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The dynamic evolution process has resulted in the myriad shapes, functions, and systems evident in every living
organism. For centuries, people have been harnessing the power of evolution to produce new varieties of plants and
animals, such as producing tomatoes from berries and Chihuahuas from wolves. Now scientists are using it to produce
better motecules, ranging from drugs to industrial chemicals, and doing it in days or weeks rather than eons. The
ingenious process, which creates genetic diversity and selects those with desired features in the laboratory, is called
directed evolution or test tube evolution. In this paper, concepts of directed molecular evolution and some examples

will be discussed.
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Figure, 2 Directed evolution for functienal diversity
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A. Chemical mutagenesis

DNAS] nucleotided] ol F-& 4PHL in-viro DNA §
4, FE invivo DNA EAEe] drE7ES  mis-
incorporationg: ¥} olzlgt WAE FAEARM] e F
o muationg #EAY W gol olgule] gtk AFHom
EMS (Methylsulfonateethylester), MNNG (N-methyl-N-nitro-N-
nitrosoguaniding;NTG) F¢] FUWHe|E {f¥dled F= o
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f5ojglon, 2 nitrous acid(HNO, ), formic acid,
sodium bisulfate, hydrazine, dimethylsulfate 52| chemical 2]

DNAZ] damaged] ¢]&5 1 glth

B. Error-prone PCR (Mutagenic PCR)

PCR 354 FaEAe 54 fAdE ¥ AYEE F
Zile 7otk DNA polymerase2] =2 fidelity (37 -» §
exonuclease activity (proof reading activityz}ie s o|&
sl FERAE FEse AgH AFAS g
1.5 mmol 1" MgCl:, 50 mmol " KCl, 10 mmel I,
10 mmol 1" Tris-HCI, pH 8.3, 0.2 mmol 1'9] z}z}] dNTP,
03 mol 1'¢] 2zt primer, 2.5 unit thermostable DNA
polymeraseZ Fi1)7} 100 17} HA) s 94Co[A 137, 45C
oA 18, 72Co|A 18712 themmal cycled WHEsl= Aol
t}. Thermostable DNA polymerase® Tag polymeraseE A&
3 79 amplicationT} Ao A nucleotide & 0.1 - 2 107%] ¥l
£2 9Z nucleotide’} ZFate] B Holsl @S A Hrh
Mutation frequencyE F7} A17)7] $8] BE MgChe 3%
2 7 mmel 1" 742 £7FA7140t 0.05 mmol I 2] MnCLE
S AL dCTPS} dTTPS] ¥ 52 1 mmol 1! 2 £8F7,
¥ Tag polymeraseZ 5 unit Hx FrlsHd gtk PCR ¢
Fz=AL k24 sl mutation rae?] o] shgsla o2
H}Eke  mutant libraryZE F5T = 3lch

2e wgte]a PCR whge| 7|&e] <212 mutagenic
nucleoside analogE 259 deoxynucleoside triphosphates
(dNTPs) poolell H7isld WolE fEA7]E Wige] ok
8-Ox0dGE FT5}= 8-oxo-substituted nucleoside7} library =]
o olgse] 93 o] WL E3 mutant libreryS 9L
ok E3 HE o]fFs dNTPse ARH &S §Fod
HeksA sk muadond FEAE = ek o|uf incorrect
base= Y9l baseo]| E]F) incorporation® = £EE L-g)F]
ot 23] libraryE WHE 4 glt} Deoxyinosine triphosphate
(dITP = AAFE2l ANTP A9 misincorporationdle] Hol|&
Az + o HITE  emor-prone  mutant  Taq
polymerase7} PCRZ E 3 mutagenesisol] o]&=5oje 1 it

o83} PCRE 53 WHEL 34 t&3 & 943 E 7}
Ax gleh shie F2 ol Azl BEHdelA Edwe]
7b dojd Wiy} wopd FEae] ZARY <l mutiple
mutationg f-#A)717]¢] F83] FEdlvhe Aol E §71A
= BAEE mutatione] €438 randomslA] Lohe Zlelrh
8-y wE}d damagefincorporatione] o}F # sle R} gl
o)A mutation space?} A @Al gok

C. Mutagenic PCR with Random oligonucleotides
EA o] 4 7}2]9] nucleotide?] randomslt ZF-E A1
oligonuclectide & ©]-83t FE4AE codingdle #1444

O

]

ML‘\:_
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o whgel 2F Wste A base?} randomstA Wb A
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Tol 479} oleat A8 AEE el @sls ve
2 @7)7tel vlgE 2AG F Avk THA Y Er7=
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o £E HaFg 5 gth o] #YE tetracycline resistance
gene 2] promoter region®} b-lactamase 2] FAEE F3Yz
HEAIZ] d4t7F Bug9nh

D. Saturation mutagenesis

of Wge fuAe B4 ohmag sbsd RE oz
422 ABaA Wolg FRATE Aotk Y AP
2hE-E site-directed mutagenesis® Fated ZE oju|ilo =
ApEEE PaF nucleotide exchangeZ T=¢ste 9,
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# wWolFg Wo] oJEF DNA sequencing2E #¢lstedof
). gekzoz o] Wi e B4 gene fragmentE A G HA
2 s}, bacteriophage M13 phageo] 4¢3 F, Cto A
transversion, T to G transversion, A to C transversion®] 7}5
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E o|&¢le], circular DNAE =HE &, 0]|& Ecoli o
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labaling®t  wild-type DNAE probe® o[83lH 3 79
mismatch codon€ ZYil 9l= phage DNAE wild-type DNA
¢} hybridiaztion3}?] gren® wz 288 2= 9o}

E. Cassette mutagenesis

AbH oz Cassette & 7oA 4 @ 79 ofpixits
cocing@les 3704 FulA ] nucleotide= Atk 73
91 WS WA combinatorial cassette mutagenesis(CCM)S
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H. Bacterial mutator strain
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el wkek o] 23l repair mechanisme A3l DNA 2
AA] mutation frequencry?+ o}z o]z FH=be] library
FEA A" ¢ drth olF 7]&E 3UE WWe] Eeoli
mutator straing o] €8l o]k DNA repair mechanism$i
mismatch repair(mutS),0x0-GTP repairimutT) Z12]2 DNA pol
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l. Staggered Extension Process
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J. DNA shuffling
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Single Gene Shuffling
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Figure. 3 Single gene shuffling
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485 wol A A ZZw B fAARZ0] FA
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oo wwe fA4 FAEY £AE HE ¥ oy
DNase [ ZF#|2] randomness, 222]3 PCRE A& w2 ermor
b AAREA BH G 404 libary7t DEGAA) B
G owel Teb ofn] WEA 447 mumiong 71T s
GAAE o] &dle] shuffling® wl= |72 e nlgals)
A 97] wiEo) DNase [ fragmentation 3 elM Mg tjil
Mng o[&&AY, 7@ 3 PCRI+E Fo|x, high
fidelityS 2zH= DNA polymeraseZ o]&3&la] PCRE dlajof
@,

Single geneol t]3F DNA shuffling & F43He=z 1}
thiid Figure 33 2 fARE 28] -34S template 23}
o] sl family shuffling Figure 49} Z'T}. Single gene
shuffling®} family shuffling®] 7% 4= muan £
sequence space= Figure 59} ZtTh

wd 3HZo|= RACHITT (RAndom CHImeragenesis on
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DNA Family Shuffling
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Figure. 4 DNA family shuffling
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Figure. 5 Sequence space in single gene and family shuffling

o] g} 4, lipaser} protease 53} ££ ¥l gl 4
FjelA 2dE A5 folding 5o FAZ &4l AV of
$ gk AHL7l wASloR o)]FE HEFHoR RHAIE
SREAEL] FHo] a7FEG. B4 U Fste)M i
T3 HBo] AMEE = e SFHEEET gram-positive]]
&5he= Bacillus, Clostridium, Lactococcus, Staphylococcus 0|
2t} & Toll¥= yeast?} eukaryotic expression hostZ 84|

4% 27ksm Ao

Ho|F9| screening

Slol 49E WASS o)BaH i 10° AAe A
mutant library7} T2k o]#F) libraryell A 250 34E
o) maw WM Aol wad Mz 4AE H$ @
S QT Wol AHRHE WHesE 829 $4E vnd
% 9l activity staining method, colorimetric method, 3|
Fo] 441 ##EE complementation method Eo] led Zb



Kim. H.-S., Directed Molecular Evolution in Protein Functionality Improvement 111

Ztel FAo do} fiRErst F9E ddwie FEe A
o] a7dn. & ¢ A2 7/ LE thermographic method
= chiral alcohol2] R, S-configured enantiomer2] ¥3-<f 2]3
A== black-body radiationS [R-camera® A|7he] EE

o sk o]t

(1) DNA SHUFFLING®) T B35
A £ : Methods for in vitro recombination
W ™ =z} : Stemmer W.P.C (Feb. 25. 1997)
E& 3 : US 5605793
o] E5]E StemmerZ} 19943 Proc. Natl. Acad. Sci. USA
A @ Nature®|o]| 2E g DNA shufflinge]] thd 29 =&
£ digte g &M 19970 5Fe] g, 78] He B
otk o] E& e Claime oh&3} Lo}
1. E9wel = doublestranded polynucleotide®] random
fragment S W=

)

a) DNasel ©|u} restriction enzyme S8 enzyme% ©|-&38}
1} sonication 5 physical methodE E3) double-

o 7] random
double-stranded nucleic acidE H7}3}le] heterogeneity =S
F7HNE S Qlth

b) 90-96C £ denatureA]# single-stranded fragmentZ wh

=

¢) 40-65T AEZ 25 E 3o] homology7t 9l fragment
712] reassembly = Tk
d) b, 4L B2 108 o) wEH.
¢} fuli-length gene€ d=th
2. #A) double-stranded random fragment % 3 £572 F%
= 01%3 =Y o g Z&3 ot
3. Template double-stranded polynucleotide 5-5000bp H =
2 At H0FF o)4e|vh
B Eg|olM error-prone PCRT} cassette mutagenesis2] F+
AZE 4= error-prone PCRE 79, A# polymerase
ZH7F Y& processibility & ZFA T glojM A =g §H
A} random mutagenesis 3}7)0) FEEA] Eale AN, B
A 2 §3H39 information content?} &7|1EE y)Fo] U
w7 mutan&] H]Ee] Folr] Mde] gk A, I
I A¥ PCRE AEE+E neutral mutationo] =7 %o
immunogenicity & 228 4 9ti= Ao|c) Cassette mutagenesis
=} 79 random sequence block®] =78t 75y FA BE
S dE FRE ¥E ¥4 540 wuke ¥/ R
ofe] W) o] EF oM wEl= DNA shufflingg in-vitro 4}
oA oled Fo origine 2RE FElid sequenceS ¥ ohu}
%} sequence®] random mutam7}A] vhekdt 23S WS
o] frHEAty WA A oj$ FEFHolrk Random
mutation-& 7} kS recombinant DNA fragment® ¥ §HsH
libry= A2t Ad=88 AMAM of @AY shufflings]]
ol&Htt £ E3Ee dA7A gl wEEd A A ZE
o2 S22 mutant libraryS 728 5 gl whwe ¥
ghepa gick

stranded random fragmentE Y3

(2) Rapid evolution of a protein in vitro by DNA shuffling
Stemmer W.P.C., Nature, 370, 389-391, 1994

pl82sAiE %&) @dE= TEM-1 2-lactamaseE 7}X|1 9]
= Az 3T N3 cefotaxime2] MICE 0.02 yg/mlo
t}. o] TEM-1 §3xte] DNA shuffling® E314 mutant=
AL o, error prone PCRY} El4:3 0.7%2] point mutation
o] wAstgEer, 3vle Z roundE FE MIC7}L 320
pgimle] WAL 71 HE I8 £ itk oy ddg
wransformant2] mutant A -lactamase FAAHST-DE 974y 4
71x 87k 4709) silent mutationg 7} geith

o] F#A7 71A]al 91+ non-essential mutation2 glofl 7
93 ST-1L 40v] =& WT DNAS} g4 2% shufflingdt 2
3} silent mutatione| HAHE 640 pgmLe MICE = A2
A -lactamase(ST-2)E Lith Az o g 399 shuffling
ok 32,000M9] resistance S EE 7 UTh o
3ol A4 selectiond E3t error-prone PCRE E3)
F ARE HEAY 032 pgmlEo WRd 5 gol
oyt Axjo|r},

(3) Improved green fluorescent protein by molecular evolution
using DNA shuffling
Crameri, A., White E. A. Tate C. and Stemmer W.P.C,,
Nature Biotechnol., 14, 315-319, 1996
Aequorea victoria®] green fluorescent protein{GFP)-Z gene
expression¥} regulation?] receptor gene©.Z o|&-Ho|gT)
Gy =9 ARABANE O BT R e, o @
FoXE ©]2 93l codon usage H7AZ DNA shufflingg o]
28} mutant library2 7HE oS 713 912 E. coli colony
£ screening31HTH-

Codon usage®izlel ¢3 GFPE 7|32.8 ¢ Clontech
plasmid pGFPET} whole cell fluorescence?} 3¥] Z7}3lg4ch
o] WT GFPZ 3¥ ¢ DNA shufflingsle] fluorescencer} 451
Z718t muantE  FHEFHOF  screeningd At Cycle3 9]
mutants WT S 28] 3% soluble formo 2 ZA] 51901,
o]+ hydrophilic mutationo] Yol\do =4 aggregationg L&
7] dEe g JztEedct

w3t ¢] cycle 3 GFPE mammalian cell$l CHO cellof) A
L@ A)Z] AF GA] WTo v]d)] 42u]2] fluorescence F7)-5
296 2 A eucaryotic cello| T FE3] reporter gene & & 0]
£8  20eE B

(4) Directed evolution of a para-nitrobenzyl esterase for a

4B g2 ¥ otle oo
e rle

queous organic solvents
Moore J.C. and Amold F. H., Nature Biotechnol.,, 14,
458-467, 1997
Cephalosporin© 2 2LE] W5t 425 Aaksls 74 o A
catboxylic acild® K.F 7|2 para-nitrobenzyl aleohol (pNB-OH)
7b olgEHeE WEol ¥ F HIVIE AAS] A
esterase S ©]&3he el shgdich vy olfE yhge
FZ F718vdA APEZz {7 Fofe]l s pNB
esterase 2] CFAAL ZrLA)F]7] Y& vk g Azd
ek FHAH dHeE {17 1 kb B 1318 AFES
W3S % emror-prone PCRE 423)3ld mutant libraryE &
E #7140l dimethylflormamide(DMF) 9 $& 48 o pNP
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(5) DNA shuffling of a family of genes from diverse

z
[
o oe
2
rN )

@48 WaElE colony E
1 50-604) A

species accelerate directed evolution

Crameri A.Raillard S. A., Bermudez E., and Stemmer

W.P.C., Nature, 391, 288-291, 1998

& 279 S3HAF template 2 &l HrgkE H3lE #d
g 7% deleterious mutation ©] FZ o] P3}= BFo.2Y
Ag7t A A" £ Jdok 2y, AdFHes EBAsl=
FAEE 7IMES Ze FAEATE deleerious mutation K.
TH= beneficial mumation ©] &&= o] functional diversity’7}
FRADE olg 4T A% ANIYL AL 4 9
2 Ao} B Aoy C. cephlaosporinases & coclmgo]-t
1.6kb §#AtE 58-82% %] DNA sequence FYUAAE e 470
o] #AAEL 77 == @A shufflingstAch o] E4]
moxalactamoi} EHEP 8L 2?@‘ A 4717 FHAE ZH
Z} shuffling 3+ 212 2% 8uie] k48 W9l ¥bd, 4717 &
A sAH family shofflinggl 71 270-5408} 8] g2
Hgr), olg@A e resistant clone® U}E  F-lactam
antibioticel] Tt AFAHAE Z71519H0k Clone AT acrbenicillin
3 cephafloridines] thallXE 4-168] A3Ade] 4= ied
oAe AZAAY LY ARE ALl HT BAPAE
Az g BARAS 25 dusls dREHE Aol
Adch
olg|gt AREL family shufflingsl] 2]3} diversity®]

o] B} @2 mutant libmryd whesd EoF WS
Hoj o)

(6) Directed evolution converts subtilisin E into a functional

mlru

ﬂﬂ}l'

equivalent of thermitase

H. Zhao and F. H. Amold

Protein Engineering, 12(1), 47-53, 1999

B =T directed evolutiond ©] %38}  Bacillus
subtilis subtilisin EE-
enzyme$] thermitase?] 7152 2L convertingdles ¢-THE
2834t subtilisin EZ error-prone PCRel 2]5te] random
mutagenesisS &l ©)E  staggered extension process
(StEP)oll ¢]3}<d in virro recombinationdt § ©]E B subtilis
of transformations}T ©]Z O6-well plates WHE B3
screening3}Ath o] A7 83ColA o] enzyme?] half life7}
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phosphorylation using DNA family shuffling
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Stemmer W.P.C., Nature Biotechnol, 17, 259-204,
1999
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(8) DNA shuffling of subgenomic sequences of subtilisin
N. JLE,welch M.,G. L., Bueno M. Cherry IR,
Borchert T.V., Stemmer W.P.C, and Minshull T,
Nature Biotechnol., 17, 893-896, 1999
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(9) Directed evolution of new catalytic activity using the
a/b-barrel scaffold
M, M. Aliamirano, J. M. Blackburn, C. Aguayo, A. R,
Fersht, Nature, 403, 617-621, 2000
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(10) Directed
D-hydantoinase fusion enzyme for functional expression
with enhanced stability
G.J. Kim, Y. H Cheon,
Bioeng., 68, 211-217, 2000
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H.5. Kim, Biotechnol.
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