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Abstract: Protein engineering performs specific designs and modifications on proteins through directed evolution,
semi-rational or rational design, computer-assisted design, and so on. The engineered proteins, with improved
properties, have significant applications in food, medicine, fuel, and material industries. For the chemical and
pharmaceutical industry, engineered enzymes can serve as efficient biocatalysts for the synthesis of active
pharmaceutical ingredients (API) and their intermediates, aligning with the concepts and principles of green chemistry

and manufacturing. For the biopharmaceutical industry, the engineering of peptide or protein modifying enzymes can
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boost the efficiency in preparing drug candidates, while engineered diagnostic enzymes can make detection more
accurate and sensitive. Moreover, protein engineering can improve the bioactivities of biological drugs such as
therapeutic enzymes and antibodies, increase stability, and mitigate immunogenic response for their safety and efficacy.
Here, we review the tremendous progress in protein engineering, elucidate its importance in the research and
development of chemically derived drugs and biologics, and provide examples of its applications. These examples
encompass the discovery of enzymes or antibodies, the process of protein engineering, and the subsequent economic
advantages. We aim to showcase the practical implementation of protein engineering in the pharmaceutical industry
and facilitate technology transfer, thereby fostering seamless integration between research, development, and industrial
production. Furthermore, we discuss challenges such as cost-effectiveness and market changes in the synthesis of API,
and multi-target optimization, long cycle and high risk in the discovery and development of biopharmaceuticals.
Finally, we look forward to the prospects of protein engineering in pharmaceutical industry. In the future, automated
pipelines consisting artificial intelligence and self-driving laboratories will accelerate the design-build-test-learn cycle,

leading to rapid progress in molecular design and discovery.
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Fig.1 Optimization of the manufacturing process of sitagliptin and the directed evolution of ATA-117
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Fig. 2 LovD9 catalyzing the acylation of monacolin J to produce simvastatin with the non-natural acyl donor DMB-S-MMP
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FE-TER AR AR E [ (acyl carrier protein, ACP) 17
PETE Ak . LovD i 0&E N T — M REE 4 52 /N
UiE B ISR S, AR ACP . TR
P Sh AR A I, T R AR T R RS A 3 O
E{§15 LovF ] ACP 5 M3 00 v i N g VA7 e il
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F M (hydroxynitrile, HN) R4 75 R &1L 20 /5
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EC 3.8.1.5) M EEE 77 i TIX =
AN BE I A KA ) 2% HN 755K, IR e iIF 72 [ BA
f# il DNA shuffling #) & RAZ e, fELinE - TZ
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AR A b, X = bR AL S SN AR AR A 7 R
(volumetric productivity, VP) " #7517 29100 f%,
K FUAC B VP 3 T 294000 i o IX AR K HE 5 3
1 Lipitor" () B th [} 19 £ 7, Codexis 2y 7] [A
R EPAMUE I “ B g sk b 2= Bkl : 2006 4
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DL S i iR i 8 M Prelog U % /2 Prelog #1011 2 i
OVA CRRZEER ™, TR A

GDH
Na'-gluconate <=——— glucose

)

NADPH NADP
o0} (o] U OH O
CI\)ULO/\ W CI\/[\)J\O/\

-H*-Cl l HHDH

OH O +HCN o o
NC\/[\)'LO/\ HHDH MO/\ }
hydroxynitrile
B3 b =k & B SR ARAR YT B v 18] 4 M
Fig. 3 Process for producing hydroxynitrile through the
catalysis of three enzymes (GDH, KRED, and HHDH)

2.4 ERBEEEIKAREEARE pRIRER

Wi (amidase, EC 3.5.1.X) XFHERZ 4L &)
CELFE I T e e R AT Jie A0 5 B i 55D 1 C—
N B B A /K Al A L 5 7% v PR Y, R B T
BRIR . o-Z SR AN e 1Y 22 D Re A Wi Ab 7)o Ik i
Pt ) JFL R PR AR S 1 o) B A e R R T B T2
RANHEGE, FERIZFIRZ T EATZ M.
FOR IR, AN [E )Tl SR U5 Pt e kg £10) JER A 4% 22 e K
MR A I 1 AT LUK Bt i Bl 70 28 JLAN 5K % =
HE R (35110, MEEE (3.5.1.19.
HBEIZEG (3.5.1.49) & B,

2-SUMHIR & — P L PR 2 AR 2y b [, R
FER T, fisgFkR. EEAITI, 2-SHmRIE
A gl B AR N R A A B (human
immunodeficiency virus, HIV) ¥ %% 5% Jig 11 ] 7
%= B (nevirapine) « JE 8 1A $T 4 24 JE 5K R
(niflumic acid) FIHTHIARZYIK AT (mirtazapine) ;
FER AT, 2- G R W] A g A= 7= i 2 551 08 s sk
£ (nicosulfuron) FIMEFE L (diflufenican) HIH
ETEENRN

H—F BAW G 778 2- SRR A= 7= 5 2
FH B i g e 4 2- S BE e (B4, R ke
1) T fe T T 12 s I () A A Vi 1k 33 A o KB A48 BT Bt
= AT B B 7 T 0 38 FH C50IE A 4K 2 B IR T N 1

2018 4F, [H1BA M Pantoea sp. i % Hi B i ok fiée i
Pa-Ami, X & H ST Y BA B 1
PR, A A 2- SO I i 7= A= 2- SO TR 1 T8 O
16.4 U/mg "™, b2 #i M Delfiia tsuruhatensis ZJB-
05174 " Brevibacterium epidermidis ZJB-07021 "
F1 Rhodococcus erythropolis "™ v %5 52 1) Bk % B 1)
TEYETE A, EO6 A R S R R R . & Y
e AL s 2 ik B2 A3 7 0 AT S A B 7 0 A0, Pa-Ami
X T A 1 AL R AT A 94.2%, 77 A2 370 mmol/L (1
2-FUARR, (R FHIEVEI MR AR .

(o] o]

Amidase
Ny NH acAmi_ [~ S OH
| 2. Hyo LA, + NH
N/ 2 o 3

Cl N~ Cl

2-chloronicotinamide 2-chloronicotinic acid
Substrate loading I
Catalytic activity T
Product inhibition
Space-time-yield i

Discovery of new enzymes
Rational design
Modification of access tunnel

Process optimization

B4 M Pa- Ami fiE 1k 2- SO % A 0 2- FR IR
Fig. 4 Transformation of 2-chloronicotinamide to

2-chloronicotinic acid catalyzed by the amidase Pa-Ami

Pa-Ami FL A {7 57 FI 44k =B A4 Ser177-Ser153-
Lys80, Ly X0 KL, MEiEh b2 A
AR S o 38 T S i it Mok 5 Ser177 5 R W) 2 18] 1)
PEES, RSN T SerlS3 4R KR 4k, 1 &)
L~ RO S 0 T OB A R o X R el TR A
SR 5] B i = ] A7 B AN HL - 2508 5 £ Pa-Ami
Ak 2- SN R i 16 & /K, R A A0 30 Bk i kL /K, 1
0.79% "o N T fEPRIX — A, 1% B T 450
AT, 3 R R B = AN JE R IR SR R A R
Thr172. Thr174 F1 Gly175, VLK ¥ e 4k N iE
I8 ) Ala305. Ser309. Leu398 1 Asnd00 i 17 %
A T, SEIG AR IR, BRI AR Pa-Ami® 7 TR
FRAFAR Pa-Ami® YO AL 2- SRR G (1) k. /K, FH EG
YA AR T 3R 10 f . B Pa-Ami® AT
VENMEALT, AT 724 1220 mmol/L () 2-FU MR, A
IR Z (space-time yield) iA#|575 g/(L-d). 7T
T FEFEE 73 B KL, RAZ G175A FiilE 1 Serl77
SRS, SERat s mE A&, 1
A305T RAZHE I8 | 18 18 5115 i 1) 3 N A= P 1)
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RS N2 5 o
BRI 148 1R — A B A R %, H A LAZERS

(1) JEORI A PTG R 2 R P )4, AT 48 o JEG 420
PR B ANE R i E A Y, BT
28 Bk B (1 50 R — P O B U SR S .
2023 4F, W 7T 1 BAJE T 48 81 53 1 B)) ) A URT i
T8 5y BT 3 58 R SIS BRI, Ak S0 I A HE N R
VIR OB AT E O, SRR IR I SR 1 D R
5 A Pa- AmiC! A ATV VLGN g5t IR B P R AT
PN 127.4 Umg, fE2h WAL R T 1330 mmol/L /=
Yy, BEEWRIE R 2515 g/(L-d) PV, BIES TR
L, VAO2L A1 L403V ¥4 i 1) i 3 AL 43 56 h0 -~
hi A9+ 712 B4l (steered molecular dynamics,
SMD) Fl& 7 /it Ha R EoR, B4R,
T DY 975 4 v R A2 5 N RH 7= 9 88 D 9% 4 B 14
SPEAR, DR B T A R .

XIURESE T 4T 1) R Gt TAE v 2- R
1 Tl Ak A= 7= BE 58 7 R, Dy At I e il 1) 22
PRSI TR s S it T ARG IR

2.5 EHfth

C R P B 25903 22385 45 (boceprevir) # 4t
T T8 B R R T o e (AR R
[3.1.0] Mzl (P23 5r) BIE b J £ xRk,
& 48 5 4 771 W AR K. Codexis #1 Schering-
Plough (HlJ& T Merck) i 7t [4] PA xJ 24 il 25 >k 5
1 B % 45 AL B (monoamine oxidase, EC 1.4.3.4)
MAON AT T WY RE4L, FRAFHIRAZ A MAON401
EERE T 84, FBREtm R m. METRS
JiiE, BREG L 2R I E S = T 150%, J5
MRS 298> T 59.8%, HKER A T 60.7%,
B ZIRRA T 63.1%, %12 O Eh i %8
A kA P

W i% 6 R (imine reductase, IRED) J&—28
NAD (P)H #1808 SR g, ] R A 17 37 12 0 fi
(A X B S B 1 i e IRED HA AR
f s DX ST AR B R A A S R . PVE E
P BA R BE B 2R T BA %0 5% S fi 3 D g AT AL 1
Z R A B A R B T N A T
TEREEIR .

BRIR Z BN Pt B A A A 1 S 6 A P i
BEAT T VR ERR, o 9 B4R 52 Ak Bl A0S A
It SR P 2 90 A S0 5

W 5 B R 7B 22 1 A P A A 7 e B R AN S
2, 2RI N P AR T B I ST A
o HETHWEMAHMZEE TR, LUK IM
BEAE A A ATP PR AR R G0, 4 8 P ) v 201 22 Pl fE
AR 2 R DLRE S ri ) P2 i Al SRR R 2
I A . e, Merck 2 T 2 BE LB T P
B 2% LAGEVRIO™ (molnupiravir) 4= 12,
FE R B ER AR i S T A R s i A A B AR
R, fE T ERSE, D TR
HHg B EmRE T L6 £

gi b, EERFMEFRFHEMS U LaA
2z 12 R W B 48 2 T, AW A B © B
Hil 25\ Tz AN, LRR AR AE AL 2 R 2
i BEINAE 7= il B B BAS ) & R R IR B A
O PO TR S 1 R SRR AR, AT BLSR
FEAT TZHMILE MR R AR, 3
122 R BE S o T AR i = &, A IR, R
MENEFIER, BT AW ET A, B
BYBEMHAGNME, X4 THGMNE
Drdai (R 1. Br 1 HTSCHRE 2 CodeEvolver” -
B 24, T AE K E W 1k & 57 Y BioEngine” I
ZymeEditor™ & £ [ 7 i is V- & AT WL N A 2
SRR E AL . X EEF 60K R I A R . B
WIFS AN LEBAENIESESG, LR TEBMARR
MEAR L, NG AW aEDHErR
POk R IR T R

3 EHEUE TRAEAD G b 4 3 A

K, W75 (biopharmaceuticals) U 5 20
HEFZ R Prgg el Yy . &
i IR AUZIR 25 D7 AR, R R I R K
FNT B 2 ER KR, ZinEE B UCSRE D
7T EFRAMBIREN T —AF AR,

T s 25 0y 2530 1 B R R
g, EVANG SRR e K AE R RS TR
1IN R AL RN B AR i B A AR G, T
it T AR B2 v 22 KRN B 145 10 I e A 7 X 38R0 3744
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Table 1 Applications of protein engineering in the synthesis of active pharmaceutical ingredients

fitg N Eq= DML N2 R ik
AW ATA-117  Arthrobacter sp. JEEWITAE BEAL AR 6 4% %) YT 1 — 76 4% 571 7154 W ]

ProSAR. FE 4% i1

i S6 Chromobacterium JE A TE IEAHLFT R
violaceum A BEAL A

Tk 54 74 Aspergillus terreus ProSAR. - FEVE ¥ 11

LovD

Pl 3 Ji7 it Candida magnoliae DNA shuffling

H 4 1 o R Bacillus subtilis

Bacillus megaterium

B AR I i T Agrobacterium sp.

Tk fé 156 Pa-Ami Pantoea sp. M B IE SUE
RS Aspergillus niger FEHLZRAR | HE v 5 1
MAON

PR R LSRR
CGRP Z A #7171 rimegepant WPE T iR 1

o (E A £ A B

SEIRTT IR J— g7 IR T REE T
SBERE | ARG L
Tt Sk it f R = |
Bl FEAR AT Hh 1R 1A WP RGEME T ERTF T,
FEHREIE A (E3AT S

2GR 2- RS R 1B T

ELEN

0993 2 245 9 FE I 5 v 1) 1A 1) WEYE T REYE T ik 1
R AL FRE |

R, W RAUIE R 250 7y T % . AR
or AR, R BT AR AT DA 2 W e A 1
AR S A R R U AR A 1, B AR e 1, ntkiz
Wi B2 . X TR I7 R AR T Ak, BR T EE
JE A 128 245 W) R A A B EE A DA S s B BE W v 14 AL
R EH &R R 45 2577 A 23 71 % 1
AR, DEm Al R wa e Ag
Rtk o LW KB B T I AW 24 1) e %
JRte, TREXNHMAZI., HAEAMPUKEHAT
NIEAC G, FFFE T TH 5R S50 8 i B0 B T 28 i
FIBARFRAL Y, AR I N IS A AR 1,
B AP Zi ik (anti-drug antibody, ADA). H
B PR Z R HES S 2577, TFRZ IR
A 20 AR )R] DR R 2 v R AR
SR, 22 IR 259 — MGV 52 A i pH HL A
S EpEEAMN (B&EAM. REOENEE
Il THACREME, AR EERAC. ik, Bk
ZIKMEBEGYHIT K — BN B R AL
TF R R 4 245 1) AE il 7R AN Sk i A 1 i i
MBIk 7 (R GORRSE), BT EX 7
TRHATREMESOE, HREBMIIFIM A, ’eE
A=W 538 W o pH R B 1 R I 52 R g T

R, A MAEEE . S WilEE . 1697 PR AT
BT PEPUAR DU AN J7 T A B B BT DR AE AR 2
FEME R

3.1 (EBifEs

T s 25 4y 1 25 A BN 77 5 BOH Al R L)
g, EAMZIREEY K1l F 2T S
T EAE AR I T, LI A A O A AR S B
i, BPDFE4ERE S O 2 IR g5 h i Rk b, R A H
AR 2 AN EEE AT A, X
RANAE I — DUE Z PR . R A B E
7 LR X e B AT S FE PR IR AL 1Y) pK . SR RZ PR AN
Pk A A i 2 e, HOEFEEZ, 8058
At B Oy N AME . TSR A R TR E SR AN JE R AR A
B H IR RN E A, TREa S
Wy AR, W EE R . K,
T LR R — PR A (AL SRR S 1) B AR SR
RE 6 13F 47 RIS B AL B B B, DA A2 fig 3 25 0 1)
il £ 7 K o

Merck Fll Codexis T 2022 4Rk i& 1 — T 61 4
P TAE, @ MRS 7 — RINEFER G
LB (penicillin G acylase, PGA) RARK, 2T
JBR 5 2R R e A BB, T DL A b 3R AT 2% A i
BERBUMEEZ M (- S KA ERIE T
PGA AL IR EE b N-2% K i () 75 PR LIS, AN RE
T R T AT R ORI B R B R R . AT BLE i
it 148 & PR IR T Kluyvera cryocrescens 1] KcPGA %}
Al,B1,B29- K LA R & R AL Bl B29fii K
RIS A K ARRE T, 4RSI R R K, 34
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Insulin Toolbox

B1-(phenylacetyl)insulin
41% yield
95% selectivity

i T

(phenylacetyl)insulin

PGA
B1,B29-(phenylacetyl)insulin «———
73% yield
96.5% selectivity

PGA,, &

——'—'—‘"_-’
93% yield
99.5% selectivity

- Rd3 by A WA A
| Ihvdrolii i I | rosemereons | B 1ation
A1.B1-(phenylacetyl)insulin ;M‘:LYE T" _— ﬁ—:‘: '.:“" 7 :-L -;‘ 1011
69% vield LT e LT T ! L) . | 72% yield
98.9% selectivity et =] 97.5% selectivity
Al.B1,B29- insulin Fascome

—————A1,B29-(phenylacetyl)insulin

=99% yield
89% selectivity

Al-(phenylacetyl)insulin

— > B29-(phenylacetyl)insulin

Insulin conjugate drug candidates Other acyl donors Other peptides
MK-109 MK-5160 MK-2640 Glargine
HaN- i o~} ol o
[FYR L el T -";5" \N:‘r \AH ) Glucagon
O NH H’N}ru- \ [ o wtd M - &,o HyN / e phenoxyacetate
N ; 0=_MH E,_/,J:G .
- H,NJJ‘H- e it ;,J{P.fm- sk Y":j ~ | [4-ethynylphenylacetate Melittin
HM-w uN"o g .| L " 7’““_92{:‘" & ey
Hghie\ i) T Hd'© i Apamin
’T\-\_D——QH
C&l7 Somatostatin
B5 R GELEEI E kA SE LU B 35 R 8 A B AR A Bk

Fig. 5 Directed evolution of penicillin G acylase enables the site-selective bioconjugation of insulin

ORI SRR . AN, KcPGA X 3 AN B
KUK RE R %5, B29>A1>B1, Xt W@t
Fiff 403t S LR 5 2 1) B R S MR B U LA T AT
Z 5L E A AR — E T HE S TR S
AP AL E e R OR A OR A, 1B T AL
B1 F1B29 =M B 73 il HAT K 4Bk = R 4 BOR £/
PIL 8 Bl AR . XA IR LRI S R T EAR ]
DAAE Dy B Al A5 B 5 Bl EH IR 15 3% AT AR 1) M e 245 4 4
T 4T AR, RS T R R,
TE T 2Rt R GERE . BRAN, fEREIEIERE T TR
101 PGA W] DA 52 6 A A e B i, o] DU
72 JI v TR 3% 5 A 22 JIK P AR e R PR AR K

W ANEA VF 2 ARG E A P 25 7= b BT
ZRIH. b, #EEE N VIR (lysyl endopeptidase,
Lys-C, EC 3.4.21.50) fig % 4 5= 1% g D) 6t & it ik
B, ORI R T E A 3 R B GLP-1 AR B
FIf & A AR = Y AR 2 KRR 24 1)
W o 5 A Ao A I A . R T R IR
AR SRAT v 3 14 A DX 3 B 1 1 T B g AR )
Zjre ol B B S SO A .

3.2 2k

2 Wil 2 AR R 2 Pl — AN R B R R
AU, S TR R R I R 3 R ) £ 5
R, bR I R

FEAL I 41 28 1 (glycated hemoglobin, GHb)
TR 2 8 A5 s SR A S
IF= . RG4S G0 B LR ANE 5 R 2 T8,
Hp ik M40 2 H Alc (hemoglobin Alc, HbAlc)
2 FH T 2 0 S 21 R P ) B e R i 4 R R Tk ik
Giamp, HEEHRZ HWREMASRE, HitiE
PR b BLHbATc AR 3R & 0 8 1k 1fl 45 & (1 1 K
S, HbATe i) PLRS s h s it 25 2~3 AN H 11
By AR, 58 RO 2 M T KRR O, R
W RE IS B hr 2z —

HbAlc IR A AR 2, BEE D E HbAlc
AT EAAG RS, HERER . H
HbAlc £ i oy S 0 Tk 450 2 W 4 = BR (fructosyl
valyl histidine, Fru-ValHis), Fru-ValHis £ 5§ Jt
Ik 4 AL B (fructosyl peptide oxidase, FPOX, EC
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1.5.3) AL A A BAE BB AL S BE TR . 7 i e A
H,0,, FiFIA I BT B M7 SR1M R Fru-
ValHis LA 4, FPOX if fg fif 14 5% Bl M 4 5 R
(fructosyl lysine, Fru-Lys) rF=4EH,0,, X4 HRr=4T
e, SFECW AR . Hamid Shahbazmohammadi
S kB Oy Bl ) SRR R AR S 58 6 FPOX ik
ATEGE, SR Y261 W 5848 4R Xt Fru-ValHis 1) f#
eiEEESEE T 5.1 4%, XF Fru-Lys RO LG T BRAR T
13.7%, $&iE 1 FPOX XA Fru-ValHis (455 7 1%,
MR T T8 . H iz c &l H T gk
B A I 21 2 R R BT R R R B T

3.3 iafritEs

BE7E AR AR fr i s i RE P i T+
B A, P e ) e = Bl H T ) PR 2 S B
P A &R B B, VRYTPEEE  (therapeutic
enzymes) &5 FH R VA J7 1% o AN 3T R R B 9 1 AR
YA e JR T BEE AR . AL BUE . BT
e PUEE. PR MTABIEE T HAATZM
Juj e

R, — P 2 DL R A R
KB PIRIT R . OEAFFMTEARS
PIEE: @R AR/ R, @R IEIEN
R JIE AR L. @RS 4% % BR )T
fL & ©XFA & 1) 40 i oy fe A T s8R 2>+
P SR, HART R R AR e L LR T
PR, PRI YR 97 B I s 7R AR i 24 Tl B
T EE AL . IR TR G
o BEERIE. RO B RS TR 140y
BRE S PR H e S 1 . B 1 i iE B e
g AT 52« ZEA P ZE T, I S IR A, Ik B4R
mImARH MK 2 EREREm E T, X
NIBITHRRESD K BT REZH . HITCEH
— 8 TR R T B R A E BT, B — IR T
ity ) SO A FEETE T
3.3.1 R QIS

I BT BB A P I A A 4 B I/ 9 5 A
H R DG A0 T 1 B R R R T AR T AT 4
AW RZY) (fibrinolytic enzymes) "> F EALHE
BRI (streptokinase, SKD . 22 £F 1 il J5 0%

7l (tissue plasminogen activator, tPA) . JK ¥ fif
(urokinase, UKD F144 5 #H§ (nattokinase) . i
o, tPA S — P2 H R E AN, Wit R fE Arg-561
H1 Val-562 2 [8] (1 JIK B8 44 21 ¥ g J57 2 A DR i 1 1) 4
T I 73 A M B AT R R AR AR 2. IR
tPA # Genentech 71 & 4 Alteplase (Activase®) H T
TBIT AL R R . 1987 45, Activase® {FE N R
—NE VR IT HE R FDA #EdE B, 83 i 3 B
P, R, TEKMEF KK Tk
IX— 1] @, Genentech i i }§ I i% 7F Lys-His-Arg-
Arg (296~299) Z G5l N4/~ Ala™, HFIANT
FAFTI03N MINT17Q ', 3K18 T Activase” [ 78 A
Tenecteplase (TNKase®) . X 48 (5038 FE A% 1 P9 Y41
HFA T B 2R, N T )RR S AN A 2
P TR 2, TNKase™ 2000 4F # FDA it
e i

332 RERAAHE

JREREALEE (urate oxidase/uricase, EC 1.7.3.3)
RE W5 1 JR BR FE AL N TS AN 2y HE i PR B = 1,
B A L35 R0 RV TP (R IR R /K ~F o AR T, 78 N SR
i #E PRI S ACEG R A8 AL RABIERIE, A
R RIRANNKER. AATENRRIR RS
3 B0 PR R AE AR X, I R b A R R A R AR
TV A T YR I [ N EE A R IR AL B A 2 W
ITIRYT -

5 — RURR EABE 25 W) N uricozyme, /& FL#%
M PR IR Al AR B B AR TR A AL B 24
Y9 Sanofi i) B 2H JRIR AL BE Gl &R Hifi
SLfF (rasburicase) s B = ACRBREALBE 24 A
Crealta 1% £ % (PEG) {LEHJRIRAETFR: X
&G (pegloticase) , A&k H 4% A M IR B2 4 1L By
& 7 51 Y e X = ARG N A SRR Y A B
2 PEGEM, HARIT AU, (B2 REN %2
J& B AR N 2 7 AR BUR BR AL B PR BBt PEG it
e, AR VT RO S BURE ML U R . Rk
AT T 23 N U5 IR B S A g 266 IR 1) v v PR D s AR
EVET ARG B . A o DL R PR R g 5
DAL 0BT % 1Y) R TR G AR DR N B AR, {8 A DNA
shuffling 3R 15 T K & JRER G 1, $& & 1 s 1
TGN T 5 NV R IR Bl 5L R ) R R . O T AR
XL o g IR M ) ) R, 58 T ELAE Bl ) N
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WIT A BE 2 8% 0. T R R BRI,
A — L DR RIR AL ) BE IR PR B, i
i 1y 3 v PR R E B0 oy AN oy, TR 9T R A
AN S0 0 1 5 R D v R R ILE o

3.4 Ttk

A 2021 45, FDA#CHE TPk Cik
100 Ff 110, X e 25 W) 7E IR G e T AR E B g
P05 S AR I R T A, LI Bt 25 )
AR A RS A G (immunoglobulin G, IgG)
Podk. Puik B BUZFRERMPUE . 4Kk
(nanobody, Nb) FIHFARMEELZ) Y (antibody drug
conjugate, ADC). Puik TFEFE I & 18 i X} fuik 7
TR R RIVFEFT, A VRIS ok i) B ]
FPABT S, SEEPUARF TR EOR, — R
i PUARSEM IR GGy Bab e X 541
SRR A A EAE D . PUik ] 45 d v B (fragment
crystallizable, Fe) TR B0 DL olcAR B4 (1) 2508
THREBRE K 3 1 1 v - RN B - A2
BERCXT BT IR B C . PR N TR AL OSBRI S 2 1
D S TR N NI e S 2
BT S o R B B It DA SV AR R ARG E AR
AT . PUAk AR5 F I 5 V2 A 46 1a) 3k A A
BEMERTE, PAPuAA SR A J s e, E ik 3
BRR PR BN R T X HATRENLR A, BEJE R
IR FAG R, R R A T I R AR R I R R
AL, MR R EERE TS, B
BV T PR AR 2 A A BAE A, AR
135680 77 B AR T B P

gy oK Pk SRR B B R (single-domain
antibody), /& 7EJ& SR} 2 0 4 P9 & B AN E B e
R ERE AR X (VHID ™7, REBG B &Y
AL R 1, B A EMAEYTE E T RIL,
AT BT s 1 R R0 RN 2 W R S R A, IR AR SR
Z R Z RIE AFE D REFER K609 (—Fit
KIHHFFHE F4 BB EH VHID, 0> K+
gl MAFREIRTE, MAGREIGR Y, FEE AR K
— 43 K609 7E 5 4 85 H 7K fift il % % . Harmsen
S U R e KSR TE (llama) 14 2 W6 B
RSO EE, 38 I onF S FE R e ) £ e AR E VR AT

g, Phik it K609 ifa e M4t T 7138 1%
)7 AN 5E B . 2 Jm il id DNA shuffling 3575 T & &
PEE— B3 1.5~3 54 b, HhsAzE i
FRAFR K922 7 B AN 2= il 37 °CI & 1 h 5 173
TRHFE 41% F190% IR13E 1, A BB AE R TR A7 48 75
(B L 259 o 1 WF Fio0) A 1 IR B 4H 04 R B
s B AR T E X

F R AEYE AR A Sk & R R AR T
FERR S R 2] T 1. SUbFEE, Hiiasl
W PE AR AW e Z AR &, TS LS B B AL
ik Nl b A A S E e e IR N v B R BN ey T I
SR 0T B AR R A TR AN 45 A R s R A P AR )
17 NI N{ DN/ U AN B3 3 € A 1) 5
ZHPEVEY el BT, BT AN BEE  B ik TR
T AN B, A B TR S0 45 & L, (H
205 S PR 1 SUE AT T DL R 2 M geR B ik
) T E I R R B R SL g VPl . AL, Peter
S. Kim FBA M7 i B 26 8 25 0 45 B 10 8 1 0 5
R AT PR, ST PUAR B PRG3R
77 UL Je Ty 5 Fe e PERI 32 5 . David Baker 1 FA
BT E I H0 Y HUs A RFDiffusion A1 7] 47 &
B ProteinMPNN 0 & S EL T 40 K HLAA 1 M 3k
vk T, I TR R A ST I BOR RAORE A Rk
WK T8 A A 25 2 (0 T 4 7 R BRI AR, A3 B
B PR G B W LA R H R TRE Ak S0 1 T R
HH .

i b, mER RN R A M T 4501
B ) L Bl M AR, RS W Bl AR 1 R
P DL KA DAk A A6 D 1R e AR M, 3R AT DLAE — o R
& LR s T BRI LRSS R O 4 Y M2 H
PR A B, AE A 27 R R AR 4
ER (R2). EAF TR T A 24 160,
RN FIF KB TEZ YRS TR 7 HEAR
TR

4 PeiA R

BEE IR & P BeR A AEYE B2 1R
J, B AL ANk DR A (1 3R A4S LS DR 10 T fE 36 IE
ARG, XRKIRTE T SR FE 8 B Th
RE SR IR o O 1 A2 Tk Ak A 7 0 7 SR B
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Table 2 Applications of protein engineering in the biopharmaceutical industry

BT IRE SRV ES N N FH &l
R G Kluyvera SE [a) HEAL B B B R O 1 R AT L) PP T A T
cryocrescens
RVEKAIEE  Eupenicillium VT s R B PRI 2 Y MEALTETE T, M R T
terrenum
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