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ABSTRACT 

 
GENERATION OF MUTANT LIBRARIES 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 towards the ones with desired characteristics by the application of 

random mutagenesis in the laboratory. However, library construction constitutes the most 

fundamental part of directed evolution. Application of different construction methods 

affects both the number and diversity of variants created and the screening/selection 

techniques used. Early procedures including error-prone PCR, mutator strains, chemical 

mutagens and gene shuffling have been successful in whole gene mutagenesis yet have 

been required more screening/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 located at specific positions in the polypeptide chain. Especially, active site residues 

of biocatalysts were chosen as targets and the catalytic efficiencies were enhanced. 

CYP119, a member of cytochrome P450 protein family, from Sulfolobus 

Acidocaldarius is a thermostable enzyme capable of catalyzing peroxidation, 

monooxygenation and oxidoreduction reactions. Here, a library of mutants consist of 

CYP119 variants was created via application of combinatorial active site saturation test 

(CAST) in amino acid positions 213 ï 214 and an effective fluorescence-based method 

was developed to screen the library for increased peroxidase activity while utilizing 

hydrogen peroxide as oxidant. After screening of mutant library, a variant with 

Thr213Arg ï Thr214Ile substitutions showed 1.32-fold increased peroxidase activity in 

the catalysis of Amplex Red compared to wild type CYP119.  
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¥ZET 

 

TERMOFĶLĶK BĶR P450 ENZĶMĶN Y¥NLENDĶRĶLMĶķ EVRĶMĶ Ķ¢ĶN 

MUTANT K¦T¦PHANELERĶNĶN OLUķTURULMASI 

 

Doĵal se­ilimden ilham alan yºnlendirilmiĸ evrim, protein m¿hendisliĵinde 

enzimler tasarlanērken sēklēkla kullanēlan bir yºntemdir. Laboratuvar ortamēnda rastgele 

mutasyon uygulanarak, mevcut proteinlerin istenen karakterleri taĸēyan proteinlere 

yinelemeli olarak evrilmelerine olanak tanēmaktadēr. Bununla birlikte, k¿t¿phane 

oluĸturulmasē, yºnlendirilmiĸ evrimin en temel par­alarēndan biridir. Farklē inĸa 

metodlarēnēn kullanēlmasē hem oluĸturulan varyantlarēn sayēsēnē ve ­eĸitliliĵini hem de 

kullanēlan tarama/se­me tekniklerini etkilemektedir. Ķlk ­ēkan prosed¿rlerden olan hata 

meyilli PZR, mutasyon yapēcē suĸlar, kimyasal mutajenler ve DNA karēĸtērma t¿m genin 

mutasyonunda baĸarēlē olsa da b¿y¿k k¿t¿phaneler oluĸturmalarēndan dolayē daha fazla 

tarama/se­me zahmeti gerektirdi. Diĵer taraftan dejenere primerlerin kullanēmē ve bºlge 

doyurma mutasyonu gibi yeni yaklaĸēmlar, polipeptit zincirinde, belirli bºlgelerde 

bulunan amino asitlerin rastgele mutasyonuna olanak tanēyarak tarama/se­me eforunu 

azalttē. ¥zellikle, biyokatalizºrlerin aktif bºlgeleri hedef olarak se­ildi ve katalitik 

verimlilikleri arttērēldē. 

Sulfolobus Acidocaldariusôdan gelen, bir P450 protein ailesi ¿yesi olan CYP119, 

peroksidasyon, monooksidasyon ve oksidored¿ksiyon tepkimelerini ger­ekleĸtirebilen 

termostabil bir enzimdir. Burada, 213. ve 214. amino asit pozisyonlarēnda, kombinatoryal 

aktif bºlge doygunluk testi uygulanarak CYP119 varyantlarēndan oluĸan bir mutant 

k¿t¿phanesi yaratēlmēĸ ve hidrojen peroksiti oksidan olarak kullanērken arttērēlmēĸ 

peroksidaz aktivitesi i­in florasan temelli, etkili bir tarama yºntemi geliĸtirilmiĸtir. 

Mutant k¿t¿phanenin taranmasē sonucu, Thr213Arg ï Thr214Ile mutasyonlarēnē taĸēyan 

varyantēn doĵal CYP119 ile karĸēlaĸtērēldēĵēnda 1.32 kat daha fazla peroksidaz aktivitesi 

gºsterdiĵi tespit edilmiĸtir. 
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CHAPTER 1 

 

INTRODUCTION  

 

1.1. Protein Engineering 

 

Protein engineering is the creation of 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 engineering.1 

In the second half of 20th century, developments occurred in genetic engineering 

gave rise to the concept of protein engineering. Firstly, the protein of interest has been 

able to be produced via employing gene cloning. Secondly, chemical synthesis of DNA 

allowed the application of genetic modifications on a protein. Finally, X-ray 

crystallography brought a better understanding to the structure-function relationship of 

proteins by revealing their 3D structure. Through utilizing methodologies improved so 

far now, either a protein with novel functions or a totally new protein not found in nature 

can be created.2 

 

1.1.1. Enzyme Engineering 

 

Among the proteins, design and improvement of enzymes attract the major 

interest because of enzymeôs diverse utilization in many areas including pharmaceutical, 

food, environmental, detergent and paper industries. Screening and selection methods 

have been developed to detect enzyme variants with desired properties to satisfy the needs 

of industry. Tailor-made mutations of enzymes in general are intended to provide 

upgraded kinetic characteristics, elimination of allosteric regulation, enhancement of 

substrate and reaction specificity, increased thermostability, higher stability towards 

oxidizing agents and heavy metals and resistance to proteolytic degradation. Moreover, 

optimal pH and temperature of an enzyme can be adjusted according to reaction 

conditions. Target product yield can be increased by tuning biocatalystôs 

enantioselectivity, chemoselectivity and regioselectivity through applying enzyme 
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engineering methods. Conjunction of two or more biocatalyst domains may allow the 

production of multi-functional enzymes.3 

 

1.2. Steps in Protein 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 random mutagenesis), application of those changes (mutagenesis, library 

creation) and interpretation of protein variants for upgraded features (screening or 

selection). Selection of particular strategy in each step may lead facilitated or beclouded 

operation and preference frequently depends on both existing information about enzyme 

and desired change in enzyme 4 

The most commonly employed protein engineering approaches are rational design 

and directed evolution (Figure 1).5 Before application, both 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 information-dependent 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 X-ray 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 using X-ray crystallography or NMR. Secondly, 

the data obtained is examined along with the database of known and putative structural 

effects of amino acid substitutions on enzyme structure and function. By utilizing all the 

information collected, possible outcomes of specific amino acid changes 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. Predetermined changes in the nucleotide sequence 
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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 cells. The mutant 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 with native enzyme characteristics to 

show improvement(s).5 

 

 

 

 

Figure 1. Comparison of rational design and directed evolution.                                       

(Source: Bornscheuer et al., 2001) 

 

Another strategy used in protein engineering is directed evolution, inspired by 

natural selection, accomplished by either applying random mutagenesis to the target gene 

encoding the biocatalyst or recombining the fragments of homologous genes. Upon 

creating library of mutant genes, expression vectors are constituted and transformed into 

host cells and appropriate variants are selected considering desired characteristics. While 

library creation, either a specific part of gene or whole gene can be altered randomly 

depending on applied directed evolution method. In contrast to rational design, random 

mutagenesis techniques rarely require information about protein structure in advance.6 
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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 studies.7 It leads the creation of large number of variants however only a 

slight amount satisfies the desired characteristics after screening.  

During directed evolution, to provide random mutagenesis, error-prone 

polymerase chain reaction (epPCR), mutator strains, chemical mutagens, nucleoside 

analogue incorporation, gene shuffling and degenerate codons can be applied as different 

methods. Among them, epPCR is the most widely applied method utilizes a thermostable 

DNA polymerase lack of proof reading provides random mutations on gene of interest 

entirely. In addition to the type of DNA polymerase used, the concentrations of Mn+2, 

dNTP and template in the reaction mixture and the number of thermocycles affect the rate 

of mutations. Although this method has a handicap such as mutation bias, this can be 

eliminated by using commercial DNA polymerases engineered for balancing transitions 

and transversions (AŸG, TŸC and A/GźC/T respectively).  

As an alternative method without PCR employment, chemical mutagens such as 

nitrous acid, formic acid, hydrazine or ethyl methane sulfonate can be used in the 

treatment of template DNA to create mutations. Those chemicals affect nucleotide bases 

and change their hydrogen bonding characteristics eventually increasing their tendency 

for the formation of noncanonical pairings.8 By using ethyl methane sulfonate, it is 

reported that less bias, compared to classical PCR-based methods, was accomplished.9  

In addition to the methods described above, adding unnatural nucleotide analogs 

such as 5'-triphosphates of 6-(2-deoxy-beta-D-ribofuranosyl)-3,4-dihydro-8H-pyrimido-

[4,5-C] [1,2]oxazin-7-one(dP) and of 8-oxo-2' deoxyguanosine (8-oxodG) leads both 

transition and transversion mutations as a consequence of displaying different binding 

characteristics while pairing with canonical nucleotides during PCR reaction.10  

Mutations can be generated in vivo by using mutator strains or UV irradiation on 

whole cell. Some advantages are provided through elimination of intermediate steps such 

as template DNA isolation/restriction and ligation. On the other hand, deleterious or 

malfunctioning mutations in host genome or in essential parts of plasmid DNA such as 

resistance genes, copy number control sequences or promoter regions are possible 

undesirable results of this method.  

Gene shuffling is another method, used in directed evolution, provides random 

mutagenesis for whole gene of interest. The procedure begins with the amplification of 

template DNAs and continue with the restriction of homologue genes by DNase I.  
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Subsequently, nascent gene fragments in the mixture lack of primers are recombined and 

amplified by PCR.11 Recruited genes can be either wild type homolog genes of a gene 

family or mutated variants of a specific gene. Resulting 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 to standard epPCR, gene shuffling 

provides more diversity. Since the recombination during PCR is dependent to the 

reannealing of gene fragments originated from template genes, the divergence between 

fragments can be a limiting factor thus gene shuffling method requires 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 position(s) of mutation(s) will be 

applied is determined but the amino acids will be employed are unknown. In such cases 

use of degenerate oligonucleotide primers provide random mutagenesis either for a single 

site or for multiple sites on a template DNA. The method allows the assessment of all 20 

amino acids at a predetermined site or sites. Diverse degenerate codons introduce 

different amino acid groups with different properties can be used depending on needs 

(Table 1).12 The saturation mutagenesis allows the modification of every single position 

on a gene in an iterative fashion. However, it creates larger libraries and require higher 

screening effort. On the other hand, site saturation mutagenesis yields smaller libraries as 

result of confinement of mutagenesis to predetermined positions and provides facilitated 

screening.  

In 2005, Reetz and co-workers brought a new approach to directed evolution by 

applying Combinatorial Active Site Saturation Test (CAST) thereby substituting amino 

acid pairs at defined positions in the active site of a lipase. While defining amino acid 

pairs to be substituted 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 (Figure 2).13 The 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 closest 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 
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saturation mutagenesis, CAST provides a more diverse library and higher chance of hit 

discovery with less screening effort.13 

 

Table 1. Degenerate Codons and Corresponding Amino Acids. 

Degenerate 

codon 
Corresponding base sequence 

Encoded 

codons 
Stop codons 

Encoded 

amino 

acids 

Properties 

NNN (A, T, G, C) (A, T, G, C) (A, T, G, C) 64 
TAA, TAG, 

TGA 
All  

Fully 

randomized 

codon 

NNK (A, T, G, C) (A, T, G, C) (G, T) 32 TAG All  
All 20 amino 

acids 

NNS (A, T, G, C) (A, T, G, C) (G, C) 32 TAG All  
All 20 amino 

acids 

NDT (A, T, G, C) (A, T, G) (T) 12 No 

Phe, Leu, 

Ile, Val, 

Tyr, His, 

Asn, Asp, 

Cys, Arg, 

Ser, Gly 

Mixture of 

polar, nonpoar, 

positive and 

negative 

charged 

residues 

NTN (A, T, G, C) (T) (A, T, G, C) 16 No 

Met, Phe, 

Leu, Ile, 

Val 

Nonpolar 

residues 

NAN (A, T, G, C) (A) (A, T, G, C) 16 TAA, TAG 

Tyr, His, 

Gln, Asn, 

Lys, Asp, 

Glu 

Charged, 

larger side 

chains 

NCN (A, T, G, C) (C) (A, T, G, C) 16 No 
Ser, Pro, 

Thr, Ala 

Smaller side 

chains, polar 

and nonpolar 

residues 

RST (A, G) (G, C) (T) 4 No 
Ala, Gly, 

Ser, Thr 

Small side 

chains 
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Figure 2. Configuration of amino acids in secondary structure.                                          

(Source: Reetz et al., 2005) 

 

Final step involves the assessment of mutant variants for desired properties. 

Methods can be categorized as selection-based approach and screening-based approach. 

In selection-based approach, all mutants created are assayed for a desired biochemical 

activity. In case of in vivo selection, investigated property may provide host cell 

survivability. For example, ɓ-lactamase expressing cells may be selected by cultivating 

in ɓ-lactam containing medium. The protein of interest under investigation may be 

responsible for the synthesis of essential molecules such as amino acids or nucleotides 

whose deficiency is a limiting factor for cell growth can be considered as a selection 

parameter. 8 Alternatively, mutant proteins can be introduced on the surface of phages by 

using phage display system.14 DNAs of a gene library are fused to the gene of phage 

encoding phage coat proteins and resulting hybrids are cloned into phagemids and phage 

particles are transformed with phagemids carrying mutant variants. Phages are 

reproduced in E.coli host cells and a selection based on binding affinity is administered 

(Figure 3).15 Binding proteins introduced on the surface of phages are maintained after 

elution and can be further altered for improved properties. This method allows the 

representation of diverse libraries with more than 1010 unique members as phage pools.  

In screening-based methods, biochemical assays are frequently applied via 

colorimetric or fluorometric measurements to determine substrate turnover rate. Both 

methods can be applied either in vitro or in vivo. During in vitro application, the colonies 

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

fluorometric measurements either quantitatively or qualitatively. 

 

 

Figure 3. The cycle of phage display for the selection of binding proteins. (A) A 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, (C) non-binding 

phages are discarded. (D) Binding clones are further amplified and the proteins 

are identified through sequence analysis of related DNA. (Source: Sidhu, 2009) 

 

Contrarily in in vivo screening-based-methods, 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 used in in vivo 

screening.  Ligation and transformation efficiency can be limiting factors for in vivo 

screening.8  

 

1.3 Cytochrome P450 Proteins (CYPs or P450s) 

 

Cytochrome P450 enzymes are heme b containing monooxygenases first 

characterized by Klingenberg in 1954.16 CYPs catalyze the site-specific oxidation of non-

activated hydrocarbons under mild reaction conditions. In the active site of enzyme, heme 

group is tied to the apoprotein via a conserved cysteine. The iron ion in the heme is 

coordinated by four nitrogen atoms of porphyrin and plays a key role during catalysis 

(Figure 4). 
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Figure 4. Coordination of iron ion in Protoporphyrin IX. Protoporphyrin IX (orange), 

nitrogens (blue), iron (red), cysteine (grey) and thiol group (yellow) are shown. 

The illustration was created on Chimera. 

 

Most P450s catalyze the reductive cleavage of molecular oxygen. Consequently, 

one oxygen atom is introduced into the substrate, while the second oxygen atom is 

reduced to water. During catalysis, P450s are reduced via two electrons carried by either 

nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide phosphate 

(NADH or NADPH respectively). However, the electrons are not able to be transferred 

directly from NAD(P)H to heme center and are mediated by additional proteins called 

redox partners. Utilization of different redox partner-proteins constitutes several P450-

integrated systems (Figure 5).17 In three-protein systems, a flavoprotein serves as 

reductase, an iron-sulphur protein serves as electron mediator and a P450 serves as 

terminal oxidase. P450 and reductase can either be soluble or membrane-bound. In two-

protein systems primary protein; cytochrome P450 reductase (CPR) contains both flavin 

adenine dinucleotide and flavin mononucleotide (FAD and FMN respectively) and 

transfers electrons accepted from NAD(P)H to P450. Both CPR and P450 present as 

membrane-bounded. In one-protein systems, CPR and P450 are linked via polypeptide 

chain and correspond to one-component system with all functional domains. Proteins can 

be either soluble or membrane-bounded. P450BM-3 (CYP102) from Bacillus megaterium 

represents a good example for one-protein system and is frequently used in P450 

studies.18  

Reactions mediated by P450s initiate via substrate binding (1) followed by 1-

electron reduction (2), O2 binding (3), second 1-electron reduction (4), protonation step 

(5), homolytic cleavage of O ï O bond (6), reaction with the substrate (7, 8) and release 

of the product (9) respectively (Figure 6, steps 1 to 9).19 Alternatively, while working with 
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P450 monooxygenases, addition of H2O2 allows direct constitution of hydroperoxo iron 

from iron in resting state (Fe+3 ï RH) and the mechanism is known as hydrogen peroxide 

shunt (Figure 6, step 10). Although H2O2-dependent pathway provide less efficiency due 

to the oxidative inactivation of heme-prosthetic group, elimination of NAD(P)H 

recruitment introduces cost-effective enzyme systems for industrial applications.20 

 

 

 

 

Figure 5. Diverse P450 systems with redox partners. 

 

 

 

Figure 6.  P450 catalytic cycle with NAD(P)H and H2O2 utilization are shown via steps 

from 1 to 9 and step 10 respectively. 
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P450 enzymes are capable of catalyzing various reactions (Figure 7).19 Activation 

of sp3 hybridized C atoms, epoxidation of C=C double bonds, aromatic hydroxylation, N-

oxidation, deamination and dehalogenation, as well as N-, O- and S-, dealkylation can be 

listed as P450 mediated reactions.17 Under specific circumstances, P450s also catalyze 

atypical reactions such as C-C and C-O phenol coupling, cleavage of C-C bonds, Baeyer-

Villiger oxidation and rearrangement reactions.17  

 

 

 

Figure 7. 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 toxins. Among the P450s, P450 BM3 from 

Bacillus Megaterium, is a self-sufficient enzyme with reductase domain, frequently 

employed in P450 studies.21 So far now various substrates are subjected to P450 BM3 

studies and shown in Figure 8.17       

 

 

 

Figure 8. Diverse substrates of P450 BM3. 
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1.3.1. Cytochrome P450 119 (CYP 119) 

 

CYP119, a member of P450 protein family, identified in Sulfolobus solfactaricus, 

an extreme acidothermophilic, in 1996 by Wright and co-workers.22 However, in 2008 

Rabe and co-workers discovered that original CYP119 originates from Sulfolobus 

acidocaldarius and previous error was due to the contamination of S.solfactaricus P1 

strain with the S.acidocaldarius species. CYP119 is the first known P450 discovered in 

the domain of archaea and consists of 368 amino acids with a heme in the active site 

(Figure 9). Exhibiting stability to both high temperature (up to 85 ÁC) and pressure (up to 

2 kbar) are distinguishable features of CYP119 among P450s. The heme cofactor is 

embedded in the active site of CYP119 ligated to the  Cys317, through heme iron.23 

Depending on the substrate, CYP119 can catalyze reactions utilizing either electrons 

transferred through putidaredoxin/putidaredoxin reductase proteins or H2O2 as electron 

acceptor. While endogenous substrates of CYP119 are unknown, in vitro studies revealed 

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 

CCl4.
24 

 

 

 

Figure 9. The crystal structure of CYP119. The illustration was created in Chimera. 






































































