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[ 10T TTPWTEIVIKN INXAVIKN;

Activity Stability
Turnover frequency (Kqg1) Temperature stability

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

Temperature profile \

In the past, an enzyme-based process n;rau daﬁfgned around the limitations of
the enzyme; today, the enzyme is engineered to fit the process specifications
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/ Ingredient/byproduct stability
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Specificity
Substrate range

Efficiency
Space-time yield

Product inhibition Substrate specificity (K, Koat/Kir)

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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|OTOPIKEG AVAKAAUWEIG

Pflanzenzilchtung durch Auslese €a. 3000 v. Chr.)

{ ea. 4000 v. Chr. verwendung von Hefe fur alk Getranks

(’{"IB-.HT. Jahrhundert Hooke und Leuwenhoek bauen erste
Mikroskope und beschreiben hahere

Edward Jenner wagt die erste Impfung (gegen Pocken) 1796

{ 1857 Louts Pasteur entdeckt ein
memwﬁwmmﬂﬂﬂ} "
1 i ¥ 1909 Wilheim L. Johanssen finhrt
Alexander Flemming entdeckt das Antibiotikum Penicilin 1928 { P
mwhwﬁ 1963 1944 ::Hﬂ-ld.md mmm
Vererbungseigenschamen
Ochoa, Mirenbeng, Matiei und Khorana
entschilrssein den genetischen Code 1966 1962 Wemer Arber entdeckt die Restrikionsenzyme
‘Sanger, Maxam, Gilbert 1 1972 Paul Berg nutzt Restriktionsenzyme
DMA-Saquenzienng
Genentech Inc.:
Herstellung von Somatosin 1977 {l'!?ﬂﬁmntemhm.: Herstellung von Insulin

{ 1983 Erstmaige Erzeugung
Alec Jeffries: Genet. Fingerabaruck 1984 | transgener Planzen

Kary B. Mullis: Polymerase-Ketienreaktion 15&5'}

{1986 Erster Fregandversuch

Start des Human Genom Prosekts 1990 ) tramsgener Tabak
Entzifferung des menschiichen 1997 Wmm
Erbguts abgeschiossen .
2006 Sequenzierung des Genoms
MMEEMMI
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2. TPATNYIKEC OXEOIATUOU TTPWTEIVWV

Directed Evolution Combined Approaches Rational Design
(Random mutagenesis) (Distinct point mutations)
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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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OpBoAoyikog oxedlaouog vs. KateuBuvopuevn €EEAIEN

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 OXEOIATUOU TTPWTEIVWV

Target gene(s)

Directed evolution

Create a library
of variants

- pra—
- - -~
Look for related l
residues
Random Y~ =
mutagenesis N g
Look for key residues TTTh . S c Clonethe &
\ 1 s g library into £
N Create a focused »* — S ) o &
Site-directed Horary : 1 - ./ ,—. expression 8
mutagenesis FEVI— PV \__/ vectors
1 3 = e
— — g
Clone the '-------:/ et =
wou vl library into 3
e — exgtroessnnﬁ. ' selectorscreen §
e e to identify the @
- Tt ° °
O positive clones S e’ B
= ’o o %o N R —

Express, purify and
characterize variants

Ll
N2 a®5 o ° ) Select or screen to identify
/ the positive clones

2k ok

Desired variants
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[TpwTa TTEIPAUATA

TotrokareuBuvopevn petaAAaglyéveon - Site directed mutagenesis

Wild type
Apxéc Twv 1980s I5A
I5C
Me Tn BonBcia Twv TEXVIKWV ::[E)

M

M

M

M

M

i . I5F M
MopIOKNG BioAoyiag 15G M
I5H M

# PCR o
I5M M

I5SN M
I15P M
15Q M
% TIEPIOPIOTIKA EvCUpa :ig -
15T M

% AMnAouxion DNA I5v M
ISW M

I5Y M

% ouvBeon oAIlYOVOUKAEOTIOIWV

ARAEARARARARARARARAERARARANEAIARARARARAERARARARNEAARA
< 2200900000- 960106 > -
UR VR UN OR UNUE URE URUEURE URUNUE URUREUROEREUNURT
MEMEMEMEMEMEMEMEMEMEMEMEMEMEMEMEMEMEMEM
ONORORORORORO RO RORORONRUORNRONORORONONO RO RO

S00000000ELEELELE E
>E>A>E>E> > A> > A> > R> > A>E> > A> > N> N> N>
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[TpwTo TTAPAdEIYUO CUVOETIKAC BloAoyiag

2QuTITIAUCIVN - TvwoT doun

27.5 kDa - Movouepng - S/H/D kataAuTikn
E&c1dikeuon yia udpogofa apivoiea
21aBepn o€ pH 8-10.5

Evepyn €éwg 65°C

Emppetc oTnVv oceidwon

—S5—— +HO; — /u-..,\ +H0

o

Q
u\ +HO —= U\ +HO
~ /ﬂ

H M222 civai To auivoéu mmou oéeidwverai
Oécidwan odnyei o€ amrwAsgia dpaotikornrac >90 %
Estell et al. (1985) J Biol Chem 260:6518—-6521
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[TpwTo TTAPAdEIYUO CUVOETIKAC BloAoyiag

-Relative specific

Codon 222 ok 1M
% 100 100 =
Cys 138 Ll
Met 100 > ser-222 “alg-222
Ala 53 > 80 80 |t o
Ser 35 S x cys-222
Gly 30 % o - 4 |
Thr 28 g
Asn 15 o
Pre 13 w40 40 |- .
Joint 3 £ met-222 .
Val 9.3 bt
Gln 79 e 20 20 | =
Phe 49
Trp 4.8 I N (Y NN NN NS U S| S RSO W | | S { | S S
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 Kea Kn keat/ Km
Ile 2.2 s M M1ts!
fg g-g Met (wild-type) 50 (1) 1.4 (+0.05) X 107* 36 x 10*
y : Cys 84 (£2) 4.8 (x0.3) x10™* 20 x 10*
Ser 27 (x1.8) 6.3 (x0.6) x10™ 4 x 10*
Estell et al. (1985) Ala 40 (£1) 7.3 (£0.4) x10™* 5% 104
J Biol Chem 260:6518-6521 Leu 5(x0.1) 26 (+0.2) x10™ 2 X 10*
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ETropevo BRua:
KaTeuBuvouevn JETAAAOCIYEVEDN

“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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KateuBuvopevn ecEAIC

BaaoileTal oTi¢ dU0 PAOCIKEG OUVANEIC TTOU TTAPATNPOUVTAI KAl TNV
eCENICN OTN QuUON.

1) dla@opoTroinon HECW TUXAiIWV JETABOAWY OTO yovidlo

2) emmAoyn yia Tov KatdAAnAo @aivoTuTro

[MapadeiypaTta eCENIENC OTN QUON MEXPI ONMEPQ:
“ “YTTEPUIKPOOPYAVIOUOI” avOEKTIKOI O€ avTIBIWTIKA

% QuTa avBekTIKd og {IavioKTOva

\/

“» Mikpoopyaviouoi TTOU KAaTavaAwVvVouv GUVOETIKA TTOAUMEPN
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Tuxaia petaAAacIyeveon

% Agv atmaiteital yvwon douNAG i unXaviouou

% 2ZXETIKA €UKOAEC MEBODOI E1I0aYWYNG METAAAACEWY

(aktivoBoAnon ue UV, xnuika ueraAAaéiyova, error-prone PCR)
% O puBpdbc yeTaANGCEWY TTPETTEI VO PUBUICTEI
< MepoAnyia JeTaAAGEEWY

% H mBavotnTa va cupBouv dUO ouveXOUEVES HETOAANAEEIC eival XaunAn

Ti xpe1alOpAOTE;

% T[ovidlo

% N&IToupyIKn EKpacon o€ £va EevioTn (BakTnpIako)
% ATTOdO0TIKI) OTPATNYIKI METAANALEWYV

< [pAyopn Kal atroTeAeOPATIKA HEBODOC dIaAOYNC

% o o
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Tuxaia petaAAaglyeveon o€ KwOIKaA

1. Mapnyaye Eva eUpog PETAAAQYUATWY ATTO QUTO-
TTOANQTTAQCIOOMEVES UNTPES

Alaxwploe Kal KAwvoTToinoe Ta JovadikA JETAAAQYUOTO
AugnoTe/TTOANQTTAQCIAOTE TOUC KAWVOUG

EkppaoTe TOUG KAWVOUG

AoKINAOTE yIa ToV ETTIOUUNTO QAIVOTUTTO

SO S T <\

[MpoodiopioTe TNV HETAAAQEN TTOU 0dNYEi OTOV £TTIOUUNTO
PAIVOTUTTO

7.  EmoTtpéwTte oTo 1. Ye TO OEiyua TOU BEATIOTOU YOVOTUTTOU

M. Eigen, W. Gardiner (1984), Pure Appl. Chem. 56, 967-978.
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KateuBuvopevn eceAIC
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To mpoLANua Twv BIBAIOBNKWY

AplBuog mBavwy peTaAAayudTwy PE TNV ELoaywyn

M petaAAaewyv oe aAAnAouvxia N apvoEEwy:

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

Mnkog aAAnAouyiag (N)
10 200
190 3.800

MeTaAAdageig (M)

16.245 7.183.900
823.080 9.008.610.600
27.367.410 8.429.807.368.950

200 .
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BaolkEC apxEC

% KdaBe TTpwrTeivn £XEl OXETIKN «KATAAANAOTNTAY YIA A Selection

usually
pushes

Mia ouykekpiuévn Asitoupyia (Fitness) popatos
% KdaBe «kopu@ri» avTITTpoowTreUEl pia aAAnAouxia e
ME BEATIOTN KATAAANAGTNTA YIA TN OUYKEKPIYEVN
AeIToupyia.
% AapPivikny «kkataAAnAotntax: EmBiwon evog
OopYyavIouoU

Fitness

S
ene
(e)
e
o
Ooﬂ\

fitness landscape

Genotypes

N T L AP
N o
—

s
Dimension 1 / Dimension 2
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MEBoOOI Tuxaiag HETAAAOCIVEVEONC

Pros

Cons

Error-prone PCR

Mutator strains

DNA-shuffling

THIO-ITCHY

Easy to perform, mutation rate
adjustable

Easy to perform

Modest sequence homology
sufficient

Several parent genes can be used
Creation of chimeras possible
Useful mutations are combined,
harmful ones lost

Similar to DNA-shuffling, more
simple
No fragment purification necessary

No sequence homology required

Similar to SHIPREC

Similar to ITCHY, but more
efficient/easier

All single amino acid substitutions
are covered

Non-biased amino acid substitutions
Only point mutations accessible

Entire organism/plasmid is mutated
Only point mutations accessible

Requires sequence homology

Requires sequence homology
PCR protocol must be specifically
adapted

Low diversity library in single round
(might be repeated)

Limited to two parents of similar
length

Deletions/duplications possible

Similar to SHIPREC
Similar to ITCHY

Technically out of reach for most
researchers
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MEBoOOI TuXaiag HETAAAOCIYEVEONC

Error-prone PCR (emippetrig € AdOn aAucidwTr avTidpaon TToAupepaong)
PCR ue ToAupepdon XaunAng moTtoTnTag
V' EUKOAN uEB0OOC, OTOXEUUEVES UETAAAQEEIC O€ TTEPIOXEC, apIBUOC ueTaAAdéewv pubuilsrai

X mpoBAnuara ue KAwvorroinon, OxI-oTarioTIKn aAAayr) VOUKAEOTIOiwV

DNA- (gene-) shuffling

[MEwn Kal avaouvOuaouOC TwWV KOMUATIWY £VOC YoVIdiou

V' UETAAAGEEIC uOVO OTa ETIAEYUEVA KOUUATIA, CUVERYATIKY ETTIOPACN UECW THS XPHONC
OUOAoYywV yovidiwv

X OUOKOAN spapuoyri/sravaAnuiuornta. ouxva mpoBAnuara ue kKAwvorroinon

MeTdAAagn oteAexwyv (XnUika / UV)

®Bopéc oto DNA- O1 unxaviopoi emmdIopOwong 1I0Ayouv HETAAANAEEIC
v €UKOAn uébodog, ~ 1 ueraAaén ava 1000 Baoei

X OAo 1o mAaouidio fj to yovidiwua déxeTal UETAAAGEEIC

t!:,z;",fe MpwrTeivikn Mnxaviki | Alagdveia 19
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epPCR

% Avartux0Onke atro Toug Leung et al. (1989) kal TpotroTTOoINGNKE ATTG TOUG
Cadwell & Joyce (1992)

% Apxn: PCR katw atmrdé ocuvOnkeg TTou aucavouyv 1o pubBuo AdBoug
(Xprion TTOAUNEPQCWY XOUNANG TTIOTOTNTAG | KN BEATIOTWY OUVONKWYV)

% MNooooTo cicaywyrc AaBoucg 0.5-2.0%
% H epPCR ¢gival yia apkeTa JEPOANTITIKA TEXVIKN

% N\ABoc¢ uTTOBeoN: OAEC 01 HETAAAACEIC ouuPBaivouv PE Tov idIo pubuod, Kail yia
QUTO OAEC 01 HETAAAAQEEIC avTITTpOOWTTEUOVTAI O€ Hia BIBAIOBRKN 100TIWA.

— MepoAnwia Kwdikoviou
— MepoAnwia TTOAUPEPACNG

— MepoAnyia TToAAaTTAQCIOCUOU

2y " o
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Multiple bands

) AVOOUVOUOOTIKEG TEXVIKEG O
FSEESEE MEGAWHO
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Single band of correct size ‘ Multiple bands

v

L
Random Specific Fragment having

fragment fragment homologous ends
"3 m_m Mcgaprimer MEGAWHOP
+
O O O Template vector
MEGAWHOP
§ i 1. Megaprimer hybridization to a vector
2. Whole plasmid amplification by PCR

3. Dpnl treatment
4. Transformation

@ @ Recombinant vector
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PCR

1st cycle 2nd cycle 3rd cycle 30th cycle
==
, ee— S
— ~ ey S
FE—
= (E——— =
=2 ™ -
E—
Template DNA — S jtvgess
(single copy) =
- (i
- ssessedp- Ea—
. e 7 ES——e 2%= 10" coples
T ~ N7 A=
S
L L4 : O — .
e _— -
—

/ \

po—
[ oenaraton 3 hneaig P

2' = 2 copies 2% = 4 copies 2° = 8 copies
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Transversions / Transitions

MeTaoTpo@éc / MetaBdoeig

cv

Adenine # Transversions @
M
Cytosine
e =
Moupiveg g 3 MNupiudiveg
= a
; H
‘1. _>- . _u\ c,
2 Transversions ~
SR S
C e C
S
Hoe N C w=H
c . T
C N1
/ \
o cr
Thymine

200 )
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MepoAnwia Kwdikoviou (codon bias)

EKQUAIOCNEVOG YEVETIKOG KWOIKOG
43 = 64 KWOIKOVIO

TTOAA KWOIKOVIO KWOIKOTTOIOUV

Eva auIvocu

2TATIOTIKA £XEI ATTOOEIXOET TTWG

huovo 5.7 apivocéa gival
TTpocaciya atro Ta 20 apivogéa °

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

% OI TTOAUPEPATEC NTTOPEI VO £XOUV TTPOTIUNON O€ KATTOIEC METAOAAAEEIC

S

% O EKQUANIONOC YEVETIKOU KWOIKA QiVEI OPKETEC OIWTTNPEG METAAANALEIC

% AuokoAia va elocax0ouv 2-3 HETAAAACEIGC OTO D10 KWAIKOVIO.

clclAa T| G|l A Alcla
o G G A
clc| A clT|A GlAlA
L Al _— — 0.7%+ 07%+ 11%+
1.5% + 1.5 %o + 7.3 %o +
cle|T cle|lc clele :_‘;Z'_‘ 1;Z mﬁ;
B %o 0 %o L (1]
| 12 % 12 % 75 %
. . Arg Ala
GlGlA 4mt:]f?_;ms out Stop Val Gly
Gly Glu
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MepoAnyia TToAupepaong

KaTw atro idieg OUVONKEG, DINPOPETIKES | mutazyme JScion
TTOAUMEPQAOEC EI0AYOUV DIAPOPETIKES Polymerase ;
Baoeig (akOpa kal Taq TTOAUPEPAOEG) ‘

Taq2000 DNA

polymerase
MTTopei va pelwBei n yepoAnyia _
OOUAEUOVTAG PE HEIYUA TTOAUPEPATWV Poor 0o "

Mutation frequencies and spectra resulting from Tag- and Mutazyme-based error-prone PCR and subsequent StEF shuffling

Mumber of Mutation  Substitution (%) Insertion (%) Deletion (%) Bias indicators
' &

n:;ﬁr;;m frequensy” AT L GC GCo AT AT=TA AT=CG GC—0G GC—TA TsTv AT GC/ AT GC

Lq;']mc:; GC— AT changes (%) changes (%4)
Tag 26 1,13 51.8 1.1 237 56 1.8 2R 14 2R 1.9 4.7 &0 157
STTOr-prong (0.98:1.29)
PCR
Mutazyme 36 0. 1% 2 s 139 56 28 19.4 00 ] 1.2 0.8 41.7 50
ETTOr-prone (0,130, 26)
PCR
StEP 121 063" S04 13,2 174 5 4.1 4.1 0g 5 21 iR 2R 214
shuffling {0,53;0,76)

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/ 6%
KOD 7-20 sec/kb v/ 12x
PfuUltra 1 min/kb v/ 19%
PfuUltra II Fusion HS 15 sec/kb v/ 20x
AccuPrime Pfx 1 min/kb v/ 26X
Phusion 15-30 sec/kb v/ 39-50x
Qs 20-30 sec/kb v/ 280x
Platinum SuperFi I1 15-30 sec/kb v/ 300%
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MepoAnwia TToAAOTTAQCIOCUOU

eKOETIKN @uon TG PCR
YTTEP-TTapouaiaon KATTOIWY JETAANACEWY

Katroia peTa@AAaEn TTou €101yONKE OTOV TTPWTO KUKAO UTTOPEI va
UTTapxel oto 25% NG PIBAIOOAKNG

[MBavég Auoelc:

% 2TTACIYNO TOU OYKOU TNG avTidpaong o€ TTOAAG dsiyuara, waoTe va
dnuIoupynBouv TTOAAEC BIBAIOBNAKEC KAl va TIC AVOUEICOUME META

% Meiwon Tou apiBuou Twv KUKAwv TG PCR

% o o
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ATTOTEAECUATA UEPLOANWIWY

Transitions Transversions inDel T, Rebirss
AT —GC GC—HAT | ATTA | AT—CG | GG | cC»TA
Ideal method 167 167 167 16.7 16.7 16.7 0.0 05 Wong et al. (2006a), Wong et al. (2006b)
Em‘;c;z::t‘g:ob:"““d 38.1 19.0 278 40 00 63 48 15 Rasila et al. (2009)
Tag/8-oxo-dGTPand dPTP | 65.4 275 16 44 00 0.0 1.1 155 Rasila et al. (2009)
Mutazy me/ Amplicon 140 325 15.1 23 58 221 83 10 Rasila et al. (2009)
Mutazyme/Cycle 17.1 257 286 29 00 143 114 09 Rasila et al. (2009)
XL1-Red 0.0 60.0 100 00 00 00 300 60 Rasila et al. (2009)
NH,0H-HQ 154 76.9 77 0.0 0.0 00 00 120 Rasila et al. (2009)
DuARChEM 135 269 1.9 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 12.0 8.0 80 40 80 00 26 Minamoto et al. (2012)
dITP and endonuclease V 384 397 46 86 46 40 00 36 Wangetal. (2013c)
SPRCA weith Conflor? 67 867 0.0 00 67 00 00 139 Huovinen et al. (2011)
recombination
SeSaM-Tv -l 152 18.3 1.8 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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MEBOOOI elcaywynNC METAAAGEEWY

O1 OUYKEVTPWOEIC TWV METAAAWYV €TTNPEAlOUVY TNV TTIOTOTNTA TNG
TTOAUpEPAONG.

MgCl2: otaBepoTtroiei Ta pn cupTTAnpwaTiKA Ceuyn. Eival amrapaitnTo
YIQ TNV TTOAUUEPAQO.

MnClIz2: TpooTiBeTal yia va PeIwaoel TNV €CEIDIKEUON TNG TTOAUNEPAONG
(ouoxeTieTal Kal PJe TNV Bepuokpacia uBpPIdIoUOU)

1

2 UYKEKPIPEVEC TTOAUUEPATEC
erTnpeadovral arro TN
OUYKEVTPWON

Tou DNA ekpayeiou

Mutations per 1 kb
BRI i YO il s e AT
o

[wri] uone

N S kS 6 A D 9.0
PCR conditions
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MEBOOOI elcaywynNC METAAAGEEWY

Mn 106100 TTpoadrikn dNTPs !}“ ‘H
2.€ KAaoikry PCR 1rpoaTiBevral o€ ion ouykevTpwon

Bia
3319

53

i3

H

8

1
.S’fg X

.25 m!

p—
3

I Y1 \
MeTaAAaceic Ewg 10% TG aAAnAouxiag JTTopouV va eTTITEUXOoUV ‘ J { ,7 U
dNTP/uM Mn2+ Colonies No. Mutation
C T A G mM sequenced  mut.? Ti/TvP N—AT*® N—G,Cd frequency®
1 1000 50 50 - 37 trimR 126 125/1 121 5 1.5x102
1 1000 50 50 - 24 ampiR 162 157/5 157 5 29 x 1072
3 1000 50 50 - 20 trimR 24 2212 24 0 52 %1073
3 1000 50 50 - 20 ampiR 29 27/2 28 1 6.3 x 103
10 1000 50 50 - 20 trimR 15 12/3 12 3 32x 1073
10 1000 50 50 - 22 ampik 21 16/5 19 2 4.1 x1073
5 1000 5 1000 - 18 trimR 3 3/0 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 4.5 x 1073
100 1000 100 1000 05 24ampiR 41 33/8 11 30 7.4 %1073

Vartanian et al. (1996) Nucl Acids Res 24: 2627-31
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MEBOOOI elcaywynNC METAAAGEEWY

Protocol A B (08 D E F
MgCiI2 85 6.5 6.5 6.5 6.5 6.5
MnCI2 02 0.5 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
dTTP 200 200 200 200 200 200
diTP 200

Clones sequenced 4 4 10 6 6 5
Transitions 25 275 177 367 3.5 3.8
Transversions 25 3.0 14 25 217 3.0
Mutation rate 21 26 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

m uta tions 11 mndom
mut agenesis
kit*

Bias indicators

TslTv 0.5 0.8

AT-GC/ 1.0 0.6

GC=AT

A—N, TN 5004 50,7

G-=N, A% 43. %

C—+N

Transitions, Ts

A-G, T=C 16.7% 17.5%

G= A, C=T 16.7% 25.5%

Transversions, Tv

A=T, T=A 16, 7% 28.5%

A=C.T=G 1667 4™

G=C C=G 167 4.1%

G-T,C=A 16,7% 14.1%

Insertions and deletions (InDel)

Insertions 0.,0% 0.7%

(In)

Deletion 0.00% 4.8%

(Del)

Mutation freguency

Mutations/ N/A 3.0-16,0

kb

0 mM Mp?t,
7mM Mg,
0.2 mM dATP,
0.2 mM dGTP,
1 mMdTTP,
1 mMdCTP

1.1
1.5

70.00%
26.7%

30.0%

20.0%

33.3%
6. 7%

0.0%
6.7%

0.0%

3.3%

015 mM Ma?*,
7mM Mg ™,
0.2 mM dATP,
02 mM dGTP,
1 mM dTTP,
1 mM dCTP

1.2

80.00%
22.5%

37.5%
17.5%

37.5%
3.00%
0.0r%
5.0%

0.0%

0.00%

1.9

Taq,

0.5 mM Mn®*,
TmM Mg,
0.2 mM dATP,
0.2 mM dGTP,

TmMATTP, | mM

dCTP

0.8
2.0

75.8%
19.5%

27.6%
13.6%

40,9%
1.3%

1.4%
4.5%

0.3%

4.2%

4.9

Diversify
PCR random
mutagenesis
kit (0 uM
Mn'*, 40 uM
dGTPY

09
40

77 8%
8.3%

333%

§3%

16.7%
27 8%
00%
0.0%

28%

11.1%

20

Diversify PCR
random
mutagenesis kit
(640 M Ma ¥,
40uM dGTPY

1.3
37

77.0°%
17.8%

42.7%

11.5%

26,004
8.3%

0.00%
6.3%

2.1%

3.1%

4.6

Diversify PCR
ra ndom

muta genesis kit
(640 uM Mn**,
200 uM dGTP)¢

15.1

91.9%
7.3%

74.0%
4.9%

13.8%
4.1%
1.6%
0.8%

0.0%

0.8%

8.1
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KateuBuvopevn ecEAIC

NMpoBARuarta epPCR:

- Nooec peTaAAGCEIC gival avayKaieg yia va @TACOUNE OTO £TTIOUUNTO
QTTOTEAEOQ;

- ApvNTIKEC HETAAAAEEIC PTTOPET VO KPUBOUV [ia €TTIBUPNTA HETAAAQEN
Mia mi6avry Auon : Casting epPCR (2017)

Mutation load® Mutation load® Consecutive Number of Active fraction of
(mutations/kb target Average™ (mutations/kb entire  Number of ~ mutation TSITV 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 23 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* 17 6.3 (bsla) 11.6 1000 0.028 2.9 85 15
(543 bp)
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Do you Are you

have Do you have Are you an
single or Single structural or No experienced ves fa‘:;ltl;ar Yes
multiple mechanistic molecular ta o
knowledge? biologist? ¥
design?
Multiple Yes No

Do you

Are you
Are these want to
genes of Yes combining Do you want to avoid
high mutations target single cloning with

sequence ooy site or multiple restriction
identity? random sites enzyme and

mutagenesis? simultaneously? ligase?

No ;
Yes Multiple
=1
TC
Do you

know the No

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

Yes

amplified?
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