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Abstract: Directed evolution is a cyclic process that alternates between constructing different genes and screening
functional gene variants. It has been widely used in optimization and analysis of DNA sequence, gene function and protein

structure. It includes random gene libraries construction, gene expression in suitable hosts and mutant libraries screening. The
key to construct gene library is the storage capacity and mutation diversity, to screen is high sensitivity and high throughput.
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This review discusses the latest advances in directed evolution. These new technologies greatly accelerate and simplify the
traditional directional evolution process and promote the development of directed evolution.
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Fig. 1 Key steps in the laboratory directed evolution.
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1 REXEH R

EH AT, DNA Wit f5 58 28 J5 T 7E 5L R 4
SRR B AR R, AN BRI A Tk
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P BIRERE . 3R 1 BAE TN A T ARG R A LA
GREAR S PR R W o

11 RRERTHARHEHAR
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FrAE A E. Mao 2RI 548 PCR 1k, &%
FUA R BT rAEY MR SER EPSPS, 15931 5 F
SRR ELs-EPSPS, K- bi s H A RE J1 #2155 5.4 f% .

F1 REXEMERRER LY

ZJ5, Shao Z8IF % T 5 (7 55 4% PCR (is-epPCR)
W, W £ 4 is-epPCR 345 — N F 41 (14 i A 5%
AR A — 25 g R 1) A 98 A SO L%
TOrERA T 1) HHARE PCR W]
DL 5 AL R AT R Rz L, H 5 T
PrAE R e ; 2) fEFRIBFOR XTI A DNA #E17
— G, N AR SO IR A TR E 5 3)
1T 24 is-epPCR Al LLZEJT 41 kA5 H bR 28 A8 1Y
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DNA i (DNA shuffling) %) 2 H T4k
AN RAS SCHEE R P . DNA B4l & Hh W.PC
Stemmer & B} 1) — Ffr [5] Y5 2L 5] {4 Hh 54109 7
PR By, EOR T REHLE L A LR Y
B AR R, IR e, RS, DNA B4l
A A 2850 AL A [R) F 2 0 1 R R P o 1 ) D A
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KT — iR B AT S A A R, A A% ER Y
VIl V 7= DNA R B, BUPISEEE T DNA B4,
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Table 1 Comparison of mutant library construction strategies

Mutation method Evolution strategy I?nv\l/\;?r(?r Targeting Source of mutation References

Error-prone PCR  Random point mutations introduce Invitro Single or multiple  Random point mutation [9-10]
genetic diversity through incomplete genomic loci
mutation response

DNA shuffling Sequence diversity of Invitro  Multiple genomic  Homologous [14-15]
recombinant genes based on homology loci recombination

OrthoRep Error-prone replication target gene Invivo  Orthogonal mutant In vivo error-prone [22]

plasmid orthogonal replicase

EvolvR Error-prone repair of single-strand gap  Invivo  Target sequence Error-prone DNA [33]
produced by nCas9 polymerase in vivo

CRISPR-X dCas9 targets highly Invivo  Multiple genomic  dCas9 targeted AID [34]
active cytidine deaminase AID loci

CasPER Error-prone PCR and Cas9 binding Invitro  Single or multiple  Error-prone PCR and in [35]
mediate mutant library genomic loci vitro evolution of Cas9
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Fig. 2 CRISPR/Cas directed evolution mimics Darwinian evolution.
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Fig. 3 EvolvR mutation process diagram.

1.3.2 CRISPR-X
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Fig. 4 Schematic of the CRISPR-X technology®*.
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1.3.3 CasPER
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Fig. 5 Schematic of the CasPER process technology™®.
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H BN FEAS . SIS ) i 25 1k A s AL 4
I 4 £R7 Ak 1 — 2 BR ) T SR R g
N GUAS 238 3 A 8 B K ) S R4 T B 22 ) i
BB R i s S R R, T 2 R A A Y
AL . Lutz 2507 % a0 | o i SO 1
BroRms, JB K BEYE BT (Semi-rational design)
Tl o PV RSB AEME RS, AT
LR ThRe . e A [R) I LR A S0 32 4 11
SeE B A BAnO B, DA BRI R Z ek
HATER TR % R E R B A A R % St
FPRAE , e FAA SR B, i A b e e o e o AR
PRSCIE, A ST X 28 1R A Tl B
ST ) HE AR R Y O T AR,

O’Maille SEIKIELEF AT HIME BIF L T — L 1
PESCPEVC T SmG , AN T 245 G 8 it AR
(Structure-based combinatorial protein engineering,
SCOPE)F" | 2 4 {if A ffs %<4 (Combinatorial
site-saturation mutagenesis, CSSM)P8 iz Hifth 177,
B AEA U/ NFI SRR S R AR B TR
AR R, TR DL — 20 40 /N 2 19
RALPEAS &, TERATRE/NRY SR, A
i SR o 2P PRV TR B 2 Hg T T /N
W1 S AR AR SCZE O B 1 T 4 A g 1 i
JHEmE AL, BEF162% (Quantum mechanics, QM) #
S F8h 154 (Molecular dynamics, MD) 144
DL Rl 2 2 S A A PR 2R R AR R
P ZE A ARG Vs o YT X e Bt FiG P i i
fEET, B A TS AIZEAS (Combinatorial
active-site saturation test, CAST) M ikfCifufigess
(Iterative saturation mutagenesis, ISM) KHS, X

F2 EFMIFETTERLLI

2 )5 BERTELS & 1A B AL 5 R A 5 1 0 98 A8
(Saturation mutagenesis, SM)H [tz 2 Bk i
FM P R R, Fox S TSe 25y T & i
ProSAR (Protein sequence activity relationships) Fli
Gonzalez 213 F 1 37 [R5 PE T % 19 MORPHING
(Mutagenic organized recombination process by
homologous in vivo grouping) T H) 7 HFEH
i PGSR o Chen ZEUR T 3 Bl BRp: s,
CSSM il 2 FPJETFLEM 9345 4% Corbit™
1l CRAM % T #f 4= A P450-BM3 Ifil £T 25 25 44 4k
M98 AR ST, RS T N R R & B R R AL 1Y
P450-BM3 2 {4, 7EF RV B TAYALAL |, RAE
PR T AR AR, Jamil 250CURg oh b ke 3% 1 20 0 i
PpADI (Pseudomonas plecoglossicida) A& & iz i
W2 (Arginine deiminase, ADI) fygiK LI
A R E M R AE %R . Shin 2P YR
BRI EAS BTN BT
(B-glycosidase) 7K ffidith, XEEMFFEFRM, R
BRI TN G305 % il ) 2485 ) 1 1) e Y Ao

2 RERNBEMRHLET %

Bl A TR Rk, CF R 2R AR gy
BT RBE1)iti% A o 1) E AL S50 A = 22
BEL 2 DA DI A P 2R A8 A S v 3t AR AR IR i
FIL ) S AR SR 35 510 JC 1 oy 94 K 9 AR AR S P
BYTEGE , ATIHF R 1B i e Rl 7 vk o iy
JE ) Ak T S e ) O R B X KR
TSR AL Sy, IR TR AR
R 2 5T S AR S v SO R RN
D7k By A, AR Y AL Bl s
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Table 2 Comparison of selection and screening methods

Strategy Library quantity Advantages Disadvantages References

Phage 10° Multiple proteins can be displayed Not suitable for selecting multiple enzymatic [68-70]

Display properties; not suitable for selecting eukaryotic proteins

PACE 10° Fast and high throughput Need phage [42]

FACS >10’ High sensitivity and extremely high The expression level of fluorescent protein is related [80-81]
throughput to enzyme activity

FADS >10° Large library Need fluorescent display [82]

% : 010-64807509 E<L: cjb@im.ac.cn
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2.1 MEERRTEAKR

JE ) HE AR I AR S 228 e AR R — R R
JIT it I RE R A R R 1 BT A ST T 7 1 o T
PR R+ A H Smith #2%F 1985 4E RS A,
BRI LK (i 10 Fh) FE T
5 e T RE 2> T IE A 0 %70, 1900 4E,
McCafferty UV g i /&% (Phage display)
AR By b A 22 K 1 R s 5 i e 4 i B P AA 4 SR
Hiffive, ABMILHEA T A2l e t g IR A5 45
SEPEBUA B o I D AR s HLA el L PR
Oy AR s, AT T ol AR BRI E
2016 “FH), I W R R /R D& 1 6 Bl A 2Rk
E et eI E iy, 2018 48, “ZkFITARY
Wk PR A S R " B S DL IR A 222

I B A B s B R S AL Frei 261750 B2 7 gk
PR SCIE I A i A%, SR R T AR P4 SO
A FIHEAL ORI T E AN . Cung 258 T %
T RTS8 R RE 8 AR TR T T 4 P
JER YL 1y o 2% 1 T W B AR R R K, 1oy PR S0 7 5 T 2R
FIBT . KA A EAE SR ST , DL 4 H 3l
R 2 vk

2.2 MEE{RHHBNESEN

Xof i PR B 52 98 A8 A Rt e 45 , o [ i AR HRUAS:
TAENLEY B o B 00 1) E AR 7 v B T B ELL
P, FFE— DRt NS b & o BRI
W OBh % ¢ ¥k fb (Phage-assisted continuous
evolution, PACE) Z %N H i 1115 W i ¢4 2
i JE ARG, E A A S fbiE 2 R 0 B s i
et WERRAE AT, X 10 min AT A=
FARME R K Z R GURH M13 W AR 1 3 5 RE T
WKW A FE AR (IIE M) ke, T
— AN B SR pIILER 1 de o6 75 F16) 35 435 W o
W, SHMAGEAR, HAREEFEAE M13 BEE AT
Gt , 2S4S (BUOAE kL) LSRR (Gl b Bokr)
ES IR IR VAR RN 7k S 971 A YK R LN 7E S o)
B, SRR AT 1R 5 728 Jo e i s D AR PR R A, ARl
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ARLEE S8 1 RII (pIID) F= A= AR AW A, M
M SE P E . PACE R 48— K] LAkt T 240
USTRER =1 R i  C A oy N B i 8

PACE U3 T At RGNV 2 8 1 B FIAZ IR
PRSP A R AT YR A= 193§ . PACE
B4 TF— A9 B PAM SpCas9 275 4k
(xCas9)1*?, PACE W 7E 8 d #1174 1k 200 4 (H7E 11
FriAl, A 20 B e R s R T AT RE .
David Liu #F75IBA\AFI ] PACE mizhilifk T T7
RNA R&0, ZMU MR R 3T PACE 7E
— RN 3 Tl EARTE TR, X 3 Bl IS TR
AT T7 RNAP, #8581 il = il

David Liu 855 BIBAAWrL . PACE, HHA& T
AL 2R Ik W T A B B Y 3% 22 i fk (Soluble
expression phage-assisted continuous evolution,
SE-PACE)!", SE-PACE J&—Ffrile it 1k 3K (1 5 Y
RGL, LAPREIG Il ik . LR, 7ER
i 3d A, SE-PACE #HALH 7L HTik R B, Kk
HIEE T T4, FIROREE T HEESTEE S AhE T
BT — R AP IV SE-PACE K2 IE 2 20l
254 H  (Maltose-binding protein, MBP) &
BB A, IR H ELA Bl ek R 1 LA AN i
JL AT B 2 fiE APOBECL 7F A& . 4 ix 2t i fk 119
APOBEC1 7S (AR B A5 28 58 2 Bt o, 7] DAl
5 Cas9 117 A= 1 Kk i i 19 IR G T o IX BE SRR T,
SE-PACE w] LIN I ZFh 8 (1 B F P 52 i e A ]
PRI PR A

2019 4, David Liu BF58 A IF & T —FhiFl
FH oW B BB E 2 oAb B B OEE g B A
(Phage-assisted continuous evolution of base
editors, BE-PACE), LA#iwmHgmaeR il By
B Hege e B g4 % T DNA 15 5 Bl AL
BefafY CRISPR ZEFIRG G| A SRAE, 124
1k, ©ETF A M WG Ol G 0 - 5 i i
#% (CBE) FIf CoG iy ToA, JRIENS B L 4
%% (ABE) ¥ AeT 5540ty GoCl"™. BE-PACE
RATHEA TR AR 5AE | e FEFnA i, M= A 2
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A1 R B AR S A S M I g AR
2 A BAFI H BE-PACE R4t , sellif&4t CBE (4T
S BRI A B, MEAR 7= AR T 3 P2 TR 14 i g e i I
S A% . V1R EVOAPOBEC1-BE4max 5/
APOBEC1 WA tL, 7F GC & & T g Hamsng
PRCREEm 26 15, IF BLZEITA DT 5 #0RE
R S Z A AR L —Fh CDAL B & (1) CBE
(CBE-EVOCDAL-BE4max) ZAF{A, X 4 x 4 A
HOALS A B 1 g4 A% . BE-PACE RGEAMHAT
DL & Bl L Rk B, 18 T LA A3 2w i %) 1y P
W, I g RS AR R R T R X st
R BRI G R A PR R RN T — R G, IR
LA P AN SR LS By
2.3 MINARETE A ik AR

JE [ 34K B 32 B S0 e = PR R 3E FH 9 e
i (High-throughput screening, HTS) ¥,
7 2 40 2% S 43 % (Fluorescence activated cell
sorting, FACS) REOf¥E 4> 28 I Pk o 3 0l st | i
W S e A AR AT, FACS DRI 8 58 A
TR (BERZ ik 108 AN RASIR) AR M AR
S 0 Ve 9 4 SC P B R T . Tan 268U % 7 —Fif
POGIE AN A RS, HET T 1 AT B
ATt P P 240 A i 3 L O RO 65, BB A X X 4
BEEEA TR e A B RE (107 NSRBI, IR
— A TEE 2 R I Sf PR A 4 i 3 O
WOF ; TERIH5E T, A1 mE R T IL AT
R SN B PSRRI AT A ) o IX 4
WA TG = A2 T 5 P 7 AR 40 A P 10 D e S
W, DT 20— ol 1 B Dt QA S 114 25 e I
PR 5E 1) E AL 2R GE T % o 5T E B X — 2R 48 T 4
S—FhiE AT E TR, T o-1,3-4 3L R
Wi . -1 2-H B RERG, DL SRR R Y
BT TG M S LA SN (9 k. FACS $2m T
e o, (H IR BEERIE A FACS. AR,
ful PRAp S R R RN R A 22 W] AR R 2 FACS I
) LR AR
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24 RERRIER AR

Baret 25120 FACS AR S H R ML 4,
& T — Fl 9 6 1% 1k W 3% 4> % (Fluorescence
activated droplet sorting, FADS) H%t, Al Ll
T IRE S BUR (1 e . Agresti 220 T —Fhi
HR SR E -5, 27 6 2 TR s
BOR, B2 TR ARG RS . 2R E &M
il ] EAL A TR, AR Sl s TR iR 2l
PR LA RBRTCIE M 2R IK , DLRAP T IR i
FEE 7432, B T AR E AL (Horseradish
peroxidase, HRP) AR, 2 578 R () 4k
FIEAP 10 1504 F o SEReHEipLEs AL R
G, ARSI 10 h OEEH 1084 HRP
FRARA, RS RN T 150 pl, BRI
HEESE R 11000 i, JRASKEAR T2y 100 J1 .

I 34 K 1 2 728 S L, S 0 il o e A e R e
R 1) A — B R PR o DA, el mg st p A
TEPEM AR R E e BT, OF H S ik
T PR R R T 10* AN EVE B, LT
S VRTTA FA TR 4 B A AT S 2 v 7 3 TRT PR Y e
2, Ma 25 e o 3ol o 0L T8 TR Y 07
% (Dual-channel microfluidic droplet screening,
DMDS) i A, "4 KMk Lk 10" FhfigE ik, (f
FHZ 22 G i 32 T Tl 108 %) B o6 2 e AR ARV o R
T R 208 25 M 0 B A4 4, 2 DA 500 J7 A~ 58748
P S AT BB I 700 AR A SR 1A
WEH Tz k- & T T A2 0 i e (an IX sk
FEME . Ao BE BRI B B ) B Rk .

TEVARTROAESE TAE, Ma 8538 TR SO #%
FET YR R v 3 O AR e R AT A R ik
10° A safg/d, PR RLAR R 1 000 £5LA L[]
PR 1 B S 9O G IR B THAE . SR, H T
VIFZ B EIRY)AS REAE > Hb O B8 7E R0 S A
o, RECOUFESTEMI L Z B8, BEAK T ik
KRR, BRI T RGN AVER . Ma 250
PR T — MRS BB RS, AR OCITE
3K (Fluorescence droplet entrapment, FDE)”. |/
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2 MR IR T ARG, &1t T JLFh FDE JiE9),
FHF R B R — TR | 82 I 1R T AROR T il v 1

3 REHRE

15553 5 R B4l PCR 1 DNA B4 AR5 |
ABHT , A BT A A 1) Ak ) Rk & T 4
T — A A EZN VLT LA B 584
FAR: 1) 1EZE DNA A -5k OrthoRep & —Fl
LR SL AL R G, N T8 b R R R . B
RE A% (7 H A5 25 R A 1 3 T Rk 0 Ao PR A 1 %
AFBEAY . 2) ARG W) AL H AN AT BETE 24>
P VAT 27, T CRISPR 4S9 5E [0 Ak
A AR AT sgRNAS 8 2 A s, 7R TR
SO, IR T3 MY . A SR AR
YR, BAT TR R RIS, 3) EAFEITE
BETHPL A 8, A5 B X 2 A g v O o g /N 2 A
S, DR T AR

R A 1) R A R O 1 A O E B o fof
O BE IS 2 R RE SR AR RS
o FREEFATATEAW S A M E AR T B, wF
R A B 1 2880 1) S AR R R 328 5 1%, R ) i
A B3 B s A B RS

REFERENCES

[1] Packer MS, Liu DR. Methods for the directed
evolution of proteins. Nat Rev Genet, 2015, 16(7):
379-394.

[2] Tobin MB, Gustafsson C, Huisman GW. Directed
evolution: the ‘rational’ basis for “irrational’ design.
Curr Opin Struct Biol, 2000, 10(4): 421-427.

[3] Doerner A, Rhiel L, Zielonka S, et al. Therapeutic
antibody engineering by high efficiency cell
screening. FEBS Lett, 2014, 588(2): 278-287.

[4] Bornscheuer UT, Huisman GW, Kazlauskas RJ, et al.
Engineering the third wave of biocatalysis. Nature,
2012, 485(7397): 185-194.

[5] Soskine M, Tawfik DS. Mutational effects and the
evolution of new protein functions. Nat Rev Genet,
2010, 11(8): 572-582.

http://journals.im.ac.cn/cjbcn

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Wong TS, Roccatano D, Zacharias M, et al. A
statistical analysis of random mutagenesis methods
used for directed protein evolution. J Mol Biol, 2006,
355(4): 858-871.

Wong TS, Tee KL, Hauer B, et al. Sequence
saturation mutagenesis (SeSaM): a novel method for
directed evolution. Nucleic Acids Res, 2004, 32(3):
e26.

Korfer G, Pitzler C, Vojcic L, et al. In vitro flow
cytometry-based screening platform for cellulase
engineering. Sci Rep, 2016, 6: 26128.

Leung DW, Chen E, Goeddel DV. A method for
random mutagenesis of a defined DNA segment
using a modified polymerase chain
Technique, 1989, 1: 11-15.

McCullum EO, Williams BAR, Zhang JL, et al.
Random mutagenesis by error-prone PCR//Braman J,
Ed. In vitro Mutagenesis Protocols. Totowa, NJ:
Humana Press, 2010, 634: 103-109.

Chen K, Arnold FH. Tuning the activity of an
enzyme for sequential
random mutagenesis of subtilisin E for catalysis in
dimethylformamide. Proc Natl Acad Sci USA, 1993,
90(12): 5618-5622.

Mao CJ, Xie HJ, Chen SG, et al. Error-prone PCR
mutation of Ls-EPSPS gene from Liriope spicata
conferring to its enhanced glyphosate-resistance.
Pestic Biochem Physiol, 2017, 141: 90-95.

Shao WL, Ma KS, Le YL, et al. Development and
use of a novel random mutagenesis method: in situ
error-prone PCR (is-epPCR)//Reeves A, Ed. In vitro
Mutagenesis. New York, NY: Humana Press, 2017:
497-506.

Yuan L, Kurek I, English J, et al
Laboratory-directed protein evolution. Microbiol
Mol Biol Rev, 2005, 69(3): 373-392.

Porter JL, Rusli RA, Ollis DL. Directed evolution of
enzymes for industrial biocatalysis. ChemBioChem,
2016, 17(3): 197-203.

Patel PH, Loeb LA. DNA polymerase active site is
highly mutable: evolutionary consequences. Proc
Natl Acad Sci USA, 2000, 97(10): 5095-5100.

Chen KQ, Arnold FH. Enzyme engineering for
nonaqueous solvents: random mutagenesis to
enhance activity of subtilisin E in polar organic

reaction.

unusual environments:



FRE SRENREXENESHIERRHEE

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

s

media. Bio/Technology, 1991, 9(11): 1073-1077.
Ouyang FJ, Zhao M. Enhanced catalytic efficiency
of CotA-laccase by DNA shuffling. Bioengineered,
2019, 10(1): 182-18¢9.

Herr AJ, Ogawa M, Lawrence NA, et al. Mutator
suppression and  escape  from  replication
error-induced extinction in yeast. PLoS Genet, 2011,
7(10): €1002282.

Gunge N, Sakaguchi K. Intergeneric transfer of
deoxyribonucleic acid killer plasmids, pGKI1 and
pGKI2,  from  Kluyveromyces lactis into
Saccharomyces cerevisiae by cell fusion. J Bacteriol,
1981, 147(1): 155-160.

Ravikumar A, Arrieta A, Liu CC. An orthogonal
DNA replication system in yeast. Nat Chem Biol,
2014, 10(3): 175-177.

Ravikumar A, Arzumanyan GA, Obadi MKA, et al.
Scalable, continuous evolution of genes at mutation
rates above genomic error thresholds. Cell, 2018,
175(7): 1946-1957.e13.

Zhong ZW, Ravikumar A, Liu CC. Tunable
expression systems for orthogonal DNA replication.
ACS Synth Biol, 2018, 7(12): 2930-2934.
Arzumanyan GA, Gabriel KN, Ravikumar A, et al.
Mutually orthogonal DNA replication systems in
vivo. ACS Synth Biol, 2018, 7(7): 1722-1729.
Javanpour AA, Liu CC. Genetic compatibility and
extensibility of orthogonal replication. ACS Synth
Biol, 2019, 8(6): 1249-1256.

Sternberg SH, Redding S, Jinek M, et al. DNA
interrogation by the CRISPR  RNA-guided
endonuclease Cas9. Nature, 2014, 507(7490): 62-67.

Ma XL, Zhang QY, Zhu QL, et al. A robust
CRISPR/Cas9 system for convenient,
high-efficiency multiplex genome editing in

monocot and dicot plants. Mol Plant, 2015, 8(8):
1274-1284.

Gaj T, Gersbach CA, Barbas CR. ZFN, TALEN, and
CRISPR/Cas-based methods for genome engineering.
Trends Biotechnol, 2013, 31(7): 397-405.

Zhang YL, Ma XL, Xie XR, et al
CRISPR/Cas9-based genome editing in plants. Prog
Mol Biol Transl Sci, 2017, 149: 133-150.

Feng ZY, Zhang BT, Ding WN, et al. Efficient
genome editing in plants using a CRISPR/Cas

010-64807509

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

system. Cell Res, 2013, 23(10): 1229-1232.

Lu YM, Zhu JK. Precise editing of a target base in
the rice genome using a modified CRISPR/Cas9
system. Mol Plant, 2017, 10(3): 523-525.

Butt H, Eid A, Momin AA, et al. CRISPR directed
evolution of the spliceosome for resistance to
splicing inhibitors. Genome Biol, 2019, 20: 73.

Halperin SO, Tou CJ, Wong EB, et al.
CRISPR-guided DNA  polymerases  enable
diversification of all nucleotides in a tunable

window. Nature, 2018, 560(7717): 248-252.

Hess GT, Frésard L, Han K, et al. Directed evolution
using dCas9-targeted somatic hypermutation in
mammalian cells. Nat Methods, 2016, 13(12):
1036-1042.

Jakociunas T, Pedersen LE, Lis AV, et al. CasPER, a
method for directed evolution in genomic contexts
using mutagenesis and CRISPR/Cas9. Metab Eng,
2018, 48: 288-296.

Esvelt KM, Carlson JC, Liu DR. A system for the
continuous directed evolution of biomolecules.
Nature, 2011, 472(7344): 499-503.

Ma YQ, Zhang JY, Yin WJ, et al. Targeted
AID-mediated mutagenesis (TAM) enables efficient
genomic diversification in mammalian cells. Nat
Methods, 2016, 13(12): 1029-1035.

Jinek M, Chylinski K, Fonfara I, et al. A
programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity.

Science, 2012, 337(6096): 816-821.

Camps M, Naukkarinen J, Johnson BP, et al.
Targeted gene evolution in Escherichia coli using a
highly error-prone DNA polymerase 1. Proc Natl
Acad Sci USA, 2003, 100(17): 9727-9732.
Slaymaker IM, Gao LY, Zetsche B, et al. Rationally
engineered Cas9 nucleases with improved
specificity. Science, 2016, 351(6268): 84-88.

Wang Y, Prosen DE, Mei L, et al. A novel strategy to
engineer DNA
processivity and improved performance in vitro.
Nucleic Acids Res, 2004, 32(3): 1197-1207.

Hu JH, Miller SM, Geurts MH, et al. Evolved Cas9
variants with broad PAM compatibility and high
DNA specificity. Nature, 2018, 556(7699): 57-63.
Anders C, Niewoehner O, Duerst A, et al. Structural

polymerases for enhanced

. cjb@im.ac.cn

175




176

ISSN 1000-3061 CN 11-1998/Q A4 T #2244t Chin J Biotech

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

basis of PAM-dependent target DNA recognition by
the Cas9 endonuclease. Nature, 2014, 513(7519):
569-573.

Nishimasu H, Shi X, Ishiguro S, et al. Engineered
CRISPR-Cas9 nuclease with expanded targeting
space. Science, 2018, 361(6408): 1259-1262.
Korkmaz G, Lopes R, Ugalde AP, et al. Functional
genetic screens for enhancer elements in the human
genome using CRISPR-Cas9. Nat Biotechnol, 2016,
34(2): 192-198.

Ma YW, Yu L, Zhang X, et al. Highly efficient and
precise base editing by engineered dCas9-guide
tRNA adenosine deaminase in rats. Cell Discov,
2018, 4: 39.

Orr-Weaver TL, Szostak JW, Rothstein RJ. Yeast
transformation: a model system for the study of
recombination. Proc Natl Acad Sci USA, 78(10):
6354-6358.

Szostak JW, Orr-Weaver TL, Rothstein RJ, et al.
The double-strand-break  repair  model for
recombination. Cell, 1983, 33(1): 25-35.

Guo XG, Chavez A, Tung A, et al. High-throughput
creation and functional profiling of DNA sequence
variant libraries using CRISPR-Cas9 in yeast. Nat
Biotechnol, 2018, 36(6): 540-546.

Barbieri EM, Muir P, Akhuetie-Oni BO, et al.
Precise editing at DNA replication forks enables
multiplex genome engineering in eukaryotes. Cell,
2017, 171(6): 1453-1467.e13.

Nyerges A, Csérgé B, Draskovits G, et al. Directed
evolution of multiple genomic loci allows the
prediction of antibiotic resistance. Proc Natl Acad
Sci USA, 2018, 115(25): E5726-E5735.

Wong TS, Zhurina D, Schwaneberg U. The diversity
challenge in directed protein evolution. Comb Chem
High Throughput Screen, 2006, 9(4): 271-288.

i, B, KB, SF.E B EOR B o i R

AW T RESAR, 2018, 34(1): 1-11.

Qu G, Zhao J, Zheng P, et al. Recent advances in
directed evolution. Chin J Biotech, 2018, 34(1):
1-11 (in Chinese).

X, ok, A, 45 2018 i ULRbEK: il
JE ) HE AL 5 TR AR R BOR . AR 2R AR, 2019,
36(1): 1-6, 19.

Qu G, Zhang K, Jiang YY, et al. The Nobel Prize in

http://journals.im.ac.cn/cjbcn

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Chemistry 2018: the directed evolution of enzymes
and the phage display technologies. J Biol, 2019,
36(1): 1-6, 19 (in Chinese).

Lutz S. Beyond directed evolution-semi-rational
protein engineering and design. Curr Opin
Biotechnol, 2010, 21(6): 734-743.

Cheng F, Zhu LL, Schwaneberg U. Directed
evolution 2.0: improving and deciphering enzyme
properties. Chem Commun (Camb), 2015, 51(48):
9760-9772.

O’Maille PE, Bakhtina M, Tsai MD. Structure-based
combinatorial protein engineering (SCOPE). J Mol
Biol, 2002, 321(4): 677-691.

Widersten M, Hansson LO, Tronstad L, et al. Use of
phage display and transition-state analogs to select
enzyme variants with altered catalytic properties:
glutathione transferase as an example. Methods
Enzymol, 2000, 328: 389-404.

M, R, #a, % EAR LA it
R, A TR A4, 2019, 35(10):
1843-1856.

Qu G, Zhu T, Jiang YY, et al. Protein engineering:
from directed evolution to computational design.
Chin J Biotech, 2019, 35(10): 1843-1856 (in
Chinese).

Lassila JK. Conformational diversity and
computational enzyme design. Curr Opin Chem Biol,
2010, 14(5): 676-682.

Qu G, Li AT, Acevedo-Rocha CG, et al. The crucial
role of methodology development
evolution of selective enzymes. Angew Chem Int Ed
Engl, 2020, 59, DOI: 10.1002/anie.201901491.

Fox RJ, Davis SC, Mundorff EC, et al. Improving
catalytic function by ProSAR-driven enzyme
evolution. Nat Biotechnol, 2007, 25(3): 338-344.
Gonzalez-Perez D, Molina-Espeja P, Garcia-Ruiz E,
et al. Mutagenic organized recombination process
by homologous in vivo grouping (MORPHING) for
directed enzyme evolution. PLoS ONE, 2014, 9(3):
€90919.

in directed

Chen MMY, Snow CD, Vizcarra CL, et al.
Comparison  of random  mutagenesis and
semi-rational designed libraries for improved

cytochrome P450 BM3-catalyzed hydroxylation of
small alkanes. Protein Eng Des Sel, 2012, 25(4):



FRE SRENREXENESHIERRHEE

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

s

171-178.

Treynor TP, Vizcarra CL, Nedelcu D, et al.
Computationally designed libraries of fluorescent
proteins evaluated by preservation and diversity of
function. Proc Natl Acad Sci USA, 2007, 104(1):
48-53.

Jamil S, Liu MH, Liu YM, et al. Hydrophobic
mutagenesis and semi-rational engineering of
arginine deiminase for markedly enhanced stability
and catalytic efficiency. Appl Biochem Biotechnol,
2015, 176(5): 1335-1350.

Shin KC, Choi HY, Seo MJ, et al. Improved
conversion of ginsenoside Rb; to compound K by
semi-rational design of Sulfolobus solfataricus
B-glycosidase. AMB Express, 2017, 7: 186.
Smith GP. Filamentous fusion phage:
expression vectors that display cloned antigens on
Science, 1985, 228(4705):

novel

the virion surface.
1315-1317.
Bradbury A. Recent advances in phage display: the
report of the Phage Club first meeting.
Immunotechnology, 1997, 3(3): 227-231.

Siegel DL. Research and clinical applications of
antibody phage display in transfusion medicine.
Transfus Med Rev, 2001, 15(1): 35-52.

McCafferty J, Griffiths AD, Winter G, et al. Phage
antibodies: filamentous phage displaying antibody
variable domains. Nature, 1990, 348(6301):
552-554,

Smothers JF, Henikoff S, Carter P. Tech. Sight.
Phage display. Affinity selection from biological
libraries. Science, 2002, 298(5593): 621-622.
Azzazy HME, Highsmith WE Jr. Phage display
technology: clinical applications and recent
innovations. Clin Biochem, 2002, 35(6): 425-445.
A, Schirrmann T, Hust M. Phage
display-derived human antibodies in clinical
development and therapy. mAbs, 2016, 8(7):
1177-1194.

Frei JC, Lai JR. Protein and antibody engineering by
phage display. Methods Enzymol, 2016, 580: 45-87.

Frenzel

010-64807509

[76]

[77]

[78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

Cung K, Slater RL, Cui Y, et al. Rapid, multiplexed
microfluidic phage display. Lab Chip, 2012, 12(3):
562-565.

Wang TN, Badran AH, Huang TP, et al. Continuous
directed evolution of proteins with improved soluble
expression. Nat Chem Biol, 2018, 14(10): 972-980.
Thuronyi BW, Koblan LW, Levy JM, et al.
Continuous evolution of base editors with expanded
target compatibility and improved activity. Nat
Biotechnol, 2019, 37(9): 1070-1079.

Rees HA, Liu DR. Base editing: precision chemistry
on the genome and transcriptome of living cells. Nat
Rev Genet, 2018, 19(12): 770-788.

Yang GY, Withers SG. Ultrahigh-throughput

FACS-based screening for directed enzyme
evolution. Chem Bio Chem, 2009, 10(17):
2704-2715.

Tan YM, Zhang Y, Han YB, et al. Directed evolution
of an al,3-fucosyltransferase using a single-cell
ultrahigh-throughput screening method. Sci Ady,
2019, 5(10): w8451.

Baret JC, Miller OJ, Taly V, et al
Fluorescence-activated droplet sorting (FADS):
efficient microfluidic cell sorting based on
enzymatic activity. Lab Chip, 2009, 9(13):
1850-1858.

Agresti  JJ, Antipov E, Abate AR, et al
Ultrahigh-throughput  screening in  drop-based
microfluidics for directed evolution. Proc Natl Acad
Sci USA, 2010, 107(9): 4004-4009.

Liebeton K, Zonta A, Schimossek K, et al. Directed
evolution of an enantioselective lipase. Chem Biol,
2000, 7(9): 709-718.

Ma FQ, Chung MT, Yao YB, et al. Efficient
molecular evolution to generate enantioselective
enzymes using a dual-channel microfluidic droplet
screening platform. Nat Commun, 2018, 9: 1030.
Ma FQ, Fischer M, Han Y, et al. Substrate
engineering  enabling  fluorescence  droplet
entrapment for I'VC-FACS-based Ultrahigh-throughput
screening. Anal Chem, 2016, 88(17): 8587-8595.

(AT BT

. cjb@im.ac.cn

177




