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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

Dlmensmnahty Guessed mechanism Mechanism interpretation
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Sampling
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uess -

Phase space (e CV space Path: string, FT
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(b) Gentlest ascent dynamics (GAD)
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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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trajectories

@—@ Iteration i-th
O -0 Sampled nodes

=
@ @ Equidistant nodes

State B

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.

248701-3


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

A, FE SR A R A gl el (B 1] 5 Al X 50
B, B 1(b) ZELL), TG & 2 Se il it i 4 7 4
i1 53 -5 AT B LU B 04 A5 3] R 5 S P IR B AR
(K1 1(b) 2 ), FRBCHEM AR “BfA T 1L, V% AR
TR MFEP (18 1(b) Z258).
2.1 JERFEATESHER
GAD Rk 28 P S R AR L,
TEFIIRAE CV 25 [8), MFERGSEUE ERE T &,
IR RE T 25 (R N, BLHese G S R 1981,
WNE 1(b) s, AR 0 D 3 Sy ph AR A4 34 A T 25
[E] N A 2 — i O, R AT B
@ =F (z) — 2F, (1a)

yn=—Hn+ (n, Hn)n, (1b)
Kt R AU B 2= N — DAL T [, RIHT
FHE oK BOBS BE AL R B9 /N5 AT /NP R
8, AW TSNS (EESR). Kb g o
(F(x),n)n, F(x) 70 TR 16 R k4
CV =3 [A] N A S RERR BE TR B A VE FE T T m
BCAE A T T A BE PR RO AR foe /MR (L T
(R AL ) o, RIVHS ) 3R a5 /N7 1), HeAg 2T
(1b) A EEAGKBICEL, TR, ~ Wz H
XF n ABAEHYSZ R RE T, LI BR 34 RE pR 20T A I
o M, (1) ALK 515 705 AN B i 5
RES S fie 2 (19 07 [ 1 SV S WS f52 i T d
B

2.2 ETHREAUMHITESHEER

X TR T AR TR I R B, AR
P HAR A, v 25 M 1) T2 o
ARG R CV MRS, 4245 finite tem-
perature stringl®? 87 FIHRH W2 Tk 55 90 2) Jik
F 2 A & (path collective variable, PCV)
AR AL, BIJEF TAPS 53k V99l ek
Hh B, 1R R T A AR R N, ] s ELR
MR BRI AR B A2, U e BRI A 4 =
[E] 5, 752N BAR RGeS &, 7
A — SRR R LR 1A 7L AR (14 116) g 0 I B AR
AR (BT 1), IR ST et
A% (MFEP)B2 90 g i { o] i 33 115 MFEP [
FIHhRE BT S, TR 25 Hh IOWL e A8 ML Al A o S A

B [57-59,117]
TN .

2.2.1 Finite Temperature String

M TAE S I RS (U0 steered MD,
climber MD, targeted MD 4§ [114-1161) ek 15 FI] 4
U TN LY/ e U UL Lt K e = S (| AN W2 o
B RIS ARG R, R R A )
FNGE B W IR e A2 AR B — 20k, IATTA5- 3] 5
g, R/ A B AEE{AE (minimum free energy
path, MFEP). {E g 0F 5% I 28 (] # rb i AR 301k
finite temperature string FILAL AN 52 87 B0 {7 i
(Lh swarms-of-trajectories MUA A 57) ) LI 1(c).
X E R AR 1S (H State A 3| State B) T
AR ARUO 5 58 R & (swarms) AF LIS
1Y B LR 45 3 6 MD SRAE S, 78 03 1 A 4 25 1]
XPRAEGE RIS, BN B R i S A 4, AE R
R B RAETT A (K 1(c) H sampled node). iX
FEMOR N T FEBRAR 255 R B AR 3 e B R
FE, T AR 2% 759 85 B R ZEAL 0 B BERR BE
SERUT AT RN T TR E 1Y At BERR
BRI IFEER S (L), R ag 5/ M ml
ST R S FEL AT S A SR RAIEAR 48
9 5 B S A AT (equidistant nodes, & 1(c)), #F
M B — 4o e AR B AR

RIS FIRIEARN, AR R AL
Fik /N A BB MFEP. S5 28 1] 3 1 < E
KA T 05 3R O It MFEP /9 H i BB 5% 0
(free energy landscape)® 871 JE 7 45 H ROULHL il e
FEANAS ZIAH N () 3 A5

2.2.2  BRRWTERE

R W72 I 5 RT iR Y finite temperature
string Jr AL, TR 2T 2 S nl B AL T35 HL
B A8 R ) AT AR 2 ] 158900 i I AE AR 4E S
[T A48 R, 83 MFEP, W& 1(d) FiR:
e, FEIEE WARE B = ] ), 3950 e B, AR
W4 (B ZP R, S N ) RIEW)
IR AR A% (H State A F State B); B/, X T4
AN, HRTEEE BT YRR A T 2 R N A T
AH RIS A MD BELUR AR, fE R R TP b 75 5
A SHAKE 53k (1181 L sl 6 G 120 8 - T 45 ) o e
[FR, 456 AiEh RS MD 77 (adaptively biased
molecular dynamics, ABMD)!9 3¢ 2 w55 H R #
RO A, X RS ARG, R
AL LIS B HEAT I 4, TRAF N 1 5% A8 B AR

248701-4


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

(A 1(d) HREELARNE 555 R E AR ELARSESE, 7E401H TAPS J7iEnt, et Hix
RARRAE +1 R, R LR R 2R, A=) 2R B0 0 TSR A R T L A S AR 4]
P ZA5 58] MFEP, FAHN H H BSOS, T IR AR T JE AT IR B A2 b e o e A ok i rh ARk
B MO A LA bk T2 . B 1 T 5 45 M, 3 Dk B 4% M R 1) 7 5 T

e B , r . (K 2(a) H N R — BK &5 48 v DL ERTE 7 B9 I
223 BFRETMGAAUBERERE o) s AR R (root
FERET AR U R A A — Pt mean square distance, RMSD) Al #5222 57 |
TR G AL POV AHTAL SR U0, BIAETAR Wty i i 2 o A5 0 A AT 5 i S i ) 2 57
TR A sl B8 Ae i R A% (TAPS). TAPS 1) il 1, 35T RO G (BT ) SR Fe s A s o
Wi AR AR AR B AR R IR R B ST D R S AR AR AR, i ]
(Al [F] B F AT AT GPU Ik, peidifs 2145 FIH PCV WA 8 —4eny iR A A Ik
AR S (8] R R LA (MFEP), 45 HAH R A1 Yez2a]: B PCV-s Ml PCV-z. Hrh, X TR EH 4
NS B AN PSS S (8] 2)101 9L, z, ZIRERBEITEAR R0 PCV-s fARHIT AR

Travelling-salesman based automated path searching (TAPS)

Path as temporary coordinate system

(a) Distance metric ~
N diyj—RMSD s x ] : F{vs’:ffrence path Ej\’: 1ie—Ad‘f._, %
Guess PCV RO Ve N STEON . B
. (1'6( 30 "L“—A’V Zi:l e —2
|:: > :: > g
o > - N o
2 = N ;
L—> Reievant g‘ \ 4)( S Q z=— l ln( Eefkdf,’) Samphng 8
atoms o N D By 2
Phase space Medium dim space & 30 ¢ i=1 = MDS coordinate 1
Iterate

1. Perpendicular sampling 2. Median(z) 3. Travelling-saleaman 4. Reparameterization

(b) Umbrella sampling on MFEP

X 4
o AY “3% > )

NV VAR N
of ) v eop)
7 Loop CoF PR
il Nty
Y B XN ¥ =
adinl-f oy e
g L
: A«
R, —16F
<
o4t
Loop-out
_39 . . . . . . . . .
0 4 8 12 16 20 24 28 32
PCV-s

Kl 2 (a) PCV #2120 F1 TAPS Method 95121 333k J #UR ZE 8T 5 (b) & T <) SR AE 5 ¥ 44 3 19 TAPS 552 8 /& ) MEK1 H
Loop-Out # ik Loop-In #4728 i3 # e /)y H M BB 42 (MFEP) 1Y H Hi 58 ] 5t KA R 1 0L e ZE L ) 192
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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FSF- YIS DL 2(a)20L, s 7 L SR AR A AR B
25 TA) N, PR S8 iR AR R F I T E H bR e
R A A% (MFEP), WA 2(a) 3T 24k
BE A5 BE 7 % (multidimensional scaling method,
MDS) 022 45 3] ) — 4 A2 48 Rk B s, AR
01 00 46 B A8 DR 1 R B 8 A (0 Y O i A
(MFEP).

WA LIS R — K C7,, B CT,,, 5% 725y
], e 7R TAPS AT AR ALy T2t e, £
FELLT D (WA 2(a) TR J7 FHHEAHEN ) TAPS
HEARGRR).

BB SETRAR Y AW ES (d,, )
MY S s (i= 1,2, -, NfFEE, FIH PCVI
g B AR LA 4k 23 8] W B AR D7 ), PCV-s
((2a) X)) FnaE B T #4277 W], PCV-2 ((2b) ), 1M
Je RS 1 R CRAE, SRAEITE PCV-5 77 11
A BRI, B R4 T 2 s AR i J7 [h)
B3y, B A VF AR 5T Y B AR T AT
im gl [, O TIRSEL TR 4 A SN REA E £
L4, 78 PCV-s #1703 J1 %% (well-tempe-
red metadynamics!'?) SRAE.

N

. 2
E e )‘dm,z
i=1
N

=1
1. (& 2
— _>‘dm i
z——xln (Z}e : ) ) (2b)

FER 2 XA S IR, 8RR
AL AL PCV-z P 2548, -4 I8 L 58 4
SR AR R ().

B3 AL 1 AR R R LA AR AR
TSP AR T REE A B T L A . ARE
ST HERG AR Rt A7 R ) A 02 i A AL
(B 55 A AT AT 5 i ) B B R A 28 A iR 77 R )
R RIS ST S5

B4 LR AT EANY S, eI B
BB A AR AR AT R RN AT A5

I8, T AR E AR R 14 B AR
Db 2, F i A48 & ) MFEP 455 @ R
Ay T A5 )Y MFEP 89 [ h B 5 W01, iF
77 26y H B 7 L o foge A58 AR s A 174 2o 8 2
fF5E.

S =

(2a)

DL TAPS X 22 58535005 8 A (MEK1)
H Loop-Out k& 5% 48 & Loop-In R3S W 58 4
B (Bl 2(b)), S25% k& MHAEAG 148 A YF 5 H e
2471 Loop-Out &% Loop-In & 156748, B a
PRE (a0 AT o) A J) B B DL R B AR TE MY Loop
HEABOE 14%; R TAPS 77 v A % %¢ F ik
R K 1 T A B AR I | 7R B ) SR AN SR B[R]
(J8F 32.6 ns) NEFRE] T MFEP (& 2(a) #2471l
) MDS 55 N g 2% ) 192 Wrilsir) MFEP i
— BB T A A B REE S (K 2(b)), #EiER
157 F B AP P A ST A5 (TS 1
AU, DL BF 58 BT 37 & B R227:1235 & Y229:
E255 M PEE Al VE T, ol s o) FH Ffff B S 6 6
R227 B Y229 195 2848 i B MEK 1 Joik s 3
S [124,125]

U TAPS 592 15 b b W RE 1 ik CV =5
[i8) 5[] o 24 o ok ) K AR, BT 75 e R 1T
RMSD Frifs (R F2EAE i A G B X ERE T
Ry SR, BE TAPS ik
BCRAR LA CV B C A KiRieTt, eIhES
SeXt It SR S AR AR I PLTR i T — e (R

3 ETEBAXFHNLEASAYE

Hai A& kg, B L TPS MR 12
RAEITEAER SR R AL AR AT K,
J TPS $ A G550 B8 AR 4 AE T i YA 25 1]
M. A5 TPS @1 Kt BEHL A A ZM 0 P 14
P RAE, 79 3 — >3 U B8 AR R EE (transition path
ensemble, TPE), WL 3(a). it %t TPE )5
AEFRITAT, BEHUA T YA G B LA A Ao i 2 08 101
(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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Fig. 1. Mainstream model quality assessment methods in CASP.
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Fig. 2. Schematic diagram of three methods of model quality assessment.
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Table 1.  Protein structure dataset (Decoys) for model quality assessment.

Data sets URLs
CASP https://predictioncenter.org/download area/
CAMEO https://www.cameo3d.org/
Zhanglab https://zhanglab.ccmb.med.umich.edu/decoys/
AlphaFoldDB https://alphafold.ebi.ac.uk/

ESM Metagenomic Atlas

https://esmatlas.com/resources?action=search _structure

DeepAccNet https://github.com/hiranumn/DeepAccNet
GNNRefine http://raptorx.uchicago.edu/download/
DeepUMQA https://academic.oup.com/bioinformatics/article/38/7/1895 /6520805 ?login=true
DeepUMQA3 https://www.biorxiv.org/content/10.1101/2023.04.24.538194v1.full.pdf+html
GraphCPLMQA https://www.biorxiv.org/content/10.1101/2023.05.16.540981v1.full.pdf+html
GraphGPSM https://academic.oup.com/bib/advance-

article/doi/10.1093 /bib/bbad219/71977347searchresult=1#supplementary-data
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K 3 (a) IDDT, CAD, PatchDockQ il PatchQS #9-F-3 Z 53-8 Fl, CASP15 B 5 /A A 2 A/ N A5 S T 5% A e BE Al 1 HE 24 (B
P % H https://predictioncenter.org/casp15). CASP15 H1 DeepUMQAS3 [ 41 45 FR A “GuijunLab-RocketX”; (b) £ Xf CASP15, 44~
A5 E bR LA B Y IDDT i 5 592 IDDT i & 1Y Pearson ARG, Horp, (a5 HE R HI(E, b o) B 42 2 vh 4 5

Fig. 3. (a) The sum of average Z-scores of IDDT, CAD, PatchDockQ and PatchQS, CASP15 officially announces the ranking of
each group in the interface residue accuracy estimation (data from https://predictioncenter.org/casp15). The group name of Dee-
pUMQAS3 in CASP15 is “GuijunLab-RocketX”. (b) Pearson correlation of predicted and true IDDT quality on each protein target.

The white box is the mean and the middle horizontal line is the median.
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% 2 CAMEO-QE: BEIFT PG HERE (SR B 'E W 2022-6-24—2023-6-17)

Table 2. CAMEO-QE: Model Quality Evaluation Performance (Data from official website 2022-6-24-2023-6-17).

) ROCrormalized PRucrmalized Models

Predictor Name AUCo., AUCY, , AUCy., AUCH Received
ZJUT-GraphCPLMQA 0.82 0.73 0.79 0.54 5143
DeepUMQA2 0.72 0.62 0.68 0.47 4468
DeepUMQA 0.73 0.60 0.67 0.45 4611
ModFOLD9 0.63 0.52 0.59 0.36 4309
QMEANDisCo3 0.9 0.66 0.79 0.49 6348
ProQ3D_LDDT 0.74 0.55 0.67 0.43 5171
QMEAN3 0.88 0.65 0.77 0.43 6348
ProQ3 0.72 0.53 0.66 0.39 5126
VoroMQA _v2 0.89 0.64 0.77 0.45 6350
ProQ2 0.86 0.59 0.74 0.39 6337
ProQ3D 0.70 0.47 0.61 0.35 5119
ModFOLD7_1DDT 0.84 0.53 0.69 0.41 6191
ModFOLDS8 0.79 0.50 0.65 0.38 5802
Baseline Potential 0.80 0.51 0.66 0.32 6350
VoroMQA _swb 0.82 0.50 0.65 0.36 6349
ModFOLD6 0.73 0.42 0.57 0.35 5380

Ji& B 3R FE N FFAE LA Ry R A5 1 =2 1] 9 52 e k.
IXSEHFAEA B T4 AR B A ) Ry B A A T R
H& R Z RROCR . @il 45 G K ik
FEE TR 4 ) A R AT BRAB VTAS 28 1 A Y
5% L 4% 1 T & . GraphCPLMQA #2220 17
—4E) CAEMO (https://www.cameo3d.org), 4%
AR 2 A

AN, AR AT & T 4 s T Al B
A GraphGPSM, 1A R | FH i 50743 1) Fi pR A000) i
TGN F B R AR AT g5, 3T DeepUMQA
) USR, Rosetta A& i, 2 A1 77 1] | J5 41 4 7
TRERAL LA BB 1) 07 iR AR IR B 1 B4 4. 31X
SEREIE B I BTG A sURa b, O 5 AR bR
AMGEE, T EGNNIO 40 iH 5840 . 18 i HE
T EGNN B IE W T — A~ B S 10T B AL 1B I 2% .
e, it Z 2N (FH Dropout JZ . TG PRER
FLNEZLH L) LR A AR ) 42 SRy P43 e il i,
GraphGPSM(GuijunLab-Threader) FECASP15 4
REWNZE 3 g,

TR BE 27 2] 75 8 1 B A Jo i DA 45 315 3
N, RO BRI, PG R R
T [UBTEAY Br P PAG v, FTDMS HPAUT LR gsie:

1) I =AERTT At 1 B RL )5 1 R 2 ik
TR ). U, 5200 CASP Hie i By

U S CASP Wi fEry 288 kM L, CASP14
iR 7% (DeepAccNet Fl1 DeepAccNet-
MSA) TE 42 J 25 8 1 0 e DA% T A I8 5 1) 4
Ft. AR, 78 CASP15 4 e s PPl Fndsz 11 AL i oF
Aili v SR A B PR 5 143 51 & MULTICOM _ga il
ModFOLDdock iX Wi Fp i 3. (B2, 76 R
Sl S5 T ) O DA 5 1 B IR B 2% 2 1) DeepUM-
QA3 HHEL FHER 5 R R B B r sy,
BRI VMR R AR R SR .
%3 EPTHEEATHS CASP15 4 fRitk

fELbE (B H GraphGPSM)
Table 3.
ver on all protein targets (data from GraphGPSM).

Performance comparison with CASP15 ser-

Method ﬁ\\f::(ffe g:z::i? Average bias
GraphGPSM 0.730 0.633 0.126
MULTICOM _qa 0.485 0.715 0.258
ModFOLDdock 0.515 0.636 0.241
ModFOLDdockR 0.666 0.635 0.165
Venclovas 0.449 0.494 0.339
Manifold 0.582 0.541 0.179
Bhattacharya 0.387 0.474 0.361
*Real value 0.716 None None

7 *Real value XFECASP15H 1A 2 5 B br A BAL Y
A TM-score 734X

Note: *Real value represents the real average T-score of
all targets in CASP15.
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2) M\ CASP13—CASP15 8 i 5 1Ak (1 2
FEA AT LIE H: 78 CASP13 thp5i4 51 ANF1 29 4
SFRHEAS T 2R MR FAE AT #E CASP14
H oA 72 A F 38 NS IR IR AL T R4 R AR
PORS RE Al 7E CASP15 th4R S 224, 13 4N F
17 S FRARESE T 25, Ja B R4 fk A v G Ay
it. I\ CASP13 & CASP14 X} T 1PA i it (1) 2 5%
e 28 BT, B2 M CASP14 &
CASP15 SRR B /b, X AT REMY IR
U OXFFE A YRR &P, IRZ2 ZH1
SEMITBATE L MR B k. QB 5
() ZE AR o PP A AR IH AP K

3) W IR 2R ST R SR DT AR W] LUE Y 7R
252, M ProQ3D f&j BL1Y JLIZ i 4 W 4535 25 5
AT HEINE Z AR B SDCNN (1) 3 4k 4 71 X
% . AngularQA 1) LSTM M %% . GraphQA 1 & #
245 . GraphGPSM BYS5AEE M2 DeepUMQA2
(A3 T B N 2 LA K 4 A AlphaFold2 5§,
# GraphCPLMQA. 7E471E 2T, B 25 B 1Y FEE
FF 3 G ] FRAE SRy 23 (R 454 , & JRdhidhasta Fn
PEAAE BT HRAE R R B SRR, 4 USR, A&
1k, MSA Z 75 e {5 BAE. 1X R WITREE 2% 1 42
AL FITER, 1S3 Rp IE XT D) £8 A5 8 4 ) i 7 A e
YEH.

5 WAREFETENHRER G LR
=k

HEE AR Jo7 e PEAG 5 70 AR 1 B 45 ) T rh 4
RO, TS Z S B RR L. SR,
X — UK AR T I 1 2 PR, DL DR AL T
fili SOV AS IR PE AL i S (n) i =47
AT IR,

TEHARBE AT AL J5 T, /S48 AlphaFold2 B 48
S T AR R, (X Tk = 2781 X (MSA)
B SR T AR B I, EAORS FEATO AR S BR
Pk, H RO ) BAE T an o] X 43 v BT s S AU (4
AlphaFold2 A: s RL) A EAR RS JE 174 5
Jor H A AN v R S O AR AN TERA DX A, B
T2 1 5T 00 1 5 AL A8 PR HEASE i K, 4 Alpha-
Fold Protein Structure Database (~212) fil ESM
Metagenomic Atlas (~712). BIRXLEFI L5
F VTR I BT 448, (B R S8 438505 TR0 A 45 A AH

KR T ZARTE, e B2 SRR X . o] i 2ot
R S5 5 VA B ) Tk S8 03000 540 418 20 A )2
(AR

R AYVER T, R B G5 4 2
AR R A [, X B ) BRE T S a2
MR ZREE. 158, B AWl
FEFURBE 4 > 1 J7 15 W #4258 4 i )1 2 e 42
8. TR AR AT AL & 26, 1A 1
SRS R R 2 3 AU S R O T, AT A 0
WA LU S a5 s, DME T2
TR, HR, B AW SE R B L RS T
S AR e R, HAZ ek R R 3 7 P 245 1 ot A
e B R TR N AR R R, I ELI SR ) ] R
S ERIN. B, BA VISR bR IR R A A
MW EE— R . BT, 2 E S WAL
FEARAE T PR SER BRSO 9, SR T A A B
ARSI RERE, WEF RS TE Y
R TR AL AR, DATE At S AR A5 0 ) o o
FDIRERRE, JHILHE B P2 T s g ik — 25
K.

R T FE SR A W pA v I Bk 2 A,
PRI P i S 7 A — S S I BT B . 1,
X FASA Y T VA, (558 L AR 2780 L
X (MSA) FSEAR (405 2R 45 i PPAL i a2 28
1M, FERSE BT, 8 AT 750 T REs = A8
HH AR B B WA A B &5/ T it 2%
Uk, Qe AR FH 2R 4508 5P 8 AN R A B 14 £
SR VA AR Y (1% 55 5 B o — N L ) . R
TEASRUVEAS v | A It 4 S BB AR 1) 235 R 7 S 30 X ds
PN AR R Y, SR = X 1 88 JRy 3 4 44
HE— 2L AL B Ty . Al e AR A i S b A T
SEF RGBS A — AT B ST A ) A

L5 LA, AR B VA S R T
S YR RLZERE) R TEA . A BIUR BE 27 > 265 RN e
FARMGA, LI A PR I 2546 T 5 51 R RAE
T TR IR, DMB/R ARG AW 0 B AR
Jr . [, 51N m A B A IEAG TE A R,
W tE— A S B A D 25 A TR0 %) e, S A AR
Al BREAS A n T S ARG A R X —%% 0 i SRR
Ry B A JBATTAHT R T AR AR, A,
W58 & 8 /8 2 A Y45 W 1 2 2 Pk N oy REARRAIE 3L
R UER T H A,
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Recent advances in estimating protein structure
model accuracy”

Liu Dong  Cui Xin-Yue  Wang Hao-Dong  Zhang Gui-Jun'
(School of Information Engineering, Zhejiang University of Technology, Hangzhou 310014, China)

( Received 30 June 2023; revised manuscript received 1 August 2023 )

Abstract

The quality assessment of protein models is a key technology in protein structure prediction and has
become a prominent research focus in the field of structural bioinformatics since advent of CASP7. Model
quality assessment method not only guides the refinement of protein structure model but also plays a crucial
role in selecting the best model from multiple candidate conformations, offering significant value in biological
research and practical applications. This study begins with reviewing the critical assessment of protein structure
prediction (CASP) and continuous automated model evaluation (CAMEO), and model evaluation metrics for
monomeric and complex proteins. It primarily summarizes the development of model quality assessment
methods in the last five years, including consensus methods (multi-model methods), single-model methods, and
quasi-single-model methods, and also introduces the evaluation methods for protein complex models in CASP15.
Given the remarkable progress of deep learning in protein prediction, the article focuses on the in-depth
application of deep learning in single-model methods, including data set generation, protein feature extraction,
and network architecture construction. Additionally, it presents the recent efforts of our research group in the
field of model quality assessment. Finally, the article analyzes the limitations and challenges of current protein

model quality assessment technology, and also looks forward to future development trends.
Keywords: protein model quality assessment, deep learning, single-model methods, complex model evaluation
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Fig. 1. Relationship ~ between  protonation  state  of
BACEI catalytic center and the function: (a) Crystal struc-
ture of BACEL and the acidic dyad in the catalytic center;
(b) protonation states of D32 and D228 and the activity as
a function of pH (D is the abbreviation of Asp).

M, B DL I Henderson-Hasselbalch J5 #2 5%
e ReEIE A, 15 280 2R X T pH Ml pK, 1Y
KT A H e AG™ iR A

AG™ = 1n10 x kT <pK;“°d - pH) . 3)

Horb, kg A T A3 BIEDE IR 2% 2 % BORIRIE; pR
R AR pK, , S E(E. ZFEAH
e T 43t 0 BB E FHRE 93 AGpona FNAEEEYE FHHR 4
AGnpond - FeH, BUERAE FHHR 43 Hfi i LA S T R4 1Y
REfR AL, AR TR, A TR T
AR, MR AT B T A R
S 5EARMA R, 8 E TS s E 51
ST Z2 M AT BT, AT R ek
VEFIFRAY. TR, T - fh 2 e DA 7 791 210 4 1 I
B2 T4 A BB B AG — AG™ I[ R

AG — AGmod - AGNBond - AGﬁfo}gnd' (4)

G (3) 20, AGmed g I, SRS A i
TSR R 2 11k A B AG Y R) T AL
SRR B R B AR AR R 4314 A BRI
AGnBond — AGEG -

T UL EHESR, AR TET A MaeTHEm
BT pK, TN RY ) 5l 4nfE 2 pH 433l )1
(constant pH molecular dynamics, CpHMD)!3l.
WEEM RS FEARIE— RS, JF Hi%
5 AR 5 Ak /25 A SO AH SIS i PR
MT1E (pH <pK,), EHA TS C; KB+
1k (pH > pK, ), % C, 5755 Cy; 4 pH BUpK,
Rihi, Br i3 fe, 4 C, 5 Cy tHE
AR NIk, RAHE TR SR SEE
WA R4S A 5L g0 A — 201 W p K, (mac-
roscopic pK, ). CpHMD i i 43 3l 71 2# U
SEIRAEARIF G T W e A2 R TR . 7E5R
FJ5T p K, TINAS FE 7 T, CpHMD AR X HAh B 162
AT B B A3 09, CpHMD Ayl 2 p K, 1153
ORI, iGN, 56— B pK, T3 5/
BT LA/ N2 LRI 313 150, Rt
MELATH I Tl St R 5 oK. BT, CpHMD
Z 8% W TS50 A D) e AR T pH % 25 40 ) 2R
F) o F- BT 1.

R TR R Y p K, TR, AMITRE TRTIA
FA-3% /R %% % (Poisson-Boltzmann, PB) J5 2 it 5
R, FEAAHE MCCEN, H++%1, APBSI), DelPhi-
PKal? fl PypKal!l. 2 PB (AR RE A2 75 JL 53
B SER— AR AR p K, TR, MR = T3
R, BRI, S5 T PB AR E A S R FR M.
Flan, hFiESN R, PB AEAGEHFIEK
PR B . K, SR B A e s T

248704-2


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

Y] 32 2 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 248704

BT E Y, I EME KSR,
TR (B anEG e AL RO L) B9 p KL TR
FEL B R URE 22,

B T U IETFRE R ML, AT LUH—A
2515 PRVBICHE R AT B A IR R S 1 2R 1 T PR
B (ngiK AR ) 5 H pK, WA i i L o¢
R R TR R SRR IR pK, TR A HEBIRAS
TZHH pK I FfFS R ApK, HYFI:

pK, = pKi* + ApK,. (5)

2005 4, TR A 5 — PR IR R A A 02
FIA ISR K Jensen PRI P 42 H T — /1N 1H5&
I pK, 256 pREL PropKa. BRI HH—2H
Al /N W 1 p =N AN R o KA VR =R 2
KR Z X pK, it 25 2% (H W 5T#k. PropKa AJ7E
JURP N e — R B p K, 5, TSGR
FIET PB BRI Ry, T 20 4F45 3] T Z RN,
HEH A PropKa 3.0 £EK T 2011 4 24,

HEF| 2021 4F 12 7, ARPREAH P LR T EHA
N T# i (artificial intelligence, AT) 3K 3l i¥) £ H
J5t p K, T DeepKa. Ffif5, 3% F < N 3k AR
K=2# Olexandr Lsayev. 3¢ [E 24 #8728 & 4 3 K
¢ Ana Damjanovic F17# [ 7 H./t & Pedro Reis
W5/ INHFREEE T R THLER 2T 1Y p K, T A
pKa-ANIPY XGB-WMal? fl PKAI/PKAT+.
Hrf, DeepKa 1 PKAT/PKAT+ 3 AR i T 54
£, MR THEDREATE LT @ AR5 pKa-ANI
Hl XGB-WMa i B — & T BE 14 7 11 5 35 56 50 0
T EAR— 2R, Pl S BRI R 7E JLRD N
SEM— M F B pK, A

ARy CpHMD DL LT PB 72 | 56 bR
BORALAR 7 ) BB AL IE H AT 4 Fh 3300 p K
I i, AR ) R CpHMD 974 1 pK,
B, HE— ¥ T DeepKa A THINKE B . (H
15 —$E 12, DeepKa T I H ALy PRAL Y (40
CpHMD) (& et , #F— el T AN T8 e
AR BT p K, PO R A G 25k T K 4
X 4 = R A RS S B SR

2 FEapK, TNk
2.1 CpHMD
R FAL S RAEETTIE AR, 1EXE pH 43T

3l J12% CpHMD 43 HBEHLRAE (discrete CpHMD,
D-CpHMD)B F1 X\ 8)j Jj 2% (continuous CpHMD,
C-CpHMD)PY. BEAL R F: A H 52 % R % (Monte
Carlo, MC) BAU7E 25 1501 o F Ak 25 45 0] (5 R Ak
PREC 0 B 1) #EAT2RAE B X\ 3l 724 R FH BUE Y
Bl OB FIEA) 2 (BT miEss & A\ 1
Ry S A X RS A 3 AT 114 e iy TR R e 2
S TEREE B AN 2 BoR, SeffHIRL 1 EET MC
B\ B 72 i R R T o A A B LA
S S LT N i o FINB: B U s e a2 K 1/9 0
PR IATRAEE. T ARG, HEA T —3 5T
LR BRI RS, SR ) X Henderson-
Hasselbalch J5 # il & CpHMD #2487 £k (1) A [f]
pH Z& {4 T R mT B FAb 3L 1A 1) 25 AR S, it
MRS H pK, {H, Bl S = 0.5 FrXf W i) pHBY.

M VIETE Sha gt S 5B IR
FLAif
Byt asia) Rt —_— 5y FHI GRS RA:
—
Gk
(DAL S

[ 2 CpHMD 4Ll HES
Fig. 2. Framework of a CpHMD simulation.

T E Bl )2 S5 3 1 2R GG, i s o
TSI G 23 [ B RAE SR 30 4 CpHMD #5iAY
KM F L. T 53 0 A 4 D-CpHMD #il C-
CpHMD.

2.1.1  D-CpHMD

D-CpHMD H—/™ B A bR A s 5T B8+
A B fe A N HABE 0 5k 1. Horf 0 AT 1
SHFOR S E RS, S — e KER
¥ 8 112 (molecular dynamics, MD) 5l , Bifi
U]y e T Wi o A O I W GV S W e A
Ban, BEH NEM 0 Bh 1. 2R, A X\ (EMAES]
A RE R A AR . Kz pE A B A Metropolis
{HEI]:

1, AE <0,
= (6)

exp(—AE/kgT), AE >0.

WARAEE2Z2/N T 5T 0, 352 M MU YR
h 1 AR AR 25K 0, W42 MU AR p /N
F 1 FEEE AL R R ALAE R — A A
FIA [0, 1] BI%C s. BA s/NFEET p, A2 NMAE
A MG E RAE. DL —2 0 MC, FJTFiG
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) MD # i — M. R, 78 MC Z )5, f#
S T HA R MD S48l v R R I ER
R RE AR LACR, B/ NI Z .
), N T S m S MR B TS B R AEROR,
MC (1) i £ 75 A B P %557 (implicit solvent)
R ) LB (generalized Born, GB)B2 34 I
T F 2 PB AL B1336, 24 MC A MD #5R H
Bt ], TR OR fems , (HR A 1R B 2991,
T BRI GTTTH SRAERT B, MD R R 4 A
W, B2 fbgss) BLasss) Hop ) e GB R PB Y
BRI 3 AR 5 TR E A Amber FI GROMACS
B . AR B, R R LA IR T
PEAE w5 B 5 D A DG B K o B R B X K
T 5 g 1571,

S K R MC 2 4%, 2007
4F SternPS gt TSI NMEZ G, e T
R A SR 1 701 80 ) e AR, FETT R RE 22
AR B MD i J8] AU i) AL A5 31 5 w]
R N E BB F S R BEHE 25, SR, DL b2l
MD P UM T 2 BB e, H Al gz 3
PR AR, 2R Ay it ke S A v R T B4k
a3 A RAE SR T — SR L% BEE =R
TR R, AT b 25 Rk A0 1 31 4 1
Jit D-CpHMD #J MC #43. dnJeken i, LIT $2
B (1 VRS R 34 02 43 1 B ) e B T S
A EAEHIFRER L PME (particle mesh Ewald,
PME)P. 2015 4F 2 J5F K 2% 1 Roux PR &4 10
S T BRI T AR MD/MC B ilan,
X R 7 S AE MC BB L1 (A H
074274 1) 223K, A RITE 0 F1 1 Z A A T m A
HEE. X TR NE (m A EEFRPI A4 S
01 1), $AT—& KRRV MD, 4 Al 211k
BE A A LR PR AR S N (EEA AL b A R
T XNEBUET S RE RIS, 45X =1
AR MD J5, RS X = 1A X = 0 iRERE
7%, [AFE, ARHE Metropolis HEN, N5 4% 5212 7] i
SEN R, 4k X = 1 /9 MD. 750, 18 [1]
FEFA MD Hirfg s 21, 422 X = 0 () MD. it
DL AR AL, IR RS H R R
PR, P T SR Z AR . Roux BRAA] 104
FIHZE 2 1Y Jarzynski J7 FEFF H B BE2E 16 5 AR
i MD Fr iy DA OCER , 45 DL FAEF# MD 1)
BT ] ] A e k. (AT — A2, 200 125 T A

HFAED KA+, HATHE S FEHEHR M NAMD H
O SCHL. SR, W] 8 2 LR 1Y 1A pK., (inher-
ent pK,) BB — AN FESE. O TiR&E
DR RE , 2R A R [ A pK, S AT g #5058
{E 4. R, D-CpHMD —NEAE RIBIFFE 5 T & 11
B L AR BT p K, AR

2.1.2 C-CpHMD

AP G T 4057 48 5 n i o a1 2k
PR A2, X SR TR F 2 BRS: BAT/ NS
= 2 A EE R & L B R A 5 PDBbind
RS AN4E v2016. B T KRR Cys, &AL
T IR A (B AR Glu, RAZR Asp.
iz MR Lys A2 MR Arg. 2522 Tyr. 2% His)
FEEAEOMET 1029, B3 |, — A N4
T SRR SR U TR B 2N NS, SR,
D-CpHMD #§ MC 47k H B —> 1T i 5 o7 s 5k )
W A5 AR T AR, SREERCREAR B34,

2004 4F, i TR R TR R (W8 AR,
DNA fl RNA) W75 71k, 2 VR K
Brooks A T & T B A~ X s 12 HESL T 91 11
65 pH 73 13h J12% C-CpHMDBY, £ R 3 1 ff
JERERE—A SR A AR A, BB R & 0—1.
D-CpHMD AJalfJ2, C-CpHMD HY B AL bR 1%
SLpy A . (HAR M2, C-CpHMD I[BB8
A BN R AR, B HCER R
MR RE L, WFESIRE AR, BR T H SR F, W
REFLAR 2R s SR 14 i, C-CpHMD B 1
FERE -, BEAN T R 3 A R — 4 Bk X B
JLHITE [0, 1) AYFELAR 5 X AE N R T2 AR, N
TR AR T A2 B )2, AR R R R 10
(BRI F ). AT R IR 5 A R i

H({ra}. {)\})

Natom

= > émm% + UM ({ra}) + U™ ({ra}, {A;})

Niiwr 1 )
+2_5mid; + U, (7)

Forfr, Naom 78 BRI T8, v 11 A0 AL 8 R 4
A S HERLT AT E AR AR, ma Flmy 2 T
BT, 55 1 A 4 SRR 2 I R T
B ShRE. 55 2 T U A B AR HTRE, (45
ZERE | S8 A 25 T RE A TE A LA AR X BRI
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MIEAEHS X ook, 55 3 1 Urbend ZARGHEAN B AE
AE, F 45 i L U R RO H 0 O A EAE A
5 XM, JF I U S R 2503
WM RE LR 1k, R X AHC.

DU A A anfar R AT X\ b B2 = SEAH B4R FH A A
Al B A Xk T T A P SRR B A R
HITAR BN, B 1 — N\ bR EESRE s % (Gx
K 6-12 B BT U ):

UiV =(1- MU (8)
AU, 4N = 1 BRI R BTAl, RO 0 Bl
SER jICHITARH.

X WA~ T 38 A 2 ) B e B H T A AR
FH, %Fﬁ 1-N ﬂ] 1-— )\j lﬁ‘.ﬁﬁt/ﬁg
UV = (1= X) (1= ) U (9)

TP FLH S PR A BRI D, 0
JKFE R A AR L. 28T, i Tl m 225,
PR 1 A) LS8 (K2 1 A) 1
R (CERYY 2 A) AR, A LA i B H A
JEF. R, B A A2 A A LA
VEIREIRAN K, AHXH AR AR B R] DL 22 i AN
T TR EAE I, X AR A2 T ey B

d
Goj = Ny + (L= b5, (10)

o, oo A g SRR RR R I AL T RS
B FACASE R o BFs L. FRFAH AR Do
IRE IS, 0T al 1 ek 280t
TAGER, R IR R FIAH AR . PRy e 4502
pKL THE MG N, AP AR ) 5%
T H) C-CpHMD.

R T HE =T EARCR , Brooks B4 BY >R
FH B R TSR BV R X ) S 34 3000 an it
—f, R BE Ul A 0T PN A ELVE FH AR
FHECH ((11) & 1 30), 109 55 1500 14 i A
HAEH U R GB # e ((12) X):

Natom*
e = Y A g, (11)
a<b ab
e LR® ( 1 e-mb)
2 o7 \ép Ew
% dalb ’ (12)

o Sl
ekgT’
Hp, B S REHBRAAESEA AR R TXF; o
ST g, Fl g BOBEES; &, Al ey SEEE LR AUKAY A
HLUEEG kR EFERERUR ((13) R); TR T
SREE; ¢ IR T HL; e RS kg SR IR 2K
B TRRE, o BARBER, RIEER
THAEEE AN R FRE, o GB BRURG B2 11 ¢
SR AR PB AR, GB B3 E Ze BRI, I
HOZMNTIY, 15 G 752X B A bR R — B (15
BF IG5 1) 853 F 3 15840, GB BRI
TR 2% S BARIAE A B AR SR
2004 F1 2005 4F Brooks M4 % F % T CH
ARMM BRI GBMVEY Fl GBSWHO
1 C-CpHMD, ik B T % F GB %y C-CpHMD 7£
p K, TIN5 T AT %Pk, AHXT GBSW/GBMV #57
B, GBNeck2 IR ILAIGRAE . T2, 5
H 22 K2 Shen 8ZH 81 7E 2018 4F & T Amber
B v 3T R 5 5] GBNeck2 9 C-CpHMD. {H
P4, XTSRRI OG0 R G (0
P 1SR S Asp32 T Asp228), 1% 7 EEth R AL
U, BT C A T A 40 TR0 R A ) (4951
BT pK, BB AE ST 252 DL KA T pH /Y
AR FHLE ST 253, B G, 3EF GBSW Al
GBNeck? [f) C-CpHMD #J & 528 GPU fin i, %
HE— A4 JR TSR B 1o FH Y (5499,
R T A G R FERG BE LA K i C-CpHMD
B FHVE L, Shen BRBIZ 56 45 H T 24 k%57 C-
CpHMD: #4425l Jy 24 fdi AT @ M50 i g 3 )
SRR BRI Sk, MR B 5 R Bl 01 2
KA R R B, §ii L R (7) MW
T, 5 3 WURNFRAL S ROV ARG A, AR (7) 1914
BB 1% ZOTEA YR T A
[ RAERSR, T H g TR R . BRI
SHDBRIERT GB BHEEE RIBRYE (500 55 5%
IKBLIL ) 235 WA p K, TRINKG B . SR, Shen T8
20 161 R B, PRV PME B S5 2500R 25 1 B 7K 52
N, — P L HCTH TRV R R BN O 55 7
IR . AHRT B ], 222 iR C-CpHMD 3k
BT Z N, Gl e+ B 32 e 8 1 BT Ji
T8 P R oy RS P IR RIS G
PR 32 A 1001 M 1 7K fife it (01, 2% G2 MR I 25 )
PRO2 DL b SCHE S B 43 1),

(13)

248704-5


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

Y] 32 2 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 248704

T R REAH S K o B AR A B A
T (A4 Jm B TR/ NIR ) A 2 A A s
i A2 Bl 2R o e R AR ). 4], Brooks
PR A Shen PR 73| e 147 B 1) 1 T
Wrn) B %575 FSh (force shifting, FSh) Fl GRF
(generalized reaction field, GRF)®4. SR, B T-#K
Wr, SX AR LIS T R AR i F, 0 A R R 6
AR 5, SRt Shen PREZH 6 I 1 BE T W14
Y3 PME ) C-CpHMD. it , 58 BU7E 53 45
A Amber THEEEL T GPU M 97 AR JTJ& A,
PME S & J8 011 20 5 45 (periodic boundary
condition, PBC) )4 F B i i35 Fo AH B A
R bR e, R T PME 9 C-CpHMD 22 A
B JIFHELE N I REA B e oA . Be |, fn i
AN SRR ), 2 A8 AL (1) pIC, T00I 0 12 g 4 3T
S RN 2 PBC YA T3l I REHUA R,
PME 1) G L RESE 3 N REE I AN
R N R (14)
Horp, Udr s as [l s A AR, 76 3 SRl
BRGSO R LA PN Y R A
HAHEAEH ((15) 2X). U™ s W FERF, S 14 23 [A]
(reciprocal space) TR MK FEREHLBE, 1157 AT
LA RE A ELAE T ((16) 20). Uom R B IE
I ((20) =)L

*  Naom*
i — %Z Z qagverf (Blmy —ra + n|)’ (15)

=R O

Horp) vy B ey S UL TT LA B R i no T
AL E R, HRIBK N n=nic) + naes + nses,
Hrer, e Ml es AURITHAY 3 A IEALT5 ) 2K 4 5
B ARRBHER I FXF, AR A S (a=b),
AL R 7 XF, AR BT 2B (n BR/NA 1)
PIAMWELR; erf R tMER2E G S8 6 T E U
U™ BRI CSGR BE. filan, 8Ok, U9 5l
ST, T U TR S 2R

ee 1 exp (fnzmz/ﬂz)
U =~ > S (m)S(-m),

m?2
m#0

(16)
X m 2B, HEKIR ) m = mict + macs+
macs, Holf, my, mo, ma BAEFHEL e UL
ci(i=1,2, 3) ILEEMEIK I, —FWHLE LR
cfoej =0, XH M GHCL, 2813, HAN, V =cr-

ca x ez, SEICHIAYATR. S (m) SEE5H I T

Natom
S(m) = Z qqexp (2mim - 7,) . (17)

a=1
LRI T AT R
S(m) ~ Z Q(kl,k27k3)

k1,k2,ks

X exp [Qni < m};’? + m]i'lf + mfz.]:?’)}

= F(Q) (m1,m2,m3), (18)
A b b o AT o A (B FESR) If(E R A
FHIFE 3 NEE by, ko, ks BYRIAS A 1 = 4
SN Q ki) K 208U, Hoh, ki (i =1, 2, 3)
BUAERER (1, 2, 3, -, K;), IFREFECK, R
TCMI RS F(Q) A Q 1 — 4 bR A B 7%
. et DL EARH, U IR AN

exp (|~ (am/8)°])

1
l rrec
2y mZ;éO m?

X F(Q) (m) F(Q) (—m). (19)
(A — 4R, U LR PR T4 T,
IR X SR — i S 2R A ) — A R .

1 qaqverf (B |ry — 7))
e — _ =
2 Z [Py — 74|

(a,b)eM

g & n ’
—ﬁ;qi—%QV(g:qa)- (20)

Uree % JEREAR B HLfr o3 A, IFAHEBRAFTE SRR B
HBYBEFXF, PR 2R AT U9 4 [R] A4 R 250 i
FHEIE ((20) 356 1 30). Budh, U 55 2 T 1EH
SEHERR SR AAR TR, 5 3 UM rh A R i
L oy 1) 3 5 HLfaf (background plasma). HH, J5
THT P& TE AR T i H fir

R Y S ML [ B R A AR, W
LMD @t Fs nAME SR s AT A R 2 bR R
1M, CpHMD # U e 2 S AR Y. o 1 ok
A, Shen VAL O $2 11 TR 3R & FAE R T+
Gifran. R, BB FURASTHSSHERE, T
SR R AT E K 3 8 Bt SRR (1N Asp
il Glu) 57KBIE T (hydroxide, TIPU) #& (AH+
OH™ = A~ + Hy0); Bl IERR (40 Lys, Arg il
His) 5/KFHEF (hydronium, TIPP) ##4& (BH*+
HaO = Ha0* + B ). FHA A st P G <

248704-6


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

Y] 32 2 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 248704

fe . H PR 5 — AN AL SR T BR U R S R EBUR
W p K, IS HYTY S LA
DAL T AR T i ae ) Aok g, T
TAT A1 27 W %5 i i v SR T S D AR b A 19 i 2
Fhu[31].
Niw
U ({A3) = D _[=U™ () + UM () + U™ (A)],
J (21)
Horp 55 1300 ((22) =) A 2 1 ((23) ) 51
Vi 8 T S R IR 2% IO Ak ) I B A A FH B RN
S R BE. XA T A ) SR (AL
i), U JE—AF AN —IC IR REL UM
A BRI ((23) ). UPH — Umed b AF Rl R A
AU A T8> X AT AR ESER RIS (WX =
0.5) BIHEE, S5 ARSI T — A~ R R AU 22 Uba
((24) ). U KT N B93hh2f, Mgt
WA (23) A (24) RSB E 0, I,
C-CpHMD Ay Z TAERHE U™ FISEL (40 (22)
KA A; Tl B; ):
U™ (X)) = A;(\; — B;)?, (22)

UM ()\;) = In(10) ksT (pK™ —pH) \;,  (23)

U™ (A;) = 4n(\; — 0.5)°, (24)
Horr, pRmed J2 Ui 25 A 2 R 1Y p K, M B E,
nRE R AR X T —4> C-CpHMD R, 752
il 13 J1 8 (potential of mean force, PMF) £i
PSR Ormed R K ) ZR B X L AT R BRSO R E o
U B 2R (Lys) A . BE X H, i —&
B IE) (40 1 ns) B9 MD, XFEHTE R+ 19 55K
BIE]SF2, B (AU /dN) , Horp X 7E 0—1 Z [BIBUE H
MR 6 T2t i B, Mk ki%k 24 (A — B)
PUE 37, e RIS E AR B . [[l&, v FH
VIR F50 5k PMF, 118 5011k B B BB

o
Umed () = /0 " <6U8§,X) >Xd)\’. (25)

SCHL
THELE RS, h TR X AL (0, 1], T E
XG0 XFN ORI KERAH A =sin’0. T
e, BRI TR ARAR 0, TTAR LR AR A .
T AT ARG (0 R, B X
B AR @ e ik T 22 B 1L (His) 505 1Ak
(Glu Al Asp) A1 it 740 A AT 37,05 1. o [

FETE 0 3] 1 YERIN RS, 8 3 JB/R T Asp
A1 His MEE 3 4 T2 % N 119 5 7 A bR (B LA K
REM AL, 2085 X, ol A AR ER 2 A
WA S ) A RE R L. 4N, DL 4302 Asp A
His HLR7 & T A Al 2 A IAR:

5 = NS+ (1= 2) [0S+ (1= ) 2]
(26)

/\j) qupv

(27)
Forfr gfSP2 R ghSPt 43le Asp MllEE j EJET o 7E Ose
1 Oay BT T AL FFFAT (Y LA, 5P R M BE 26 T
PEIRET o FPHAT; g S5 A gfISP 235312 His IlEE 5
BT o fE N Bl N EBTTALR FR i s, ¢S
SEZMEE T IER R T o Iy B A HLA T iR
f7 5.8 Glu/Asp Fil His i U™ ZF A Fl 2 (£
T, TEEH N 2 [HARRIA AT, K5
i1 Brooks P $1E H A9 7 A 22 i R A 10,

g =N [z + (1 —2) ¢S]+ (1 -

(a) (b)
A=0,2=0 @

W
A=1,z=1 ¢
Os1 U—X /“744
— _ (%
r=1 @ A=0 7 o "s
'b ’ v

BUTIN @ s
C myY

A=0,z=1 v

3 H S E AR 3 A4 A DL ROIR 2 TR] Y
1t (a) RE&ZAM Asp; (b) &M His

Fig. 3. Three protonation states and their interconversion in
the tautomeric titration model: (a) Aspartic acid; (b) histid-

ine.

CpHMD #54LIa] I X A4 G BT AL AR A AR
o () L AR LR AT B I T B A AT 7 o Al
FRA (X [0, 1) (K 4(a). GEithb FRFIE (0<
A<0.1) YIREL NPt DL R B FAEAS (0.9<A<1T)
FUREL NP | TR pH 2544 T A 25 B FIe A%
S (& 4(a))BU:

dep
S =

e, R T Hill %L ()7 X Henderson-
Hasselbalch pREL) #15 S . pK, /2 S= 0.5 i
XIR; g pH (& 4(b)):

(28)
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pH=14

I m”\mww~w:iw

0 2.5

Time/ns

& 4 HTF C-CpHMD i pK, 1154

5.0

(b) L pK,=pH (S=0.5)
O CpHMD
— Fit to Hill
(/} ,,,,,,,,,,,,,,,
‘
i
|
‘
|
1
0 r
2 3 4 5 6
pH

(a) 5 A8 bR X A1 B FARMER S LI ; (b) SR Hill L& S

Fig. 4. The pK, calculation based on C-CpHMD: (a) Trajectories of titration coordinate A and deprotonation fraction S; (b) fit-

ting S to Hill function.
1

S ke
For n 2 Hill 5L, RAE—0] B b3k 5 A
R E SE A i A B 2 R SRR, b = 1 3R
TNTCHRA, W T3 2 T 1) 3% ik i 2 S L TR
h < 1Rn R A, WY BER A S 1 25 5 1k 1
Asp T TALI) Lys. h > 1 R ERE, Qs e
A7 5t I B R O PR S R M LR (AR BY Asp
% Glu). hAfWES 1 ERZ, A R 00,
A IR IO E B I F ARG, TR
HENE— R, R 2205 220 pKy Al

pK> (macroscopic sequential pk, )0+

(29)

10(PE2—pH) | 9 v 1(PK1+pK2—2pH)

1 4+ 10®K2—pH) 4 1o(PK1+pK2—2pH)’ (30)

Horp N 2—5€ pH S PP 740 ki pK,
HpKy , WAl ERHILL T ARG ARL (31) 2 172
1 1
1 + 10®E1—pH) + 1 + 10PE2—pH)’
Horr Sy F Sy 3 ) W R 1 P o o s 1 25 BT

TAHER.

23 5E B 27 R ATl R SR R I AR
PRV, 5 22 A BR800 (731, TR A
GKE BT e, A R R R AR T
TR FAREHAE S B HOA R AN (discrete solvent
effect) 00, AT E AR £ B 11k, RIBTHK
TSN 5 | 1Y) e AR E 2

2
AGoffset _ gli’yqp,

Hr, w BAHBEEG p BB, SFTKGF
BN BRIV X BN 8 592 A B A M AR
FHRIK AT T4, VA2 7K A 2650 N I AR
q FE R E AR I FLT, Asp/Glu J&-1e, His/Lys

S1+ S5 =

(31)

(32)

L o A2 b P U R RS T 9 A RO EE T A B A
L 1 L DU B . X T AR A TIP3P, v A
H0.764 € A% R T AN %A BN BRSO S B
pK, i, T ZE ARSI 237 ) il £ A8k (69
mod

AAGOTe = %/«yq (J‘\/[ - %) . (33)
Horfr, N FD Nmed Sy 5|2 R TR S s S R
& R v 59 A A BAE 7K 4375 v R vmed
2P I 1 B P e R AR K DL R U e
pK, it &, ] 15500
AAGoffset
In (10) RT"

HRAE N AV R 5E X, v DAAERTA B R S0
X} PME 52045k, PME % & 7 J& #9040 i 7 B
BARDT, BEATREUT S BN, K%
p B, S5—J7 1, GRF Fl FSh 0% &AW LA 1)
K, B BRI o L BBOR, FK Bt 25 B T 2
At X TREAKRR, 7T2% Roux M4 M 4
H B A L B IE.

DL EA Y C-CpHMD J@ T % B faf 4 {8, 52
BN O A VRS Y NS L VA S T i R e o
ST L far e PEARS, JE FAI FRLAT PR ZR P47
SRR, B RS SL T, SR AR (R
AFR X) T — B A (TR TR R &40 07)
SEAHAERY. SR, JEASE BT A RN i S G g i
TR HL AT PR A 56, 40 PME 2303 v 25 f i 1 A
A A AT A E TE T ((20) )66 R, AT
- A ey AR AR R A2 Bl ) 2 RS e, T
Wi GRF F1 FSh #38 A % # f 8 E A T B C-
CpHMD, B R B AT 0 5 i S5 08 B8 1 % A A 1 2k
PEAR . A8 I v S B e IS T 9 Grubmdiller
IR ) FE 7 TR GROMACS HiIF & 1

ApKE™ = + (34)
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C-CpHMD i &% e pRE A T4 (. Bl 25 =211
Groenhof PR 1677 B F iz 5 1 A7 AC R L Ak,
JFSZ AT CHARMM 1319 CpHMD #i4i. 4%
17, AR ] T ARV R PME, WA 2 T
Wiy GRF 8 FSh. HIK, A RIEAT & Shen PR
2 64—+ A TR RATRON. J3— 7T, [RIREE R
REVEATHHH, Brooks P84 0371 L A I 1Y
C-CpHMD #AR& R A 12 THUBT Y FSh. FR 17
DI IE 5% R BUE 2, Grubmiiller i /81 4H A1 Brooks
DRATZHR  T HAWKs X 99AE X [0, 1] Bk
U1, Grubmiiller 4 (7 $2 1 T 475520, Brooks
PR 78 52 1 — AR e e B0 . X
%) C-CpHMD, 4 i rh e — i s B 2 o 5%
{4, Shen P2 66 F1 Grubmiiller P& M) #]°%
FH T AT 8 7K o3 SE AR R L faf 1H 55 T 0. 8RT,
Brooks ML (M [ B 47 5] C-CpHMD 8 k& %
JEIZZ . R, T R TS B AR Y A
HAEH, 75X FSh i $s E R/ N

MERIS A, Shen P4 06 FF & 13T PME
) C-CpHMD 1] i F T4+ F J1 S e i ik i AT far &
R, A Sz ). SLhs b, —AN Rtk g
R B e 11 25 o 1 Ak B — W Pk 2 B R e KR 17 o
T T R TR AR (R A% T = Bl
i 85 J T A% ) ol AT (4 R K s A b ) R T
5 T B T BOL A S AT AR B S, —
FREE FnsiR iz s SRR E RS AR E M. 4R
WM, AZSE 15 L far o A1 2 [ 1, N2 RR I
| 32 ] BBl L 37 () AR AR T A 3, 3 AT R S 3T
E 2 SEPR R A O 2 L v v ARSI 67 T A B N
S LR FR L 00, JEF DL 2 pE SR AL )
% (W CHARMM fY Drudel®!), C-CpHMD ¥
FERAR B — R T HAR, KER5 CpHMD (H
FEIZBAY) WA 7% T T A A 25 B A X SEAE A
FHIR) 52 (441,

Bt 5 PRV CpHMD Ry bR & e, 2
DT AL A A 52 B SR AR [R) 8E. 2006 4F: Brooks ¥
A 182) ZR A L TR A B AR 284 (replica exch-
ange) H.3EN 3] C-CpHMD, BRFEIALL—E 1Y
R 2 A2 4 3 s v L A B AR V% $2 '/ CpHMD
B RAL . 32 8 2500 it Bl A SSHBE I R &
2011 4F Shen PRI PO 4 i T 5 T pH By EIA AL
L B RIA DL — 2 AR p ACH B4 S Y pH,
P 1 22 BT AL R A BSOS BRI pH, 2

AL S B RAE ((35) 2N). R S BR ik 47 A 46
B pH HAEFE T UPH ((23) X)), 2 ¥ehir )5 BRE = 1Y
Ak A/ Al R A A UPH g R IE L ((36) 20).
S pH I, PIASRIASKTERTY pH 54T (BT
UPH) HEATRAE . IR AR e, W] IR A 7
EL 4 07 FH 2 oAl CpHMD A5 (8386 5 7 3 58 fify
TALE A A R A 22 8 [ 57 T AR 0F 58 B NIH 1)
Brooks B 2H 57 42 H 45 A 40 45 53 A SR AE (enve-
loping distribution sampling, EDS) IR 2 il & fl
A AL # (Hamiltonian replica exchange, HREX).
EDS i#id & XL —DS8 s b BRI T RE 2. K
INER s TR RE &2, I RS A A AL
SR, REZA A TH BRIZE 1 M40 P () 25 A SR AE, 30
SN W BRSO RAE . O T A v (R S SR AT, AR
EDS JEfifi A HREX $& i 8 Hi B 7254510
HRFERCR. 258, R B9 A LA 2T pH
MY RIA S e, P HER RIAS SS 4. SRR FA
OTEEMR SR R T ORFERCR, (AU 2 A R Y
RIAS DL RS FDL A v A s ZEm R, X AR R
SOREE. LW, S TTEARR GPU B -REE R 4%
PF TS T pH MY RIAS S48, Shen PRAIZ B £2
T RIAS ) 2D 5S4

1, A <0,
p= (35)
exp(—4), A>0,

A= BUM ({A;}spH) + U ({X}; pH)
= UM ({A;}spH) = UM ({\}}5pH)),  (36)
Hor, p & @A 22 0 BE 25, UP({\; ) pH) F
UPH({N;}; pH') 5 PAAN B AS S i 9 UPH . 4 L)
PIIILY) pH A pH' 64T B4, 193] UPH({A;}; pH') Fl
UPH({N}}; pH) .

B T RIASS e, ) — s R A A 7 e X A
YIRSy F i TRk AL (coarse graining, CG), Jif/>
READMA Z ok 80, NIRRT R 42 23 1Al 1Y)
HHBE. 3% 38 R T B K s ) R
) RUBE AR it 2, i T & . Z IR EFY)
JoT 5 e A i 4 89, Sl AR, PR EAT TR CG 5
CpHMD %54, & & CpHMD [ LKL AL A5 # 90951,
{EAS—HEn0 0, #2H Martini HURAL 11351 Marri-
nk PHEA 2 E AR THAUAR M GROMACS Hi5k
BT CpHMD [ HURL AR
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2.2 ETF PBKpk, FRiEE

Sebr b, ISR R AN GG, nT U PB U7
PR 2L AR AAG = AG — AG™.
Horr, AGMed RIS AL R IR A TRl RS
NEBTCA e R

AGmOd _ Gmod (A—) _ Gmod (AH) , (37)

A Gmed (A7) A G™4 (AH) Zp il BTk (A7)
BT (AH) RER A AE. [F3H, x5
ZHEARME K, EfEEARTrER LA h
RERAE B AG RN
AG =G (A7) — G (AH). (38)
BT 8 P A AN 0 LS E TR 53 AGond
(L (4) 3X) AfBIRE, LB I FH RE O & 22 1]
FIRN
AG — AG™ = (Gpg (A7) — Gpg (AH))
— (GBs* (A7) — GRs? (AH)), (39)
Hob, Fhr PB £ PB B E SR A
W ARET EHLRE. 2 AG(AH) = Gy (AH) —
GRs* (AH) Ml AG(A™) = Gpp (A7) — GgY (A7), AT
153
AG + AGpg (AH) = AG™ + AGpg (A7), (40)
Hd, AGpg (AH) Fll AGpy (A7) 43 IR e K 5
el i1k (AH) FIEBT 71k (A™) MR
AR AR s B %A, T IR E
il 5 R BRI 12EPE RS (thermodynamic cycle).
FEXT L BT F1E H HRE AAG AT RIR Ny
AAG = AGpy (A7) — AGps (AH),  (41)

&, B AAGRAK R ApK,=AAG/ (ksTn10)
R pK, & ApK, . J/5, FIH (5) X5 pK, .
AL, T2 ER 4 RSB R RE T B T
pK, MRS B, H AT, 2T PB it A #R L ReIf
W26 1 BT pK 19 J7 5 AL 45 MCCEN,) H4+08)
APBS[, DelPhiPKal2095:%] ) & PypKal?!l, Hrf1,
MCCE F1 PypKa F|H MC X}l £ — 1 ff 47 %
R, — R AR T IR R, H SRS EE IR
T CpHMD, #iH 123 [ 4 5 5653 RAE R 22 (9],
PB IR SE E LI i, TR0y s AR
7, LA e B AR R AR R . Bilan, bR T
FH 1, DelPhiPKa tif T DNA Fl RNA. & T
FAHPAR, HH4+W 8 T S ARERME G

5 AR 25 BTG AR RE TS AR 2R ER

Fig. 5. Thermodynamic cycle of relative deprotonation free

energy calculation.

2.3 ETZWRHH pK, TIMEE

DL B R (CpHMD FlEE T PB A A1)
T BRI RAR R IR RE, MR E AR . N T
— PR p KL HHEIAICR (10K SR Y p K,
TR 48 5 B A2, 2005 4 BRAS A AR K241
Jensen PRAEA] 23 $E T — 4 250 iK% PropKa 43
S H A 5 HL A A EAE ] (Coulomb force) . 295
B0 (desolvation) FI & S AH BAE M (hydrogen
bonding) X pK, fhi#% i 1) GTHk:

ApK, = ApK{M™ 4+ ApK PN + ApK, . (42)
DL 1 3 T eRERCHA R 4 B i) — IR bR R, TR O
FEAR, TR 308 B A 29, 2 1 BRI Ngr
FCAR A SEA 4 07, 8RN, 1Z A 1Y) PropKa 1% X 43
A 2 A SR B 2 Ak T B 1 B ) R THI A S D

A, 2011 4F Jensen PR EA] P H Tk
i PropKa 3.0. HihiiA 2% 1& T MFIHY ApK, e
T, ¥ (42) Xy S A AR 2 ApKBed
FVEFERON S ApKPsoN 94 H BE ApKSelf .
A JE, PropKa 3.0 SREL T — My rZE, /)
R R A Filn, 5 H A AR DR 4
A RS REFHCBONR TR GB BRI sk
A SO B AR BB (1)) FERUAY i+ 1A R
(V) BRPAFEFRIBE B A DU Ty (r). ehh, JE B
VRN AR T AN TR A A B 55 X TS
ERL, WIGRER T — R eREUE . B () S50k
THRARRRAZIRN pK, SLHAA, XTRMERELR
AT RE J1 43T CpHMDS, SR, 1245 B mai i
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LR (I Lys 1 His) A H0NRCR 822 29,

24 ETFHEEIN pk, FEE

iR PropKa 2255 bR EL 10 $12 H 550 KRR B AR
FRZAF AR, B b R A R 20
PR, SEIIN LA, 1T DLZS A5 FbLas = > Skl
G — AR R, AT EAREE T A AR
2018 4F Y 2B Vb K 2# Siedlecki IFAHZH 9 $ H 1
AN TR BE 2 2 1) 8 1 AR 45 & SE A (bin-
ding affinity) FMABIREY. 3 B A9 {4 5 15 24 L
AT ZE R BRIV T FRATTNE , p K, FEHE I ] 3% o i
255 BMEZ R . H—Rh ik, pK, IRREH
JERN BT A 45 A SR A, T UL, R A R AR S AR
FPETROIN 7 X6F p K, T ELAT S50 (E 20,

A T80 25 R BRI, 384 1k B 1 BT Rl i
IR BRI p Ky 250 I {ELAS ) g A (100,101,
T, AT R AT PR ] GBNeck2 1 C-
CpHMDU!S g 57 T — A8 [ BT pKL Edle 4 (3
12809 1~ pK, )29 2021 4F 12 A, AR L T
B B b1 A 3 T HLAR 2 2 10 88 5 p I, TN A A6
DeepKa, UEBA T 5] AN T -5 B8 J7 % fiff e 25 (1 ot
P, TR ) B30 %) ] A4 (250, A PR 6 B 1) p K,
ot P2 PKADIO(6155 1350 4N A5 p K, SE56
HAH) TR vE, 15 3] T4 EXP6TS. B
S, M IR 7 A AR AL L XS HERR T U B .
TR 67 NEEAF 470 4~ Asp, Glu, Lys 8 His
i p K, M AR AE EXP6T. H:45, X) EXP67 47
RRHE, R ApK, KI5 H45) . f)a T
[ 167 4> pK, Az A (4R EXP6TS. 1l
LR RSB AE T SO AR X AR ok (18] 6).
R RS AGRAE L) S = 4B B 22 2% (con-
volutional neural network, CNN) HEZEH{H 2 Sie-
dlecki P ZH 99 $2 H fY Pafnucy #8 . (H15—42
S, AT DT S B0 3 B R8T, DeepKa 2R
FHAS 5 L ff (Siedlecki A3 2H 199 R F JEL 7 H i )
T IR p K, TUMRG B A e PR A FH A e el PR 290,
R DeepKa 55— WA 1 FLNRS FE 55 F PropKa
3.0, HZ 1 CpHMD A7 —E 25 HE 2L b, i
TAEHMEA T DeepKa A EAMERE, I AN HEEE R
[ FEI Q] e e RN o WY B e = B v A 7

2022 4F 1 H, LE-R MM RS Lsayev BR
B PO JF R T T 28 A ANT-2X A T34
ik i AVE BYUREE 2% SRR pKa-ANL SR1fif, 1%

FEALYE BT A 1 S B TR A Y1 2k, AT
HMEREIA T AP, T35, AT G5 A SRR
T A T FR T B XTI IR 25 A A T e i/ ME,
NP B EHAG BN 25 2R 20, 2022 4% 3 1, £E
2y 4 WK 2% Damjanovic BRaiZH 27 I
T 4P T LES 2 S k. Hd, XGB-WMa
R scht. 2%/ N RIRER A R A4 S 95 B K I 25
IR, Ry TN AR, A TR RRE S
B EMA TEZMEEIN: 15, Feitlibe i
Z 5 S R, T AT LA R
A SRR (solvent accessible surface area, SASA);
B, AR AR AT H B KON T i SR AT T
B FIAT IS, WAR, UL ERHERA RS T
PropKa BRI 5210 p K, i 4 5t 1Y 3 S SCHEN %
VB EAE R R AR, A A AE ELAE
2022 4F 7 H, Reis @4 192 F 3T PB ¥ Pyp
Ka #37 TALE 1200 54 pK, (HEEEE, JFHET
BRI R T IR EE 22 2] BT PKATRS. S T 5
FE L, 78 PKAT SE Al b XF 48 2% pR £50E A4 7 10 ) £k Ak
B, AT E) PKAT+. SR, PKATH7E H A i) i€
£ (40 EXP67S) iR I 5 PKAT AL, Ui Lk
Y IE A b B R = 5l P 29 PR L, SR A R
U, T CHBE PKAL

jun
CpHMD
=
Z
N
i
b
Jﬂlj &K PypKa
o~
DeepKa IProple PKAI
2 3.0
0.73 0.87 0.91
PSR RIS

B 6 pKa B b AEXT H
Fig. 6. Comparison of existing pK, predictors.

2023 4 5 H , AR BH &4 T DeepKa A9
B PO S RAS ()i AR RIS ARUAE S 5 TH AR
AHTE, A BE I T ISR AR 4 1Y p K, FEAS
RCEAEACHS H 549 MR B 26552 1~ Asp, Glu,
Lys F1 His. FHXJTHRAS, 3% WA 10 0 44 g B 422 3
CpHMD. AN, 73X A4 TAE P48 I 8 LR &R
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Y T HE— PP DeepKa B AT SEPE. )0, A
e A B 24 R RS, J& p K, TN A — A~
BIHREL. BRI I p K, T ER TN T 5 S EEHE
ferpol B FHEA. B T HARROE = 4e g5 iR
F, AR A n] B 0 T P . BT pK,
RS S /N S VS AR 2 2 I T RS 1, {2
ME DL 3 U AR 5, i B A p R, IS RN T 1.0
PTG O, BRI AN S B AT 8K 2 I HH 58 vai 1 A G
UEBH T 2B () e e 291, an e e, R 3C
) DeepKa f{FZH MU

LRI AT LRI R B PKAD Hr i 5255
B S Il 2k s AR . AR T, pKa-ANIT, XGB-
WMa Fl PKAI 2 T 74 T PKAD 1705
(il an—~ 26 A PR AH R Y pKG ), X T RE S
FI A . Hik, PKAD W RZ8 pK A T 2% 1H
pE YO BT, PRI, SR I AN R sy AR LS
TGE Iy 2L (EAS— PR AR, AL B i I
£E EXP6TS ANAEAELL LA ], AT 458 A 7 00 i
XPBERIHEA TR 20, W 2 B, R T 76 SC i A B e
AHIEE T A IHAR T CpHMD, DeepKa, 14 70 K
JEE B Sk T A FE R p K, TSR, f13E PypKa,
PropKa, PKAI fll pKa-ANI?). Hr1 PypKa {3
5T PBUBAL PropKa {83 3 T 4 5 o& 5011
L PKAI Fl pKa-ANI 0 HAth AT BRI, JEF
B XGB-WMa A FCEACAS, B LI
EXP67S X Hib Ak, Hit, XGB-WMa A& 5
SRS . R AR AR & 6 R
T 5 AR ENPERE. Hoh, SR xT iR 2E A
FAFBRLPREEE . B 5 WL, AR LL PropKa 4
JEF1 CpHMD A EEA/E A2 I, HETHA DeepKa
A 4 At v A B T R p K TR ) /R, g R
] R 5T 25 B2 45 Sulea IRAL 103 Fo i T BLA BY
7 B v A p K, TN AR A A 45 3 T2 50 R AU
PropKa 3.024, JEFIRE 2> ) DeepKa®!, PKAI

M PKAT+2 D) 36T PB 5 2 ) DelPhiPKal% |

MCCE2PY 1 H++081 iz 0F 57 48 e DL b il
A DeepKa RS iy, 5 6 4516—3X.

3 & %

pH S | ok —HREARM NG SR 1L
GLiN o>l J AR AR K (pH=T.0), A
% B HAD pH 2% MF; BUAh, (R80T 3 s

T A2 [ 5 1, A2 R i s . DL B
BRI A& G 00+ 8 i i — DR A i 2
5 pH AHCRYAEY it /8, WAl EE R p K, RO AT B
THROGZMERS . REER FEANA T 4 K FRH pK,
T k. AR, XTSRS Y p K, TN AR AL,
HIE TG RARAEAE 22 5. B0, RSy i a)
R, NSRS R EE A, )R N R
{EHERCREARAY CpHMD. 2435 K AF KT A
(TR ) 1 pKL THEA, B TS BRI AT AR
RHET Ak ) B0 B P R 10057 1) CpHMID.
T3 —J5 T, T ST R el Y p I, TR AL M
T 2 Tl B Y p K TR R. B TR AR Y
FRVS Jry B RS 50 S5 A A BR ], b 3R A v 3 A
S FH /KA B . 67K M B A o AR 7
pK, T, FET A d AR A DeepKa, JC5E 2 i
PR 201081, 35 HOGO IR PE BRI AR AL (10 Asp
1 Glu) BT FAEA, AT & PropKa 3.024. iy
TN 4 FPAT &AL FERTE S (Asp, Glu, Lys
A1 His) LASMA TR EHEA (40 Cys A1 Tyr), 1% &
BT PB AYAAY (40 H4-4-18 Fl PypKal2l),

Bl AL R G bR e Jre, [ PR 44
1 3E E 251 T RIBEE 75 (Schrodinger) FFUR %%
A A HAERAL (free energy perturbation, FEP)
T pK. , U BT p K, BRI I iR 5 |
Tl ARG B (EAF— AR, F T LA =T 1
pK, TR A TSP BB B (2021 4E 24, H)
TR A B [ A B TR B2, (5 anAs 2R
IR DeepKa. FATHIfE: AT AERIA ] HEZEME G
B RIR, TEAS A PR SR B A B Ay e e il s 4
Py PRI CpHMD #5719 p K, K4 52 PHMD549
T pI, BRI PKAD 857 f9 Ik 4E EXP67S
B R FE T AR 22 2T 1) p I, T T 2L A I A B8 52 F
filh 29, £ 3, BT DeepKa ARURBH T A T HEHNE
MR AT pK, fELITHAF & (http://www.comput
biophys.com /DeepKa/main), X X} &k Z 5 #| A
TR RRIK SRR 25 7 Ml HAG i R S 1105106,
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Progress in protein p K, prediction”

Luo Fang-Fang  Cai Zhi-Tao  Huang Yan-Dong |

(College of Computer Engineering, Jimei University, Xiamen 361021, China)

( Received 20 August 2023; revised manuscript received 1 September 2023 )

Abstract

The pH value represents the acidity of the solution and plays a key role in many life events linked to
human diseases. For instance, the B-site amyloid precursor protein cleavage enzyme, BACE1, which is a major
therapeutic target of treating Alzheimer’s disease, functions within a narrow pH region around 4.5. In addition,
the sodium-proton antiporter NhaA from FEscherichia coli is activated only when the cytoplasmic pH is higher
than 6.5 and the activity reaches a maximum value around pH 8.8. To explore the molecular mechanism of a
protein regulated by pH, it is important to measure, typically by nuclear magnetic resonance, the binding
affinities of protons to ionizable key residues, namely pK, values, which determine the deprotonation equilibria
under a pH condition. However, wet-lab experiments are often expensive and time consuming. In some cases,
owing to the structural complexity of a protein, pK, measurements become difficult, making theoretical pK,
predictions in a dry laboratory more advantageous. In the past thirty years, many efforts have been made to
accurately and fast predict protein pK, with physics-based methods. Theoretically, constant pH molecular
dynamics (CpHMD) method that takes conformational fluctuations into account gives the most accurate
predictions, especially the explicit-solvent CpHMD model proposed by Huang and coworkers (2016 J. Chem.
Theory Comput. 12 5411) which in principle is applicable to any system that can be described by a force field.
However, lengthy molecular simulations are usually necessary for the extensive sampling of conformation. In
particular, the computational complexity increases significantly if water molecules are included explicitly in the
simulation system. Thus, CpHMD is not suitable for high-throughout computing requested in industry circle.
To accelerate pK, prediction, Poisson-Boltzmann (PB) or empirical equation-based schemes, such as H++ and
PropKa, have been developed and widely used where pK, values are obtained via one-structure calculations.
Recently, artificial intelligence (AI) is applied to the area of protein pK, prediction, which leads to the
development of DeepKa by Huang laboratory (2021 ACS Omega 6 34823), the first Al-driven pK, predictor. In
this paper, we review the advances in protein pK, prediction contributed mainly by CpHMD methods, PB or
empirical equation-based schemes, and AI models. Notably, the modeling hypotheses explained in the review

would shed light on future development of more powerful protein pK, predictors.
Keywords: molecular dynamics, Poisson-Boltzmann equation, machine learning, pK, prediction

PACS: 87.15.ap, 87.14.E—, 87.10.Vg, 87.15.A~ DOI: 10.7498 /aps.72.20231356
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Fig. 2. Schematic diagram for representing the biomolecu-

lar force field by a neural network.
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Fig. 3. SASA estimation based on coarse-grained protein structure. Left: All-atom structure and coarse-grained structure of protein
G (PDB code: 1 pgb). Right: Correlation plot between the SASA values from DeepCGSA based on one-bead coarse-grained struc-

ture and the reference values by Shrake-Rupley algorithm based on all-atom structure. The DeepCGSA can well reproduce the

SASA values based on coarse-grained structure.
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Fig. 4. Projection of the sampled snapshots of the coarse-grained molecular dynamics simulations for protein G 1 along the reac-
tion coordinates constructed by PCA (left), t-SNE (middle), and UMAP (right), respectively. t-SNE and UMAP perform better
than PCA in distinguishing the folded and unfolded structures. Colors from blue to red represent the structures with increasing

folding extent: blue, fully unfolded; red, fully folded.
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x

5 7 [ AR U ) 19 2% SRR N7 F A 43 0 X I A
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Fig. 5. Network architecture of different generative models:
Variational autoencoder (VAE, left), generative adversarial
network (GAN, middle), and normalizing flow (NF, right).
Three networks have different architectures. VAE first re-
duces data to a low-dimensional space, samples in the low-
dimensional space, and then transforms back to a high-di-
mensional space. GAN generates target distribution by
combining a generator and the discriminator. Normalizing
flow model establishes a direct and reversible mapping
between the target distribution and a simple and easy-to-

sample distribution (such as Gaussian distribution).
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SPECIAL TOPIC—Machine learning in biomolecular simulations

L] o o o o o *
Machine learning in molecular simulations of biomolecules
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Liu Yan-Hang!  Li Wen-Fei)T Wang Wei D?
1) (School of Physics, Nanjing University, Nanging 210093, China)
2) (Wenzhou Key Laboratory of Biophysics, Wenzhou Institute, University of Chinese Academy of Sciences,
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Abstract

Molecular simulation has already become a powerful tool for studying life principles at a molecular level.
The past 50-year researches show that molecular simulation has been able to quantitatively characterize the
kinetic and thermodynamic properties of complex molecular processes, such as protein folding and
conformational changes. In recent years, the application of machine learning algorithms represented by deep
learning has further promoted the development of molecular simulation. This work reviews machine learning
methods in biomolecular simulation, focusing on the important progress made by machine learning algorithms
in improving the accuracy of molecular force fields, the efficiency of molecular simulation conformation
sampling, and also the processing of high-dimensional simulation data. The future researches to further
overcome the bottleneck of accuracy and efficiency of molecular simulation, expand the scope of molecular
simulation, and realize the integration of computational simulation and experimental based on machine learning

technique is prospected.
Keywords: bio-molecules, molecular simulations, machine learning, enhanced sampling, multiscale model
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TR £ FELRRIEEES]

#(5 PD-L1 B AR EABEN 205
WHFAD A0 A

1) ([EEias iR R, BE2plae 5 TR B 2R S B 2 TR, dbatii B ie 2 TR RS AR 005 ol JE3T 100191)
2) ([ALEME R R oeH b, b 100191)

(2023 4E 6 H 29 HIg#F; 2023 4£ 8 A 10 AU EMERH)

BEXE PD-1/PD-L1 S5 6 A5 5 5 5 v B BT 1A 10 1 790 528 7 0E AT 32 0F 7 22 Fh 2 B0 1 g 1697 v IS — i€
() BRGSO . SR, B LIS BT B AN W 7 Ji 0 24 00 4 Jg RV LA B e 22 [ J Al A7F 5 45 i) A o B0 41k
INGR AR AR SR TR AT S AR AR L AR SIS TR T TG AR S T A R Y 45 S 3 R T
LSBT PD-L1 #5773 1A 1 K 40007 o, I 335 Bl fin s /N7 25 M 9 I e . i AR SR ATF 5 SRR K
LA AE PD-L1 /31400 il 3 PR b 4, R4 AN [ 23 1 R AE 7 15 A VE A LA 27 >0 3% 1R 23 JE A A
{1 P R N [ DA T | A Y I R B2 24 /8 731 % (ZINC15) Hi i 6 445 68 Fift i PD-L1 40 i 35 44 % 3ok
ea. o 10 F L& WA LR & R AR 25 AR IR 251030 T 2, i e 7 T4 # b 5 E B oife &
Wy B[] 45 7K S B 2355 i JBE FAR AL B A LAY , X — SR AR 5 20 3y 2 B R 45 5 A i RS T b 7
B — PR, A SCRR T — A A T Ay 1 A T A A 5 2 TSRS B 25 MBI e AR R, AR

R PR P b AT 500 18 Hh AT T 3 0 PD-L /N1~ 4k 50, A7 22 Bl g i s e e S 3 9 A

SR : PD-1/PD-L1, MM, BLAEE ), 5> T3 1)

PACS: 05.10.-a, 02.70.c

1 5

REL DT SR 2 A6 A i 2 1 5 AR i 45 5 i
TEIRTT W TR 22—, M AR SRAE I R I v 5
J. TEH A BARAST, #5300 R ARy S e A
A SR T 20 0% 2k B2 0, B DR S SO f
Fr A IR 32 O SRS SE A2, g 4 At mT LA H
XAHLEITE T T 400 s, T2 U i e A R
1R ZEMREREE, DTk G yss RGeSk B4 S T
HOPTEOE IR R T 20 M A S BT MR S RE, BT
&t 1 —RIYTEORHM R A AN S
HEARM 454 BOL Hrb iR r e T & A 1
(programmed cell death protein 1, PD-1) &%
KE M et A i 22—, HOE R B TGy

i

DOI: 10.7498/aps.72.20231068

T 4. AR AN . B bk L 20 i A At G e
YA FRTE . PD-1 55 FCAE Mg 40 i L v B 3RaA 1Y
ficfk PD-L1 fHEAER G, B4 —E MRk, /v
S PR -3 B DT B T A L 14 5 L T AR
0 A 5 AR T2 mT R A SE B K, PD-1
5l PD-L1 A9 5 R ff B sl A il v DA 5/ BR A
RE RGBT DI, X & B BT PD-1 #1 PD-
L1 Z[0] (4 AH AR o] 8k e e 167 F At —Fif
H AL SR 1314,

PD-1/PD-L1 H A4 il 57 25 ¥ i 6 & H Aij B
AEH BE R, 2014 45, € E& 52 0 B
HR A AE T 55— PD-1 ik Pembrolizumab i
TIRIT RN B ERMZIG, — %% PD-1/PD-L1
B TS RETARE I AR T /N g | TR B
28 P9 55 22 Fh R R I PR IR YT v 517 4R

*ER A RPIASESE (EES: 21903002) AL ETALZS AL KRS To2E B wi F IR 564 (HiEE'S: 230121202) % By EREL.

t BIEYE#E. E-mail: linxbseu@buaa.edu.cn
© 2023 FEYIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

240501-1


http://doi.org/10.7498/aps.72.20231068
mailto:linxbseu@buaa.edu.cn
mailto:linxbseu@buaa.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 % 3R Acta Phys. Sin. Vol. 72, No. 24 (2023) 240501

M7, BE&E AR BIR A, Brif i | 12 v
PEREVE  SHANSIE AR | A Iz A S L
R PR e 320 T 2 1 ok 15200, 5 — T T, BRI
[ AL oEaT 2, 3 B TR RIS IRIR 3% /Ny
TR A B 1 R 2 20 B P | AR 1 A
Py PR R H IR HESEOLE, 1 PD-1/
PD-L1 #1258 0T — A A fR U 821-23],

H I 3E it 57 & (Bristol-Myers Squibb, BMS)
T 2015 FEATT T —FRINHEREIRA/ V3T,
XF PD-1/PD-L1 456 HA SRR A BELITI il 75 1 2,
Holak 1B\ 29 854238, BMS fb&¥58 14 5 PD-L1
itk H A R, LU Jr Ui PD-
1/PD-L1 M EAE. HeT 3k —HLHI, HoA 2w F
FAREBNIF R T — RIIA R BT EY,
Incyte 2% /] i) INCB086550 (NCT04629339/NCT
03762447)20 21 H 25,k /) IMMH-010 (NCT0434
3859)127281  FLAR 24V 1) MAX-10181 (NCT04122

339). Ul 35245 ) #9 BPL-371153 (NCT05341557).

HALZE ) ACS61 (NCT05287399) LA K % A=
YIEE 251 ABSK043 (NCT04964375) %:4k-44 H
HTE AR TG R B B, thF H i PD-L1 /)
SrFMEIRI TS A, SEREZAAE R AR
U2 PR AL S P B F R L

BAEIR SN T E RO 2T R
T H., PD-1/PD-L1 /N3 T FIIRA I F 29, FE
FEER T, W2 78T | 3R o T3l
J12% (molecular dynamics, MD) B4, 7E G AT 1
WF5E Rz W TR ) PD-L1 SRR/ N T
O350 14 8 AP 6 29330, AR SCHEF A4S R AL 2 2
LG TR AT a8 SO T — R 55 TR A
TR A 2 Al AR AT ZINC 1554 Hi2s 24
W Ak& W% PD-1/PD-L1 A8 5.AE FH A4 30 1 356 .

HAT R 0N AL & s AR St s 25 AR (R

2B 120 e I L5 0 A MDD AL e T Ak
TH I EIE, LIRS R4 PD-L1 M)
HITE BN TG ).

2 HER %
2.1 BB EIE
A SCHF I Sk 5 B 42 ok 5 5 PD-

L1 /NFAMfIFRIAH 0 37 RS A58 MR8 S0 &% 16 T
LR (WANTEAT R ST (online)), hitf 250y

ARFBARIFEAL S P % PD-L1 #0355 240
BARKEA—BIIE O, A SCAORGR T LAk
J# (half-maximal inhibitor concentration, I1Cs)
A8 bR B BRI ] 43 B (homogeneous time-
resolved fluorescence, HTRF) 15 gn%k .

SRS LR P R Z5 s B, AL
FIFH ChemDraw R Ha A fb A W a1k 3 14&
P ARLIE (simplified molecular input line entry
system, SMILES) F4F 5. 1Cs A F 1 pumol /L
AL S W SO BAYEREA (RIS PD-L1 B4 il
W), T 1y, &5 T 10 pmol /L LAY SCHBATE
A (BRI PD-L1 A B AMENE ), RN T
3 ST 1) T SR AR IO AN P, — U4
97K B9 25 38 1 0 % (high throughput screening,
HTS) 3L 512 5% (PubChem BioAssay AID: 2316)
(90 0 1 &R WA B = = N 9 = 1 = B
I1Cs50 DU (A T AR 2 Y0 T A S ik T [l A
RIREAREE T, 1C5, HXTEUR AR pICs,(RI-1gIC5)
VERFEAFRE .

2.2 HIR&ERE

R T AR AL 2 S AR AT BE 4 5 b AR AT £
PP ARSI E R, A SO EEEE T LG
SJeEAT T RIS I. 1%, 2130 SR fHE A
A 1099 A 5] I 455 B A A S 531 e A Ry 600 F
350 FPLAR B I TR 45 1) 1% 12 20 T 235 ) 1) e ot %
289 Murcko ‘B 22 B9, 70 FE 2 PL 2 NI REAE,
2048 hy ] A JE AL BIE Y 48 2L (extended-
connectivity finger print, ECFP)P j5 LIS
BRI L BRICHE B o 15 7 SO0 2 e
ECFP #1750 252K, HEREE H 5—20 ZAX N
I AERE R R B E , 5 SR ks SR N 732

FhEEHA TR R (K 1).
2.3 HOFFRAE

i ChemDraw 32| {L& %) SMILES 4+ 5
A =257 FiAFT (RDKit, PaDEL 1D&
2D, Mordred) fil =243 FF#5 40 (ECFP, MACCS,
PubChem) DAME RGP FRAE ] 5. FFE Java
B 14 PaDEL-Descriptor v2.0 F T il % PaDEL
1D&2D Hili B 45 871, MACCS 43 148 2 33 Fl Pub
Chem 43 - #8 & B7. RDKit $f§ it £ #l ECFP 43
FHe 80 B0 Fy A 2E (5 B AL BRIP40 RDKit %14k,
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(a) C?)\Bo (b) Q%po
38RP dBo
A0 3%Re

%

= ngf:‘
00 %
B0 o°

1 BERERN  (a) S BBRBEPEREACE AL 14 A (b) AR REACS 420G 13 AR SRIB IR i B e AR AN R 1 43
SR AR, BB, 1 AR, — 55 A Ak 24 25 H TR AR v e BAR R MR Y

Fig. 1. Dataset clustering: (a) 14 clusters of scaffolds of active compounds in the classification models; (b) 13 clusters of scaffolds of

compounds in the regression models. The colors of the circular dendrograms represent different clusters of scaffolds, and the closer

the colors are, the more similar the scaffolds are. The chemical structure diagrams on the side are the most representative scaffolds

of each cluster.

Hrp ECFP 43 T840 2048 4k, 158K L
P RT R R ESH  AEE S, ILAbh, ik
TR A Mordred ) #5 F T e Ji — 84 1E [ 1
(AL

2.4 HIE_ES]

S TR PLAR 2 > FE M PD-L1 /vy
TN 3 ST FIIN R 5 1C 50 T ] A A5 HY
Hrp 28I (logistic regression, LR) ., 4R iITH- %
(K-nearest neighbor, KNN), 37 £ [a] & #L (support
vector machine, SVM) ., FiHLAR#K (random forest,
RF) fIZ 2L (multilayer perceptron, MLP)
T 03 AT S5 AL A A, SVML, I (8] )5 (ridge
regression) . i rid 2 P15 (Gaussian process reg-
ression, GPR). RF Al MLP FfF [a] 94T 45 # A g
PSRRI B2 19 80% A IR B 4., 3 Ak
20% AR . AT o0 TR AT S o1 4R 80
FRIEEMIBR = B2 )5, T ZR4E 1T min-max

PREfRAb . 2 2 A B S B T Scikit-
learn A% 38 28 J7 1k 1) L 38 LEGIE (5-fold cross
validation) i€, MLt FEH, /AR DL S8 3 AH
K FREL (matthews correlation coefficient, MCC),
[ Y=Y ASE Y L) 5000 A P 1 44 48 X 9% 22 (mean abso-
lute error, MAE) i SEEBEPRUE.

2.5 IRENTMNIRAE

AR R R B (sensitivity, SE). #¥
5t (specificity, SP)., #Effi & (accuracy, ACC),
EHTHIC R AL (Matthews correlation coefficient,
MCC) #ATIZ AL, HATHAUT

SE = TPTFN’ W
SP= TNT—I;I FP’ @
ACC:TP—FEII\)I:?I:II—FFP’ ®)

|
TP x TN — FP x FN @

MCC =

Hrf) TP(true positive) o3 2RI Ry HAG D
il M HL S 5 45 SRR o B s P A A R
K, FP(false positive) Ao B g A HAA
S VAR S 0 45 R A B s PR A S R
KL, TN(true negative) A4 AR ALH] 5 A H
BRIk REE SRS e s ) Ny N = 1 R G S D A

/(TP +FP) x (TP + FN) x (TN + FP) x (TN + FN)’

\
G WIREAR KL, FN(false negative) 708 4]
AN B AT R {H S 0 45 5 S B A S P
B UIREAKL.

[P BE FH P32 % 1% 2% (mean absolute
error, MAE), ¥ /7 #i% 2% (root mean-square error,
RMSE) F1 3 % 22 % (correlation coefficient, R?)
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MATIZ A, H R AT

1 n
MAE = E Zl |Y;rue - Y;)red‘ ) (5)
1 n
RMSE = J ﬁ ; (Krue - }/bred)za (6)
Z (Y;rue - Yi)red)2

! (7)

7
n o 27
(Krue - Ytrue>
1

Horp, n g Il A TR PG B SRR AS L, YVine A
WG pICs FERMENE, Vorea A BIABIIS AL 5
Yy pICyo BT TH-{EL.

RP=1-

2.6 ZyYtEMU%ER ADMET #6356

AR SCHEOK [ ZINC15 B 4 B4 9 7400926
ANATRDEIESE (B E 2023 4F 2 A 24 H)  BFHER
WSk = AR S5 MR R SE25/Nr T A i L &)
e, A X 4y L iE i ZINC15 25 A )
PERG G, 5 T AR SCRR G e 1 1k B W0 B0 2 1 BTAH
HAE, %5000 25 W) A AL PE 98 5 (quantitative
estimate of drug-likeness, QED) & Z& /N H 140,
Kosugi A1 Ohuel") $& 7 —Fp 5 nid A F 41 %) &
F1J5% AH B A 4 500 9 8 1 25 W AR 0L 48 AR
(quantitative estimate index for compounds
targeting protein-protein interactions, QEPPI),
&Y QEPPI 38— T 0—1 Z [ HI1HE,
BB AR AL S W 10 25 1 BORH B 4 i 770 24
YIRS R, ARSCRL 0.7 Ry A = 25 24 PR A
=Y.

ADMET fRES W B (absorption). 43
Bt (distribution). G (metabolism). HE it (exc-
retion) FIFEME (toxicity) SFE 222G M i, 7651
2yt + oy E 2, ASCRHA] ADMETIab 2.0
LGP T ADMET fii i 42,

2.7 HFIE

BT 2 K0 1 355 TN 5 9 R 1 T A
A RS AME B, A SCGEERP) PD-L1 R AR5 #k
U8 T A S % PDB(ID: 7TDY7). A ik #%
PD-L1 R 45 G i X O RHESS & F 4%,
ETWTHH: 1) s RH PD-L1 Rk

HR A2 B S T XSO AR A W 25 4s A A i 18 44
2) 43T J B R /N AR X I 25 4 R A
pa i

I FREAI A AutoDock Vina #4741, Auto-
DockTools ¥ PD-L1 — & FE 1k A pdbat #% X,
SHEMAE TR R 40 Ax30 Ax40 A, Hue b
g (144.799 A, -9.364 A, 16.163 A). BAMEEW4
BEAL A AL 50 Fo e A TN B, AR X 4545 40 0k
FrHES , A EAS A3 0N T oL A 25 B G
HF T8 IR 5. LA, Bk
it bR RS B p A S Ve FIPLEZ 5 ST
NFRRFE 25 AR, A SCRIA LigPlot 55 /N +
5 PD-L1 SRR FHE AR F 10,

2.8 HTFHNFEEH

ARSI W ¥ 8) ) AUk 1T CHARMM
36 & i 13 WS LS W BCAR Y 01 3% 2 808
i1 CGenFF i 7 3k B 4750 A~ i3 X #2240 B
i 2 AL A W Fn A X BEAL A 9 (BMS202 L &
INCB086550) 5 PD-L1 ~RIKE & ARG HE T
10 nm x 10 nm x 10 nm & TN, H& FIETK D
I LA NaCl v fiTiAR 2 i far 5k, S5 dt i R
GROMACSPY T H gmx solvate il gmx genion 5
. A 15T ol 112 TAEY i GROMACS
2019.6 B ¥ ALia AT, AP KR 2.0 fs, RITHR
R (NPT) REE, ST KN 100 ns. BEHL&1E
ol y A 2k 3 A7 I B TE T AR R
S50, R H2E S 1 R ) Parrinello-Rahman? J5
EW ARG YEFRFTE 1 bar (1 bar = 10° Pa), [k
45 R BORE R 4.5x10°, st [E] A 5 ps. AR,
F 48 % H Nose-Hoover 54 451 7 : 44 B A4-25
2SRRI ARG, IR 4ERTE 310 K, 5t
AR 1 ps. KM B FEE A BAE F ] Particle-
Mesh Ewald (PME)P Jy ki 55, J i g i i A B
VE A 1E BE 251 % 4 1.2 nm, LINCS (LINear
constraint solver)P B vk H F 4 W& H R 1 19
HHC.

2.9 MM/PBSA && B HATHE

ACLL gmx MMPBSABT g T A5 71
SFIARN -3 IR %% 2 R TH AL (molecular mechanics
Poisson-Boltzmann surface area, MM /PBSA) 3k
A MNMEREIG 10 ns Ul 19-F 4454 H H e
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(AG), Hit@ AT
AG = G1complex - (Gprotein + Gligand) 5 (8)
/ﬂ\:qj GVcomplex ﬂyﬁejﬁ‘@a1$/§%%ﬁ@ E E‘Hﬁ%, Gprotein

ﬂ:ﬂ Gligand ﬁ%’]ﬂﬂﬁﬁlﬁ*ﬂ@ﬂﬁg% E E/‘J E Eﬁﬁg %gﬂ
SrE H BT AR LT

G= EMM + Gsol - TASv (9)
EMM = Evdw + Eelea (10)
G15‘.01 = EPB + ESA7 (11)

Horp B ASMES S RERE, B P8 FL H- T Evay
NI Eae ¥ ; Gool ML A HRE, HIE
Epg FAENE Bsa TR AL TAS oA, PRI
SENA R e HOR AL BERS 3 1 h BERORTIEE, AR SCRF
AR HBEATIHE

3 HREXR
3.1 SFEEBRIERE
30 P/ RpERLS> HI2EF LR, KNN, SVM, RF

1 MLP HF % 15 L) & RDKit, PaDEL 1D&2D,
Mordred 43 Ffiid 451 ECFP, PubChem, MACCS

ST FAREL 6 P T RAE T ey, B 2 A
R AT RE IR B A SRS R4 R
PERERIN, Hib Ll ECFP i A KNN 4 3
H I AETERE, SE(BHPEREAS T IE 62K ) = 0.9937,
SP(FAMAEATIN E4f %) = 0.9781, ACC(&#BF:
AT IEHTR) = 0.9859, MCC(ZEA P S ke
AT PEREFEAR) = 0.9720. % JE R/ F7 ek
ARSI FERT, [RIFF3RER 740 J7 42K
/NG T A S R T i TSR R R, TR,
R H LD ECFP R A T I 8209 53 250 k. O3
— 71, A% T LR F1 MLP izl KNN, SVM
F RF BEADG T 7] 5B E A W 5 25008 AT 55 BA A
WS, R, %8 KNN, SVM Fil RF 571
VR o S AT S PP L AR S
INGYF R TR R, WA E IZ AL 6T PD-L1 Hag
P .

3.2 SHEEDRE

H T R A ) i RRE 5 3 2 22 [
B AR D&k A SR TG P AR 36 Ak B =2 T Y
RDKit, PaDEL F Mordred =i iR 44 % 23 H7 3k
TR E P A A Y REF A AR f Y

[ RDKit [ PaDEL [ Mordred []ECFP [JPubChem []MACCS

(a) 1.00

ol gl e T

SE

LR KNN SVM RF MLP

Machine learning algorithm

il i E: I{PI

ACC

0.92 r

0.90

LR KNN SVM RF MLP

Machine learning algorithm

(b) 1.00 —
EIEEIE IEEEIE I_IEI II; I IIII :
0.98 1 = I

SP

LR KNN SVM RF MLP

Machine learning algorithm

0.92 |

0.90

LR KNN SVM RF MLP

Machine learning algorithm

K2 pRBIRITEREREL  (a) REUE; (b) B EE; (o) MERREE; (d) DM R
Fig. 2. Performance of binary models for classification tasks: (a) SE; (b) SP; (¢) ACC; (d) MCC.
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5 NS 43722 5 (W RNFEMRHET ST (online)).
A AL PR AR T 4047 2 4
S0, (L ph T4 T R A IR £ 2 DA RS,
AE AR AL P B BRIV B, OIS R
FL BL% o X, FRATTHG A R A B AE R
.

SHA G RIFIR, 5 TA550 ECFP 1 {21
SR R R A M AT AE AT AE, X MR 5 T
55 4.5 % PD-1/PD-L1 9 1) 15 ¥ 2 i1 5 5 2
S IBEE T HI-F B A & i L ] % s T
S PE A A I T 45 K R - B0 AL 24 L
BEE TR AL AW T4 (B 3). &G
M T PRGSO 7 5 PEAL & P B0 H R
LT AT AL AR A, X k2
S J BT RE XL A IEG PD-L1 035 PEAT 1E i)
Tk, A, ESEE L A s B R 65

(a) 2500
[ Active I
2000 5 _ [ Inactive \/ /\
M / ECFP1161
- 1500} ECFP253 —
3 \_7 |
[e]
© 1000 — ECFP985 H ECFP1723
HN ‘y\
500 b ECFP256 ||/§|
ECFP1350 N~
il
0 1 1 1 1 1 1 1 1 .
ECFP1040 ...
P g2 OS> 80 AW g o o H ==
QYT NP N0 (B0 AV a0 P\ y:
@Q@ @Q@ OQQ OQQ CQQ OQ?@QQ @O DS . ECFP1971
Fragment ECFP390 ECFP1453
(b) 2500 —8 —m— T
[ Active o H E
[ Inactive " ' /'\ A
2000 | / .
— \N . HO—
. 1500} ECFP315 ECFP1117 > <
% ECFP835
8 o ECFP1717
1000 | \i/ HO _—N/ /
H N\
) N
s00 ECFP611 ==\
2 ECFP1215 \i/
0 : £
H O D 0 o® At AN % H
ER U SN oo s SR PR SR SN S 9% .
I N g P A A N ECFP999 ECFP1860
@Q @Cﬁ @Cﬁ @Q @Q @Q@ @Q @Q@ @Q@ Q)O \ . A
Fragment ECFP680 ECFP1310
B 3 4y FaiiH BEFE AR AR TR 2E 5 (a) TEMEAL B T E0S R S50 B B () JAETE MRS Wi 805 i 2544 A B

FHING Wi st - B WGP A 1 1) BTk

H5 9 & 1%, ECFP985 il ECFP1161 A Bt
AR T AR, X2 BMS 1k
G B RZ O G5 R R AE 2 — 2458 i Ah ) R 3k
(ECFP253) . ithE (ECFP1453) IS KR AH 4 A ik
# (ECFP1971) % 77 T 24R ¥ PD-L1 )
TG E R /Ny AR . BT B TR A R
B, K ALRENS S5 PD-L1 B9 Ala121 Fil Met115 ;=4
5 ZU Y B 7K A ELAE PO Lu 4§ 199 % #8 PD-L1-
BMS202 &9, MLRERR i) 2+ F8 B R K
Z3 8], PRAAT TAE I 5B T — R 5 Y B,
DI R ECR I ES AR AT iz R B B
VI 22 F A7 A At T A R A5 e e e A48 i
e POSLO R BRARGE R, AR PRARGE R Y AR T
REt R AR O YA R 4y, b, DAk 2K
TCA S FLICH G AL G 2915 50%143.63-69],

g5 BEA O R T AR (U R D B M R T (O B, TR AR B T T U B (4 K

Fig. 3. Count difference of fragments of structures between active and inactive compounds: (a) Fragments in active compounds with
a proportion higher than inactive compounds; (b) fragments in active compounds with a proportion lower than inactive compounds.
The center atoms of substructure fragments are highlighted in blue; aromaticity atoms are colored in yellow and aliphatic hydrocar-

bon atoms are colored in gray.
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3.3  [EAEERI*EE 0.6375, GPR 5 #J ) MAE = 0.4557, RMSE =

30 F RS2 B35 F SVM, Ridge Regres. 0.6375 AYTERER B E 0 THARMIY. 18] 5 J&/R T
son. GPR. RF Al MLP % 50 1 14 % RDKit,  PUFMBUR(EVIZIE RO G A BEA 0 TS
PaDEL 1D&2D, Mordred 4+ 7 i /£ 75 F1 ECFP, Rz, HETCHEIr ) REAS A T i 2 76 41 315
PubChem, MACCS 4> 74840 6 Fi 4> T 21 77 50 W, LA ECFP M AR SVM AIIAERA Fipke 7
fradar. & 4 BB S TR | RiEES % R? = 0.782, L) ECFP N%i A GPR LRI 7L
B TR UEE ERgTERERIE, Hoh LI ECFP R PCE R R? = 0.787, PSS ARITN(E 1) F

J A SVM BLRI DL MAE = 0.4503, RMSE = YR A st b A9 PD-L1 S35 P e
[JRDKit [ PaDEL [] Mordred []ECFP [JPubChem []MACCS
(a) 0.8 (b) 1.0
0.7 { 09} {
0.6 { { m 0.8 { ] {
&3]
3 =
* o5l ooTh
0.4 1 0.6
0.3 . . . . 0.5 . . . .
SVM  Ridge GPR RF MLP SVM  Ridge GPR RF MLP
Machine learning algorithm Machine learning algorithm

Bl 4 BUHBARPERERI () FAXTRZE; (b) ¥Ior MRz
Fig. 4. Performance of continuous models for regression tasks: (a) MAE; (b) RMSE.

Continuous ECFP SVM Continuous ECFP SVM
12 3
(a) (b) Train R? =0.991
11 oL Test R2 = 0.782
10 |
E
T;E 9r P 1F
o 8r g
o] ° 0
5 7t 3
° ~
g 6r -1
o9
5 -
4t Train —2r Train
Test Test
3 . . . . . . . ) _3 A . A . . . . | L
3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11 12 8 16
Measured value Predicted value Distribution
Continuous ECFP GPR Continuous ECFP GPR
12 3
(c) (d) Train R% = 0.987
r oL Test R?=0.787
10
E
T§ 9r P 1F
- 8r g
9] T 0
g TH %
bS] ~
g 6 -1
[a
5 -
4k Train —2r Train
Test Test
3 I I I I I I I L -3 I I I L I I I L L L
3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11 12 8 16
Measured value Predicted value Distribution

K5 PR AETERE AR ISR (), (o) HEARPUME S FREAE A5 (b), (d) HEAS BT i 22
Fig. 5. Prediction results of two best-performing continuous models: (a), (c) Distribution of predicted values and label values;

(b), (d) prediction residuals.
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3.4  EHIIFIE

ZINC15 Hdl e v vk HISOR = 4E 25015 5
(1 25 25 W /N o3 F K BLAS SC Y Ak G B I
(7400926 >/NorF). FEAS PR e AT A B 4 A
P 1) FIRHE LD ECFP % AR KNN, SVM
I RF 4 3 B ity Forh 22 /047 2 Fiofil e 45 21
Xt PD-L1 & 1 EA P, Wk za 1 E
A I . 2) [\ EE A LD ECFP 2 i A Y
SVM il GPR. [u] 5 452 78 151 0] pIC50 i, W A 7Y
pIC50 HFEHE/NF 7 (IC50 > 100 nmol /L) 14k
HUHESIEE. 3) IHHE/ NP A YR QEPPI 4
B (WAPFEAELR S2 (online)), IR B QEPPI 1%
Syt 0.7 MR A Y. RAEPIGA TRt ik &
YItE ZINC15 HARHE Lipinski £ )50 66 g€ LA
B2k AW, (RIS P 4Tt /i) BE
ML A4 45 4 3 PD-L1 — B AR M40 B /E A1
U, EHEASAATR 25 A DA B A R

@ ey
\ 4

K6 M DL i O A

Fig. 6. Workflow of virtual screening.

ADMET

SC. 4) i ADMETIab 2.042 15 /N7 AD
MET £, Lhifk— 2 i B N IV RE A /N o3 7
(WLANFEHAHEFE S3 (online)). 2K, i i AN HE U
i e Re, 42 MEL S WHOA X PD-L1 A4
BRI GRS Rt R r 25 HITERE (1 6).

3.5 HFXTEE

R T G UF O 15 5 SR 1 3 T 4 A 1 Ty vkt
— U S ik &, FIA AutoDock
Vina 4 42 M E A P 2L K BMS202 F1 INCB-
086550 Xf1% %] PD-L1 —R{RK) IgV 25438 (PDB
ID:7DY7). HA A1 10 Fifb &80l
A W1 PD-L1 M5 4k S+ 2 5 530
(F 1), AT EME, 10 PSP xtiE
3 BCAAR TR R 11K 50 16 5 9 INCB086550
IR E, BRI TT LA A SE TR i 4325 Al 19
BRI vE PD-L1 /N F ISR A TR, 4
Br 12 ik 5915 PD-L1 AR EAEHI AT 0
(WM FE 44 KA S2 (online)), TYR56(A), TYRS56
(B), MET115(A), MET115(B), ALA121(A) il
TYRI123(A)(#EINH A 5 B 70513878 PD-L1 %
R Sk A o B) SFE SRR AL S I B iR
R T HSRIBKAHEAER, X SRS X /N1
Sh A BN SS AAAT RR AT Y. BEAR, BR T
ZINC000021874692 FI ZINC000021874694 33X — X
G A e AR, ARG W 24 22 S 35
K, FHALBERAR, R A AT Ay A R 14 S 36 i i
PRt E A ES A ) (WANFEATEHE] S3 (online)).

1 AR 10 AR A9 K BMS202 Al INCB086550 HYXT4#45
Table 1.  Docking results for the top 10 hits with BMS202 and INCB086550.

Fe wEY lla==rt iy X535/ (keal-mol 1)
Cl o NrN\
Hit 1 ZINC000021723762 @ »\O*Q 118
VoW
Hit 2 ZINC000021874692 S kff’;;)_(Q 107
- [e]
[}
S O
Hit 3 ZINCO00175468610 ({)‘4\]\(\@}:} 107
VA ’ o=\
Hit 4 ZINC000019770413 Q\,(fj@‘ 10,6
o
o
Hit 5 ZINC000021874694 m@ 10.6
Ve [e]
[}
¢ i S
Hit 6 ZINC000952973550 %j\l(\é/k\ 105
o
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R 1(ZE)  FARXHEIFIAY 10 P ik £ & BMS202 Fil INCBO8G550 FX 12454
Table 1 (continued). Docking results for the top 10 hits with BMS202 and INCB086550.
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=\ Cl
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TR T 12 MEAE-EH RS 100 ns FakhE
FE RRABC N F T EAREREET
R ZE (root mean square deviation, RMSD)
(8 7). B AR 21 PD-L1 — B4 B 2R E 44 1)
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TR F-, B A S RIS A RE . (AR
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3.7 MM/PBSA && B HETE
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— ZINC000021723762 —— ZINC000021874692 —— ZINCO000175468610
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—— ZINC000004063088 —— BMS202 —— INCBO086550
1.2
g 1.0
a
g ! E 0.8
E ~ .
w~ i \} a
© ‘
< ‘ ) =
2 ‘ | 0\ “‘ ‘F}‘ A = 00
] R fU o
< | i L =
Q [, o | ‘| & 04rp
- ik 1 R
A V| 1R A ik =
A oy el 0.2
o
0 \ \ \ \
0 20 40 60 80 100
Time/ns

E 7 RMSD

(a) PD-L1 R {&H 3 (b) Blfk

Fig. 7. RMSD: (a) Backbone of PD-L1 dimer; (b) ligand.
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# 2 A AmGETRAR

Table 2. Results of MMPBSA.

aw E, 4w /(kcal-mol ) Eee /(kcal-mol ) Epp /(kcal-mol ') Egp /(kcal-mol ) AG /(kcal-mol )
ZINC000021723762 —-58.86 £0.12 -8.76 £ 0.10 35.53 £ 0.09 —4.03 £ 0.00 -36.12£0.12
ZINC000021874692 -50.42 £0.11 -6.50 £0.14 35.65 £ 0.16 -4.50 £ 0.01 -25.78 +£0.12
ZINC000175468610 —42.46 £0.09 —-14.34 £0.08 36.20 £0.13 —4.02 £ 0.00 —24.61 £0.10
ZINC000019770413 —-47.31 £0.08 -3.45 £0.08 26.32 £0.07 -3.48 £0.00 -27.91 +£0.08
ZINC000021874694 -55.17 £0.09 -17.87 +£0.13 45.67 £0.14 —4.59 + 0.00 -31.97 £0.12
ZINC000952973550 -55.82 £0.08 -13.47 £0.11 45.83 £0.11 -4.19 +£0.00 -27.65 £0.11
ZINC000064987401 —48.50 £0.08 -14.71 +£0.12 38.59 £0.11 —4.06 = 0.00 —28.68 £0.12
ZINC000003908573 —-44.75 £0.07 4.59 £0.11 20.20 +0.13 -3.74 £ 0.00 -23.70 +£0.12
ZINC000020538424 —49.50 £0.09 -8.50 +£0.13 32.61 £0.16 -4.17+0.01 —29.57 £0.10
ZINC000004063088 —64.14 £0.09 -5.38 £0.11 36.75+0.10 -4.21 +£0.00 -36.98 +£0.10
BMS202 —-40.23 £0.08 -3.57 +£0.07 22.35 £0.10 -4.31+£0.01 —25.75£0.09
INCBO086550 —-50.65 £0.14 -9.87 +£0.17 44.44 +£0.27 -5.13 +£0.02 -21.22£0.15
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Virtual screening of drugs targeting PD-L1 protein’

Lin Kai-Dong!  Lin Xiao-QianY?  Lin Xu-Bo Ut
1) (Beijing Advanced Innovation Center for Biomedical Engineering, School of Biological Science and
Medical Engineering, School of Engineering Medicine, Beihang Unitaversity, Beijing 100191, China)
2) (Shen Yuan Honors College, Beihang University, Beijing 100191, China)

( Received 29 June 2023; revised manuscript received 10 August 2023 )

Abstract

Monoclonal antibody inhibitors targeting PD-1/PD-L1 immune checkpoints are gradually entering the
market and have achieved certain positive effects in the treatments of various types of tumors. However, with
the expansion of application, the limitations of antibody drugs and problems such as excessive homogenization
of research gradually appear, making small-molecule inhibitors the new focus of researchers. This study aims to
use ligand-based and structure-based binding activity prediction methods to achieve virtual screening of small-
molecule inhibitors targeting PD-L1, thereby helping to accelerate the development of small molecule drugs. A
dataset of PD-L1 small-molecule inhibitory activity from relevant research literature and patents is collected
and activity judgment classification models with intensity prediction regression models are constructed based on
different molecular featurization methods and machine learning algorithms. The two types of models filter 68
candidate compounds with high PD-L1 inhibitory activity from a large drug-like small molecule screening pool
(ZINC15). Ten of these compounds not only have good drug similarities and pharmacokinetics, but also exhibit
comparable binding affinities and similar mechanisms of action with previous reported hotspot compounds in
molecular docking. This phenomenon is further verified in subsequent molecular dynamics simulation and the
estimation of binding free energy. In this study, a virtual screening workflow integrating ligand-based method
and structure-based method is developed, and potential PD-L1 small-molecule inhibitors are effectively screened
from large compound databases, which is expected to help accelerate the application and expansion of tumor

immunotherapy.
Keywords: PD-1/PD-L1, virtual screening, machine learning, molecular dynamics simulation
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Fig. 1. Schematic diagram of simulated polymers: (a) A
polymer in dilute solution; (b) an isolated grafted polymer

at low grafting density.
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Fig. 2. Flowchart of machine learning.
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Fig. 5. Plots of the probability distribution of square radius
of gyration RZ for polymer at temperatures 7 = 0.01 (a),
0.5 (b), and 3.2 (c). The insets show the typical polymer

conformations at 7= 0.01 and 3.2.
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Fig. 6. Machine learning results of the mean probability of
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perature 7. The inset shows the change of |dPq/dT| with

temperature 7.
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Fig. 7. Plot of the fluctuation of adsorption monomer num-

ber Uf,l of polymer chain versus temperature 7. The inset

presents non-adsorbed polymer at high temperature and ad-

sorbed polymer at low temperature.
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sorption probability P, obtained by machine learning in
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Computer simulation and machine learning of polymer
collapse and critical adsorption phase transitions

Luo Qi-Rui’  Shen Yi-Fan?  Luo Meng-Bo 21
1) (NFTGo, Hangzhou 310013, China)
2) (School of Physics, Zhejiang University, Hangzhou 310027, China)

( Received 28 June 2023; revised manuscript received 23 July 2023 )

Abstract

Collapse and critical adsorption of polymers are two crucial phase transitions in polymer science, both are
accompanied by significant changes in polymer conformation. In this paper, Langevin dynamics and dynamic
Monte Carlo methods are used to simulate the collapse and critical adsorption of polymer, respectively, and
corresponding phase transition temperatures are estimated. Meanwhile, a large number of polymer
conformations at different temperatures are obtained. In the machine learning method, a large number of
extended random coil and collapsed spherical, desorption and adsorption conformations are used to train the
neural network, so that the neural network can learn the characteristics of different states of the polymer, and it
can quickly and accurately analyze the polymer conformations at different temperatures and obtain the
corresponding collapse phase transition temperature and critical adsorption temperature. The results
demonstrate that machine learning can correctly calculate the phase transition temperature of polymer system,
which provides new ideas and methods for machine learning technology in the study of polymer phase

transitions.
Keywords: polymer, collapse, critical adsorption, machine learning

PACS: 05.70.Jk, 36.20.Ey, 64.70.km DOI: 10.7498 /aps.72.20231058
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Fig. 1. Diagram of RNA seven backbone torsion and two pseudo-torsion angles.
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Fig. 2. DRCNN: (a) Network architecture; (b) Convld layer; (c) output layer. B, L, N, KS and Filters are batch size, sequence

length, the size of the input, the size of the filter (the filter can see the number of nucleotides at one time), the number of filters.

DHLSTM ##IZERg an &l 3 i, BLiH F Hyper-
LSTM ZJFHK A F3CHk [26], fi A B dE 45 %
(512, 8, 4), BRI — IR SEE A HE R B
Hh 8, ik — AT IR IR Ue REAE 1) S 48 A 4;
IR 23— HyperLSTM 2 (X LAY HZSEL, 4b
#RK LSTM J2 P71 [ f i 4 BE Hidden HX 64, PAFF
/N LSTM J22 1 %t 2 B ek 48 LSTM JZ AL 1Y
Hypercell H.7C B2 14 4% 52 1 4E FE Hyper #FHL 16;
Hidden #8251 64 [t 16, 32 F1 128 ZUR4f, Hyper
S 16 b 32 F1 64 FORAF), BARKRUEL, 56 ¢4
R R R A0 [ 22 0 2R BR85S i2F A HyperLSTM
cell BLIT, 132156 ¢ + 1 /M BB Y RFIE ) 12 F0
PR B, X BB A% R ff AN IR 1Y Hyper
LSTMcell £ S8, KB 5E T A R, 153
IR — DR A AT BB RAE IR 4 B (512, 8,
64); & %4535 —4 HyperLSTM 2 (X B =2
HyperLSTMecell . 5t /¥ # 2 %1 Hidden #f B 64,
Hyper #FHL 16), BAAKUL, L —)ZHi % ¢ %
T RRAFAE 1) 5 RN 2R RS (HERE (8, 64)) MR
A=A HyperLSTMcell #.ot, #4245 ¢ + 1 M
H R IR Rl i (ZERE (8, 64)) A2 FR S i
H(HEEESY N (8, 64), (8, 16)), IKIKESERTA

TR, 15 B IR — UK BT R B R R IE B
HEJE (512, 8, 64); f B )2 HyperLSTM K
SR — 21 HyperLSTM % AN, 75—~
FRZEHL BRI AR A, EASEREZ WA
HERE 512, W AERE 18), tanh BT BREUS EH .

DHLSTM #1 DRCNN Il 1448 F] MSE $i 2%
PR LT RMSprop LAk %% 2SI 2 (T 4k 2527 2 %
B2 0.001 ., 1ENIfE R 0.0001, HEHEALESHE Adam
M AdamW PLALZRRCREF, %7213 0.01 1t 0.1, 0.001,
0.0001 1 0.00001 & H4F, 1ENAk R EL LR i 2l
R 52— 0.0001 HLES); [RIEHE 9 A~ f
BT — A, TS5 R AR —3, fi DHLSTM
Fl DRONN B[R B 700 9 /> #f; DHLSTM FiRIAE
It fErh, YK BEE epoch B3GR —H T
[, S UE 1 2 7558 85 4> epoch Jo JTF R % 4 T},
ankE 4(a) Fros, HEE 85 4> epoch AR Ay i ¢
Fi#Y; DRCNN #EARIZEYI Zhad FE b, I Zrdht ok b %
epoch AR —H T FE, BB AESS 109 4~ epoch
JEIFIRE A BT, W 4(b) B, SRR 109 4
epoch [ 7 g Z A5 A . DHLSTM #l DRCNN
Ay 52 B AR {d FH Facebook ) PyTorch ¥ J& 2% 2J
HEZR 2],

248703-3


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) 248703

b
(@) Input (L,B,N) (b) Torsional angles Torsional angles Torsional angles
l H LSTMecell H LSTMcell —— H LSTMecell
yper ce yper. ce yper ce
HyperLSTM
(L,B,Hidden) 1 1 1
U C A
' 1 (c) HyperLSTM
1 , c
. HyperLSTMcell |
1 layer = 1 | (B,Hyper)c,;
= = ' (B,Hidden) ! (B,Hidden)c;—1
2% | . o o
= ! N X
R . B.H )e, ] (B,Hidden)c;
55 ! HyperLSTMcell E (B,Hyper €t (BHype)|  sigmoid Layernrom
& q ! layer = 2 '
— ,Hi i B,Hyper)h/,_ Ry 1eriol tanh
2 (B,Hidden) ; Hyper)h)_, 5 Sigmoid
: : e L wrormeom | iy
+ HyperLSTMcell . ayernrom
: A : (B,Hidden)h,; - | R (B,Hidden)h,
! (B,Hidden) ! D) hit B Sigmoid _'O—’
E E B,Hyper)h}
' ' HyperLSTMcell ( yper)hs
' ' (B,N)
]‘ (@) .
@ h,_, (B,Hidden) (B,Hidden) (B,Hidden)
‘ @} (Hidden), (g,Hidden) Tg (B,Hidden) .
(Hidden, Hidden g - (B,Hidden)
B,Hidd s
Linear LE) (B Hidden) @ ( idden) (B,Hidden) /
weight (L,18) HyperLSTMcell layer Lmear Linear o9
=1z =x,, (B,N) ‘
‘ HyperLSTMcell layer
S e L 1T 1 T 1 1 1 L1 1
B
tanh (B,n_z) I B I (5509 I
(B,Axn_z) Lin\ear (B,AXn_z) Linlear (B,Axn_z) Linjear
{
Output (B,L,18) (B,Hyper) hy_;
Hypercell

K 3 DHLSTM (a) BEAIZLH: (b) HyperLSTM JZ; (c) i 44N A% 112 i Ab B %A 50 HyperLSTMeell, HoH by, ¢, F1 by 1, ¢, 1 5351
SEAMBTE M LSTM ALE ¢ 71 ¢ — 1 2 BAIRAS; hy, ¢ M1 Ay, ¢ _y SP 2 T /N LSTM 7E ¢ Al ¢ — 1 I ZI A BRI 5 (d) Hy-
percell Ji7C. L, B, N, Hidden, Hyper Fl n_ z 43 3l 9 )7 51 i 4 BE | Y125 op 503 — IR B SRR BRI P 98 H | B A RRIEZERE L K
LSTM JZ (¥4 Hi 4E BE . 8 LSTM J2 ()i ﬁfifﬂﬂﬁﬁk LSTM JZ KL ¥ Hypercell H.70 LM BRE M LEL, P, A P, N AT
YIRS H, SPE 70 P M 2% B, AR TR A S o, o FIBRGRBE, DR (o A ok i

Fig. 3. DHLSTM: (a) Network architecture; (b) HyperLSTM layer; (¢) HyperLSTMecell; hy, ¢, and h, 1, ¢; ; are the states of the
larger outer LSTM at time ¢ and ¢ — 1, respectively; hy, ¢, and h;_,, ¢,_; are the states of the smaller LSTM at time ¢ and ¢ — 1.
(d) Hypercell. L, B, N, Hidden are sequence length, batch size, the size of the input, the size of the LSTM, and Hyper is the size of
the smaller LSTM that alters the weights of the larger outer LSTM, n_ z is the size of the feature vectors used to alter the larger
LSTM weights, P, and P, are dynamically trainable parameters, bound in the internal hypernetwork, acting on the input state z;

and the hidden state, and the initial value is an all-zero tensor.

* The 85th epoch (a) 800 - e The 109th epoch (b)
290 700
% w
° 8
- = 600 [
£ 280 g
= 500 H
= Z
3 270 0 205k . . o, 1,
= /& 400 H 20 40 60 80 100120
a A
260 300
. . . . 200
0 20 40 60 80 100 0

Epochs

[# 4 (a) DHLSTM # %Il (b) DRCNN R R BE 28 (MAE) Bifi epoch BI25 4k
Fig. 4. Validation loss curve with the epoch by (a) DHLSTM and (b) DRCNN.
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2.2 ¥iE&

JT A, KT SPOT-RNA-1D i il 2k
A REEFELE (https: //github.com /jaswinder
singh2 /SPOT-RNA-1D/tree/main/datasets)?!l.
YIRS 286 12544, )\ PDB 2544 0 H
HIA] LUT #03) 284 454 (6NSR_A, 6N5SL_A
THY, ARSCYNZREE N IX 284 A45H; IEE S A
30 M gEFy, AR AT N PDB F#%; MAEA 3 4~4051
FH 63, 30 1 54 5K, I PDB $dE P43
#HF 62 (5Y85_ B N &M AX TR T 4L). 30 Al
54 451

SPOT-RNA-1D %#li4Ek B T 2020 4F 10 H
3 H PDB B e X i /T 3.5 Al
RNA 45#); ] CD-HIT-ESTB #F 4} fif G 1 2o 45
PR 51 BARBUE 0.8 BEFF RS, ZHI0P It
TN RN G 5 4R S F VI 2 B A B 5 25 )
BLAST-NB2 {15 B af i (A R 10 4b 3, Il 2R 4k
SRR ar P T SR, PR TR A
FEHIALBEN B ; 2o s b BRI 2460 T i P 41
VE R i BN ZRAE, BRI 1 )75 BEAIL 20 0 UE
£ AR TR 1T 5540, X+ 2021 4F 4 A 5 H
PDB $¥i i i A NMR 454, AR 71, 2
BRFNVIZREE | B0 UE4E | M4 T AN 10 () 0 4%,
YERIAAE TIL. B 48 1) 1 B — R8540 A A
Bange 1 ).

2.3 HWAFHH

B[R A R A% AT B T AN R AR, K/NR Lx4
1) one-hot Zt, MU HTR (A, U, G #1 C) 735
H (1,0,0,0), (0,1,0,0), (0,0, 1, 0) #1(0,0,0,1)
TR, LTI, AR ERE N 512, KEAR
Wb 0. Bl S h iR KT 9 Ol 414, H RISOL 2

W B A T80 0 #h 55 2 5 K P B . ZE LA
BALTTIN %) B b5 50 K B A K F i K 79K
XL 512 & AR 2 8 (A R P UE 512, X
WL B T A7 7 1A BE AR ST 21 414 F 512 1Y T 25
IR, WA TR BE TR B K AR S, HUE 512.
FEUN G5 b 5 K T A 7 0 4R 0 X 382R A mask
MU, #b 0 XIS BT RAEAS 5 R 2T
BB ECE AN B . B A A] 2(c) BIr
N, B I8 AT TN 9 A A IE 5% AT SXE,
SRIGFI ] atan2 pRECK: A B2 1Y IE 52 AR 92 (5% 1k
A RIS, PR rad2deg pRECK: f 1 AOHIR
FEMERLAC N A BEAE. SRR A B (S 2 )
LECiR 925N

24 iF {4

i F] MAE A AP RE, HARn (1) 0, 7
N0 JRE RS2 6 R T AR BE(EL A 26 06 22, 360° 11X
AN T2 22 (E, B Y /M-

MAE = E min ( |torsionpreq — tOISiONgye|
i

(360— |torsionpeq — torsioniye| )) . (1)

3 WHERM®

ASCPA TR 2 > B ] i I R4 L 56
UESEFN 3 A~ S7 A A A T I 25 L e Tk AT K
R T RS AR BT TR i SRR
% 24111 T DRCNN, DHLSTM #1 SPOT-RNA-
1D 7RSS UEAE A 3 AN I 3 IR 1 1 BE T4
TESA 624 RNA A4 T 1, DRCNN i i
0 B, 8, ¢, x, nFl 648 MAE tt SPOT-RNA-
1D 435N T 5%, 28%, 17%, 16%, 24% Il 20%,
a, 7 fl e 189 MAE H SPOT-RNA-1D 43514 K

R 1 NG UL 3 MINRARA RELA — A5 B (F 0 SO AR A RO SRR R A H o LL)

Table 1.  Length and secondary-structure information of training, validation and test sets. The number mentioned along
with the base pairing type is the percentage of total nucleotides in the region.
‘ FEAH BE X 4 H TR
e -
20—50 50—100 100—200 200—300 300—400 400—512 5 [P ANFECXT
IR 50 179 46 1 7 1 55.10% 5.63% 39.36%
IOUFSE 20 10 0 0 0 0 52.19% 9.8% 38.01%
WXL 11 41 10 0 0 0 57.58% 2.81% 39.61%
MALETT 8 16 6 0 0 0 58.42% 5.25% 36.33%
TR 40 13 1 0 0 0 65.02% 2.67% 32.31%
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% 2 DHLSTM, DRCNN Hl SPOT-RNA-1D 7E¥iFAE R 3 MR AE 1Y MAE

Table 2.  Performance comparison in terms of MAE on validation sets and three test sets by three models.

. TPRAE S Phff
a/(%) B/() /() /(%) /() ¢/(°) x/ () n/(®) 0/(°)
B4 47.91 20.22 37.18 16.57 18.23 35.02 19.85 28.09 32.85
DHLSTM DHAEET 48.20 20.66 37.13 13.08 18.82 30.27 17.33 25.74 29.22
HAEETT 47.95 19.89 35.30 15.19 17.87 30.99 17.67 27.20 31.49
AT 45.45 22.30 40.80 13.51 21.43 30.69 16.96 23.87 29.84
BHiF4E 44.67 19.96 35.31 13.86 22.20 31.62 19.49 24.77 30.22
DHAEET 44.84 20.74 36.27 10.51 21.48 27.53 16.39 23.12 26.34
DRONN DHAEETT 43.41 19.55 35.45 12.19 22.71 28.13 17.16 24.28 28.12
MR AETTT 27.14 15.81 25.20 9.73 14.51 17.98 11.58 13.67 17.77
BHiF4E 45.18 20.58 33.88 17.99 20.72 37.50 23.01 33.55 37.02
SPOT- s St 43.94 21.94 32.98 14.61 20.69 33.27 19.59 30.25 32.91
RNA-1D P ML 39.50 18.92 29.47 16.01 17.46 28.91 18.20 28.14 30.25
DHAAETIT 37.89 21.04 34.68 13.83 22.32 27.87 17.01 25.31 27.22

T 2%, 10% F11 4%; DHLSTM #illf¥) 8, 8, €, ¢, x,
n M1 0 fA 1 MAE H, SPOT-RNA-1D 43 58 /N T
6%, 10%, 9%, 9%, 12%, 15% H1 11%, o F1~ fA 1Y
MAE It SPOT-RNA-1D 43538k T 10% F1 13%,
XRIATE 5, ¢, x, n O fX LS, AF)J2 2% [EAH
AP BREFE ) DRONN Ho A2 % 1B 41 iR
FHIERY DHLSTM 24, 78 B #l e fih, 2% &
A WAL AT FR R AF 1) DHLSTM 45 )2 % ek 48 4%
HIRFHER) DRONN 2245, 76 o 1y farh, B)2%
& 8] B 4% 1 B2 1 SPOT-RNA-1D . DRCNNAHI
DHLSTM #BZE 4. MAE {ELEE R Fu e B e, 78
DRCNN H i BE UM XERE 6, x, e, B, m, 0, ¢, Y HI
a R, FE DHLSTM H £ BETRINMERE 6, x, 3,
e, m, 0, ¢ VA ek, £ SPOT-RNA-1D
Hf MRS 6, x, €, B, m, 0, 7, ¢ Fl a MU
AT ABRR S, x, m, 0 F o FATE 3 MR BT E
FE W HET — 3, BRI R Y DRCNN FI%
JE ] TR ) SPOT-RNA-1D #8%KW] € Ik B &
Sy, mixtF DHLSTM, e o 8 MEFi, DRCNN
F DHLSTM #BH ¢ Hey 285 Wi, X+ SPOT-
RNA-1D, ¢ Hoy MEM . 31X 3 Fh 5 iE#A N o J&
S XETIN (1, FEBH 3 AR AR A TR0 ME B 7 1 A
— E AL, A RS FEM A T A AR
I WEE BN AL A PR RE a3, R TR HIXT AN [F] 2 A
AR A AR

KT T REBAE AP A E AR, B 5 4
T DRCNN, DHLSTM #il SPOT-RNA-1D 7£ 3 4~
MWRLE A RNA 2 THIEE A TN G MAE 537

K, H:rp SPOT-RNA-1D £l 8 & g B2k
1 (KM F/MA . POE R oo S8
1H), FIESCEIEEIEFEUT H WebPlotDigitizer®)
B3 BABATE 3 BEE 9N AR 274
MAE #/M# I, DRCNN 5 18 ¥k, DHLSTM %
3, SPOT-RNA-1D /& 6 ¥k, M7E 27 1~ MAE #x
KA L=, DRCNN i 4 %k, DHLSTM %5 8 ¥k, SPOT-
RNA-1D (7 15 IR, R JEARERAX 1T FR FRAE 1 4
FURE DRCNN Hcf3 nl g T 2 55/ MAE {H,
DHLSTM X2, SPOT-RNA-1D R MEFIMAH Ft bt
BN MAE {H. #7878 BIRE R B0 MAE
AR /N AR R AR, AR BLAE 3 N
£ 9OMNMEEM 27 N F b, DRONN H B 9K,
DHLSTM 1 #{ 15 ¥k, SPOT-RNA-1D 13 3 ¥k,
F W f e AR AR R 5 SR A A AT IR IR 1Y
DHLSTM, HAREH AR, HYE DRCNN, X
A RN AU Y & SPOT-RNA-1D. £ 27 &

AR MR8 E, DRCNN (5 18 ¥k, DHLSTM
di 2%, SPOT-RNA-1D (5 7%, % B DRCNN
T 4 — 2 %0 H 8% 9 B MAE Fb Al 5 4 45 7Y
A, S wE i, 34 94N I,
DRCNN, DHLSTM #1 SPOT-RNA-1D H 3 ) 7
W H B E 4> 51 h 24, 21 F1 38, H DRCNN HI
DHLSTM 1 3L 5 5 (H A B 02 L /DN, RlAE R
B DHLSTM i il bk ¥ Aa . DA B Ui B, 25 Al
A% R 19 DRCNN #5550 P Bl e {4 T 0
X [ 4 ERAZ Y IR AR AE /9 DHLSTM A% 1 75 il 5
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[ DRCNN [ DHLSTM [ SPOT-RNA-1D
100 S

ST
i e
Rl u il
5  DRONN(# ). DHLSTM(4: ) il SPOT-RNA-1D

() FEMERLE T (a). ML I (b) FIGKLE 10T () Lo
A~ RNA 19 MAE 7345 18] 454> & s H— 41800 19 4
KAB L d5e/MEL L A8 R 43 B5OR

Fig. 5. Distribution of MAE for individual RNA chains on
test set I (a), test set II (b) and test set III (¢) by DRCNN
by DHLSTM (in green) and SPOT-
RNA-1D (in purple). Each box shows the minimum, the

predictor (yellow),

maximum, the sample median, the first and third quartiles

and outlier.

FHME T B SERAR A, WA 6 B R
LT, AT LA R A R B SR R A A 2 LA
BEUH I, I F1 L HRER AL S B AE 40°ZE A1 I A1)
JE =SR], A/ DRI AR A A5 LA 360° 1515
ZS (e rf, RS TN & FA i LR B s 1Y, dRovfe
WA o fI A 3 NI, SRR T T

fif A SO AR TN 43 A T HRE T, 221 T DRCNN
A DHLSTM 7EMREE T B9 F0 /A5 dnixl 6 &5 (Al
s LR, DRCNN Tl A A £ BE A3 A R e
DHLSTM U ZEMERLE 1T AL 111 |, DRCNN
TE B Fly ff BT Y 5345 Lk DHLSTM 241, W4~
FEFRITEF HA 7 A A oA S

TR ZER X RNA SRR 2 A, R
DSSR A B4 4 tH ) RNA — 2454, 7T f§ RNA
ARG S R SRR, R ([C,))), B (]
PO S A ), B[V T
DRCNN Fl DHLSTM 7EJ4E 1T X 3 Fp — 4%
S5 R 25 R0 A R R SO e (3% 3), WT LA, X
DRCNN Fil DHLSTM > Ui 4% 5 25 A 1 4% 1 1R 1)
A f e 3 5y U A, A T3 IX A AZ AT R 1R HH 2% £
FEEMERIN; A AT LAEEE], DRCNN il 3 2

AU MAE =228 CAH R Y DHLSTM Tl i) 241

TE AP WA R R RE LS SR, BRI, 4% £
TIN5 22 SOk [ T IR ORMBGS X3, 76 TG
5 MBS A XX 3 ) 4L 5 A - DRCNN 4 L
DHLSTM #F.

15T TN REgER 3 AR R 7
YR B . 3R 1 AT LR, FEVIZRE R iEgE
BANKEE IR, KEEALE 50 2] 100 X [A] 1)
179 AEEF, 1E 100 F) 200 XA A 46 4~ N
T T A2 ER 2 58 DRCNN fil DHLSTM
X RNA 5L poi vk se s 22, B 7 23] 17 A~
MERITE 9 MO FIRBLS PAIRKERN R, g
DHLSTM Fl DRCNN 5%, 9 A~ MAE
EAEE H /DAY XA (78, 94], (155, 171] F1 (171,
186] Jf- /A K5 i WL %2 3] DRCNN 7£ 45 K JE X [A]
[1, 47) 455tk DHLSTM &5 547 B, BAR IR
LIS UF XS AR 1) RNA 0 H /i AN %],
B -4 1 i DRCNN Fl DHLSTM 7& #ii | iy
K LT

% 3  DHLSTM 1 DRCNN 7EM4E TIT A [ e % 25280 b 2 47 5000 19 MAE
Table 3.  Performance according to mean absolute error by DHLSTM and DRCNN for nucleotides in different pairing type
on test set III.
. EAPRERLEG f thfi
[t
a/(%) B/(°) /() 6/(%) /(%) ¢/ %/ () n/(°) /()
5 34.08 16.48 30.21 9.76 17.98 21.38 11.23 18.03 21.91
DHLSTM B 34.20 14.98 27.06 6.80 14.25 20.29 10.98 27.41 18.02
X 66.77 32.60 60.72 21.05 27.54 47.85 28.52 35.41 46.16
5 19.43 11.40 18.54 6.65 11.84 12.0 8.30 10.90 12.94
DRCNN B 20.42 14.25 16.75 6.73 12.86 13.54 10.25 16.14 13.52
WX 40.84 23.26 37.44 15.59 19.07 29.07 18.44 19.25 27.08
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Fig. 6. Distribution plots of native (in orange), DHLSTM predicted (in yellow), and DRCNN predicted (in green) nine torsion

angles on test set 1.
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Fig. 7. On 147 RNAs in the three test sets, the MAE is measured as a function of the length for the nine torsion angles by (a) DHL-
STM and (b) DRCNN.
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a B v & e ¢ x n 0 a B v & e ¢ x n 0

Kl 8 (a) DHLSTM #1 (b) DRCNN 435I 7EMIi4E T F A% 1 1) MAE HH1 3¢ R AL (CCs), 1H MR TR PIAS A B2 AT ¢
Fig. 8. Correlation coefficient (CCs) for MAE of between the nine torsion angles of test set I by (a) DHLSTM and (b) DRCNN, the

larger the CC value, the more correlated between the two torsions.
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Fig. 9. On RNA 1Y69 (chain 9), the MAE is measured as a function of RMSD for the nine torsion angles by (a) DRCNN and
(b) DHLSTM.
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Deep learning methods of predicting RNA torsion angle’

Ou Xiu-Juan  Xiao Yif
(School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China)

( Received 29 June 2023; revised manuscript received 2 August 2023 )
Abstract

Modeling of RNA tertiary structure is one of the basic problems in molecular biophysics, and it is very
important in understanding the biological function of RNA and designing new structures. RNA tertiary
structure is mainly determined by seven torsions of main-chain and side-chain backbone, the accurate prediction
of these torsion angles is the basis of modeling RNA tertiary structure. At present, there are only a few methods
of using deep learning to predict RNA torsion angles, and the prediction accuracy needs further improving if it
is used to model RNA tertiary structure. In this study, we also develop a deep learning method, 1dRNA, to
predict RNA backbone torsions and pseudotorsion angles, including two different deep learning models, the
convolution model (DRCNN) that considers the features of adjacent nucleotides and the Hyper-long-short-term
memory model (DHLSTM) that considers the features of all the nucleotides. We then empirically show that
DRCNN and DHLSTM outperform existing state-of-the-art methods under the same datasets, the prediction
accuracy of DRCNN model is improved by 5% to 28% for 3, 4, ¢, x, , and 6 angle, and the prediction accuracy
of DHLSTM model is improved by 6% to 15% for B, 6, {, x, n, 0 angle. The DRCNN model predicts better
results than the DHLSTM model and the existing models in the §, ¢, y, 1, 8 angle, and the DHLSTM model
predicts better results than the DRCNN model and the existing model in the 8 and e angles, and the existing
models predicted better results than the DRCNN model and DHLSTM model in the o and 7 angles. The
DRCNN model and the existing models predict a richer distribution of angles than the DHLSTM model. In
terms of model stability, the DHLSTM model is much more stable than the DRCNN model and the existing
models, with fewer outliers. The results also show that the a angle and v angle are the most difficult to predict,
the angles of the ring region is more difficult to predict than the angles of the helix region, the model is also not
sensitive to the change of the target sequence length, and the deviation of the model prediction angle from the

decoys can also be used to evaluate the RNA tertiary structures quality.
Keywords: RNA structure, torsional angle prediction, deep learning
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Fig. 2. Different structures of the two proteins in the work.
(a) The close (opaque) and open (transparent) state of T4L.
a-helix is colored in purple and B-sheet is colored in yellow.
(b) The close (opaque) and open (transparent) state of
AdK. Different domains are colored in different colors.
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Fig. 3. Results of conformational space exploration of T4L:
(a) With AMBER99SB/OPC; (b) with CHARMMS36m/
TIP3P.
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ations with different degrees of opening and closing; (¢) two
conformations with different degrees of twisting. a-helix is

colored in purple and B-sheet is colored in yellow.
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Abstract

Protein function is related to its structure and dynamic change. Molecular dynamics simulation is an
important tool for studying protein dynamics by exploring its conformational space, however, conformational
sampling is a nontrivial issue, because of the risk of missing key details during sampling. In recent years, deep
learning methods, such as auto-encoder, can couple with MD to explore conformational space of protein. After
being trained with the MD trajectories, auto-encoder can generate new conformations quickly by inputting
random numbers in low dimension space. However, some problems still exist, such as requirements for the
quality of the training set, the limitation of explorable area and the undefined sampling direction. In this work,
we build a supervised auto-encoder, in which some reaction coordinates are used to guide conformational
exploration along certain directions. We also try to expand the explorable area by training through the data
generated by the model. Two multi-domain proteins, bacteriophage T4 lysozyme and adenylate kinase, are used
to illustrate the method. In the case of the training set consisting of only under-sampled simulated trajectories,
the supervised auto-encoder can still explore along the given reaction coordinates. The explored conformational
space can cover all the experimental structures of the proteins and be extended to regions far from the training
sets. Having been verified by molecular dynamics and secondary structure calculations, most of the
conformations explored are found to be plausible. The supervised auto-encoder provides a way to efficiently
expand the conformational space of a protein with limited computational resources, although some suitable
reaction coordinates are required. By integrating appropriate reaction coordinates or experimental data, the
supervised auto-encoder may serve as an efficient tool for exploring conformational space of proteins.
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