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K1 BT S HLE s S MR RIE. N ZE30H, 2R B9 R 23 52 Chignolin 2 F1BTTE (a) FTo/KFREEA (b) A KRBT
B OL, 1l SchNet BERITS S (c) AT LA FLTT 45 AL (d) Jmn iBAL 27 3, (e) ST B R B &% (f) Muiller-Brown #VBE. KA 51 A

SCHK [42] (AR T K AL 2 4%)

Fig. 1. Similarity between quantum mechanics and machine learning. Images from left to right from top to bottom: Chignolin pro-

tein (a) without and (b) with the water environment, (¢) visualized total charge densities and (d) local chemical potentials ob-

tained using the SchNet model, (e) wave functions for hydrogen atom and (f) Muller-Brown potential. Reprinted with permission

from Ref. [42] (Copyright 2021 American Chemical Society).
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Fig. 2. Architecture of AlphaFold2.
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B—FER), (B ETC T I R LSS 5 —, X
AT T AR, SR T — b5t 248 8 (o inRke#
FIREIEE 22 7 3 UG R i, G 3 B SR R 0 Sl A B
ANFEFFIZ 5 X, Fie tbEent 1A gl k3
AL B FN 3 F R G0k B 1 245 2 Ty 51 L B2 (i
Bl 3 FiR), JExt s Rk a5, KRR Rk
(FRAEMLER S > h e 5 B SE 2 A 22 0 ) i
17BN, T A HIRIEE R & A P BE S5 5 2 )
A A8 ; B IE T AlphaFold H iy i 55 & 15
ZEPR NG L BRI ZRBs (A A5 5 A
TREFOBE LA BN [5) 0 BE  F 0 2 5 S 0 B
b5 = XN AR AT T ek, A T it
IR R FR Y, AlphaFold-Multimer X 25 1 it i#F
7878, % AlphaFold R4 Kb M4 K E N
JRFEE BT B, X B3R BT X Sl e 2 1T ik 384 ik 3k
fRELES

E | HHblits * m
_— =

! !

MSA A + MSA B

§ork
MSA g MSA p | T

Genomic aided MSA
concatenation

Phylogenyaided MSA
concatenation

Kl 3 AlphaFold-Multimer )22 581 %4 3 ik
Fig. 3. Construction of MSA used in AlphaFold-Multimer.

4 MR el A

AW F AR TR E T BT PE R B, (Hes
REBAFOLT, DUENTERHERE, FRME NI IR 945
P 1B S BB Ei B Al o A AR o 1
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Jit, RIS A5 B AL AR =7 ~] (4 J & Bsssil A 2Ry
FEAI A5 B b B B s iR BUE B TS
AR, AR (5 AR A 20 8 A B TR T
[, RN A LKA B S BUAY . £ 2E H J3 A Ao
PRI, AR | G2 A AR S T D L
AT BRI = TR B 22—

4.1 FEBARRKBMETN

BT K T RO T [ B i SR
ZH RN S [A] 254 ), — R U, & 3 S K P = IR
BRI (IR A AR R AR AR, K
ST RCAS, 3k SRR PEFR B R 5 K o TR L S,
P H B R R A B E BK M SRR 5%
B (nWER . R R RNARYE) MR,
TRV 2%, X BB 7K P B3 B LA 557K 4 ik,
fii 8 1 BN Tk B BT Y 25 (RIS 4t s e s
fifetk, BT R B IRIREE B ) T, T U B
PLE A A BRI, 2 P o B A M e i o
2 SRR LA FR R T oK 43 Z Al 2R BT A,
SRR AR, — S AR B E N R 5 7K 3 1A
o aR e ok, TR A B L. BARDL B AL
SR TR BT K R — 25 By, (H i T
FIBT A B RS 2, RORTT ZEAR LA 2% 2] () ) ik
RS R 1 BRI PR T A,

DeepSol 0] Jg — FREL T 45 B pl 28 X 2% 1) 2R
B T AR A, AR AN A, B BT 9
MEME— I AL B AR I 2% TSR )
DR —N KT 0 /T 1 ISE%k, 8RR ts
RN 9 A AT gk B — AN .
EPSOLFT Z AR 7 — 3K BA AR H UK
EPEFIN A, B H DeepSol 1145 S8 in s, (B
ST EE A Z2 045 B LAHE B HAE A 7 W, o1
A BT Y AR AN R A] B P (solvent acce-
ssibility).

T A BT K T AR BhERAT: fi R 1
BT Ak 2= PR BT Fe R 8 B A SR IOR 24k
BT REM RIS % TR R0 24
EERESY; HR R T TR LA S S B B
B MR SAT R, XX T8 A B S R A
HE.

4.2 EQRSEEREME
B ) G e SR M 58 38 i 8 AR R T L

A5 S R RO IO e RGTHIRE ). TR
Ui, A0 LS R T BE S AR e RGN
“HR BT, I ik K AR U i 9 R A4 i A 5 J
DB BRX R e, BARMEST I, 85 1 o iy s e i
5%+ (codon) ) FIEHIF 5 1B (post-trans-
lational modification, PTM)P) 4 K R, HH 5
B BUAS B 14 5C R UCORA 300 T4 Y, i HL % = >
IE MR A A R B T A

2019 4F Smith 5 P2 I 25 T — A4S 7 B
R (BTN, BT g e i 0 e i i PR A o
FEAE, S F00I0 B 0 i 1) B 8 S . AR, A
FAE WA bR /)N BRABEAY rh B IE T i T AR A ) 3L
B R T E R DU TR EA R R R R
B, IHE TCGA IAE B4 b /0T 1 i S iz I
PEB U IR O S S R IE 1 OCHR, A IRAESS
i Jig s R i B A A i 2 OCIG . R B AL TR
SRR T %) R 5 B L R A SR Sl g 1 2
WG SN, B B AT A AT e I E IR YT
M. 53— L, BRI A S I R A A A [
2. 2020 4F Gonzalez-Dias 55 P31 @25 F1i18 T
it I 3R G B 2= FAIL A 2 >0 J7 V2 0 000 92 1 H 92
JEPEFIAS RSO AR, TR T AR A HLAR 2% >
VAR A HESR g B, A0 SRR AL P2
2 BEALARMAE, BT T — 28 B ET7E % S i
%, WAR SR AL A AL B | R U 22 5 o i A 1 T
BLAE.

30 X 1 BT 1) 2 S 1) I T LA B
FBAE A e e 1 . 29 i 1. AR R A
JRZ5Y), T BT A A B AR L e i B e
TR FE BRI 25 03k, skt S LA™ R
WA G E SN BT T8, 7 B4 A e i
PR, D KB EEOR WA SRE i . B2, s
Je PR 8 T T B 8 1 B A 28 R R A E .

4.3 EEHRRRBENE

B ARE Tk AR 22 IR R 3 ) g P,
HHEEOLT, a-BRHER B-47 Bt H AL 2 TR A il
SCPRASE . BKAH A W AE S i A AR E
Py SRR RO, AR T IR E
H AR AR FE AR MR, PR E PRI
ZRIRHIIE A R T B w2 SO PG E 1 A
JAS B B L 2 S me AR 2 P, et 5
TR . AR E A P E R . BARE R
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AR Z2 1] B 2230 T LA 28 1 o ) A e P, 28T
HEBUTS | G R A, AR T ML a2
> Rl B ST 2 A PR

TemStaPro J& T KA TF I — g Ch: T IR EE
> O AR BT AR A R Y A 1 FE X RO
(RPN - X (IR US: IR R I 2=
(transfer learning), .42 M\ & 4% 18 F i E 5 AL
Y (protein language models, PLM)697 3154 fi#
TSR L, AN/ N i 28 0 245 P T 0 e
LT H AR E VE. IZAE AT LUK 25 2 7 9 7E —
SE T L PR AR B e Pk, S 25 2R 2 —
ARTF 0/NT 1 B8y, BEBOR, [UR M GER
AT ENE.

T 1 5 AR PR R A A 15
DU EE A2 R B AR L i vy PG E 1 ] LU
FIHARP 5 0. BRI Z b, To0 A ek sg: Tl H B
FIFERE M, DAY R AR Tolk AR = F v )3 F IR
JEE RV FH A, AT LA ) S 45 R A SR AAS

5 4T LS

MO TR — A BB A AR AE R AR
Yy o1 B R R 1 LS BURE RE T RE AR S
111 H: R e 52 A HE H 975 1) 22— R 2 B 8,
TR — R AR AN R 5 18, Bl Bk, W
T 5 B BT 1B 1) 1 RO S RE VR o 56 2 28, ik
WO Y SR AL 55 320, AR U 1, X —
B PHE RIS T 5 42, T AP, B
S TR R AL T B T RE AR 5T, i 2 i)
ARESCI R ILAN 715 26 5 48, Bk A, X ik
HK > T REAT SRR, PP SR A R TR IR B U
556 28, LA MMB L, RIJETSCR 4R, XF 718k
SEREAT AL, W EE RS BT T
AR, AR M LASAN R 5 T A7 8 o
it
51 ZEHBRMNESMIZT

EONE A BT WK BT A E— RS ),
PR 38 A B R 5 2%, T Eh RE S 45 F A 56 2R
WA 2% B8 A s s, P B — A

[ 5

designed protein

= argmax i, P’ (protein|condition). (2)

N ATHE B ZR G M Bt My 51 i AT T 9%
g3, Nen] LA e D e it th i 8 s M
PHE:

P(protein|condition)

= P(sequence, structure|condition). (3)

ROy DhRE ELH th 25 M i, PRI 3 s Sk et
e, T A AR R B T A 00190,
RIFE25 72 B 251 T 4R BN RAT Al BEAT % 45 MF B B
PSaTiR

designed structure

= argmaxg,, .. L (Structure|condition). (4)

A FTAT B 20 nT LAY AR G IR A I
B AT A A SRR ) B, AT — R
FL] 199, PR, — > B A AR AR 2, TSR BE LK
Py =X, ML R 2T B, 25 2T B A SRAFAE Y
T %A A ARERRIE, AR AT LIS
VR i 1) 17 A AR A %) ) 9 T A i B4 R
FROE, SRR SSIR BIAF 6 B SRR A 45 1 BT 2R 2
¥, i —2 b, WARBEE A RAFEME ARSI E
S B HRHERAE R — R TS0t (MidEY3) 1)6e
I, AR 2B T DL A RE I SR, ST LA
1 8 AR vk A & AR A H SRR Y R
FFCE 45K, SCUBA #5741 99 11 23 i R,

SCUBA Wy #%.C YIS 7E 5% 51 T 5 1y B 42
e S L AR T PR S i 2018 WA O R s BRI
() fre B SR, T SR 3 T A5 R P 5 i T
VEN A2 25 HABAR Y. 76 SCUBA X35 TAEH, #F5T
HN g Re AT TR, JREWGE I s
B 28 0 45 18 7 i A TN 2R LA RAS R I 1) i 2 v
T4 I i f PR 99L, I 3 A - Pl 22 PN 4% T 1)
VIR FET A MB A 2T (1), HAZ O AR g 2 3 5 ol
25 N 45 1) 5 2 AR R 19 G Tl S B s e Ak
SR T R R R

F—J7 I, §EELAE (diffusion models)'
A AT AR AR AR 2 AR T2
() TR 102103], F 08 B BORE R ) B 1 R AR
g A S ABE AR A 7 328 1 A (100104 i f— A~
F & B R FEALER 2 T T YR, SR
FENZRad R v 25 ok R R B VR e o, B2
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A5 BNl A M I O TR T ) 5 5
2 ) B 25 O AR R I AR — o S 4k
Pt o3 A Z I DG 2R, DT A B — 1> 396 o ) ol 22 1)
24 AL TN B T A M J5 B B T BB I ORI
FEF. SRR, A e BEALME R, 390 ) i 48 ) 2% St A
I & A B> 5 I 5 v BE AR P 5.

RFdiffusion AA% 0N Rose TTAFold(®)
HEFT T 100, i 22 8 50 LR IR IR 1Y) — A2
FTRNAE: 55 B aa i 2, B 4 e Ak b BEATL Y.
1ERF—#H, RFdiffusion 245 AS 4 1B R AR AT,
3 32 T80 )5 19 Rose TTAFold A& Ji— > i 484 14 Fil
IS5, SR 5 FR A XA FEAPL A 000 235 SR e o |- —
AN EBOL BRI AR M, AR E T
B BRI B AR AR bR, WL, B2 nT LIAS 21380 &
FEUR I B 2R F A AR, 55— T, AT — EAE
S AN T T 45 R TR AS B 1) SRty AT AO0R 1
FETF Y HOBTRY ) B (T 25 4 A A (104105) e
SCUBA-DI BRI ZE 5T A BT B I iR
RIE [ AR RO R R BT R SRR, AR I
SR T 5 A DT

5.2 EHEREMFIEIT

TRV 8 F B A SR A M 2 0, s EE 4R 3
AL R AR B 5 B S B LR
RAACI TR

designed sequence = argmaxqqence

P(sequence|designed structure, condition).  (5)

RO R E 4R, P mER,
I 8 BhATL AR 2 2 F1R) T XoF 4 o R 2R 65 ) 110 2 1 TR
HEFT AN T — MR AT .

£ ABACUSHOOA0T LAY rfr - 2 277 38 3 3k Ty
K ORI A, T8 T S E L PR
SELEHT, FAE IR IR M L)
WIS R AR R R B AR, R i
e =—InP W E G E S IR gt
B Mg B, AR L R R
S0k R RE R (R RA AR
A2 AT, 58] T RA MR R, MR
EHPIE—R 2 b P31, M5 ABACUS
X AE T8 23 I T 52 R R DR, DARE i PR AL
(AR AL R BT A DR BR B 2D P R AR, I A AR T
R ZHE, 58— REL . B, T

ABACUS # TAERIRTELREE, BFFE 5L IELE IR A
i 3 AR 5 AR A B B R AR R S Y T A AR R A
) 2858 | AR AL AR R, DR I e 47 1Y 48 5
SRR IR BRI AL

1M 7E ProteinMPNNIS! o iff 5% 35477 DUl £
T E M2 M 4% (graph neural networks, GNN)[!09)
MURESE, dnl&l 4 7R, FEZE A, — SR UE
IREER WA Ny — k18], b Ry AR A
J P AR — AR R, T4 — A5 SR R AR
Xz EM A EFER, XHEEMT N, C,, C, 0, G
Z IR R R Ry AR AR, B A A A B DT
TEICE SR 23 [BE T 90 i A e DU 670 52KE G )
AL AT A B P51

5.3 HHIFSIEIT
G B H BB 5 58 e B RS A i AT i
i, X E AR T B, B BRI
(5) 7R, MSEhR b, G4 R 4 T
designed protein

= argmaXeq,ence I (S€quence, structure|

designed structure, condition). (6)

X (2) 2CF (3) AT DAL B, 3 B A48 R s ) AR
AT MRS L T, Hilf
piraditional - peo-design, (7)

Herfr poonleen L Py ] 8 A 2R 1 R AL A% 1 B M
R, JA ARG BT 7 5815 2 A B R ESH WI 4 25
T RSO AR R BB ARG, (7) PSS A
BT

FARHEUE, HORES RSB A R
S5, FERTEE AT N T RO T 5, B R
15T A B SR 4 A R0 54 B A T U IR B A B
REBCTHIAT B EZORME A L. 5 —J7 1, 45175
AN as R | 2SN (B A Tilak i g aa ik -{ S|
PRS0 AR AL Bl L U RE RS T | i n] L
TEVRFIBCT T R X 2L AR B[ . X R 55
WAV IR EAE R A9 8 1 o 01
JIT R A

2022 4, Shi 55 M2 4@ T —3CEE TP R
SRR M SR B HLAS 2 I B B2 R
Kl 5 s, Rz S i s AR A ki A
P REAFRIERPE BT (1140 2548 ) FIg% 2 ] Ve Jox
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Take amino acids as nodes

= b/"7
h)
N ¥
: 4 /
W[/ K
Lokl
TS
'J£—7\ SN 7//
-
>
Represent coordinates as
distances between key

atoms, and the distances
become edges.

Protein become a graph

Protein MPNN

Protein
sequence

Backbone
encoder

4 ProteinMPNN FIHI .0 AR B &
Fig. 4. Main idea of ProteinMPNN.

(a2 75 4 fk ) A4S, T 1 1 0 o ML )
REE AT AR A, BT AT 5 EORE N
Jit. TR 006 e S A B A R R Y,
TR R Ao 27 ~) F SR AE Y 2 1 B 2544 A 31,
A DA A il T REAE AR SRR E AT AR I AL
BT BRI E F B AT, Shi Z48 AR R
(IR0, H RS AR E IZBR B RER A ikt i
A 3 H BRI MR . xR R AR —
H AR PP 81 R R S B — 8 G e 91 i 4
HE AR, MRl S T E AR B2 E
B AR A A U HR A B — A A
B RCTAT B4R — A~ AR H 22 T 5 1R] Y J2
IR TAR 3 A A4 7 91 B IR i e i 1 AR 4
(e SR, A BT -8 A A R 8
I, AR 22 Ao 2 DI R) i % P — L2 fh 37 1 A 25 ]
LM FE IR TY | S I, PI R BT 23 A4 ik
KIGIIRE.

t-th step

Sequence information

(t+1)-th step

t+1

Sequence information

Co-optimization

Structure information

m§+1

Guide information

Structure information

Guide information

K5 BTSSR 5 B IR e 0 — R L g 2 ) B RLUR
pyEd
Fig. 5. Illustration of a machine learning model of protein

structure-sequence co-design.

6 REH5REZ

B AT S LR S (2456 AE AR U
TR & M X AR AR YA B AR
B R AR A S A S SRR TR
KT HLas25 2 08 A B S A A, il
FATAT AT L o N AR, B AR, 1T
SR, ARZEIRBYEE 2797 V5 3 WIS 4 IR T X A
SRAE A o AA i AR A TA TR B, TS 5 5o
PRI T % AR AR i Jr 1 R A i ik R A k. T
51 e rIREE, AR A SR RIEGE H AR AR
Pk 7, TR A B AR . ZE TR | —
VIR Z )5, EZEX H ) 4f i 5 [ AT s, T
ARSI EIRAT L B 25 E AR i A )
4.

SR, Algsr DR A e, JTHRREH R
I3 TSGR A A VF 2 5 S R . 5,
FATIEH, ek A B8R B 2R Sk B
BT B SRR (0 o 2B I PSS A S, T
A ORI R Bh A BT B S H A IR (loop) IX.
T3—J7 I, IR WF B HERE sOR AR
% B LSS ERRE T A 2 sh AP E L. TR A2
BT R R 2R AR5 NI, AR AME R — LR
FER, it A s PR, DA A T
5 AR B A DG 1L SRk By
KRR S R A R R, R
AT REHB LI SRR “RR B, A A <A

IR AR, AT FIHbLAS 2 T ot i 24
T2, iln, T mRNA % T& i HAE
MR AT DA b 3R R R B 1, FEIEAR R E
52 KRR 425 2 — 0L T 53 PR T 4R
F B 25 R4 0l | 88 A it RNA G54 1 A
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- Aefl M7 4 mRNA Wit)e, fnl L% -
mRNA BT, ARG 2R H R DIRE, K i
FIRY DO mRNA B BIRSCR MR 5 8, B
AR 25 mRNA JF51. BRI At s it
H A B RNA #RENXEIR 22, (PSR~ B3
BYE, 3 MRS B vE

U BN LR 1, AR NS TE A= 2y
TR, JUHIELEY R AT [ A AH B T8, A
Ak, BEE ML~ > S0 A B TR 1 1 BE 1 4
e, NTTRE AT AR SN 415 AL i A= oKk 4 - [R1 A
HARN, WREWH NUE B o 2 i YR gy
TIAHEAE DT S B 735 2535 18], 45
T3] 1A 5 B SRNG5S TN v DAt A 240
JUEARL.

FRTALE = SEA T AN GBI T
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SPECIAL TOPIC—Machine learning in biomolecular simulations

Machine learning for in silico protein research’
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Abstract

In silico protein calculation has been an important research subject for a long time, while its recent
combination with machine learning promotes the development greatly in related areas. This review focuses on
four major fields of the in silico protein research that combines with machine learning, which are molecular
dynamics, structure prediction, property prediction and molecule design. Molecular dynamics depend on the
parameters of force field, which is necessary for obtaining accurate results. Machine learning can help
researchers to obtain more accurate force field parameters. In molecular dynamics simulation, machine learning
can also help to perform the free energy calculation in relatively low cost. Structure prediction is generally used
to predict the structure given a protein sequence. Structure prediction is of high complexity and data volume,
which is exactly what machine learning is good at. By the help of machine learning, scientists have gained great
achievements in three-dimensional structure prediction of proteins. On the other hand, the predicting of protein
properties based on its known information is also important to study protein. More challenging, however, is
molecule design. Though marching learning has made breakthroughs in drug-like small molecule design and
protein design in recent years, there is still plenty of room for exploration. This review focuses on summarizing

the above four fields andlooks forward to the application of marching learning to the in silico protein research.

Keywords: protein, machine learning, molecular dynamics simulation, structural prediction, properties

prediction, molecular design
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