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ABSTRACT

GENERATION OF MUTANTLIBRARIES FOR DIRECTED
EVOLUTION OF A THERMOPHILIC P450 ENZYME

Directed evolution, inspires from natural selection, is a frequently utilized
approach in protein engineering for designing enzymes. It allows iterative evolution of
existing proteins towardthe ones with desired characteristics by the application of
random mutagenesis in the laboratory. Howght@rary construction constitutes the most
fundamental part of directed evolution. Application of different construction methods
affects both the nunas and diversity of variants created and the screening/selection
techniques used. Early procedures including gerone PCR, mutator strains, chemical
mutagens and gene shuffling have been successful in whole gene mutagenesis yet have
been required moreceeening/selection effort by leading larger libraries. On the other
hand, recent approaches such as use of degenerate primers and site saturation mutagenesis
have decreased the screening/selection effort by allowing random mutagenesis of amino
acids locatd at specific positions in the polypeptide ch&ispecially active site residues
of biocatalysts were chosen as targets and the catalytic efficiencies were enhanced.

CYP119 a member of cytochrome P450 protein famifsom Sulfolobus
Acidocaldarius is a thermostable enzyme capable of catalyzing peroxidation,
monooxygenation and oxidoreduction reactions. Harérary of mutants consist of
CYP119variantswascreatedvia application of combinatorial active site saturatiest
(CAST) in amino acid positions 213214 and an effective fluoresceroased method
was developed to screen the librdoy increased peroxidase activity while utilizing
hydrogen peroxideas oxidant.After screening of mutant librarya variant with
Thr213Argi Thr214lle substitutions showed 1:88d increased peroxidase activity in
the catalysis of Amplex Red compared to wild type CYP119.



¥ZET

TERMOFKLKK BKR P450 ENZKMKN Y¥NLEND
MUTANT K! T! PHANELERKNKN OLUKTURU

Doj al s eilhamlalam@@ehendi ri |l mi kK evri m, prot
enzimler tasarl anér ken Isa&lkd re&ktl lav &rul d ratna&réan
mut asyon uygul anar ak, mevcut proteinlerirt

yinelemeli olarak evriimelei n e ol anak Burmwnmrelmakbadéi kt e,

ol ukturul maseéeé, yenl endiril mik evrimin en
met odl|l arénén kull anél masé hem ol ukturul an
kull anél an tamama/ see-kmd etmekn ieldli e . KI'k - ek
meyi | | i PZR, mutasyon yapécé suklar, ki myeze

mut asyonunda bbéaykeakr €kl ¢et ¢oplhsaan edaer ol ukt ur mal
tarama/ se- me izahlnejter gtear&ftt ad dej enere pr
doyurma mutasyonu gi bi yeni yakl akeml ar ,

bul unan amino asitlerin rastgele mutasyon

azal tte. ¥zelrllieklien, alkityidk alt®all g ezl®er i hedef
verimliliKklIler:i artterel deé.

Sulfolobus Acidocaldarissd an gel en, bir P450 protein
peroksidasyon, monooksidasyon ve oksidore

termostab bir enzimdir. Burada21l3ve21l4a mi no asi t |[keambinaoowya nl ar é
aktif b°l ge udyogyug uanmnlaurka kt eCsYytPil19 varyantl ar
k¢t éephanesi yaratel mék ve hidrojen per ok
peroksidaza kt i vi t es i i -in florasan temell i, et
Mutant k¢t egphanenin tatThnmhadEl somutasydhl
varyantén dojal CYP119 ile karkélakteéer el d:

gesdeji tespit edilmiktir.
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CHAPTER 1

INTRODUCTION

1.1. Protein Engineering

Protein engineering is thereationof novel enzymes or proteins with new or
improved functions. Altering or replacing the amino acids in a protein by utilizing
recombinant DNA technology constitute the basis of protein enginélering.

In the second half of 20century, developments occurred in genetic engineering
gave rise to theonceptof protein engineeringrirstly, the protein of interest has been
able to be produced via employing gene clonBecondly, chemical synthesis of DNA
allowed the application ofgenetic modifications on a protein. Finall)-ray
crystallography brought a better understandintheostructurefunction relationshipof
proteinsby revealingtheir 3D structure Through utilizing methodologies improved so
far now, either a protein witnovel functions or #otally newprotein not found in nature

can be createt!

1.1.1.Enzyme Engineering

Among the proteinsdesign and improvement of enzymatract the major
interestbecause oé n z y ohee®eutilization iimanyarea includingpharmaceutical,
food, environmental, detergent and paper industBeseeningand selectiormethods
have been developed to detect enzyme variants with desired properties torsatisgds
of industry. Tailor-made mutations foenzymesin general areintenced to provide
upgraded kinetic characteristics, elimination of allosteric regulation, enhancement of
substrate and reaction specificity, increased thermostaliligher stability towards
oxidizing agents and heavy metals and resistance to proteolytic degratiareover,
optimal pH and temperature of an enzyme can be adjustedrding toreaction
conditions. Target product yield can be increased by tunibgpcad al yst 6s

enantioselectivity, chemoselectivity and regioselectivityough applying enzyme



engineering method<onjunction of two or more biocatalyst domains nadlpw the

production ofmulti-functional enzyme3.

1.2. Steps inProtein Engineering

Protein engineering strategies require to be planned considering three basic steps
including: determination of the change in the protein (design strategies, such as rational
design or randommutagenesjs application of those changes (mutagesgelibrary
creatior) and interpretation of protein variants for upgradedtures(screening or
selection) Selectionof particularstraegy in each stepnay leadfacilitated or beclouded
operationand preference frequently depends on both existing information about enzyme
and desired change in enzyfe

The most commonly employed prote@ngineeringpproaches arational design
and directed evolution(Figure 1)° Before applicationpoth approaches demand the
gene(s) encoding the enzyme(s) of interest, an appropriate (generally microbial)
expression system and a precise detection system.

Rational design is frequently informati@iependent and necessitates both the
availability of the structure of the biocatalyst and knowledge about the relevance between
sequence, structure and mechanism/function. While structural data of some of the
proteins, discovered via-Ky crystallography or Nuclear Magnetic Resonance (NMR)
spectroscopy, provided by public data bases, by using molecular modelling and the
structure of homologous enzyme it is also possible to predict potential outcomes of
mutations such as increase in the selectivity, activity and the stability of corresponding
enzyme.

During rational design of an enzyme, frequently site directed mutagenesis is
applied. The procedure consists of several steps. Firstly, the enzyme of interest is isolated,
later its crystal structure is determined by usinga¥{ crystallography ddMR. Secondly,
the data obtained is examined along with the database of known and putative structural
effects of amino acid substitutions on enzyme structure and funBtyautilizing all the
information collected, possible outcomes of specific amind elbanges are predicted
and the ones that will provide the desired improvements in function/structure of enzyme
are chosen for further step. The final step involves the construction of the gene that will

encode desired amino acid sequence. Predetermiaadeh in the nucleotide sequence

2



are created at specific sites of genes and mutant genes are cloned into an expression
vector. Afterwards, expression vectors are transformed into appropriate host such as
bacteria, yeast, fungi, insect or mammalian cellge utant enzymes produced in host
organisms are isolated, purified and used for the determination of it structure and
properties. Modifications made in the amino acid sequence reveals enzymes with
different characteristics and those can be compared attverenzyme characteristics to

show improvement(s).

/’ Rational Protein Design \ / Directed Evolution \

e i l Random mutagenesis ‘

B . . =
Sy |
A ”’__’E :f?.' !.-::3:. lj:j | Library of mutated genes1
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ﬁ 2. Site-directed
=N mutagenesis Fa i el e il Ya Transformation in
O i . . s0)(s0)(=0)(s0) E. col
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Figurel. Comparison of rational design and directed evolution.
(Source: Bornscheuer et al., 2001)

Another strategy used in protein engineering is direeteslution inspired by
natural selectioraccomplished by either applying random mutagenesis to the target gene
encoding the biocatalyst or recombining the fragments of homologous dép@s.
creating library of mutant genes, expression vectors are constituted and transformed into
host cells and appropriate variants are selected considering desired characWhsacs.
library creation either a specific part of gene or whole gene caraltered randomly
depending on applied directed evolution metHodcontrast to rational design, random

mutagenesis techniques rarely require information about protein structure in atlvance.
3



Moreover, application of directed evolution allows discovery of crucial amino acids
responsible for particular functions on a protein and provides knowledge for further
rational design studi€slt leads the creation of large number of variants howevéy an
slight amount satisfies the desired characteristics afteesing

During directed evolution, to provide random mutagenesis, -prmre
polymerase chain reactiof@pPCR, mutator strains, chemical mutagens, nucleoside
analogue incorporation, gene shuffling and degenerate codons can be applied as different
methods. Among thenepPCR is the most widely applied method utilizes a thermostable
DNA polymerase lack of proof rdang provides random mutations on gene of interest
entirely. In addition tathe type ofDNA polymeraseused, the concentrations of Mn
dNTP and template in the reaction mixture and the number of thermocycles affatt the
of mutations.Although this méhod hasa handicap such as mutation biagsttan be
eliminated by using commercial DNA polymerases engineered for balancing transitions
andtransversion§A Y G, TaNdB / Gz Qéspectively.

As an alternativenethodwithout PCR employmenthemcal mutagens such as
nitrous acid, formic acid, hydrazine or ethyl methane sulfocate be used in the
treatment of template DNA to create mutatiofnisose chemicalaffectnucleotide bases
andchangetheir hydrogen bondingharacteristics eventually increagitheir tendency
for the formation of noncanonical pairing®8y using ethyl methane sulfonate, it is
reported that less bias, compared to classical-B&Rd methods, was accomplisfed.

In addition to tle methods described abgwedding unnatural nucleotide analogs
such a-triphosphates of-2-deoxybetaD-ribofuranosyly3,4-dihydro-8H-pyrimido-
[4,5-C] [1,2]oxazin7-one(dP) and of ®x0-2' deoxyguanosine {8xodG) leads both
transition and transversianutationsas a consequence displaying different binding
characteristics whilpairing with canonical nucleotideguring PCR reactiot

Mutations can be generategdvivo by using mutator strains or UV irradiation on
whole cell.Some advantages are provided throelijmination ofintermediate steps such
as template DNA isolation/restriction and ligatiddn the othethand, deleterious or
malfunctioning mutations in host genome or in essential parts of plasmid DNA such as
resistance genes, copy number control sequences or promoter regignsssilde
undesirableesults of this method

Gene shuffling isanother methgdused in directed evolutiomrovides random
mutagenesis for whole gene of interest. The proceoegens with theamplification of

template DNAs and continue with threstriction of homologue gendsy DNase |.
4



Subsequently, nascent genggments in the mixture lack of primers are recombined and
amplified by PCR?! Recruited genes can be either wild type homalenes of a gene
family or mutated variants of a specific gerRResulting chimeric gene frequently
possesses different sequence fragments from each of the original gene used initially. This
method allows to the accumulation of beneficial mutations on a single gene fragment
upon iterative application. In addition, compared tandéaid epPCR, gene shuffling
provides more diversitySince the recombinationduring PCR is dependento the
reannealing ofgenefragments originated from template genes, the divergbeteeen
fragmentscan be a limiting factathus gene shuffling methoéquires the consideration
of a homology between template genes in advance.

During directed evolution, while whole gene mutagenesis is widely applied, site
targeted mutagenesis can be more practical when the psitdmutatior(s) will be
applied s determined but the amino aciadl be employed are unknowin such cases
use of degeneratdigonucleotide primerprovide randonmutagenesisitherfor asingle
site or for multiple sites oatemplate DNA.The method allows the assessment of all 20
amino acids ata predetermined @t or sites Diverse degenerate codons introduce
different amino acid groupwaith different propertiecan be used depending on needs
(Table1).!? Thesaturation mutagenesatiows the modification oévery single position
on agenein an iterative fashionHowever, it creates larger libraries amdjuire higher
screening effort. On the other hasde saturation mutagenegiglds smaller libraries as
result of confinement of mutagenesis to predetermined pos#mhgrovides facilitated
screening

In 2005, Reetand ceworkers brought a new approach to directed evolution by
applying Combinatorial Active Site Saturation TESAST) thereby substituting amino
acid pairs at defined positions in the active site of a lipa8ele defining amino acid
pairs to be subgtited in the active site, secondary structures of proteins aid determination
by projecting potential residues located close to each other and point same side which
refers to substrate binding site during application (Figuté e purpose of the method
is to find out amino acid pairs displaying synergistic effect on examined function and the
idea arises from if one side chain in the active site has potential to affect catalytic activity
then with the association of the obs$ side chain in same direction, a greater and
sophisticated effect can be detected since both side chains are close enough to have
interactions both with substrate and between each other. Compared to single site



saturation mutagenesis, CAST provides aardiverse library and higher chance of hit

discovery with less screening effd#t

Tablel. Degenerate Codons and Corresponding Amino Acids.

Encoded
Degenerate ) Encoded ] )
Corresponding base sequenct Stop codony amino Properties
codon codons .
acids
Fully
TAA, TAG, .
NNN (A, T,GC)(A T.G C)(ATG,C) 64 TGA All randomized
codon
All 20 amino
NNK A/ T,GC)(A T,GC)(G,T) 32 TAG All )
acids
All 20 amino
NNS (A, T,G,C)(A, T,G,C) (G, C) 32 TAG All ]
acids
Phe, Leu,| Mixture of
lle, Val, |polar, nonpoa
Tyr, His, | positive and
NDT (A, T,G,C)(A T, G) (T 12 No .
Asn, Asp, negative
Cys, Arg, charged
Ser, Gly residues
Met, Phe,
Nonpolar
NTN (A T,GC)(M(ATG,C) 16 No Leu, lle, ]
residues
Val
Tyr, His,
Charged,
GIn, Asn, )
NAN (A, T,G,C)(A) (A, T,G,C) 16 TAA, TAG larger side
Lys, Asp, ]
chains
Glu
Smaller side
Ser, Pro, | chains, polar
NCN (A, T,G,C)(C) (A T,G,C) 16 No
Thr, Ala | and nonpolar|
residues
Ala, Gly, Small side
RST (A, G) (G, C)(T) 4 No ]
Ser, Thr chains




- 1577
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Figure2. Configuration of amino acids in secondary structure.
(Source: Reetz et al., 2005)

Final step involves the assesent of mutanwariants for desired properties.
Methods can be categorized as seleebiased approach and screenrbaged approach.

In selectiorbased approachall mutants created are assayed for a desired biochemical
activity. In case ofin vivo selection investigatel property may provide host cell
survivabi | i t-actamaise expressing oefislmay be belecteculiivating

in b-lactam containing mediunilhe protein of interest under investigation may be
responsible for the synthesis of essential molecules such as amino acids or nucleotides
whosedeficiency isa limiting factor for cell growthcan be considered as a selection
parameter® Alternatively, mutant proteins can be introduced on the surface of phages by
using phage display systethDNAs of a gene libraryare fused to the gene of phage
encoding phage coat proteiasd resulting hybrids are cloned into phagemids and phage
particles are transformed with phagemids carrying mutant varidtiages are
reproduced irE.coli hostcells and a selection based on binding affinity is administered
(Figure 3).1° Binding proteins introduced on the surfaafephages are maintained after
elution and can be further altered for improved properties. This method allows the
representation of diverse libraries with more that? iiique members as phage pools.

In screeningpased methods, biochemical assays are frequently applied via
colorimetric or fluorometric measurements to determine substrate turnover rate. Both
methods can be applied eithevitro or in vivo. Duringin vitro application, the colonies
cartying protein variants must be grown individually and each colony must be lysed either
physically or chemically to obtain enzymes released in the solution. The next step
includes the evaluation of enzymes via biochemical assays. Appropriate substrates are



catalyzed by mutant enzymes and specific products are determined via colorimetric or

fluorometric measurements either quantitatively or qualitatively.

D.

Amplification

Ecoli host
1p!0

— =
=) pna @) B
,, == Hinder Immobilized
Protein %
[
[
Phage \
pool — . Washed nw_“i [—
Binding Selection C. @
===

Non-binding phage

Figure3. The cycle of phage display for the selection of binding protéd)sA library
of protein variants fused to phage coat proteins and introduced on phage
particles. Each particle contains specifically the gene of protein displayed on.
(B) While binding clones are captured by immobilized target, (Cjbinding
phages ardiscarded. (D) Binding clones are further amplified and the proteins
are identified through sequence analysis of related DNA. (Source: Sidhu, 2009)

Contrarily inin vivo screeningbasedmethods, the cells are not required to be
lysed However,the cells should be permeable to the substrate but not to the product.
Catalysis occurs in the cell and the product formation is examined. Agar plate colony
screening, flow cytometric cell sorting and phage display are the methods uset/;
screenig. Ligation and transformation efficiency can be limiting fagtor in vivo
screening.

1.3 Cytochrome P450Proteins (CYPsor P4509

Cytochrome P450 enzymes are heilmecontaining monooxygenases first
characterizethy Klingenberg in 1954° CYPs catalyzehte sitespecificoxidation of noa
activated hydrocarbons under mighctionconditions.In the activesite of enzyme, heme
group istied to the apoprotein via conserved cysteine. The iron ion in the heme is
coordinated by founitrogen atoms of porphyrin and plays a key role during catalysis
(Figure4).



Figure4. Coordination of iron ion in Protoporphyrin IX. Protoporphyt¥ (orange),
nitrogens (blue), iron (red), cysteifgrey)andthiol group(yellow) are shown.
The illustration was created on Chimera.

Most P450s catalyze the reductsteavageof molecular oxygenConsequently,
one oxygenatom is introducedinto the substratewhile the second oxygen atom is
reduced to wateDuring catalysis P450sare reduced viawo electrongarried by either
nicotinamide adenine dinucleotider nicotinamide adenine dinucleotide phosphate
(NADH or NADPH respectively. However, the electrons are not able to be transferred
directly from NAD(P)H to leme center andre mediated bwdditional proteingalled
redox partnersUtilization of different redox partnesroteinsconstitutes several P450
integrated systemgFigure 5).1” In threeprotein systemsa flavoprotein serves as
reductase an iron-sulphur protein serves as electron mediator and a PEs0esas
terminal oxidaseP450 and reductase can either be soluble or membramel.In two-
protein systems primary protein; cytochrome P450 reductase (CPR) contaifia\anth
adenine dinucleotideand favin mononucleotidgFAD and FMN respectively)and
transfers electrons aqued from NAD(P)H to P450Both CPR and P450 present as
membranebounded.In oneprotein systemsCPR and P450 are linkeda polypeptide
chain and correspond to eGaemponent system with all functional domaiRsoteins can
be either soluble or membrabeundedP45@wm-3 (CYP102) from Bacillus megaterium
represents a good example foneprotein system and is frequently used in P450
studies'®

Reactions mediated by P450s initiate via substrate binding (1) followed by 1
electron reduction (2), £binding (3), second-glectron reduction (4), protonation step
(5), homolytic cleavage of © O bond (6), reaction with the substrate (7, 8) and release
of the product (9) respectively (Figure 6, steps 1 t8 Blkernatively, while working with
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P450 monooxygenases, addition of®d allows direct constitution of hydroperoxo iron
from iron in resting state (F& RH) and the mechanism is known as hydrogen peroxide
shunt (Figures, step 1D Although HO>-dependent pathway provide less efficiencg du
to the oxidative inactivation of henprosthetic group, elimination of NAD(P)H

recruitment introduces cosffective enzyme systems for industrial applicati¢hs.

Three-protein systems
Reductase Ferredoxin P450 0, + RH

NAIP)H s @ — @ ——) @ -l
+H* )
FAD or FMN ) Heme b H,0 +ROH

Two-protein systems
CPR P450 0,+RH

NADPH mmp (P @ -—l

+H*
o H,0+ ROH

One-protein systems

CPR - P450 0,+RH

NAD@H mmmp LD (D @—»l

+H*
FAD —» FMN —& Heme b H,0 +ROH

Figure5. Diverse P450 systems with redox partners.

. N
3
Fe™ RH  \ADPH-P450 reductase™

| |
k |,e 2
\_. }:, —r NADPH-P450 reductase®™

H* ~Ee?+.0, H,_]‘ ,.’1/3 ™ NADPH-P450 reductase’™
. y

|:’5) I" 4 '_j
NADPH-P450 reductase®™

Figure6. P450 catalytic cycle with NAD(P)H anc@p utilizationare shown via steps
from 1 to 9 and step l@spectively
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P450 enzymes are capable of catalyzing various reactions (Figtdvctivation
of sp’* hybridized C atoms, epoxidation of C=C double bonds, aromatic hydroxylkition,
oxidation, deamination and dehalogenation, as wél\l-a®- andS-, dealkylation can be
listed as P450 mediated reactidhginder specific circumstances, P450s also catalyze
atypical reactias such as € and GO phenol coupling, cleavage ofCbonds, Baeyer
Villiger oxidation and rearrangement reactidhs.

Oxidative ester cleavage Dearylation
Ar Ar /[:/:]/OH > 0
RO,C CO,Et RO,C CO.H [ —— ﬁ + ArOH
HoC” N “CHg HyC” "N “CHq
Ring expansion plus decarboxylation of an Aromatic dehalogenation via ipso attack
acetylene
8 F OH
HO c=cH cl cl Ol A
—_—
b b al cl o’
OH OH
Ring expansion (cyclopropyl) Dearomatization and formation of a Michael acceptor
SG
0 H OH
C=¢ <>
FCy ﬂ & f\,o @@3
( . NH
R
(+GSH) 2 NAO %
H
Oxidative ring coupling Fusion of two substrates to form a new substrate
\
(e g
CHy =
o
Haco i NH, NHOH
Ring expansion Ring formation
0 0
R — 2N+ PhCHO , )
i Ph —
1-Electron oxidation of an aryl group Isomerization via (zbortive) oxidation
OCHy OCH3 fCH:g)a N (CHg)2
OCHs OCHg
— )]
HaC0 HiCO™ O O
OCH; OCHs
0 o]
OCHs ‘ 0
HiCO HiCO™ Y
o OCH;

Figure7. Diverse reactions catalyzed by P450s.
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P450s have a diverse substrate range consisting of fatty acids, terpenes, steroids,
prostaglandins, polyaromatic and heteroaromatic compounds, drugs, organic solvents,
antibiotics, pesticides, carcinogens and toxidgnong the P45G, P450 BM3from
Bacillus Megaterium,s a selfsufficient enzyme with reductase domain, frequently
employed in P450 studié$So far now various substrates are subjected t® BAB3

studies and shown fRigure8.'’

Fatty acids Alpha-ionone Naphthalene

HO
(H-Valencene

Beta-ionone

n-Alkanes
0
P S +
1-Hexene Anthracene Indole
A~ e i 1
s HN
Cyclododecene Styrene Chlorzoxazone
Cl
N
o~ | T
(0]
Propanolol Cyclohexane Alpha-pinenc

’i.?ﬂ O \@

Buspirone Trimethylestriol Dextromethorphan
N— CH,
o 3
N fon
0

Figure8. Diverse substrates of P450 BM3.
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1.3.1.Cytochrome P450119(CYP 119)

CYP119 a member oP450protein family,identified inSulfolobus solfactaricys
an extreme acidothermophilimy 1996 by Wright and cavorkers??> However, in 2008
Rabe and coevorkers discovered thatriginal CYP119 originates fron&ulfolobus
acidocaldariusand previous error was due to the contaminatio® sflfactaricusP1
strainwith the S.acidocaldariuspeciesCYP119is the first known P45@discovered in
the domain of archaea awdnsiss of 368 amino acidsvith a hemein the active site
(Figure9). Exhibiting stability to both high temperatufeu p t oandSpEessuédp) to
2 kbar) are distinguishable features GYP119 among P450sThe heme cofactor is
embedded in the active sité 6YP119ligated to the Cys317, throughhemeiron.?®
Depending on theubstrate, CYP119 can catalyze reactions utilizing either electrons
transferred through putidaredoxin/putidaredoxin reductase proteingOprad electron
acceptorWhile endogenous substrates of CYPat®unknownin vitro studiesevealed
that CYP119 is capable of catalyzing epoxidation of styrene, hydroxylation of lauric acid,
reduction of nitrite, nitric oxide and nitrous oxide and electrochemical dehalogenation of
CCly.24

Figure9. The crystal structure of CYP119. The illustration was created in Chimera.
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