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A AAA SR dElHQ) A7 2 ARIE7E 53 9l White Biotechnology Hoke] )
szsglon, Qs AAA S5 2 Aok AWEI S50l 2ol Bao) B Had
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ol AEH T EAs glom, 1 ARE FEER BB AT (Fig 1)

Animal Feed
+ Phytase ($200 million)

+ Increase nutritional value
* Decrease waste )
+ Engineer thermal stakle
enzymes

Detergent Enzyme ($550 million)
* Protease, lipase

* High temperature (50-60 °C)

+ Alkaline pH (9-10)

+ High stability

* Enormous engineering effort

Food
enzyme

Textile Application

Under environmental pressure

+ Pectate lyase

¢ Increased stability using directed
/' evolution

Technical
enzyme
Starch Processing
($700 million)

* Amylase, glucoamylase " Fuel Alcohol Production

Industrial Enzyme Market ($2 Billion)

Fig. 1. A& &4 A9 A3 Animal feed, starch processing, detergent, textile, biofuel 5 & T
&gt Eofol| A A8 &7t ARSEA oH, tiE ARES Al s (Cherry and
Fidantsef 2003, Walsh 2006).

HANE AAAl EASL Je TFd PAESe] 54 dHS FREE= F83 Aot
Z, B S E4AF AABPIEtE EHd RiEHe 545 WUd A gk
bioprospecting®] ¢ &4 W WO Ty, AAA A Tt FAAdS AA A 3R
of HtE o]&str|ddl= o] 7R Aefo] mET F, Bl 849 ¥, pH ¥ & A, 71EE
14, Blzt=ete] s ol AA gekgol} AgAHo R AMESPloE B dAFS Uehith
1990t F-E] o] & siAsty] flafl Z4o = 4ol 2R 7ss Ad @ ds dAs= W
O = paradigm shift7} goluh 54 &4, KA, 71d 5ol & dske WFo R dAs otE
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& Aets gd st s F= AvrF FAHA o 1AF 54 AR @i
?f‘ﬂ] Al chemicaloll &J3] &7 olr|ist 2715 WYt 8182 MY <2 atom replacement, segment
reassembly 5°] AHEE AT et ©hA] HE Z7IRE chemicaldll o]3] HEFE *’F AL, 71 AAI 7
E343813, time-consuming &t @] AREEA| ZEkATh 20009 o] = 4

AEso] F43 ‘Q%ﬂm/ﬂ TE&T M= AA l‘i:x}% HE7] A% B2 AT W ] ks
HAT o] A& WHELS A VAR E7F2 T Atk directed evolution, rational design
gl semi-rational design T designed evolution® #Z2 3}o]|HE = A|2xH, o|F 7|HE&
ol AAA N SAEA FUE P SvlSo] AFEHACH, & HidMe @l F)
= F3 ol N3HA HT PHEY MER A 2E SR S8 A =93

2 ©9d F% A7 Y L 5Y
EAEE WP BATHsEY 54 Sulolth Suu W Bk gyl sk o5 H3)
A o5 3 WS WA AR £ AT FS /1A SolH® o YuF ALY
Hepgst QA HEde HRY 5 Ak oW A% S4F0 4A FUE 298 2 Y
o FAHANA MUAA GHL AT MYHY TR WwEG et AAH Tl 7]
3 HAE D AEAEe] AAsE 4A 9 FEE AT FAH 84T Aol FF 4
o o7k Utk olHF Aole] FHE 95 e e Ha wA] EF WY &
WS4, AE BYSE D By 549 28 A8 HesE Aol Hu ok

1) Directed evolution
Directed evolution< 220 T3+ Zlo] &= oldf g§lo] 23& 232 Al2Hlof| 7]Hks}d
HwA w27 845 /NEFEY 4+ JA 3o} Directed evolution2 HEXH O Z 5 7R HE
Aol ol MAET; i BHEHE ALY 2FS FAHUE AR (. F&AA shuffling), ii
Gyt dmE Ado T2 W3 =9 (9. error prone PCR). ©]2]g directed
eVOIllthI'I-OA 7(]-7(-]_8__ TZx 7(-]_117]— 1—14_8_ 0401]:] g—k} ‘j.?,]oﬂ/\i Ud_ 05” ]—;(] 0_1-_9. E'l]j]oﬂ/ﬂfq 1:]:]
o7} EE 4 At FAo|t}h. =, Directed evolution A A A FFo| A 2 3t A &
AbeteE 7 o2 HhEAQl ©hild W ol A library 753 214 22 Yol o &4 ‘EF“—HZ‘—-J
o] 2338 /selectionS.Z FAH O] Aok I F& g4 72 H V)5
LT8HA] Rl = BFsta, SHE HolA Y S ol @id 72 Vs I BRE A
< 4= 9= top-down approacholl sl Gttt T3y g AEe EdWo] € 238 o)
SREE= Hele o7 2 B30 Fo 223 Y FUEEA 28 H8F ook st
H, B2 T HFo| AEHEo|of a‘ji B2 ALY =5Ee ARE 878 AU o
otk 18 tEo] AlFEAde] w1 t&FF AUt vbed 2us% &
TRt =3 G 849 7]*0‘ 7H/\4 T2 o] oiye}t A4t 7 S|, 2agA T
MEL 7l5E Zte 845 47] H8liAe b5 SddelE 8738t=H, &
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°] quadruple mutant?t HO#2tE A o] 7|EE= HAT librarys] 7EE FES 5 g7
o o] AAAQl ~z8]do] Brl%s3slth

Directed Evolution
For a typical protein w/ 300 aa:

Y 4

Relatively &7 Extremely mutations | library size | screenable? library

straightforward 4~ difficult - 5 host :
[V 4 single 6x10 v capacity

v double | 1.79x107 mammalian 10

Enhance an existing . triple 2.56x101° ? yeast 107

: - Create new functions :
protein function quadruple | 5.29x1013 x bacteria 108
quintuple | 6.26x10¢ x phage 1010

A —H H]«H)

Protem ngand

Fig. 2. Limitation of directed evolution. TF5 EAWlE 2=l dl7|dl= 2holBefg] =R A
7F glem, aRls) AVl Zhe 240 BAo] ulg- oy,

2) Rational design

¥4 J5e BE 349 729 A AAHH TEANAY s} EE 1 olgel

obulite] A WA AD et el Fptel opd TxA SABANAY FFEE

=Y. PDB @d 72 Ak Sk e EEde] JRE owd FsiabEo] 24
= A% 9490 e 94 718w aRHoR Sopjy

—t— a5 AlFste #Hold gholBge] AAE 7bestAl &k Rational designoll A

%

7HA A

v A A5 @ dild Fx 50 ZASt dwld EA s Bad Sl 9
A5 Aksty 2ol = A Sold Mol 2o o8] =< H T Rational design F
< WY AHE T stue #A3 2ol hsAdol SUHE A golB e AV7F 7Y
Al ZAaE =R golHege Aol © AL =83 Agte] 2AthE Aotk oA A
ggFo] & FHHE o8 F US Ao 53 FEstth. H T rational designoll ®ol #
253 YT computational B A 9] Fole F 7HA HRE FFH shue AAEH
A Aoz HF 7lFo] Zsd @iz AES FH3tE Zola, F WA Exe 39 &
FROE B3 BREA, dildo) EAd S A= dgol w3 BHFH AHE F
Tt Zlolth. o]ek o] rational design T A o] T2 Kol TSt 2 T o] 54
# Al rational alteration< 7}t Tl 9] 7] 5o Yst= WE FF ol HHolth wahA
o] & &4 FXF, 7%, Ful 712 T o AT FRE 8 T3 bottom-up approach?l] &3
sk 7ol ZLE%% TZAAESH 7|Ho] Bl A HZo] BHstElon, TRl it a4
o] Fx7F T&3 WA AA &7 W Zol 2ol AT WA F S A+, = rational designl
A ATV EE EAE U Z AAF R Y= = o A ATh

3) Semi-rational design B+ designed evolution
Semi-rational design &2 T F29] gl HA 9 AHES AFste] Asetz, 1
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AsoA =EH Ao ZASHY ¥ AL AvtESE sejHeE S A
Lutz S and Bornscheuer U, 2009). & o= 7x3 A5oA =59 HHE AHEsHY

Bol(all, B F9)ol Y& obF N AES QST 1 ofFiitEo] FA9RE mi I
x3 FdWe] wEel osiM sy Ee A =dRel7t HE  CASTing
combinatorial active site saturation test)©]T}. 2
F7 Bl B 2o o]l Edwo
Mg 4 ok deid, o] 23H ¥ s
Q7 b Sl E Ak =
|to =4 golBHHE IAVE o 2] 7}A computational W E°] 7N

O 2 AFEEHI e TS semi-rational design & designed evolution

b=
nﬁ ~
= H

sl

—U

—

O>‘

=
>
2
I
=
i
N rlo
il
-3
M
ich
ol
N
(0]
fu
2
o
Lo

Mo B
z M
NE
et
J
ft
rlr

rE 2

N
o
B
=
o
v}

- ARt 24 AHA

gz A E spaceoll Al 71549 ‘islands’E Hu &y o= . gRls)
et ARE AREsts Aot g5 Ad AE (MSAs) 5L AT &

T3 s EiE A B T2 JdE P 24Y A4S FskeE 2F =77 HA o
SAZE & A AE 2oA = Ade SlA ==HAE
o] Ax= 7leF s =3e Flst 5

B FtA A FastT o]
(Damborsky ] and Brezovsky ] 2009, Pei ] 2008), 27}A] 9] AJ2-% 7|4t M4 =57} 5T
Tkttt &, HotSpot Wizard A1H (http://loschmidt.chemi.muni.cz/hotspotwizard)+ &%
A AL B T dHolEH ol AMA A& HRE 7oA AFe AFste] xZ o
Ao tigk Eddo]l 4 WE WA (Pavelka A 2009). o] Al2Hle] A5 o] Rhodococcus
rhodochrous25-¥] 23t haloalkane dehalogenase (DhaA) A|Ze] dFE = AAEH AT
(Pavlova et al. 2009). ©] ARSS 4@ AWl B BEN 2o 3 S4 i dHdY
Wdd FEE St adziom A" 5 Qth o] dHolEuo] 2] gl FSto] il
QA Helo] R W 7|d Eoldo W3HE ofye}l (Kuipers et al. 2009, Joosten et
al. 2008), A&7 Ao /M (Jochens et al. 2010)S {3t 2d FAE A= 3719
ATolA AAERAT. A7 AR} A4 mdy =49 Age FIAM ma ALA Y
F7HA QD o] Thsettt. 729 EdWo]l f23 DNA shuffling ﬂol‘ﬂaﬁloﬂfﬂ o] A 9
ZR1E DhaA WHFNA 9 TS5 7153 Ml AWty falx A st AlEd o)A
= FYs= =F°l, Damborsky?t 19 FES°] F3 %Oﬂtﬂol O] %”4 2ol A4
B AA Fa T4 2719 HT B2 wiF W
7 o

] = A v A5
< AT (Banas et al. 2006). HotWizardell ol&] =2 54 X|3o] AXE F 27
o =UHAT F4H dehalogenase &40l thgk YA 37] ofmiit 7] GEFo] 2
FHzst Sdde] i golB ol oA HA BrHE & AAT o] ML FosH
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- 7= 7N 34 AAA

4 B9lo) e 7] Warohel Wel Wolzl 2719 Bl fke] TAT HAH
T2 I Bh ARAT Gew ol £AHAL B, Reetz 9 1] FREES B 29|
e 71 Bl £ dolA &9 A=Y YE2dY EHE T4 49X B4

Holo] A 752 W& ATt (Wu et al. 2010). ©1E2 Thanobifida fusca=5-E]
g € kA A Bayer-Villiger monooxygenase®] FAD ¢ NADP A% dH o] Qe H o]
AL FAY (Malito et al. 2004, Fraaije et al. 2005, 66:393-400). 7-Z& +4]o] xE3}

e 270 999 A IS ko]l fAZ WA FEolA 2709 ofrieik ¢
1S AT o] AASNAY Ago] v BAHS F/HAFHS E otde F& 7HeT
7149 ®HAE FosiA "€t = & AFFd A SS9 AEA T e
JanuviaTM (Sitagliptin phosphate) 342 93 ATA-117 D-o}7| =4k ofr| FHola 49| 7|
o]tk (Savile et al. 2010). Savile &+ transition state =% &34 semi-rational design
ARgste] =2 7] i A4S sk &3 71ES ot & F As E4F
Wt ProSARS &3 2 29 F7FAR] £4 8 5239 Sd®e] i o A
2 Y 24S S AAE 547 IEEAT. sFHCE HE Sh e &
9l B ool A AdEHolx Rl 277]e] EAdWHOlE TRkt BT Codexis=
semi-rational designe Z-&3ste] 2 71x] AE Fd 2L S AL HAH
NAA e rg A4 7|dS AxsRen, o] #4 Fo AHA=E e v
AdAE g 21 FEA HZHE HJY (Ma et al. 2010, Liang et al. 2010,
Huisman et al. 2010).
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- Computational &
Computational @82 AA G35 JRE 71 A RdES A Sue =
e 7 vl 7R dFom el WA Ad WA x9F SolHE Y &
Hlo ik = 3k FHol| ofEsh= %

i

Hejg|ol WME QYHA S ARt Ae oA ARkE amd o] tighk ofr| 4k ¥ o) 9
oUAsHE: adoE FAE F JoruE Ao o7 dWd FIE @A E Jj9 e
2 AAC] BrtE F43T 549 JE Sol8S NET F Ue o] dF EY vE€S F
aFol ol HZl AAFHAG. Chen T2 AAE9 K* ¢ EFE AEste] v grRE
HEE ¢4 &4 gramicidin S synthetase A9 HELded ottds} g9 7|4 FolAd<
HZ Yt} (Chen et al. 2009). M2 7|A=E Leu oy A3E W= olv|i4t Arg, Lys, Glu

Hor
St
1o
rO
Hor
-3
)
n
X0
rlr

EE Asp F IUE B3R oE = Hxo AEBHo|HS A

Mol 7)ol WEAT (Fig. 3A). Leuol thsiA= 7719 91 lel e Eeiwol s}

N
il
o
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d T3 Computat10nal g4
HMﬁ]ﬂ 7H =R o}t’]i’x‘} 7“]3'&"1] Ag=E 2 72X 9o Ao wmAo] Ae=
T AtE EFF Aol Murphy o 93] EIFATE (Murphy et al. 2009). BHe o}
NEA Zotuie Ao oo FES 2 AASS A FAA aRolA e AF
z4%o A A EA EolA 2zt Fold =olm: &4 (hGDA) WES e AL
EZ hGDAS &4 F4 g RS 9314 Rosetta AA EEFE AHE
0}951‘:} T3 dolg} ofn|ig AF Wol T B RAY S T MER
Aol FAEA=H, IA L ammelide (A EAI] thsl] 2¢bd FZHA)O Tigk &4
vl golal Fropd Eolm| ke 3tE v ATl d) whE HAAIRAT (Fig. 3B). E OE
d A= Baker AP g &4 F29 computational HAE EFHSTL
Rosetta ¥ g]E< A3t Kemp HIA] B4 (Khersonsky et al. 2010, Alexandrova et al.
2008)¢} Diels-Alderase (Siegel et al. 2010)E Z 33t MEX A FulE 3oz A7
ot olHF FujE2 Fx -7 BA I AA7TIA Y olsfol o] E A|7|stH Ao
A LAEA Ge SHE AASE 9N EFTAY sES FosiA FAIIT

it ok
fo X S

1 ox o

Structure-based
redesign for Arg

Structure-based
redesign for Leu

(b)

Experimental
evaluation
_

In silico loop
remodeling

Fig. 3. Computational &4 AEA. (A) AWl E (HF2M)2 &4 &2F4 (Leuw) = A
st W SHE IR obr| =4k (Arg)oll ThHE phenylalanme adenylation domain®] 7]& 50|
45 WA, (B) <IZF guanosine deaminase TAAHE2 W loop G (FH24)<

engineering<> ammelide-specific deaminaseE A %%
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)AL A2HY BJ/APS FsHA 9 + Ui ¢ Fa 7 o2 TR golHe g Y
A 2= 7FsdtAl k. Directed evolution©] o2 = o] FFH gho]H g oA d5o] F2
TRES st 7P BaRAQ A AgolA|Nt ojn] NER A M= J|ed XRT}
AFAR Z2EFEZRE Hlojur] AlZAEE s r|gth. &, H < semi-rational design 5
+ designed evolution o418 WHEA B did AFASoA BA FHE 2Z st
st a8 MEE AFs AFsta ot ojepdo] &2 7|4 rational design &
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computational & AHA| 7I¥o] NE Jle=2A SHd FAE0] "374] IRAE ixﬁ‘ P
H
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= 2 o2 e

Al ASAE 2Y 202 AW vk 1 ald] 9ud F8 A4 7 A
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ARE A 99 F NS E= HFE0 GNATY AT FF WL AEY O
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