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IV. Abstract 

Aryl-alcohol oxidases (AAOs) are FAD-containing fungal oxidoreductases that catalyze 

the oxidation of primary aromatic or allylic alcohols to the corresponding aldehyde or, if present 

as gem-diol, to the acid with the concomitant reduction of O2 to H2O2. In nature, these enzymes 

are secreted by white-rot wood-decaying fungi and participate in the degradation of lignin, the 

world’s second most abundant natural heteropolymer. The biotechnological exploitation of 

AAOs is mainly aiming at the production of valuable aldehydes such as the flavors and 

fragrances benzaldehyde and trans-2-hexenal, the production of acids such as 2,5-

furandicarboxylic acid (FDCA), a precursor for polyethylene furanoate (PEF) with high 

prospects of substituting fossil-based polymers, or the enzymatic supply of H2O2 to peroxidase 

or peroxygenase-catalyzed reactions. Another potential application lies in the participation of 

AAOs in efficient lignin utilization. However, the number of characterized AAOs is still very 

low, because the biochemical and structural investigation of these enzymes, as well as their 

broader application, has been largely hampered by the low production in native fungal hosts. 

Moreover, the reported heterologous systems often did not lead to higher enzyme titres as 

compared to production by native fungal hosts. Therefore, to explore and finally utilize AAOs’ 

full potential as biocatalysts, an efficient expression system is required to provide the 

recombinant enzymes at high yields and their substrate scope and catalytic potential need to be 

investigated. 

Only a few examples of sufficient AAO expression in recombinant yeasts have been 

published, which urged us to search for new AAO-encoding genes for heterologous expression. 

The methylotrophic yeast Pichia pastoris (recently re-classified as Komagataella phaffii) was 

chosen as expression host, because it can efficiently produce recombinant proteins and enables 
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their glycosylation. The genes encoding five AAOs were heterologously expressed in 

P. pastoris (Chapter I). Two of them were produced in secreted form in fed-batch processes at 

high yields of 315 mg/l for PeAAO2 from Pleurotus eryngii P34 and 750 mg/l for MaAAO 

from Moesziomyces antarcticus (Chapters II and III). The thorough biochemical investigation 

of PeAAO2 and MaAAO has revealed that both enzymes are promising biocatalysts, since they 

are thermo- and pH stable, and convert a wide range of substrates with high activity. Moreover, 

a handful of previously unknown AAO substrates was identified, whose products find 

application as flavor and fragrance compounds or pharmaceutical building blocks. 

The amino acid sequence alignment of PeAAO2 and the non-expressible in P. pastoris 

PeAAO1 from a different P. eryngii substrain showed that the two enzymes differ in only 7 

amino acids in the mature protein (Chapter IV). Iterative introduction of the respective amino 

acids from PeAAO2 into PeAAO1 led to the generation of PeAAO1 variant ER, which 

contained two adjacent amino acid exchanges (K583E/Q584R) and achieved even higher 

activity in cell-free supernatant than wild-type PeAAO2, after expression and secretion by 

P. pastoris. The homology model of the variant ER indicated a newly formed salt bridge at 

position 583, which is not present in the wild-type PeAAO1 and may therefore improve protein 

folding and stability of the respective variant.  

A new agar plate based activity assay was developed for the rapid screening of 

P. pastoris mutant libraries for improved activity towards selected substrates (Chapter V). 

Several  strains expressing PeAAO1 variants and wild-type PeAAO2 were used for assay 

validation. The correlation between the observed volumetric activity in a liquid 

spectrophotometric assay and the color development on the agar plate underscores the usability 

and reliability of this assay for the rapid identification of the AAO variants with improved 

activity. In directed evolution campaigns involving the introduction of multiple random 
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mutations and the generation of hundreds of individual P. pastoris transformants, the secretion 

and activity towards a specific substrate can be easily visualized using this agar plate based 

assay without the need for laborious cultivation in liquid medium, thus reducing the material, 

cost and time required. 

Oxidation of two newly discovered AAO substrates lead to the corresponding products 

piperonal and trans-2-cis-6-nonadienal. Both aldehydes are of considerable interest to the flavor 

and fragrance industry, because they are fragrances with very pleasant odors. Produced via 

AAO-catalyzed reactions they can be advertised as “natural fragrance”, meeting consumer 

demand for all-natural products. The biocatalytic production of piperonal was optimized on a 

small scale with respect to substrate concentration, shaking speed and temperature. The addition 

of catalase to degrade H2O2 and to re-introduce O2 was found to be essential and resulted in 

almost full conversion of 300 mM substrate within 44 h under optimized conditions (Chapter 

VI). The reaction was then scaled up to 10 ml volume, and the preparative production of 

piperonal resulted in a space-time yield of 9.5 g/l/h. The product was obtained with a high 

product yield of 85 % and more than 99 % purity via a simple extraction with n-hexane. trans-

2-cis-6-Nonadienal and cuminal were produced under the same optimized conditions on a small 

scale. Cuminal, the oxidation product of cumic alcohol, is reported to possess various 

therapeutic effects such as anticancer and antidiabetic. Its AAO-mediated biocatalytic 

production could be of interest to the pharmaceutical industry.  

Taken together, the newly discovered and characterized AAOs, PeAAO2 and MaAAO, 

have demonstrated their high potential as biocatalysts with applications in the synthesis of 

potent pharmaceutical and flavor and fragrance compounds. 
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V. Zusammenfassung 

Arylalkohol-Oxidasen (AAOs) sind FAD-haltige Oxidoreduktasen aus Pilzen, die die 

Oxidation primärer aromatischer oder allylischer Alkohole zu den entsprechenden Aldehyden 

oder, wenn gem-Diole vorliegen, zur Säuren, katalysieren, wobei gleichzeitig O2 zu H2O2 

reduziert wird. In der Natur werden diese Enzyme von holzzersetzenden Weißfäulepilzen 

ausgeschieden und sind am Abbau des Pflanzenmaterials Lignin, dem zweithäufigsten 

natürlichen Heteropolymer der Welt, beteiligt. Die biotechnologische Nutzung von AAOs zielt 

vor allem auf die Produktion von wertvollen Aldehyden wie die Aroma- und Duftstoffe 

Benzaldehyd und trans-2-Hexenal, auf die Produktion von Säuren wie 2,5-Furandicarbonsäure 

(FDCA), einer Vorstufe für Polyethylenfuranoat (PEF), das fossile Polymere ersetzen könnte, 

oder auf die enzymatische Bereitstellung von H2O2 für Peroxidase- oder Peroxygenase-

katalysierte Reaktionen ab. Eine weitere mögliche Anwendung ist die Beteiligung von AAOs 

an einer effizienten Ligninverwertung. Die Zahl der charakterisierten AAOs ist jedoch noch 

sehr gering, da die biochemischen und strukturellen Untersuchungen dieser Enzyme sowie ihre 

breitere Anwendung durch die geringe Produktion in nativen Pilzwirten weitgehend 

beeinträchtigt wurden. Darüber hinaus führte die Produktion in heterologen Systemen oft zu 

kaum höheren Ausbeuten als die Produktion in nativen Pilzwirten. Um jedoch das volle 

Potenzial von AAOs als Biokatalysatoren erforschen und nutzen zu können, müssen die 

rekombinanten Enzyme mit hoher Ausbeute hergestellt, und ihr Substratspektrum sowie ihre 

physikalischen Eigenschaften untersucht werden. 

Es wurden nur wenige Beispiele für die sekretorische Produktion mit 

Hefeexpressionssystemen mit ausreichend hohen Produktausbeuten veröffentlicht, was die 

Suche nach AAO-kodierenden Genen für die heterologe Expression veranlasste. Die 
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methylotrophe Hefe Pichia pastoris (re-klassifiziert als Komagataella phaffii) wurde als 

Expressionswirt ausgewählt, da sie effizient rekombinante Proteine herstellt und deren 

Glykosylierung ermöglicht. In dieser Arbeit wurden die Gene, die für fünf AAOs kodieren, 

rekombinant in P. pastoris exprimiert (Kapitel I), und zwei von ihnen wurden sezerniert und in 

Fed-Batch-Verfahren in hohen Ausbeuten von 315 mg/l für PeAAO2 aus Pleurotus eryngii P34 

und 750 mg/l für MaAAO aus Moesziomyces antarcticus produziert (Kapitel II und III). Die 

eingehende biochemische Untersuchung von PeAAO2 und MaAAO ergab, dass beide Enzyme 

vielversprechende Biokatalysatoren sind, da sie thermo- und pH-stabil sind und ein breites 

Spektrum von Substraten mit hoher Aktivität umsetzen. Darüber hinaus wurde eine Handvoll 

bisher unbekannter AAO-Substrate identifiziert, deren Produkte als Aroma- und Duftstoffe 

oder pharmazeutische Bausteine Verwendung finden. 

Das Aminosäuresequenz-Alignment von PeAAO2 und der in P. pastoris nicht 

exprimierbaren PeAAO1 aus einem anderen P. eryngii-Unterstamm zeigte, dass sich die beiden 

Enzyme in 7 Aminosäuren im reifen Protein unterscheiden (Kapitel IV). Die iterative 

Einführung der entsprechenden Aminosäuren aus PeAAO2 in PeAAO1 führte zur Erzeugung 

der PeAAO1-Variante ER, die zwei benachbarte Aminosäureaustausche (K583E/Q584R) 

enthielt und im zellfreien Expressionsüberstand sogar eine höhere Aktivität als der Wildtyp 

PeAAO2 aufwies. Das Homologiemodell der ER-Variante wies auf eine neu gebildete 

komplexe Salzbrücke an Position 583 hin, die sich im Wildtyp-PeAAO1 nicht ausbilden kann 

und somit die Proteinfaltung und -stabilität der entsprechenden Variante verbessern könnte.  

Es wurde ein neuer, auf Agarplatten basierender Aktivitätstest für das schnelle 

Screening von P. pastoris-Mutantenbibliotheken auf erhöhte Aktivität gegenüber ausgewählten 

Zielsubstraten entwickelt (Kapitel V). Zur Validierung des Assays wurden mehrere P. pastoris 

Stämme verwendet, die PeAAO1-Varianten und den Wildtyp PeAAO2 exprimieren. Die 
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Korrelation zwischen der beobachteten volumetrischen Aktivität in einem flüssigkeitsbasierten 

spektrophotometrischen Assay und der Farbentwicklung auf einer Agarplatte unterstreicht die 

Nützlichkeit und Zuverlässigkeit dieses Assays für die schnelle Identifizierung von AAO-

Varianten mit höherer Aktivität. In gezielten Evolutionskampagnen, in denen mehrere 

Zufallsmutationen eingeführt und Hunderte von individuellen P. pastoris-Transformanten 

erzeugt werden, kann die Sekretion und Aktivität gegen ein bestimmtes Substrat mit diesem auf 

Agarplatten basierenden Assay leicht sichtbar gemacht werden, ohne dass eine mühsame 

Kultivierung in Flüssigmedium erforderlich ist, was den Material-, Kosten- und Zeitaufwand 

reduziert. 

Unter den neu entdeckten AAO-Substraten sind die entsprechenden Produkte Piperonal 

und trans-2-cis-6-Nonadienal für die Aromen- und Duftstoffindustrie von großem Interesse, da 

es sich bei beiden um Duftstoffe mit sehr angenehmen Geruch handelt, die als "natürliche 

Aromen" beworben werden können und damit dem Wunsch der Verbraucher nach natürlichen 

Produkten entgegenkommt. Die biokatalytische Herstellung von Piperonal wurde im kleinen 

Maßstab hinsichtlich Substratkonzentration, Schüttelgeschwindigkeit und Temperatur 

optimiert.  Die Zugabe von Katalase zum Abbau von H2O2 und zur Rückführung von O2 erwies 

sich als unerlässlich und führte unter den optimierten Bedingungen zu einer nahezu 

vollständigen Umsetzung von 300 mM Substrat innerhalb von 44 Stunden (Kapitel VI). Die 

Reaktion wurde dann auf ein Reaktionsvolumen von 10 ml hochskaliert und die präparative 

Herstellung von Piperonal führte zu einer Raum-Zeit-Ausbeute von 9,5 g/l/h. Das Produkt 

wurde in einem einfachen Extraktionsschritt mit n-Hexan mit einer hohen Produktausbeute von 

85 % und einer Reinheit von mehr als 99 % isoliert. Trans-2-cis-6-Nonadienal und Cuminal 

wurden unter den gleichen optimierten Bedingungen in kleinem Maßstab hergestellt. Cuminal, 

das Oxidationsprodukt von Cuminalalkohol, soll Berichten zufolge verschiedene 
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therapeutische Wirkungen, wie z. B. krebshemmend und antidiabetisch haben. Seine AAO-

vermittelte biokatalytische Produktion könnte für die pharmazeutische Industrie von Interesse 

sein.  

Insgesamt konnte das hohe Potenzial der neu entdeckten und charakterisierten AAOs, 

PeAAO2 und MaAAO, als Biokatalysatoren für die Synthese von pharmazeutisch wirksamen 

Verbindungen sowie von Aroma- und Duftstoffen gezeigt werden. 
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VI. Abbreviations 

°C degree celsius 
 

mg milligram 

µg microgram 
 

min minute 

µl microliter 
 

ml milliliter 

µM micromolar 
 

mm millimeter 

5-HMF 5-hydroxymethylfurfural  
 

mM millimolar 

A. nidulans Aspergillus nidulans 
 

MnP manganese peroxidase 

AA auxiliary activity 
 

MrAAO3 AAO3 from Moniliophthora roreri MCA 2997 

AAO aryl-alcohol oxidase 
 

NAD(P)H Nicotinamide adenine dinucleotide (phosphate) 

aao gene encoding for an aryl-alcohol oxidase 
 

NCBI National Center for Biotechnology Information  

AADH aryl-alcohol dehydrogenase 
 

NER PeAAO1 variant harboring 

D361N/K583E/Q584R mutations 

ADP adenosine diphosphate  
 

ng nanogram 

AER PeAAO1 variant harboring 

V367A/K583E/Q584R mutations 

 
nm nanometer 

AOX1 alcohol oxidase 1 
 

OD600 optical density at 600 nm 

BMGY buffered complex glycerol medium 
 

P. eryngii Pleurotus eryngii 

BMMY buffered minimal methanol medium 
 

P. pastoris Pichia pastoris 

cDNA complementary DNA 
 

P. pulmonarius Pleurotus pulmonarius 

CDS coding sequence 
 

PAGE polyacrylamide gel electrophoresis 

cm centimeter 
 

PAOX1 promoter of alcohol oxidase 1 

Da dalton 
 

PeAAO1 AAO from Pleurotus eryngii ATCC 90787 

DNA desoxyribonucleic acid 
 

PeAAO2 AAO2 from Pleurotus eryngii P34 

E. coli Escherichia coli 
 

PEF polyethylene furanoate 

EC enzyme commission 
 

PET polyethylene terephthalate 

ER PeAAO1 variant harboring K583E/Q584R 

mutations 

 
PpAAO1 AAO1 from Pleurotus pulmonarius CBS 507.8 

EV empty vector 
 

rpm revolutions per minute 

FAD flavin adenine dinucleotide 
 

s second 

FDCA 2,5-furandicarboxylic acid  
 

S. cerevisiae Saccharomyces cerevisiae 

g gram 
 

SDS sodium dodecyl sulfate 

GMC glucose-methanol-choline 
 

SN supernatant 

GMO genetically modified organism 
 

TCA trichloroacetic acid 

h hour 
 

TRIS tris(hydroxymethyl)aminomethane 

kDa kilodalton 
 

U Unit, µmol/min 

kV kilovolt 
 

U/l volumetric activity, unit per liter 

l liter 
 

v/v volume percent 

LB lysogeny broth 
 

VP versatile peroxidase 

LiP lignin peroxidase 
 

w/v weight percent 

LME lignin-modifying enzymes 
 

X x-fold 

LDA lignin-degrading auxiliary enzymes 
 

x g centrifugal force 

M molar 
 

Xaa any amino acid 

M. roreri Moniliophthora roreri  
 

YPDS yeast peptone dextrose sorbitol  

MaAAO AAO from Moesziomyces antarcticus JCM 

10317 

 
zeo zeocin 

MaGMC1 former name of MaAAO 
 

ε310 molar extinction coefficient at 310 nm 
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1. Introduction  

1.1. Green Chemistry and the Role of Biocatalysis 

“Green chemistry” plays an important role in tackling the growing demand for consumer 

materials as the world’s population is rapidly increasing. The current world population reached 

the milestone of 8 billion as of November 2022 and is expected to further grow by another 25 % 

over the next 40 years, according to the United Nations.1 

The increasing amount of chemical waste from various production routes concomitant 

with the increase of the world’s population has led to considerable concern and environmental 

awareness and initiated a reassessment of traditional chemical processes in the 1980s. Instead 

of treatment and clarification of chemical waste produced, the emphasis was put on the urgent 

need of waste prevention. These considerations, among others, led to the development of the 

term “green chemistry” by the U.S. Environmental Protection Agency in the 1990s and the 

concept of green chemistry has been summarized by Roger A. Sheldon as follows:  

“Green chemistry efficiently utilises (preferably renewable) raw materials, eliminates 

waste and avoids the use of toxic and/or hazardous reagents and solvents in the manufacture 

and application of chemical products.”2 

A more precise definition was manifested in the “12 Principles of Green Chemistry” 

(Table 1).3 These principles cover the entire scope of a chemical process starting from the raw 

materials to the solvents and catalysts used, and the degradability of the final product.4 The 

green chemistry approach aims at converting the entity of a chemical process to a more 

sustainable alternative without focusing only on certain “problems”. Most dominantly, the 

transition to renewable feedstocks in an economy based on non-renewable fossil resources is 



Introduction - Green Chemistry and the Role of Biocatalysis | 2 

 

 

 

one of the greatest challenges of adopting green chemistry principles, and the use of renewable 

feedstocks would at the same time simplify the prevention of chemical waste. 

The main factors that add up to the amount of chemical waste generated include the 

nature and amount of organic or inorganic chemicals used in a particular process. The impact 

of these factors can be reduced through the use of catalysis – either homologous, heterologous 

or biocatalysis.3 In using catalysis, the necessary amount of a certain reagent is lowered from a 

stoichiometric to a catalytic amount, which is more atom- and step-economical, thus drastically 

reducing waste production in a given chemical process.4,5 Among the different types of catalytic 

reactions, biocatalysis plays a pivotal role in the transition to a greener and more sustainable 

economy, and the use of biocatalytic reactions instead of classical chemical reactions is in great 

agreement with the principles of green chemistry (Table 1).3 

Table 1 The 12 principles of green chemistry and the respective contribution of biocatalysis. Adapted from Sheldon and 

Woodley.3 

 Green chemistry principle Biocatalysis 

1 Waste prevention Significantly reduced waste 

2 Atom economy More atom- and step-economical 

3 Less hazardous syntheses Generally low toxicity 

4 Design for safer products Not relevant * 

5 Safer solvents and auxiliaries Usually performed in water 

6 Energy efficiency Mild conditions/energy-efficient 

7 Renewable feedstocks Enzymes are renewable 

8 Reduced derivatization Avoids protection/deprotection steps 

9 Catalysis Enzymes are catalysts 

10 Design for degradation Not relevant * 

11 Real-time analysis Applicability to biocatalytic processes 

12 Inherently safer processes Mild and safe conditions 

* Biocatalytic product is considered, not the process itself. 
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Biocatalytic processes can be performed in different setups, but all processes necessitate 

specialized proteins, i.e. enzymes that are able to catalyze a particular biocatalytic reaction.5 In 

all setups, the first step en route to a biocatalytic process starts with the growth of a microbial 

culture (Scheme 1), which relies on rather simple ingredients: The culture medium is composed 

of a carbon- and nitrogen-rich nutrient solution that contains necessary building blocks such as 

amino acids, carbohydrates, and sometimes buffer components to maintain an optimal pH 

during growth. Already during the growth of the microbial cells the conversion of a specific 

substrate by means of intracellularly produced enzymes can be used to produce a desired 

product, defined as fermentation. In addition to the use of growing cells for biocatalytic 

processes, cultures after growth in rich culture medium and harvest of the cells can be used as 

“resting” whole-cell biocatalysts or can be utilized to isolate the specific enzyme of interest 

(biocatalyst).5 Isolated biocatalysts are usually applied in aqueous buffered solutions, which is 

preferred according to the principles of green chemistry, but quite often also tolerate organic 

solvents – if required for substrate solubilization. The biocatalyst itself is renewable, 

biodegradable, non-toxic, and non-hazardous, performs well under mild conditions and is quite 

often more chemo-, regio-, and stereo-selective than classical chemical catalysts, thus 

conforming to several of the introduced principles of green chemistry.3,4  

 

Scheme 1 Classification of biocatalytic processes. Adapted and modified from Sheldon and Brady.5 
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The application of growing cells in fermentations or the growth of cells followed by 

isolation of the biocatalyst is usually preceded by genetic manipulation, unless native enzymes 

of the microbial host are used for the biocatalytic reactions in question. Great advances in 

recombinant DNA technologies over the last 30 years have made it possible to produce a desired 

biocatalyst with acceptable yields and modified properties (see Chapter 1.2 and Chapter 1.3), 

which is a important prerequisite for its use in biocatalytic processes and ultimately in an 

industrial setting.3 

1.2. Heterologous Production of recombinant Biocatalysts 

Microorganisms can be engineered to produce a specific enzyme by introducing a 

(foreign) target gene, i.e. a DNA sequence encoding the desired enzyme. Through immense 

progress in DNA sequencing and extensive metagenomic studies, large sets of sequenced 

genomic material is available in databases and bioinformatic tools assist in identifying genes 

encoding enzymes with desired properties.5 The introduction of a foreign gene and its 

subsequent production in the appropiate microbial host is called heterologous expression, which 

allows the production of the desired enzyme at large scale with the help of genetically modified 

host organisms, such as the bacterium Escherichia coli or the yeast Pichia pastoris (recently 

reclassified as Komagataella phaffii). Various methods and approaches are known to maximize 

the production yield of hetreologous expression of the desired biocatalyst.6  

In fermentative biocatalytic processes, the growing genetically modified organisms 

(GMOs) are supplemented with a substrate in order to fuel the intracellular biocatalytic 

conversion to yield the desired product. A major advantage of fermentative processes is the 

involvement of intracellular cofactor recycling systems of the host cell, which is necessary 

depending on the type of biocatalyst and the catalyzed reaction, and the higher stability of the 
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target enzyme, as opposed to the lower stability of isolated enzymes. On the other hand, the cell 

membrane represents a barrier that may be insurmountable for certain substances and the 

intracellular native enzyme consortium may lead to undesired side reactions that are difficult to 

avoid.7  

If the occurrence of side reactions renders the product recovery difficult or leads to low 

product yields, the alternative of using isolated enzymes for the biocatalytic process may be 

more promising. This involves removing the enzyme-producing GMOs from the culture 

medium and releasing the desired biocatalyst from the cells along with other native cellular 

components. Depending on the substrate specificity of the biocatalyst, crude cell extracts can 

be applied for biocatalytic processes after harvesting and disruption of the cells, but in most 

cases (partial) purification of the extract is required to avoid the aforementioned side reactions 

of other host enzymes present in the crude cell extract.3,8 Secreted enzymes have significant 

advantages over their intracellular counterparts. These enzymes are translocated across the cell 

membrane and released into the medium and therefore significantly lower the amount of 

contaminant host enzymes. Secreted enzymes undergo proper folding and may contain post-

translational modifications such as glycosylation or disulfide bond formation, which are 

sometimes essential for certain enzymes.9 Suitable hosts for the secretory production are yeasts 

such as Pichia pastoris or Saccharomyces cerevisiae. The target gene must be cloned with a 

signal sequence that directs the produced enzyme into the secretory pathway and ultimately into 

the extracellular space. The target enzyme can then be easily removed from the medium via 

simple centrifugation, and quite often the cell-free supernatant shows sufficient purification 

degree and can be applied directly in biocatalytic processes, reducing the time and cost of cell 

disruption and purification steps.9 Overall, isolated (and purified) biocatalysts may show higher 

productivities and fewer side reactions, but may be less stable in the reaction setup in contrast 
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to their use as intracellular biocatalysts7 and the pros and cons of each approach need to be 

balanced for each target enzyme and reaction in question. 

1.3. Protein Engineering of Biocatalysts 

Recent advances in DNA-based technologies have not only simplified the production of 

biocatalysts with help of recombinant microbial hosts, but have also had a great impact on the 

modification of biocatalysts at the amino acid level. The concept of protein engineering 

encompasses various approaches in altering the catalytic and physical properties of enzymes, 

such as their activity, stability, substrate specificity, selectivity or expression yield. Lutz and 

Iamurri described the progression of engineering occurring in “four waves” as seen over the 

last two decades:10 

i) Isolation of natural enzymes and utilizing their natural activities 

ii) Introduction of rational design and directed evolution approaches 

iii) Incorporation of structural information in semi-rational approaches 

iv) Design of novel enzymes with non-natural activities based on directed evolution, 

rational and computational design 

The amount of knowledge about the target protein greatly dictates the methods used for 

modification, and there are basically two main approaches: rational and evolutionary methods 

of protein engineering.10-12 Structural and mechanistic information about the target protein 

enables the use of rational protein design to introduce specific mutations in certain regions of 

the protein with anticipated and predicted changes in protein properties. For example, the 

replacement of amino acids located in or near the active site of an enzyme can result in 

significant changes in activity, substrate specificity and selectivity, ultimately leading to the 

conversion of previously non-natural substrates. However, if no detailed structural or 
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mechanistic information is available or the rational basis for a desired altered property is 

unknown, a directed (random) evolutionary approach is more appropiate: random protein 

mutagenesis is performed on the entire amino acid sequence or on certain regions, resulting in 

a large variety of protein mutants with unforeseen changed properties.12 As an example: The 

production of the anti-diabetic drug sitagliptin can be realized via transamination of 

prositagliptin, the corresponding ketone.13 Due to steric hindrances the bulky prositagliptin is 

not accepted as substrate by transaminases. Savile et al. used a rational computational approach 

to alter the lining within the binding pockets in a two-step evolution and generated an enzyme 

variant with initial activity towards prositagliptin. This variant required further optimization to 

better suit industrial process conditions, i.e. to achieve high substrate conversion under 

optimized reaction conditions (organic solvent up to 50 % (v/v), high temperature of 45 °C and 

pH 8.5). This was achieved using a directed evolution approach and yielded a final transaminase 

variant capable of efficient prositagliptin conversion under process conditions with up to 200 g/l 

product.13 This example illustrates how both rational and directed evolution approaches can 

complement each other, but also work well when used separately. The great influence and 

extraordinary importance of the directed evolution approach is represented by Nobel Prize 

laureate Frances H. Arnold, who was awarded the 2018 Nobel Prize in Chemistry for "the 

directed evolution of enzymes".14 

In all cases, a reliable screening method is indispensable, as the large number of mutants 

created needs to be evaluated for introduced changes.12 The utilization of enzymatic activity 

assays is among the easiest and fastest methods for screening mutant libraries. Quite often 

surrogate substrates - rather than actual target substrates - are employed to screen for activity 

enhancement within enzyme mutant libraries. Activity towards these surrogate substrates is 

often easier to detect, for example, if the conversion product shows spectrophotometric 
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changes. This is particularly misleading as the activity towards a surrogate substrate does not 

necessarily correlate with the activity towards a target substrate. In this context, it is important 

to use a specific target substrate for which an improved activity is desired, rather than using 

surrogate substrates. Utilizing protein engineering approaches, the increasing importance of 

biocatalysis in otherwise classical organic syntheses is undeniable, and several hundred 

biocatalytic processes are in operation, mainly in the pharmaceutical industry, contributing to 

the transition towards a greener and more sustainable economy.15  

1.4. Lignocellulose and ligninolytic Enzymes 

Not only re-evaluation of classical chemical synthesis, such as the use of biocatalysis, 

but also the exploration and eventual implementation of alternatives to the use of fossil 

resources are required in the pursuit for transitioning to a more sustainable economy. However, 

these alternative resources must meet certain criteria, such as not competing with food 

production, being CO2 neutral, and being renewable.16 Lignocellulose, the main component of 

the cell walls of woody plants, is a remarkably suitable candidate: it consists of inedible plant 

material, is widely available, and is constantly produced.17  

Lignocellulose is composed of three quite distinct components with varying relative 

proportions: cellulose (40-50 %), hemicellulose (25-30 %) and lignin (10-30 %) (Figure 1A).18 

Crystalline cellulose fibers consist exclusively of β-1,4-linked D-glucose units of up to 10,000 

monomers and are the most abundant natural polymer. These fibers are embedded in a matrix 

consisting of hemicellulose, composed of various branched pentose and hexose sugars, and 

lignin, a cross-linked heteropolymer composed of phenolic units.16,18,19 These components are 

tightly packed and arranged into microfibrils. These microfibrils are in turn grouped into 

macrofibrils, which are the major component of the plant cell wall (Figure 1A).20 These 
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structures provide a strong, rigid barrier against microbial degradation, while also exhibiting 

unique structural properties that allow the plant to remain flexible as it grows, support its own 

weight, and enable the transport of water without swelling of the plant material.17  

Lignin, the second most abundant natural polymer and the most recalcitrant and 

disordered component of lignocellulosic biomass, is composed of three phenolic subunits called 

monolignols, which differ only in the number of substituent methoxy groups: p-coumaryl 

alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S) (Figure 1B).19 The highly irregular 

pattern of cross-linked monolignol units is established by free radical formation and yields a 

plethora of different C-C and C-O bonds, such as β-O-4 aryl ethers, β-β resinol bonds or 5-5 

biphenyl bonds.19,21  

 

 

Figure 1 Composition of lignocellulosic biomass. (A) Microfibrils are composed of crystalline cellulose and hemicellulose 

fibers, surrounded by the cross-linked heteropolymer lignin, which in turn are grouped as macrofibrils. Lignin units: p-coumaryl 

alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S). Adapted from Streffer et al. and Bertella et al.18,20 (B) Structures of 

the three monolignols representing the building blocks of lignin. 

A 

B 
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Wood-decaying fungi have specialized pathways to efficiently break down and utilize 

the different components of lignocellulose, in particular lignin, by secreting an “enzymatic 

cocktail” tailored to the particular lignocellulose composition.19 Two main types of fungi have 

evolved to degrade lignocellulosic biomass: White-rot and brown-rot fungi. Brown-rot fungi 

preferentially degrade the sugary components, leaving the brownish lignin mostly behind, while 

two distinct groups of white-rot fungi have evolved to either convert lignin, leaving the whitish 

cellulose and hemicellulose untouched, or to convert all lignocellulose components 

simultaneously.19,21  

The ligninolytic cocktail of white-rot fungi comprises of several oxidative activities and 

can be divided into two subgroups: lignin-modifying enzymes (LMEs) and lignin-degrading 

auxiliary enzymes (LDAs).17 LMEs are capable of directly attacking the lignin polymer and 

include lignin peroxidases (LiP; EC 1.11.1.14), manganese peroxidases (MnP; EC 1.11.1.13), 

versatile peroxidases (VP; EC 1.11.1.16), and laccases (EC 1.10.3.2) (Figure 2).17,19 

Peroxidases require H2O2 as a co-substrate, which is provided by members of the LDA 

subgroup. This subgroup includes oxidases active on lignin metabolites or other small 

molecules, like aryl-alcohol oxidases (AAO; EC 1.1.3.7), glyoxal oxidases (EC 1.2.3.5), 

pyranose 2-oxidases (EC 1.1.3.10), cellobiose dehydrogenases (EC 1.1.99.18), and glucose 

oxidases (EC 1.1.3.4).17 In particular, AAOs oxidize aromatic alcohols in a cycling reaction 

with intracellular aryl-alcohol dehydrogenases (AADH; EC 1.1.1.90) and ultimately yield 

H2O2, which is consumed by peroxidases of the LME subgroup. In a second application, the 

H2O2 produced is involved in the generation of reactive hydroxyl species via the Fenton 

reaction, which are capable of directly attacking the lignin heteropolymer (Figure 2).17,22 
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Figure 2 Fungal enzymes involved in lignocellulose breakdown. Lignin-modifying enzymes (LMEs) such as laccases and 

peroxidases (LiP, MnP, VP) are capable of direct attack on the lignin polymer. Peroxidases are fuelled by H2O2 producing 

enzymes categorized as lignin-degrading auxiliary enzymes (LDAs) like aryl-alcohol oxidases (AAO), which in turn oxidize 

fungal metabolites in conjunction with mycelium-associated aryl-alcohol dehydrogenases (AADH). The generated H2O2 is also 

used to fuel the Fenton reaction to create reactive hydroxyl species.  

The use of lignocellulose on an industrial scale is mainly restricted to its use in the pulp 

and paper industry and for the production of bioethanol, which uses the carbohydrate-

containing cellulose fraction.16 The valorization of heteropolymeric lignin in industrial 

processes is hampered by its high degree of complexity and diversity of chemical bonds present, 

and it is therefore usually considered as a low-value by-product and burned as an energy source 

in the pulp and paper industry.4 To enable the efficient utilization of lignin and to fully uncover 
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its potential as a renewable feedstock, processes are needed that allow the controlled and 

selective cleavage of the C-C and C-O bonds, which could release monomeric aromatic units 

and would thus render lignin a valuable and renewable source for aromatic species.19 Much 

emphasis is placed on the development of effective and sustainable processes for the conversion 

of lignin into value-added products and the elucidation of the microbial strains and enzymes 

involved, as summarized and discussed in many recent reviews and book chapters.16,21,23-26 

From a sustainability point of view, the use of a biological approach or biocatalysis to 

adress the problems of lignin valorization is preferred, as engineered microbial strains or 

recombinant enzyme cocktails can be considered as originating from renewable sources and 

their production reduces chemical waste. The use of engineered microbial strains and 

engineered metabolic pathways show promising developments and have resulted in lignin-

derived products such as the flavor compound vanillin or the plastics precursor cis,cis-muconic 

acid.27,28 One aspect towards a sustainable approach to utilize lignin is the in-depth analysis 

and, in addition, the high-yield heterologous production of enzymes involved in lignin 

degradation to enable the biocatalytic conversion of lignin preparations to eventually produce 

value-added products. 
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1.5. Fungal Aryl-Alcohol Oxidases 

As previously outlined, aryl-alcohol oxidases (AAOs) play an essential role in lignin 

degradation. These fungal flavoenzymes are oxidoreductases active on primary aromatic or 

allylic hydroxyl donor groups with O2 as the terminal electron acceptor (EC 1.1.3.7), yielding 

an aldehyde (or acid) and H2O2 as products, which in turn is required by ligninolytic 

peroxidases (Scheme 2).29   

Scheme 2 Enzymatic reaction catalyzed by aryl-alcohol oxidases (AAO). The (aromatic) primary alcohol is oxidized to yield 

the corresponding aldehyde with concomitant reduction of O2 to H2O2. If the aldehyde is present in its hydrated version (gem-

diol) it might further serve as substrate and yield an acid as product. 

1.5.1.  A brief History of AAOs 

The discovery of AAOs began in 1955, when Henderson observed the accumulation of 

aromatic aldehydes and acids after incubation of sawdust with white-rot fungus Polystictus 

versicolor (synonym of Trametes versicolor).30 It was hypothesized that fungal extracellular 

enzymes were involved in the initial attack on lignin, as the identified compounds were thought 
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to be products of lignin degradation. As the insight on biological lignin degradation and 

enzymes involved was scarce at the time, these findings prompted further research into the 

extracellular enzymes of P. versicolor. 

Farmer et al. first described the presence of an “aromatic alcohol oxidase” (i.e. AAO) 

in 1960 when activity towards several aromatic primary alcohols concomitant with aldehyde 

and H2O2 production was identified in the liquid medium of P. versicolor, marking the “birth” 

of AAOs.31 In the late 1980s and early 1990s, several other reports of “aromatic alcohol 

oxidases” or “veratryl alcohol oxidases” emerged, all describing AAO activity in culture liquids 

of different fungal species, mostly representatives of the genus Pleurotus, including Pleurotus 

sajor-caju, Pleurotus eryngii, and Pleurotus ostreatus.32-34 AAO activity was detected in these 

species, but not that of lignin peroxidases. The occurrence of both types of enzymes was first 

described for Bjerkandera adusta in 1990.35-37 

While the first era of AAO research was focused on characterizing homologously 

produced AAOs in their native fungal hosts, the advent of recombinant DNA technologies led 

to cDNA cloning and production of recombinant proteins in heterologous expression hosts. In 

1999, Varela et al. extensively characterized the cDNA sequence of the P. eryngii aao gene and 

observed a 33 % sequence identity and 51 % similarity with Aspergillus niger glucose 

oxidase.38 Furthermore, a 27 amino acid long N-terminal signal peptide was deduced from 

sequencing of the protein and structural conformities with other oxidoreductases were revealed 

including a conserved adenosine diphosphate (ADP)-binding motif common to flavoenzymes 

containing a flavin adenine dinucleotide (FAD) cofactor.38,39 

For biochemical and structural studies and ultimately biotechnological applications of a 

particular enzyme, sufficient amounts of the target enzyme are necessary and the production 

yields in their native fungal hosts are often rather low. The first report of heterologous 
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expression of an AAO was published in 2001, when P. eryngii AAO (namely PeAAO) was 

successfully expressed in the fungus Aspergillus nidulans and cultures showed a 10 to 50 times 

higher extracellular AAO activity compared to cultures of P. eryngii.40 The recombinant 

PeAAO had identical properties to native P. eryngii AAO in terms of mass, pI, degree of 

glycosylation and kinetics and was therefore considered as promising candidate for further 

investigations. In 2006, P. eryngii AAO was expressed in E. coli for the first time and purified 

from inclusion bodies by in vitro refolding with yields of 45 mg of pure enzyme per liter of 

culture.41 However, the recombinant PeAAO was less pH and thermostable than its counterparts 

derived from native or recombinant fungal hosts, presumably due to the lack of glycosylation. 

Nevertheless, the E. coli-derived AAO was used for catalytic and structural examinations and 

led to the first protein crystal structure of an aryl-alcohol oxidase.42,43 

In terms of gaining higher protein yields and more stable AAO variants, the first report 

on AAO expression using Saccharomyces cerevisiae as a yeast expression system was 

published in 2015 by Viña-Gonzalez et al.44 The yeast-derived PeAAO was over-glycosylated, 

resulting in higher pH and thermostability compared to non-glycosylated E. coli PeAAO. 

However, the secretion level was still at around 2 mg/l and thus rather low for biotechnological 

applications. Efforts were made to generate AAO variants with optimized expression in yeast 

systems through structure-guided evolution and introduction of chimeric signal peptides and 

finally led to PeAAO variant FX9, which secreted the recombinant enzyme at 25 mg/l.45 

The solved crystal structure of PeAAO paved the way for detailed follow-up studies on 

mechanistic properties and initiated protein engineering approaches to further extend the 

insights into the mode of catalysis and the extension of the substrate scope.46-55 Computational 

simulations and structure-guided evolution approaches were carried out to create PeAAO 

variants with altered substrate preferences specifically towards secondary alcohols.54,55 The 
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evolved PeAAO variant LanDo exhibited an 800-fold improvement in overall activity towards 

the model substrate and secondary alcohol 1-(p-methoxyphenyl)-ethanol, in contrast to its 

parent variant FX9, and was successfully applied in chiral de-racemization of racemic 1-(p-

methoxyphenyl)-ethanol.54 In addition, combinatorial saturation mutagenesis at two defined 

positions in the active site cavity allowed the identification of mutations to generate the PeAAO 

variant Bantha, which was able to completely convert 5-hydroxymethylfurfural (5-HMF) to 

2,5-furandicarboxylic acid (FDCA), a building block for bio-based polymers.56 

1.5.2. Classification and Structure 

AAOs are classified as members of the AA3 subgroup according to the Carbohydrate-

Active enZyme (CAZy) database (http://www.cazy.org/). This database categorizes several 

different enzyme classes active on glycosidic bonds into different families, i.e. glycoside 

hydrolases and polysaccharide lyases.57 These enzymes catalyze reactions including the 

degradation, modification, and formation of glycosidic bonds, and classes are based on amino 

acid sequence similarities, protein folding, and catalytic properties and may still group together 

enzymes with different substrate specificities.57 Additional to these classes that directly modify 

glycosidic bonds, a new class of enzymes with “auxiliary activities” (AA) has been introduced. 

Most of these enzymes are not active on carbohydrates themselves, but on lignin and act in 

conjunction with other CAZymes.58 These AA enzymes are further subdivided into 10 families 

of ligninolytic enzymes and of lytic polysaccharide mono-oxygenases.58 The ligninolytic 

“cocktail” secreted by wood-decaying fungi consists of different enzymes as described earlier 

(see Chapter 1.4) with different catalytic features and properties, such as copper-containing 

laccases (CAZy group AA1), heme-peroxidases like manganese, versatile, and lignin 

peroxidases (group AA2), and cellobiose dehydrogenase, glucose oxidase, alcohol oxidase, 

pyranose oxidase, and aryl-alcohol oxidases (group AA3). While members of groups AA1 and 
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AA2 are directly involved in breakdown of lignin to yield various degradation products, 

members of subgroup AA3 play pivotal roles in supporting the lignin-degrading enzymes in 

subgroup AA2 by providing of H2O2. 

Furthermore, all members of group AA3 including aryl-alcohol oxidases, belong to the 

superfamily of the glucose-methanol-choline (GMC) oxidoreductases. In 2000, Varela and 

colleagues performed a sequence analysis of AAO from Pleurotus eryngii ATCC 90787 

(PeAAO) and found highly homologous regions with members of the GMC oxidoreductase 

superfamily.39 This family of enzymes was first described in 1992 and groups together enzymes 

with different catalytic properties based on similar structural folds and motifs.59 The name-

giving representatives of the GMC superfamily, namely glucose oxidase, glucose 

dehydrogenase, methanol oxidase and choline dehydrogenase are flavoenzymes containing 

FAD as cofactor and accept different substrates and subsequently yield different products. 

Despite their differences in catalytic activity, these enzymes have high amino acid sequence 

similarities and share a major conserved structural element: an N-terminal βαβ fold, also known 

as Rossmann fold, which represents the dinucleotide binding site necessary for interaction with 

the ADP moiety in the FAD cofactor.59 Further, these enzymes contain a C-terminal substrate 

binding domain, which shows greater sequence variance as it significantly determines the 

catalytic activity of the respective enzyme.60 AAOs contain both the Rossmann fold and the 

highly variable C-terminal substrate binding domain, which is common to all GMC members, 

and AAOs have therefore been assigned to this superfamily.  

The first crystal structure of an AAO was solved in 2009 by Fernández et al. using 

PeAAO expressed and purified from inclusion bodies in E. coli.42 The resolution of the structure 

revealed that AAOs are monomeric enzymes, and as expected from sequence similarities 

among GMC enzymes, contain a two-domain structure: a flavin-binding domain and a 
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substrate-binding domain. The central core of the flavin-binding domain consists of a five-

stranded parallel β-sheet surrounded by three α-helices containing the previously described βαβ 

Rossmann fold to which the dinucleotide ADP of the FAD cofactor is non-covalently bound. 

The binding of FAD is realized by a network of hydrogen bonds, including several interactions 

with the main chain atoms of residues Asn12 and with the carboxyl group of Glu33, both part 

of the Rossmann fold.42 The C-terminal part contains the substrate binding domain with the 

active site, whose central core consists of a six-stranded antiparallel β-sheet and two long α-

helices. The two domains are linked by three segments spanning from one domain to the other 

and by two two-stranded parallel β-sheets at their interface.42 

A rather unique feature of the AAO structure is a funnel-shaped tunnel decorated with 

aromatic amino acid side chains from loop Gln395 to Thr404, which creates a hydrophobic 

environment and connects the solvent region with the active site and the buried FAD 

cofactor.42,61 Together with a platform above the active site and in front of the FAD, consisting 

of two elements (a 14-amino acid long unstructured insertion and a 30-amino acid insertion that 

folds into three α-helices), these two features regulate the access to the substrate binding site. 

Three other aromatic residues (Tyr92, Phe397 and Phe501) act as bottleneck of this tunnel and 

further limit the accessibility of the active site.42,61  

1.5.3. Architecture of the Active Site 

The architecture of the active site and the catalytic cycle of aryl-alcohol oxidases have 

been analyzed in several in-depth studies using Pleurotus eryngii PeAAO employing site-

directed mutagenesis and computational simulations.42,48,51,53,61-63 The active site of PeAAO 

(Figure 3) is located on the re side of the isoalloxazine ring of FAD, as molecular docking 

simulations with different AAO substrates revealed the re side as a preferred position and in 

close proximity to two catalytically active histidine residues.42,62 His502 and His546 have been 
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identified as catalytically active residues in site-directed mutagenesis studies by replacement 

with either leucine, serine or arginine62, or with alanine48, where all mutations led to a strong 

decrease in substrate oxidation rates, demonstrating the importance of the two histidine residues 

in catalysis. The protonation states of His502 and His546 were analyzed using quantum 

mechanics/molecular mechanics and molecular docking simulations and revealed that His502 

acts as catalytic base and His546 is involved in substrate stabilization.48 The active site is 

present in a pre-organized state and catalysis only requires the approach of the hydride donor 

and acceptor via the substrate access channel.51 

 

Figure 3 Active site of PeAAO (PDB entry 3FIM). Catalytic active residues His502 and His546 (teal), FAD cofactor (orange), 

and Tyr92, Phe397 and Phe501 (grey), which form the hydrophobic bottleneck (depicted as grey wedge) and limit the 

accessibility to the active site. Adapted and modified from Fernández et al.42 

For an alcohol substrate to enter the active site, structural motions must to be performed 

to accommodate for a migrating substrate as the access channel is too narrow.61 Protein energy 

landscape studies have been performed and have shown that oscillating motions of residues 

within the loop Gln395 to Thr404 are strictly necessary for substrate diffusion through the 
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access channel.63 Once the alcohol substrate reaches the active site the alcohol hydroxyl 

hydrogen is positioned towards the N-ε of deprotonated His502 and one of the C-α hydrogen 

atoms is positioned towards the N-5 of the FAD isoalloxazine ring at distances of 2.4 – 2.5 Å.63 

1.5.4. Catalytic Cycle 

 The catalytic cycle of AAOs is divided into a reductive and an oxidative half-reaction 

(Figure 4).63 In the reductive half-reaction (top to right in Figure 4) the substrate is two-electron 

oxidized as a hydride from the pro-R-α position is transferred to the N-5 atom of the flavin, 

yielding reduced FADH2.
49 At the same time, the catalytic base His502, with the assistance of 

His546, withdraws the alcohol hydroxyl proton to yield the aldehyde product. Both proton and 

hydride transfer occur in a concerted fashion with no stable intermediates observable.47,48 

During the oxidative half-reaction (bottom to left in Figure 4) the co-substrate O2 freely 

diffuses through the substrate access channel and is guided by Phe501 to a catalytically relevant 

position in close proximity to the flavin C-4-α and H-ε of His502.63 O2 is then two-electron 

reduced by FADH2, which generates the superoxide anion radical and transforms into a neutral 

semi-quinone.64 In a stepwise fashion, a hydrogen atom from the flavin N-5 atom and a proton 

from the solvent or exchangeable His502 are transferred to superoxide, releasing H2O2 and 

oxidized flavin (FAD).53 The oxidation of aromatic aldehydes via the same mechanism 

described requires their presence in hydrated form (gem-diol) and ultimately yields an acid.46 
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Figure 4 Catalytic cycle of PeAAO` oxidation of model substrate p-anisyl alcohol. The reaction is composed of two half-

reactions: reductive (right side) and oxidative (left side). Adapted from Carro et al.53 
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1.5.5. Biotechnological Application 

As the reaction products of AAO’ activity are predominantly aromatic aldehydes, these 

substances are receiving considerable attention in various parts of the biotechnology industry, 

with the flavor and fragrance industry being a major area of interest. Flavor and fragrances 

produced via biocatalysis can be classified as “natural”, which meets the growing consumer’s 

demand for all-natural products.65,66 Van Schie et al. demonstrated the biocatalytic production 

of the fresh fragrance “Green Note” trans-2-hexenal in a continuous flow reactor using 

recombinant PeAAO from P. eryngii ATCC 90787.67 The yield was further optimized in a two-

phase system, yielding 2.6 M of product and reaching a turnover number of 2.2 million.68  

Another application of AAOs as biocatalysts comprises the production of a bio-based 

precursor for polyethylene furanoate (PEF). The precursor 2,5-furandicarboxylic acid (FDCA) 

could be produced from 5-hydroxymethylfurfural (5-HMF) after reaction optimization by 

recombinant PeAAO.69 Another approach involved the generation of the evolved PeAAO 

variant Bantha via combinatorial saturation mutagenesis and comparison with another GMC 

enzyme, HMF-oxidase, in which the Phe501 in the active site next to the catalytically active 

His base, was replaced by a Trp residue, resulting in a 6-fold improvement in the overall 

conversion of 5-HMF to FDCA.56 However, further reaction optimization is required, as the 

reported FDCA yield was still modest at only 3 % FDCA starting with 5-HMF as substrate. 

Bio-based PEF is an interesting alternative to fossil-based polyethylene terephthalate (PET) and 

is already produced on a ton-scale via chemical catalytic steps, and the transition to a 

biocatalytic production route would be desirable to implement the “green chemistry” 

approach.70 
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To extend the substrate scope of AAOs towards secondary alcohols, a mixed approach 

of directed and structure-guided evolution was employed to engineer PeAAO for the oxidation 

of secondary alcohols.54,55 The engineered enzyme variant PeAAO LanDo allows the chiral 

deracemization of racemic 1-(p-methoxyphenyl)-ethanol as only the S-enantiomer is oxidized. 

This substrate was previously not accepted by PeAAO, opening up new paths for the use of 

AAOs as biocatalysts.54 

Next to the application of AAOs for production of valuable aldehydes, their action as 

H2O2 donors in combination with H2O2-consuming enzymes such as peroxidases and 

peroxygenases is conceivable, essentially extending the use of AAOs to a plethora of different 

biocatalytic routes. The valorization of lignin with a set of recombinant ligninolytic enzymes 

(including AAOs) would boost the importance of this natural resource and contribute to the 

transition towards a more sustainable economy. As with all industrially relevant biocatalysts, 

these enzymes need to be produced in sufficiently large amounts, with at best simple 

purification steps to keep the share of biocatalyst costs as low as possible in the overall costs of 

a bioprocess.  
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1.6. Aim of this work 

The application of biocatalysts in all areas of biotechnology requires sufficient amounts 

of enzyme and in-depth understanding of their catalytic activity, substrate scope, and stability 

parameters. The reported yields for heterologously expressed AAOs are quite low, which is a 

limitation for the use of these enzymes as biocatalysts. Furthermore, the often applied 

intracellular production of AAOs in E. coli led to formation of inclusion bodies, which hinders 

easy and rapid enzyme purification. Eukaryotic expression systems that enable the secretion of 

a target enzyme provide several advantages: The level of contamination with endogenous 

proteins is significantly reduced, and in addition, post-translational glycosylation may confer 

higher enzyme stability. The published studies regarding the substrate spectra of AAOs rely on 

a narrow range of substances, and the discovery of “new” substrates with biotechnological 

potential has stagnated. Finally, biocatalytic application of AAOs for the production of valuable 

products at gram-scale has not been explored yet. To adress these challenges in the use of AAOs 

as biocatalysts and to demonstrate their biocatalytic potential, this work aimed at different 

aspects of aforementioned problems. 

i. Identification and high-yield heterologous expression of suitable AAO-encoding genes 

in the yeast P. pastoris and development of secretion-optimized enzyme variants using 

site-directed mutagenesis; 

ii. Thorough biochemical characterization of the respective recombinant AAOs with 

special emphasis on elucidation of their substrate spectra and stability characteristics; 

iii. Development of an easy and rapid assay for screening of AAO mutant libraries for 

improved enzymatic activity; 

iv. Application of a recombinant AAO to produce value-added products at the gram-scale 

with potential in various areas of biotechnological industry
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2. Results 

The experimental results obtained during the work on this thesis are divided into six 

chapters, of which chapters II to VI have been published in peer-reviewed journals. The own 

contribution to each publication is given in relative percentage. The full extent of this work 

includes the search for suitable genes encoding aryl-alcohol oxidases (AAO), the production 

and characterization of the respective recombinant enzymes, enzyme engineering, and finally 

the biotechnological application of an AAO as a biocatalyst and the development of an agar 

plate assay for screening of AAO mutant libraries for improved enzymatic activity.  

In a broader context, all chapters pursue the same goal: a biocatalytically manufactured 

product (Scheme 3). The first part covers the biocatalyst itself: its selection, production and 

characterization and (if necessary) its engineering. The second step deals with the bioprocess, 

process optimization and finally the product isolation. The contents of all six chapters are 

briefly summarized below. 

 

Scheme 3 Steps towards a biocatalytically manufactured product and the respective chapters in this thesis. 
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Chapter I: Expanding the toolbox of recombinant AAOs (2.1) describes the research 

work on the selection of fungal aao genes and their initial heterologous expression in P. pastoris 

and sets the foundation for the following chapters.  

Chapter II: Biochemical characterization of PeAAO2 from Pleurotus eryngii P34 and 

Chapter III: Biochemical characterization of MaAAO from Moesziomyces antarcticus (2.2 and 

2.3): The two aryl-alcohol oxidases PeAAO2 from Pleurotus eryngii P34 and MaAAO 

(originally annotated as MaGMC1) from Moesziomyces antarcticus, which showed promising 

results in the initial expression experiments in Chapter I, are thoroughly characterized in terms 

of their biochemical properties with special emphasis on their substrate spectra. 

Chapter IV: Protein engineering of PeAAO to enable expression in P. pastoris (2.4): 

Site-directed mutagenesis based on sequence comparison with the expressible PeAAO2 

described in Chapter II was employed to generate enzyme variants of the originally non-

expressible in P. pastoris PeAAO from P. eryngii ATCC 90787.  

Chapter V: Novel agar plate assay for screening of AAO mutant libraries (2.5): A new 

generic agar plate based activity assay was developed to easily visualize P. pastoris 

transformants expressing active AAOs and variants thereof based on a colorimetric reaction, 

which is suitable for screening large mutant libraries for improved activity towards any 

substrate.  

Chapter VI: Biocatalytic applicability of PeAAO2 (2.6): The biotechnological 

applicability of PeAAO2 was demonstrated based on the biocatalytic production of valuable 

aldehydes at milligram-scale with primary focus on the fragrance compound piperonal. 
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2.1. Chapter I: Expanding the toolbox of recombinant AAOs  

2.1.1. Introduction 

In 2017, the number of characterized and heterologously expressed aryl-alcohol 

oxidases (AAOs) was still modest despite their interesting biocatalytic properties. The ability 

of AAOs to oxidize bio-based 5-hydroxymethylfurfural (5-HMF) to the polymer precursor 2,5-

furandicarboxylic acid (FDCA) was demonstrated in 2014 for a coupled system consisting of 

an AAO and an unspecific peroxygenase, stimulating interest in AAOs as biocatalysts.71 

However, the employed aryl-alcohol oxidase PeAAO from Pleurotus eryngii was expressed in 

Escherichia coli and re-folded from inclusion bodies with low yield41, which is not an ideal 

prerequisite for a biotechnological process. Significant efforts were made in 2015 to generate 

PeAAO variants with chimeric signal peptides that showed slightly higher expression in the 

yeast Saccharomyces cerevisiae than in E. coli.44 Later, an AAO from the phytopathogen 

Ustilago maydis (UmAAO) was successfully expressed and secreted with an outstanding yield 

of 1 g per liter of culture using the methylotrophic yeast Pichia pastoris.72 

As this was the first report of heterologous expression of an AAO using the secretion 

pathway of the yeast P. pastoris, we aimed to further expand the toolbox of heterologously 

produced AAOs using P. pastoris and started with genome mining of aao genes from available 

databases. The amino acid sequences of the above-mentioned recombinant AAOs were used as 

query and database entries within the NCBI database with high amino acid identities were 

selected for the expression experiments. A selection of codon-optimized gene sequences was 

ordered with their native signal sequences to enable secretion in the yeast, which should 

facilitate easy and rapid analysis of expression success and subsequent purification of the 

recombinant enzyme. 



Chapter I: Expanding the toolbox of recombinant AAOs | 28 

 

 

 

2.1.2. Experimental procedures 

2.1.2.1. Genome mining of aao genes 

Employing the National Center for Biotechnology Information (NCBI) database 

(https://www.ncbi.nlm.nih.gov/gene) and using the amino acid sequences of PeAAO38 and 

UmAAO72 as query in protein BLAST search, several aao genes from different fungal sources 

were retrieved from the database (Table 2). 

Table 2 List of selected genes from the NCBI database encoding for four AAOs and one GMC oxidoreductase. 

Name Organism/Strain  NCBI Accession No. Note/Publication 

PeAAO Pleurotus eryngii 

ATCC 90787 

AF064069 Published. Wild-type expressed in A. 

nidulans40 and E. coli41, variants 

expressed in S. cerevisiae44 

PeAAO2 Pleurotus eryngii P34 GU444001 Unpublished. Annotated as AAO. High 

amino acid identity (99 %) with PeAAO 

sequence as query 

PpAAO1 Pleurotus pulmonarius 

CBS 507.85 

AF143814 

 

Published. Wild-type expressed 

homologously in P. pulmonarius73. 

High amino acid identity (95 %) with 

PeAAO sequence as query 

MrAAO3 Moniliophthora roreri 

MCA 2997 

AWSO01000287, locus 

tag Moror_45381 

Unpublished. Annotated as AAO. 

Highest amino acid identity (49 %) with 

PeAAO sequence as query within the 

genome of M. roreri MCA 2997 

MaGMC1 Moesziomyces antarcticus 

JCM 10317 

XM_014798063 Unpublished. Annotated as GMC 

oxidoreductase. High amino acid 

identity (86 %) with UmAAO expressed 

in P. pastoris72 as query 

1 The coding sequence (CDS) of this gene was derived from a whole genome shotgun sequencing project. The preliminary 

NCBI record of the gene (XM_007850085.1) was discontinued. 

The selected genes were codon optimized using JCat (http://www.jcat.de/)74 for 

expression in Saccharomyces cerevisiae, as both S. cerevisiae and P. pastoris share a similar 

codon usage (see Supplemental Information 2.1.5.1). TAA was added as a stop codon and the 
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restriction sites EcoRI and NotI were included for restriction and ligation into the vector 

pPICZA. The vector harbors the strong methanol inducible alcohol oxidase 1 (AOX1) promoter 

(PAOX1) upstream of the aao genes and allows for induction of aao gene expression upon 

addition of methanol. The antibiotic resistance marker conferring resistance to zeocin was 

employed for selection. The gene synthesis as well as the cloning steps were carried out by 

BioCat GmbH (Heidelberg, Germany). 

2.1.2.2. Generation of recombinant P. pastoris strains for expression 

of selected genes 

The readily cloned pPICZA-constructs were used for transformation of chemically 

competent Escherichia coli DH5α cells and transformants were selected on low salt lysogeny 

broth agar plates (LB, 1% peptone, 0.5% yeast extract, 0.5% NaCl, 1.5% agar) with 25 μg/ml 

zeocin (InvivoGen, San Diego, USA). The plates were incubated at 37 °C overnight and 

transformants were used to inoculate 5 ml of LBzeo medium for plasmid amplification (37 °C, 

180 rpm, overnight). The plasmids were isolated using the ZR Plasmid Miniprep Kit (Zymo 

Research, Irvine, USA) according to the manufacturer’s instructions and eluted in 30 µl of ultra-

pure water. 

Approximately 10 µg of linearized plasmid DNA is required for transformation of 

electro-competent P. pastoris X-33 cells to obtain a sufficiently high transformation rate. 

Plasmid linearization was carried out using the FastDigest MssI restriction enzyme (Thermo 

Fisher Scientific, Waltham, USA): 30 µl of purified plasmid DNA (around 300-500 ng/µl), 5 µl 

of MssI, 10 µl of 10X FastDigest Buffer and 55 µl ultra-pure water were mixed and incubated 

at 37 °C for 2 h. The linearized plasmid DNA was purified and concentrated employing the 

DNA Clean & Concentrate Kit from Zymo Research and eluted in 12 µl ultra-pure water. 
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The linearized plasmid DNA was mixed with 40 µl of electro-competent P. pastoris 

X-33 cells, transferred to pre-chilled electroporation cuvettes (2 mm gap, 400 µl, VWR, 

Darmstadt, Germany) and incubated on ice for 5 min. The pre-set program “Pic” (2.0 kV, 

1 pulse) of the MicroPulser Electroporator (Bio-Rad, Hercules, USA) was used for 

electroporation. After the pulse, the cells were immediately mixed with 1 ml of 1 M sorbitol, 

transferred to a 15-ml reaction tube and incubated at 30 °C for 2 h without shaking. 100 and 

200 µl of cells were then spread on yeast peptone dextrose sorbitol agar plates (YPDS, 1% yeast 

extract, 2% peptone, 2% dextrose, 1 M sorbitol, 2% agar) with 100 µg/ml zeocin and incubated 

at 30 °C until formation of colonies. 

2.1.2.3. Expression of selected genes in P. pastoris 

Up to four transformants for each recombinant strain (i.e. each new gene) were used for 

expression analysis. Precultures of each transformant were grown in 10 ml of buffered complex 

glycerol medium (BMGY, 1% yeast extract, 2% peptone, 100 mM potassium phosphate buffer 

pH 6.0, 1.34% yeast nitrogen base without amino acids, 4 × 10−5% biotin, 1% glycerol) 

overnight (30 °C, 200 rpm). For the main culture, preculture at an OD600
 value of 1 was used to 

inoculate 10 ml of buffered complex methanol medium (BMMY, same as BMGY but without 

glycerol) and incubated for two days (25 °C, 200 rpm). Every 24 h 0.5 % (v/v) methanol was 

added to maintain induction of gene expression. 

2.1.2.4. Analysis of produced AAOs 

Gene expression was analyzed via SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) with 12.5 % resolving gel.75 The gel was stained with Coomassie Brilliant Blue R-250. 

To visualize intracellular proteins, main culture samples diluted to an OD600 = 0.5 were taken 

and centrifuged (1500 x g, 15 min, 4 °C). The resulting cell pellet was dissolved in 10 µl of 5X 
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SDS-sample buffer (62.5 mM TRIS-HCl pH 6.8, 30 % (w/v) glycerol, 4 % (w/v) SDS, 

0.05 % (w/v) bromophenol blue, 10 % (v/v) β-mercaptoethanol) and 40 µl of ultra-pure water, 

boiled at 95 °C for 20 min to yield the total cell extract and applied on a SDS gel. 

To obtain the cell-free supernatant, the main cultures were transferred to 15-ml reaction 

tubes and harvested (1500 x g, 15 min, 4 °C). The supernatant was used for activity assays 

(2.1.2.5) and an aliquot was precipitated with trichloroacetic acid (TCA) for analysis of the 

supernatant on SDS-gel. For this, 250 µl of 100 % (w/v) TCA solution was mixed with 1 ml of 

supernatant, incubated on ice for 2 h and centrifuged to pellet denatured proteins (18,000 x g, 

15 min, 4 °C). The supernatant was discarded, the pellet dissolved in 200 µl of ice-cold acetone 

and centrifuged (18,000 x g, 15 min, 4 °C). The acetone wash step was repeated and finally the 

pellet was dried at room temperature under the fume hood for 1 h to dry off residual acetone. 

The dried pellet was dissolved in 15 µl of 5X SDS-sample buffer, boiled at 95 °C for 10 min 

and directly loaded onto the SDS-gel.  

2.1.2.5. Determination of AAO activity in the supernatant 

The cell-free supernatant was tested for activity towards the commonly used AAO 

substrate veratryl alcohol (3,4-dimethoxybenzyl alcohol) in a standard activity assay.29 The 

conversion to the aldehyde veratraldehyde was followed spectrophotometrically at 310 nm. For 

this, 800 µl of 100 mM sodium phosphate buffer pH 6.0 was mixed with 100 µl of a 50 mM 

veratryl alcohol solution (in ultra-pure water, end concentration of 5 mM) in a standard 1-ml 

cuvette. The reaction was started by addition of 100 µl of cell-free supernatant and the change 

of absorption at 310 nm was followed in a Ultrospec 7000 photometer (GE Healthcare, Chicago, 

USA). For calculation of volumetric activity [U/l], the molar extinction coefficient of 

veratraldehyde (ε310 = 9.3 mM-1 cm-1) was used.29  
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2.1.3. Results and Discussion 

Five (putative) aao genes were selected for heterologous production in P. pastoris and 

analyzed regarding the presence of protein bands in total cell extract and cell-free supernatant 

samples on SDS-polyacrylamide gels, and the presence of AAO activity in the supernatant.  

The gene encoding for PeAAO from Pleurotus eryngii ATCC 90787 was selected as it 

represents the model enzyme for the group of aryl-alcohol oxidases and was used for the 

majority of biochemical and structural research conducted on AAOs.29,33,38-43,46-53,62-64,76 

However, there have been no reports on successful expression of the wild-type enzyme in 

Pichia pastoris. The selected gene peaao2 is annotated to encode for an AAO from a closely 

related strain of P. eryngii, namely P34, and shows a very high amino acid identity of 99 % to 

PeAAO. Further, an AAO from P. pulmonarius CBS 507.85 (PpAAO1) was selected, which 

has been produced and characterized from homologous expression in P. pulmonarius73, but no 

reports on heterologous expression are available. PpAAO1 also shows high amino acid identity 

to PeAAO with 95 %.  

The gene encoding for MrAAO3 from Moniliophthora roreri MCA 2997 was chosen 

as research on other ligninolytic enzymes derived from M. roreri were conducted at the Institute 

of Biochemistry II.77,78 Within this project one aim was to combine a set of heterologously 

produced ligninolytic enzymes from M. roreri (i.e., laccase, peroxidase and eventually aryl-

alcohol oxidase) to promote the degradation of lignocellulosic biomass in vitro. Among several 

aao genes within the genome of M. roreri, the one with the highest amino acid identity to 

PeAAO of 49 % was chosen. Further, a gene annotated to encode for a glucose-methanol-

choline (GMC)-oxidoreductase from Moesziomyces antarcticus was selected based on its high 
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amino acid identity to UmAAO (86 %), which was successfully expressed in P. pastoris and 

originally annotated as GMC-oxidoreductase as well.72 

The molecular properties of the five target proteins are summarized below (Table 3). 

For all target proteins, a signal peptide between 18 and 23 amino acids in length was predicted, 

indicating the possibility of secretion of the recombinant enzyme into the supernatant if the 

signal peptide is recognized by P. pastoris’ secretion machinery. For instance, the experimental 

data for PeAAO showed that the signal peptide is 27 amino acids in length but only 21 amino 

acids based on in silico prediction. The expected molecular weights of the respective AAOs 

were calculated from the amino acid sequences of the mature proteins (processed signal 

peptide) and of the preproteins (unprocessed signal peptide). Furthermore, the presence of N-

glycosylation sequons (Asn-Xaa-Ser/Thr, where Xaa is any amino acid except for Pro)79 was 

evaluated, ranging from five sequons in MaGMC1 to eight in PeAAO2 and PpAAO1.  

The mere presence of N-glycosylation sequons does not imply that every sequon will 

eventually be glycosylated. In fact, the structural environment of each sequon plays a significant 

role in potential N-glycosylation, so that, for example, only surface-lying sequons may be 

glycosylated and would reflect a true N-glycosylation site. Nevertheless, the evaluation of N-

glycosylation sequons aids in estimating the expected N-glycosylation degree and ultimately in 

identifying the protein bands on SDS gel as the apparent molecular weight of glycosylated 

proteins will be higher than the expected molecular weight. 

 

 

 



Chapter I: Expanding the toolbox of recombinant AAOs | 34 

 

 

 

Table 3 Molecular properties of target proteins. The signal peptide was predicted using SignalP 6.0 

(https://services.healthtech.dtu.dk/service.php?SignalP)80 and the molecular weight was calculated using ProtParam 

(https://web.expasy.org/protparam/)81. The number of N-glycosylation sequons was determined using the NetNGlyc server 

(https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0).82 

Protein 

Length of signal 

peptide in amino 

acids 

Expected molecular weight [kDa] Number of N-

glycosylation 

sequons2 
Processed signal 

peptide 

Unprocessed signal 

peptide 

PeAAO 21 (27)1 61.5 (60.9)1 63.7 7 

PeAAO2 21 61.4 63.6 8 

PpAAO1 23 61.3 63.6 8 

MrAAO3 20 64.8 67.0 8 

MaGMC1 18 67.0 68.6 5 
1 Values in brackets represent experimentally derived data on signal peptide length.38 

2 Number of N-glycosylation sequons was determined based on target proteins with processed signal peptides. 

 

 

A 

B 
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Figure 5 SDS-PAGE analysis and volumetric activity of up to four transformants (numbered #1-4) of PeAAO and PeAAO2 

(A), PpAAO1 and MrAAO3 (B), and MaGMC1 (C) after expression in P. pastoris X-33. Total cell extract samples derived 

from samples equal to OD600=0.5 and 1 ml of TCA precipitated supernatant after 48 h were applied. M: PageRuler Unstained 

Protein Ladder. EV: control strain with empty vector. 1 = Volumetric activity [U/l] in cell-free supernatant (SN) was determined 

towards 5 mM of veratryl alcohol with standard assay. The arrow indicates the expected molecular weight of the processed 

recombinant enzymes. 

After 48 h of PeAAO expression, no activity towards veratryl alcohol was observed in 

the supernatant (A in Figure 5) of three individual P. pastoris transformants. At the same time 

no distinct protein band corresponding to the size of mature PeAAO (60.9 kDa, Table 3) was 

visible on SDS gel in the supernatant or of unprocessed PeAAO (63.7 kDa, Table 3) in the total 

cell extract. The sequence of PeAAO contains seven N-glycosylation sequons (Table 3) and 

would indicate that the secreted enzyme contains attached glycan chains, resulting in a higher 

apparent molecular weight. Taking into account possible glycosylation, no protein band could 

be attributed to PeAAO that was not already present in the empty vector (EV) control (B in 

Figure 5). Therefore, the expression of PeAAO was not successful. 

On the contrary, transformants expressing the closely related PeAAO2, which shares 

99 % amino acid identity with PeAAO and differs in only seven amino acid positions (Table 2 

and Figure 6), showed activity towards veratryl alcohol in the supernatant with values ranging 

from 38 and 74 U/l for three individual transformants (A in Figure 5). The expected size of 

C 
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mature PeAAO2 without glycosylation is 61.4 kDa, but since there are eight N-glycosylation 

sequons in the sequence (Table 3), a certain degree of glycosylation was expected. In contrast 

to the supernatant of PeAAO and the EV control, a darker protein smear above 100 kDa was 

visible on SDS gel (A in Figure 5), which was attributed to secreted active PeAAO2. 

Transformants expressing the PpAAO1 did not show any activity in the supernatant or 

any distinct protein bands corresponding to the size of mature PpAAO1 in the supernatant or 

of unprocessed protein in the total cell extract (61.3 and 63.6 kDa, respectively, Table 3) (B in 

Figure 5). Considering the eight N-glycosylation sequons (Table 3), which are mostly identical 

to those in PeAAO2 (Figure 6), no protein bands of higher molecular weight were visible on 

SDS gel either. The expression of PpAAO1 was therefore considered unsuccessful.  

The amino acid sequence alignment of the three Pleurotus AAOs, PeAAO, PeAAO2 

and PpAAO1 (Figure 6), illustrates the high degree of identity between these selected proteins 

in terms of total protein length, signal peptide length and presence of N-glycosylation sequons, 

despite their high variance in the outcome of heterologous expression and secretion in 

P. pastoris. As the only activity for Pleurotus AAOs was measured in cell-free supernatant after 

expression of PeAAO2, which differs from PeAAO in seven amino acids, the positive 

expression result is thought to correlate with the presence of one of the seven differing amino 

acids in PeAAO2.  
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Figure 6 Sequence alignment of Pleurotus AAOs. Amino acid sequences of PeAAO (AF064069), PeAAO2 (GU444001) and 

PpAAO1 (AF143814) were aligned using the Clustral Omega tool (https://www.ebi.ac.uk/Tools/msa/clustalo/)83. Light blue 

box: (predicted) signal peptide with numbering of amino acid positions; yellow box: N-glycosylation sequons; letters in red: 

variations in amino acid sequences among Pleurotus AAOs. 
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Out of the three transformants expressing the M. roreri derived MrAAO3, only #3 

showed measurable activity towards veratryl alcohol with 3 U/l (B in Figure 5). The protein 

bands in the supernatant of this transformant also showed the highest overall intensity of the 

three transformants tested, but not at the expected molecular weight of 64.8 kDa for mature 

protein or higher, as the protein sequence contains eight N-glycosylation sequons (Table 3). 

Instead, two distinct protein bands at approximately 25 and 35 kDa were visible on SDS gel 

and might be due to proteolytic cleavage resulting in smaller protein fragments, as both 

fragments were not visible in the empty vector control. This indicates that MrAAO3 was 

expressed and active in the supernatant, but presumably not under optimal conditions resulting 

in protein degradation. 

All transformants expressing the GMC oxidoreductase MaGMC1 from M. antarcticus 

showed AAO activity in the supernatant ranging from 19 to 203 U/l, and thus the highest 

detected activity so far (C in Figure 5). However, there was no distinct band of the expected 

molecular weight of 67.0 kDa for the mature protein and the visible protein pattern resembles 

the EV control (Table 3). Nevertheless, the observed activity towards veratryl alcohol indicates 

a successful heterologous expression of MaGMC1 in P. pastoris X-33. 
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2.1.4. Summary and Outlook 

In summary, the expression of three out of five selected genes resulted in measurable 

AAO activity in the cell-free culture supernatant. For PeAAO2 and MaGMC1, all tested 

P. pastoris transformants showed volumetric activities of up to 200 U/l. Only one MrAAO3 

transformant exhibiting rather low activity of 3 U/l and an unexpected protein fragment pattern 

in the supernatant makes the expression of the intact and active form of recombinant MrAAO3 

questionable.  

These findings set the foundation for the following chapters of this thesis, as two AAOs 

have been successfully expressed in the yeast P. pastoris. In order to fully evaluate the potential 

of PeAAO2 and MaGMC1, both enzymes will be produced in fed-batch fermentations, 

purified, and biochemically characterized with special emphasis on their substrate scopes. 
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2.1.5. Supplemental Information 

2.1.5.1. Codon-optimized gene and amino acid sequences 

The selected genes (Table 2) were codon-optimized using the JCat online tool 

(http://www.jcat.de/) and the codon usage information of Saccharomyces cerevisiae. The 

optimized genes were flanked by EcoRI (5’ GAATTC) and NotI (5’ GCGGCCGC) restriction 

sites, and a TAA stop codon was included. 

 

PeAAO optimized gene sequence 

ATGTCTTTCGGTGCTTTGAGACAATTGTTGTTGATCGCTTGTTTGGCTTT     50 

GCCATCTTTGGCTGCTACTAACTTGCCAACTGCTGACTTCGACTACGTTG     100 

TTGTTGGTGCTGGTAACGCTGGTAACGTTGTTGCTGCTAGATTGACTGAA     150 

GACCCAGACGTTTCTGTTTTGGTTTTGGAAGCTGGTGTTTCTGACGAAAA     200 

CGTTTTGGGTGCTGAAGCTCCATTGTTGGCTCCAGGTTTGGTTCCAAACT     250 

CTATCTTCGACTGGAACTACACTACTACTGCTCAAGCTGGTTACAACGGT     300 

AGATCTATCGCTTACCCAAGAGGTAGAATGTTGGGTGGTTCTTCTTCTGT     350 

TCACTACATGGTTATGATGAGAGGTTCTACTGAAGACTTCGACAGATACG     400 

CTGCTGTTACTGGTGACGAAGGTTGGAACTGGGACAACATCCAACAATTC     450 

GTTAGAAAGAACGAAATGGTTGTTCCACCAGCTGACAACCACAACACTTC     500 

TGGTGAATTTATCCCAGCTGTTCACGGTACTAACGGTTCTGTTTCTATCT     550 

CTTTGCCAGGTTTCCCAACTCCATTGGACGACAGAGTTTTGGCTACTACT     600 

CAAGAACAATCTGAAGAATTTTTCTTCAACCCAGACATGGGTACTGGTCA     650 

CCCATTGGGTATCTCTTGGTCTATCGCTTCTGTTGGTAACGGTCAAAGAT     700 

CTTCTTCTTCTACTGCTTACTTGAGACCAGCTCAATCTCGTCCAAACTTG     750 

TCTGTTTTGATCAACGCTCAAGTTACTAAGTTGGTTAACTCTGGTACTAC     800 

TAACGGTTTGCCAGCTTTCAGATGTGTTGAATACGCTGAACAAGAAGGTG     850 

CTCCAACTACTACTGTTTGTGCTAAGAAGGAAGTTGTTTTGTCTGCTGGT     900 

TCTGTTGGTACTCCAATCTTGTTGCAATTGTCTGGTATCGGTGACGAAAA     950 

CGACTTGTCTTCTGTTGGTATCGACACTATCGTTAACAACCCATCTGTTG     1000 

GTAGAAACTTGTCTGACCACTTGTTGTTGCCAGCTGCTTTCTTCGTTAAC     1050 

TCTAACCAAACTTTCGACAACATCTTCAGAGACTCTTCTGAATTTAACGT     1100 

TGACTTGGACCAATGGACTAACACTAGAACTGGTCCATTGACTGCTTTGA     1150 

TCGCTAACCACTTGGCTTGGTTGAGATTGCCATCTAACTCTTCTATCTTC     1200 

CAAACTTTCCCAGACCCAGCTGCTGGTCCAAACTCTGCTCACTGGGAAAC     1250 

TATCTTCTCTAACCAATGGTTCCACCCAGCTATCCCAAGACCAGACACTG     1300 

GTTCTTTCATGTCTGTTACTAACGCTTTGATCTCTCCAGTTGCTAGAGGT     1350 

GACATCAAGTTGGCTACTTCTAACCCATTCGACAAGCCATTGATCAACCC     1400 

ACAATACTTGTCTACTGAATTTGACATCTTCACTATGATCCAAGCTGTTA     1450 

AGTCTAACTTGAGATTCTTGTCTGGTCAAGCTTGGGCTGACTTCGTTATC     1500 

AGACCATTCGACCCAAGATTGAGAGACCCAACTGACGACGCTGCTATCGA     1550 

ATCTTACATCAGAGACAACGCTAACACTATCTTCCACCCAGTTGGTACTG     1600 

CTTCTATGTCTCCAAGAGGTGCTTCTTGGGGTGTTGTTGACCCAGACTTG     1650 



Chapter I: Expanding the toolbox of recombinant AAOs | 41 

 

 

 

AAGGTTAAGGGTGTTGACGGTTTGAGAATCGTTGACGGTTCTATCTTGCC     1700 

ATTCGCTCCAAACGCTCACACTCAAGGTCCAATCTACTTGGTTGGTAAGC     1750 

AAGGTGCTGACTTGATCAAGGCTGACCAATAA 

 

PeAAO amino acid sequence 

        10         20         30         40         50         60  

MSFGALRQLL LIACLALPSL AATNLPTADF DYVVVGAGNA GNVVAARLTE DPDVSVLVLE  

 

        70         80         90        100        110        120  

AGVSDENVLG AEAPLLAPGL VPNSIFDWNY TTTAQAGYNG RSIAYPRGRM LGGSSSVHYM  

 

       130        140        150        160        170        180  

VMMRGSTEDF DRYAAVTGDE GWNWDNIQQF VRKNEMVVPP ADNHNTSGEF IPAVHGTNGS  

 

       190        200        210        220        230        240  

VSISLPGFPT PLDDRVLATT QEQSEEFFFN PDMGTGHPLG ISWSIASVGN GQRSSSSTAY  

 

       250        260        270        280        290        300  

LRPAQSRPNL SVLINAQVTK LVNSGTTNGL PAFRCVEYAE QEGAPTTTVC AKKEVVLSAG  

 

       310        320        330        340        350        360  

SVGTPILLQL SGIGDENDLS SVGIDTIVNN PSVGRNLSDH LLLPAAFFVN SNQTFDNIFR  

 

       370        380        390        400        410        420  

DSSEFNVDLD QWTNTRTGPL TALIANHLAW LRLPSNSSIF QTFPDPAAGP NSAHWETIFS  

 

       430        440        450        460        470        480  

NQWFHPAIPR PDTGSFMSVT NALISPVARG DIKLATSNPF DKPLINPQYL STEFDIFTMI  

 

       490        500        510        520        530        540  

QAVKSNLRFL SGQAWADFVI RPFDPRLRDP TDDAAIESYI RDNANTIFHP VGTASMSPRG  

 

       550        560        570        580        590  

ASWGVVDPDL KVKGVDGLRI VDGSILPFAP NAHTQGPIYL VGKQGADLIK ADQ 

 

 

PeAAO2 optimized gene sequence 

ATGTCTTTCGGTGCTTTGAGACAATTGTTGTTGATCGCTTGTTTGGCTTT     50 

GCCATCTTTGGCTGCTACTAACTTGCCAACTGCTGACTTCGACTACGTTG     100 

TTGTTGGTGCTGGTAACGCTGGTAACGTTGTTGCTGCTAGATTGACTGAA     150 

GACCCAGACGTTTCTGTTTTGGTTTTGGAAGCTGGTGTTTCTGACGAAAA     200 

CGTTTTGGGTGCTGAAGCTCCATTGTTGGCTCCAGGTTTGGTTCCAAACT     250 

CTATCTTCGACTGGAACTACACTACTACTGCTCAAGCTGGTTACAACGGT     300 

AGATCTATCGCTTACCCAAGAGGTAGAATGTTGGGTGGTTCTTCTTCTGT     350 

TCACTACATGGTTATGATGAGAGGTTCTACTGAAGACTTCGACAGATACG     400 

CTGCTGTTACTGGTGACGAAGGTTGGAACTGGGACAACATCCAACAATTC     450 

GTTGGTAAGAACGAAATGGTTGTTCCACCAGCTGACAACCACAACACTTC     500 

TGGTGAATTTATCCCAGCTGTTCACGGTACTAACGGTTCTGTTTCTATCT     550 

CTTTGCCAGGTTTCCCAACTCCATTGGACGACAGAGTTTTGGCTACTACT     600 

CAAGAACAATCTGAAGAATTTTTCTTCAACCCAGACATGGGTACTGGTCA     650 

CCCATTGGGTATCTCTTGGTCTATCGCTTCTGTTGGTAACGGTCAAAGAT     700 

CTTCTTCTTCTACTGCTTACTTGAGACCAGCTCAATCTCGTCCAAACTTG     750 

TCTGTTTTGATCAACGCTCAAGTTACTAAGTTGGTTAACTCTGGTATCAC     800 
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TAACGGTTTGCCAGCTTTCAGATGTGTTGAATACGCTGAACAAGAAGGTG     850 

CTCCAACTACTACTGTTTGTGCTAAGAAGGAAGTTGTTTTGTCTGCTGGT     900 

TCTGTTGGTACTCCAATCTTGTTGCAATTGTCTGGTATCGGTGACGAAAA     950 

CGACTTGTCTTCTGTTGGTATCGACACTATCGTTAACAACCCATCTGTTG     1000 

GTAGAAACTTGTCTGACCACTTGTTGTTGCCAGCTGCTTTCTTCGTTAAC     1050 

TCTAACCAAACTTTCGACAACATCTTCAGAAACTCTTCTGAATTTAACGC     1100 

TGACTTGGACCAATGGACTAACACTAGAACTGGTCCATTGACTGCTTTGA     1150 

TCGCTAACCACTTGGCTTGGTTGAGATTGCCATCTAACTCTTCTATCTTC     1200 

CAAACTTTCCCAGACCCAGCTGCTGGTCCAAACTCTGCTCACTGGGAAAC     1250 

TATCTTCTCTAACCAATGGTTCCACCCAGCTATCCCAAGACCAGACACTG     1300 

GTTCTTTCATGTCTGTTACTAACGCTTTGATCTCTCCAGTTGCTAGAGGT     1350 

GACATCAAGTTGGCTACTTCTAACCCATTCGACAAGCCATTGATCAACCC     1400 

ACAATACTTGTCTACTGAATTTGACATCTTCACTATGATCCAAGCTGTTA     1450 

AGTCTAACTTGAGATTCTTGTCTGGTCAAGCTTGGGCTGACTTCGTTATC     1500 

AGACCATTCGACCCAAGATTGAGAGACCCAACTAACGACGCTGCTATCGA     1550 

ATCTTACATCAGAGACAACGCTAACACTATCTTCCACCCAGTTGGTACTG     1600 

CTTCTATGTCTCCAAGAGGTGCTTCTTGGGGTGTTGTTGACCCAGACTTG     1650 

AAGGTTAAGGGTGTTGACGGTTTGAGAATCGTTGACGGTTCTATCTTGCC     1700 

ATTCGCTCCAAACGCTCACACTCAAGGTCCAATCTACTTGGTTGGTGAAA     1750 

GAGGTGCTGACTTGATCAAGGCTGACCAATAA 

 

PeAAO2 amino acid sequence 

        10         20         30         40         50         60  

MSFGALRQLL LIACLALPSL AATNLPTADF DYVVVGAGNA GNVVAARLTE DPDVSVLVLE  

 

        70         80         90        100        110        120  

AGVSDENVLG AEAPLLAPGL VPNSIFDWNY TTTAQAGYNG RSIAYPRGRM LGGSSSVHYM  

 

       130        140        150        160        170        180  

VMMRGSTEDF DRYAAVTGDE GWNWDNIQQF VGKNEMVVPP ADNHNTSGEF IPAVHGTNGS  

 

       190        200        210        220        230        240  

VSISLPGFPT PLDDRVLATT QEQSEEFFFN PDMGTGHPLG ISWSIASVGN GQRSSSSTAY  

 

       250        260        270        280        290        300  

LRPAQSRPNL SVLINAQVTK LVNSGITNGL PAFRCVEYAE QEGAPTTTVC AKKEVVLSAG  

 

       310        320        330        340        350        360  

SVGTPILLQL SGIGDENDLS SVGIDTIVNN PSVGRNLSDH LLLPAAFFVN SNQTFDNIFR  

 

       370        380        390        400        410        420  

NSSEFNADLD QWTNTRTGPL TALIANHLAW LRLPSNSSIF QTFPDPAAGP NSAHWETIFS  

 

       430        440        450        460        470        480  

NQWFHPAIPR PDTGSFMSVT NALISPVARG DIKLATSNPF DKPLINPQYL STEFDIFTMI  

 

       490        500        510        520        530        540  

QAVKSNLRFL SGQAWADFVI RPFDPRLRDP TNDAAIESYI RDNANTIFHP VGTASMSPRG  

 

       550        560        570        580        590  

ASWGVVDPDL KVKGVDGLRI VDGSILPFAP NAHTQGPIYL VGERGADLIK ADQ  
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PpAAO1 optimized gene sequence 

ATGTCTTTCTCTGCTTTGAGACAATTGTTGTTGATCGCTTGTTTGGCTTT     50 

GCCATCTTTGGCTGCTGCTAACTTGCCAACTGCTGACTTCGACTACATCG     100 

TTGTTGGTGCTGGTAACGCTGGTAACGTTGTTGCTGCTAGATTGACTGAA     150 

GACCCAAACGTTTCTGTTTTGGTTTTGGAAGCTGGTGTTTCTGACGAAAA     200 

CGTTTTGGGTGCTGAAGCTCCATTGTTGGCTCCAGGTTTGGTTCCAAACT     250 

CTATCTTCGACTGGAACTACACTACTACTGCTCAAGCTGGTTACAACGGT     300 

AGATCTATCGCTTACCCAAGAGGTAGAATGTTGGGTGGTTCTTCTTCTGT     350 

TCACTACATGGTTATGATGAGAGGTTCTATCGAAGACTTCGACAGATACG     400 

CTGCTGTTACTGGTGACGACGGTTGGAACTGGGACAACATCCAACAATTC     450 

GTTAGAAAGAACGAAATGGTTGTTCCACCAGCTGACAACCACAACACTTC     500 

TGGTGAATTTATCCCAGCTGTTCACGGTACTAACGGTTCTGTTTCTATCT     550 

CTTTGCCAGGTTTCCCAACTCCATTGGACGACAGAGTTTTGGCTACTACT     600 

CAAGAACAATCTGAAGAATTTTTCTTCAACCCAGACATGGGTACTGGTCA     650 

CCCATTGGGTATCTCTTGGTCTATCGCTTCTGTTGGTAACGGTCAAAGAT     700 

CTTCTTCTTCTACTGCTTACTTGAGACCAGCTCAATCTCGTCCAAACTTG     750 

TCTGTTTTGATCAACGCTCAAGTTACTAAGTTGGTTAACTCTGGTACTAC     800 

TAACGGTTTGCCAGCTTTCAGATGTGTTGAATACGCTGAAAGAGAAGGTG     850 

CTCCAACTACTACTGTTTGTGCTAACAAGGAAGTTGTTTTGTCTGCTGGT     900 

TCTGTTGGTACTCCAATCTTGTTGCAATTGTCTGGTATCGGTGACCAATC     950 

TGACTTGTCTGCTGTTGGTATCGACACTATCGTTAACAACCCATCTGTTG     1000 

GTAGAAACTTGTCTGACCACTTGTTGTTGCCAGCTACTTTCTTCGTTAAC     1050 

AACAACCAATCTTTCGACAACTTGTTCAGAGACTCTTCTGAATTTAACGC     1100 

TGACTTGGACCAATGGACTAACACTAGAACTGGTCCATTGACTGCTTTGA     1150 

TCGCTAACCACTTGGCTTGGTTGAGATTGCCATCTAACTCTTCTATCTTC     1200 

CAATCTGTTCCAGACCCAGCTGCTGGTCCAAACTCTGCTCACTGGGAAAC     1250 

TATCTTCTCTAACCAATGGTTCCACCCAGCTTTGCCAAGACCAGACACTG     1300 

GTAACTTCATGTCTGTTACTAACGCTTTGATCGCTCCAGTTGCTAGAGGT     1350 

GACATCAAGTTGGCTACTTCTAACCCATTCGACAAGCCATTGATCAACCC     1400 

ACAATACTTGTCTACTGAATTTGACATCTTCACTATGATCCAAGCTGTTA     1450 

AGTCTAACTTGAGATTCTTGTCTGGTCAAGCTTGGGCTGACTTCGTTATC     1500 

AGACCATTCGACGCTAGATTGTCTGACCCAACTAACGACGCTGCTATCGA     1550 

ATGGAACATCAGAGACAACGCTAACACTATCTTCCACCCAGTTGGTACTG     1600 

CTTCTATGTCTCCAAGAGGTGCTTCTTGGGGTGTTGTTGACCCAGACTTG     1650 

AAGGTTAAGGGTGTTGACGGTTTGAGAATCGTTGACGGTTCTATCTTGCC     1700 

ATTCGCTCCAAACGCTCACACTCAAGGTCCAATCTACTTGGTTGGTGAAA     1750 

GAGGTGCTGACTTGATCAAGGCTGACCAATAA 

 

PpAAO1 amino acid sequence 

        10         20         30         40         50         60  

MSFSALRQLL LIACLALPSL AAANLPTADF DYIVVGAGNA GNVVAARLTE DPNVSVLVLE  

 

        70         80         90        100        110        120  

AGVSDENVLG AEAPLLAPGL VPNSIFDWNY TTTAQAGYNG RSIAYPRGRM LGGSSSVHYM  

 

       130        140        150        160        170        180  

VMMRGSIEDF DRYAAVTGDD GWNWDNIQQF VRKNEMVVPP ADNHNTSGEF IPAVHGTNGS  

 

       190        200        210        220        230        240  

VSISLPGFPT PLDDRVLATT QEQSEEFFFN PDMGTGHPLG ISWSIASVGN GQRSSSSTAY  
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       250        260        270        280        290        300  

LRPAQSRPNL SVLINAQVTK LVNSGTTNGL PAFRCVEYAE REGAPTTTVC ANKEVVLSAG  

 

       310        320        330        340        350        360  

SVGTPILLQL SGIGDQSDLS AVGIDTIVNN PSVGRNLSDH LLLPATFFVN NNQSFDNLFR  

 

       370        380        390        400        410        420  

DSSEFNADLD QWTNTRTGPL TALIANHLAW LRLPSNSSIF QSVPDPAAGP NSAHWETIFS  

 

       430        440        450        460        470        480  

NQWFHPALPR PDTGNFMSVT NALIAPVARG DIKLATSNPF DKPLINPQYL STEFDIFTMI  

 

       490        500        510        520        530        540  

QAVKSNLRFL SGQAWADFVI RPFDARLSDP TNDAAIEWNI RDNANTIFHP VGTASMSPRG  

 

       550        560        570        580        590  

ASWGVVDPDL KVKGVDGLRI VDGSILPFAP NAHTQGPIYL VGERGADLIK ADQ  

 

 

MrAAO3 optimized gene sequence 

ATGTACCCAAGAACTTTCTGGTTGGCTTTGGCTTTGTCTGCTGTTTCTAC     50 

TTGTTGGGCTGCTATCTACCACGACTTGGACGCTGTTCCAAAGGACACTT     100 

ACGACTTCATCGTTGCTGGTGGTGGTACTGCTGGTTTGGTTATCGCTAAC     150 

AGATTGTCTGAAAACCCAAAGGTTTCTGTTTTGGTTATCGAAGCTGGTCC     200 

ATCTAACGAAGGTGTTTTGAACATCGAAGTTCCATTCTACTGTACTAGAG     250 

CTTCTCCAGACACTCCATACGACTGGAACTACACTACTGCTCCACAAGAA     300 

ATGTTGAACGGTAGATCTTTGCCATACAACAGAGGTCACGTTTTGGGTGG     350 

TTCTTCTTCTACTAACTTCATGATCTACACTAGAGGTTCTGCTGAAGACT     400 

ACGACAGAATCGCTGCTGTTTCTGGTGACCCAGGTTGGTCTTGGGAAAAG     450 

TTGCAACCATTCATCTTCAGAAACGAAATCGTTACTCCACCAGCTGACGG     500 

TCACGACACTTCTGAACAATACGACCCAAGATTCCACGGTACTAAGGGTA     550 

TCAACCCAGACTCTTTGCCAGGTTTCCCAACTCCAATCGACGACAGAATC     600 

TTGGCTGCTACTCAAGAATTGTCTGACGAATTTCCATTCAACTTGGACTA     650 

CAACTCTGGTTACCACTTGGGTATCGGTTGGGGTATCGCTACTATCTTCA     700 

ACGGTTCTCGTTCTTCTTCTGCTACTTCTTACTTGGGTCCAAAGTACGCT     750 

CAAAGAAAGAACTTGAACGTTGTTTTGAACACTAGAGTTACTAGAGTTTT     800 

GCCAAAGGAAAAGGAAGACTCTGGTGACGTTACTAAGAGAGTTATCCCAA     850 

GAAACAACGACAAGAAGAGAAAGTTGCACATCAACGCTATCGAAGTTGCT     900 

AAGACTTCTGACGGTCCAAGAAAGCAATTCACTGCTAAGAAGGAAATCAT     950 

CTTGTCTGCTGGTGCTATCGGTTCTCCACAAATCTTGTTGAACTCTGGTA     1000 

TCGGTGGTTCTGAAGCTTTGTCTCAATTGGGTATCGAACCAATCTTGGAC     1050 

AACCCATCTGTTGGTCAAAACTTGTCTGACCACCCAGTTTTGGGTAACTC     1100 

TTGGTTCGTTAACGAAACTCAAACTTGGGAATTGATCGCTAGAAACGCTA     1150 

CTTACGCTGAAGAAGTTTTGGACTTGTGGGAAACTCAAAGAGAAGGTCCA     1200 

TTGGTTAACACTATCGCTACTCAATTGGGTTGGCACAGAATCCCAGACAA     1250 

CTCTTCTATCTTCGAGACTCACGAAGACCCAGCTGCTGGTCCAAACACTG     1300 

CTCACTACGAATTGGTTTTCGCTAACGGTTTGAGAGGTACTCCACCACCA     1350 

GAAGGTAACTTCATGACTATCACTACTGCTTTGGTTTCTCCAGCTTCTCG     1400 

TGGTTCTGTTACTTTGAGATCTTCTAACCCATTCGACTCTCCAATCATCG     1450 

ACCCAAACTTCTTGAACTCTGAATTTGACATGTTCGTTTTGAAGTACGCT     1500 

ATCCACGCTGCTAGAAGATTCGTTGCTGCTAGAGCTTTCGACGGTTACAT     1550 
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CTTGAGACCATTCTTCAACTCTACTACTGACGAAGAAATCGAAGAAATGA     1600 

TCAGAAACACTACTAGAACTATCTACCACCCAGTTGGTACTTTGTCTATG     1650 

TCTGCTAAGAACGACGCTTGGGGTGTTGTTGACCCAGACTTGTCTGTTAA     1700 

GGGTGTTGAAGGTTTGAGAGTTGTTGACGCTTCTGTTTTCCCACACATCC     1750 

CAACTGCTCACACTCAAGTTCCAGTTTACATCTTGGCTGAAAGAGGTTCT     1800 

GACTTGATCAAGCAATCTTGGAAGTTGTAA 

 

MrAAO3 amino acid sequence 

        10         20         30         40         50         60  

MYPRTFWLAL ALSAVSTCWA AIYHDLDAVP KDTYDFIVAG GGTAGLVIAN RLSENPKVSV  

 

        70         80         90        100        110        120  

LVIEAGPSNE GVLNIEVPFY CTRASPDTPY DWNYTTAPQE MLNGRSLPYN RGHVLGGSSS  

 

       130        140        150        160        170        180  

TNFMIYTRGS AEDYDRIAAV SGDPGWSWEK LQPFIFRNEI VTPPADGHDT SEQYDPRFHG  

 

       190        200        210        220        230        240  

TKGINPDSLP GFPTPIDDRI LAATQELSDE FPFNLDYNSG YHLGIGWGIA TIFNGSRSSS  

 

       250        260        270        280        290        300  

ATSYLGPKYA QRKNLNVVLN TRVTRVLPKE KEDSGDVTKR VIPRNNDKKR KLHINAIEVA  

 

       310        320        330        340        350        360  

KTSDGPRKQF TAKKEIILSA GAIGSPQILL NSGIGGSEAL SQLGIEPILD NPSVGQNLSD  

 

       370        380        390        400        410        420  

HPVLGNSWFV NETQTWELIA RNATYAEEVL DLWETQREGP LVNTIATQLG WHRIPDNSSI  

 

       430        440        450        460        470        480  

FETHEDPAAG PNTAHYELVF ANGLRGTPPP EGNFMTITTA LVSPASRGSV TLRSSNPFDS  

 

       490        500        510        520        530        540  

PIIDPNFLNS EFDMFVLKYA IHAARRFVAA RAFDGYILRP FFNSTTDEEI EEMIRNTTRT  

 

       550        560        570        580        590        600  

IYHPVGTLSM SAKNDAWGVV DPDLSVKGVE GLRVVDASVF PHIPTAHTQV PVYILAERGS  

 

 

DLIKQSWKL  

 

MaGMC1 optimized gene sequence 

ATGAAGGCTACTACTATCATCGCTGCTGCTGCTTTGGCTGGTTCTGTTGC     50 

TGCTACTCCAGTTGCTTGGACTAAGGTTTCTCCAAGATCTGAAATGGCTG     100 

CTAGAATGGCTGAAAACTCTCACTTGGCTTCTCGTGCTATCACTAACGAC     150 

GCTGCTAAGTTCGTTTCTAAGCAATACGACTACGTTGTTGTTGGTGCTGG     200 

TACTGCTGGTTTGGCTTTGGCTGCTAGATTGTCTGAAAACGGTAAGTACA     250 

AGGTTGGTGTTTTGGAAGCTGGTGGTTCTGGTTACGGTGTTGGTATCATC     300 

GACACTCCAGGTCAATTCGGTGCTGACTTGGGTACTCAATACGACTGGAA     350 

CTACACTACTGTTGCTAACCCAGCTAACGGTGTTCCATCTTCTGGTTGGC     400 

CAAGAGGTAGAGTTTTGGGTGGTTCTTCTGCTTTGAACTTCTTGGTTTGG     450 

GACAGATCTTCTCGTTACGAAATCGACGCTTGGGAACAATTGGGTAACCC     500 



Chapter I: Expanding the toolbox of recombinant AAOs | 46 

 

 

 

AGGTTGGAACTGGAACAACTTGTACAAGGCTATGAAGAAGTCTGAAAGAT     550 

TCCACGCTCCATCTCAAGAAAACGCTGACTTGTTGGGTGTTAAGCCAGTT     600 

GCTTCTGACTACGGTTCTTCTGGTCCAATCCAAGTTGCTTTCCCAAACTA     650 

CATCTCTCAACAAGTTAGAAGATGGATCCCAGCTTTGTTGGAATTGGGTA     700 

TCCCAAAGAACGACCAACCATTGGCTGGTGAAAACGTTGGTGTTTCTCAA     750 

CAACCATCTGACATCAACCCAACTAACTACACTAGATCTTACTCTGCTCC     800 

AGCTTACTTGTTCCCAAACCAAGCTAGATCTAACTTGGACGTTTTGACTA     850 

ACGCTTTGGCTTCTAAGGTTAACTTCGACTCTTCTTGTGGTGAATTGTGG     900 

GCTAAGTCTGTTACTTTCACTAACGGTGGTAAGTCTTACACTGTTAACGC     950 

TACTAAGGAAGTTATCATCTCTGCTGGTACTGTTAACACTCCACAATTGT     1000 

TGGAATTGTCTGGTATCGGTTCTAAGGACGTTTTGGGTAAGGCTGGTGTT     1050 

AAGGTTTTGTACGAAAACGCTAACGTTGGTGAAAACTTGCAAGACCACAC     1100 

TTACTCTGCTACTGTTTACAACTTGAAGTCTGGTTTCAAGACTTTGGACT     1150 

CTTTGAGATCTGACTCTACTTTCGCTGCTGAACAATTGGCTGCTTACAAG     1200 

GCTAACCAAACTTCTATCTTCACTGAAACTGTTCCATCTATCTCTTACGT     1250 

TTCTTTGGCTAGAGTTGTTGGTGCTGACAGAGCTAAGGCTATGATCAACG     1300 

AAGTTACTCAATACGTTCAATCTTCTCGTGCTCCATACAAGGCTACTTTG     1350 

AACAAGCAATTGGACTTCTTGAACAACTACCCAGACAAGGTTGGTCAAAT     1400 

GGAATTGATCGGTATCGACGGTTACTTCGCTGGTACTGGTGCTCCAAAGC     1450 

CAACTGAAACTTACTTCACTATCTTGGCTGCTAACCAACACTTGTTCTCT     1500 

CGTGGTAACGTTCACATCCAATCTTCTGACCCAACTAAGTACCCATTGAT     1550 

CGACCCAAAGTACTTCTCTGTTCCATTCGACACTGAATTGTCTACTGCTG     1600 

GTACTGCTTACACTAGAAAGGTTGGTTTGTCTAAGGCTTACTCTGACATG     1650 

GTTGTTGGTGAATACTGGCCAGGTAACGTTGACTTGCAAAACTACACTAA     1700 

GACTACTTCTGTTACTGAATACCACCCAATCGGTACTGCTTCTATGTTGC     1750 

CAAGAAACCAAGGTGGTGTTGTTGACCCATCTTTGAGAGTTTACGGTACT     1800 

ACTAACTTGAGAGTTGTTGACGCTTCTATCATGCCATTGCACGTTGCTGC     1850 

TCACATCCAAGCTACTATCTACGGTGTTGCTGAATACGCTGCTTCTATCA     1900 

TCAAGTCTCAAGCTTAA 

 

MaGMC1 amino acid sequence 

        10         20         30         40         50         60  

MKATTIIAAA ALAGSVAATP VAWTKVSPRS EMAARMAENS HLASRAITND AAKFVSKQYD  

 

        70         80         90        100        110        120  

YVVVGAGTAG LALAARLSEN GKYKVGVLEA GGSGYGVGII DTPGQFGADL GTQYDWNYTT  

 

       130        140        150        160        170        180  

VANPANGVPS SGWPRGRVLG GSSALNFLVW DRSSRYEIDA WEQLGNPGWN WNNLYKAMKK  

 

       190        200        210        220        230        240  

SERFHAPSQE NADLLGVKPV ASDYGSSGPI QVAFPNYISQ QVRRWIPALL ELGIPKNDQP  

 

       250        260        270        280        290        300  

LAGENVGVSQ QPSDINPTNY TRSYSAPAYL FPNQARSNLD VLTNALASKV NFDSSCGELW  

 

       310        320        330        340        350        360  

AKSVTFTNGG KSYTVNATKE VIISAGTVNT PQLLELSGIG SKDVLGKAGV KVLYENANVG  

 

       370        380        390        400        410        420  

ENLQDHTYSA TVYNLKSGFK TLDSLRSDST FAAEQLAAYK ANQTSIFTET VPSISYVSLA  

 

       430        440        450        460        470        480  

RVVGADRAKA MINEVTQYVQ SSRAPYKATL NKQLDFLNNY PDKVGQMELI GIDGYFAGTG  
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       490        500        510        520        530        540  

APKPTETYFT ILAANQHLFS RGNVHIQSSD PTKYPLIDPK YFSVPFDTEL STAGTAYTRK  

 

       550        560        570        580        590        600  

VGLSKAYSDM VVGEYWPGNV DLQNYTKTTS VTEYHPIGTA SMLPRNQGGV VDPSLRVYGT  

 

       610        620        630  

TNLRVVDASI MPLHVAAHIQ ATIYGVAEYA ASIIKSQA  
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2.1.5.2. Sequence alignment 

Multiple sequence alignment of PeAAO, PeAAO2, PpAAO1, MrAAO3 and MaGMC1 

protein sequences using the Clustral Omega tool (https://www.ebi.ac.uk/Tools/msa/clustalo/) 

and amino acid sequences from 2.1.5.1. 

 

MaGMC1      MKATTIIAAAALAGSVAATPVAWTKVSPRSEMAARMAENSHLASRAITNDAAKFVSKQYD 60 

MrAAO3      -------------------------MYPRTFWLALALSAVSTCWAAIYHDLDAVPKDTYD 35 

PpAAO1      -----------------------------MSFSALRQLLLIACLALPSLAAANLPTADFD 31 

PeAAO       -----------------------------MSFGALRQLLLIACLALPSLAATNLPTADFD 31 

PeAAO2      -----------------------------MSFGALRQLLLIACLALPSLAATNLPTADFD 31 

                                             *        .          . .  :* 

 

MaGMC1      YVVVGAGTAGLALAARLSENGKYKVGVLEAGGSGYGVGIIDTPGQ-FGADLGTQYDWNYT 119 

MrAAO3      FIVAGGGTAGLVIANRLSENPKVSVLVIEAGPSNEGVLNIEVPFYCTRASPDTPYDWNYT 95 

PpAAO1      YIVVGAGNAGNVVAARLTEDPNVSVLVLEAGVSDENVLGAEAPLLAPGLVPNSIFDWNYT 91 

PeAAO       YVVVGAGNAGNVVAARLTEDPDVSVLVLEAGVSDENVLGAEAPLLAPGLVPNSIFDWNYT 91 

PeAAO2      YVVVGAGNAGNVVAARLTEDPDVSVLVLEAGVSDENVLGAEAPLLAPGLVPNSIFDWNYT 91 

            ::*.*.*.** .:* **:*: . .* *:*** *. .*   :.*        .: :***** 

 

MaGMC1      TVANPANGVPSSGWPRGRVLGGSSALNFLVWDRSSRYEIDAWEQ-LGNPGWNWNNLYKAM 178 

MrAAO3      TAPQEMLNGRSLPYNRGHVLGGSSSTNFMIYTRGSAEDYDRIAAVSGDPGWSWEKLQPFI 155 

PpAAO1      TTAQAGYNGRSIAYPRGRMLGGSSSVHYMVMMRGSIEDFDRYAAVTGDDGWNWDNIQQFV 151 

PeAAO       TTAQAGYNGRSIAYPRGRMLGGSSSVHYMVMMRGSTEDFDRYAAVTGDEGWNWDNIQQFV 151 

PeAAO2      TTAQAGYNGRSIAYPRGRMLGGSSSVHYMVMMRGSTEDFDRYAAVTGDEGWNWDNIQQFV 151 

            *. :   .  *  : **::*****: ::::  *.*  : *      *: **.*:::   : 

 

MaGMC1      KKSERFHAPSQENADLLGVKPVASDYGSSGPIQVAFPNYISQQVRRWIPALLELG--IPK 236 

MrAAO3      FRNEIVTPPADGHDTSEQYDPRF--HGTKGINPDSLPGFPTPIDDRILAATQELSDEFPF 213 

PpAAO1      RKNEMVVPPADNHNTSGEFIPAV--HGTNGSVSISLPGFPTPLDDRVLATTQEQSEEFFF 209 

PeAAO       RKNEMVVPPADNHNTSGEFIPAV--HGTNGSVSISLPGFPTPLDDRVLATTQEQSEEFFF 209 

PeAAO2      GKNEMVVPPADNHNTSGEFIPAV--HGTNGSVSISLPGFPTPLDDRVLATTQEQSEEFFF 209 

             :.* .  *:: :       *    :*:.*    ::*.: :    * : :  * .  :   

 

MaGMC1      NDQPLAGENVGVSQQPSDINPTNYTRSYSAPAYLFPNQA-RSNLDVLTNALASKVNFDSS 295 

MrAAO3      NLDYNSGYHLGIGWGIA--TIFNGSRSSSATSYLGPKYAQRKNLNVVLNTRVTRVLPKEK 271 

PpAAO1      NPDMGTGHPLGISWSIA--SVGNGQRSSSSTAYLRPAQS-RPNLSVLINAQVTKLVNSGT 266 

PeAAO       NPDMGTGHPLGISWSIA--SVGNGQRSSSSTAYLRPAQS-RPNLSVLINAQVTKLVNSGT 266 

PeAAO2      NPDMGTGHPLGISWSIA--SVGNGQRSSSSTAYLRPAQS-RPNLSVLINAQVTKLVNSGI 266 

            * :  :*  :*:.   :  .  *  ** *: :** *  : * **.*: *: .:::  .   

 

MaGMC1      -------------------CGELWAKSVTFTNGGKSYTVNATKEVIISAGTVNTPQLLEL 336 

MrAAO3      EDSGDVTKRVIPRNNDKKRKLHINAIEVAKTSDGPRKQFTAKKEIILSAGAIGSPQILLN 331 

PpAAO1      TN----------------GLPAFRCVEYAEREGAPTTTVCANKEVVLSAGSVGTPILLQL 310 

PeAAO       TN----------------GLPAFRCVEYAEQEGAPTTTVCAKKEVVLSAGSVGTPILLQL 310 

PeAAO2      TN----------------GLPAFRCVEYAEQEGAPTTTVCAKKEVVLSAGSVGTPILLQL 310 

                                  : . . :  ...    . *.**:::***::.:* :*   

 

MaGMC1      SGIGSKDVLGKAGVKVLYENANVGENLQDHTYSATVYNLKSGFKTLDSLRSDSTFAAEQL 396 

MrAAO3      SGIGGSEALSQLGIEPILDNPSVGQNLSDHPVLGNSWFVNET-QTWELIARNATYAEEVL 390 

PpAAO1      SGIGDQSDLSAVGIDTIVNNPSVGRNLSDHLLLPATFFVNNN-QSFDNLFRDSSEFNADL 369 

PeAAO       SGIGDENDLSSVGIDTIVNNPSVGRNLSDHLLLPAAFFVNSN-QTFDNIFRDSSEFNVDL 369 

PeAAO2      SGIGDENDLSSVGIDTIVNNPSVGRNLSDHLLLPAAFFVNSN-QTFDNIFRNSSEFNADL 369 

            ****... *.  *:. : :* .**.**.**      : ::.  :: : :  :::     * 

 

MaGMC1      AAYKANQTSIFTETVPSISYVSLARVVGADRAKAMINEVTQYVQSSRAPYKATLNKQLDF 456 

MrAAO3      DLWETQREGPLVNTIA------------------------TQLGWHRIPDNS------SI 420 

PpAAO1      DQWTNTRTGPLTALIA------------------------NHLAWLRLPSNS------SI 399 
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PeAAO       DQWTNTRTGPLTALIA------------------------NHLAWLRLPSNS------SI 399 

PeAAO2      DQWTNTRTGPLTALIA------------------------NHLAWLRLPSNS------SI 399 

              :   : . :.  :                           :   * * ::      .: 

 

MaGMC1      LNNYPD-----KVGQMELIGIDGYFAGTGAPKPTETYFTILAANQHLFSRGNVHIQSSDP 511 

MrAAO3      FETHEDPAAGPNTAHYELVFANGLRG---TPPPEGNFMTITTALVSPASRGSVTLRSSNP 477 

PpAAO1      FQSVPDPAAGPNSAHWETIFSNQWFHPALPRPDTGNFMSVTNALIAPVARGDIKLATSNP 459 

PeAAO       FQTFPDPAAGPNSAHWETIFSNQWFHPAIPRPDTGSFMSVTNALISPVARGDIKLATSNP 459 

PeAAO2      FQTFPDPAAGPNSAHWETIFSNQWFHPAIPRPDTGSFMSVTNALISPVARGDIKLATSNP 459 

            ::.  *     : .: * :  :             .::::  *     :**.: : :*:* 

 

MaGMC1      TKYPLIDPKYFSVPFDTELSTAGTAYTRKVGLSKAYSDMVVGEYWPGN------VDLQNY 565 

MrAAO3      FDSPIIDPNFLNSEFDMFVLKYAIHAARRFVAARAFDGYILRPFFNST----TDEEIEEM 533 

PpAAO1      FDKPLINPQYLSTEFDIFTMIQAVKSNLRFLSGQAWADFVIRPFDARLSDPTNDAAIEWN 519 

PeAAO       FDKPLINPQYLSTEFDIFTMIQAVKSNLRFLSGQAWADFVIRPFDPRLRDPTDDAAIESY 519 

PeAAO2      FDKPLINPQYLSTEFDIFTMIQAVKSNLRFLSGQAWADFVIRPFDPRLRDPTNDAAIESY 519 

             . *:*:*:::.  **      .     :.  .:*: . ::  :            ::   

 

MaGMC1      TKTTSVTEYHPIGTASMLPRNQ-GGVVDPSLRVYGTTNLRVVDASIMPLHVAAHIQATIY 624 

MrAAO3      IRNTTRTIYHPVGTLSMSAKNDAWGVVDPDLSVKGVEGLRVVDASVFPHIPTAHTQVPVY 593 

PpAAO1      IRDNANTIFHPVGTASMSPRGASWGVVDPDLKVKGVDGLRIVDGSILPFAPNAHTQGPIY 579 

PeAAO       IRDNANTIFHPVGTASMSPRGASWGVVDPDLKVKGVDGLRIVDGSILPFAPNAHTQGPIY 579 

PeAAO2      IRDNANTIFHPVGTASMSPRGASWGVVDPDLKVKGVDGLRIVDGSILPFAPNAHTQGPIY 579 

             : .: * :**:** **  :.   *****.* * *. .**:**.*::*    ** *  :* 

 

MaGMC1      GVAEYAASIIKSQA-- 638 

MrAAO3      ILAERGSDLIKQSWKL 609 

PpAAO1      LVGERGADLIKADQ-- 593 

PeAAO       LVGKQGADLIKADQ-- 593 

PeAAO2      LVGERGADLIKADQ-- 593 

             :.: .:.:** .    
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3. Conclusion and Outlook 

In this thesis, research on fungal aryl-alcohol oxidases was conducted to further advance 

their understanding and use as biocatalysts. As the implementation of enzymes in industrial 

settings requires large quantities of enzymes, a suitable expression system is one of the major 

prerequisites. The secretory production of fungal aryl-alcohol oxidases (AAOs) by the native 

fungal hosts is usually quite low and thus considered as insufficient for industrial applications. 

The first heterologous expression systems capable of producing AAOs, such as Escherichia 

coli41, Aspergillus nidulans40 and Saccharomyces cerevisiae44,45, also did not provide high 

expression levels either (Table 4), but were sufficient for biochemical and structural studies. 

Only one report described an AAO produced at high concentration of 1 g/l,72 which was 

achieved using the yeast P. pastoris and initiated our search for other candidate AAOs to be 

produced in the methylotrophic yeast P. pastoris.  

The first three chapters of this thesis dealt with the search for and expression of several 

new genes encoding for AAOs in P. pastoris. The two most promising recombinant AAOs, 

namely MaAAO (previously annotated as MaGMC1) from M. antarcticus84 and PeAAO285 

from P. eryngii P34, were produced in a bioreactor with yields of 750 mg/l and 315 mg/l, 

respectively. These yields are among the highest for recombinant AAOs up to date (Table 4), 

making these two enzymes potential candidates for industrial use and further highlighting the 

suitability of P. pastoris for the secretory production of AAOs. In the early 1990s, initial 

attempts to produce AAOs for biochemical characterization resulted in low levels of 

extracellularly detected activity, which would hardly be sufficient for their use as 

biocatalysts.29,33 The emerge of heterologous expression hosts such as E. coli, A. nidulans and 

P. pastoris coupled with their easy genetic manipulation and the ability to induce gene 
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expression under optimal conditions upon the addition of an inducer, enabled the heterologous 

expression of AAOs.40,41,72 Another benefit associated with heterologous expression using e.g. 

E. coli, A. nidulans or P. pastoris is the short cultivation time required to obtain sufficient 

amounts of recombinant enzyme. For E. coli, the heterologous intracellular expression can be 

completed in less than 24 h (overnight preculture, inoculation of main culture and 4-hour 

incubation from start of the induction), whereas for A. nidulans the heterologous extracellular 

production can take up to 72 h (preculture, washing of mycelia and 48-h incubation from start 

of the induction).40,41 Similar durations are required for the production of secreted enzymes 

using P. pastoris: On a small scale, the expression can take up to 72 h (overnight preculture, 

inoculation of main culture and 48-h incubation), while production in a bioreactor can take up 

to 9 days.85   

Table 4 Heterologously expressed fungal aryl-alcohol oxidases and selected variants thereof, their source and host organisms 

for expression and yield/activity. A brief commentary on the main purpose and introduced changes/mutations is included. 

Enzyme Variant Commentary Source organism Host organism Yield/Activity Ref. 

PeAAO Wild-type Native signal peptide Pleurotus eryngii 

ATCC 90787 

Aspergillus 

nidulans biA1, 

metG1, argB2 

400-500 U/l a 40 

 Wild-type Without signal peptide, 

intracellular production 

Pleurotus eryngii 

ATCC 90787 

Escherichia coli 

W3110  

45 mg/l b 41 

 FX7 Optimized chimeric signal 

peptide; H91N mutation 

Pleurotus eryngii 

ATCC 90787 

Saccharomyces 

cerevisiae BJ5465 

2 mg/l  44 

 FX9 Optimized chimeric signal 

peptide; based on FX7 variant,  

H91N/L170M mutations 

Pleurotus eryngii 

ATCC 90787 

Saccharomyces 

cerevisiae BJ5465 

4,5 mg/l  45 

 FX9 Optimized chimeric signal 

peptide; based on FX7 variant,  

H91N/L170M mutations 

Pleurotus eryngii 

ATCC 90787 

Pichia pastoris X-

33 

25,5 mg/l  / 

1378 U/l c 

45 
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 LanDo Enabled oxidation of secondary 

alcohols; based on FX9 variant, 

A77V/R80C/ 

V340A/I500M/F501W mutations 

Pleurotus eryngii 

ATCC 90787 

Saccharomyces 

cerevisiae BJ5465 

4,6 mg/l  54 

 Bantha Optimized oxidation of 5-HMF; 

based on FX9 variant, F501W 

mutation 

Pleurotus eryngii 

ATCC 90787 

Saccharomyces 

cerevisiae BJ5465 

n.d. 56 

 ER Native signal peptide, 

K583E/Q584R mutations; 

enhanced expression in P. 

pastoris 

Pleurotus eryngii 

ATCC 90787 

Pichia pastoris X-

33 

116 mg/l  86 and 

this work 

 NER Native signal peptide, 

D361N/K583E/Q584R mutations 

Pleurotus eryngii 

ATCC 90787 

Pichia pastoris X-

33 

113 mg/l  86 and 

this work 

 AER Native signal peptide, 

V367A/K583E/Q584R mutations 

Pleurotus eryngii 

ATCC 90787 

Pichia pastoris X-

33 

 98 mg/l  86 and 

this work 

PeAAO2 Wild-type Native signal peptide Pleurotus eryngii 

P34 

Pichia pastoris X-

33 

315 mg/l 85 and 

this work 

UmAAO Wild-type α-factor signal peptide Ustilago maydis 

BRFM 1093 

Pichia pastoris X-

33 

1000 mg/l 72 

MaAAO Wild-type Native signal peptide Moesziomyces 

antarcticus JCM 

10317 

Pichia pastoris X-

33 

750 mg/l 84 and 

this work 

rCcAAO Wild-type Native signal peptide Coprinopsis 

cinerea #326  

Pichia pastoris 

KM71H 

n.m. 87 

a Activity towards veratryl alcohol as substrate. 

b Yield after purification from inclusion bodies. 

c Activity towards p-anisyl alcohol as substrate was measured with a coupled assay consisting of horseradish peroxidase (HRP) 

and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS). 

n.m. = not measured 
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As can be seen, the reported recombinant AAOs (Table 4) were predominantly 

expressed in eukaryotic hosts, which have two distinct advantages over most prokaryotic hosts 

such as E. coli: the possibility of extracellular expression via secretion and the introduction of 

post-translational modifications such as disulfide bond formation and N- and O-glycosylation. 

In nature, AAOs are secreted from the mycelium of their native fungal hosts to participate in 

lignin degradation in conjunction with a consortium of other oxidative enzymes, and therefore 

the heterologous expression using the P. pastoris secretory pathway seems obvious, as fungal 

aao-genes already contain signal sequences for secretion. The secretion of the target enzyme 

also allows rapid and easy detection of activity by agar plate based assays88 or liquid assays 

with cell-free supernatant, and usually facilitates the purification process by avoiding 

contamination with intracellular protein. In addition, the introduction of (over)glycosylation 

may lead to higher product stability and sometimes glycosylations are required for correct 

folding or biological function, especially of therapeutic proteins.89 In summary, the yeast 

P. pastoris is a suitable expression host for secreted fungal AAOs, but the feasibility of 

expression for each aao gene needs to be investigated on a case-by-case basis. For example, 

PeAAO1 from P. eryngii ATCC 9078786 is not expressible in P. pastoris, whereas the closely 

related PeAAO2 from another P. eryngii strain was shown to be well expressible in this work, 

and therefore other sequence-based differences may influence the success of heterologous 

expression. 

During the biochemical characterization of MaAAO and PeAAO2, their substrate 

scopes were thoroughly investigated in the hope of exploring new potential applications of 

AAOs. A substrate library was constructed from known AAO substrates and complemented 

with structurally related compounds, and revealed piperonyl alcohol, cumic alcohol and 2-

thiophenemethanol were well accepted by PeAAO2.84,85 The extension of the known substrate 
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scope was greatly aided by a simple and comparable activity assay for all compounds. For 

PeAAO2, a colorimetric coupled assay based on the oxidation of ABTS was used and the added 

AAO substrates were the only components that varied in each measurement, resulting in 

comparable setups for all substrates tested. This alleviated the comparison of the substrates 

among each other. In this context, chapter V of this thesis dealt with the establishment of an 

agar plate based activity assay to easily visualize AAO activity without the need for laborious 

and time consuming liquid culture cultivation. The agar plate based assay utilizes the same 

coupled assay based on the oxidation of ABTS and therefore leads to color formation in the 

vicinity of P. pastoris transformants secreting active AAO. The rapidly detected and easily 

visualized activity helps to identify AAO enzyme variants generated by mutagenesis (rational 

design or directed evolution) with altered/improved activity towards a specific substrate. This 

type of assay has not been previously reported for P. pastoris and the expression of AAOs. It 

would also be plausible to extend the application of this assay to screen for activity towards 

new substrates such as aldehydes or secondary alcohols. Furthermore, this plate based assay is 

transferable to other expression systems that secrete active AAOs or other H2O2-producing 

enzymes, extending the significance of this new assay.  

Chapter IV of this thesis dealt with the high amino acid similarity between well-

expressed PeAAO2 from P. eryngii P34 and the closely related but non-expressible PeAAO1 

from P. eryngii ATCC 90787.86 Both enzymes differ in only seven amino acid positions, but 

heterologous expression of PeAAO1 in P. pastoris was not observed. Several PeAAO1 variants 

were created based on the amino acid sequence of PeAAO2 to evaluate which amino acid 

enables the heterologous expression of PeAAO2 in P. pastoris.86 The two mutations introduced 

K583E/Q584R (PeAAO1 variant ER), appear to have a positive synergistic effect on the 

expression of this variant and are located on the surface of the enzyme in a C-terminal α-helix, 
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and yielded similar high extracellular activity as PeAAO2. Analysis of homology models 

indicated that a new complex salt bridge can form in the PeAAO1 variant ER, as a new negative 

charge is introduced with Glu583, connecting different parts of the enzyme, which may 

contribute to improved protein folding and stability. However, it is important to note that these 

mutations were selected by comparing two closely related AAOs from two P. eryngii strains, 

and this approach is not necessarily feasible for AAOs without closely related and characterized 

enzymes, as the rational basis for successful expression in a given microbial host is unknown. 

Nevertheless, these results show that even minor changes with single introduced mutations can 

have large impact on the expression of recombinant enzymes. Several strategies can be used to 

optimize the expression of initially non-expressible enzymes: the use of codon-optimized 

genes, variation of signal peptides, choice of expression plasmids and promoters, introduction 

of purification tags, introduction/deletion of glycosylation sites, or evolutionary protein 

engineering approaches. However, these individual aspects have to be examined for the 

expression optimization of each new enzyme, and predicting the positive outcome is difficult. 

The final chapter dealt with demonstrating the applicability of PeAAO2 for the 

production of valuable fine chemicals. The obtained expression yield of 315 mg/l of PeAAO285 

using P. pastoris was among the highest of recombinant AAOs described to date (Table 4), 

paving the way for its use in industrial settings, which needs to be explored step by step, starting 

with small-scale bioconversion studies. Piperonal is a valuable flavor and fragrance compound 

with prospects as a building block for various pharmaceutical and agrochemical products and 

can be produced via oxidation of piperonyl alcohol using PeAAO2.85,90-95 The conversion was 

optimized on a small scale and was then scaled up to a space-time yield of 9.5 g piperonal/l/h 

at the 300-mg scale. To demonstrate that the optimized conversion conditions could be 

transferred to other substrates as well, the aldehyde and strong fruity fragrance trans-2-cis-6-
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nonadienal was produced with 87 % conversion from 100 mM alcohol substrate under the same 

small scale conditions, highlighting the high potential of this AAO as biocatalyst for the 

synthesis of fragrance compounds.96 In general, the activity of PeAAO2 towards substrates of 

interest shows potential for industrial application settings and would enable the biocatalytic 

production of a range of valuable aldehydes. The optimization carried out for piperonal 

production is also applicable to optimizing the conversion of other substrates as well, where the 

strong dependence on oxygen availability can be assumed for all AAO-catalyzed reactions. The 

excellent transition from small scale to milligram scale, as demonstrated for piperonal 

production, renders upscaling to the gram range as highly feasible. In this context, a controlled 

and optimized O2 supply on reactor scale could further increase the enzymatic productivity. 

Immobilization experiments are worth investigating to further improve the applicability of 

PeAAO2, although the enzyme has been shown to be quite pH- and thermostable, as well as 

tolerant to organic solvents and H2O2
85,96. This approach could lead to the reusability of AAO 

as a biocatalyst, as the immobilized AAO could be easily removed from reaction mixtures and 

reused. Furthermore, the establishment of reaction cascades with H2O2-dependent enzymes 

such as peroxidases and peroxygenases could increase the significance of AAO as biocatalyst. 

In conclusion, the methylotrophic yeast P. pastoris is a well suited heterologous 

expression system for the production of fungal secreted AAOs and yields in the hundreds of 

milligrams range are achievable, thereby expanding the toolbox of recombinant AAOs for 

biotechnological applications. However, even minor sequence-based differences do play a role 

and can reduce the expression level accordingly. The prospects for the biotechnological 

application of AAOs are promising, as these enzymes have a broad substrate scope, high 

activities and stabilities, and initial efforts for optimizing conversion have been promising and 

further broaden the range of possible applications. Moreover, AAOs do not require expensive 
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cofactors, but only require sufficient amounts of O2 and release H2O2 as by-product, which can 

be easily converted and re-introduced as O2 by the action of catalase, generating a quasi-self-

sufficient system.  
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