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Fig. 1. Protein multi-modal foundation (pre-trained) models and the downstream tasks.
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Xof BRI () 2R B D P BTk

UNI-MOL & —/~ N 88 [F B f/INor F 45 60
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T38b, AT BIFERI NI & A5 ) AlphaFold-3
i 51 Evoformer # — 5 ] 5./ Pairformer 1€
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B/NTHA AR A FR I Z ) — 25l A% . XF
FHRAFRRMIEN, WAE =505 sk oh—ik
El. 5 MaSIF AL BT RS B 55 09 FEAE AL
FhE IR AR AT L B KRR U R S (E S,
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BN IS SR RIEA . SRR 43 H B R
RN NS S T2 2], R IEE A B 3h
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YLk, AR F—AN KN R 3K IR AR KSR
KR, SIS S =gaEha & T BN
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T A B LA L Al A S TR A1, OntoPro
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RPN PR AR, DIAREGRLS T 50 R Y 8 1
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ST, 5 25 AR 72 ProtDescribe
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£ F ProtBert, OntoProtein, ESM-1b, ESM-2

SEAGTY. WA, A2 E A T | S N 2 R T |

AR E AR EREA S T, SRR
TRz ALRE

6 RNA T Z Az A

RNA 454 Ry G 0000 [ A50RN B 1 oA 5 ) 5
AR BRI, A S —30 ot X 8 T R R Y
PRI AR IS R BRI AT T RNA Gk, AR F
L LR B FIPLAN 24 2 kT RNA S50 0, 4n
SPOT-RNA %% 6465 3DRNA % %] 6668 FebR-
NA 97 RNA3SDCNN [ UFold [, DeepFoldR-
NA™ RoseTTAFoldNAI 453X J5 i T4F 5¢ %
(928 R 5 2% B 253 SCRik (76, 77). AR SC g
X RNA Bl B 1 /44,

TR L, 2037 RNA 8 T 2B 55 4
XA 3 n] BESE: IR AR T 20 T4 4% 1 &
JEFF 1, A% IR P 3 —Fh U E A i i 7, MR
FER R HIE B/ N TR, H RNA JPF GRS
WX A, 540, A% T DNA, RNA i £
(B S e A, TR A 2.

RNA-FM J&—~ 3 B #9133 iy KAl
RNA FiJIl Zrif 5 #5580 8, SRR B BERT 4244,
E—A R 2 T ES S RNA 75 8 4 i
b F B ST AT B 2, U Zhad R T 15% (4%

T R 4 BEAT LI 25 I AR . Chen 55 ) YE 24>
1245 b5 X — T A A 2 ) RNA Fom i T
TR, fE = HEEBINAESS -, RNA-FM AT
ZHi AN LinearFold A1 SPOT-RNA £ Kl i1 #2
5. TE =4 contact map FAE 5 I, T RNA-
FM H ResNet 581l B 405 F— 1 3&F 100 >
FAERIAY AR pl2 2] 2. 48 RNA-FM H A9 — 2%
Z5F 1 3ARNA FHES G, AT RNA =2 45H4).
X —J7 Z4E RNApuzzle i 4L - AY-F 4 RMSD
h 4A. FTF RNA-FM TIZRAEERL Al fi 138 B 1
SARS-CoV-2 J [H F= Zad X By — 2454, 1t
8 T X — R # AL R AR, TR 45 15 ground
truth EEEAFS. RNA-FM o9 T-Drisiin RNA-
FEAEAHEAEH. Chen %5 [ 8 RNA-FM i
TR U icSHAPE SE 8 2544, ff ] Prism
Net F T & H740 i i RNA-Z A A BAEH,
KBTI 25 5 4 AR TSR il P S g0 4
YE R4 AW PrismNet A1 H, {8 Ff RNA-FM il
EAE M A B RIE 7R E AN T ER 3t
17 #h). BeJ5, HSKk RNA-FM f§ HIH4E4 S RNA JF
BTN R, EFE mRNA 1 5" AR BHF XA0E
RE AT 5 B T R AR PERE.
SpliceBERT J& — 4~ 7E pre-mRNA J¥ 31| £ ¥
£ FYIZEAY RNA i SR, R 2 H T RNA
SPUI AL T YNBSS ok 7 72 RS
125 200 77 pre-mRNA, BfFEE H k3] T 650 12.
YR BERT 2244, BAANZ T FR XTI — >4 J,
BEMLIE T 15% AT R X HEHEAT A, L5 ia
W52 S AN S R A B R FE 2R BT b7
TR AN 243 S S T P A AT 45 A T I L
PRI, BT SpliceBERT HIRRIUE TA£45:
B FELEAER DNABERT Al H7E A 2880 L il
2511 SpliceBERT-human. X 7~ T 7E 2 Y Fh s
AT IR A R, 5 SpliceBert 234U, £ X
mRNA & JERiEF ML A CodonBERT, UTR-
LM, 3UTR-BERT % [F0-%2 SR CRARE——1Fik.
F 83 RNA 1P 9RSFHIR T HE T, Zhang
G L T RNAcmap /7%, Bl #£4E L Rfam
Bl S Z A RV E . 7E R - AR
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F T — RNA EF A RNA-MSM, 7 HA H 1)
TR E R — Y AR GRS T A g5 R S
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WA — 5 ] S e WA 55 b, AT H AT
SOTA J7 %4 SPOT-RNA2 il RNA snap2, Wik
TRTZAEF A RNA-FM.

Uni-RNA 2—PFIHZ) 10 {255 RNA 5515k
T RIAY 00 RNAIE SRR, 4024 T
RNA FAI T TESS 8 B, Bl 2Rk 2 508
1k BERT #i%. 5 RNA-FM, SPOT-RNA %75
AL, 2T Uni-RNA f0H B AIZE RNA — %%
ZER T . contact map I . mRNA 5'UTR &
PR, 3"UTR WA & L # . ncRNA I RE
K I S I, RNA A 5 F - AT 5%
TS T LTS R4S

RNAErnie 1 & — RNA i 5141 55, & ffi
FH T 2% A RNAcentral #4192 2 T-J7 ¥ 51 it
FFNGs. NGl 2 5% 52 2 19 Ernie Transfor-
mer 2244, 5 Z HiiiE F A BN A, RNAErmie #F—
A RNA H Bt (motif) {5 BAE B /E 8 5] AR
FLAOR U, 78 A W W ZkB B, BRAEmIE K8
BEAILIE 75 . 4—8 TS 1Y 7 51 BE AL o5 2 Ah,
FERLA A T —A A BOKF R BENLIE IS AT 55, IF
¥ RNA 260 41 miRNA, mRNA, InRNA 2§, D)
— AN IR P EOMA BT 51 R, S BN
)AL 5 L 3] Latent 25 [a] (AR RIS B, DL
TS 3 R AL S | R RORAE 5. E 2 T IRE
%, A IE 54325 . RNA-RNA T4 FH 1 . i
RNA 245k, RNAErnie F1PEGE X KR AL
TAEG R T DL S 2 B 5 AL AN RN A Bert 0,
RNA-FMI™ 2.

FIHFCMIE, EFRATIE, RNA Tl 28 1
FEF PV EAE, v A LR A S5 (5 B a1
A RNAErnie il i 3% RNA FBUFS, #5051
AT E5(F . XA EE T 305 f# ) RNA 25
P/ DR AT, HEA R T W4+ T
R (6568758785 (H pdy A UL F 41 AlphaFold 4 % iy
PR, X Mo T RNA Z5H8 W0 5k B [a] i 38
HH 32— KA AT R A 45K

7T EARETONGEALEE G Fi%1tT

HE A PBOTHEE A PO R SR — Ty
lf]. X7 11 E 28 A R 75 Y AR 5090 Fngiis

g 2 197-103],

FIEEHG AR 9 3 A BT, ProteinMPNN

S ML 4 D25 #4 B 7 31 ) Inverse-folding 45

B ARG AR A P ER 4, Herh gt AR
— RFHNTC IR TS5 M R, it 25 )i
kA WHE Y 5 AR N Y 81 1041001, ESM-TF1
BRI R T T AL ) A (106,

Baker 41 293 & &1 hallucination 5. BB
SEAE A2 [ T SRR P SR EE, I trRosetta
T Z5 L. AT S RUAHESL & € T Protein
Generator, HE SRR B RAEE 00 7 51 25 18] 1)
F MR HOME AR (DDPM) 07108 330 AR Y ) 4
R AT 81 223 (] 8 D0 A SR AR B3 10k T s 280 11 5 )
MIBHARZE 5.

Baker 214 % )& T RFdiffusion BRI HE1 785
Bt kiK1t (de novo design). X — IR H] M
PHONE R AR B AR — 2 25 () A ) 4 M s A il 2R
H 454, 318 H ProteinMPNN 15 1 14H VC fit it 25
FUT P41 199, RFdiffusion SCRETEAMF RIS AL,
AT AT AR T ERAAR | = B X PR BE SR AR L DO BE A BLAE
WA GENRITEZ LS. T HEESAS
AT M AR i, AR A R 254 B TG )

5 RFdiffusion A~ [f], ProteinSGM 7 4% 4 [H]
6 YEAR RS [T R M B DA AR LA . R T
— NI TREHLIE T R AP A ISR HESE SEE
T 2 Y M N FINRS o w1101 I
Rosetta % FHEGS AT R A/ IME 1YL 53X — 5 %8
M3 I SR A SRR A AL R R, AT RS
FNTR SRR A I (R R AR 1 B 54

AR 2 M AR AU [ T A S 1) R BT
5K, SR IR loop X, T/
BT AR B D) e B A R R RS S5 R, PVDQ
(protein vector quantization and diffusion) &t X}
X — BT T et 112, X — R AR o 32 6
SRS BIVEAE S 6], I — B A A
2IRE R B BRI . X BB U R s ) i — U
A (code book). it X F Iy, — AN B FHE
S R — A B BUR R T 8. PVDQ 73X — 1 7E%S
()3 2k 2 M OB R A T 2 A A B, X — TR AR
T 1 A58 ) SRAE R T S 1 (R B8 A . i
A I B RICR N R AN B — A R 2 B — 4R
a1, T3 — 118 B A A s e HH e A BRI 1 R P
G, 5 Z R E ARG R 2 ()R T 2 A B BB ARAR
[f], PVDQ BALEL Y 1SR4 8 8 7 FIHK loop

=S|
Al
5
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XIURE TS, X LLZh i BAT B/ N WIPE AT E 4 i 32
PE. PVQD A 37 F5: 5 HE A A

1 T BRI T RA S 3 i
SER ST ISR, TOIE R R W 5 H AR N
FEA. A S R Rl G B8 1 B s A A T )1 ZAsi A ]
FF it — A8 1F 4 LM-DESIGN T {Eitg
Y, BG A S B RTE SRR M E R
gy 181 3k — MRV Z5 40 S i 2% (A0 GNN) 15
G T B (40 ESM R51)) M4 4, FIHE 5
(AR SRR T AT P S A, o i 2R vk
SHEF AT, X MIF-ST BRI — ST 25
()4 (RS 5 AR (CARP-640M) Fl— >R AE &
B4 i 1 I I 25 45 ke R, IR MLM J5 583
AT TRy 114, 330 AR TR A A2 00 B84 b R SCA 4
() STEPSHY I LM-G VP! Z5 45 U 4k 4 25 b, 4
N T AR I 2R R AR R AR R 55
FEARR T L3R i A T R A 102,

8 Wt #

TRBE 2 S HOR LY, 78 2 Bh S i AR
T R A e . o R AR R
AlphaFold £7%1. 2023 453k, Ll ChatGPT M0
1) A SR RIS T 25 BT RS, I HopRes 5
2B RERUL R, IRlG T 2080, 1208
RAGBERY. FEX AT, SR KNG T 23
PEREFR TF I F2 T R 1L [ R T b BRATUE Gy
RIS S5 N1 R B 1| 2 S E = 3= S e W
THOE £ 5 3] A 22 40, [ 2019 4E T 4R, L HR
AR, AMITERE T 280 1 BT At ZRa 8y 31 hi
HF &R IES. X —Friptsea =, AT
Fo 57 F FH i o hm T 2 DABR AR K 38 A 3R
fERE ST, 20T T S5 g — A AE AT TR
RERE, HARRIA T Ll = AR 55 10 T I T
%5, VITEAR YRR EE b A D Se 45l 1 45 ™ AN
SRR [R) L.

B HATA LR, F6E H BT S S 2R 2
FEA . T B E A R T RIE R
i, HEFIIEE EZMESHIAC, BOksZ 0 T
YETF U DG QT I 45 44 45 5L T 4 Ml ol A\ 2 1 B )
FoRzE . R ES A, BT R
b M B 2RISR, LIRS 25 [ 454 . PRk
S e R B EFR, D

P 128 SURIG e A AR Hh BB R AL, AR S
X3k — 5[] () 2 JR A 7 1 |l BRI L.
AL A 48 W A58 R0 25 A LA e A5 R A A
Evoformer #l LM-GVP fU T A il & Fr 51 Fi4k
FfE B e B et i 8 B g, JHrp
Evoformer £ %t 8 F Bt 25 # 100 . 1 LM-GVP £t
XTHIRETAI. ESREANTER = MR e S5t (2
AT IR ROR B — o nyiE . U
J& Evoformer, T #5256 1F 3L 7] 3 A6 2] b i Th RE T
AT 55, EARIERE DAL ESM R 2=, 78 hid
FH T i A BRI 2R 8, BB-model 942
HAFAIME: B E AR, X — AR 245242
NEZRIGI AR P A AN 2 48 EXTBERLE T2, HAE T
e 55 RGP AN T4 R (i S0 ). A Eesm
5, Guo-model®, New IEConv*, GearNet!4 5%
TR TE T UEAT 55 A T HE BT 0 20 45 L B 1 B 4
¥y, BRARIXHR R TR (R EA E (E A RS FR T
Ry PG L NI, Ko Tl A B 1
YT HAREF AR MLM J7 ik o B R AL B
1 Masked AutoEncoder(MAE) J5 % 16 14 #8
A3 R XS b 2] 7 58 W7 R RN 507 A6 o7 - 45
Fa s A AT %Pk B AT TCE 1. 739k, SaProt $#&1H
TR 2, BE R RS
JE T Foldseek T.H gt il 5 2 5L 1R )7 51 554 1)
token J7 81, FNZFEMR XTIV HY token 4546, #4 A
OGS AL — 18] . XA A 2 AT LA
Todg b fi ] NSP G mis S RAL, Hal T
A FRR AR B2, WEIR S M EER, F ik
TR O T A0 e @il ) 0 R A+ B, A BB-
model'*2 Guo-model*!!, GearNet, STEPS, SaProt
&, 1M HoloProt W5 A T & H R EIEHGE E,
ProtMD 158 5 JA 43— SR Hh i 47 2% 2 D) A
A sh B EFE, OntoProtein fll ProtST 4545
AU & TRl S P A AP RE(R B 734k, AEYHR
SR A SR TAEEU) TH 8 DNA . RNA |
DIfesE 2 k05 . 2R84, W xTrimoP! | Evol*
A — A4 Y A DL SRR [35).
ZRSAY T R s ER ROt , bt
BE A 0P S M RERE IR . SR i f X 5 1 AR
ik, SRS ZRRME. Biobridge J7 %8241
fiff i — [l S EANR E YI Z—> SASAR A
TR A FH TR BB 25— X SR, 1 224 s
AMRIRZS HHAT 55, e TEEER D k2
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BESAT S5 X —J7 R Ak | 2SR
AR, & — A w8 IRR. &, it R
F 3% > (active learning) B 7=, A H B HbiESE
BCXSEAEEAS, TR ] AR B 1 K.

At A I UT S L, — AR 25 gk
P/ DA BRI AR —AS ™ E W AL X% TR R 5 )7
FIE BAHLL, 25 (B 45145 50T RE S AL T A SR 1
5, HAREMIEESE. 54k, MARET T
B FAIE], B2 BT SO IR W0 A I SRR
ik, XE LA AR Y TRl A B LU R B AT 2 A] R AH B
KFR. WS a4y, th AL o s ay W, 51 1A
HA W B 7 CHAEIFA R Z, AT Ay A
ARG AT, JEXS LT A ARTE & i, R
(] 9 AH AR AR 24 74 1 il AR AR L A,
T ERGRR], J5T A 2 ] Y AR ]
RETF AN K 2, JOTs il ik S0 5 48 RV AT 25 55 R 73 vl
RERAHZS [H]. 244K, BT AlphaFold F& 51 1 1),
H Hi ] B A B = eSS MR R 58 1. ad
HATRLG T 45 2 RS BALE T 400 (W3R 1),
FATTI, 5 2 1 B S B 81 A Y R SR AR
I, Rl G 4515 B 2SR A] BE T AN R 2 it
(1) = HESE5 ).

W S0 FR G AT SR A — > EE 22T
FE7 ). AT A B AR, BT LR
YIGREE | Rz AL RE ) | 4 B A AL I Tl il e
PESE. TEAE B RS, H O W TR 2T hE
FASCHIHR L B AR5 5 dnfidai dnfih, 5 LA RITR EE
I 2 0] L2 T Bl ARRY. SR, SEER iR IE
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RNA S5# U HH AR AR B i AR AR 2
FLAE AR S P A g PER 3R 22— (1201220 i H i
DL TR GRAE Al ey TR 2 e o i 2 0t b2 )
T8, ¥R PR TR EAE .

YR I RL I 5 2 e R Y58 7). 4 ESM &
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ProtST BHL-5IFIF ESM #51H PubMedBERT

o B E T 9 A B R S BE F A, IF % 45 Pub-
MedBERT [RRIAE , 840 % Hoay > 8 A 57
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XA T fe 2 G 2, JuHIE X T ] AR KL B R
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Abstract

The AT revolution, sparked by natural language and image processing, has brought new ideas and research
paradigms to the field of protein computing. One significant advancement is the development of pre-training
protein language models through self-supervised learning from massive protein sequences. These pre-trained
models encode various information about protein sequences, evolution, structures, and even functions, which can
be easily transferred to various downstream tasks and demonstrate robust generalization capabilities. Recently,
researchers have further developed multimodal pre-trained models that integrate more diverse types of data.
The recent studies in this direction are summarized and reviewed from the following aspects in this paper.
Firstly, the protein pre-training models that integrate protein structures into language models are reviewed: this
is particularly important, for protein structure is the primary determinant of its function. Secondly, the pre-
trained models that integrate protein dynamic information are introduced. These models may benefit
downstream tasks such as protein-protein interactions, soft docking of ligands, and interactions involving
allosteric proteins and intrinsic disordered proteins. Thirdly, the pre-trained models that integrate knowledge
such as gene ontology are described. Fourthly, we briefly introduce pre-trained models in RNA fields. Finally,
we introduce the most recent developments in protein designs and discuss the relationship of these models with

the aforementioned pre-trained models that integrate protein structure information.
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