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Activity Stability
Turnover frequency (k4y) Temperature stability

Specific activity (kat/kg, U/mg) pH stability

Temperature profile \

In the past, an enzyme-based proceés ﬁras deblgned around the limitations of
the enzyme; today, the enzyme is engineered to flt the process specifications
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/ Ingredient/byproduct stability

Efficiency
Space-time yield

Specificity
Substrate range

Product inhibition Substrate specificity (Kpy,, Kogt/Kim)

Byproduct/ingredient inhibition Substrate regioselectivity and
enantioselectivity
Producibility/expression yield Substrate conversion (%), yield
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(a) Rosenthaler (1908) used crude enzyme preparation from almonds to convert benzaldehyde to
mandelonitrile.

(b)In the 1980s, the introduction of directed evolution enabled generation of customized proteins as an
aldolase engineered for high selectivity in the synthesis of the atorvastatin side chain.

(c) Semirational and computer-guided engineering offers transaminases for the asymmetric synthesis
of sitagliptin.

(d)Most recent protein engineering efforts focus on adopting biocatalysts for novel chemistry such as
cyclopropanation reactions
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|OTOPIKEC AVAKAAUWEIC

Pflanzenziichtung durch Auslese ca. 3000 v. Chr.}

{ fea. 4000 v. Chr. Verwendung von Hefe fur alk Getranke

f(:s.m..hhmndm Hooke und Leuwenhoek bauen erste
Mikroskope und beschreen hohere
Zellen urd Bakterien

{ 1857 Louis Pasteur entdeckt ein

Eaward Jenner wagt die erste Impfung (gegen Pocken) 1796

Friedrich Mischer isoliert ais Erster die DNA 1886

Alexander Flemming entdeckt das Antibiotikum Penicilin 1928 )

James Watson und Francis Crick
veroffentiichen die Struktur der DNA 1953

Ochoa, Nirenberg, Mattei und Khorana
entschizssein den genetischen Code 19“) 1962 wemer Arber entdeckt die Restriktionsenzyme

Sanger, Maxam, Gilbert
DNA-Sequenzierung

Genentech Inc..
Herstellung von Somatosin 1977

Erste Zulassung fir ein
Medkament 1982

Alec Jeffries: Genet. Fingerabaruck 1984 |
Kary B. Mullis: Polymerase-Kettenreaktion 1985

Start des Human Genom Projekts 1990 transgener Tabak
des menschiichen {11997 sequenzienung ges Genoms
%m 2003 von E. col
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2. TPATNYIKEC OXEOIQTUOU TTPWTEIVWYV

Directed Evolution Combined Approaches Rational Design
(Random mutagenesis) (Distinct point mutations)

1y ;,_I . \ .

~ N
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Screening effort
Information intensity

Bornscheuer U.T. et al. (2012) Nature 485: 185—-194
Kazlauskas R.J., Bornscheuer U.T. (2009) Nature Chem. Biol. 5: 526-529
Lutz S., Bornscheuer U.T. (2009) Protein Engineering Handbook, Wiley-VCH, Weinheim
Kourist R., Brundiek H., Bornscheuer U.T., (2010) Eur. J. Lipid Sci. Technol. 112: 64-74
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OpOBoAoyikog oxedlaouog vs. KateuBuvouevn ¢EAIEN

Directed evolution Rational design Semi-rational design

Parental gene A single gene or a group of A single gene A single gene
homologous sequences

A priori Not required Required Required
knowledge
requirement
Genetic Random mutagenesis or Focused mutagenesis  Focused mutagenesis
diversity DNA recombination
creation
Library size Large Small Small to medium
Screening High to ultra high Low to high Low to high
throughput throughput throughput
Advantages * No prior knowledge of the  * Small library size. » Library size is
enzyme structure and * Less time and significantly reduced
mechanism is required. effort on screening. compared to
* Mutate the entire enzyme, * Particularly directed evolution.
and as such, it is possible to advantageous * A larger portion of
identify mutations distant when there is no the protein
to the active site that affect high-throughput sequence space is
the enzymatic activity via screening system explored compared
allosteric interaction. available. to rational design.
Disadvantages  * Large library size. * A priori knowledge  * A priori knowledge
* Impossible to explore the is required. is required.
full protein sequence * Mutations are * Mutations are
space, even with the most mainly targeted at mainly targeted at
powerful selection or the active site. the active site.
screening method.

* Time consuming to
develop an assay and to
screen large library.

* Resource intensive.
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2. TPATNYIKEC OXEOIQTUOU TTPWTEIVWYV

Target gene(s)

Directed evolution

Semi-rational design  create aibray
of variants
- - - —
- -~
Look for related l
residues
Random e =
, -~
mutagenesis N £ 3 @
- A T LD L r==n &5 £ LT s
Look for key residues e ' 1 W TN Clonethe &
pravprane g TR — s library into g
Site-directed libra ocused : : R - expression g
mutagenesis L HEVEN i} () vectors
] Breel] Y =
1 : — )
_— Clone the ------/ - =
- — - libraryinto =4
o — expression (") gelect or sereen é
vectors ;"‘ ": to identify the @ =
\ DOvae clones ] :oo B
Express, purify and Select or screen to identify
characterize variants / the positive clones
Desired variants

\2¢1 o , ,
ﬁzyme MpwrTeivikn Mnxavikn | Alag@aveia 7
technology lab



[TpwTa TTEIPApATO

TomrokareuBuvouevn petaAAagiyéveon - Site directed mutagenesis

Wild type
Apxec Twv 1980s I5A

I15C
Me Tn BonBeia Twv TEXVIKWV IZE

JopIaKn G BloAoyiag ::g
I5H
% PCR EE
I5M
I5N
I5P
15Q
% TTEPIOPIOTIKA EVCUNQ :2:
I5T
% AAAnAouxion DNA o
I5W
I5Y

% ouvOean oAIyOVOUKAEOTIOIWY

9 6966666606606006600606060606 €
OO0 E

ARARARARARAERARARARARARARARAERAERARARARARA
c8290900000 - 0609 TO6 > -
UNUNUNUNUNUNUNRUNUNUORNRUNUNUNEURUNUNONUONRK ON T
i Qud ud (ud (ubd Gubd Cub Gubd Gpd Gubd Cubd Gubd Gubd Cuwd b Gud God Gud Cubd Qul
OO RO RO NO RO NOUONONO RO NUNONORONONORORONONO

> » >» >» » >» » » > > > > > > > > > > > >
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[TowTo TTAPAdEIYUa OUVOETIKNC BioAoyiag

2auTITIAUCIVN - T'vwoTr dopn

27.5 kDa - Movouepnc - S/H/D kataAuTikn
Eccidikeuon yia udpogofa apivoiia
21aBepny o€ pH 8-10.5

Evepyn €éwg 65°C

Emippetic oTnVv 0ogeidwon

H M222 cival To auivoéu trou oéeidwverai
Oécidwaon odnyei o€ armwAegia dpaoTtikornrac >90 %
Estell et al. (1985) J Biol Chem 260:6518-6521
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[TowTo TTAPAdEIYUa OUVOETIKNC BioAoyiag

Codon 222 Re“;‘c‘;’fvﬁf;c‘ﬁc 0.1 M 1M
% 100 100 J
Cys 138 a"g
Met 100 > ala-222 ) ser-222 “ala-222
Ala 53 > 80 cys-222 80 -
Ser 35 S x cys-222
i ;i of N
r
Asn 15 &
Pro 13 ‘j_J 40 40 .
Leu 12 S
Val 9.3 g
GIn 7.2 a 20 20 o]
Phe 49
Trp 4.8 I NN NN (NN NN [ B SN | RS (SR | PR (TN SN R
Asp 4.1 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Tyr 4.0 Time (min)
His 4.0 - :
Glu 3.6 Codon 222 Ko Kn keat/ Km
Ile 2.2 s} M M‘l §!
L o Met (wild-type) 50 (1) L4 (£0.05) X 10 36 X 10¢
ids : Cys 84 (£2)  4.8(x0.3) x 10™* 20 x 10*
Ser 27 (£1.8) 6.3 (x0.6) x10™ 4 % 10*
Estell et al. (1985) Ala 40 (£1) 7.3 (+04) x107* 5% 10*
J Biol Chem 260:6518-6521 Leu 5(x0.1) 26(x02)x10™*  2x10*
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ETrouevo Brpa:
KaTeuBuvopevn METOAAOCIVEVEDN

“The Royal Swedish Academy of Sciences has decided to award the Nobel

Prize in Chemistry 2018 with one half to Frances H. Arnold, CalTech, USA
“for the directed evolution of enzymes”.
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KateuBuvouevn eceAiCn

Bagiletal oTic dU0 BacikEC QUVANEIC TTOU TTapATnEOUVTAI KOl OTNV

eCENICN OTN QuUON.
1) dlagpopoTToinon HEOW TUXAiWY METABOAWY OTO YoVvidio

2) €1mIAOYn yIa TOV KATAAANAO QaIVOTUTTO

[MapadeiypaTta eCEAIENG OTN QUON PEXPI ONMUEPQ:
< “YTTEPMIKPOOPYAVIOUOI” avOEKTIKOI € avTIBIWTIKA
< Putd avBekTIKA o€ (ICaVIOKTOVA

“» MIKpoOpyaVIOUOI TTOU KATAVOAWVOUV OUVOETIKA TTOAUMEPN)
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Tuyxaia pyetaAAaclyeveon

% Agv armraiteital yvwon douNnG 1 MNXaviouou

% ZXETIKA €EUKOAEC PEBODOI 1I0aYWYNG METAANAEEWY

(akTivoBoAnon ue UV, xnuika ueraAdaélyova, error-prone PCR)
% O puBubEC HETAANGEEWY TTPETTEI VO PUBUIOTEI
% MepoAnyia HeETAAAGEEWY

% HmBavotnTta va cupBouv dU0 cuveXOUeVES METOANGEEIC cival XapnAn

Ti Xpe1alONAOTE;

% Tovidlo

% NeIToupyIkA €Ek@pacn o€ Eva ¢evioTn (BakTnpIiakd)
% ATTOOO0TIKI] OTPATNYIKI METAAAGEEWYV

% [priyopn Kai atroTeAeouaTIKi) HEBOOOC dIaAOYAC

e o o
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Tuyxaia yeTaAAaClyEvEDN O€ KWOIKO

1. TlapnRyaye Eva eUPOg HETAAAAYUATWY ATTO AUTO-
TTOAANATTAQCIACONEVEG UNTPEG

Alaxwploe Kal KAwVOTToiNOE Ta JOVADIKA JETAAAAYUATO
AugNoTe/TTOANATTAQCIAOTE TOUG KAWVOUG

ExkppaoTe TOUG KAWVOUG

AoKIYAOoTE yia ToV €TIOUPNTO PAIVOTUTTO

Sl A

[TpoodiopioTe TNV PETAAAALN TTOU 0dNyEi OTOV £MOUPNTO
PAIVOTUTIO

7.  Emotpéyte oTo 1. Ye TO degiyua Tou BEATIOTOU YOVOTUTTOU

M. Eigen, W. Gardiner (1984), Pure Appl. Chem. 56, 967-978.
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KateuBuvouevn eceAiCn
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To TpoANua Twv BIBAI0OBNKWYV

AplBpoc mbavwy PETAAAAYUATWY UE TNV ELCAYWYNA
M petaAAaéewv og aAAnAovyia N apwvotewv:

19M[N!/(N-M)!M!]

Mnkog aAAnAouyiacg (N)
10 200

MeTaAAa&eic (M)

190 3.800
16.245 7.183.900
823.080 9.008.610.600
27.367.410 8.429.807.368.950

MpwrTeivikn Mnxavikn | Alagaveia



BaolkEC apyEC

% KdaBe TpwTeivn €XEI OXETIKI «KATAAANAOTNTOY VIO A Selection

usually

pushes

Mia ouykekpipévn Aeitoupyia (Fitness) popators

% Kdabe «kopupn» avTITTpoowTTeUEl Jia aAAnAouyia s
ME BEATIOTN KATAAANAOTNTA YIQ T OUYKEKPIMEVN
AgIToupyia.

Fitness

% AapBivik «kataAAnAoTNTO»: ETIRiwon evog
opyaviouou

fitness landscape

Fitness

Genotypes

Local optimum

g“‘ 'S
NIRRT
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Genotypes

=Sl

NS AL
N

Dimension 1 /W
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MEBoOOI Tuxaiag pETAAAACIVEVEONC

Method Pros Cons

Error-prone PCR  Easy to perform, mutation rate Non-biased amino acid substitutions
adjustable Only point mutations accessible

Mutator strains Easy to perform Entire organism /plasmid is mutated

Only point mutations accessible

DNA-shuffling Modest sequence homology Requires sequence homology
sufficient
Several parent genes can be used
Creation of chimeras possible
Useful mutations are combined,
harmful ones lost

StEP Similar to DNA-shuffling, more Requires sequence homology
simple PCR protocol must be specifically
No fragment purification necessary adapted
SHIPREC No sequence homology required Low diversity library in single round
(might be repeated)
Limited to two parents of similar
length
Deletions/duplications possible
ITCHY Similar to SHIPREC Similar to SHIPREC
THIO-ITCHY Similar to ITCHY, but more Similar to ITCHY
efficient/easier
GSSM All single amino acid substitutions  Technically out of reach for most
are covered researchers

L w —
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MEBoOOI Tuxaiag PETAAAACIYEVEONC

Error-prone PCR (emippeTTig o€ AGOn aAuc1dwTA avTidpaon TToAupepaong)
PCR pe mToAupepdon xaunAAlG moTotTnTag
V' EUKOAN uEB0O0C, OTOXEUUEVES UETAAAGEEIC O€ TTEPIOXES, apIBUOC ueTaAAGEswy puBuileTal

X mpofAnuara ue KAwvorroinon, OxI-oTatioTIK aAAayrn VOUKAEoTIOiwvV

DNA- (gene-) shuffling
[MEwn Kal avaouvOUQONOG TWV KOUMATIWY €VOG YOVIOioU

V' ueTaAAaéeic uévo ora emAsyuéva Kouudaria, cuvepyarTiky ETi0paocn uéow tnS xpHong
ouoAoywyvV yovidiwv

X OUOKOAN gpapuoyn/sravainuiuornta. ouxva mpoLAnuara ue KAwvorroinon

MeTAAAagn oteAeXxwyv (xnuika / UV)

PBopéc oto DNA- O1 unxaviouoi emdIopbwaong el0ayouv JETOAANAEEIC
v €UKoAn uébodog, ~ 1 ueraAraén ava 1000 Bdaocic

X OAo 1o mAaouidio i To yovidiwua déxeral UETAAAGEEIC
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epPCR

AvaTrTuxonke atrd Toug Leung et al. (1989) kai TpotrotroiOnke amod Toug
Cadwell & Joyce (1992)

Apxn: PCR k&T1w a1rdé ouvOnKes TTou augavouv 1o pubuod AdBoucg
(xprion TTOAUNEPQOWY XAUNANG TTIOTOTNTAC ] N BEATIOTWY CUVONKWV)

[TooooTo eicaywyns AdBoug 0.5-2.0%
H epPCR cival yia apketd JEPOANTITIKI TEXVIKA

NABo¢ uttdBeon: OAEC oI HETAAAAEEIC cuuPBaivouy e Tov idlo puBuod, Kai yia
AUTO OAEC OI HETAAAACEIC QVTITTPOCWTTEUOVTAI O€ [ia BIBAIOBNAKN 100TIUA.

MepoAnwia Kwdikoviou
MepoAnwia TToAupepAong

MepoAnwia TToAAaTTAaCIOCUOU
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Multiple bands

e p P < : R Single band of correct size
J 4

Il AVOOUVOUUOTIKEG TEXVIKEC OTIWG
MEGAWHO

|}
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Multiple bands

e p P ‘ : R Single band of correct size

&
Random Specific Fragment having
fragment fragment homologous ends

‘3 mm Mcaprimer MEGAWHOP

O O O Template vector

MEGAWHOP

i 1. Megaprimer hybridization to a vector
2. Whole plasmid amplification by PCR

$t0p 3: Parform mutagenic PCR | 3. Dpnl treatment

4. Transformation
P @ @ Bt
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PCR

1st cycle 2nd cycle 3rd cycle 30th cycle
=
 e— ~7 WS
e i oY Lm—f
Em——y
= _— -
=2 o -
(e
Template DNA — ~a iy A=)
(single copy) =
— - ]
| e e— - L SE—
(E—
e pe——e P = A 2% = 10° copies
—_——a ~a T pm==)
= R U —
=8 EC— = -
=——]
~ WY dssm—

EEE——
' Denaturation : Annealing
—

2' = 2 copies 2° = 4 copies 2° = 8 copies

L w —
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Transversions / Transitions

Metaotpodpeg / MetaBaoelg

(ak
Adenine Transversions
M

Cytosine
V4 2 q I
Moupiveg g Z Nuplutdiveg
£ 2
H ',H
M -~
Q) Transversions © o
\. /9
[ c\
- N/ {CowmH
Cl \ /
C N1
/ \
o c1t
Thymine
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MepoAnwia Kwdikoviou (codon bias)

EKQUAIONEVOG YEVETIKOG KWOIKAG
43 = 64 KwdIKOVIO

TTOAAG KWOIKOVIA KWOIKOTTOIOUV

Eva auIvogu

2TATIOTIKA €XEI ATTOOEIXOEN TTWC

MOvo 5.7 aupivocéa ival

Lutz, Patrick (2004), Curr. Opin. Biotechnol. 15, 291.
Neylon (2004), Nucl. Acid Res. 32, 1448.
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MepoAnwia KwoIKoviou

% OI TTOAUNEPAOEG UTTOPEI VO £XOUV TTPOTINGTN O€ KATTOIEC METAAAAEEIC
% O eKQUANIOPOG YEVETIKOU KWOIKA OiVEI APKETEC OIWTTNPEG METAAANACEIC

% AuokoAia va eloaxBouv 2-3 YETAANACEIS OTO idI0 KWOAIKOVIO.

C|G|lA T|G|A AlG|A
 Arg Stop Arg G G !
G|C|A G| T|A G|lA|A
L Ala Val Glu 0.7%+ 0.7%+ 11%+
1.5%+ 15%+ 73%+
slel leleld Lelee % 06 %
.6 % .6 % .6 %
12 % 12 % 75 %
. . Arg Ala
GGl ! &:;lds out Stop Val Gly
Gly Glu
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MepoAnwia TTOAUPEPATNC

KaTtw atro idieg uvOnKeg, OIAPOPETIKEG | mutazyme nocton
TTOAUMEPATEG EI0AYOUV DIQPOPETIKEG Polymerase ;
Baoeic (akOpa kal Taq TTOAUPEPATEG) |

Taq2000 DNA

polymerase
MTtopei va peiwBei n pepoAnyia .

, , , 0 20 40 60 80
OOUAEUOVTAG UE UEIYUA TTOAUPEPAT WYV

Mutation frequencies and spectra resulting from 7ag- and Mutazyme-based error-prone PCR and subsequent StEP shuffing

Number of Mutation  Substitution (%) Insertion (%) Deletion(%) Bias ndicators

:‘;;'f;;’;; frequency” ATGC GCoAT AT—STA AT—5CG GC—CG GC—TA Ts/Tv. AT GC/ AT GC

’ AT %) ch %

ssquenced) GC— changes (%) changes (%)
Taq 216 1.13% 51.8 11.1 227 5.6 1.8 28 14 28 1.9 4.7 80.1 15.7
error-prone (0.98;1.29)
PCR
Mutazyme 36 0.19% 2.2 27.8 13.9 5.6 28 19.4 00 8.3 1.2 0.8 417 50
error-prone (0.130.26)
PCR
StEP 121 0.63%" s0.4 13.2 17.4 5 4.1 4.1 08 5 2.1 38 728 214
shuffling (0.530.76)

Vanhercke et al. (2005) Anal Biochem 339: 9-14
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[ToAupepaoec yia PCR

Taq polymerase fidelity 1(error):3700

B Table 5.5 DNA polymerases and their properties, arranged in the order of increasing fidelity

DNA polymerases Extension rate 3’—5’ exonuclease activity Fidelity (vs Taq)
Taq 1 min/kb x Ix
OneTaq 1 min/kb v/ 2%
Platinum Taq HiFi 1 min/kb v 6x
KOD 7-20 sec/kb v/ 12x
PfuUltra 1 min/kb v/ 19x
PfuUltra Il Fusion HS 15 sec/kb v/ 20x
AccuPrime Pfx 1 min/kb v/ 26X
Phusion 15-30 sec/kb v/ 39-50x%
QS5 20-30 sec/kb v/ 280x
Platinum SuperFi I1 15-30 sec/kb v/ 300x%

e w o
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MepoAnwia TToAAaTTACQCIOCUOU

ekOeTIKN) uon TNG PCR
YT1TeP-Trapouaiaon KATTOIWY METAAAAEEWY

Katrola JETAAAACN TTOU €101 YONKE OTOV TTPWTO KUKAO PTTOPEI va
UTTAPXEl 0TO 25% TNG PIBAI0BNKNG

[MBavég Auoeic:

% 2TTACIJNO TOU OYKOU TNG avTidpaong o€ TToAAG dciyuarta, woTe va
dnuioupynBouv TTOAAEC BIBAIOBNKES KAl VA TIC AVAUEICOUME META

% Meiwaon Tou apiBuou Twv KUKAwv NG PCR
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ATTOTEAEOUATO PELOANWIWYV

Methods Transitions Transversions InDel T, Bebaras
AT -GC GC AT | AT TA AT(G | GCCG | GCTA
Ideal method 167 167 167 16.7 16.7 167 00 05 Wong et al. (2006a), Wong et al. (2006b)
Em‘;cr:z::t‘:;t"i‘ob:"““d 38.1 19.0 278 40 0.0 63 48 15 Rasila et al. (2009)
Tag/8-oxo-dGTPand dPTP | 65.4 275 16 44 0.0 0.0 1.1 155 Rasila et al. (2009)
Mutazy me/ Amplicon 140 325 15.1 23 58 221 83 1.0 Rasila et al. (2009)
Mutazyme/Cycle 17.1 257 286 29 0.0 143 114 09 Rasila et al. (2009)
XL1-Red 0.0 60.0 100 0.0 0.0 0.0 300 60 Rasila et al. (2009)
NH,0H-HQO 15.4 769 77 0.0 0.0 0.0 00 120 Rasila et al. (2009)
DuARChEM 135 269 19 58 423 96 00 07 Mohan and Banerjee (2008)
Tag/D,0 50.0 375 125 0.0 0.0 0.0 00 7.0 Minamoto et al. (2012)
Tag/ D,0 and MnCl, 60.0 120 8.0 80 40 80 00 26 Minamoto et al. (2012)
dITP and endonuclease V. | 38.4 397 46 86 46 40 00 16 Wang et al. (2013c)
SPRCH ik C e 67 867 00 0.0 6.7 0.0 00 139 Huovinen et al. (2011)
recombination
SeSaM-Tv -II 152 183 18 18 339 29.1 00 05 Mundhada et al. (2011)
TaGTEAM 6.1 102 184 0.0 143 265 245 03 Finney-Manchester and Maheshri (2013)
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MEBoDOOI elocaywynNg METAAAACEWY

O1 OUYKEVTPWOEIG TWV PETAAWYV €TTNPEAlOUV TNV TTIOTOTATA TNG
TTOAUMEPAONG.

MgCl2: otaBepoTroici Ta un cupttAnpwuatika {euyn. Eival ammrapaitnto
Yia TV TTOAUMEPAON.

MnClI2: rpooTiBeTal yia va peiwoel TNV £€€10ikeuon TNG TTOAUMEPATNG
(ouoxeTieTal kal Je TNV Bepuokpacia uBpIdIcUoU)

1 -
. Mn2+

dGTP
2 UYKEKPIMEVEG TTOAUMEPAOEG A Mutation
eTTnEeadovTal atro TN
OUYKEVTPWON

Tou DNA ekuayeiou

Mutations per 1 kb
O = NWohHhuUuo NWYWO

% % % k5.0 B 90
PCR conditions
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MEBoDOOI elocaywynNg METAAAACEWY

Mn 1061r00N TTPoaBrkn dNTPs %“i .

|

33!

2.€ KAaoikry PCR 1rpooTiBevTal o€ ion ouyKevTpwon

MeTaAAagelc Ews 10% TG aAAnAouxiag JTTopouv va eTiITeuxouv

dNTP/uM Mn2+ Colonies No. Mutation
C T A G mM sequenced  mut? Ti/Tvb N—AT® N—-G,Cd  frequency®
1 1000 50 50 - 37 trimR 126 125/1 121 5 1.5x 102
1 1000 50 50 - 24 ampiR 162 157/5 157 5 29 x 102
3 1000 50 50 - 20 trimR 24 22/2 24 0 52x1073
3 1000 50 50 - 20 ampiR 29 2712 28 1 6.3x 1073
10 1000 50 50 - 20 trimR 15 12/3 12 3 32x1073
10 1000 50 50 - 22 ampiR 21 16/5 19 2 4.1x1073
5 1000 5 1000 - 18 trimR 3 3/0 3 0 72x 104
5 1000 5 1000 - 18 ampiR 0 0/0 0 0 <104
30 1000 30 1000 - 18 ampiR 4 4/0 1 3 103
30 1000 30 1000 05 34 ampiR 755 521/234 256 499 10-1
100 1000 100 1000 05 18 trimR 19 16/3 8 11 45x1073
100 1000 100 1000 05 24ampiR 41 33/8 11 30 74 %1073

Vartanian et al. (1996) Nucl Acids Res 24: 2627-31
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MEBoDOOI elocaywynNg METAAAACEWY

Protocol A B Cc D E F
MgCI2 85 B85 6.5 6.5 6.5 6.5
MnCI2 02 85 0.5 0.5 0.5 0.5
dATP 40 20 4 200 20 20
dGTP 40 20 200 20 200 20
dCTP 200 200 200 200 200 200
d¥ TR 200 200 200 200 200 200
diTP 200

Clones sequenced 4 4 10 6 6 o)
Transitions 29 209 T @Bf 35 3.8
Transversions 25 30 1.4 20 217 30
Mutation rate 21 28 71 2.5 2.3 2.5

Brakmann & Lindemann, (2004) in Evolutionary Methods in Biotechnology. Clever Tricks
for Directed Evolution (Brakmann, S. & Schwienhorst, A., eds) pp. 5-11
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Types of Ideal GeneMorph  Tagq, Taq, Taq, Diversify Diversify PCR Diversify PCR

m uta tions 11 random 0 mM Mn*t, 015 mM Me?t, 0.5 mM Mn*t, PCR random  random random
mutagenesis 7 mM Mg®*, 7TmM Mg, TmM Mg, mutagenesis mutagenesis kit  mutagenesis kit
Kit* 02mMdATP,  02mMdATP, 0.2 mM dATP, kit (0 uM (640 uM Mn ™, (640 uM Mn®,
02mMdGTP, 02mMdJGTP, 0.2 mM dGTP, M, 40 uM  40uMAGTPY 200 uM dGTP)*
1 mMATTP, 1 mMATTP, 1mMATTP, lmM  dGTPY
1 mM dCTP 1 mM dCTP dCTP
Bias indicators
Ts/Tv 0.5 0.8 1.1 1.2 0.8 0.9 1.3 39
AT-GC/ 1.0 0.6 155 2.1 2.0 40 3.7 15.1
GC=AT
A—=N, TN 5004 50. 7% 70.00% 80.0°% 75.8% 77.8% 77.00% 91.9%
G—N, N 43. 7% 26.7% 22.5% 19.5% 8.3% 17.8% 7.3%
C—=N

Transitions, Ts

A-G, T-C 16.7% 17.5% 30.0% 37.5% 27.6% 333% 42.7% 74.0%
G=A,C-T 16.7%  25.5% 20.0% 17.5% 13.6% 83% 11.5% 4.9%
Transversions, Ty

A-T, T=A 1674 28.5% 33.3% 37.5% 40.9% 16.7% 26,004 13.8%
A=C,T-G 167 4.7 6. 7% 5.0% 7.3% 27 8% 8.3% 4.1%
G=C C=G 167 4.1% 0.0% 0.0% 1.4% 0.0% 0.0% 1.6%
G-T,C=A 167% 14.1% 6.7% 5.0% 4.5% 0.0% 6.3% 0.8%
Insertions and deletions (InDel)

Insertions 0.0% 0.7% 0.0% 0.0% 0.3% 28% 2.1% 0.0%
(In)

Deletion 0.0°% 4.8% 3.3% 0.07% 4.2% 11.1% 3.1% 0.8%
(Del)

Mutation frequency

Mutations/ N/A 3.0-16.0 1.1 1.9 49 20 4.6 8.1
kb
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KateuBuvouevn eceAiCn

NMpoBARuara epPCR:

- Noéoec HETAANACEIC €ival avayKaies yia va @TACOUME OTO ETTIOUUNTO
QATTOTEAEOQ;

- ApvNTIKEC HETAAAACEIC NTTOPET va KpUBOoUV pia eTIBuuNnTr METAAAASCN
Mia mi6avr) Auon : Casting epPCR (2017)

Mutation load® Mutation load® Consecutive Number of Active fraction of
(mutations/kb target Average®' (mutations/kb entire  Number of ~ mutation TS/TV nucleotides the population®

region) mutations/fragment gene) mutations ratio” ratio sequenced (kb) (%)

Fragment 1 21.7 3.2 (Fragment 1) 59 576 0.052 1.8 26.46 18
(147 bp)
cepPCR

Fragment 2 31.2 6.2 (Fragment 2) 11.2 624 0.077 2:3 19.39 15
(192 bp)
cepPCR

Fragment 3 333 6.8 (Fragment 3) 12.5 611 0.075 1.5 18.36 15
(204 bp)
cepPCR

epPCR-low* 3.1 1.7 (bsla) 3.0 1000 0.000 4.6 318 55
(543 bp)

epPCR-high® 11.7 6.3 (bsla) 11.6 1000 0.028 29 85 15
(543 bp)
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. Do you have Are you an
single or Single structural or No experienced
multiple mechanistic molecular
parental knowledge? biologist?

genes?
Multiple Yes

Are you

Yes familiar
with

transposon

design?

Yes

No

Are you

:‘:nt:se:: Yes cambining Do you want to
high mutations target single

sequence found in site or multiple

identity? random sites
mutagenesis? simultaneously?

No 5
= Multiple
=1
Do you
know the No

Do you
want to
avoid
cloning with
restriction
enzyme and
ligase?

Yes

amplified?
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Cross- Are you
over Are you familiar
sites? working on with phage
plasmid with No techniques?
high GC
content or
difficult to be
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