
PRI S B2 8) ) — B E E A L EA; RS
BN R S B B I ] PR BB Ak 2 ] e 5 SO ORI 1)
FEAE, G Tk PR RN 5| PR R Gk VA R FLSE ()
DIReTEREAR. Ak, e 4R G (A1 41 A 1 i 4
FETRHE, BUA P TT 5 2 WORRURL AL 8 5iis B =
IriR, ATRERELE RO T REE R, AT
f)72, Timewarpa5 /7%l ) F L R (N IR 2% 2
SIANIRNIT A SO AE, B E 5] 1 = AL
RIPRES AR A YR, XA RS
IR G Gi vt )22 R B sy, R fE
B DR FRAGAE. b, T2 A kAT
RGBS (A R B B ot B8 B ), SR ey
PR EL AT A R Tt

5 ZEMMEE: TR HRSEMALR A hE

FEVFZ HARNI IR, AF U R0 B2 1 A (R O
WG KEIT 2200 A, T AEH AR (i R A 1 R
SUFE, MDA R RS G M R R E7 10
THEIE. B, £ A 5-Fo AR T4 A T sk 5
KRS, AT & T S 0 A AR R E5 A
WA R TR K. AMKAEN ) 2 B AR T A
A ROTEAEIX 83755 T W] KR ST T SR

e 2 AR R AR 45 R T 5 V2 e e B AT
AT BS D AT IR R IR G R 1 I TR R 7 (4K
W, RS LR, EARH R RS
SR EBUN RIS, TR, HLasE I WA 7 T
FAEARBAG T R, AR A B AR
L 1 S RS BCRAE UM /N 43 T I M 5 2 1 0,
SR, DA B A S AR BORE DA B AR AR T 1Y
A o B R AR 2 T I . B, AR
BRI, BN LA A A Y 3 B R
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FHEANEE R TR e E A, BSR4 TR
PAPFEARIP EefiE X, A E 2 BB AT R
P gESe. XL RN A FIEE R A
IR R 1 [ A PR A2

Blt, i 703 3T AlphaF ol d&5 85 [ i 45 1) T 1
HIFREAZH SRR, 1T AlphaFoldifi id %t H #7
54T % B 51 L X (multiple  sequence  alignment,
MSA)F B A5 ok T 25 A R gh i, MEAR L,
"] LGEN B A N IMS AR A E AR L EE S
P2 A% SR, BE BT MSAIRE) 7 vk AR
B A G2 R TN L [F)AE 4 AlphaFold A< B ¥ Tl
KRR X T HARE A WA JBF B, Alpha-
Fold BT A B IR G 2 23 55 SIIa WL (1) — 2R S5/ 2 7
PR S AR A S 2 T B AR B S A
B UASREUER 1 57 £ 4 5 B TR SR s 4 25 7 ) R,
{H 3T BRI 7 3R B LT 3R 5 5 MIS A #1) # [R] [ L
KA LI LG B o™ X Bk B prig
¥ HUARALRE SR 2R 52 EAEREL T PDBIIZR 4R H A5 £
H IS5 FRHAE, T -5 AR 7 91 L35 B ORERAN K, [F)
At e Bt T AlphaFold 55 A8 ¥ 2 FE Al AR T ik = 4 21
A FRRE I B SE. 2 T AT AL 220k B )
PRtk N AlphaFoldHEZE, RN 7 A HE/E 0 2k R A+
FINSEIGHIRLIR ] PAEMTRIN, 25 S I05RAE Ty
AR ALK S AR RO R e B AT TR R T A
MSARHF# 224 R tk, 35T AlphaFoldffid %
A E5MDEIL S RGADAAERTTZ 7 Bk
TR £ ST 2, FECRF AL 5T A 5 A8
e A MS AR IR et AL (5 543K, HIRAE TR
IR E RO RAE, A RS = B0 H H
AETHIARME, S H ML H 5SMD4 BRIEE R G
Tz,

Ayt — P R AlphaFold ) [E A FIFR, W& H K
T 2RBGH . St2Stri R Pz IR K VE
K, FAlphaFold )25 4 TN AL H 55 15 73 UL BC (score
matching) B FHZE A, 78 LA S48 2031 R X e 50
HIEE A 5 R BEAT B F A . (A B AT A, Str2StrfE
W B RT3 s 1 5 BE ML B0 P R S (R o e e 1) 20 40
K&K 22 FEVERE B 0 2 3%, T 7 BB =
100 A0 KA (1) B 23 [B) I e B P gk B B 4b, Str2Str
I 54 32 ZoRVR T PDBES My B, U A R
RAREEN R TCTE R WA [ IS Pl v A, (HRA
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XPEE IR R R R FEARR R B ). T IR 1
P2DFlow'” LLESMFold" il () g A 45 10 g il o, 3
FSEQ3) 7t UL FC B AL T H A5 b R 43 A5, xRk R 1)
BioEmufE 4215 T 43 7 X Graphormer 2244, | FHAl-
phaFold 45 M B4 P T Zrdili P S b A4 GURFIE, JE I Tl
VY B A KA MD LIS K 3T B E FR A6 S2 50 508,
ASEIV) A H HBE SO AT I 2 MR E K. W5
MKW, TS EASARRT, BioEmufT il
e[ A S 5 MDSE RAR HE CLIA Bk

7E4E AlphaFold3K 3l (1)K 73 T REFR P, 5t
T I A R R B S AR R, TR T 2R
RI7%. FEETHEAS KLY R G4 T
VAEX] 8 FUM SRAE AT S5 & . iR, R
VAEBEAR I 1o DL & 1| 25 SE MDD SIS (4G 52 20 A, {HLAE
Re 2 [B1VE 43 A A1E RS B < AN Tk G =2 SR EE 45 44
PRI, IX$EIR T AR IR B R - A LV R
BRI NYHA T RK LR WZ. Xk, Baker[4]
AR B A W B Ak Sk R R 4 K A
NARFEAERE, FIF VAELE AT R4 B 2 (R4 B [\ RAE,
P 1 RosettaF ol d i i [ 8¢ 4 HH 0 40 42 R e B 78
SYELER. %A ROk S T R VAE B TR R T
AR BRI TR T LART 9% L ] .

FER L RRNTT T, PR 2% 2E s T 61
PEHIET A — R, AT G BURE 2 i ReE
BR A S 30 v BB 2 R, S5 A MCMC SR FR S T X #4
J1 M G R L2 B8 . RuzmetovZE "I & IIICON
TR ) SR FH 25 T 1) o 4 50 1) - A7 1L 5% (VBAT) H 45
AR S T A S TR R 4 B 2 TR 3R AT A 4 1 R
DA M % 25, SHESEVAEMIEL, ICONTEfRFRI) 4
A B B[R, BERSRAE IR T B T T IR O B
FEAE. WangZ5 "\ IF 5 () ConfDiff Il # Hy T —#hJE T4
JRFMDIRE RN ) 5] S5k 0, AR S R R
A T R T B IKEh 77 T, Huss! kg T
/2 S ERANKIEMDE RS, @it E s
M43 BT IR A S e i A%, FE LA I 2RI i 2 ST A A
s e S 5 ES. EREOKRRF, WL R¥E
5 A BVEF X PR ATPR 1A R 2 FEPEIX — HLpR i) 8, $2
T BT R SRR BN A R AEAESE. i 5\
IR R MR AW, 45 A MDEUE T 2 I 2k 1)
FIRAS i 2as, MATTRIh A BT 175 G S B Il % 12
PEIRE. Z AR B T A B 5 MDA

(PR E) S AR AR ARSI AR S 70 AT, FLEZEMDAR
PAAEA B ET A AL, ARG GRS B[R] AR AR
EPE.

il 7 JC /¥ 25 A (intrinsically disordered protein,
IDP) KL 5 FE BN A IR G AT, N5 1 H R4
B RR AP, X IX —HE, B ALK 2 Feig ]
A RGIRER 1 H T IR S IDP R LT 77 4. Ak
19T % (RidpG AN S FY 36 (9 93 2 Ay WL i 2
BN P 2% 2244, BB M 51 500 R R AL ID P A%
RALE. AR RIS RG], JFE
AFDAN T B S S5 o R R b FE I EEA
., ZBIBAHE— T K idpSAMME R 8 & T SE
Q)N AL ST IR, EREMDE R
Bl e EREATUNER, SEDL T X IDPH R AR ER 1 ks L
G, AR 250 ) [ B R R 3 L B 4 T i # 1k

HT, HLER ST IRE) IR R A RAR R AT SR T I
PR RAZ OISR, S 5 A R ) G 7 ) 1) A4 R M
o], & — AN N DR R EH R EA R, HE
BER iR A ZI2NAS, R E HEREN 2 fa B s
K. HIREERZERRBRBORRR, X S8 &4
EEH R B T S B B /0N, 8 1 R P A 2 % 22
(W8 I A=1)EHT B R SRR, &%
5 EUER 0 A R R G T R LS A A

)R 7 1 B AZ U BT A 43 B XS IF ) P 1) )
B ARH, B G AR BSOS R A S T RE A = RO
7. SR, HT e S B A . RS R
AL R G AL R A R (B L A A A A R
&), (HIX LR GATY AT BEAL T ) 508 ) AT IE 1
PG (8] X3, ) R RS AE T (1) AR BB R ™ A
AR TE D ATLIH; (2) IS R R 5 S R St
IR A3 R). A ETRTE T8 I I 4% AT e ) % AR SR S 5
e SEE. — 2 E B W, s R
HHRNBE G B A R (45 R ek B, AR R G
REF R SRR RE R AR 2. ZUTE TR H 5 5 i ik
AR, BN B R SR A SR ARK AR Bt St
TR IFIE, IR E S50, b, # R 2 [ARAEA
A SR Y 2R B8 23 A v FE AR, X RO G
B AVERRT . ATHYIT 9T IE 22 Al A A ST
L RFEHOR, 1 = 3 AR U R 5N #
SRR, XPRA VOB R T SRR
IR T, (R 5B LR X R R
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A T
Rz

BRI JEE R R AN S B B I B B4k

6 Hai5RY

ASCERVY T HLES 2 ST 731 80 ) Bl ) =26
7 ik WK A i AT 5 22 RERFE. A4 Bk
W7 <G -2 - W] R AN AT e = A I BLAT R &R
INEE WIRPA YN //BE X7 NEN /N S A e a2 i )
LS, (BRSO AP G AP AR S A 2%
FMANTI; AT SEEL T A 1) RUEE A S TRk
IEMAENT, (H A RO g B AR T 5 B AR T R A AR e
ZRJERE R RO A B R, AT e e ki
S 7SERER DAL SUR P RE: i (e RV Sl
FERPCXLE R IR A SCHE: I8 I IR R ol B Jmy S b
izgl), FFHIRRET MR RERIE, 2 AR
AR EREE AN, WEEENRAHER. 254,
AR 8 7 S 2 1 SR e U7 e SEELIX —
il £ S

HLas 7 IR A IR R R R LR B
B S35, R LR GEANTT W B2 SRR N R 38 8 e A )
KRBT ROL SR KA R IR, E R
JEL IR P 3 B2 P 2 SRR v, A A A A
iR RER ST IE . ShEELSEYHIEARLR, M TW
TN & 22 ST ST AR S ME RO B Sh i e, XM 3230
2w L) FF) SR S e 9% SI2 I 00 BN A 15 00 A 1) A LR
. TR R RN RS BRI B b, 78 280 B
THZ I, G A A AR 22 0 2 T LR A 2 TR R
Jieke . FREFNATHSFRIE, BORIG RA USR5 5

TEMEAERHB U ZR. BRI B AR ZEH, "R
T BPINN EL R W BT BRI AR BB 7 %, A8
P8 ) 6% 2 00 o R R 28 A A 30 70 % 7 RE B Bk 22
T, 29 SRR 7 A 1T T 2 B BT fi.

MEERRE AR, 5B IE T B
I = V2 05 31 Ve 2RO (L3 3l R s PO D3
5E 77 1A FEAT MDA DL A R <2 36 UL B G A A A
SyFHLE, T B EE AR 43 TR R e 2 Y i ik
Hiil, gl SscieiuE MIigetii. EonEnm E A
AyFRk, KA R S MDEIE TMD E H RER
J7(free energy perturbation, FEP)45 & [ AL &
135 FE TR Tl 7 P9 A1 OO e N T A,
TV IS ATS AR SR B ) A A A EEL Blan de
MDA, TGS B HLES 2 ST LA,
BOE I LS 22 ) 0 BT MD R i £ S Bl ik 2 DL TR F %
AR JF S AT+ MDD i &5 77325, T8 ST S G v
PR IE AR AR RAIEIR R .

AUIETTE Z A K R AR T X AR AL P 14
REEYIFE R, SR, T F AT S £ MDA
PRAALLE FE AT IR SRR R e o it MG —
() VR W A 2 A BB R, 75 T A i HL 2 R A )
PEANFRARH . 30 oK 4 R A 4 R A A 28 X 4% 1)
B30, R ) DR il P R R VO AE S I G I
E, B AR AR B AT AR AT T,
FRMAE G 3 AU T R R R, I P B0 i 1)
RERAeu, BUSEBRAEY ST 2R R Tk
WA R—— AN D & S AR A ) 2 7
RO TR, HAEHMESERIitt. N T
PG RS I FH A ) 5 A R

Bt RS B AT I R AT TR R TR, R T A B RO AR R K S B
EE PN
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Abstract: Molecular dynamics (MD) simulation is a powerful computational tool for investigating the structural,
thermodynamic and dynamic properties of complex molecular systems. However, its practical application is limited by
computational inefficiencies, particularly the gap between the time scales of chemical processes and those accessible
through simulations. With the advent of deep learning, artificial intelligence (Al) has emerged as a promising solution
for accelerating MD simulations. This review examines Al-driven acceleration approaches at various levels: temporal
acceleration to overcome step-size limitations, sequential acceleration to capture conformational transitions, and spatial
sampling for optimized conformation exploration. We also discuss the challenges of maintaining physical consistency
and multi-scale adaptability in current methods. Future advancements integrating multi-scale approaches with physical
constraints are expected to enhance the accuracy, efficiency, and interpretability, thereby expanding the utility of MD
simulations in mechanistic analysis and molecular design.

Keywords: molecular dynamics simulation, artificial intelligence, conformational ensemble, conformational dynamics,
deep learning, Al for science
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