#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 248701

TR £ FELRRIEEES]

EPRSFHESERREEZREFRNSEES

marFEt FER*

3 4

(Fusrh ook (BRI BE2EBE, IR AR, Bl 518172)
(2023 4F 8 A 13 HE; 2023 4£ 9 A 9 BYEIENH)

T 8 A W) F A 2 G RN IR A5 A ) R O3 AR DT BE AU ML ] A DG B . PR A 7 I (DB T, o DA e 5
T-BOH AL, A1 2] ) H 45 4 0 250 38 o ) BE R K S i RS S R T LASE L. AR, S A E R i B K
it SRR IR], AR OR 43 R D) RE MRS G AR A0 T 5 114 5 R A B S K, 48 R e U AR A T g A b 1 3
AR AE, B SR AL bR ) R, R TR A T 2o g Xk SR NSRRI, B 3 A SR i B AL 28 2% ST SRR K =T
PN H B A, Al AL 2% 8 A U A R A Ot B AR SR S R R A P U A R A R Rk
BB AR AR IR AE A AR = IR FC T 8l ) 2% (gentlest ascent dynamics, GAD), A PRI 5% J7 % (finite
temperature string, FTS)., P Wi )2 1457 (fast tomographic), & F iR 17 & 1Y A shi 421 R\ TAPS, DI
I B AR SRBE Y (transition path sampling, TPS). 85, TATAr 21 TPS 5 38 12 o) il 45 115 50 H 77 5 12 R H
B, AT AL A A VR, ORI S g R EJE, AR I — M B4R B 5 GAD IREE R G Y

BRI AEL, TSI TR B Ao U A IR A 2 R SR 1 e A R P AT

A AIESIE, AT S, B, SRR R

PACS: 87.10.Tf, 87.15.A—, 87.15.H-, 87.15.hp

1 5

W SEELTIRERT, B PR S5 R B B K
s B AEY DI Re Ay G AR A0 08 S8 T
25, AR HRE AR L e A8 i PR S EE 2 R R A
F4, 1 X B4k (X-ray macromolecular crystallogra-

ail%

phy)¥ | # # I 3k (nuclear magnetic resonance,
NMR)F! ¥ L F 5 BE (cryo-electron micros-
copy, cryo-EM)0 &% 5 #5783 745 M2 AL iy
A RRAE, W28 I IRBE L FS (fluorescence re-
sonance energy transfer, FRET) 1] 25 /044 H b5
FREEIH] A RE S AR AL (1 25 DAL, (SR SE 50 T 1A M
DL WA ) oy i AS i BRI e AR R

DOI: 10.7498/aps.72.20231319

27 (all-atom) 433l /127 (molecular dy-
namics, MD) Jz& M i RUEE T R 4E W) 53 ¥ 50
BT BARETBe B AHAb 27 SOW A S S i
PEHLO NIRRT AN ], AR AR I e i) 5t
TR E R, HoumtE ol T al 4% 5 o i 40 R 1,
LB IR EE RN o7 1 S5 g 030, ARZ 1 i
TR = AR T P B2 R

B, T ERCR T, BAR T A9
J - B B T E T AR Y I T TR AR
73, BMEAE H AT @ e E, ATRTRESS
S MD AR AR PP 2 557 BR RS AR
I3 ¥ SEBR DR 3 1 54T N AP A I [A]
VA ER 220, N GERIZBCRMET, B4k, AT
RFE T & FIG R R, HoP A ORI

* EZRARRER S (S 31971179) PRI RHE A Z & (S JCYJ20200109150003938, RCYX20200714114645019)

e B IR
# [F) A SRR R
t BIE1EE . E-mail: zhulizhe@cuhk.edu.cn
© 2023 FEYIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

248701-1


http://doi.org/10.7498/aps.72.20231319
mailto:zhulizhe@cuhk.edu.cn
mailto:zhulizhe@cuhk.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 248701

5 A 52 419509, L L 9 R

(selective integrated tempering sampling)H 64

Ja#EEa Tt (local elevation)P0 2% #4277 (confor-
mational flooding)P* "%, JG 3 J1 %% (metadynami-
cs) P70 TIN5y g2 10062 4

WA E R, TEBER AR, U HR TR
ORI N Y sereass Vvl de 8 55 QTN 17Tl i =1
R80T AEEOME. 18 St TS 451
SRR B R TR 220 I RN R T R A AR Th B8 ) 2
MU B 2 E. AR, BRIV R AE SRR R 72 I
LT, S S0 A F-Be (BIPLge 5 ) ih 5
YRR ), A A DX SR A DA SO G
HEEKR.

O A REBIEE 75T, aTEB) tICA
(time-lagged independent component analysis)!63-6%!
A E A BEE H & s 12045 BT R4E, 3z
HE IR KRB (Markov state models)06 78 £5
ST HTRRAR I SN T 25 B A AEECIRME, T[] 42
HEDU b A B HIXRBE IR B A
A S, R T A SCHumh. % I 2 5k Jk %
BRI L ] 276 HA LRk [63.66.65.75-78],

FEAY R AU, HIHRRCRILT,
Bla = A, FI AT RE s S S
FAERIE T R REN. AR Z R TYeE0 I ME, A LT
PHRAE R ] L e RS

1) K CV B RE M) B4 . 78 A B4 S 0 K iis
B, A Lo A I /D A 3 S H RT Re EE E A
br, BISE A AZ & (collective variable, CV), 5175
] A RIZ R IR ZE CV 28 (8], TR 7E CV 25 [H]
DA st Y A (ro-o0l AR R ik IR NICH- 5y ) 2
(gentlest ascent dynamics, GAD)™ 81 7 PR iR B
5% 77 1% (finite temperature string, FTS)S> 87
MW 2 457E (fast tomographic, FT)S890 B
Bl 47 R Y % 42 48 &K (travelling-salesman based
automated path searching, TAPS)P! %,

2) Ak CV Hi iy S e R . SR R4, IR EF
FER 23 AN S BURFE R I R R, R
PEAT A 43t 00100, AR AT 2k U IS A R A

(transition path sampling, TPS)-101,

SUE ERREEAE—RE B B, {B7E
TR 52 2 A2 ) 1, ATl i 22 R H R X
THAE CV IR RENE, Fe ELAEAY R EER AnfaT )A
B e A MR A IE 9 CV; TR CV K

5 P AR SR AR T, IR R SR T AR KA 2L
KA ARG [F]

AR PR R TR I BIL A 2 2] SO SR AR Tk
(s bz 2] | A U REAE ), s H T
WAL G 5 2 A= )R] R 102102 A g 238 4 Tl
K A=W oy A EAE ST 1) B8 AN T2 e
TR B KB TR0 000 S i B Tl gy~ 52
A 0T S5 R4 ER TR 1Y trRosetta £k | AR 45 (1071,
SR 5TV R AR 5 3 HER S5 A B A T
SR O8] R 1 o () R A P ASE A g PRt g (109,
PR R 15 /N F . RNA 2558 A W) 25 k6 1 o 1)
o OB R BIL RS A ) A SR
LT ARG, A AR S RS
S S AT AT 5 ).

ARSCKE SRR CV B S R Ak
1) 4 J P A, JEE T LA S e A 1)l B S
RAETIE CV K TPS I REEA L, HEAN
HHF G T e I WA . &5, IR —Fp
BT A P S RS IS5 & A B AT GAD,
FELR B D 4 2 () ek 0 24 B A IR 2 s 1)y S B
ESIER. wRNELE LG C R TR L.

2 KB CVHEESERAEE

WRTETR, A T HE I A Y 51 D Re B
SFRROHLH, T ARG GRS R A |, &
JR AT AR AR A AR ik AR A P A B R R
SR, AR CVEZ9 FIE CV OS2k ool
PR, X Tl CV ISR, TR TEBk = XHA R Y
SEI B FIA RN 25N R m 4E A =S 1Rl o }
Ti] 2 A~ 22 /0 1 ) KA 48 36 o ) CV |
(arbitrary guess). 1 J& 2L (9 31 5 R A A1 28
RN KA X e CV A AR 4k 2s 1] (CV,
CV2, ) N (Kl 1(a)).

R4k CV Z [ rh Byt PSR, KRR i
NI SN Wy | 7 2 = R 1 2 e = R | S
BHEIEL GAD FiE R, AR L finite
temperature string!287 F1 - 3 Wr )2 $1 4 15 5590
FARER. HIE AT — Ma e B E F IR i
AHEE, MEERRLECHMELHAFRES, #id
FHRBANFE S ZE B 5/ B 8K (mini-
mum free energy path, MFEP), IfiiJ5 3R 1T 42
1Y AR AT 8 R A AL AN, PR 1 IX )

248701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 248701

# 1 BEGESRELN S

Table 1. Classification of the algorithms for transition state searching.

ISR HFPEEE 22 3k HTE
Gentlest ascent dynamics (GAD) [79—S81] AEpEAR Ik

P e Finite temperature string [82—87]
AR 4E Fast tomographic [88—90]
S EL HETIRATRI SIS R TAPS [91—95)] o
FIHCV Transition path sampling [98—101] Hites

. R R Reinforcement path sampling [113]

(a) CV-based methods Wrong guess
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Sampling

) t Non-path: GAD IB
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Phase space (e CV space Path: string, FT

Arlntrmy
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(b) Gentlest ascent dynamics (GAD)
State A

Transition state
Saddle//f
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(c) Finite temperature string (FTS) (d) Fast tomographic (FT)

..... Iter i-th Perpendicular sampling
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@—@ Iteration i-th
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=
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Iteration 7+ 1-th

CVspace

1 (a) MOBIEE A28 09 P8 S48 Ron 3 B, 57 fR A 90 4 (LATS AR Z BKh 9] 44 2R 9 7E 1) 155 4 A %5 [H] (phase space) 3 B/
A OV SR AT 2 MR, J5 76 IR YE CV 25 [l A H A B A2 28 7 ik ol i 42 i, J B ERS (Transition State), 45 Hi ik
MRAL i f# B (mechanism interpretation); (b) A2 IEAY GAD E L JFE BRI, (c), (d) PSR IS RE L FE R Z 7

Fig. 1. (a) Illustration of the flow-chart of the collective variables (CVs) based transition state searching. A low dimensional space
must be constructed with the CVs, which are arbitrary a priori guess about the mechanism. The transition state(s) is then determ-
ined by either the non-path or path methods. (b) The non-path method GAD. Path methods of (c) finite temperature string and
(d) fast tomographic.
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Fig. 2. (a) Illustration for the construction of PCV and the flow-chart of the TAPS method; (b) TAPS revealed the free energy

landscape and the transition states for the transition from the Loop-Out state of MEK1 to its Loop-In statel2.
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(K1 3(b) Z£); fdlr, ity | Asfbsz 25 (reinfor-
cement learning), %77 LB T H i W TG I R AT
(¥l 3(b) 47), Jf R I 4F 5 Bl 14 (symbolic regres-
sion) 58 ML il fgfAfr (1131261,

3.1 TERERE

3.1.1  ARE ) P id & A 49 € L committor
probability

T TPS Wiy B4 B4 E LAEAAS 8], AH N

b gk A A TG vk AR 4E A5 ) rh R

(saddle) R HZHRAE. RILFATREM L F 4L OV
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(a) Shooting move: generate new phase space path

x

State A

Phase space

Transition path sampling (1998)

z§! Random selection

Markov chain Monte Carlo

{J

[ Transition path ensemble ]

P(CV|TP)P(TP)

P(TPICV) = — v

Bayesian inference

(2005)
P(TP|CV1)
2N
Better
P(TP|CV?2) —
cv2 approximate

Kl 3 BRARRARST A I AR R 7R B 1A

Path sampling

State B

Committor probability pa(z)+pp(z) =1

P(TP|x) = 2pa(z)pr(z) = 2(1—pa(x)ps(c))

Peaked at pa(z) = pg(z) =0.5

Implicitly used at analysis % %, Explicitly used during sampling

Reinforcement learning (2023)

x5 adaptive selection

[ Transition path ensemble ]

pp(x) =0.5
Maximum likelihood Pe(@)
t P(TP|x) (R4
7 AN
@O ™

@ o

O
Symbolic o \®
regression @ @@ ©

|
I
|
|
|
I
I
|
|
I
I
|
|
I
I
|
|
|
I
|
|
|
I
|
: PR~ a—x1+ce™?
I

{Mechanism interpretation}

(a) B AR SRAFE P 2E BB AH 25 18] 4% 1) shooting move; (b) 14585 I B A2 R AR (ZEM) 1Y B

PLS e R B SR 5 o 8 25 70 A ST 1051000l 5 58 A2 ST B B AR SR A (5 ) T = ~F o 8 v S W A 3 SR A 2 i i 36 i) o 9 25

4 rh [113)

Fig. 3. Schematics of path sampling methods. (a) Shooting move: select a phase space point on the current path, make a small per-

turbation to this point (redraw random initial velocities) and perform a set of simulations. (b) Path sampling is built upon the com-

mittor probability pp . The traditional transition path sampling (left)!% 191 selects shooting points randomly and uses Monte Carlo

for sampling; the transition state is characterized through post-analysis: choosing the CVs with the highest and narrowest distribu-

tion of P(TP|CV); the new reinforcement path sampling (right)['*¥) chooses shooting points adaptively and directly learns the com-

mittor probability pg with maximized P(TP|z). Symbolic regression of pg is used for mechanism interpretation.

EXHWATEES A F B OFFRIFREE A i1 B H
EIAFETESS 3 M RER C), B4 A Fl B Z[EI At
PERHLHEE T committor probability i X.

X AR S [R] AT — s, B AT A s 4Tk
i MD BEHUFgE T H i 20 R0 R EGA
RAE BZATEEAT A, JAZ /0 MR AERA
T A ZHMHGE T B. XX PFP L3R pa Fl pp X —
MXTFRZS A A1 B ) committor probability. & 4&
TEANFETES 3RS IHTHE T pa+ps = 1. ML
by, oo A 0 AT DL SO A S TN T pa =
ps = 0.5 B9 KT UM A5 . TRl A4l i i e A
PRIE (transition path theory)6 FATHITE XJ A %S
[ PE— & @ TH, B TEE A M B K

A%, BT %42 (transition path, TP) fHAH—
Y SRR A
P(TPlz) =2pa(x)ps(x) = 2(1 — pa(z))ps(z). (3)
T AR AR I S b pa = pe = 0.5 W H
IRF AR, RIS B U2 A A 2 8] S rp B
AT ReJE THEAR RNV AR Y. X — SO B A R
3.1.2  Shooting move #7 48 = ] 35 1% 649 4 &,
fE i & ) A% G 4 ot SR AR SR0L (10 climber
method/steered MD /targeted MD & [14°116]) 15 5]
— AR A B B YA BRAS, 0] DLTE AR B
P — A e BE, X as  AE A
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(SR A S AR 4 2 Il BE ) 22 e i 5 -BUR 2% %2
BEPLE & TG 0 T RRILGREER), TR LA 2™ = o +
A R RN G 55 44T 2 I T dm MDD BEHRAE
Hor, B0 MD BELURAE B9 28 11 26 08 0 MR A
REE T BARA A BB Hiy—1>; X efik
B Bkt A WA AN B AR, HHA A S
AR BB AN 2GR 3 B 2S48 B 0K A28 o 42 18
il A S EGA B AW AR B G RERR R
shooting move ([&] 3(a))l?7.

PR RAE S AR A WAL E o, M5
17 Shooting Bl 2. Ll UL SIFEIN A 3
B 4745 (1) 15 Z 45 TPEIS 129 {H4L 48 TPS Fl L
SRR 2B UASTE a5 (IR A T [m].

3.1.3 L ¥ 42K A 89 shooting move R &

TEJRRR TPS Hr, ot pYi 02 58 2 LY. [7)
B}, shooting move LR /R BHREE SRR D
e R (K 3(b) £2). ik, TPS KRR K kI
1TiLnE
3.1.4  MBZRRLGZPRIGTESE L

% shooting move IERIFRIBEIR R LA, 1550
TPS T M HATE X CV e B fi e Horp 2 &
FIRLE  SRBGE A B RYE (3) X, Wik
CV REUSH A RAF L VERS, B ICRR A4 ps , R4
P (TP|CV) BAZEBET w5345 {HH T P (TP|CV)
JCHk AT, T SE 1 UL S )
P (CV|TP)P (TP) @

Py (CV)

Hirp P (CV|TP) I M TPE 5345, P (TP) 7
22N B[] JC D SR FE SR Y, M Peg (CV) 2 CV
WA RS A A, AT I A A AT R A AR AR
TEH PR CV o, LU P (TP|CV) 43 A B 78 B ia
HEBERAFITIEASH A B B (AR B 05101,

P (TP|CV) =

3.2 ETRUFIMNEERTF

405347 5 TPS /)5 AL B Arad #2, A
A O SR P IR ACRFES R A 2R B, T
RN TPE fEid P A A 58 R REAS, {E T
o PR S8 R REHL, X AR IR A=Y 701
P R AE LS B

P, Jung 55 13 F I 0T & 1 4 T fe s
> (reinforcement learning) M RIER L. 5H

Jit TPS A FE £ 8 4 1 3 Afr B B B M A (4) =X
ANIE], SHRESR HHRE P (TPl) FIFE 1otk 7> R H
P ek GE s e KRR T s R AR), A2k
DATR JE 1 25 ) 26 & 3K %) committor probability ps
(K 3(b) £7). KHitk, 7EdbsRfb2z > i fE v, P (TPlx)
M KA IR SRk 2 Al N £ !, | K
HEREZR RN (B ps = 0.5, & 3(b) £14k).

T I 25 % B 728 BIL 1 1 i R, B0 A 28 T 4% pi
Yy B SO A2 4 0 AT 38 1 45 5 B (symbolic
regression) 5B, ¥ pp (z) B M2 KRB AT
LA 1% T B A Ay X [120:1201,

3.3 HBEXEHEEINEABE

fHAT R IR B 2, TR A4 TPS & im b2
M PEARRAE, A BRI ARAR S pa +p =1, HP
ARVFRA Al B Z A 3 M e SF7FE. X
ERAE B R H R PR B 22, B L RESRAE A
M PER. SR, AR iEsh B4R, WiRE
DEEARZ, RMELIEC M FRES Z E HA
—e&a. XUPRE] TR RAETE A YR TR
SRENIVASER

4 Fhés GAD EREEFNT &7 E

Zeydoxt R fay BB, AT DL AR R
WA CV B AR R BLE AR OV OB A2 R
PR BB S TR A ROl ) Bk TR
BERR-E 1) F Sh LR A SRS, (A CV #) GAD
T3 ¥ W TCAHRL S AT A0 FRAT TR — T R A & e
77 10 24 GAD fEfR4E=s M R A GE TS5
FEAESRL LS AR, FAR M, IO ARk A M g
FEH TR EOR. L, A B A AR
A BT R AR A ) ZEAL L.

4.1 MEEFEHEZ

R 2 O I B LA~ 2 R S o S, HAEAY)
SR BT 0 O A R B B 190 AR AN
PR, (B HuTAR 2 Wk b, =R
755 B, B3l 12245 8., -7 B2 i A Bt i)
LERRAL ST T (time-lagged independent com-
ponents analysis, tICA) J7 % 0361 {H 2 tICA [
A A5 AR ZE +1C 25 0] 2 8 PR 2 H e 2 e i 4
23 AL, TREAE RN AT 1 A I A 1Y
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(a) Current paradigm

(b) Proposed paradigm

High-to-low projection

Unbiased Mechanism
high-dim data interpretation
Dimensionality

reduction

Learn
stable states
(high density regions)

Unbiased
high-dim data

‘ Generative learning ’

GAD

High-dim

Low-dim

Low-to-high projection

K4 P RKTEEERNREERE  (2) WARRAES AN RE S ESGER, AR THUHRFENT; (b) TREMEREL, LT
Az SRR FRLRIT S P B ol U A1 R 000 T AR A B, O S A 2 A48 0 I A8 B9 GAD

Fig. 4. Requirements on dimensionality reduction algorithms by physical chemists. (a) Current paradigm for dimensionality reduc-

tion and the main difficulties for the transition state searching. (b) Proposed alternative paradigm for transition state searching:

combine dimensionality reduction that preserves transition state information with GAD.

ARBRAR P RS S i 2 AR bR () JE Lt R . A BLAT
REAEE L, AR R, RO S X
W5 R (RIRERGER), & o g2 a4 h
PIEGTE R REL (F 4(a)). Hit, 7R
EARG S GAD BH.

42 EBTEREIEMAEEERTES
HER

UTAER, ] 2R 4 AL MU R 1 A J
B REAS P B ok 0 A A S R R R A B S 1 T
RS, BT, i s R 4, FAT AT LAY
A HIREE 7 T YN Gt — A R LA T X S 1
A PR, B v A ) 4 T I B 3
— AR AR =S ] A [, P HE A B R 2 TRl AR A G
Bl = (] I RE ST . XA Al AT GAD {4k
23 AR 5K, BRI B0 H Sl 8 SE B i e
HETS WAL

AR, X — R ) S B R AR TE [ 4
b AR AR S () PR I e 4 s ] — S0 3 g 2
FAE DL AR R R, BRI SE R, X
FATHEILSF (ICA P B A 3 1415 Bttty
FEAERIMERE . HEAh, I PREE GAD 7EAR4E =S 8] 1 I

HaAT, A AR RE D R 4E S (8] [ S5 3%
gl G A i

5 & #®

A=W 53 D RERLI A0 A R 45 A R T 0 LA
AR RRORAIL I A 2 TR 5 4%, Hoh DRI =225
AR AR T B PSR B R O, YIRS
AEHREENAS Sy THRATRE IR AR, BT AR GAD
B | finite temperature string F1HL 3 Wt 2 144
%, COE B T8 2 AR W R i SO AR AL
B YRS e AR b R, AT 5 IR TR A 578
WG, T EHAE K B ST AE B B
THRATRT N A SR R A TAPS, WA RGE %
TG RN, BT GPUNEE
PR L, $ETH T A SRR B R P S R AOR.

TESERTCTHT TR AR & A8 S B AR
KGR A BT Al A SR A 2= 2 AR
SIS ROR R AR Bt A AT TS AR A
H A BB 8 22 1 U S S A R R T
XREEAE Y AP B .

PRI, Wi 2% AT AR B 2ok 2S5 S IR BT R R A B
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Transition state searching for complex biomolecules:
Algorithms and machine learning”

Yang Jian-Yu# Xi Kun#  Zhu Li-Zhe'
(Warshel Institute for Computational Biology, School of Medicine, The Chinese University of Hong Kong, Shenzhen 518172, China)

( Received 13 August 2023; revised manuscript received 9 September 2023 )

Abstract

Transition state is a key concept for chemists to understand and fine-tune the conformational changes of
large biomolecules. Due to its short residence time, it is difficult to capture a transition state via experimental
techniques. Characterizing transition states for a conformational change therefore is only achievable via physics-
driven molecular dynamics simulations. However, unlike chemical reactions which involve only a small number
of atoms, conformational changes of biomolecules depend on numerous atoms and therefore the number of their
coordinates in our 3D space. The searching for their transition states will inevitably encounter the curse of
dimensionality, i.e. the reaction coordinate problem, which invokes the invention of various algorithms for
solution. Recent years, new machine learning techniques and the incorporation of some of them into the
transition state searching methods emerged. Here, we first review the design principle of representative
transition state searching algorithms, including the collective-variable (CV)-dependent gentlest ascent dynamics,
finite temperature string, fast tomographic, travelling-salesman based automated path searching, and the CV-
independent transition path sampling. Then, we focus on the new version of TPS that incorporates
reinforcement learning for efficient sampling, and we also clarify the suitable situation for its application.
Finally, we propose a new paradigm for transition state searching, a new dimensionality reduction technique

that preserves transition state information and combines gentlest ascent dynamics.

Keywords: transition state, gentlest ascent dynamics, path methods, reinforcement learning, generative

models
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