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Abstract: Proteins with specific functions and characteristics play a crucial role in biomedicine and
nanotechnology. De novo protein design enables the customization of sequences to produce proteins
with desired structures that do not exist in the nature. In recent years, with the rapid development of
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artificial intelligence (AI), deep learning-based generative models have increasingly become
powerful tools, enabling the design of functional proteins with atomic-level precision. This article

provides an overview of the evolution of de novo protein design, with focus on the latest
algorithmic models, and then analyzes existing challenges such as low design success rates,

insufficient accuracy, and dependence on experimental validation. Furthermore, this article
discusses the future trends in protein design, aiming to provide insights for researchers and

practitioners in this field.
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Figure | The application of de novo protein design.
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Wit. SCUBA AEAIERG T Jay F A4 G fhi ] 4k
[ TUAT R TE DL S A% i 5 - 2R 25 A] 4 S B ]
7, FIHABEEH BRIl 28 W 48 5 itk e A T 25,
DALCAE A A i R a2 IR HR
FHBEHLS) 2= AR KL, 256 Z Arfe 3
) ABACUS2 ¥ ARFATFAALFNH BRI 1)
AR, SCEL T RIS E A L kT, B
5ERW, SCUBA EITHHERAUEA L HRE
4504 o i R E P, T LR A R — A,
Hey 2% AR (R RS SE B i A S
Al 55— FE 44 T SCUBA-DU", i jt—Fh
L RBRME S Y BN R, 7T DL IR A
KB A s BT 4e. SCUBA-D HY
BPF RUET I T 2T A0S = B B4 Bk B
F07 T A= 56 B Pk X 2% (generative  adversarial
networks, GAN)=CHI 5| #%, X o6 T HIL[E] IG5 T
FPAEB YR G ERE . SCUBA-D R AT LA
i 2 AR AR B AR T SRR Y A O A
S5 R WO AT AL . X T R —E M5
B, )40 Jo e i K 4r 2 1 i i
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FOBAR . W 58N .

ZE b, TEIREE SIS, o4 i RE & bR
BRI PE B B 551 5 51 2Z [a] i G SRR AIE 2 3%
J— MRS . ARG Sy B A
e, REEI R afER T . S5, JEHK
PE DL S A AR BAE DGR Ty R B T i 2 1Y
Do Rl Ry s B 5 | AL E 5 &
T A ERAPE, T E B B R T RE Y AR
F AL T — Mk ny T H, s 17 ohae
EOABOTOUE L . A, RE2ET R ARE
N AR HE T8 R T T R A, MESR
/NEE R B D 3 U B R A PR Ak ik
1, JF AR R B R TR RCE
TR EE 5 2 78 56 T3 R 850 -7 9 g & 1 ik i
FFEPHEE R CEENMA, HIRRCHE
BT Ry EE e N DT 8
22 MKETHEMNERFIIER

R priA, fEE P BROT e, 2o BER
R B ReRRE R Pl eI T R A T HL O RE Y 7
. HTEARFIEIRE N FE, BEER
rh S5 A 1 2 B SR A RN Ak R PT RE R BUE S
Wi, SCE A4 5 DB A () g 37 g i
FHABERRTY, MR TR EEE LR
WERCEE, HAEP I — B TP A5 Al E
B A, AT DAE ROt R, TR RO T St
RIS R B o B TR BE 2% 2 76 AN RO 45
P B B4 7 T O s v R B RO T

2017 4F, —Fop s sRIg eI A, T
i FH7ZE 43 H 4w ¢ (variational autoencoder, VAE)
HAKSRE AP0, R W00 A R 2 AR
XTEHRERY M o ) X Fh e e A > BOR AT A
TP RIRE A AE 5, I H R 57 1]
A EAE R . S G2 8y 4 8] AH B
YERI B IEL AR LG, DEoRm R B T o v i 1
fg, ARHEM T FH Inverse Potts Model'f#
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JeibHR o VENAE AL, VAE W] LIRS
R A 23 (A 4R ER . AT 5 26 1 B H iy &
PRPERTE S LR . BHEE, — PO AR
X7 00 2 ASE AUl i R B felT R AR Y P 1Y
#% (wasserstein generative adversarial networks,
W-GAN) I T £ il 10 24 45 52 B Ak R P h bk
MEA TS, W-GAN 5 h T+ A Al
FLS B 3 A T AR A A AT, I Al A KUK 28
LT 00 fh I 2 K i B s o AR, B AR
JASE R A B Ty T A AE R R, 0 AR JURE R 2
REAFAIRPRGBEAS I o 2019 4F, BT A A —
IR T B R R AR BRSP4 (protein
solubility generation adversarial network, ProGAN)
(OBl 3 58 B 520 R ol 5 1) 4% BB DA 41
PO S B R B, R B ProGAN 4 v Tl
AIMERRTE s ZOTFE L5 RG], ProGAN A Ay
Hd REHR THE L A IO 1k REAH LL S T [R) 2R WF 5T
P T4 10%.

WeAh, AT BIEFE A A A A28 ) e 22
W 2% (long short-term memory recurrent neural
network, LSTM RNN)HICH & T AIH 4 4 ik
T2 MRF 8 R 5%, LSTM RNN REF 3k it
Fe B A RAAE AR T B B R SCRHIE
Az OB 41 o WIF ST DL A SR R PR AUAE Dl
A, BRI ST A KR B R ST T LSTM
IR, FERINM KA T 82% HA7 T 47 i
I VE RS TEST R KR 81, i A R e 41 LG B
HURP S S T I 2 5. LSTM RNNAE A
— MR M4, TR TS RNN JIlZk
AR B8 TR, LA A i e A B IR AT B O 45
KA R ek . XL RR E I T HE A
JF A 43 B s, AL 4G A T L [
G U 0 7 24 L IX 2 67 5 . R R B R S 1)
ZRRESEHE /R T LSTM RNN e KRR [ i3
P e
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2021 4, AHISEEIZH VAE U4 45 5¢
R MGE AT IR LR An, IF i s
A3 BV AE B A BB R A SRR YL e
i 70 000 N5 3R E I E R AR Ea8ilil gk,
SRR A B T A 23 DR IRERR B T ROt
RSN X — 4 AIE S T R B A i R R R
A RERY RS s 6], IR B A OB 2 Y A
Tk, RS A IR RUE M b rk et T
—MRMFERMG . 2023 4FE, —HIRESE-HE
B XTI X 45 (dense-auto  generative adversarial
networks, Dense-AutoGAN) A gl 45 Hy | 3%
BERIEG THEE LYY GAN, B7EE)HE
B BT A . IR RS G 2 T AL AN g
T as-fr g AR HEZR , AT T AP
A BT, RSB T A LR B R AR AR A [
1110E . L4, Dense-AutoGAN K FH % 45 % 4%
BRI Z5H), 7 GAN B9 AE i #% H Se
T ZIZMRHEAL G, BRI TIIZR2s ], X3
s TP A AR B . TR A B ae B |,
R BN A B T B A A B R A
ik 5 HAR IS T S, Dense-AutoGAN A=
B P AL T B o b SR T R A
PERIZLCR, UESE Tz ek B

R T ITUE, VAE Fl GAN O

ST LA A3CHI A A R EAT S Y SR AR R A
SR SR, BFFEN DL B AE B ) T S 5 58
AP B SEAS , I I Sy I IE 1 X L
FEHIRISIRE . BlE WP HOR (A K e, R
o3 A Bt i BRER B gon3 m, KRR TR
PRIC ol o XA o KIE H AR N T8
B it (R 1)BEE T IRSCEA . X iR
ITRE S IR A PR 7 91 S IhRE R R &R o
KANEFEAL 41 ESM-1b KXY Transformer
BLAIET B I T AU RS, IRA
248 7 AR . X SEERUA Y YR T R
M ZRE5H, AT Hb A AR T & B 2 )2 )
2 EIHA N, ks T AL e 1 B A
IR ZAYERE . FIFEML, fE 2023 4F, —Fh
%K ProGen BIAIMHEIF & oK, X—HF
Transformer [1if 5 BR g8 12 AR iC A W) & 1 1Y
GBI AN HAT IS, 2501 A o A e g B 1k
HRARE AP EAT, [FE, ProtTrans 5
RICITE BBl 2 AL E AP A B T T A
HFH shdmbas il gk, JfFEat e R T ol
BB H AR RTE & O B A Y W B R R A 2] T
AR . UniRep A58 05 13 I 5K it A
IR TS, ARERET & A BF 5 R
JERFE, JRAERR I T AR RN Sk T o

*1 BERRFIIKIESHEE

Table 1 Large language model for protein sequences

Year Model Task

2019 UniRep Unified rational protein engineering with sequence-based deep representation learning!®!

2021 ESM-1b Biological structure and function emerge from scaling unsupervised learning to 250 million protein
sequences'®”!

2021 ECNet ECNet is an evolutionary context-integrated deep learning framework for protein engineering!™

2021 ESM-1v Language models enable zero-shot prediction of the effects of mutations on protein function®”’

2021 Low-N Low-N protein engineering with data-efficient deep learning®”

2022 ProtTrans  ProtTrans: toward understanding the language of life through self-supervised learning!®"!

2023 ProtTucker Protein remote homology detection and structural alignment using deep learning®”

2023 ProGen Large language models generate functional protein sequences across diverse families'”!

2023 ProGen2 Exploring the boundaries of protein language models®*

http://journals.im.ac.cn/cjben
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AOEEE TR o A By IR 4R TN R ] L3 i 5 A
AR M RE T, BRI O 4 5 A 55 R A T SO 4
it RE

2022 4, ProtGPT2 HEHISI T A pE— 4
HEsh 17X — QU R, XA 7.38 (0S5
BB BEEBIR, 2830 Uniref-50 4 48 0931l
Yk; ProtGPT2 Al EH B 88% AERIL LS
L, 5 ERITHIARF; X B TR
WRGER LR, ProtGPT2 FE4 15 [ SR ¥4
FAAE I T2 ) P 5 AHRL I 0 2% 0 BT e R B
ProtGPT2 A R IR R T 8 1 s P RE =S 1] H 8
X1 . AlphaFold2 Xf ProtGPT2 J¥4I#kf145#)
TN Az B T EAT S (BRI R PR AR Y R B4
TR LS, R TR RIRINAZE S it
Hb, X EELE Y e AN TR R E M AN S S R D T
HRREAFFINER,, I F1 25 0
JEBLH I ERE . 7E 2023 4F, ProGen2 FRAEY
BlAE L R B — R R B R A TRl
Transformer, A 6.4 /=%, IFAERET 1012
FPEE 15 R 51 Y 2 FE AR 55 B Tl gk, &
i AL, ProGen2 FEEFIFIIAEM . &
IO R TR 45 48 e 4 DA R e o T A Ty 910 2R
B TG X 2 B LB, 58 B TR A BT A AR
R 2024 4, BN Z VTS5 % B RHIT AT
BAFF % T 45 585 M BTiE 5 1518 (instruct protein
language models, InstructPLM)# H i % 11 HE
B0 R T R R SRR A AR S X 5F
AR ORI AR5 5 2 1 B A AR T
BRPE S EORME RS o X R
i T BT FAT R E D RE A4 A Y 2R
s, B2k . W EOR Y AR R
Floeo 50Kk, Mk BA B i
AP . 25 G R EE A YA L R E S
FFN LI RE 1 2 B3 A4 BHSE o InstructPLM 2
7 —FhsR KRR TR, TR RA R E Y6
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FZERG I 5, XA R LEYIEOR R
BRI 2 U B A 5 S AN (EL

RIE 7 AR R SR B AR B H AR A=
TR A e RE ST . AR H RO, B
NP H H A 19 7 0k DR MO B S 2R A A9 45
oy e R AP HIME B R A, JTHOR T
RIE A TR, ORI 5 R R AR 45 4
fR P 5 Bt i R B SO T o X e SR
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e SINEaapuy HIUEVE 8
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