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Recent development of directed evolution in protein engineering
QI Yanping'*, ZHU Jin'*, ZHANG Kai'?, LIU Tong', WANG Yajie"’

(" School of Engineering, Westlake University, Hangzhou 310024, Zhejiang, China; °Synthetic Biology and Biomanufacturing
Center, Westlake University, Hangzhou 331712, Zhejiang, China)

Abstract: Directed evolution aims to accelerate the natural evolution process in vitro or in vivo through iterative
cycles of genetic diversification and screening or selection. It has been one of the most solid and widely used tools in
protein engineering. This review outlines the representative methods developed in the past 10 years that increase the
throughput of directed evolution, including in vitro and in vivo gene diversification methods, high-throughput selection
and screening methods, continuous evolution strategies, automation-assisted evolution strategies, and Al-assisted
protein engineering. To illustrate the significant applications of directed evolution in protein engineering, this review
subsequently discusses some remarkable cases to show how directed evolution was used to improve various properties
of enzymes, such as the tolerance to elevated temperature or organic solvent, the activities on non-native substrates, and

chemo-, regio-, stereo-, and enantio-selectivities. In addition, directed evolution has also been widely used to expand
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the biocatalytic repertories by engineering enzymes with abiotic activities. In addition to the native enzymes, directed
evolution has also been used to engineer de novo designed enzymes and artificial metalloenzymes with activities
comparable to or exceeding the ones of the native enzymes. Finally, this review has pointed out that further improving
the efficiency and effectiveness of directed evolution remains challenging. Some advanced continuous evolution and
high throughput screening strategies have been succesfully demonstrated in improving the throughput of directed
evolutions extensively, but they have been limited to engineering certain protein targets. To resolve those issues,
continuously improved computational modeling tools and machine learning strategies can assist us to create a smaller
but more accurate library to enhance the probabilities of discovering variants with improved properties. Additionally,
laboratorial automation platforms coupled with advanced screening and selection techniques also have great potential
to extensively explore the protein fitness landscape by evolving multiple targets continuously in a high throughput

manner.
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MEIEE A BRIKEZREE); O A NLIEA
(T 52 1 22 . @MW W] R Ak 1) e RS AR A/ B 3K
L6 g i R A IR RSS2 7 e R
I, H Ak 2 A AR T AR A 7= ATy 5 9 5 3R
M B T E ) BEAGECR 2GR, IR KRR Bk
F U BRI, KRS T BEENEYE B
W o

Mg 1R € ) AL, B AR RUVE TP L B AR
T2, JE R B R R AR MR R IR R I G L i
BTk, WRERG M AR E R EE . R,
JE [ BEAL CHERR Ry “AUE BRI R Ear 2 T
AR IA R ST U B IR 1 kA R
FE=APIRY . O & B Y b 7 5T B AL
RAF . € RURAD Bl E ) R B R AR s @
) i L % ARG B Bk BRI R AR K
@ LIZ RAAANE N T — R R Z R A, i
17 58 1 i34 B3R AR, BB SR A5 M BRI R AR
& (Do

fE 3 25 1 40 2 4, € e B A R 3RS
TRAMWEBEMBHY, —J5m, 4546054
PCR (error-prone PCR) ™ F1 [[] J§ & 41 (DNA
recombination) "' A FEMFENLRAL, 58 mUHFIR
4§ (site-Saturation mutagenesis) ", FATEE AT PAXT

WARIIBEAT “mE T RS, TR A X

ZRETE, BRI 13RS B AR IR SR AR ) T g
PRI U7, AR T R R g R R 1k
W HEAL S (Gin vivo evolution) #F— B % T &
) Bk 4 i B v . WK e B R (flow
cytometry) "\ JE 5 Bh IO AR IR L S RAT B )5
i (MALDI-ToF, MS) "™ . & ¥ % i #% # R
(droplet microfluidics) "'*' & 5738 7 i i 5 A 1 2%
DL J 3% 47 52 ) 3Rk (continuous evolution) F3 A
R, AE AT I AR A FE VI G T R AR T A DA
b i, LA TIFENE B M. B3
A BT 6 R T R G /18 R B R 11 R AT
FF G, BN SRE NSRBI SR R B
POt T RIAT R

AR EEIR NG H S AT 10 F R IT R & U
FEHEM E A e m AR, RN 2
FEALSE G . R il Bk Sk 07k ESEN
FG LA S vk SN B A SR g o b Ah, FRATIE
ST AT A R E ) HE AR TR 2 U B B e R S Y
AT Ak AR 77 v B AR 25 4 b B AR R A R
& Ja, WATE LR T € W Bk HLE
FTA R T 14

Gene diversification W ;
Translation

AM

MOVOX
&

/ming or Selection

B & A PUE A R B
Fig. 1 The principle of directed evolution
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2 SRS SRR A PR R T

T RS S 2 R ) 3 R R A I 5 [ E AL
RKEL T —. B AR R EER 2
M SEAHRRSE) B2 2k R BEAT To 22 7] BE L SR A2
Wifegiirik, HTRARMIF HAR S G KR A A
R sE M IBHT IR . BUMARZ (2 — R BUAR X 4
HA R RARR KRN AL AR N R AT

2.1 (K553

A Hh TRAR L B AL FE W] DL A B LR AE 1 B
5 PCR (error-prone PCR, epPCR) "\ DNA (41
(DNA shuffling) ™. 7] BL7= AR 4 B AL 548 1 7€ £
T A1 € 4% (site-saturation mutagenesis, SSM) "'\
7 5 1 A1 9€ 4% (sequence saturation mutagenesis,
SeSaMD) ' & il SCFE (synthetic library generation) ™
8, XL G AR AN RAZ AR BN AN B 5E 7] 3R A 1)
HHLE, WESTEMFRYOERE, Bk
BN RAZAA FE 1R 77 105 AN WV 3 o

BT X A% 45 5y B PCR ik #2401 B HL AN i S I 2R 4R
JEORE A8 B 38 1 R A, WL Shao PR A 46 H AL
5 %% PCR % (In situ error-prone PCR, Is-epPCR),
k5] N DNA R AR —IR K — & —
HEEE” VY P PE A VE PCR, SEEL T BRR BTk Y
PCR 88y 19, %I LT H 518 & 5B
WA 8] 9 36 A 1 1R 26 1 XUEE DNA, P24k 1 &
W5, ARRROPTORL LE 7 0k T AR B B A R . AL
Zy i PCR V2 LA FH T R S0 ity A1 21 24 2% I8l 1) € 1)
BEA TR, AR SO — i bR IE A R 8 AL 5 AR S
s "

FHEE T 2 85 PCR B m I BE AL YE , LA R AR 1)
HIVEIR o, BREWRE . M5, EZAR
AR I R i 1 (5 55 PCR B . R
AR R PR P R AR R AR, DR TE — e R B
TR AR . AN IX BRI ST, L. Ma U 4L AE
2019 FEARIE | — P S0 R 58 s VR AR A PR 1) 44
H 7, RIE AL S8 NNK 3k NNN % 5 1 & 9 51
Yy, RHAEBEAEROHRARRER K T, ¥ PCR
A 8RS TS - S IR, M 7

I EOK RS (LEHD VU6 206 AR, R
BB TR Ik 81.25%, & AR AA JEE (1) i e 14 DR K FRAIK
RAZ GBI A T35, Aw SRR AR+
AR A A B TR SRt 7 — B A
B, Ak, 2019 4F, M. Reetz W ZH 5 Jia.
Zhou 55 R A 1E, 75 2H G & 1t o 0o 1 A AR 5
% (combinatorial active-site saturation test, CAST)"" Fll
IERM A RAZH R (iterative saturation mutagenesis,
ISM) P [3ER b, 33— PR O S T R BT
AR 7 B0, OB 7 — MR BRI AUE R A
% W% (focused site-specific
mutagenesis, FRISMD, UL H M8 22 B &) i 7 s B
(Candida antarctica lipase B, CALB) i {1k 522
e S SRR, DA/ R AR R Ok AR &, 3R
197 BA @ B SLARE PRI CALB RABHR,  H AR
TP e PR HEAE 90% A b, 2 T FRISM SR B 1)
Je b A O P RAESR, B 1L
HARK 5 NHES) T PL CAST g N FE A H = 250 1
M Al 98 A% (triple code saturation mutagenesis,
TCSM) W& TR, B IE Gk 3t ik 3% 3 Fhad JL R
HATAE RN RAR M BT, BRI T
ik AR R, B SO Y 0 2 BUARE AT 4 ) 72 500 e
74 Y,

AL, Bl e B DR vl A R S DNA P
AR S E KR, RN RBIEFERIE
I R R 7 e o 1| IR =W S 5 a7 B S e
fE— € B b A ST PR T O .
Bioscience A ] 5 M. Reetz H il 4 & 1E, 7E 2018 4F
G 73X b AL AR A T AR AR PE AL B U7, RIAE
S BN R AT S E R & AR,
SRIE AT A R B R e, B b AR A 35 R F O
HAVEERL T, FFE G AT EE AT ik, DR B
TAT LT A B ET H 0 28 15 % A
NI JR S RV ) T Y L i BN N 8
DAl G BSCRA) 2 % A8 AR J2E 1) 7 VR AH B TR AE G 1 5
B PCR B AN R ARG Tk, HAEAMTHE
RAGRAG I I 5] SCEZHEEEFE SR
ALY, BRI R UEE, HAr, kO
PR AL A o

rational iterative

Twist
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2.2 {KAIRE

H R G AR A PR (1) 575 — R R 7 R AR R
A, BUTE ML SR e B R R AL, o/ AT
B E S AL, IRKFERE B4R T 2 ki
SEG A fn BT A I kT B DNA HZH 1)
Z ot HAME B H TFEH R (multiplex automated
genome engineering, MAGE), &% XJ K A+ 14 2
DRI o s 2 TR AT R 9 1570 () B L S . Il
3K, CRISPR-Cas /i 5 1) B4 R SEHL T 78 J i
L5 B A% 20 M H e I 3 R AT O R BN
MR (Bl2a), KKIEE T EZS EAZ 4900
HEE 2R P, Rt R R T — AR A R
& E UE A T H . il CRISPR-Cas £ 4t Al
MAGE ¥ & 5, & K 5 2 20 % B 3% 12 = 31 98%,
N/ R AR T A 70% Y, ¥ CRISPR-Cas9 5
epPCR 5 X (CasPER) 1] DA [ i B £ K] 4H HH AT 7=
KR 1) 600 bp P9 5] NBEHLIEAR s DL BRI,
W d I A R S AN R B4 ()R E 2H
N RAG R, PRI 75 A4 B A K B R R v Bk 7
mEANHARER . SHAFRKZ, J. Dueber PR
Y4 F1 D. Schaffer 448 21 5 F CRISPR £ A, 7E K/
FEBR AR TR — i A2 3k 248 it P o e 5 R AL
Hra EvolvR 24 B, % R4 1 4% H Nickase
PINEE (nCas9) fE HARFHIVIE H—A6, 44
J& R F A (1 = 4 DNA R A BT V) 0 °F 4%, 18

s A o i 50 Nickase R DNA & B S23LE £
FERMRE (E2b). AT TE AR, @ik
A R R B R AR AR v 1074, ARV ik 3
350 bp. 2020 4% HIBA K5 EvolvR % 4t F T+ B 8 1%
B, WRNIN AEPIAN H 3£ 40 bp YE I N 51
BEHLRAR B H i T RABAFRECHREE DB,
HM A — & R IR .

BEAh, AHER0  A E R BEAG T,
TE AR 75 92 A5 B AR T 48 2 B9 B 9T B A B ORCR
PRLIEE KR e 3 7 A P 15 A S04t ik R 2 AN A 5 19 7]
R g, TR I 5T 2k 4 PR pGK LT [ &
il % 2| DNA % 4 i TP-DNAP1 [/ 4% 4%, S5
BEHE R 2 B 521 IR AZ 5 R IIHLA], C. Liv BREEA
FFRTIEAR 42 H R4 (orthogonal error-prone
replicate system, OrthoRep) " . i i 2 i TP-
DNAP1 i e H R AR 3, 78 AN B2 48 v I8 BF 2
PRI R AR A AT T, AL - AE BUR pGKLT b
HARFER LA 107 B R AR BEAT BEAL R AL . % URE 4]
Z J5 F H OrthoRep, X & 1 IR gt — & R IL iR
M (dihydrofolate reductases, DHFR) it 17 3% 4k i3t
W, 3RAT T P £ s g i) = S TR AL J Bl R
AR o T AZUR AL A F OrthoRep % i A #4407
¥ € S B A5 R B LSS (TmTrpB) EAT 100 £ 4830
W, i 1 I g WA S P R 22 R TR K
CERR G, RN IRT 7% R R .
— R, ALK ANIBEE TAFAEAUT=A

s GOSN ° nc/as" O c nCas9 [
mm<::>ww Error-prone DNAP i ' k-
e BRd Deaminase. p /
e /.-\
#~ __ Transformation g Selection
gRNA library l | Best variant

Iterative cycle
B2 JET CRISPR [k Py 5848 J5 i
a—3E T CRISPR-Cas9 [Al ¥ H 4H (15845 b—3E T nCas9 FIDNA B A B 15248, c—FT nCas9 FIHSIE 4 48 85 (1) 248

Fig.2 CRISPR-assisted in vivo mutagenesis

[7]

a—CRISPR-Cas9-HDR; b—Random mutagenesis induced by nCas9-E. coli DNA Poll (error-prone) hybrid proteins;
c¢—Gene mutangenesis caused by nCas9-deaminase hybrid proteins
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FRAE: CERBERL:; MREBERHMITRC: 5
Fl. 20214 X. Yi 1 M. Travisano %5 It # 4 & 1 i
18 7 — PR A N T DNA & il & (targeted artificial
DNA replisome, TADR) WIEHBEE &Y, Mk
fil DNA & ik, WG A E E CisA. 41 H Rep it
JiEme TS5 Wk 14 DNA 56 B I H 8 1 R AR 1 = A
HEBHR . Z 556608 78 5 ] N 48 KRR AR
B ] 5 OE 1) DNA, R A5 38 50K 1) R A8 #4215 2.3
10°4%, [ BF O B 25k [R] 20 FLAth B 20 i) e e, 3 2
SR A ARG = AN R . h4h, TADR
] DLEAT 22 Pl R 1 [ i) 5 4, Dl i R I 1)
Iri) A PR AR AL T ) L B
AHETAE G AR A A, I N € ) kA F R
o — SRRk B b 8 A A JOE SR AL T T
Zo FEME i, FERE TR, XF
T R AR IR e e RS A A T PR AT 2k
i, 4RI IR %% T RE VR AR 4i 40 T4 . F kA8
I FH T 0 7L 30 10 28 B 1) 7 Tl gk AL A R, S AR R 1)
25 FH B 8 m) gk A R SO R . ABLAR 25 R
TEHENIGIRIY BCRT, 7 X H R B KL 24880 7
o TR RN G R M S AT AL . SR I
R 3 0 R B AR I BE R R OR SRR, AR R L
R A5 3 1) fige e oA £ I FL B A 40 i b DL 4 K TG 1Y
WKL, I ZIE T T R ML, XA
FEAMEEE, B AEWMEY NG T #0145 2 1) R AL
R, SRR 2B 9000 E A L T
[ AH BAE SRR 2R, JovfE B 4% 1 R 2L 30 ) 48 i
HOIES TAE. 54h, @idE STk EEAER L3
V) i v v 2 R TR R AR AR R A Bk . — 2 D
ZRMEZIR, —REBANWIAIVHM TR S 2D
PR AR, AR T RARME. Ak, S. T
Reddy ¥R 2 FF K 1 %= T CRISPR-Cas 9 [ A ¥ &
1] € 4% (homology-directed mutagenesis, HDM)
AR, HTykngvet. dos &es ek . 5
JerE AT A A, A5 ) CRISPR-Cas9 =l RV A
Uiy 1% 42 1) BT AR 1K) B AR 2R € X 3 (complementarity
determining region 3, CDRH3) 5| AL RA, X
HPifaRE . SRE7E Cas9 FIRIEE M EEH T,
FINEUTER R AL ) B SEA% H IR (single-stranded
oligonucleotides, ssODNs), {#$%% | HDR {5848
A H B Rk CDRH3. I ZER, W EEAER

AT IR A B AR O 10° AN RABAR ) SR, I ik
H 5 HEL (hen egg lysozyme) $1J5A =25 Al 111
RAAR . Hh4h, D.F Chen if #8841l it 45 & 17
RNA B & 5 M F B ZH (cytidine deaminase) ,
FER T BRI LB 20 fL Y TRACE (T7 polymerase-
driven continuous editing) & %t, XS T7)H8)F
JiE #2000 bp ZEH 7 F1, DL 10°HI R AR ZBEHL 5] A
CG—TA R P, F|F TRACE, %P\ i ik
ENEERBARBAME (A375) H XN i il
A EH I 25 M 2 2R A R A R e
(mitogen-activated protein kinase kinase, MAPKK)
RAK

R S 1 M A TRk, R AR — e A
FEA B A U5 R DR A2 O&E 153 PLSE I . C. Gao PR
AN T, Li PR IR A B vk 1 T R S e 5 A
AR T, s s B 7% (saturated targeted endogenous
mutagenesis editors, STEME) "7, SZI 1 78 4 py 5t
L) PN V05 2 TR PR R AR 500 o 1% 7 Y o e e it
2 APOBEC3A AR WE WS it Z i ecTadA-ecTadA7.10
[F] I} il A& 7E nCas9 (D10A) HINu (B 2¢), FH¥
A1) A P DR V6 W R s A Pl i M ) B R A T A A
#1577 UGH fih & 15 80 H H1383E T nCas9 (9 C i, A
A 1 4 F o 2 B0 2 9 48 #5 STEME, H.n]
E—/sgRNAHI 5 K, BFHALA (2bp) L
CoTHA—G RRENLRAE, BEHIN T H brk A
M2 RN R ZE AR, 2R 8 4H A 20 %
sgRNA, SN 7K FE £ 5 i A #2 AL i OsACC Jr
B 56 NRAER MR RAE (73.21%), HET
PUBR BT K FE R AR

FHONE MR, MM E MR %
15 € ML RN — A, RSB T2 5H
—REFEEMZANEE . HWH. Alper B8 2H R H
T SR B T Ty 1 A8 10 3 B3 e A b 1) 5 B A
TERR R p i T — D 2R EBEHL R RS .
Z 7K H AR B AN Tyl B K i R JF 51 5'-
LTR (long terminal repeat) #13'-LTR 2 [H], 7E Tyl
ECUR e ST B mRNA, - Fifi R % 5% i cDNA i BT
AR FNA R R, LL107/B 2L 1) RAL 2w H
PRI Gl NBENLRAE,  H RAEA s b 5 I
TR M. Z AR Z RGN — %4
K 45kb, HAPEFMEE (XylA) FIAHE 5 %
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(XKS1) 4 B (¥ A0 B8 EAT A8, KR m
P BE X ACHE AR RE 0 OV (HR, 2RI
BoRERMPE m A, HAFREE R RE
HE . N. Crook PR & 41 | A it A1 W B 4R SE B 1 K
J7 Bt DNA 1] % 5 & ] 3t /£ (inducible directed
evolution) B 1Z RS0 P1WE B RL . M N B 57 {11
B9 PLIRE A RAZTRAM. %, HERK
v B DR T B 1 PR TR R A N K AT R, R
AR FORLAE T A BE LR RS s SRS Eh Rl A R i
T PR R AR ] K A0 MR AA,  RE B A R AR R R B
PRk, HHAT T —RR . BT, AT BT
i A ZF AT B 5 A R 4% 1 SE AR BEAC U IR AR
DA J U B HH ER 10 AN 22 DR R 4 1 R = BB AR
WA AT E A, R T KM AT B X 5 A% b A
i =3 AR B

3 e R A PR T A

P IE SR DR R,
RE i K RE L FZ 3 A [7] & L R 1y 91 5 H o B e R 22
IR &, BLIR b REWE 52 m IR A9 B AR R 28 14 A MR
o PRI, 28K o3 U e Ak B BRI, v
BTz, SECE LS B bR B A R A4 H
WANMF20 . Bk, JFRERE., R HEFHK
re I R R IR ROR, PR R R B AR R B
TE o G 10 1 5 4 B A7 T R A DR R R 8 TR
EPFAG S A L 10" RASR A RA R T, HiZTT
AR T TR BSOS 5 PUAE R 24 1 B Ak A QAR
K. Fi4h, R SERHAK ST, W
WO 0 B i ik RAN-TT W ot ik
PSR AR R IR A5, A 3 X A e I ) e
Vel Wt AT € B OIS il 7 0 Il R A2 A
P, SRTTAX L8 7 VAR AL 32 BT 30 B BLAIC A 1) R T
IR, AL, B3 ANEE R B R
ARAR Ry — AR Bl . UL, L
TCAFAE SE [ 32 A T R v Y s A O 0 M 3k 3 B 1
TR AR R TT %

3.1 HESESHERA

FENE 7> T I E A RE R, SRR R =

Jo7 & DA K ey 38 A T VA AT SR, G R UE
FERUM ) G B PE R 2 o MR 2 7 TR 0 ke A il ]
DLKs B i ks S ) e i 2 7 308 779 0 KR
Forp 7 SRR I R NP BRI Bk L R RV RN
IRV, AT EIRICHEAR NS S
D FORR IR WAL, DUR A5 301X 28 7R 1
Tt 50 3E e FEAT 253
3.1 MR Lk

AR a6 e — b B HL BRI Rk Tk,
AR AR IR EA R EAM R (4
K KRR M ErEAERMX S, BEH
b 2R 738 4% (1) B 26 200 0 9 gk ok, R R R ANE H
T A R PE M 9 HLd B A s
3.1.2 Eaik

FHEC T PR 8 7%, F R R BOR AT 1 R
AR P vl B R L, SO R T B E R L
P2 R R o v N B0 3t 1) JE s BOR AT A2
Wk DA J R BOR MY AR R T R BER L A bE
RER AR L mRNA B AR W =3,

W T A R s 5 AR Ji B g ol AT N 3] R
PR AR Ah 7 A M R Rl S o L, B R A
AL, RlE R s 18 W B AR R 3R T, T o
10 2 A DR U A7 T #E ORL Y, R B R S
H. DNA Zwii5 75 2 [ 37 7 B R, (&
e (B BEE) MA@ WP BRI
P17 B FE AR DA B Y R B AR R R B
A DA T ROR SRR FE (107 BIiiE, e A
AR AT B G515 W& R
1E ¥ 1 58 17 32 A0 A0 0 44 BiF 5 401 488 52 75 bR . S.
Vichier-Guerre ¥R 8 4L H FHiZ R, MK H K AEA
R (Thermus aquaticus) ] DNA & 1§ 1 24k
HH 2L AR 5 v )0 e SRl

41 1 3 TH R HOR R e R AN B A S g R
M4 EEE, IFEMRRmETIEELRES,
WA KGR R IS .
G B AR e n BOR AR B, 4 B 26 T R /s B R I AL
HRFLURR I TRER. S EERNERR,
IFHTEGRAABAR, BEEITRREAN
Tk, REMELK S BARE AR )

R R Hi R 5 mRNA FE 7R $ AR (1) A5 1)
JFH mRNA [ m] 50, 7 R TR AR g
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R 2 T P B SCIEG, fi H SR B 15 20 s 8
ME L. MABCRIE LML R G H AT, 7
G —Le I T A0 R RGP, SR 2 B A
i 5 A B RORHE T (10°~10") o X T,
mRNA 7R 22 Gt B B 1R (9 58 F B2 5 mRNA 8
RNy SR RRAE R, TR EINESE; W
TR A Ji 7 4R PR 22 AR UIE mRNA- A% B8 44 - £ 11 )5
=REEENE, MEPTRHARERNZRZ
20224F, S. Millward PR " H 0K mRNA JE IR
FOR B T — MRy 5 VESE AR (programmed cell
death-ligand 1, PD-L1) &gk, SEHL T #AR
> TR R ) e A e

313 RASkE

UG T 3 105 2 15 BT AR B TG Ol S R A R I
B2, il A HEAT 5 e hR AT, AR H Ak S B
R S BRI FEAR DO E 5 B, REBILER
AR AR TE MY S Ah, I AR A B
wit, K EEAER NS ROLE AR,
#r & sz i ARG, IR PO6T L H R
T LR BOE AN O 5 R I 1 I e e R ) A
Tk — " TR E R WA . REBUE
AR VESE,  H AT C s B Y T2 )
L TR, RO hRIC A T 1 e
AR .

A 8 1 9 6 T 16 K 22 7 SR T/ A AR ok 4 &
FERCALAR B 4T, T Bl 0 JER 4 B 0 4 5 D
P, 5Ot R R ) AR A % E Mg S M, (HARAE
R MRAEFEN SFE N N X S, T
TR R T EE T SO I 8 b A 1 2 b R 1Y
e I BT R OV, B G e O OTE 4 M 43 3k B R
(fluorescence-activated cell sorting, FACS) . iX /&
—RET R E IR E TR, BB LL10° s
S BACFE it 58 BOG HIUS BE 7 AN 56 8 1 2
5 op ks, DR v ROBORE R v g A B AR R AL
M 8 7 328 R A8 4 PE R 58 K T R . G. Yang TR /&
LHT Wb M T S R T R S LR B S (LacY
KA G ) 0 R b b AL W E ) 2 R
EESL T E S AT LR T A 2 A B AL S A )R TS
W 5 5 bk L B B (fucosyltransferases, FucTs)
Jo R AR KR FACS fff %6 1K &, 0 08 3 2 3k 3
1070 RAE, — 28T 73X KM A e i AT, i th

AT T H A E bR E R 5 S ) FueTs R
ﬁ,{ [48]0

TE FACS i i & R Rt A A JE, J. Agresti PR
HFEH 7 5 — A AR A 8 Y e o O
LG %G HETRH MR EREAR, WE—
RELHG X HT 3 AN gk AT o3 i, OB T
{7 34 (1) FIASE R B B0 940, D. Hilvert PR AR 4K
R S il E RO kARG, Tk
B 7 Re SRR T ST 45 G AH 0 56 1R BT N\ T T 4 il
RARE, HEGEVERCEHR IR & 1 3015, fEfIEER
Pem 7 2x10° %, 13X R AL 45 0 0k R A DL S I
(B9 i I A S R DX gk A AR
RN, WEAN TZG T ZHEUEXEK, B
T e B bR E M, 8 I VR R A
AR A RE T 92 i Bk £ PR 1 b Ak s e . A
K& AR v i 1% B ] A 3% 8 1 1 B AR A 7R
BT F A ST, TR R BB E K
XTI, G. Yang BRI A 1 8 iy a8 & BUE TE O
25 W3 0 1% B2 R DMDS  (dual-channel microfluidic
droplet screening) , K 75 5% A% Jig 1) 4H i A0 4 AS [F] 22
S AR 1e R B AR RS ) B SR AR O 2 B A (RO
KO G IR ST I, B8 08 o5 7R P ool Bl A S 40 1) fE
IS PEREAT RAE, FF 053t BE AN B fE
FF FH 1% 2 400 g S I AFEST (190 i 3k 5 v gk
Tk, &sRESHNIGE, RS T S-ATESF 1
X WL AA I B P2 15 700 15 I RABAA

R 7R 2 AR 0 AN 4 1 BRI B R A 45 S
[¥] FACS #1 DMDS 1k % , il Fi 5% )6 B %¢ 06 b id
()43 7 Bt L 2% 004 B T R R H I O I R
(fluorescence polarization, FP) £ A% H IR AE
& % F% (fluorescence resonance energy transfer,
FRET) $OAR 2 3 5 R A8 8 1 57 T2 AU B P A
Z MR GRS . FP HOR 2 iR A4 5 b 52 ' 2 4]
5 oy 1 45500 5 R IRE 5284, RXT
() A0 BAE AT i BoE BRI B As 7, BT
PG RMIRYER T 70 F & R RS IR
O, L FPH ARG M. B REENR
# M. Tokeshi 4 & 413 ik FP 5 R 45 & 40 9% 73
AT, AT LS I PR S 2 I ke D3N I3
TR & (SARS-CoV-2) #ifk B, S. Mattoo iff
R FPHOR M 2 7A@ . &M T8
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N K HYPE Jig 1 BR % # Wiy 35 V5 1 w5 38 2 07 12 4
A, MEEEMAMEEEHE)E (Food and Drug
Administration, FDA) Editb &4 RIR=Y) 5%
9680 Fil i V4L A My AT ik, W TH A
HYPE i BR ¥ F s PR 15 77) . FRET $AR N
A 2 A 5 O 3 T iR S O T S 2 AR O o)
THRRBOLiEES, HEREGE (—K&NT
10 nm) HJPIADG 70 710 22 7 AR RE B A X —
By SRAGIN YA B I HE 5 2 TR O AN D i AR AL
Bl R G 45 A 4 B AR A 51 B 8] B -2 B B
TER 7 A . R AR A EE, FRET S K )
R e T T B 90 40 A A B SRR R I R B T
MEAEM®, HW W & a8 & % 50 0 M
(hybridization chain reaction, HCR) #f 17 % )¢ 15
TR . B, H. Tahara U &5 41 6 i A 4 3 F
DNA 52 4 1) %2 Ot 3L 4Rk e B # %  (DNA strand
exchange fluorescence resonance energy transfer,
DSE-FRET) #4t, M 32914 Fhft 44 e il i 0
16 T4 8 70 e 3 IR 7 NF-«B % & 2 A 2 1 H
HOEEIE AP
3.1.4 ik

FEA 5 E bR 10 1 v 8 B 0k Uy vk, B A
YDy — Ff i RS AN s MR A D 75 0%, FE R
F o TR b S AR T o Bl B R A B e R A
TN 0 AN W B v, 0 L LA B T AR
(electrospray ionization, ESD "7 K 5 4 Bl it
fifE W B T AL F R (matrix assisted laser desorption/
ionization, MALDD " [{J i3, £ K7 T 11
BT AL AT LR O, R DL SRR, VL T
VR B R B & TACBOR, B, 3R Bh O
R FL B R AT B 1) (MALDI-ToF-MS) |
BWOCHURE, @ B 7 1 B B B AR 2> 73R4T R
PRic s RN E B AT, PR IR b BRI R
ks WOy T A T R R A AR
He, OBk N R T B S B 3R AE T
fE e A& A% 43 ff) MALDI-ToF #f it 1 %, =i /%
MATAG P DT I AR g 1 YR A Ak B 5 DA AR e )
FIE, RN R R, R b
— B R JE SAMDI (self-assembled monolayers for

matrix-assisted laser desorption ionization) A, i

T K SN ) ] RE A 3 T < AR T A e AR R A 4L

Ry b, SEEL 7 MALDI-ToF #F i (14 £ 5
F o AT T A I & Y. ML Mirksich PR 20
M ZECR, A0 3 P411 BEHL R A2 ST P v
B /N I BT A SR AR AR (R 3 O 328 Y (K C (sp™)-H
B Joe A F) TR 0 PR AR AR Y. ). Sweedler BR 4
A1 H. Zhao ¥R # 41 5 T- MALDI-ToF £ R & 1EHF &
TR e R HTRI R, EE
FLSER T 508 2 0 W S St AT AL AR AE T A
BT, U AR AL T OB 1A R A Ik A 4
F# 3 Plantazolicin () T 8@ A2 B A 52 1%, IF LA
1~2.5 /50, [ 1) 18 F2 )\ SE ] 2E A TRAZ A4 e v 0 30 H
1 A e 7 A R BRI (R U D PR X A A
BEAh, 2021 EIRIE B 75 OO 5 TSR & R 4
(acoustic ejection mass spectrometry, AEMS), HJ
DAFEff e B SE R X5 9. miEE. &
B HTREEE, JF RN 4R LA s BT 52 4 T
3.1.5 bkl

e NN VA WA AR R i R ]
KRR S ol Bk T, R B A ) 5 R
RE RS LLANE, Ho— R 5 Sa it i 20 A ks I 245 7T LA
TS ) i A S N AR R A E AR . ML Reetz
PR EZ ) 5% F ThermaCAM SC1000 £ 4k i A8 4% ok
o T P Ak 20 B BRI T PR AR 20 L g A
BAR, RS TR AW O SR FLAR H R AT B
R, RS R 2 TR S B, R R B
“INRLDT, MR STERMRIL Y V7. IR
FI > HEABATIR T RIS S By, B TRl 1
AR AGAS: TN Ay B T 1P I 075 228 10 SR B o A A e T vk
BRI s AN 5 A 0 i T B O R T 5T\, R
RACZTTER 5 Z PR A — R R &
32 45 R R
3.1.6  Arskotidienl ik

B 1 J5RE V ALL AR IS, Sy — KRN
b0 1 977 1 R AR TN AV H AR TR BN H
HIJE T4 206 @ B2 20 4 (Fourier
transform infrared spectroscopy, FTIR) 455k
I Ol R R L TR Y, R TTE R ER BT
AR EN, HESMREEAREM .
il BLO AR e 47 AR Y61 (FTIRD  nf )RR AE Wi
Hr 5 1K) 2508 TR B ) A S AT E B Oy AT,
I T AR AR ALE W A PR S HE T 2y b A AR S
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—%Iﬁ% A 1 PR ST A3 2 1 A A A 00 46

I 3 A B Ak A, R R R o T S S .
Z. Wang W 8520 FI] ] FTIR X 109 #E 4 5 €007 ) BR 14
HEATIR L, BRI T 2RAE& BUIR A BOK LA
VIR R 0 B H AT A B E A 1
{HJ2& FTIR A S 30 [F] I8 € 570 B 48 B 3 A0 40 J 40 1)

Sy FE R T, SRR T AN TR
o KRR H LR HETIE

3.2 EEEM[EHL

B B AE TS N T BRI L 58 B ]
RA, HHERIE, RG-S G R EALR.
M 2 TE () 1A I 47 A G 1) A IS T SR 1 ik
AU, T2 1w 3R A5 H AR IR 5% 38 4 1 2
1 D. Liu URE 2 T A 1 e T A il B (1) 32 2 A R Gt
(phage-assisted continuous evolution, PACE) & il
FEREAE MR . PACE ¥ B b A 4mtd 7 51 5]
N 0 126 1 1 7 DNA #54& 1 (selection phage, SP),
I 18 3o e B p T2 1 s B DX 1T JOEL BT Wk T A 42 % 77
[A] I K & A p 1LY 4 Bl B KL Caccessory plasmid,
AP) AR K i #T 2 R AR AR R AR TR
(mutator plasmid, MP) 5| A KZHE N . @idix
THRFE R B, K plll Rk 5 H bt B3 G
PEAH ARG, ARl 2R AL UM R RS

Continous inflow with host cells

\

155 H bRiE M AR R s B Ak E 4,
M S5 Ik A 5 0738 E BN 06 2R . bl T DA B 1 12
B RH E ECNE E, I PACE &40 1] LATE
24 h ] 5E A 30 8 DL 1) B 1 kAL, s B A e
) AT BEE DA S s AR R (13D 7Y

H 2011 4ELAK, D. Liu BRAZHF] H PACE &%
WM I 2MmEAMNSE, HETEAYS
DNA 7 %l B A J5 B, R Ihxf T7 R & 77
TALEN "7 [ spCas9 ' | Jf W% mg ik 2 4 55 2%
(CBEs) ", [l W & Bl & 4 45 4% (ABEs) 7 JEAT
TAEE, 8 7 AR F Y B B T
PONRE . R, ETEASEAMIIERE
I, R PACE £%t, M4 T X 75 2= 4 5 A B 5-
NEBRSBWHEMSEEONEZIREEEM
D3, FESEELT 2R PUA R R A E O
WHEmEmRE™ GED.

I3, PACE (1) 8% FH ZE A 28 240IE A5 i A 3 12 1
B E M. 7E lysozyme+linker+T3/T7 RNAP & & &

Hr, T3/T7 RNAP 35 1 5 linker /& 75 GE 4% 85 1
IKAREASCEL, @ N ¥t linker 51, W] SEEL 4R

X R S RS Rk T R R G
D. Liu iR A X =M A AL FE 2 (BoNT) 5
R OB AT SOE, D 3RAS 0 SR V) F B AE O
I 11 VAMP4 Il Ykt6 [ BoNT/X 2844 . i % 1E:1)

Constant outflow

f

Infectious progeny
carrying mutated target 659
- Cog
Selection phage: encodes Be0s
taget gene library O O

r.‘.P g O

- °s
L % Noninfectious progeny

N L

When SP induces plll

production

MP: Mutagensis Phamu\_‘

AP: Accessory Plasmid
5P Selection Plasmid

=K
|

Continous
Mutagensis

The "lagoon"

When SP fails to induce pl'II production

K3

W i A B B AL i

Fig.3 Progress of phage-assisted continuous evolution (PACE)™"
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#1 PACE &40t & A 524
Tab.1 Cases for engineering proteins through PACE

HirdEH SRENERIN L[] s e vt
Target protein Target phenotype Genetic circuit design
T7 K51 ELE P 0 V= B e s
T7 R4 G E AT NSRRI -~
Gene LI negative
TALEN DNA f7 7R 5 57 E
Gene I1I Negative
spCas9 ¥ 58 FT R ) PAM FF 5174
YL I ik
o Tl YRR 5 B 5]
55 (CBES) 58 T G 40 1 5 PR 4105 BBl (1 GC = & 141D
JURPEE A il s G el S R 1) 3 2 M T G 3 0 B .
445 (ABE) i Cas SIS "
R L T TR R T Py e
S-NEEH
ik EZ b sk HARE A
N S| nf R
A K G R KA B AR A P A R S T
E‘jiw A 220 4 T A S )
—Iﬂ%
ZE-tRNA
R P HE UL T2 B IERERNA £ ™

FE KSR VAMPT ) BoNT/F RAZ MK . Re ik %
PEY)EIBE R A5k B AR &Y (PTEN) {HAHR
Sl 22 70 HR AT A K SR BoNT 25 14 it Jes 470 F e S 1
BoNT/E R4k "o 534h, JEidK T7 RNAP 4
KRIEHAFEBE-RNA & REFH D, SR8 T
A DLTE 8 07 51 R 22 2% A vk 2 R R 1 IE AR
FWE-tRNA £ i

S PACE TE 4 2 Fh 82 (1 5 5 TH HUAS T Ak
I, AR HAKH TR i WM RBIES, MR
BT EE . S, ZARRTNAFEEREAR

THRFE f 8 A% L B e, A T E AN
55 pIIFRGEH IR B (0 s, AN e R I AT
2 A B B AR AL AL, BRI H R 7 Al AL R
M TR S BB R R

3.3 =EEEmLFE
W& A dm ATV R A BOR R R R, B ) B

FBE P A T A el B ROR R AT, HA
T T 5T U M R T AU Y e R R IR TR
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EEPACEELLIM ML R G, #2RT HARE A
i, RAMFERGUFEER HARE A7 68 S il
SEHE S L o TN R B AR E B B RS
B, W sedlmiEE . AR IZHE, &K
15 I 3R A TR I %) 4 T Bk o

FRL PN R T 3 A A PR A B R A b o % K
) 2 DR SR AR AR i, {HL JHG 3 AR (1 T 7 30 7 S OH
T B85 R A 4 ) T R A K AR A BB AL T & . X
I, C. Bashor i} 20 F1 A. Khalil ¥ @ 41 & 1F K
TR T 2 B B RS IR I A Bk SRk ik
#%: eVOLVER ™. eVOLVER ¥ H aJ & it 1 JF J5
B A B A R R SIS, B
/ISR e SRS TE G EN Y Y h LIRS
FRH S R BHLH, LI T XA I N A R e
W45 . eVOLVER HLi8 b AT i & AT o] 28 74 1) 1 ik A=
Ko, AT DA A M A O RS R R IR A, iR
FEL RERE . BRI RS, SEUUHT R (A
JPE HCH ) S B ANUSCER . fEBZ RS, B
N GROG] T B 9748 4 J2 it LA AS 5] 00 3 B2 4%, i i
B 7T A A B D R RE TR PR s[RI B, aE I e
WRERF R FREE A Sy, BEER T AL R 5
DAL () T BE TR b o el F 70 N 03 30 K 3 5 4k a4k
K OrthoRep 4, R T — /> 3% 823 4k °F
& (automated continuous evolution, ACE) ™7, H
TEERRAEZEAMER L. EZRGEH, BH%
i3 OrthoRep SE LA & JE K 2 F0 RAE, SRJE1K
HE eVOLVER HEAT ™4 1) 2% 11 7 32 A1 5 B 1Y) e 45t 1A
B, PR A H T A RR AL 5 g AT AR A
BCIh$ m T R 2 e e T 25 M, LAY S
OrthoRep #4772 | 200 2 /M)

PACE R 4uilt FF kR UG 1 2 i), N T ik—3%
B0 HE E AR HEYE, K. M. Esvelt iR B4R T —
ASHLEE NG Bh ) & 8 & PACE #H46°F & (phage- and
robotics-assisted near-continuous evolution, PRANCE) ®,
PRANCE #I FH 96 fLiR, @i T 96 ~FAT I “ U817
RBiEE, HETHE LGB AR KRR i gt 4T
i, BRSRRMIERAS T REME, kiR
PACE [ B #5250 26 11, T IA BIRSHEREML . AR
T JE ) PACE & 4t1M 5, PRANCE fgik 2 5 K1)
s E, XL EA BARE QT AT, SEEL
T AR T T PR HE TR A

L ERRBI BT &, #B & T —Fhf A it
T e, 78 ST i Y M N I S AL
TS T HERM . HE, XEHARFEXET
UG H M SR T E R BHAsEEH . B
A, AT B A& S & CE S A
i, Hbsadilid SR r) v, SEIE LG A
FORWBAER B TR, MER W E, HEAR
fE. ARERAESE: g e N TR RS, SKIAEY
FORA AR “ Bt —Ry g —l—27 27 PUK
EHH B Ak AR 5 3 [ A7 R 3 A7 K 2% 1 HL
Zhao VR ZH P B T4 H B AEY) G T & iBioFAB,
SEIL T K AT B RN R R BRI E Bh A . BE R AL
WEME L FRIE, HEANB[FEIHFRT
BioAutomata - &, L 45 & AN E T7 531 R
5 R4 G 5 A i 24 HAE AN FRIE KPR
ERG, WAL RS R I = AN CE R R Y
RIBAKFRATBhA R, A 556 2 T DL 3 592
(Bayesian algorithm) [ 1F S AL 22 SJBIAL, %) p= 2
B AT 5 o e, R ARG BN A AR R
REGRMP R R/ MA RN EARESER . FR,
T R T A ER T TR Y. Ma 2R R 2 7
R T &N A &R B R A B (Corynebacterium
glutamicum) A T 20i& ) 2 oo A 3h i
H %% % J7 ¥ MACBETH (multiplex automated
Corynebacterium glutamicum base editing method) ,
HBG R T RN H B BRI EE R AR . Hix
BRI R 7 06 A 8 B8 IE (1) 4 B B AR A, BL100%
() A2, AR T 94 AN IS R T R UR TR I C.
glutamicum VIRAE 5 PEAT, A IR = A &R 1 AR A
. LZEKRE, HIMWEREY T &6 BERESN
57 5)) B B U I 5 1) AL AR T A D v SR A 1) Tl
HRAR,  J9sE I A 1) R R T R TG E B PT e A2k

4 TSR B R 1) A

THEMLEOR K R R et 7 AEME R Y. T E
Wp B B, 3 T R E R
AR e, Hooxh 8 1 5T 5 R 2 A 1 35 Bl n] BLAA B
fEZATIm, PlnEaREHKHN. &R
RE A9 70 M ML T S5 RE 0 SR B BUdE 2 B 22 2T g
T35 . IXEETREM Y BLAE SE 17 3 10 A BE AL E 1]
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PRPEBTE, AN i SR AR A e 1 A 1R 280

ERG R E b scie s, BT RE €5 )
REAHOCHI LG, DR 2 REA0 0 B bn il 2 B B Ak
Rl o IX PP SS90 77 V5 BAR e 3R 15 B 2 ) RABFEA,
B KRR B IG N 7 S8 i dH . — B eh 30 4Nl
X 2H B R R B R AR AR, (A AR 107 Fh
ANF RV IERR T A1), DA DU B SR DR R 78 H A 1)
JHEARAER 5 B TP ) R . BlnS, @A
WG B2 S5 5r -8l 1 5  J7 E TN &
FIBR DI REIR, I AT BRI R i A7 s BURR 2 X380
FAR H AR AT FEAR 50 1 S B ORI . 1% 7V
DU IS G /N7 T RS R RAR SR R R R ik
S AAAH I PEACTR e ME AL, X AP A4 B i e
Iri) 3 3 5 ORSE TX) B E  = 4EER  rp, BLS
FRITTRE 5 DR ARG X3 s

7 % 2022 4, NCBI Reference Sequence Database
(RefSeq) i FE LA It 2. 24 {2 FhRs R AR 2R
P AR e, HBEE DNA W FHE AR SE KR,
ZHER24N AN 165, B XS L AT
AT R A VA R PR B e R IR R R A A - T b R
FIR I = 45 M5 2/ =), AHRER FEESD
By /ANER 3, HLRIASEASE & 2 A R B R
A It A DL IR AT 23 FE 2 2 08 v 1 R SRR A A AT
HirEEH%EW. HH, i BREQMEREE
TEBHAMES ), XS LA Y o8 T BOR
RE A A BRI, T REEE N L
BREM) R R, (E B RN RS P A S0
F1 5 45 #4330 AT TR0 () v Ak v H 2548 m P, AR
LA WIF KU TERE RS E. 8
% Modeller . Rosetta . AlphaFold 2 " Z£7£ P

2 Mok C iz H T E AW . 3
H, HATRT NI TR D5 2 )8 AlphaFold 2
(B4, XMpEZEEEYEREME T RS
)7 VEBEAT T, & s SRR W Lo RS O
— M 5k n ER AL, I 2 T8 X
(multiple sequence alignments, MSA) F3 H 17
FI B ELEFE F1,  H 0P S5 A TR S5 A
— 8 7 )30 ok A — A R R ) A BRI R L AR £
IR A 22 10X 2 6 B2 AH B AT FH 3647 TN .- AlphaFold
2 TIN5 73 % R BE w8 0.96A,  BLAEE 95%
X85 0.85~1.16A ", 124 M1k, F|H AlphaFold
2 CL R T E A R AE ) B 30 754~ 88 1 5 45
oy, FCBEE I TR AR A 45 VF 22 B 58 AT DA B 1)
REsE R E A RO AR RS
J7 THT () 0, 4] a0 G. Carman #R 8 2H R H
AlphaFold 2 Tl 1 53 A% F) I 11 I £F i i 1R 106 1K I
gy, Sl R AR SR R, I
eI T A VS LR 7

R, AN RS B 5 ) = 4E 45 R IE AN 2 B
S BN Fo i P A0 B AR B 1 SR, B ET BA
N T 2N (6] T Bl R VR ) A ) Bk
SR HHE I JFG OG5 A7 s AR 5T 7 41 0, BN T
(R)IG 25 AN AT BB A7 AE 1 8 I A7) 2 BA o S ML A B 2 B
PEHI . H DL S FR e S 1 O 1) U7 Rl
AT T (ClustalW M) Fl - 40 5 2455400
(AutoDock "', Rosetta ) Z£ "8, Hrf, Rosetta
e AT A H YRR A, Z A B T
RESAE ZARE, HOEATE S B 80F 7
%, HoF S A Bk 3 29100 By K &2 1S58 % 1 JF
RN AR Ko R ARG 4Rk (B 5D, ThRe

A > High
_Genetic (L ATGGCTAL ) = a i confidence
i L[(G e [T 1] g i | ] T cuul.'ll')IIL:n ] /
search e ATTGET A, MSA Single repr. .
MSA . Structure ,
representation | Eyoformer Oug I
+ATCGCTA~ — (48 blocks) 8 blocks
Targeted — s (8 blocks) :
sequence —{Pairing }— : ot um g
- e = Lo w1 B 3D structure
Structure - u=y 2
database I \ ) \ )
e Pair Pair )
Templates representation representation
¥

— Recycling (three times) ]

B4 AlphaFold 2 15 JFH = & K

Fig. 4 The information flow among the various components of AlphaFold 2™
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Structure ) . Biomineral surface
prediction docking Ligand docking docking
Rl
Tasks |
[

R, O

. . Modeling with Systems Symmetric Non-canonical

Protein design experimental data assemblies chemistries

Antibodies proteins

RNA and DNA

Peptides Carbohydrates

B 5 Rosetta [ % A ThfE

Fig. 5 Some popular tasks that can be addressed in Rosetta (blue) and major systems that can be modeled (red)””

FEEANBR T35 s S5 M T . 10 - R
BefRx 4. | AR P S. Khare BRI M
18 FH Rosetta X 25 [ i AE 22 AT B i, d@ i 52
POl S B 6 1 SR AR R R, B E T R AR
BN AE I B A B, B S R U R E M
Rk 2 A e PR 3 4 I R T B

o, AT ENE RS R R, P F
BRI LA AR R . A F T 50 A
Vs B EIE AR, ¥R T REERAA
I 4R AE R0 A I 2R 3R 3 — FhE A AR, JF
B PSR AR g ) DY, ML ST R R S
BUATC I B I B ). B % N
PAE— AL B AR B AR bR, A F AR 1)
AL, MRYEAR B N B AT 2 2 s i e R
B MIASRARR S, i F LA 5 5] i A okt
BEAHEAT 4028, 165 SR 72 b 38 8w RS (R4
I 240 B W O A R R B, DA R
SEAG BHHAT AT U AL, X BIAR AL A By
AR B 2 5

HAil# I aw ZNATEAR
ZERGFM 0O AR TR L il TR L e it
A 0O S A, LA S 1) HE AR AT 1 R G L =

B PEERENABERZE, E2H0EA T
FURE R I, AR I Tl RE 0 A DLAERA A e, T H
BT EA AT AR AR E R RS EFE
M DLE o B A0 1R S 56 4R 56 RO e % E RN
Sy ARG T e HME AJT G 3 I vl B i 77 0. DA
b JE DR A A ST N 53 AR TE LB R 6 R
SO B BEAT D Re TR 43 #r, A B FL bR # G B R
JIHE T SEE A% U G. Church B ULECHT T K 1
Unirep #5278, 1] FH 48 24 61 22 ) 2% )X 2400 75 EH
J R B R B 2T, K R o A AR R R A
F L SR S BRI E K E R E Y, R
B 7 ARG YA fAE B, ST
F B8 EAURBREREE, AEARR. I
RedUE IR M 7 H 2 AT RE.

AL 45 (1) € 1) 32 A4k R DARESS e B ) 8 o
S ARG, A R R AR ARAE NN
—RRAME L, ERIXBTREH bR, XML
SR R A BB BB, ML 2% o)l A A )i
2 rp i B A BEAL R T 0 K& B s AT U SR
fil,  SEI L SE A0 = G OE IR N R R Y. fl
U J. Peng Al H. Zhao ¥4 &8 41 ™™ 5% % K B 1) 32 4k
IREEEE A 28 I 4% (evolutionary context-integrated
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neural network, ECNet) V5> 5H %, FIAH#L
B R TUI 2 AR D Re & k. AR A
[F] 5 5 510 1) Jm 38 1A PR 53 5 o b K 2 B BT )
B8 SR 2 /s g S, Sl T
N R EIRei N R N = | I i R T G
A5 2 AT R, B0 F. Arnold TR RE 4H X i
21 SR U e 08 14 1 By ek B 1 AR i 1 — SEL Ak 80
(1§ (nitric oxide dioxygenase, NOD) k47 7l il
MG, B PLE S I aR,  DLLAY i  B
2897750, 6 NOD [ 5 A8 44 e 33F 47 7 16 A 4 9k,
S8 I A A A B A B A 7R NOD A e e A EE 4
LR OTREREMmANESE (K6 i) 153 S-2-
[ ZHECRID HRELE ] AR EE (76% ee) ¥
R SHIAL (93% ee), SLAMATIE K L VCHV-
49P, SIR, S53L A% {k A] i (b 153 B R-2-[ — H J&
RIS HRERE R ] NIR ST (79% ee) M.

HAr, EbrFRAEARANLRIFRITER
R R SR o 45 1 BRSO OR FF 4 7 AR N 45
HIRBHEAELFRYE, B Re—. &1
BRARRG BE = 55, AT BRI 1 vt ERE S ) 26
PRI AR M . 2022 4E, H. Liu A1 Q. Chen ¥R 41 &
J& T REAE = A R T AR E NN Sk BT 4
T BE 45 44 1) B AL SCUBA  (side chain-unknown
backbone arrangement) » %A R A T —FOE 0 4
THE o) SR, BB 4 R 5 R Ak v R0 i 42 T 25 1 25
WP A0 52 200, RRiE i IR 3 Hh 3R 7R S B B 1 o 4
P () 5 e VAT =y FE AR DG M o B AL B 55 — A
BERF S, SCUBABRIAFREH AW B
KPR A, R R EY RN LRI E A
a2, Wit AR T SRR E AR
FNLER] . SCUBA BEAY Je FL L IE A I IR 72 45
B 7 SLERIIE, EMRE T 9N E T s R g
¥, B SCUBA AL AT & i, Hop /=4
()3T 28 25 ) () B 1 VS A M SR B T X P AR N B

0O

H
32V 46C 56H 91V i
OEt HI{H +
—Si 49Y 51V 53F
/ "Ph

A

5 Sk 35T i 2 R RARR K9 i B 3 s BT
Zit ZFETEA T fE T
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Fig. 6 NOD catalyzed carbene insertion to construct C—Si bond
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Fig. 7 Improvement of the synthetic process of sitagliptin
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Fig. 8 Nine-enzymes cascade catalyzed synthesis of islatravir in vitro
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Fig. 11 P411-E10 catalyzed double carbene transfer of phenylacetylene with EDA
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Fig. 12 P450,.,... catalyzed intramolecular atom transfer radical cyclization
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Fig. 13 Aldolase-catalyzed reversible aldol condensation reaction and the catalytic inhibition mechanism of

-carbonyl ketones with amino acid residues to form vinyl amides
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Fig. 16 Regioselective intramolecular cyclization of ethynylphenylurea catalyzed by dual gold Sav-SOD catalysis
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and site-selective C—H activation
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