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Avaouvouaouoc DNA

“» Mg TnVv Tuxaia peTaANACIYEVEDT), OTTWG KaIl ME AAAEC TEXVIKEG, DEV

yvwpilouue TTOIEC HETAAAALEIC 0ONYyOoUV OTOV £TTIOUKNTO PAIVOTUTTIO

“» Mg TOV avaouvOUaO O MEAETAUE MEYAAUTEPN «TTEPIOX» AAANAOUXIWV

/

“ H mBavdtnta n emluuntA 10160TNTA va TTEPIAAUBAVETAI €ival HEYAAUTEPN
Meyer et al. (2014) Curr. Protoc.

Mol. Biol. 105: Unit—15.12.
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Avaouvouaouoc DNA

Gel Purify PCR PCR Clone into

DNAsel 10-50 bp without with white pUC18
Template PCR digest fragments primers primers derivative
? — i» b —» c —» d — ¢ ——

we | Stemmer (1994)

blue

colonies PNAS, 91' 10747'51

LacZ alpha

pUCI8++

100 bp
50 bp

10 bp

25 30 35 40 45

cycles
‘§ s ON3Se | s — 0:0 DNAse I: Mn EL&LKI"] Konr']
g p - %+ MéyeBoc Bpavopdtwv 10-200 bp
(=)]
© * .
‘j:; Parental templates Fragmented DNA e Prlmerless PCR
a ** TeAwkn PCR yia oAokAnpwaon yovidiwv kot
npocOnkn BEcewv yLa KAwvormoinon
> — — -
g S - =
g Denatured fragments Annealing Extension PCR
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Gene / DNA - shuffling

< MEBodo¢ KaTeuBuvopevng eCENIENC

% In vitro avaouvOUuQOoNOGg
< Autavetal 1o néyeboc Twv BiBAI0ONKwY DNA TTOAU ypriyopa
% [eproodTepeg HETAANALCEIC ava yovidlo (EQOOOV TO ETTIOUHOUNE)

< Alahoyn TV KAWVWV JE TRV KAAUTEPN OPACTIKOTNTA

< [lePIOPIOTIKOG O TTAPAYOVTAS TNG TTIBAvOTNTAC AvaouvOUQCHOoU
< Amraiteital KAwvoTroinan Kal TTOAAEC POPEC TA AKPA TTOU

dnuIoupyouvTal OEV Eival IKAVOTTOINTIKA YIA KAWVOTTOINON
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Gene shuffling pe BiIBAI0BNAKEC HETOANQYUATWY

fragment reassemble select best
with DNAseI‘ fragments - recombinants _

X
X

K
X

- — N —— — Do ——— K KR H KR

repeat for multiple cycles

Cephalosporinase Genes
Citrobacter freundii

Klebsiella pneumoniae
Enterobacter cloacae

Yersinia enterocolitica

Single gen Library of point mutants Library of chimaeras
- o ERSTATIEAN
shuffling

Plate on Moxalactam
Select best mutants

8-fold increased resistance

8-fold increased resistance

8-fold increased resistance Y ]
8-fold increased resistance

32.000-fold increase
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[Tapaodeiyua gene shuffling

Templae: Gel Purify Bt -, Clppc into -
Selected sel Punity CUNCIMOIN C wild-type Shuftlcd
NATdsaE DNGSC l LO0-300bp ;\\F::l(m: with pLCLX2STi Mixture of
Betalactamases p( : d"*“ - fr gments prRImCes) primwers VeUTor Beralactamases
— ¢ R
- Srsrsssssss
= = A S
L C———— S —
e w——— i =
LIS SEISCIIIISS —_— e e A -
S LIRS IPL PSS TS LS S — - e
AN e
0.9kb 300bp
100bp
Shuffling Backcrossing
round round round round rowd
1 2 3
Wild-type =+ select on —» select on == seiect on | Mutant ST-1 select on se'ect on =8| Mutant ST-2
TEM-1 0.32-0.64 510 40-80 80-160 80-160 '
MIC=0.02 ug mi-1 pug mi-1 pug mi-' | MIC=320 | pug mi-t ug mi-1 | MIC=640
pg mi—* ug mi-1 | | ug m-
TEM-1 rm 1
A
Stemmer (1994) Nature, 370: 389-391 i
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Staggered extension Process (StEP)

BeAtiwon TG neBGdou, yia TNV HeEyaAUTEPN ETTITUXIO KAWVOTTOINONG
Kal atTtAoTroinon tng puebodou.

2av PCR pe 1i1¢ dilagpopéc OTi:
< TllepioooTepa amrod eva template DNA

%+ 2UvTOoMO elongation/extension step

m— ) » » = — ) ——

Parental templates Priming Staggered extension Library
Temperature [°C| Duration # of cycle
95 5 min |
94 30s 80x
55 5s

MpwrteivikA Mnxavikn | Ala@dveia 8



[Mapdaodeiyua StEP - OepuootabepotnTa

Figure 2. Agarose electrophoresis
gel showing the progress of

recombining two thermostable Generation 1
subtilisin E genes RC1 and RC2 by &= = -— 1se1
StEP. Lane 1: AmpkSize DNA Size - R aan
standards (Bio-Rad, Hercules, —— D10
CA), from top to bottom: 2000, ___ Badn - . ssFi0
1500, 1000, 700, 500, 400, 300, 200, *
100, and 50 bp; lane 2: after 20
cyclos : lane 3: after 40 mhs’, 1 StEP recombination
lane 4: after 60 cycles; lane 5: after Generation 2
80 cycles; lane 6: 1 kb ladder from - = -—= ascs
i r Mannheim. 58 = = A1581
1 2 3 4 5 6 Boehringe - e
O QFao
— — r — 28 :5 £
= ; 22 238 &
;\{ 08 \\*— NI81D+N218S : R
» substitution
g Mf \ NiSID 4 Figure 5. Sequence analysis of first- and second-generation
2 osaf —— 4 thermostable subtilisin E variants. Filled squares indicate positions of
= gt = < nonsynonymous mutations, empty squares indicate positions of
g o2l w1 synonymous mutations, and triangles indicate positions of new point
g 5 / mutations introduced during StEP recombination.
_g 0 - H
— L
0.2 A 4 L L

0 0.2 0.4 0.6 0.8 1
Fraction of clones

Figure 3. Results of screening 368 variants from the recombined

library for activity after incubation at 65°C for 10 min (initial activity,

andz)r::::rte':litgu:I:;ﬁvity,A,)."l“heraﬁo:.:A.(t'i'“onrnbombl(m lityvi:yde&; Zhao et al. (1998) Nature
ed to estimate th ility’. Data from active variants )

b e bk Biotechnology, 16: 258-261
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ITCHY

,where can enzymes or enzyme fragments
be fused to produce active hybrids?“

Ostermeier et al. (1999) Nat. Biotechnol. 17:1205-1209

Exeivn Tnv TrEPiOdO dev UTTAPXAV APKETEC OUVOUAOTIKEG TEXVIKEGC OTNV

KaTeuBuvouevn eCEAIEN

Mapaywyry PiBAIcONkwv DNA T1ou TrepiIAaupBdvouv  OAec TIC TIBAVEC

MIKPOTEPEG (truncated) ekdoxEC evog yovidiou
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Incremental truncation

% Apyn, kateuBuvopevn Kal eAeyxopevn TTEWPN DNA
v Exolll (500 Baceic/min @ 37 °C)
v eAeyxouevn (pubuioTiKG didAuua,

BeppoKpaTia, avaOoTOAEIG)

RE3' RES'
gene
Starting maternial .
5 s o o o o
3 C— [PR— [—

5 —— 3 _Exonuclease lll (E. coli) 5 — ) oUQOEY l @
¥ |DNA_ 5 S TN Q— s RES' REY
G anwp l @
1. TTewn yia va yivel ypaupiko Kal TTOAAATTAQCI0O P0G —
2. Xeipiopog pe Exolll (kar atropdévwon Bpaucudatwy) l®

3. Anuioupyia TUPAWYV AKPWYV Kal EVwon OOO
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ITCHY

Incremental Truncation for the Creation of Hybrid enzYmes

Aev atraiteital opoAoyo DNA iy dopun Tou ev{Uuou

RET A B REf
IO
[MEwn Kal TTOAAQTTAQCIOONOG e e——
1. Xeipiopoc pe Exolll '-":l" @ 1-_—_——
2. Méwn pe RE1 kal oTTopdvwaen 8paucpdrwy ; —
3. 'Evwon BpauvopdTtwyv ®@ -

Mapaywyn peyaAng BiIBAIOBRKNG atrd CUVTNYUEVEC TTPWTEIVEC

2X€00V 10 1/3 a1rd QUTEC ival o€ OWOTO TTAAICIO avayvwong
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[Mapdaodeyua ITCHY

Gene A SE—— < Tlapaywyn XIHaIpIKOU popiou PETAGU avBpwTTIvVNG Kal
Gene B :l_ BakTnpIaKnG Tpavo@opuuAdong YAUKIVOUIOiouU

tacP/O S&cl | TautdtnTa < 50%

gene B
fragment

pDIM-C8 |-ngi | | %+ 2ZUYKpIon pe Shuffling (Trepiopiopéveg BEoeig avaouvouaopou)

f

ColElori  piSAori — ©CM Table 1. Active PurN-GART fusions.

|

Library  Representative Amino acid sequence? Number of

Nsi | Nsi | positive number times found®
lm—— e lm—— PurN Link GART
l Nsi | l Nsi | ITCHY A IT-A18 1-100 G 101-203 2(1)
D1 <D m— IT-A8 1-113 - 114-203 9(4)
E: L g — IT-A5 1-129 - 130-203 3(1)
IT-A26 1-136 - 137-203 1(1)
i) &—.:5 IT-A3 1-140 - 141-203 3(1)
l l IT-A1 1-144 - 145-203 3(1)
Nsi | Nsi | IT-A12 1-144 S 146-203 3(1)
tb — ITCHY B IT-B12 1-102 - 103-203 1(1)
'E == ! —— IT-B4 1-113 - 114-203 8 (5)
IT-B3 1-129 - 130-203 3(1)
L= ¢ — IT-B17 1-130 -  131-203 1(1)
/ IT-B6 1-134 - 135-203 1(1)
\ IT-B5 1-140 - 140-203 2(1)
> Nsi | IT-B9 1-144 S 146-203 4(1)
b Shuffled SH-5 1-113¢ - 114-203¢ 24 (5)
& 2When the fusion point occurs within a region of amino acid identity, the region
| of identity is listed as from PurN.
5Number in parentheses is the number of different DNA sequences found cod-
@E coli ing for a particular protein sequence (ignoring point mutations for the shuffled
Screen or Select library).

°Some members had point mutations.
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[Mapdaodeyua ITCHY

< [lapaywyn XIhaIipIkou Jopiou JETAEU avBpwTTIVNG Kal BAKTNPICKAS TPAVOPOPUUAGCNS
YAUKIVauIdiou

< TautdétnTta < 50%
% 2ZUykplon e Shuffling (Treplopiopéveg BEoeic avaocuvduaouou)

1000
go
M)

900

800 Figure 2. Size distribution of libraries. The sizes of the gene fusions
of randomly selected members of IT-A ((J) and IT-B (®) were
estimated by gel electrophoresis and arranged in descending size

700 order. The shaded area represents the theoretical size range based
on the deletion of 1-270 bases of each fragment. Fusions larger than
600 the desired size range result from fusion of gene fragments in which

truncation has stopped in the approximately 30 bp spacer between
the start of truncation and the gene to be truncated. The dashed line
indicates the size of hybrid genes that are fused where their parents’
sequences align.

Fusion size (bp)

0 2 4 6 8 10 12 14 16

Colony number
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[Mapadeiyua ITCHY

< [lapaywyrn XIhaipIkoU hJopiou JETAEU avBpwTTIVNG Kal BAKTNPIOKAS TPAVOQOPHUUAACNS

YAUKIVauIdiou
< Tautdétnta < 50%

o0

PurN
GART

PurN
GART

156
PurN
GART

187 190

PurN
GART

2
o Bn

B tai%ge% B REEE

ttgct
Ewgwﬁﬁﬁ g

»  20ykpion pe Shuffling (Treplopiopéveg BEoelc avaouvduaouou)
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SCRATCHY

T elval;

% ouvouaouoc tou ITCHY ue to DNA shuffling

% combinatorial engineering of target proteins but independent of sequence
identity

Lutz et al. (2001) PNAS 98(20):11248-11253

Xpnon:
méavr rmpoolnkn moAAanmAwv svaiiaywyv (crossovers) UeTa&u Twv

yovidiwv evdlapépovtog = BEATIWUEVN TOWTEIVIKN AEITOUPYIKOTNTA

[MpayuaTikoTnTA:

YywnAn puBpoatrdédoaon, aAAG SUCKOAO va avixveuTouv TTOAAQTTAG crossovers

TTOU 00NYOUV O€ AEITOUPYIKA TTPWTEIVN
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SCRATCHY

AvadeixOnke n uéBodog ue Ta Eviupa:

PurN/hGART hGART/PurN
Q Q Phosphoribosylglycinamide formyltransferase

- v v
'*é ' | | purN kai hGART
E ——————— S —————
*g v v 1. NepikoTrr) U0 CUUTTANPWHATIKWY OKEUOTUATWY
§ T T S — 7§ 3 = : —
£

2. EmA A o )y ,
Functional U Q Q Q Q \) mAoyn pe Baon Tnv Asitoupyia

selection
Opydvwon Katd péEyebog Kal TTAaIoiou avayvwong

e) ) 3. BiBAIo6rikeg DNA avapiyvuovTal

DNA shuffling

T 4. EmiAoyr) pye Baon tn Asitoupyia
d.)

Functional

selection Opyavwon Katd p€yeBog Kal TAaIciou avayvwaong
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[TpoBAnpaTa Alyaong

Katd Tnv avTidpaon Tng Alydong, apKeTA TTANPo@opia XAVETAI OE
yovidia Ta otroia O&v HTTOPOUV VA TTEPACTOUV {ava o€ TTAAoHidIa

Al1d@popeg oTPATNYIKEG £XOUV AVATTITUXOEI O€ aUTK TNV KATEUOUVON

% 21patnyikn “Bringer”: TToAQTTAACIQOUOC OAOU TOU TTAACMIDIOU O€
ouvlnkec epPCR

% AvTidpaon Aiydong KaTta Tov TTOAAATTAQCIaoUO: avaykn yia
OeppooTaBepéc Aiyaoeg

% MEGAWHOP - 10 peTaANQYUEVO YOVIDIO AEITOUPYET WG JEYA-EKKIVNTAG
otnv deutepn PCR
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KUKAIKN uETABEON

Circular permutation (CP)

TeAEiwg DIAQPOPETIKA OTPATNYIKNA

Aev giocayovTal HETAAAAEEIC

2.Uvdeon Tou N- kal C-dkpou TNS TTPWTEIVNG

[MEwn o€ Tuxaio onueio yia va dnUIoUpyNoEl
vEQ AKPO
CALB £0woe mapaAAayEg TTou gixav uwnAn

dpacoTikoTnTa (11-popéc oto pNPB,
75-pOPEC O€ TTPAYMATIKO UTTOOTPWHA)

Qian and Lutz, 2005, J. Am. Chem. Soc., 127, 13466 ,
Qian, Fields and Lutz, 2007, ChemBioChem, 8, 1989
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KUKAIKN uETABEON

Gene duplication and deletion or fission and fusion
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KUKAIKA puetaBeon tou old yellow enzyme

! 1208 Daugherty et al., J. Am. Chem. Soc., 135, 14425 (2013)
A oyel | GAC-AAA-AAG-TAA
(000 00
* 000 0Q
000 o4
" nes [-Gly-Thr-Ser-] 1res -
-GGC-ACT-AGT- yet (c | 8 8 8 8
v 000 o
TANI1 1188 4 90
S 000 0
—:]-GGC-ACT-AGT- 5 0000000
& 000 0
1188 4 220 000 o
-GGC-ACT-AGT- 000 0
% 000 0
4 530 T7 000 (@]
000 0

‘7)6‘ 1188
iy ————
4)6‘ 1188
-eec-AcT-Aev—
m 0

DNLL
N

A: ketoisophorone to (R)-levodione B) cinnamaldehyde to dihydrocinnamaldehyde
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