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We share deep admiration for evolution, a force of Nature that has led to the finest chemistry of all time, and to
all living things on this planet. [...] Yet Nature has explored only a tiny fraction of the life and life’s molecules
that are possible. With evolution in our hands, with the ability to set genetic diversity and to tailor the forces
of selection, we can now explore paths that Nature has left unexplored. We can also explore paths that Nature
will never explore: we can select living organisms and their chemistries for our benefit—to create new sources of
energy, to fix the carbon in our atmosphere, to cure disease or to make us younger. Or we can make new weapons
of terror or of state control ... which shall it be?
— Prof. Fances H. Arnold
Speech at the Nobel Banquet, 10 December 2018
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Summary

Unspecific peroxygenases (UPOs) are a unique class of extracellular fungal enzymes capable of
catalyzing a wide range of oxyfunctionalization reactions. Their portfolio includes hydroxylations
of aliphatic and aromatic C-H bonds, epoxidations, heteroatom oxidations, and halogenations.
Such transformations are of high value for chemical synthesis, providing access to building blocks
for pharmaceuticals and fine chemicals, as well as enabling late-stage functionalization of complex
molecules under mild and sustainable conditions. However, despite this versatility, UPOs face
limitations that hinder their broader application. Many enzymes are not readily accessible through
heterologous expression, others display insufficient stability or low activity, and their selectivity
often falls short of the stringent requirements of industrial biocatalysis. As with many enzymes,
systematic engineering strategies are therefore required to unlock their potential for preparative-
scale use.

To place these challenges in context, the thesis first surveys the wider field of hydroxylating
enzymes through a review of C-sp® hydroxylases. The subsequent experimental studies explore
how established computational tools, combined with extensive laboratory work, can help over-
come key bottlenecks in UPO engineering. Three complementary directions are pursued: (i) sta-
bility and secretion engineering to enable reliable expression of UPOs, including those initially
inaccessible, (ii) activity and selectivity optimization, achieved either through structure-guided di-
rected evolution supported by molecular dynamics (MD) simulations or through algorithm-based
enzyme design, and (iii) algorithm-assisted multi-substrate engineering to improve catalytic per-
formance across broader substrate panels.

Chapters I and II establish methodological foundations. Chapter I describes strategies for het-
erologous expression and secretion of UPOs in S. cerevisiae, emphasizing high-throughput ana-
lytics, in particular MISER-GC-MS. Chapter II applies a secretion-based expression strategy that
broadens the available UPO repertoire. The hydroxylation of a pharmaceutically relevant sub-
strate highlights the catalytic potential of the newly obtained enzymes, including identification of
MthUPO as a promising starting point for engineering.

Chapter I1I expands the accessible UPO repertoire by combining computational stability design
with secretion engineering. Ab initio structural models were analyzed with the PROSS algorithm,
generating enzyme design with stabilizing mutation and a signal-peptide shuffling was applied
together enabling the functional secretion of nine out of ten enzymes. This approach allowed the
secretion of several UPOs previously inaccessible as wild type enzymes, including the first ex-
perimentally characterized non-fungal UPOs. The determiniation their activity towards selected
substrates and their thermostability further benchmarked these UPOs. Overall, these study shows
that computational stability design, together with secretion engineering, can substantially broaden
the UPO toolbox.

Chapter IV targeted the improvement of enantioselectivity in terpene hydroxylation using
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Summary

MthUPO as a model. Starting from poor enantioselectivity, a structure-guided directed evolu-
tion campaign based on a homology model was performed, utilizing a high-throughput screening
technique. Two consecutive rounds of computationally guided mutagenesis and screening yielded
variants with enhanced activity, regioselectivity, and enantioselectivity, producing both enantio-
divergent products. This study illustrates how density functional calculations and MD simulations
can guide engineering campaigns combined with experimental screening fine-tune enzyme prop-
erties. MD simulations also provided supporting insights into the observed functional changes of
the improved enzyme variants.

Chapter V adopts a different strategy, using the FuncLib algorithm to design a compact library
of MthUPO designs for a panel of terpene substrates. All algorithm-designed variants were se-
creted successfully, and screening revealed 2.2-7.1-fold increases in activity relative to the wild
type, as well as altered regio-, chemo-, and enantioselectivity. In contrast to the stepwise nature
of directed evolution, this approach allowed parallel optimization across multiple substrates from
a single design round.

These studies show how computational tools can support enzyme engineering—by enabling
secretion of otherwise inaccessible UPOs, guiding mutational strategies for activity and selectivity,
or generating designed variant libraries even for improving multiple substrates in parallel. Exper-
imental validation and screening were essential to realize these advances, selected reactions were
demonstrated at preparative scale, yielding milligram quantities of products underscoring the ap-
plicability of engineered UPOs beyond analytical assays. By comparing different computationally
tools and engineering strategies, the thesis highlights their respective advantages and limitations,
illustrating how the choice of approach can be tailored to the specific engineering goal. In this
way, the work provides guidance for selecting suitable combinations of computational and exper-
imental methods for engineering UPOs and, more broadly, for monooxygenases.

Overall, this thesis illustrates how combining computational and experimental approaches can
systematically advance UPOs toward more versatile and robust biocatalysts. The studies demon-
strate that key challenges—such as limited accessibility, insufficient stability, and suboptimal ac-
tivity or selectivity—can be addressed, providing practical strategies to improve enzyme perfor-
mance. By establishing methodological foundations and generating well-characterized variants,
the work takes important steps toward bringing these versatile catalysts closer to practical use and

lays a platform for future exploration of their potential.
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Zusammenfassung

Unspezifische Peroxygenasen (UPOs) stellen eine einzigartige Klasse extrazelluldrer Pilzen-
zyme dar, die in der Lage sind, ein breites Spektrum an Oxyfunktionsalisierungsreaktionen zu
katalysieren. I[hr Reaktionsspektrum umfasst Hydroxylierungen von aliphatischen und aromati-
schen C-H-Bindungen, Epoxidierungen, Heteroatom-Oxidationen sowie Halogenierungen. Sol-
che Transformationen sind fiir die chemische Synthese von hohem Wert, da sie Zugang zu Baustei-
nen fiir Arzneimittel und Feinchemikalien bieten und die spite funktionelle Modifikation kom-
plexer Molekiile unter milden und nachhaltigen Bedingungen ermdglichen. Trotz dieser Vielsei-
tigkeit stoflen UPOs jedoch auf Einschrankungen, die ihre breitere Anwendung behindern. Viele
Enzyme sind nicht einfach heterolog exprimierbar, andere zeigen unzureichende Stabilitdt oder
geringe Aktivitdt, und ihre Selektivitit entspricht hiufig nicht den strengen Anforderungen der in-
dustriellen Biokatalyse. Wie bei vielen Enzymen sind daher systematische Engineering-Strategien
erforderlich, um ihr Potenzial fiir den priparativen Einsatz zu erschlieffen.

Um diese Herausforderungen einzuordnen, untersucht die Arbeit zunichst das Feld der C-sp®
hydroxylierenden Enzyme anhand eines Reviews. In den anschlieffenden experimentellen Studien
wird untersucht, wie etablierte computergestiitzte Werkzeuge in Kombination mit experimentel-
ler Laborarbeit helfen konnen, zentrale Engpiasse im UPO-Engineering zu iiberwinden. Drei kom-
plementire Ansitze werden verfolgt: (i) Stabilitits- und Sekretions-Engineering zur zuverlissigen
Expression und Sekretion von UPOs, einschlieflich solcher, die zunichst nicht zugéinglich waren,
(ii) Optimierung von Aktivitit und Selektivitit, entweder durch strukturgeleitete directed evolution
unterstiitzt von Molekulardynamik-(MD)-Simulationen oder durch algorithmusbasiertes Enzym-
design, und (iii) algorithmusgestiitztes Multi-Substrat-Engineering zur Verbesserung der katalyti-
schen Leistung tiber ein breiteres Substratpanel.

Die Kapitel I und II legen methodische Grundlagen. Kapitel I beschreibt Strategien zur hetero-
logen Expression und Sekretion von UPOs in S. cerevisiae, mit Schwerpunkt auf Hochdurchsatz-
analytik, insbesondere MISER-GC-MS. Kapitel II wendet eine sekretionsbasierte Expressionss-
trategie an, die das verfiigbare UPO-Repertoire erweitert. Die Hydroxylierung eines pharmakolo-
gisch relevanten Substrats hebt das katalytische Potenzial der neu gewonnenen Enzyme hervor,
einschliefflich der Identifizierung von MthUPO als vielversprechendem Ausgangspunkt fiir das
Engineering.

Kapitel IIT erweitert das zugédngliche UPO-Repertoire durch die Kombination von computer-
gestiitztem Stabilitdtsdesign mit Sekretions-Engineering. Ab-initio-Strukturmodelle wurden mit
dem PROSS-Algorithmus analysiert, um Enzymdesigns mit stabilisierenden Mutationen zu gene-
rieren, zusitzlich wurde und ein Signalpeptid-Shuffling wurde angewendet. Neun von zehn Enzy-
me konnten funktional sekretiert werden unter anderem mehrerer als Wildtyp nicht zugéngliche,
einschlieflich der ersten experimentell charakterisierten nicht-pilzlichen UPOs. Die Bestimmung

ihrer Aktivitdt gegeniiber ausgewihlten Substraten und ihrer Thermostabilitit lieferte weitere



Zusammenfassung

Vergleichsdaten. Insgesamt zeigt die Studie, dass computergestiitztes Stabilitdtsdesign zusammen
mit Sekretions-Engineering das UPO-Werkzeug erheblich erweitern kann.

Kapitel IV fokussiert sich auf die Verbesserung der Enantioselektivitit bei der Hydroxylierung
von Terpenen unter Verwendung von MthUPO als Biokatalysator. Ausgehend von geringer Enan-
tioselektivitit wurde eine strukturgeleitete gerichtete Evolutions-Kampagne auf Basis eines Ho-
mologiemodells durchgefiihrt, unter Verwendung einer Hochdurchsatz-Screening-Technik. Zwei
aufeinanderfolgende Runden computergestiitzter Mutagenese und Screening fithrten zu Varian-
ten mit verbesserter Aktivitit, Regioselektivitit und Enantioselektivitit, die enantiodivergente
Produkte erzeugten. Diese Studie zeigt, wie Dichtefunktionaltheorie-Berechnungen und MD-
Simulationen engineering-Kampagnen leiten und in Kombination mit experimentellem screening
Enzymeigenschaften feinjustieren konnen. MD-Simulationen lieferten zudem weitere Einblicke
in die beobachteten funktionellen Veranderungen der verbesserten Enzymvarianten.

Kapitel V verfolgt eine alternative Strategie und nutzt den FuncLib-Algorithmus, um eine kom-
pakte Bibliothek von MthUPO-Designs fiir ein Panel von Terpensubstraten zu erstellen. Alle algo-
rithmusgestalteten Varianten wurden erfolgreich sekretiert, und screening zeigte 2,2- bis 7,1-fache
Aktivititssteigerungen im Vergleich zum Wildtyp sowie verdnderte Regio-, Chemo- und Enan-
tioselektivitdt. Im Gegensatz zur schrittweisen Natur der gerichtete Evolution ermoglichte dieser
Ansatz die parallele Optimierung von mehreren Substraten in einer einzigen Designrunde.

Diese Studien zeigen, wie computergestiitzte Werkzeuge das Enzym-engineering unterstiitzen
konnen—sei es durch die Ermoglichung der Sekretion sonst nicht zugéinglicher UPOs, durch das
Leiten von Mutationsstrategien zur Verbesserung von Aktivitdt und Selektivitit oder durch die
Generierung von Enzym-Design-Bibliotheken zur gleichzeitigen Verbesserung mehrerer Sub-
strate. Experimentelle Validierung und screening waren entscheidend, um diese Fortschritte zu
realisieren; ausgewihlte Reaktionen wurden auf priparativer Skala demonstriert und lieferten
Milligramm-Mengen an Produkten, was die Anwendbarkeit der UPOs iiber analytische Assays
hinaus unterstreicht. Durch den Vergleich verschiedener computergestiitzter Werkzeuge und en-
gineering-Strategien werden deren Vor- und Nachteile aufgezeigt und illustriert, wie die Wahl der
Strategie auf das spezifische engineering-Ziel zugeschnitten werden kann. Auf diese Weise bietet
die Arbeit Orientierung bei der Auswahl geeigneter Kombinationen von computatorischen und
experimentellen Methoden fiir das UPO-engineering und, weiter gefasst, fiir Monooxygenasen.

Insgesamt zeigt diese Arbeit, wie mit diese Methoden UPOs systematisch zu vielseitigeren und
robusteren Biokatalysatoren entwickelt werden konnen. Die Studien demonstrieren, dass zentra-
le Herausforderungen—wie begrenzte Zuganglichkeit, unzureichende Stabilitdt und suboptimale
Aktivitdt oder Selektivitit—adressiert werden konnen, und liefern praktische Strategien zur Ver-
besserung der Enzyme. Durch die Etablierung methodischer Grundlagen und die Generierung gut
charakterisierter Varianten unternimmt die Arbeit wichtige Schritte, um diese vielseitigen Ka-
talysatoren der praktischen Anwendung nidherzubringen und eine Plattform fiir die zukiinftige

Erforschung ihres Potenzials zu schaffen.
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1 Introduction

1.1 Enzymatic C-H oxyfunctionaliszation

This section is taken from my review paper published in ACS Catalysis in 2021.!

C-H bonds are the most common structural units in organic compounds. The selective activation
and transformation of C (sp)-H bonds into more active functional groups is expected to substantially
broaden the synthetic potential inorganic chemistry.? However, the general inertness of C-H bonds
renders their selective transformation one of the most challenging reactions. Aliphatic C-H bond
oxidations, for example, for late-stage functionalizationin synthesis were achieved using acid, HoO2
and an electrophilic nonheme Fe(PDP) catalyst.3™>

Enzymes are evolved by nature and often combine excellent activity and selectivity, rendering
them powerful catalysts for C(sp®)-H bond functionalization. Hydroxylating enzymes catalyze the
oxyfunctionalization of versatile substrates unlocking a broad range of compounds in the primary
and secondary metabolism in all kingdoms of life. They directly utilize dioxygen or hydrogen per-
oxide and are essential catalysts for the natural functions of all aerobic life forms. In anaerobic or-
ganisms, hydroxylating enzymes utilizing water as the oxygen source are present.® However, it is not
yet fully understood, why such a diversity of enzymes with similar functions exist.

When molecular oxygen is supplied as the donor, two electron-equivalents need to be provided
as both oxygen atoms are reduced from oxidation state O to -1I, whereas the carbon is oxidized only
by two oxidation states. Monooxygenases, which transfer one oxygen into the substrate and form
water from the second oxygen atom, require electrons provided by electron transport chains often
commencing from NAD(P)H.” Dioxygenases obtain the overall four electrons required for reducing
molecular oxygen from oxidizing two carbon atoms, therefore always performing dihydroxylation
reactions.®® For hydrogen peroxide as the oxygen source, no external electron transfer is required
since both oxygens are only reduced from -I to -II and hence the electron demand is balanced by
the carbon oxidation. Although only a few examples exist, the molybdoenzymes utilizing water as
electron source even release two electrons, as the oxygen is already in the oxidation state -II.1%!!

The hydroxylation of sp3-hybridized carbons mostly takes place through homolytic C-H bond
cleavage. For Mo-dependent enzymes, there is still a debate about this. The mechanism of most of
the discussed flavin-dependent enzymes does not take place via a radical mechanism. The stability
of a carbon radical determines the bond dissociation energy (Scheme 1).'? The higher the dissocia-
tion energy, the generally fewer enzymes are available for its hydroxylation. This observation allows
judging the hydroxylation potential of an enzyme from the converted carbon substrates. An enzyme
that can hydroxylate terminal carbons can also hydroxylate all carbons with lower bond dissociation
energies like benzylic or allylic carbons. However, hydroxylating biocatalysts that hydroxylate ben-
zylic carbons, are not necessarily able to functionalize nonactivated carbons. Methane is a particular
case as only specific methane monooxygenases can hydroxylate this compound having the highest
bond dissociation energy (105 kcal/mol) of all C(sp3)-H bonds. As one would predict from this high
hydroxylating potential, methane monooxygenases can oxidize a broad range of substrates.!>!4

The bond dissociation energy of aromatic C(sp?)-H bonds (113 kcal/mol) is higher than all
C(sp®)-H bonds. This high bond dissociation energy is caused by the formed radical upon C-H
dissociation not being able to stabilize in the aromatic ring. Nonetheless, aromatic hydroxylation
reactions are substantially easier to perform than C(sp?)-H modifications due to an altered reaction
mechanism. The reaction does not proceed via a homolytic cleavage but rather via an initial
epoxide intermediate, leading to the loss of aromaticity followed by a heterolytic H-abstraction
and rearomatization, known as NIH shift mechanism (Scheme 2). These differences between



1 Introduction

Scheme 1 C-H Bond Dissociation Energy of Selected Organic Molecules

IE Activated C(sp3)
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v 89 keal/mol
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90 kcal/mol
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the reaction mechanism of C(sp?) and C(sp®) hydroxylation highlight why C(sp?) hydroxylation
reactions are more difficult to perform. Ullrich and Hofrichter gave an overview of the enzymatic

hydroxylation of aromatic compounds.'®

Our review focuses on enzymes performing C(sp>) hydroxylation reactions. We structured it by
nature of the prosthetic group: metal-free, Fe-, Cu- or Mo-depending proteins. Scheme 3 gives an
overview of the different enzyme classes that can hydroxylate primary and benzylic carbons. Ta-
ble 1 summarizes the enzymes discussed in this Review and lists their prosthetic group, associated

-~

proteins, cofactors, and positions that can be hydroxylated.

Scheme 2 Different Mechanisms of Enzymatic Aromatic and Aliphatic Hydroxylation
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1.1 Enzymatic C-H oxyfunctionaliszation

Scheme 3 Overview of Hydroxylating Enzymes at Terminal and Benzylic Positions Discussed
in This Review.
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1 Introduction

1.2 Heme-Containing Enzymes

Heme, a Fe-containing metalloporphyrin, serves as a prosthetic group in numerous proteins that
mediate essential redox processes across all domains of life. It facilitates electron transfer between
proteins, enables oxygen transport and storage, and plays a central role in various enzymatic ox-
idations. While many heme enzymes utilize molecular oxygen (O5) as both oxidant and oxygen
source, others employ hydrogen peroxide (H2O5) as a prereduced alternative. The following sec-
tions introduce two heme-thiolate enzyme families relevant to this context: unspecific peroxy-
genases (UPOs), which form the core focus of this dissertation and are applied throughout the
experimental chapters, and cytochrome P450 monooxygenases (P450s), which catalyze mecha-
nistically and functionally related oxidations. The comparative discussion of P450s provides a

reference framework for evaluating the biocatalytic potential and distinct features of UPOs.

1.2.1 Unspecific peroxygenases

This section is taken from my review paper published in ACS Catalysis in 2021.!

Unspecific peroxygenases (UPOs) are heme-thiolate proteins forming a unique, solely fungal (ex-
ceptions are oomycetes) family of secreted, extracellular enzymes. Other enzymes sharing the term
peroxygenases are plant peroxygenases, which are integral membrane proteins and oxidize unsatu-
rated fatty acids thereby forming epoxide products. Another enzyme group called peroxygenases are
P450 peroxygenases, which are part of the cytochrome P450 family and can hydroxylate fatty acids.'®
This subgroup will be discussed in the cytochrome P450 section below. Further oxidoreductases also
named peroxygenases are 3-methyl-L-tyrosine peroxygenase'!” and L-tyrosine peroxygenase. !
UPOs can catalyze a large variety of reaction types comparable to P450 monooxygenases.
These include the hydroxylation of aliphatic and aromatic compounds, epoxidation, heteroatom
oxidation, such as sulfoxidation/N-hydroxylation and chemoenzymatic halogenation reactions,
the latter not being reported for P450s.!° The first UPO was described in 2004 by Hofrichter and
co-workers occurring in the culture supernatant of the basidiomycete Agrocybe aegerita (AaeUPO)
commonly known as black poplar mushroom. It was initially classified as a haloperoxidase because
of its ability to oxidize halides and aryl alcohols similar to chloroperoxidases (CPOs).?° Further
UPOs were discovered in Marasmius rotula (MroUPO) and Coprinellus radians (CraUPO), both also
belonging to the order of Agaricales known as “gilled mushrooms” of the Basidiomycota phylum.
On the basis of further investigations regarding the catalyzed reactivities, the class descriptor
changed from haloperoxidase-peroxygenase to aromatic peroxygenase and finally to the currently
used name unspecific peroxygenase.>!"23 It would not be surprising if a more eligible name will
arise for this enzyme class in the future as it continuously exhibits excellent selectivity for C-H
oxyfunctionalizations®* and “unspecific” has a rather negative implication for an enzyme. UPOs
are generally classified into two groups: The Group-I short-type UPOs with an average mass of
29 kDa and the Group-II long-type UPOs with an average mass of 44 kDa. Group-I UPOs are
widespread within the whole fungal phyla, whereas Group-II UPOs have so far been only found in
Ascomycota and Basidiomycota, while also not being omnipresent within them. UPOs are not found
in Taphrinomycotina and Sacharomycotina, for example, in Saccharomyces cerevisiae (true yeast)
and Schizosaccharomyces (fission yeast).>> The available large set and diversity of long and short-type
UPOs are emphasized by identifying more than 4300 putative UPO-encoding sequences.?*?” When
compared to P450s, UPOs generally exhibit higher stability and water solubility correlated to
the naturally occurring substantial degree of glycosylation.?® Because of their high stability, the
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independence of other colocalized associated proteins such as reductases and reduction agents,
sufficient protein secretion and the usage of HoO9 instead of molecular oxygen, UPOs are on the
brink of becoming a viable catalyst for industrial applications. So far, impressive TONs of up to
300,000 for the stereoselective benzylic hydroxylation of ethylbenzene were achieved.?’ This high
activity was further harnessed in initial upscaling reactions to reach g/L titers of the enantiopure
product.®® Recent application focussed work includes the utilization of UPOs for the epoxidation
of various styrene derivates under neat conditions, resulting in high product concentrations of up
to 360 mM.*!

The natural function of UPOs still remains elusive. However, experiments could prove that they
can convert 35 out of 40 compounds listed as priority pollutants by the Environmental Protection
Agency of the United States (EPA), thus showing a pronounced detoxification and biodegradation
ability.>? Combined with their extracellular occurrence, it is assumed that UPOs might be involved
in the detoxification of their surrounding microenvironment.>? They are assumed to complement
P450s, which are key players of intracellular detoxification. Initial productions of UPOs were per-
formed homologously as (fed)-batch cultivation of the natural host organism in shake flasks or biore-
actors using optimized media compositions that allowed for a maximal volumetric UPO titer of
41,000 U veratryl alcohol/L, which correlates roughly with 445 mg/L peroxygenase enzyme in the
case of MroUPOQ.2%3334 Initial heterologous production of a UPO derived from Coprinopsis cinerea
(CciUPO) could be achieved by utilizing an industrial strain of the mold Aspergillus oryzae, which is
an attractive host for industrial protein production because of the extremely high natural protein
secretion capacity.®®

However, the lack of a heterologous expression platform for UPOs using a fast-growing, easy to
manipulate and highly transformable host has been a strongly limiting factor ever since. Alcalde and
co-workers performed an intensive directed evolution campaign using the yeast S. cerevisiae that led
to the successful expression of the AaeUPO variant PaDa-I. This secretion variant could be success-
fully produced in S. cerevisiae, bearing nine amino acid exchanges compared to the fungal wild type
enzyme reaching titers of 6500 U ABTS/L and 1300 U NBD/L, respectively, corresponding to ap-
proximately 8 mg/L.3® Especially four mutations within the signal peptide led to a boosted secretion
by the heterologous yeast host. Subsequently, this variant was also produced on a larger scale with
titers of 5826 U ABTS/L and 728 U NBD/L, respectively, using the methylotrophic yeast Pichia pas-
toris and a standard genomically integrated methanol-inducible (AOX1 promoter) system.>” These
comparable activity values indicate that the shake flask format’s secretion levels were maintained
irrespective of the yeast used. Fed-batch fermentation led to 27-fold enhanced production of the
UPO in P. pastoris (217 mg/L).>’

Recent work in our group has aimed to construct a modular yeast UPO expression system allow-
ing the shuffling of a panel of versatile signal peptides for optimal secretion and thereby aiding the
quick verification and production of already described as well as novel wildtype UPOs in S. cerevisiae.
The system was developed as a Golden Gate platform allowing the rapid assembly of 17 different
signal peptides, eight genes and a range of C-terminal protein tags for purification and split-GFP-
based protein quantification (Yeast Secrete and Detect Kit; Addgene). By harnessing this system, we
could expand the panel of recombinant UPO enzymes by the wild type enzymes MweUPO (Maras-
mius wettsteinii), MroUPO, and CglUPO. Two putative peroxygenases derived from thermophilic
fungal organisms—Myceliophthora thermophila (MthUPO) and Thielavia terrestris (TteUPO)—were
produced and characterized for the first time (Table 1). The modular episomal signal peptide shuf-
fling expression platform could furthermore be adapted to P. pastoris. A compatible integration plas-
mid offers access to genomically stable integrated UPO producer strains. The high obtained MthUPO
expression titers of up to 24 mg/L in shake flasks furthermore enabled enantioselective C(sp?) hy-
droxylation reactions on a preparative scale.’® Subsequent work on episomal UPO production in
P. pastoris led to elevated production titers of known UPOs as well as the first heterologous produc-
tion of MhiUPO (Myceliophthora hinnulea) and MfeUPO (Myceliophthora fergusii).>
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Table 1 Successful Production of Different Unspecific Peroxygenases
in Diverse Organisms
hetereologous expression in homologous

organism enzyme group S. cerevisiae  E.coli  A.oryzae  P. pastoris expression
Agrocybe aegerita AaeUpo group-1I yes36@ yes?7@ yes?0
Marasmius rotula MroUpo  group-I yes3® yes*0 yes®® yes®
Coprinopsis cinerea CciUpo group-II yes®®
Daldinia caldariorum DcaUpo group-I yes*! yes
Collariella virescen CviUpo  group-I yes*!
Coprinus radians CrUpo group-II yes>
Marasmius wettsteinii MweUpo  group-I yes3® yes*?
Chaetomium globosum CglUpo group-I yes38 yes®® yes®
Humicola insolens HinUpo group-I yes*
Psathyrella aberdarensis PabUpo group-II yes*
Myceliophthora thermophila ~ MthUpo  group-I yes3® yes®®
Thielavia terrestris TteUpo group-I yes38 yes38
Myceliophthora fergusii MfeUpo  group-I yes®’
Myceliophthora hinnulea MhiUpo  group-I yes®’

?No expression of wildtype UPO but evolved mutant

Recently, the expression of UPOs utilizing a prokaryotic host were achieved leading to the pro-
duction of CviUPO® (Collariella virescens), MroUPO,*® and DcaUPO*!' (Daldinia caldariorum) in E.
coli (Table 1). However, the described system needs to be further studied to compare homologously,
yeast and E. coli expressed UPOs as the post-translational modifications were previously shown to
be highly important.3

UPOs carry a heme cofactor with a highly conserved cysteine proximal axial ligand flanked by
two proline residues (PCP motif). Another highly conserved residue is the catalytic acid glutamate
(Glu196 in AaeUPO, Glu158 in MroUPO), which acts together with arginine (long-type) or histidine
(short-type) as acid-base catalyst pair. The PCP motif and the glutamate residue are also present in
the closely related CPO.

The catalytic cycle of UPOs is similar to P450s and other monooxygenase enzymes. The resting-
state heme contains an Fe3* ion that reacts with H,O5 forming a Fe-peroxo-complex. This complex
is heterolytically cleaved and water is released under the aid of the catalytic acid glutamate. After
electron rearrangement the key intermediate compound I is formed.**#” The kinetics of this oxo-
ferryl cation radical complex and its formation and decomposition have been studied intensively.*$4°
In a subsequent reaction, UPO compound I abstracts a hydrogen atom from the substrate (R-H)
yielding protonated compound I, a ferryl hydroxide complex and a substrate radical (Re ). The radical
quickly recombines with the hydroxide leading to the alcohol product (Scheme 4).

UPOs are capable of hydroxylating linear, branched, and cyclic aliphatic, as well as aromatic,
compounds. They can catalyze hydroxylations of activated, benzylic, subterminal, and terminal
C(sp®). Depending on the enzyme and reaction conditions, overoxidation reactions can occur, lead-
ing to aldehyde, ketone, or carboxylic acid products. Short alkanes can be hydroxylated, starting at
n-propane (C3). n-Propane and n-butane are hydroxylated by AaeUPO giving rise to 2- propanol
and 2-butanol, longer alkanes predominantly yield a mixture of 2-alcohol and 3-alcohol.*®

MroUPO catalyzes the hydroxylation and epoxidation of unsaturated fatty acids such as oleic
acid (29) (Scheme 5A). Hydroxylation mainly takes place subterminal (w-1) 31 and at position w-7
30. Targeted amino acid exchanges within the entrance tunnel drastically modulated the epoxida-
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Scheme 4 Catalytic Cycle of Unspecific Peroxygenases(UPOs)
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tion/ hydroxylation ratio of the enzyme. It was possible to increase the epoxidation ratio but also
to abolish it completely so that only terminal and subterminal hydroxylation at C(sp?) takes place.
keat/ Ko values of 2.1 x 10* M1 s71 (w-1 hydroxylation of oleic acid) were obtained with variant
MroUPO 1153F/S156F which abolishes epoxidation.*’ In contrast to AaeUPO and CciUPO, which
exclusively hydroxylate tetradecane at the subterminal position, MroUPO can catalyze the terminal
hydroxylation of dodecane (408 TON) and tetradecane (33) (240 TON), followed by overoxidation
to a dicarboxylic acid (Scheme 5B). Some of the terminal-oxygenation products 34 also displayed
additional oxygenation at subterminal (w-1 and w-2) positions. Concluding, this peroxygenase has
high potential to be used as catalyst for late-stage functionalization of organic molecules due to its
ability to hydroxylate the least activated terminal position.’!

Utilizing the above-described modular secretion system enabled the protein engineering of the
newly discovered MthUPO. By screening more than 5000 transformants, the catalytic efficiency on
the conversion of the model substrate 5- nitro-1,3-benzodioxole (NBD) was improved 16.5-fold.
Improved variants led to the chemodivergent formation of selective oxyfunctionalizations at the
aromatic 37 and benzylic positions 36, respectively, using 2-methylnaphthalene (35) as a substrate
(Scheme 5C).>2

CglUPO from Chaetomium globosum can catalyze the epoxidation and hydroxylation of testos-
terone (38) yielding testosterone 4,5-3-epoxide (40) and 16 x-hydroxy testosterone (39) (Scheme 5D).
Those steroids exhibit crucial roles in physiological processes. 4,5-3-epoxide (40) regulates cell pro-
liferation and cholesterol homeostasis, whereas 16x-hydroxy testosterone (39) is a metabolite in the
oxidative metabolism in liver cells and an essential intermediate in the formation of estriol in late
pr<agnancy.53'55 In contrast, other known UPOs, such as AaeUPO, rCciUPO, rHinUPO, and MroUPO
failed to hydroxylate the testosterone’s gonane ring in comparative experiments.** Epoxidation is
strongly favored over the hydroxylation with a ratio of 9:1. Both products 39 and 40 could be purified
with high purity (>96%) on a preparative scale. Overall turnover numbers of up to 7000, including
the epoxidation, and a k.q: /K, value of 1.60 x 103 M~ ! s7! were determined, which is moderate
in contrast to other peroxygenase activities and substrates.** Nevertheless, it could be demonstrated
that CglUPO might be a promising catalyst for the oxyfunctionalization of bulky steroid core struc-
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8 can enable

tures. The successful heterologous production of CgIUPO in S. cerevisiae and P. pastoris®
subsequent protein engineering.

The enantioselective hydroxylation of phenethyl amine derivatives at the benzylic position leads
to many pharmaceutically important substances such as beta-blockers and sympathomimetics.>® As
shown by our group, MthUPO and CglUPO can catalyze the benzylic hydroxylation of naphthaloyl-
phenylethyl amine (41) with high enantioselectivities of >98% ee. We were able to perform this re-
action in a proof-of-concept experiment using MthUPO on a preparative scale with 57% yield of the
hydroxylated product 42 (Scheme 5E).3

The hydroxylation of vitamin D2 (ergocalciferol) (43) and D3 (cholecalciferol) (45) to 25-
monohydroxylated vitamin D2 (44) and 25-monohydroxylated vitamin D3 (46) is of high interest
as these hydroxylated compounds show positive effects on different human diseases and raise
interest for feeding broiler chickens and other farm animals to reduce skeleton problems.>’ ™’
The conversion of ergocalciferol (43) and cholecalciferol (45) can be catalyzed by AaeUPO, as
well as CciUPO (Scheme 5F). The cholecalciferol conversion yielded 100% product 46 formation
after 60 min of reaction catalyzed by CciUPO and only a slightly lower yield when catalyzed
by AaeUPO (90%). Ergocalciferol conversion was also observed to be similar for both enzymes
(81-86%). CciUPO converted both substrates 43 and 45 regioselectively. AaeUPO only catalyzed
ergocalciferol’s regioselective conversion, whereas several byproducts were formed in the course of
vitamin D3 hydroxylation. These differences could be rationalized computationally and obtained
differences in the energy profile confirmed the experimental data.®%¢!

Working with enzymes in chemical reactions implies some challenges, which can be addressed
through protein and reaction engineering to improve product formation and reduce reaction costs.
We will briefly discuss some solutions addressing the challenges of peroxygenases.

To increase thermostability and the tolerance toward organic solvents and HoOs, directed evo-
lution and neutral genetic drift approaches were performed by Alcalde and coworkers leading to
variants with increased stabilities (increased T, up to 4.9 fold) and stability toward acetonitrile (up
to 2.9-fold, from Csq(%) 7.0 to 20.3). However, increases in stability partially lead to decreases in
activity.*®%2 HyO9 has a Janus role in peroxygenases: on the one hand, it is indispensable for the
peroxygenase activity as it omits cosubstrates for the reduction. On the other hand, the heme inac-
tivation through oxidative damage is a major challenge when using HoO2 as cosubstrate. Supplying
the reaction over time with HoOs instead of adding it stoichiometrically has proved to be a benefi-
cial strategy to achieve maximal product formation. Several smart procedures to maintain low HaO9
concentrations by continuous in situ HoO2 generation systems have been developed, for example,
the utilization of biocatalysts such as formate oxidase (Fox) were employed.5>~% Further concepts are
based on the usage of light-driven reactions,’” gold-palladium nanoparticles,%® or radiolytic water
splitting to produce HyO9.53%?

Thus, far, only one long-type UPO could be heterologously expressed in yeast after an inten-
sive directed evolution campaign.>® Our group, therefore, investigated the construction of long-type
chimeric enzymes. Three long-type UPO genes were selected for a simple gene, predefined shuffling
approach and divided into 5 subdomains (243 possible combinations). In this setup, subsequent
screening using a multi-injection GC-MS technique with tetralin as a substrate led to the identifica-
tion of six functional UPO chimeras. Some of these enzymes exhibited elevated secretion levels when
compared to the parental UPOs. This initial work suggests that gene shuffling of long-type UPOs can
offer a viable option to obtain a library of active and structurally diverse long-type UPOs expand-
ing the rather small panel of available recombinant peroxygenases.”” Combining the multi-injection
GC-MS technique with the simultaneous analysis of three substrates and six products enabled the
identification of significantly modified chemo- and regioselectivities. MthUPO variants with selec-
tive alkene epoxidation and shifted regioselectivities of the octane (47) hydroxylation toward 2-(49)
and even 1-octanol (48) formation were identified (Scheme 5G).”!
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1 Introduction

Since the publication of the 2021 review, research on unspecific peroxygenases (UPOs) has
continued to expand rapidly, with the enzymes often lauded as “the pot of gold at the end of

the oxyfunctionalization rainbow”’?

or “the jewel in the crown of C-H oxyfunctionalization
biocatalysts””> Numerous recent studies have further demonstrated their efficiency and versatility
in C(sp®)-H hydroxylation. Examples include the selective hydroxylation of terpenes such as
menthol at the C8 position to yield p-menthane-3,8-diol,’* the hydroxylation of fatty acids at
C4 and C5 followed by spontaneous lactonization to form valuable - and J-lactones,” the
oxyfunctionalization of cyclic ethers to produce a wide range of chiral cyclic hemiacetals with
>99% enantiomeric excess and turnover numbers up to 95,170 under neat reaction conditions,”®
and the selective remote-site functionalization of halogenated and unsaturated hydroxyarbons.”’

But UPOs are not restricted to C(sp®) hydroxylations, they can catalyse a diverse portfolio
of oxyfunctionalisation reactions. These include epoxidation of C=C double bonds, aromatic
C(sp?)-H hydroxylations, chemoenzymatic halogenations, and heteroatom oxidations (N- or
S-oxygenations).'” In one example, a UPO from Aspergillus brasiliensis (AbrUPO) catalysed the
hydroxylation of substituted benzenes, the preference for aromatic versus benzylic hydroxylation
proofed to be determined by the number, chemical properties, and chain length of the sub-
stituents. Oxidation of ethylbenzene resulted in an approximately 1:1 ratio of ring and side-chain
hydroxylation, increasing the alkyl chain length shifted the selectivity toward the benzylic
oxidation. Substituted phenols, in contrast, were oxidised exclusively at the aromatic ring. The
resulting phenolic products are valuable intermediates for the synthesis of dyes, pharmaceuticals,
and agrochemicals.”® Another study showed, that the ratio of aromatic vs. benzylic hydroxylation
can be shifted through mutagenesis.>?

The heteroatom oxidation capabilities of UPOs have been harnessed for the synthesis of azoxy
compounds, which exhibit diverse biological activities including antimicrobial and cytotoxic
effects.”” AaeUPO was shown to catalyse the transformation of aniline derivatives into azoxy
products with turnover numbers up to 48,450, turnover frequencies of 6.7 s~, and up to 99%
conversion at 98% chemoselectivity.®

Another heteroatom oxyfunctionalization catalyzed by UPOs is the asymmetric sulfoxidation,
which was achieved with immobilized AaeUPO in non-aqueous media. A large variety of sulfides
was converted to chiral sulfoxides with up to 99% ee, gram-scale synthesis of the products has
been demonstrated.®!

The examples discussed here and previously in the review paper illustrate that unspecific per-
oxygenases constitute a uniquely versatile class of enzymes, capable of catalyzing an exceptionally
broad range of oxyfunctionalization reactions. Relying solely on hydrogen peroxide as oxidant,
UPOs operate without the need for additional cofactors or redox partners, offering operational
simplicity and environmental benefits. The breadth of available UPO sequences, combined with
recent advances in heterologous expression in E. coli and yeast, and the first successful enzyme

engineering campaigns, highlights their potential as adaptable and efficient biocatalysts. Taken
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together, these attributes position UPOs as promising tools for both fundamental biocatalysis re-

search and the sustainable synthesis of valuable chemical entities.

1.2.2 Cytochrome P450 Monooxygenases

To provide context and to highlight both the similarities and distinctions between these related
enzyme classes, the following section introduces cytochrome P450 monooxygenases, drawing on

the description presented in the same review article.

The following section is taken from my review paper published in ACS Catalysis in 2021."

Cytochromes P450 (CYPs or P450s) were first described in 1958. Because of their unknown enzy-
matic function, they have been named after the unusual Soret peak of the carbon monoxide complex
at 450nm.3? They catalyze a large variety of oxyfunctionalization, which all rely on molecular oxygen
transfer.” P450s are distributed in all kingdoms of life. In mammals, they are primarily known to oxi-
dize steroids, fatty acids, xenobiotics and are a crucial part of hormone synthesis and breakdown.®* In
plants, they represent approximately 1% of the plant genome and exhibit leading roles in the biosyn-
thesis of defensive compounds and fatty acids, hormones, lignins, and secondary metabolites.3* Ar-
chaea and eubacteria often do not possess P450 genes; neither does the prokaryotic modelorganism
E. coli. In fungi, they seem to play a manifold and crucial role in the metabolism—especially regard-
ing the adaptation of fungi to specific ecological niches.®> More than 300,000 P450-coding sequences
are known today considering all kingdoms

P450s are heme-thiolate enzymes containing a heme prosthetic group linked to the protein via
an axial conserved cysteine residue.!” They utilize molecular dioxygen and use the universal cellu-
lar cofactors NADH or NADPH as reducing agents.®38 Respective P450 enzymes utilize different
electron delivering systems providing the necessary electrons for oxygen cleavage and substrate hy-
droxylation. In the case of some bacterial and mitochondrial P450s, electrons are transported from
NAD(P)H via flavin-dependent ferredoxin reductases and ferredoxin similars to the class of Rieske-
type oxygenases.”® Other bacterial and microsomal P450s only utilize cytochrome P450 reductases
(CPR) or CPR combined with Cytochrome bs—an electron transport hemeprotein.’!

The reaction mechanism requires two hydrogens (2 H+ , 2e-) for the formation of the side-
product water. The two electrons are derived from the cofactor NAD(P)H. They are transferred
in two consecutive one-electron transfer steps from NAD(P)H.8%3° The Fe resting state of P450s
is Fe(IIl). In the absence of a substrate, a water molecule serves as the distal ligand.92 After sub-
strate binding, the ligand exchange from water to substrate leads to a spin shift of Fe(Il) from a
low-spin to high-spin state.”® This causes a lowered redox potential. This lowered redox potential
allows the transfer of the first electron resulting in the Fe(II) formation. Fe(IT) binds Os on the distal
site, and after the second electron transfer, a nucleophilic double negatively charged Fe(IlI)-peroxo
intermediate is formed.”* After protonation, the ferric hydroperoxo intermediate (also called com-
pound 0) is generated,”>*¢
peroxidases.”>®8 Further steps of the mechanism occur as described for UPOs. Water release leads
to compound I formation that abstracts a hydrogen atom through homolytic bond cleavage from the
substrate yielding compound I1.°1% The substrate-based radical generated from C-H abstraction
recombines, and the alcohol product is formed and released (Scheme 6).”1°! P450s can also utilize
H505 instead of molecular oxygen via the peroxide shunt; however, in most cases with substantially
reduced activities relative to the NAD(P)H-driven reactions.!??

Because of their omnipresence and immense catalytic potential, P450s can function as alternative
catalysts leading to new synthetic strategies for assessing a large variety of organic molecules of
outstanding pharmaceutical and agricultural interest.

which is also an intermediate in the catalytic mechanism of UPOs”*7 and
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Scheme 6 Catalytic Cycle of Cytochrome P450 Monooxygenases
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They have been extensively studied resulting in several thousands of publications. We can, there-
fore, only cover few examples focusing on protein engineering and industrial applications perspec-
tives. For more detailed accounts, the readers are referred to comprehensive P450 reviews,36:103-106
For overviews on the 2012 discovered P450 catalyzed carbene- and nitrene-transfer reactions read-
ersare referred to theses overviews,!97~107

P450s catalyze all types of C(sp®) hydroxylation reactions ranging from activated to primary car-
bons. Even marginal activities were observed for methane hydroxylation.!!” Unfortunately, many
P450s—especially if plant-derived—suffer from shortfalls regarding heterologous expression rates,
activity and stability.!!! To address stability issues, P450s have been extensively engineered toward
temperature resistance and solvent stability.!>!!3 Besides limited stability, low activities can be a se-
vere problem impeding the industrial application of P450s.!!1"114 The main limiting parameter when
employing cell-free P450 enzyme biotransformations is the availability of cofactors.!!> A multitude
of solutions have been investigated to address this issue. One possibility is the targeted engineering of
P450s for the utilization of HyOg instead of dioxygen thereby avoiding an additional reducing agent.
Hydroxylation of short-chain alkanes using HoO2 was shown to be possible. It achieved turnover
numbers of up to 1800.!!® Another approach is the coexpression of glucose dehydrogenase within a
wholecell setup to facilitate NADPH-regeneration, resulting in an approximately 22-fold increase in
product concentration.!!” Switching the cofactor from NADPH to NADH or other cofactors, such as
N-benzyl-1,4-dihydronicotinamide, might be beneficial, if applicable, as they are more stable and can
reduce process costs.! 87120 The immobilization of P450s on electrodes was performed to investigate
and further improve the electrochemical performance by fine-tuning their catalytic parameters and
substrate recognition leading to possible applications as amperometric sensors.'2""'22 Another possi-
bility, which has been investigated in detail, is the replacement of NADPH by a light-generated source
of electrons. This substitution is possible as the ferredoxin-mediated electrontransfer in mitochon-
drial and some bacterial P450 systems is similar to the electron carriers in the photosynthetic chain.
In vivo and in vitro studies demonstrated the possibility of light-driven biosynthesis.!>124 Further
activity issues were addressed by using tailored fusion-proteins based on the CYP102A1 model en-
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zyme from Bacillus megaterium (P4505s3). Fusion-proteins can decrease both inefficient electron
transfer between reductase domains and the heme domain, as well as uncoupling events.!2>126

The monooxygenase families CYP4,'2” CYP152,'2® and CYP15351,'?° hydroxylate the terminal
C-H bonds of alkanes and fatty acids 50. These alcohols can further be oxidized by dehydroge-
nases leading to long-chain dicarboxylic acids (DCAs), a valuable chemical intermediate for polymers,
glues, esters, and surfactants (Scheme 7A). DCAs rangingfrom Cg to C;5 are chemically produced in
large quantities.'**!3! The demand of dodecanedioic acid DDDA is estimated to exceed 90.4 kilotons
per month in 2023.13%132 Diacid concentrations higher than 100 g L™! at a > 100 m? fermentation
scale could be enzymatically produced after enhancement of P450 expression with volumetric pro-

ductivity higher than 1 g L=! h=1.133
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Scheme 7 C(sp?®) Hydroxylation Reactions Catalyzed by P450s Discussed in This Review'
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Another notable example for the industrial application of P450 enzymes is the hydroxylation
of vitamin D3 (45) to 1¢,25-dihydroxyvitamin D3 (53) (Scheme 7B). Solely the double-hydroxylated
form of vitamin D3 exhibits physiological activity in humans and can treat hyperthyroidism, osteo-
porosis, and renal failure. This reaction is catalyzed by P450s from the CYP105 and CYP107 family
(derived from Pseudonocadria autotrophica).'>* Enzyme engineering through rational mutagenesis
design led to an enzyme variant with a 400-fold increase in catalytic efficiency (Table 2).13>13¢ The
biocatalytic production of hydroxylated vitamin D3 by P450 enzymes is a more sustainable alterna-
tive for a previous inefficient 20-stage process.'3’

Table 2 Enzyme Engineering of CYP105A1 Leading to Improved Hydroxylation of Vitamin D3

CYP105A1  product K (M) keat (s1) Km/keat(M1s1)  relative activity
WT 1c((OH) 1.0x 1075 13x107% 13x 10! 1
25a(0H) 44x107% 43x107% 98 1
R73V 1a(OH) 1.8x 1075 62x1073 3.5x 10° 28
25a(0H) 27 x1076 42x107% 13 x 102 15
R84A 1a(OH) 87x 1078 42x1073 4.8 x 102 39
250(0H) 24x107% 42x107% 17 x 102 17
R73V/R84A  1a(OH) 65x 1076  35x 10" 5.4 % 103 432
25a(0H) 22x107% 23x1073 1.0x10% 105

Adapted with permission from ref.!3> Copyright 2008, American Chemical Society

The engineering possibilities of CYP101A1 (P450.4,y,) from Pseudomonas putida and CYP102A1
(P450313) have been thoroughly investigated for the hydroxylation of alkanes.'*®!%° As natural
function, P450.4,, catalyzes the hydroxylation of the terpenoid (+)-camphor (54) regio- and enan-
tioselectivity leading to (+)-5-hydroxy-camphor (55) (Scheme 7C). One engineering approache aimed
to reduce the active site volume through the introduction of bulky amino acid residues. These vari-
ants showed fast and efficient n-butane hydroxylation, yet n-propane oxidation was modest, and
shorter alkanes could not be hydroxylated.!*’ Other approaches focused on directed evolution uti-
lizing both enzymes CYP101A1 and CYP102A1 and led to ethane and propane hydroxylating vari-
ants (Scheme 7C).!38 139141142 The activity and product formation rate of the propane hydroxyla-
tion even exceeded those obtained with naturally occurring alkane monooxygenases on their native
substrate.!*

Several protein engineering studies of P450 enzymes catalyzing steroid hydroxylation were
reported.l“‘*‘148 Reetz and co-workers engineered CYP102A1 (P450p)3) toward higher regio-
and stereoselectivities using directed evolution (Scheme 7D). They started with CYP102A1 (F87A),
which hydroxylates testosterone (38) resulting in a 1:1 mixture of 23-(57) and 15/3-alcohol (58).
Using iterative saturation mutagenesis (ISM) as engineering technique, they obtained mutants
that exhibited selectivities of up to 97% for either of the two regioisomers without any loss of
diastereoselectivity (3-selectivity). Moreover, mutants with more than 100-fold increased kcq:/Kp,
were identified.!* Further engineering studies based on mutability landscapes and molecular
dynamics simulations were focused on testosterone’s C16 hydroxylation. Three combinatorial
libraries were created, each with 1024 possible variants. As only less than 1,000 samples per library
were screened the library coverage was only around 53%. Mutants WIFI-WC and WWV-QRS
displayed k.qi/K,, values of 4.1 x 107 and 2.4 x 107 M~! s, respectively, while having high
selectivities (95% for 16a-hydroxy testosterone (39) and 92% for 165-hydroxy testosterone (59))
(Table 3).1°° Those activities are close to CYP102A1 natural substrate conversion (fatty acids, 5-6 X
10" M~! s~1)151 and suggest their potential industrial application in steroid hydroxylations.'3%13°

Another important late-stage functionalization of a larger substrate catalyzed by P450s is the
hydroxylation of amorphadiene to artemisinic alcohol. This key step for the efficient synthetic pro-
duction of the antimalarial drug artemisinin (60) is catalyzed by CYP71AV1 (coexpressed with CPR1
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Table 3 Enzyme Engineering of CYP102A1 Leading to Improved Refined Regio- and Stereose-

lectivity of Testosterone®

mutant  selectivity Ky, (M) keat (s71) Kmn/keat(M1s1)  regioselectivity
F87A 253,158 98x107% 31x10"1 32x103 52% / 45%
KSA-8 28 65x107% 1.4 2.1 x 104 84%

KSA-14 1583 1.6 x 1075 66 42 % 105 96%

“Kinetik parameters were otained measuring NADPH consumption.
Data derived from Kille et al.'*

and CYB5).!>2 Furthermore, engineered P450s were also able to hydroxylate remote, unactivated
C(sp?) of the final product artemisinin with refined regio- and stereo-selectivity (Scheme 7E). This
was one of the first examples for fine-tuning the regio- and stereoselectivity of P450s for late-stage
functionalization of complex molecules through enzyme engineering. As a mutagenesis method, a
three-tier strategy involving first-sphere active site mutagenesis, high-throughput P450 fingerprint-
ing and fingerprint-driven P450 reactivity predictions were used. Those enabled a rapid evolution
of three efficient CYP102A1 enzymes hydroxylating a primary C(sp®) leading to 63 and a secondary
C(sp3) with both § (61)and R (62) stereoselectivity (Table 4).153

Table 4 Enzyme Engineering of CYP102A1 for Regio- and Stereoselective Hydroxylation of Re-

16

mote and Unactivated C(sp®) in Artemisinin

product distribution (%)
CYP102A1 variant 61 62 63

parental (FL#62) 83 10

IV-H4 100 0 0
II-H10 0 100 0
X-E12 4 2 94

Data derived from Zhang et al.1>3

In 2018, the group of Bornscheuer initially reported on P450s of marine bacteria catalyzing the
oxidative demethylation of 6-O-methyl-p-galactose (64), which demonstrates the ability of P450s
to act on carbohydrate substrates (Scheme 7F).!>* Sugar-O-methylations shield polysaccharides of
algae toward microbial hydrolytic enzymes,'>> removing the O-methylation modification gives ac-
cess to glycoside binding hydrolases and thus the biotechnological usage of those polysaccharides
for microbial fermentation, e.g., to produce biofuels.!>® Next to LPMOs these novel P450s are the
second group of monooxygenases involved in carbohydrate degradation. Successful demethylation
of further small substrates has already been demonstrated in 2006 with CYP116B2 (P450 Rhf).!>”
Moreover, demethylation of monosaccharides using CYP102A1 was already demonstrated by the
group of Arnold in 2009.!8

Through the astonishing abundance of P450s in the kingdom of life and their vast engineering
potential, investigating this enzyme family thrived for many decades and will continue in the future.
Occurring bottlenecks such a slow production rates, low activities, dependence on expensive cofac-
tors/redox protein complexes and enzyme stability issues will be the future challenges that need to
be addressed to take this enzyme family beyond its current applicability.
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1.3 Enzyme Engineering

With their high specificity, enzymes are increasingly utilized as catalysts within industry context.
Limitations in activity, stability or selectivity of native enzymes, however, often impede their usage
atindustrial level. In response, enzyme engineering emerges as a pivotal methodology for tailoring
enzyme properties to align with the requirements of specific applications. Directed evolution,
semi-rational design and rational design are the most commonly used techniques and strategies to
evolve an enzyme properties. Advancements in computational engineering introduce novel tools
integrating machine learning and artificial intelligence (Al), set to revolutionize the landscape of

enzyme engineering methodologies.

1.3.1 Discovery and Design as Starting Points for Enzyme Engineering

A fundamental prerequisite for any enzyme engineering endeavor is the availability of an express-
ible enzyme scaffold that exhibits at least minimal catalytic activity toward the substrate of interest.
This initial activity does not have to be the enzyme’s native function; often, a promiscuous or side
activity provides a viable starting point for engineering efforts. While the discovery of such can-
didate enzymes—whether through metagenomic mining, in-silico bioprospecting, activity-based
screening, or structure-guided annotation—is a critical step, an in-depth discussion of enzyme
discovery and expression methodologies is beyond the scope of this work and not critical for the
understanding of the following studies. Interested readers are referred to recent reviews,'>*~1%3
An alternative approach to identifying starting scaffolds involves the de novo design of en-
zymes, wherein entirely new protein structures are constructed to catalyze specific reactions.
Recent advancements in computational tools, including deep learning algorithms and improved
understanding of sequence-structure-function relationships, have significantly enhanced the fea-
sibility of de novo enzyme design. Given that the focus of this work is on engineering of existing
enzymes guided by computational tools, a comprehensive exploration of de novo enzyme design
is not included here. For readers interested in this field, the following reviews and studies provide

detailed insights into current strategies and applications.'®4-1¢°

1.3.2 Laboratory Techniques and Strategies

There are three main strategies to evolve an enzyme: directed evolution, rational design and semi-
rational-design, which is a combination of the first two methods. The choice of method depends
on the engineering goal and knowledge about the enzyme, its structure and properties as well as
the viability of the screening system. The better the understanding about the sequence-function
relationship within the enzyme, the more rational decision making can be employed within the

engineering strategy.
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Directed Evolution and Semi-Rational Design

Darwinian Evolution, the concept of evolving through variation, selection and inheritance is the
insipration for directed evolution. Directed evolutions mimics this natural process and is con-
ducted across multiple iterations wherein the enzyme undergoes incremental refinement until
the desired property is attained. First, a diverse genetic library is generated and subsequently
screened for the desired property. The enzyme variant with the most significant improvement in
the desired property (hit) is then used as new parental variant in a following round (Fig. 1). The
introduction of mutations can occur hereby randomly or targeted at specific sites. Techniques for
genetic diversification include random mutagenesis, error prone PCR (epPCR), DNA shuffling or
staggered extension processes. The foremost advantage of directed evolution using one of those
techniques is that there is no need for prior knowledge of the protein structure or its function.
The biggest drawback, however, is the large number of possible mutations, that can occur within
a single enzyme, also referred to as the numbers problem."’® For instance, fully saturating all amino
acid residues in a 300-amino-acid-long enzyme with the 20 canonical amino acids would yield
203% enzyme variants, surpassing the estimated quantity of stars in the universe. Consequently,
even if a library containing such a multitude of variants were constructed, only a fraction of the
genetic diversity could be feasibly screened. Therefore, strategies to reduce the number of vari-
ants are employed, but in any case a robust high-throughput-screening (HTS) is needed to screen

through a large number of possible variants.
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Figure 1 Principle of directed evolution

Flow cytometry and chip-based microfluidic assays are screening methods allowing for a
screening of > 10 h™! variants.!”!"172 Microtiter plates (MTPs) are widespread screening formats

and allow analysis of up to 10* variants per day, agar plate based assays are suitable for library
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sizes of up to 10°.17* Another method combining mutagenesis and screening is in vivo continuous
evolution, consisting of continuous cyclces of gene diversification and selection within a cell
without intervention. By increasing the selection pressure while accumulating mutations in the
gene on interest, desired properties can be evolved throughout several generations.!”*!7>

In a campaign to improve the activity of an UPO variant derived from Agrocybe aegerita in
organic solvents, two gerenerations of random mutagenesis (epPCR) and in vivo DNA shuftling
were performed, followed by one round of in vivo site-directed recombination. The final variant of
the campaign carried nine mutations and displayed a 23-fold enhanced activity in 30% acetonitrile
(vol/vol) and activity in acqueous acetone, methanol and dimethyl sulfoxide mixtures compared
to the starting enzyme. The screening for the desired enhanced activity was performed in MTPs,
in each round around 3500 variants were screened.'”®

One way of reducing the number of variants that need to be screened is targeting specific areas
and residues on the basis of structural or functional knowledge to create smaller, “smart” libraries
that contain a higher probability for hits. Such areas are for example the active site for altering
activity or selectivity or substrate entrance channels to allow or hinder certain molecules from
entering the active site. This approach is often labeled semi-rational design.

[t was utilized to evolve a P450 enzyme variant (P411) to perform enantio-, regio- and chemos-
elective intermolecular alkylation of sp> C-H bonds through carbene C-H insertion. The cam-
paign started with a total turnover number (TTN) of 13 and consisted of sequential rounds of
site-saturated mutagenesis of residues in the active site pocket and on loops and other flexible re-
gions of the protein as well as residues possessing a nucleophilic side chain and the removal of an
enzyme domain. After 15 rounds of directed evolution the best enzyme variant showed 140-fold
activity improvement and excellent stereoselectivity (enantiomeric ratio (e.r.) 96.7:3.3).!”” This
example shows that enzyme engineering can go beyond improving enzymes natural functions,
directed evolution can also be used to create new, abiological functionalization unknown to na-
ture.

Another approach to tackle the numbers problem is reducing the amino acid alphabet, that is
available for introducing mutations. In another study displaying semi-rational design, a limonene
epoxide hydrolase (LEH) from Rhodococcus erythropolis was utilized to desymmetrically hydrolyse
cyclohexene oxide. Wild type LEH leads to 4% enantiomeric excess (ee) of (S,S)-cyclohexane-1,2-
diol. Guided by structural analysis, 10 residues were chosen for diversification and it was noticed,
that all of them have a hydrophobic character. To reduce the screening effort the residues were
grouped into three groups and only three amino acids—valine, phenylalanine and tyrosine—were
selected to saturate the residues in each group simultaneously, which reduced the screening effort
to a few hundred samples. The campaign resulted after one round in a (§,S)-selective variant and
after three rounds in a (R,R)-selective variant each displaying 97-99% ee.'”®

A critical aspect of designing semi-rational evolutionary experiments is the selection of

residues to be targeted for mutation. The modification of multiple residues typically does not
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result in a linear change in enzyme properties; instead, it often exhibits epistatic behavior,
producing a complex fitness landscape.'”*!8 Epistatic interactions play a major role in shaping
protein structure and function, reflecting the non-additive effects of multiple mutations on key
parameters such as stability, activity, and selectivity. This non-linearity presents a significant
challenge for accurately predicting mutational outcomes and understanding structure-function
relationships. However, epistasis also offers a powerful opportunity to induce substantial
improvements in desired properties by mutating amino acids that are spatially proximal within
the protein.'8!

A semi-rational engineering technique exploiting epistatic effects is the combinatorial active-
site saturation test (CAST) which is often combined with iterative saturation mutagenesis (ISM).
For CASTing pairs of spatially close amino acid residues are chosen, whose side chains are oriented
toward the binding site of the WT enzyme and pairwise randomized. Following, the best hit of
this first round of screening is used as template for the following round, leading to an iterative
improvement of enzyme properties.'$>!®* The three methods CASTing, ISM and a reduced amino
acid alphabet were combined to improve the (S)-enantioselectivity of a liase from Pseudomonas
aeruginosa (PAL) used for hydrolytic kinetic resolution of a racemic ester. In a previous study a
combination of epPCR, saturation mutagenesis and DNA shuftling was used to evolve PAL, after
screening 50,000 variants the E-factor of the enzyme could be improved from E = 1.2 to E = 51
while introducing six mutations. The new apporach combining CASTing, ISM and a reduced
amino acid alphabet resulted in an enzyme variant with three mutations displaying E = 594 after
screening 10,000 variants utilizing strong epistatic effects.'®*

The availability of enzymes enginereed through directed evolution has opened new synthetic
routes for the production of key pharmaceuticals and industrial chemicals, often with the added
benefit of reduced environmental impact. For her pioneering contributions to the field of directed

evolution Frances Arnold was arwarded the Nobel Prize in Chemistry in 2018.

Rational Design

Rational design is an engineering strategy that relies on detailed knowledge of an enzyme’s struc-
ture and function. Typically, specific amino acid residues—or stretches of residues—are selected
and targeted for mutation or deletion to achieve a desired functional outcome. The choice of these
residues is guided by either sequence-based analyses, such as multiple sequence alignment with
well-characterized homologous proteins, or structure-based approaches, traditionally grounded
in experimental methods like X-ray crystallography.

The earliest rational design studies employed site-directed mutagenesis to investigate the
contribution of individual residues to enzymatic activity and stability (i.e., structure-function
relationships)'#>18, Subsequent efforts focused on enhancing enzyme robustness by rigidifying

188,189

flexible regions'®’, introducing disulfide bridges , or engineering surface salt bridges'*°.

Although early rational design efforts relied on relatively simple structure-function hypothe-
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ses and manual residue selection, the approach has become increasingly sophisticated through the
integration of computational methods. Today, rational design is closely intertwined with com-
putational workflows that enhance both precision and efficiency. These include tools such as se-
quence alignment, homology modeling, and computational structure prediction—most notably
via AlphaFold!”' —which now guide mutation strategies with unprecedented accuracy. This in-
tegration has also enabled the development of algorithms capable of predicting the functional
consequences of engineered variants, effectively bridging traditional structure-based design with
data-driven approaches. Given this convergence, many rational design strategies are best under-
stood within the broader context of computational enzyme engineering. The following section
explores these tools in detail, highlighting their applications in both classical rational design and

machine learning-guided methodologies.

1.3.3 Computational Tools Transform Enzyme Engineering

The integration of computational methods into enzyme engineering has transformed both the
scale and scope of what can be achieved through enzyme design. Fundamental tools such as mul-
tiple sequence alignment and structural modeling enable the identification of conserved residues,
functional motifs, and flexible regions. These analyses are further enhanced by molecular dynamic
(MD) simulations and structure prediction algorithms like AlphaFold, which provide atomic-level
insights even in the absence of experimental structures. More recently, machine learning and Al-
driven models have opened new possibilities for predicting beneficial mutations, modeling protein
fitness landscapes, and designing enzymes with optimized properties—all while minimizing ex-
perimental workload. This section outlines the core computational strategies that are shaping the

future of enzyme engineering.

Sequence-Based Enzyme Engineering

Sequence-based computational design allows the enzyme design or engineering from protein se-
quences, preventing the need for structural information. Instead insights from billions of years
of natural enzyme evolution are utilized. The development of next-generation sequencing tech-
niques lead to a wealth of sequence data, which can be employed for phylogenetic analysis.'*> Two
of the most widespread sequence-based compuational methods are Consensus Design (CD) and
Ancestral Sequence Reconstruction (ASR). CD is based on Multiple Sequence Allignment (MSA) of
hundreds of homologous protein sequences. Within the MSA the distribution frequency of amino
acids is calculated to find “consensus” amino acids. Common amino acids at specific positions are
assumed to be more stable and evolutionary conserved, leading to potential effects on enzyme
stability, activity and selectivity.'**~!%

The concept of ASR is based on the assumption, that ancestral enzymes were less specific and

rather generalists, capable of catalyzing broader reaction scopes and in return exhibited higher
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thermostability.'”® Based on the phylogentetic relationship between modern homologs ancestral
sequences are reconstructed after applying a statistical model calculating sequenes at internal
nodes of the phylogenetic tree.'*”

ASR was for example utilized to resurrect ancestral P450 enzymes from the pre-Cambrian era,
which displayed significantly improved thermostability—they were able to withstand ~ 30 °C
higher temperatures and > 100 times longer incubation times than their extant forms. When com-
paring the anccestral CYP3_N1, which is predicted to have existed in the vertebrates >450 million
years ago, with the well-characterized human CYP3 A4, the ancestor showed not only improved
thermostability, but maintained comparable activity toward known CYP3 substrates proving that

thermostable proteins can be devised using sequence data alone.'?®

Structure-Based Enzyme Engineering

Structure-based enzyme engineering relies on identifying key residues within the substrate-
binding pocket or access channels that are essential for substrate recognition, orientation, and
catalysis. Traditionally, enzyme structures have been determined using experimental methods
such as X-ray crystallography and cryo-electron microscopy, both of which are time-consuming
and resource-intensive. Prior to recent breakthroughs in structure prediction, homology
modeling was the dominant approach for obtaining structural models when no experimental
structure was available.'?*2%

The major bottleneck of predicting protein structures directly from amino acid sequences
has now been substantially overcome by deep learning-based approaches. Algorithms such as
AlphaFold"! and Rose TTAFold*°! leverage evolutionary and structural data at large scale to gen-
erate highly accurate structural predictions, dramatically expanding the availability of enzyme
models for structure-based design.

At the core of structure-based engineering is the understanding of substrate positioning and

202,203 model

its interactions within the active site. Static approaches such as molecular docking
how a substrate fits into the binding pocket, while dynamic simulations like molecular dynamics
(MD)?042%5 capture enzyme flexibility, side-chain rearrangements, and time-resolved atomic mo-
tions. Catalytic mechanisms can be investigated using quantum mechanics/molecular mechanics
(QM/MM) simulations,**® providing insight into the transition states and reaction energetics. Ad-

207,208 allow quantification of binding affinities and identifica-

ditionally, free energy calculations
tion of residues with the highest contributions to substrate stabilization—key targets for mutage-
nesis.

Beyond analysis, computational tools such as Rosetta and RosettaDesign?%°-2!!

use physical en-
ergy functions to design new or altered enzyme structures, allowing remodeling of loops, binding
pockets, or entire active sites, up to the level of de novo enzyme design.

These computational techniques aim to predict mutations that alter the local chemical

microenvironment—hydrogen bond networks, steric clashes, and electrostatic interactions—
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thereby modulating enzymatic performance. After identifying residues of interest, in silico
mutagenesis and ranking based on predicted binding energies or stability enables virtual screen-
ing, dramatically reducing experimental load by narrowing down to a small set of promising
variants.

For instance, in a study engineering phosphoserine aminotransferase (SerC) to catalyze the
deamination of L-homoserine, MD simulations and binding free energy decomposition were used
to identify critical binding-site residues. Subsequent in silico site-saturation mutagenesis and vir-
tual screening identified variants with significantly improved activity toward the new substrate
and abolished activity toward the native one. The best mutant exhibited a 4.2-fold increase in
catalytic efficiency compared to wild type.?!?

In another example, an adapted CASCO (Catalytic Selectivity by Computational Design)*'?
workflow was applied to invert the stereoselectivity of a thermostable alcohol dehydrogenase.
Using MD simulations, Rosetta design calculations, and Boltzmann-weighted binding energy pre-
dictions, four variants with 6-8 active-site mutations were identified. Three variants successfully
inverted the enantioselectivity of acetophenone reduction from 99% (S)- 1-phenylethanol to 99%
(R)-1-phenylethanol, while maintaining catalytic activity and broad substrate scope.*'*

Modern virtual screening strategies often draw on lessons from directed evolution. Frame-
works such as FRISM (Focused Rational Iterative Site-Specific Mutagenesis),’’> CADEE
(Computer-Aided Directed Evolution of Enzymes),*'® and EnzyHTP?!” automate mutant gen-
eration and screening based on MD simulations, QM/MM analysis, and energy-based scoring,
substantially reducing the number of variants that must be tested in the lab.

The increasing availability of accessible software tools and web-based platforms now enables
the use of sophisticated computational design methods by researchers without extensive training
in computational chemistry, further integrating structure-based approaches into enzyme engi-
neering workflows.

A study aiming to promote the peroxygenase activity of P450 enzymes by engineering their wa-
ter tunnels to facilitate Hy O access to the heme center within the active site utilized the CAVER
Web 1.0 web server.?!® This online plattform is an interactive tool for analysing protein tunnels
and channels built on top of the widely used tunnel detection tools Caver 3.02*'” and CaverDock
1.0. Only needing a crystal structure as input, the tool identified key residues at the bottle neck
and entrance of different the water tunnels, which were subsequently mutated to small or polar
hydrophilic side-chains. The approach was tested with several P450s, especially the HyO»-driven
activity of two native NADH-dependent P450s (CYP199A4 and CYP153A, ,4,) increased signifi-
cantly (by >183-fold and >15-fold, respectively).*?

Molecular modeling techniques such as MD simulations, free energy calculations, and
QM/MM analysis play a dual role in structure-guided enzyme design: initially to pinpoint
candidate residues for modification, and subsequently to rationalize the functional consequences

of engineered variants. By revealing the molecular basis of altered catalytic properties, these
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methods enhance our mechanistic understanding and provide a rational basis for further rounds

of directed evolution or computational design.?*!~2??

Combining Sequence- and Structure-Based Information

Some strategies and tools do not rely only on sequence- or structure-based information but uti-
lize both in combination to achieve even better predictions for beneficial mutations. One of those
tools is PROSS (Protein Repair One-Stop Shop), which tackles the challenge of marginal stabil-
ity of many natural enzymes—a major bottleneck for the usage of proteins in basic and applied
research.??* The algorithm first performs a MSA from which it computes a position-specific sub-
stituion matrix (PSSM), representing the chance of observing any of the 20 amino acids at each
position of the protein. Amino acid residues within the active site and especcially ligands for the
catalytic reaction remain hereby undisturbed, non or rarely observed mutations are excluded. In
a second step Rosetta calculations are applied to determine the energy difference of each single
allowed mutation within the wild type structure and the wild type protein. This defined “space of
potentially stabilizing mutations” is finally combined and Rosetta cominatorial sequence design
calucations are used to find the potentially most stable designs for experimental testing.?2>2%

PROSS was used for example to find enzyme designs with 17-45 mutations improving the
yield (4-fold) and thermostability (by 4 °C) of the metastable envelope glycoportein (Env) of HIV-
1, which is hypothesized to improve induction of broadly neutralizing antibodies.””” In another
study human acetylcholinesterase (hAChE), an enzyme mediating synaptic transmission, was en-
gineered with PROSS, leading to a variant with 51 mutations containing improved core packing,
surface polarity and backbone rigidity, expressing in 2000-fold higher levels in E. coli compared to
the wild type and exhibited 20 °C higher thermostability without change in enzymatic properties
or active-site configuration.??® The PROSS algorithm was utilized within this work to engineer
novel peroxygenases for expression in fast-growing yeast, which proved challenging with the wild
type enzymes (see Chapter III).

Another enzyme engineering web server based tool utilising both sequence- and structural
data is FuncLib, which focuses on utilising epistatic effects of simultaneous mutations within the
active-site while providing a small, diverse set of designs for experimental testing. The first step of
the algorithm contains again a MSA and the generation of a PSSM, however focusing on selected
residues within the active-site. From this filtered set, multipoint mutants are modeled and refined
that comprise 3-5 mutations relative to wild type in Rosetta, including backbone and side-chain
minimization, to enable radical mutations such as from small to large amino acid side chains. All
multipoint mutants are ranked according to their predicted stability and finally designs are ex-
cluded that differe by fewer than two active-site mutations to ensure a high diversity.?*® FuncLib
was successfully used within this work to create a diverse set of UPO designs for the oxyfunction-

alization of different terpene substrates (see Chapter V).
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The overarching goal of this thesis was to develop a systematic framework for the secretion
and targeted optimization of unspecific peroxygenases (UPOs) as versatile biocatalysts for selec-
tive oxyfunctionalization reactions. UPOs are particularly attractive because they can catalyze
diverse C-H oxyfunctionalizations using hydrogen peroxide as the sole cosubstrate. Despite this
potential, the broader application of UPOs is limited by challenges such as difficult heterologous
expression, restricted substrate scope, and limited control over activity and selectivity. Most sub-
strates investigated in this work provide challenges with respect to regio- and stereoselectivity,
including compounds of pharmaceutical relevance, highlighting both the limitations and the cat-
alytic potential of this enzyme class.

This thesis seeked to address these limitations by exploring how modern computational and ex-
perimental approaches can be combined to support rational enzyme engineering. Recent advances
in computational chemistry and structural biology, including improved accessibility through user-
friendly tools, opened new opportunities for guiding enzyme design and reducing experimental
effort, even for researchers without extensive computational expertise. The work investigated
how these emerging methods can complement classical experimental strategies, enabling system-
atic optimization of UPOs for improved secretion, activity, selectivity, and multi-substrate per-
formance.

This motivation led to the following guiding research questions:

« How can novel UPOs, including those initially not secretable, be reliably expressed and

functionally screened?

« How do the results of minimal, algorithm-assisted design libraries compare to those of more
extensive, structure-guided and MD-supported directed evolution campaigns, and what

trade-offs exist between library size, experimental effort, and final enzyme performance?

« How can computationally assisted design strategies be applied to improve enzyme perfor-

mance across multiple substrates, and what are the limits of multi-substrate engineering?

« How can available structural, functional, and expression data be used to decide on an effec-

tive strategy for enzyme engineering including computational and experimental methods?

The aim of this thesis was to provide a transferable methodological framework and a broadly
applicable set of strategies for UPO engineering. By integrating computational and experimental
approaches, the work seeks to expand the accessible UPO toolbox, demonstrate that key limita-
tions can be addressed, and provide guidance for the design of future enzyme engineering cam-
paigns, applicable for both UPOs and other monooxygenases. In this way, the work aimed to take
steps toward bringing these versatile catalysts closer to practical use and to lay a platform for

future exploration of their potential.
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This chapter describes the methods and protocols employed for secrection and directed evolution
of unspecific peroxygenases in S. cerevisiae. Most of the described methods are utilized in the fol-
lowing chapters, from library generation via signal-peptide shuftling and mutation, through yeast
cultivation and enzyme secretion in batch and microtiter plate format to activity analysis via col-
orimetric assays and MISER-GC-MS. Especially the MISER-GC-MS protocols describe detailed
the workflow for substrate-independent high-throughput screening for engineering an unspecific

peroxygenase and were the basis for the directed evolution campaign described in Chapter IV.
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Abstract

Yeast-based secretion systems are advantageous for engineering highly interesting
enzymes that are not or barely producible in £ coli. The herein-presented production
setup facilitates high-throughput screening as no cell lysis is required. All techniques
are described in detail, with access to freely available online tools and all vectors have
been made available on the non-profit plasmid repository AddGene. We describe the
method for UPOs as a model enzyme, showcasing their secretion, detection, and
evolution using S. cerevisiae. Additional material to transfer this to P. pastoris has been
published by our group previously (Pullmann & Weissenborn, 2021).

1. Introduction

Fungal unspecific peroxygenases (UPOs) have gained increasing atten-
tion from researchers for their ability to oxyfunctionalize a wide spectrum of
substrates in the last decade (Beltran-Nogal et al., 2022; Hofrichter & Ullrich,
2014; Hofrichter, Kellner, Pecyna, & Ullrich, 2015; Miinch, Pillmann,
Zhang, & Weissenborn, 2021). They are particularly interesting because of
their large abundance with more than 4800 annotated UPO sequences and
their broad substrate scope with more than 400 determined substrates.
(Beltran-Nogal et al., 2022; Kinner, Rosenthal, & Lutz, 2021) UPOs utilize
hydrogen peroxide (H>O5) as both oxygen and electron source and are thus
independent of cofactors like NAD(P)H or complex electron transfer chains.

The challenging production of UPOs has been the main bottleneck for
further application for a long time. (Pillmann et al., 2021) Therefore,
Alcalde et al. and our lab developed UPO production setups in Saccharontyces
cerevisiae and Pichia pastoris. These hosts can perform necessary post-transla-
tional modifications like glycosylation and are able to secrete the proteins out
of the cells thereby facilitating the downstream purification and enzyme
engineering. (Molina-Espeja et al., 2014; Piillmann & Weissenborn, 2021;
Pillmann et al., 2021) Although several methods exist to engineer E. coli to
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gain protein secretory ability, (Kleiner-Grote, Risse, & Frichs, 2018) there 1s
no readily accessible standard strain, and tedious optimization through
genetic engineering is usually needed. On the other hand, S. cerevisiae with a
natural post-translational modification system and an endogenous protein
secretion system, has been used as the host for secretory protein production
for decades. Many mature strains, tools, and methods have been developed
to optimize the protein secretion in S. cerevisiae with difterent applications.
(Tippelt & Nett, 2021) Moreover, S. cerevisiae is phylogenetically close to the
original host of UPOs, which makes it easier to produce functional
recombinant UPOs. Therefore, we chose S. cerevisiae as the host to produce
and engineer UPOs.

In this chapter, we present the methods used in our laboratory to produce
and engineer UPOs. All methods are easily applicable to any laboratory and
the required tools and plasmids are readily available. The first thing we
describe is the signal peptide shuffling, which enables the secretion of the
target protein and has been proven in numerous projects to be pivotal for
protein production. We discuss assay systems with the highlight of substrate-
independent protein detection and quantification using splitGFP. With
suitable secretion and activity assays enzymes on hand, we subsequently focus
on preparing protein libraries. We have developed a rapid and highly reliable
mutagenesis tool termed Golden Mutagenesis enabling the site-directed
mutagenesis of several positions simultaneously within one day. Lastly, to
enable the directed evolution to be applied in a substrate-independent
manner, we have altered a standard GC-MS to enable the analysis of a
96-well microtiter plate within one hour.

We hope that this book chapter will provide the reader with all the
required knowledge to perform the secretion and engineering of many
exciting enzymes in S. cerevisiae (Fig. 1).

2. Generation of a signal peptide library

As UPOs are secreted enzymes, the signal peptide plays a crucial role
in the production. The heterologous expression and secretion in S. cerevisiae
of an unspecific peroxygenase from Agrocybe aegerita (AaeUPO) could be
increased 1110-fold by introducing nine mutations (variant PADA-I). Four
of these mutations are in the signal peptide. Just these four mutations result in
a 27-fold increase in secretion levels (Molina-Espeja et al., 2014). Our group
established a system, which also focuses on the signal peptide. Instead of
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Fig. 1 Workflow for the secretion and directed evolution of UPOs.

introducing mutations in the signal peptide, the whole signal peptide is
exchanged. With this approach, we could double the secretion level of
AaeUPO compared to the evolved PaDa-I variant and enabled the pro-
duction of three novel UPOs, which were not expressed before (Piillmann
et al., 2021). The whole system relies on a Golden Gate Cloning system,
which enables the efficient assembly of variants with difterent signal peptides.

We here describe the protocol for rapidly generating a signal peptide
library with a set of 17 signal peptides for the expression and secretion of
enzymes in S. cerevisiae using Golden Gate Cloning. All plasmids including
the signal peptides are available at AddGene [Yeast Secrete and Detect
(Kit #1000000166)].
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2.1 Equipment

e PCR Thermocycler machine (Labcycler basic, SensoQuest)
e PCR tubes (Sarstedt)

e Thermomixer (Thermomixer comfort, Eppendorf)

e Spectrophotometer (BioSpectrometer, Eppendorf)

2.2 Buffer, strain, plasmids and reagents

e gene of signal peptides in pAGM9121 (Addgene #153491-#153507)

e pPAGMI121_TwinStrep-GFP11 (Addgene #153514) (C-terminal tag)

e pPAGMI121 (Addgene #51833) (backbone vector Level 0)

e pAGT572_Nemo2.0 (backbone vector Level 1)

e UPO gene of interest

e Bbsl (Bpil) (5U/uL, Thermo Fisher Scientific)

e T4 DNA Ligase (1-3 U/uL, Promega—it is crucial to use exactly this ligase)

e 10X T4 Ligase Buffer (Promega)

e Bsal (10 U/pL, New England Biolabs)

e NucleoSpin Plasmid Kit (Machery-Nagel)

o Escherichia coli DH10B chemically competent cells (Thermo Fisher Scientific),
genotype: F— maA A(mn-hsdRMS-maBC) @80lacZAM15 AlacX74 recA1l
endA1 araD139 A (ara-len) 7697 galU galK A— rpsL(StrR) nupG

e Sterile SOC medium [2% (w/v) tryptone, 0.5% (w/v) yeast extract,
10 mM magnesium chloride, 10 mM sodium chloride, 2.5 mM potas-
sium chloride, 20 mM glucose, pH 7.0]

o LB-Agar plates [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, 1.5% (w/v) agar, pH 7.0] supplemented with 100 pg/mL
spectinomycin, 50 pg/mL X-Gal, and 150 uM IPTG

o LB-Agar plates [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, 1.5% (w/v) agar, pH 7.0] supplemented with 100 pg/mL
carbenicillin, 50 pg/mL X-Gal, and 150 uM IPTG

e Sterile LB medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, pH 7.0]

2.3 Procedure
2.3.1 Preparing your gene of interest for implementation into the
modular cloning system
Timing: Planning
1. To implement the UPO gene of interest in the modular cloning system,
the DNA has to be modified. For that, there are two possibilities:
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a. Ordering the gene as dsDNA flanked by the compatible 4 bp-
overhangs and restriction enzyme recognition sites (Fig. 2), or

b. Amplification of the gene via PCR from a suitable template. In that
case, primers need to be designed according to Fig. 2.

In both cases, make sure that the DNA 1is free of any further Bsbl or
Bsal recognition sites. You can use the “domestication function” of our
online tool https://msbi.ipb-halle.de/GoldenMutagenesisWeb/ to design
primers for their one-step removal.

2.3.2 Preparing Level 0 parts
Timing: Day 1-3

1. Set up the Golden Gate Cloning reaction as follows (Table 1).
To calculate the necessary amount of plasmid or gene, use this formula:

desired amount of plasmid (in_fmol) X size of the plasmid (in bp)

pl to pipet =
1520 X concentration of your plasmid (in ng X pl™"

Forward Primer Prefix

TT_(XXXXXXXXXXXX . Bpl| recognition site

. Suffix (Bpil cleavage pattern)

Reverse Primer I 4 bp overhang complementary to pAGM9121

ﬂ-XXXXXXXXXXXX [ 4 bp overhang complementary module 2 in expression plasmid

Binding sequence of template

Fig. 2 Sequence of primers/flanked sites to introduce a gene in the modular cloning
system.

Table 1 Golden Gate master mix for preparing Level 0 plasmids.

Components Amount
10X T4 Ligase Bufter 1.5puL
pAGM9121 (acceptor plasmid) 10 fmol
Gene of interest (dAsDNA or fragment) 50 fmol
Bsbl 0.5ulL
T4 DNA Ligase 1.0 uL

ddH,O Add to 15uL
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10.

11.

. Take the PCR tubes to the thermocycler and start the following

Golden Gate Cloning program (Table 2).

. After finishing the reaction, thaw an aliquot (50 pL) of chemically

competent E. coli DH10B cells on ice for 5 min.

. Mix the cells with the whole Golden Gate reaction mixture and

incubate them for 15 min on ice. In between, set a thermomixer to

42 °C and pre-warm 250 uL SOC medium.

. Perform the heat shock for 90s at 42 °C. Afterward, place the cells

back on ice for 3 min.

. Add 250 pL pre-warmed SOC medium and incubate the cells at 37 °C

for 1 h under shaking in a thermomixer device.

. After incubation, plate 100 uL cell suspension on an LB agar plate

(+spectinomycin, +X-Gal, +IPTG). Incubate the cells at 37 °C overnight.

. Check for positively assembled plasmids by blue-white selection.

White colonies: the assembly was performed correctly; blue colonies:
no correct insertion of the target gene.

. A single, clearly separated, white colony is used to inoculate 5 mL LB

medium (+100 pg/mL spectinomycin). The culture is grown over-
night at 37 °C under shaking.

Isolate the plasmid using the NucleoSpin Plasmid Kit according to the
manufacturer’s instructions. Determine the plasmid concentration
using a Nanodrop spectrophotometer.

Sequence the plasmid to ensure the right nucleotide sequence of the gene.

2.3.3 Creation of signal peptide library
Timing: Day 3-5.

12.

After confirmation of the right sequence, the signal peptide library can
be prepared. For that set up a Golden Gate reaction as follows Table 3.

Table 2 Golden Gate cloning program for digestion and
ligation of Level 0 parts.

Step Time Temperature
1 3h 37°C
2 20 min 80 °C

3 00 12°C
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Table 3 Master Mix for Golden Gate Cloning of the signal peptide library.

Components Amount

10X T4 Ligase Bufter 1.5puL

pAGT572_Nemo2.0 (acceptor plasmid) 10 fmol

pAGMI121_signalpeptide mix 3 fmol of each, in total 50
fmol

pAGM9121_gene of interest 50 fmol

pPAGMI121_TwinStrep-GFP11 (C-terminal tag) 50 fmol

Bsal 0.5uL
T4 DNA Ligase 1.0uL
ddH,O Add to 15puL

13.

14.

15.

16.

Transfer the tubes to the thermocycler and run the following program
(Table 4).

After finishing, use the reaction mixture to transform E coli DH10B cells
as described in point 4-8 of this part with slight modifications. As the
plasmid harbors a carbenicillin resistance, use an LB agar plate supple-
mented with carbenicillin, X-Gal, and IPTG. After plating out a part of
the cell suspension, the rest is used to directly inoculate 5 mL LB medium
(+100 pg/mL carbenicillin) to preserve the diversity of the library.
Incubate both the agar plate and the liquid culture overnight at 37 °C
under shaking for the liquid culture.

The cloning efficiency is checked by blue-white selection. Isolate the
plasmid library using the NucleoSpin Plasmid Kit according to the
manufacturer’s instructions. Determine the plasmid concentration
using a Nanodrop spectrophotometer.

Sequence the library to confirm the diversity of the signal peptide.
Store the library at —20 °C until further use.

2.4 Notes

1.

The described protocol typically leads to a cloning efficiency above 90%
regarding the blue-white selection. If the efficiency is significantly
lower, we recommend repeating the Golden Gate reaction.
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Table 4 Golden Gate cloning program for the signal peptide library.

Step Time Temperature
1 2 min 37°C
2 5 min 16 °C

Repeat step 1-2 for at least 35 cycles

3 20 min 80 °C

4 o0 12°C

2. As the volumes of plasmid/gene for the Golden Gate Cloning are often
very small, we recommend preparing dilutions prior to the reactions.
For example, prepare a solution with concentrations of 10 fmol/uL
(acceptor plasmid) or 50 fmol/pL (gene), and add 1 pL of each dilution
to the reaction afterwards.

3. Library cultivation

High-throughput screening relies on a space- and time-efficient
production of variants. In this part, we describe the cultivation of S. cere-
visiae in 96-well microtiter plates. The E. coli-derived plasmid library is
transformed into S. cerevisiae with a high transformation efficiency so that
the whole diversity of the library is covered. After transformation, the
protein production is performed in 96-well microtiter plates. In that case,
we can cultivate more than 90 variants at the same time in a space-efficient
format. As secreted enzymes, UPOs have a big advantage for high-
throughput screening, as the peroxygenase-containing supernatant can be
used directly for screening. No further cell lysis is necessary.

3.1 Transformation in S. cerevisiae
3.1.1 Equipment

e Vortex Genie 2 (Scientific industries)

e Thermomixer (Thermomixer comfort, Eppendorf)
o Centrifuge (Centrifuge 5424, Eppendorf)

e Incubator (Multitron, Infors)
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3.1.2 Buffer, strains, plasmids and reagents

o Sterile 50% (v/v) polyethylene glycol 4000

e Sterile 100 mM Tris—HCI 10 mM EDTA pH 7.44

o Sterile 1 M lithium acetate pH 7.5

e Sterile ddH,O

e 100% dimethyl sulfoxide (DMSO)

e Salmon sperm DNA (Sigma-Aldrich)

o Saccharomyces cerevisiae INVSc1 chemically competent cells, genotype:
MATa his3D1 leu2 trp1-289 ura3-52 MAT his3D1 leu2 trp1-289 ura3-52

e SC Drop-out plate (1.7 g/L SC Drop Complements Kaisers Mixture

without uracil, 7 g/L yeast nitrogen base without amino acids, 2% (w/v)
Glucose, 2% (w/v) agar)

e UPO of interest in pAGT572_Nemo2.0

e pAGT572_Nemo?2.0

3.1.3 Procedure
Timing: Day 1.

1.

Thaw 10 pL salmon sperm DNA at room temperature. Additionally
thaw an aliquot (50 uL) chemically competent S. cerevisiae INVSc1 cells
and your plasmids on ice.

. Prepare the plating buffer [40% (v/v) polyethylene glycol 4000;

100 mM lithium acetate; 1 mM EDTA; 10 mM Tris—HCI pH 7.4]
using the sterile stock solutions. For one transformation you will need
600 uL buffer. Set a thermomixer to 30 °C.

. Mix 100 ng plasmid with the salmon sperm DNA. Repeat the same

procedure with the plasmid pAGT572_Nemo2.0 (negative control)
and if possible, a characterized UPO (positive control).

. Transfer the whole mix to the aliquot of cells and flip the tube several

times.

. Add 600 pL plating bufter and mix using a Vortex Genie 2 (intensity

6 of 10) until the cells are evenly distributed.

. Place the tube into the thermomixer and incubate the cell for 30 min at

30 °C under shaking at 850 rpm.

. After incubation, add 70 uL DMSO and mix by inverting several times.

Place the tube back in the thermomixer and set the temperature to
42 °C. Incubate the cells for 15 min at 42 °C without shaking.
Spin down the cells (11,000¢, 30s) and discard the supernatant.
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9. Resuspend the cell pellet in 350 pL sterile ddH,O. Plate 100 puL sus-
pension on an SC Drop-out plate without uracil.
10. Incubate the plate at 30 °C for 2—-3 days until white colonies appear.

3.2 Cultivation in 96-well microtiter plate
3.2.1 Equipment

o Sterile toothpicks

e Incubator (Multitron, Infors)

e Universal clamp CR1800 (Enzyscreen)

e Polystyrene transparent square 96-half-deepwell microplate CR1496¢
(Enzyscreen)

e Sandwich cover CR1396b (Enzyscreen)

e Sterile Erlenmeyer flask or Falcon tube

e Centrifuge Avanti JXN-26 (Beckmann Coulter)

e Rotor JS-5.3 (Beckmann Coulter)

e Microtiter plate carrier “368914” (Beckmann Coulter)

3.2.2 Buffer, strains, plasmids and reagents

e Sterile ddH,O

e Sterile 20% (w/v) Galactose

e Sterile 1.0 M potassium phosphate bufter pH 6.0

e Sterile 0.1 M magnesium sulfate

e 10X SC Drop-out stock without uracil (35 g yeast nitrogen base without
amino acids, 8.6 g SC Drop Complements Kaisers Mixture without
uracil in 500 mL ddH,O)

e Sterile 20 g/L hemoglobin stock

e 100% Ethanol absolute

e 70% Ethanol

e Chloramphenicol

e SC Drop-out plates from transformation (see Section 3.1)

3.2.3 Procedure
Timing: Day 1.

1. Sterilize the microtiter plates and the sandwich cover under the sterile
bench with 70% ethanol and let them dry.

2. Prepare the medium [1X SC Drop-out stock solution without uracil; 2%
(w/v) galactose; 71 mM potassium phosphate bufter pH 6.0; 3.2mM
magnesium sulfate; 3.3% (v/v) ethanol; 50 mg/L hemoglobin; 25 pug/L
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chloramphenicol] from the sterile stock solutions in an Erlenmeyer flask or a
falcon tube. You will need approximately 25 mL medium per microtiter
plate.

Fill each well with 220 pL medium.

. Inoculate each well with a single, clearly separated yeast colony using

toothpicks. At this step avoid cross-contamination of neighboring wells. To
cover the entire diversity of the library, inoculate at least three times the
number of wells as the number of theoretical distinct variants. Example: For a
signal peptide library with 17 signal peptides, inoculate at least 51 wells. Do
not forget to inoculate wells with pAGT572_Nemo2.0 which serves as
negative control and if possible, a positive control. Additionally, keep one
well without inoculation.

. Cover the microtiter plate with the sandwich cover and mount the plate into

the incubator. Incubate the plate for 72 h at 30 °C under shaking (230 rpm).

Timing: Day 3.

6. Separate the cells from the peroxygenase-containing supernatant by

centrifugation (3400 rpm; 50 min; 4 °C).
The supernatant can be used directly for screening.

3.2.4 Note

1.

If you plan to detect the UPO activity based on peroxidase activity e.g.,
with ABTS or DMP, we recommend excluding hemoglobin from the
cultivation media. Hemoglobin can also perform the reaction with
ABTS and DMP that leads to a strong background signal, when it is not
completely metabolized during the cultivation. Without hemoglobin, it
1s easier to distinguish between the activity of the variant and the
background signal. S. cerevisiae is naturally able to produce hemoglobin.

. We recommend to have at least four positive controls and three negative

controls on one microtiter plate. One of the negative controls should
only contain medium and not be inoculated with any cells as control for
sterility. Discard the plate if any cells grow in the empty control well.
A suitable negative control is the backbone vector.

> 4. Colorimetric screening methods

The most accessible high-throughput screening methods are col-

orimetric assays. The enzyme of interest converts hereby a substrate into a
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product, which can be detected by absorbance or fluorescence measure-
ment. Different colorimetric assays are established for UPOs. Three of
these are described (Sections 4.1-4.3), and can be performed directly after
cultivating difterent enzyme variants in a microtiter plate (see Section 3).

To enable the substrate-independent detection of novel enzymes, we
developed a tag system based on the green fluorescent protein (GFP) for
yeast. We used a protocol of Santos-Aberturas et al. (Santos-Aberturas,
Dorr, Waldo, & Bornscheuer, 2015) and adapted it for the usage of
enzyme-containing supernatant from S. cerevisiae. The approach relies on
the formation of superfolder GFP (stGFP). One p-sheet (GFP11, 16 amino
acids) of the stGFP is C-terminally-tagged to the enzyme of interest,
combined with a TwinStrep-tag, forming in total a TwinStrep-GFP11-tag.
During the assay the complementary part (GFP1-10) is added, so that the
full stGFP assembles and emits fluorescence. This assay enables an activity-
independent specific, quantitative and high-throughput feasible protein
detection.

4.1 DMP assay
4.1.1 Equipment

e Tissue culture test plate (TPP)
e Tecan Spark 10M (Tecan)

4.1.2 Buffer and reagents

e 2,6-Dimethoxyphenol (DMP)
e Hydrogen peroxide (H,O»)
e 1 M potassium phosphate buffer pH 6.0

4.1.3 Procedure

1. Transfer 40 uL supernatant from the cultivation plate to the tissue cul-
ture test plate.

2. Set up a Tecan Spark 10 M absorbance method with the following
1nstruction:
e kinetic mode
e Absorption wavelength: 469 nm
e Measurement interval: 30's
e Measurement time: 30 min

3. Add 160 puL screening solution (final: 100 mM potassium phosphate
bufter pH 6.0, 1 mM H,O,, 3 mM DMP) to each well.
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4. Start the measurement immediately after adding the screening solution.
5. Analyze the data regarding the slope of the linear part of the measure-
ment curve.

4.2 ABTS assay
4.2.1 Equipment

o Tissue culture test plate (TPP)
e Tecan Spark 10M (Tecan)

4.2.2 Buffer and reagents

e 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTYS)
¢ Hydrogen peroxide (H,O5)
e 1 M Citrate bufter pH 4.0

4.2.3 Procedure

1. Transfer 40 uL supernatant from the cultivation plate to the tissue cul-
ture test plate.

2. Set up a Tecan Spark 10M absorbance method with the following instruction:
e Kinetic mode
e Absorption wavelength: 418 nm
e Measurement interval: 30s
e Measurement time: 30 min

3. Add 160 puL screening solution (final: 100 mM citrate bufter pH 4.0,
1.69 mM H,O,, 300 uM ABTYS) to each well.

4. Start the measurement immediately after adding the screening solution.

5. Analyze the data regarding the slope of the linear part of the measure-
ment curve.

4.3 NBD assay
4.3.1 Equipment

e Tissue culture test plate (TPP)
e Tecan Spark 10M (Tecan)

4.3.2 Buffer and reagents

e 5-Nitro-1,3-benzodioxole (NBD)

e Acetone

e Hydrogen peroxide (H,O,)

e 1 M potassium phosphate bufter pH 7.0
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4.3.3 Procedure

1. Transfer 40 uL supernatant from the cultivation plate to the tissue cul-
ture test plate.

2. Set up a Tecan Spark 10 M absorbance method with the following instruction:
o Kinetic mode
e Absorption wavelength: 425 nm
e Measurement interval: 30's
e Measurement time: 30 min

3. Add 160 uL screening solution [final: 100 mM potassium phosphate bufter
pH 7.0, 1 mM H,O,, 5% (v/v) acetone, 300 uM NBD] to each well.

4. Start the measurement immediately after adding the screening solution.

5. Analyze the data regarding the slope of the linear part of the measure-
ment curve.

4.4 splitGFP assay
4.4.1 Equipment

e 96-well Nunc MaxiSorp Fluorescence plate (Thermo Fisher Scientific)
e Tecan Spark 10M (Tecan)

e Orbital shaker

o Water bath

4.4.2 Buffer and reagents

e TNG Bufter [100 mM Tris—HCI, 100 mM NaCl; 10% (v/v) Glycerin pH 7.4]

e BSA in TNG solution [0.5% (w/v) Bovine Serum Albumin Fraction V in
TNG Bufter]

e Aliquot (10mL) stGFP1-10 inclusion bodies, prepared according to
Santos-Aberturas et al. (2015)

4.4.3 Procedure
Timing: days before measurement.

1. Prepare stGFP1-10 as described previously (Santos-Aberturas et al., 2015).
Timing: measurement day

2. For blocking, fill each well of a 96-well Nunc MaxiSorp Fluorescence
plate with 180 uL BSA in TNG solution and incubate the plate for
20 min under shaking.

3. Discard BSA solution and let the plate dry upside down.
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4. Transfer 20 uL supernatant to the fluorescence plate.

5. Set up Tecan Spark 10 M fluorescence method with the excitation set
to 485 nm and the emission wavelength to 535 nm. Set the gain to well
calculated gain. The well for gain calculation should be set to the
negative control (backbone plasmid).

6. Thaw an aliquot stGFP 1-10 in a water bath. For the measurement
solution, dilute it with 10 mL ice-cold TNG Bufter.

7. Add 180 pL measurement solution to each well.

o

. Start the fluorescence measurement and store the data as starting point (f).
9. Incubate the plate for 1—4 nights at 4 °C. After incubation, measure the
fluorescence with the same settings as for the first measurement. Store
the data as endpoint (f.,q).
10. Identify your best expressing variant by subtracting the f, from the .4
values and comparing them to the negative control.

4.5 Notes

1. Before isolating the plasmid of the best variant, we recommend to repeat
the analysis with the best performing variants in replicates (at least tri-
plicates). Resuspend the cells in the cultivation plate with an inoculation
loop. Streak out the resuspended cells on SC Drop-out plates without
uracil and incubate the plate overnight at 30 °C. After incubation, you
can cultivate the cells in a microtiter plate as described under Section 3.

2. To minimize standard deviations, we recommend using a multichannel
pipette or a Platemaster (Gilson).

g 5. Isolation of episomal plasmids from S. cerevisiae

The described screening is performed blindly, which means we do
not know which mutations are included in the enzyme variant displaying
the most interesting properties. After screening and identifying the best
variant for our parameter of choice, the sequence is revealed. The plasmids
of the selected variants need to be isolated from S. cerevisiae. As yeast cells,
in contrast to E. coli, have a cell wall, the usage of commercially available
Kits like NucleoSpin Plasmid Kit from Macherey-Nagel is not sufficient.
We describe the isolation of episomal plasmids from S. cerevisiae. The
isolation is performed in two parts: First, the cell wall is enzymatically
digested. Second, the plasmid can be 1solated using a plasmid isolation kit.
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5.1 Equipment

e Thermomixer (Thermomixer comfort, Eppendorf)
e Incubator (Multitron, Infors)

o Centrifuge (centrifuge 5424, Eppendorf)

e Spectrophotometer (BioSpectrometer, Eppendorf)
e Inoculation loop

5.2 Reagents and strains

e 10 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0

e Sorbitol bufter (1.2M sorbitol, 10 mM Calcium chloride, 100 mM
Tris—=HCI pH 7.5, 35 mM p-mercaptoethanol)

e Lyticase from Arthrobacter luteus (Sigma-Aldrich)

e NucleoSpin Plasmid Kit (Macherey Nagel)

o Escherichia coli DH10B chemically competent cells (Thermo Fisher Scientific),
genotype: F— maA A(mn-hsdRMS-maBC) @80lacZAM15 AlacX74 recA1l
endA1 araD139 A (ara-len)7697 galU galK A— rpsL(StrR) nupG

e Sterile SOC medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract,
10 mM magnesium chloride, 10 mM sodium chloride, 2.5 mM potas-
sium chloride, 20 mM Glucose, pH 7.0)

o LB-Agar plates [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, 1.5% (w/v) agar, pH 7.0] supplemented with 100 pg/mL
carbenicillin

e Sterile LB media [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, pH 7.0]

e SC Drop-out plates [1.7 g/L SC Drop Complements Kaisers Mixture
without uracil, 7 g/L yeast nitrogen base without amino acids, 2% (w/v)
Glucose, 2% (w/v) agar]

e Sequencing primers for pAGT572_Nemo2.0

5.2.1 Procedure
Timing: Day 1.

1. Resuspend the cells of your best variant in the remaining supernatant
using an inoculation loop. Streak out the cells on SC Drop-out plates
and incubate the plate at 30 °C overnight.

Timing: Day 2-4

1. Use an inoculation loop to scrape oft some cells from the plate.
Resuspend the cells in 1 mL 10 mM EDTA pH 8.0.
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2. Pellet your cells (5000¢, 10 min) and discard the supernatant.

3. Resuspend the cells in 600 pL freshly-prepared sorbitol bufter. Add
200U lyticase and incubate the mix for 3h (30°C, 600 rpm in a
thermomixer) for cell wall digestion.

4. After incubation, pellet your cells by centrifugation (2000¢, 10 min) and
discard the supernatant.

5. Prepare the plasmids using the NucleoSpin Plasmid Kit starting with the
alkaline lysis step following the manufacturer’s instructions. In the final
step, the plasmid is eluted with 25 puL elution buffer.

6. The whole eluate is used to transform one aliquot of E. coli DH10B
(described in Section 2) plating the whole transformation mix on
selective LB agar plates (+100 pg/mL carbenicillin).

7. The following day, inoculate 5mL LB media (+100 pg/mL carbeni-
cillin) with a single colony and incubate the culture at 37 °C overnight
under shaking.

8. After incubation, isolate the plasmid using the NucleoSpin Plasmid Kit
according to the manufacturer’s instructions. Determine the plasmid
concentration using a spectrophotometer.

9. Sequence your plasmid to identify your best variant.

> 6. Golden Mutagenesis

After addressing the problem of the challenging heterologous

production of UPOs, we further focus on engineering these promising
enzymes using directed evolution to increase activity, regioselectivity or
stereoselectivity. A common technique for directed evolution is Iterative
Saturation Mutagenesis (Acevedo-Rocha, Hoebenreich, & Reetz, 2014,
Reetz & Carballeira, 2007), which relies on an efficient simultaneous
alteration of specific protein residues. Due to the high laboratory effort of
directed evolution campaigns the cloning technique needs to be fast,
reproducible and cost-eftective. The commercial kit QuikChange® is
often used to do so. Here we present an alternative method, which is
based on Golden Gate Cloning coined Golden Mutagenesis (Piillmann
et al., 2019), allowing the simultaneous saturation of multiple residues in
one step. To further increase the applicability of Golden Mutagenesis, we
offer a fully-automated primer-design online tool https://msbi.ipb-halle.
de/GoldenMutagenesisWeb/.
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6.1 Equipment

o Sterile toothpicks

o Equipment for Agarose Gel Electrophoresis

o Gel imager

e PCR thermocycler machine (Labcycler basic, SensoQuest)
e PCR tubes (Sarstedt)

e Spectrophotometer (BioSpectrometer, Eppendorf)

6.2 Buffer, strains, enzymes etc.

e pPAGT572_Nemo2.0

e gene which should be mutated

e T4 DNA Ligase (1-3 U/uL, Promega)

e 10X Ligase Bufter (Promega)

e Bsal (10 U/pL, New England Biolabs)

e ANTPs (10 mM Mix, Thermo Fisher Scientific)

e Phusion Polymerase (Thermo Fisher Scientific)

e 5X Phusion Green HF Bufter (Thermo Fisher Scientific)

e Tag-Polymerase

e 5X GoTaq Bufter (Promega)

o Agarose (AppliChem)

o TAE-Bufter (40 mM Tris-Acetate; 2 mM EDTA, pH 8.0)

e Roti®GelStain (Carl Roth)

e GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific)

e 75% DMSO

e NucleoSpin Plasmid Kit (Macherey-Nagel)

e NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel)

Escherichia coli DH10B chemically competent cells (Thermo Fisher Scientific),

genotype: F— maA A(mn-hsdRMS-maBC) @80lacZAM15 AlacX74 recA1l

endA1 araD139 A (ara-leu)7697 galU galK A— rpsL(StrR) nupG

e Sterile SOC medium [2% (w/v) tryptone, 0.5% (w/v) yeast extract,
10 mM magnesium chloride, 10 mM sodium chloride, 2.5 mM potas-
sium chloride, 20 mM glucose, pH 7.0]

o LB-Agar plates [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, 1.5% (w/v) agar, pH 7.0] supplemented with 100 pg/mL
carbenicillin, 50 pg/mL X-Gal, and 150 uM PTG

e Sterile LB medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
sodium chloride, pH 7.0]

e Sequencing primers for pAGT572_Nemo2.0
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6.3 Procedure

6.3.1 Design of primers
Timing: Planning.

1.

Open our online tool available at https://msbi.ipb-halle.de/
GoldenMutagenesisWeb/.

. Upload the gene sequence of interest in the tool.
. In the tab configuration choose pAGT572_Nemo from the pre-existing con-

figurations and deselect the Point “Use Level 0 to go in Level 27 (yellow part).
In the preview and selection tab choose the mutations.

. Check primers regarding self-dimerization or hairpin formation. Order

the primers.

6.3.2 Preparation of fragments
Timing: day 1.

1.

Prepare a primer stock solution of 100 pM. Use this stock solution for
preparing a 10 uM working solution.

. Set up a PCR as mentioned in Table 5.
. Transfer the tubes to the thermocycler and start the PCR protocol

shown in Table 6.

. During the PCR, prepare an agarose gel. The agarose concentration

should be ranging between 1% (w/v) Agarose (fragments > 700 bp) and
2.5% (w/v) Agarose (fragments down to 100 bp). Use Roti® GelStain
for detection.

Table 5 PCR reaction mix for fragment generation.

Compound Amount
5% Phusion Green HF Buffer 10 uL
DMSO (75%) 2ul
dNTPs (10 mM) 1uL
Gene of interest 100 ng
Forward primer (10 uM) 1uL
Reverse primer (10 uM) 1pL
Phusion 0.5uL

ddH,O Add to 50 uL
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Table 6 PCR method for generating of fragments.

Step Time Temperature
1 1 min 98 °C
2 155 95°C
3 305 60 °C
4 90 s per kb 72°C

Repeat step 2—4 for at least 35 cycles

5 10 min 72°C
6 o0 12°C
5. After the PCR is finished, load the gel with 5 uL of your PCR reaction.

Also, load the DNA ladder to determine the size of your fragments. Run
the gel and analyze it using a gel imager.

. If the size of the fragments is correct, purify them using the NucleoSpin

Gel and PCR Clean-up Kit following the instructions. Determine the
concentration of the fragments at the spectrophotometer.

6.3.3 Cloning
Timing: Day 1-3.

1.
2.

Set up the Golden Gate cloning reactions as follows (Table 7).

Put the reactions into a thermocycler. For 1-2 fragments, use the
program according to Tables 8, for 3 or more fragments, use the pro-
gram mentioned in Table 9.

. Use the whole cloning mix to transform chemically competent E. coli

DH10B as described in Section 2. Streak out 100 pL transformation
mixture on selective LB-Agar plates (+carbenicillin; +X-Gal; +IPTG).
Use the rest to inoculate 5 mL LB medium (+50 pg/mL carbenicillin)
and incubate overnight at 37 °C.

. You can check the cloning efficiency by blue-white selection, as the

acceptor plasmid harbors a LacZ gene. Recombinant cells appear white,
and cells containing the acceptor plasmid appear blue. Prepare the
library from the liquid culture using the NucleoSpin Plasmid Kit.

. Store the plasmids at —20 °C until further use.
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Table 7 Master Mix for Golden Gate Cloning of fragments.
Compound Amount

10X Ligase buffer 1.5uL

pAGT572_Nemo2.0 (acceptor plasmid) 10 fmol

Fragments 50 fmol each
Bsal 0.5uL

T4 DNA Ligase 1uL

ddH,O Add to 15puL

Table 8 Golden Gate Cloning method for 1-2 fragments.

Step Time Temperature
1 3h 37°C
2 20 min 80°C
3 oo 12°C

Table 9 Golden Gate Cloning method for > 3 fragments.

Step Time Temperature
1 2 min 37°C
2 5 min 16 °C

Repeat step 1-2 for at least 35 cycles

3 20 min 80 °C

4 =) 12°C

6.3.4 Quick-quality-control
Timing: day 3.

6.3.4.1 Check size by Colony PCR
1. Check the correct size of the insert by colony PCR. For that prepare a
Master Mix according to Table 10.
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Table 10 Master Mix colony PCR.

Compound Amount

5% GoTaq Buffer 10 uL
DMSO (75%) 2ul

dNTPs 1uL
Forward primer (10 pM) TuL

Reverse primer (10 uM) 1uL

Taq polymerase 0.5puL
ddH,O Add to 50 uL

2. Fill every PCR tube with 50 uL Master Mix.

3. Scrape oft a single white bacterial colony and resuspend the cells in the
master mix using a toothpick.

4. Put the tubes into the thermocycler and start the program according to
Table 11.

5. Analyze the PCR reactions with a 1% (w/v) agarose gel with
Roti®GelStain as gel stain. Use the GeneRuler1 kb DNA ladder for the
determination of the fragment size (Fig. 3A).

6.3.4.2 Sequence for diversity

1. Sequence the plasmid with compatible sequencing primers.

2. Check the results at the mutation sites. Fig. 3B shows you how it should
look in case of a saturation library using the “22¢ trick” (Kille et al.,
2013).

3. Upload the.abl file to our online tool to get pie charts showing the base
pair distributions at specific positions (Fig. 3B).

7. Performing reactions in 96-well microtiter plate

To fulfill the requirements of a high-throughput protocol also for
non-colorimetric substrates, we developed a reaction setup in 96-well
microtiter plates for further analysis by GC-MS. As previously, the
enzyme-containing supernatant from the cultivation in microtiter plates
(see Section 3) is used. The following protocol describes the workflow
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Table 11 PCR program for colony PCR.

Step Time Temperature
1 1 min 98 °C
2 155 95°C
3 30s 60 °C
4 90's per kb 72°C

Repeat step 2—4 for at least 35 cycles

5 10 min 72°C

6 00 12°C

performed for engineering MthUPO toward the conversion of B-ionone
(Miinch et al.; 2023). The general aspects of the method can be applied to
every substrate but have to be adapted and optimized.

7.1 Equipment

e Incubator (Multitron, Infors)

e Universal clamp CR1800 (Enzyscreen)

e Sandwich cover CR1200 (Enzyscreen)

o Centrifuge Avanti JXN-26 (Beckmann Coulter)

e Rotor JS-5.3 (Beckmann Coulter)

e Microtiter plate carrier “368914” (Beckmann Coulter)

e 96-well glass coated microplates (1.2mL, U-shape, 7mm diameter)
(Fisher Scientific, product nr. 16469375)

e Polypropylene square 96-deepwell microplates (CR 1496, Enzyscreen)

e WebSeal Mat, 96 round well flat base (7 mm diameter) (Fisher Scientific,
product nr. 15142739)

7.2 Buffer, strains, enzymes etc

e Enzyme library produced in S. cerevisiae in 96-well microtiter plate (see
Section 3)

e 1 M Potassium phosphate bufter pH 7

e B-lIonone (substrate)

e o-bisabolol (internal standard)
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34.8%

B Adenine M Thymine Guanine Cytosine

Fig. 3 Example of Quick-Quality-Control. This figure displays an example for the
Quick-Quality-Control by colony PCR (A) and sequencing (B). (A) shows an agarose gel
(1%) of a colony PCR. The DNA was stained by Roti®GelStain and detected by a gel
imager. The expected fragment size was 1700 bp. (B) shows the sequencing of a
mutant library at position 154 of the MthUPO gene prepared using the “22c trick”
(Kille et al., 2013). The upper part demonstrates the analysis of the sequencing in
Geneious Prime. The lower part displays the base distribution provided by the Quick-
Quality-Control function of our online tool. M: marker (GeneRuler 1 kB DNA ladder), +:
correct assembly, —: incorrect assembly.
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o Ethyl acetate (solvent) (GC grade)
e Acetone (co-solvent)

e Hydrogen peroxide

7.3 Procedure

Timing: after cultivation.

1. Transter 100 pL supernatant to a polypropylene deepwell microtiter
plate.
2. Add 400 pL reaction master mix per well (final concentrations: 100 mM

potassium phosphate buffer pH 7.0, 1.0 mM B-ionone, 1.0 mM H,0O,,
5% (v/v) acetone).

. Cover the plate with the sandwich cover and perform the reaction in the

incubator at 30 °C under shaking (300 rpm) for 1 h.

After the reaction, add 500 puL ethyl acetate containing 250 uM
a-bisabolol as internal standard per well. For extraction, incubate the
plate at 300 rpm for 30 min.

To separate the phases, centrifuge the plate for 5 min at 3000 rpm.

. After centrifugation, transfer 300 uL of the organic phase to the glass-

coated 96-well microtiter plate and seal the plate with the WebSeal Mat.
The sample can be analyzed by MISER-GC-MS.

7.4 Notes

1.

The described protocol was optimized for the conversion of f-ionone
by MthUPO. (Miinch et al., 2023) The method has to be adapted and
optimized for the substrate of choice.

. To minimize standard deviations, we recommend using a multichannel

pipette or a Platemaster (Gilson) for distributing the master mix, adding the
extracting solvent and removing the organic phase for further analysis.

. To avoid extensive evaporation, it is important to tightly seal the plate

and minimize the time in which the plate is not covered.

> 8. MISER-GC-MS

As directed evolution is highly substrate dependent, the closer one

can work to the original substrate, the better. To assay the chemo- and

regioselectivity of UPOs toward a specific substrate, we developed multiple
injection in a single experimental run method for GC-MS (MISER-GC-MS),
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which is capable of screening the activity of 96 mutants toward up to seven
analytes in around one hour. (Knorrscheidt et al., 2021a, 2021b) In this
method, the autosampler is controlled by a separate software (official
software of the supplier), which enables the multiple injection of samples in
a single 1sothermal GC sequence. The ions of interest are analyzed in a SIM
method and quantified relative to the internal standard. All of those settings
are possible for a regular GC-MS instrument equipped with an auto-
sampler. We describe the general workflow of establishing a MISER-
GC-MS method, but the method itself has to be adapted to the substrate of
interest. The described method was established and optimized for engi-
neering MthUPO toward the conversion of f-ionone (Miinch et al., 2023).
The general aspects of the protocol can be applied to every substrate but
have to be adapted and optimized.

8.1 Reagents and equipment
8.1.1 Reagents

e Glass-coated microtiter plate with organic phase from the reaction (see
Section 7)

e B-Tonone (substrate)

e 4-Hydroxy-p-ionone (product)

e 0-bisabolol (internal standard)

e Ethyl acetate (GC grade)

e 100 mM potassium phosphate bufter pH 7.0

8.1.2 Equipment

e Polypropylene square 96-deepwell microplates (CR 1496, Enzyscreen)

e 96-well glass-coated microplates (1.2mL, U-shape, 7 mm diameter)
(Fisher Scientific, product nr. 16469375)

o GC wvials with lids

e WebSeal Mat, 96 round well flat base (7 mm diameter) (Fisher Scientific,
product nr. 15142739)

e sandwich cover CR1200 (Enzyscreen)

e GC-MS-QP2010 Ultra (Shimadzu)
o Helium as carrier gas
o MS: dual-stage turbomolecular pumps + quadrupole

e auto sampler AOC-5000 Auto Injector (Shimadzu)

o« PAL MTHolder (CTC Analytics AG)

e Cycle Composer (Version 1.6.0, CTC Analytics AG)
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e GC column OPTIMA 5 MS Accent 25m X 0.20mm, 0.2um df)
(Macherey-Nagel, product nr. 725810.25)

o Split/splitless uniliner inlets w/wools (3.5mm, 5.0X 95mm), for
Shimadzu GC (Restek, product nr. 21719)

o Centrifuge Avanti JXN-26 (Beckmann Coulter)

e Rotor JS-5.3 (Beckmann Coulter)

e Microtiter plate carrier “368914” (Beckmann Coulter)

e Vortex Genie 2
o Centrifuge (Centrifuge 5424, Eppendorf)

8.2 lons selection for SIM mode

8.2.1 Procedure
Timing: before first MISER run.

1. Prepare a sample containing 500 uM B-ionone, 500 uM 4-hydroxy-f3-
1onone and 500 uM a-bisabolol in ethyl acetate.
2. Analyze 1pL of the mixture by GC-MS in SCAN mode with the
following settings:
o Interface temperature: 290 °C
e Injection temperature: 280 °C
e lon source temperature: 250 °C
e lonization voltage: 70 V
e Temperature program:
70 °C
50 °C/min to 200 °C
100 °C/min to 300 °C hold 5 min
3. Identify ions that have high relative abundance and are unique to the

substrate, the product, and the internal standard by comparing the mass
spectra (Table 12).

Table 12 Identified m/z.

Molecule m/z for SIM
Substrate B-Ionone 177
Product 4-Hydroxy-p-ionone 208

Internal standard o-Bisabolol 204
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8.2.2 Note

1. For quantification and minimization of standard deviations the internal
standard should have a similar extraction behavior and GC retention
time as the desired product of your reaction.

2. The selected ion should be exclusive to only the substrate, the product
or the internal standard and must have relative high abundance, and
preferably high m/z, to minimize the interference from solvent ions.

3. Reduce injection temperature to 200 °C in case of analyzing epoxides.

8.3 Verification of linearity of internal standard in extraction
and MS response

8.3.1 Procedure
Timing: before first MISER run.

1. Transfer 400 pL of reaction buffer (potassium phosphate bufter pH 7.0)
to a reaction vial. Add 1 mL of ethyl acetate containing difterent con-
centrations of a-bisabolol (e.g. 100 uM, 500 uM and 1000 uM).

2. Perform the extraction by mixing using a Vortex Genie2. Afterward,
separate the phases by centrifugation (1 min, 5000 rpm).

3. Transfer the organic phase to a GC vial and analyze it using the GC-MS
in SIM mode with m/z of 204. Use the same parameters as mentioned
in Section 8.2.

4. Plot the peak areas against the concentration of a-bisabolol. And define
the linearity by performing linear regression.

8.3.2 Note

1. If the relation is not linear, the concentration of the internal standard
should be adjusted to find the linear range or choose a different internal
standard.

8.4 Preparation of GC-MS device for MISER experiments

8.4.1 Procedure
Timing: before first MISER measurement.

1. Open the program “GCMS Real Time Analysis”.

2. Go to “Instrument”—*“System configuration” and remove the auto-
sampler “AOC-5000" from the Analytical Line. Confirm the selection
with “Set”. Close the program.

3. Open the program “PAL Cycle Composer with Macro Editor”
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Go to “Method Editor”. Select the Method (.PME) and Macro file
(.pma). After selection, the Method and Macro file, click on “Replace”
at the left bottom of the window to ensure that the correct Method and
Macro files are loaded.

. Open the program “GCMS Real Time Analysis”. It is important that

the “GCMS Real Time Analysis” is always opened after “PAL Cycle
Composer with Macro Editor” starts. This ensures that the Autosampler
is controlled by the “PAL Cycle Composer with Macro Editor”, instead
of “GCMS Real Time Analysis”.

. Open or create a MISER Batch File (.qgb) (Fig. 4) in “GCMS Real

Time Analysis”. Since the autosampler is controlled by “PAL Cycle
Composer”, choose any sampler file or leave it blank if your software
allows it.

Start the GC-MS in “GCMS Real Time Analysis” program. Wait until
all the settings are loaded and all the parameters are stable before con-
tinuing to the next step.

. Change to the “PAL Cycle Composer” program. Ensure that the cor-

rect Method (.PME) and Macro (.pma) are loaded. If everything is set,
start the autosampler by clicking the “Run” button and click “Okay” in
the pop-up window.

After the autosampler starts to move, immediately press the green “Start”
button on the GC-MS device to start the temperature program. This step is
important for synchronizing the autosampler and the GC-MS.

8.4.2 Note

1.

After selecting the Method and Macro file all modifications should be
performed in the selected Macro file with “PAL Cycle Composer with
Macro Editor”. As for detailed tutorial of the software “PAL Cycle
Composer with Macro Editor”, please refer to the manual.

. Different instruments could have difterent methods to decouple the

autosampler from their default control software. Please refer to the
instrument producer for detailed instructions.

. Be aware that a batch file for MISER measurement only consists of one

row (Fig. 4).

| Client | Sample ID| Sample Name | Data File | Sample Type | Vialtf | Method File Tuning File |

{1 [CLENT [20220422 [Round1PleteC2 | H 001agd [QUnknown | 1 | MISER230 Spi50 100minggm | tune F1 22041505 |

Fig. 4 Example of Setup in GCMS Real Time Analysis for a MISER experiment.
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8.5 Optimization of MISER GC-MS method

8.5.1 Procedure
Timing: Before measurement of library.

1. Prepare a 1 mL sample of 500 uM f-ionone, 500 uM 4-hydroxy-f-
ionone and 500 uM a-bisabolol in ethyl acetate.

2. Compose a Macro file for at least 10 injections as in Fig. 5. The times of
injections is determined by the repetitive execution of the module
“GET_SAMPLE(), PUT_SAMPLE() and CLEAN_SYR()”.

3. Wirte a GC method file for the isocratic temperature profile of the MISER -
GC-MS method. Run your composed GC method and Macro file to
optimize the MISER method. During the optimization, change one para-
meter at a time. The parameters have different effects (see Table 13) and have
to be adjusted to find an optimized method (Table 14).

Macro file:

Sample in Cooler 1; //Cooler1

//With Postcleaning, Filling speed: 3pl/s, Fillling

I/strokes: 3

—+ Air Volume (ul);1;0;Syr.Max Volume

Pre Clean with Solvent 1 ();0;0;99

Pre Clean with Solvent 2 ();0;0;99

Pre Clean with Sample ();0;0;99

Filling Volume (ul);5;0;SYR.Max Volume

Filling Speed (ul/s);SYR.Fill Speed;SYR.Min Speed;SYR.Max Speed

o Filling Strokes ();5;0;99

Injection method — i pyjup Delay (ms);0;0;10000

Inject to;INJECTOR;

Injection Speed (ul/s);SYR.Inject Speed;SYR.Min Speed;SYR.Max

Speed

Pre Inject Delay (ms);0;0;,99000

Post Inject Delay (ms);0;0;99000

Post Clean with Solvent 1 ();1;0;99

L Post Clean with Solvent 2 ();0;0;99

CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)

CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
o GET_SAMPLE(Cooler1,98,SL.volume,1,,5,3,0,,4,0ff,,,)

First lnjectlon{

PUT_SAMPLE(Inject to,1,,,,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
Waiting time | WAIT(5,)
GET_SAMPLE(Cooler1,98,SL.volume,1,,5,3,0,,4,0ff,,,)
Second injection { PUT_SAMPLE(Inject to,1,,,,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
Syringe cleaning { CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)

Fig. 5 Example Macro file.
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Table 13 Parameter for optimization of MISER method.

Oven temperature Defines how fast the molecules elute from the
column. Should be set as high as possible, a
separation of the diftferent substrates, products and
internal standard on the GC column is not
necessary. However, peaks with the same m/z
cannot overlap.

Split ration Defines how much of your sample is inserted to the
column. It should be set as high as possible to have
sharp peaks with good resolution but without
compromising the intensity of the signal in the

chromatogram.
Pressure/flow/linear Have effects on the resolution and velocity of
velocity elution. Can be manipulated if you have problems

with resolution.

Post-cleaning steps Defines the number of washing steps. It is essential
to avoid cross-contamination. Increasing the
number of washing steps extends the time between
two injections and the total run time.

Filling speed Defines how fast the syringe is loaded and essential
for application of the same volume for every
injection. Can be manipulated if the standard
deviations are high. In the case of viscous samples,

decrease the filling speed.

Waiting time Defines how long you wait before the next
injection. Should be adjusted that all molecules are
eluted before the next injection to avoid
overlapping between elution peaks and the solvent
peak of the next injection.

8.5.2 Note

1. It is vital to avoid the overlap between the product and internal standard
peak of one injection and the solvent peak of the next injection. The
overlap will cause a major error in the integration of the target peak, and
thus lead to high standard deviations. The interval time between
injections can be adjusted by the number of post-cleaning steps and the
“WAIT ()” command.



Secretion and directed evolution of unspecific peroxygenases in S. cerevisiae 299

Table 14 Optimized parameters for the analysis of the B-ionone conversion by
MthUPO.

Settings Parameters
GC-MS method (controlled by [socratic oven 230 °C
GCMS Real Time Analysis) temperature
Split ratio 50

Pressure/Total Flow 23.1 mL/min

Linear velocity 28.7 cm/s
Autosampler method Post-cleaning steps 3
(égnmt;(glslz)d by PAL Cycle Filling Speed 3ul/s
Waiting time 5s
Resulting interval 56
time

2. All internal standard peaks in a chromatogram from an optimized
MISER method should have similar height and area over the full
measurement (standard deviation below 3%).

3. Command GET_SAMPLE(Cooler1,98,SL.volume,1, ,5,3,0, ,4,0ft, , ,)
specifies the position and method of getting samples. PUT_SAMPLE
(Inject to, 1, , , , ,) specifies the sample being injected to injector 1
(please be aware whether you have multiple injectors). and
CLEAN_SYR (Wash1,Post Clean with Solvent 1, , ,25, 0,50, ,) specifies
the cleaning procedure after injection.

4. The GC-MS temperature sequence should be long enough to run all
the injections.

5. For substances that are hard to flush out of the GC column, a column
heating step can be added after a certain number of injections (e.g. after
12 1injections are eluted, heat the column with 200 °C/min to 300 °C,
hold for 5min, then decrease to 230 °C and start another injection).
Besides changing the temperature program for the GC-MS, “WAIT
(HEATING TIME)” must be added after the correspondent numbers of
1njection.
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8.6 Determination of standard deviation of MISER GC-MS

method

8.6.1 Procedure
Timing: before library screening.

1.

Prepare three test runs as described in Table 15 for determining the
standard deviation. All samples should be tested in 96-well glass-coated
microplates as 96 replicates.

. Run the developed MISER program (Fig. 6) and analyze the standard

deviation of each sample.

. As result the standard deviations over the whole plate should be <3% for

RUN A, <5% for RUN B and <10% for RUN C.

8.6.2 Note

1.

If any injection peak (internal standard) is missing, check whether it is
caused by a faulty autosampler method, a too low sample volume/
missing sample in the glass-coated microtiter plate or incorrect syringe
filling before sample injection. Optimize accordingly.

. For minimizing the standard deviation caused by pipetting, we

recommend using a multichannel pipette or Platemaster (Gilson) for
distributing solutions over the plate whenever possible.

. To avoid extensive evaporation, it is important to tightly seal the plate

and minimize the time in which the plate is not covered.

Table 15 Test runs for determination of the standard deviation.

RUN A 1. Prepare a mixture of 500 uM B-ionone, 4-hydroxy-f-ionone

and a-bisabolol in ethyl acetate. You will need approximately
30 mL.

2. Distribute 300 uL of the mixture per well to a 96-well glass-
coated microtiter plate.

RUN B 1. Prepare a reaction mix of 500 uM p-ionone and 500 uM

4-hydroxy-f-ionone in 100 mM potassium phosphate bufter pH
7.0 (5% v/v) acetone. You will need approximately 50 mL.

2. Add 500 uL per well of a 96-well deepwell microtiter plate.

3. Perform the extraction as described in Section 7.

RUN C 1. Express MthUPO wild type in S. cerevisiae in a microtiter plate

(Section 3).
2. Perform the reaction and extraction (Section 7).
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Macro file

Sample in 96 wells DW Plate

Rinse the column twice
in the beginning with
EtOAc in position 98 of
Cooler 1

First injection in position
1 from Tray 1 to injector
1 and wait 5 s after 3
times of cleaning

/96 wells DW Plate

//With Postcleaning, Filling speed: 3pl/s, Fillling

//strokes: 3

Air Volume (pl);1;0;Syr.Max Volume

Pre Clean with Solvent 1 ();0;0;99

Pre Clean with Solvent 2 ();0;0;99

Pre Clean with Sample ();0;0;99

Filling Volume (ul1);5;0;SYR.Max Volume

Filling Speed (ul/s);SYR.Fill Speed;SYR.Min Speed;SYR.Max Speed
Filling Strokes ();5;0;99

Pullup Delay (ms);0;0;10000

Inject to;INJECTOR,;

Injection Speed (ul/s);SYR.Inject Speed;SYR.Min Speed;SYR.Max
Speed

Pre Inject Delay (ms);0;0;99000

Post Inject Delay (ms);5000;0;99000

Post Clean with Solvent 1 ();1,0;99

Post Clean with Solvent 2 ();0;0;99

- GET_SAMPLE(Cooler1,98,SL.volume,1,,5,3,0,,4,0ff,,,)

PUT_SAMPLE(Inject to,1,,,,,)

CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
GET_SAMPLE(Cooler1,98,SL.volume,1,,5,3,0,,4,0ff,,,)
PUT_SAMPLE(Inject to,1,,,,,)

1 CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)

GET_SAMPLE(Tray1,1,SL.volume,2,,5,3,0,,5,0ff,,,)
PUT_SAMPLE(Inject to,1,,,,,)

CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)

1 WAIT(5,)

GET_SAMPLE(Tray1,2,SL.volume,2,,5,3,0,,5,0ff,,,)
PUT_SAMPLE(Inject to,1,,,,,)

CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
WAIT(5,)
GET_SAMPLE(Tray1,3,SL.volume,2,,5,3,0,,5,0ff,,,)
PUT_SAMPLE(Inject to,1,,,,,)

CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
CLEAN_SYR(Wash1,Post Clean with Solvent 1,,,25,0,50,,)
WAIT(5,)

Fig. 6 Example Macro file with optimized parameters.

4. The concentration of the internal standard should be within the same

range as the product concentration to minimize standard deviations. If

necessary, adjust the concentration.

8.7 MISER GC-MS method for high-throughput screening

8.7.1 Procedure

1. Cultivate your library as described in Section 3. Each plate should

contain 88 wells with different mutants, five wells with parental variant,

two wells with strain with empty vector (negative control), and one well

without cells.
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2. Perform the reaction and extraction as described in Section 7.
3. Run your optimized MISER method.
4. Analyze the data to find mutants with increased activity (see Section 8.8).

8.8 Data evaluation

The data evaluation is performed in “GCMS Postrun Analysis” and a
spreadsheet program like Microsoft Excel.

8.8.1 Procedure

1. Check if all samples are successtully measured. Open the output data file
with the data analysis software (GCMS Postrun Analysis). Display only
the m/z of internal standard and check if there are 96 regular peaks with
similar heights and even intervals (Fig. 7A).

2. First, determine the peak area of the lowest product peak by manual
peak integration. Set this value as the threshold for automatic peak
integration. Repeat the step for the internal standard peaks
(Fig. 7B).

3. Check if all 96 internal standard peaks and 96 product peaks are inte-
grated. If one or both peaks are missing for one injection, integrate the
correspondent chromatogram area anyway, to ensure that the position
of the 96-well plate and the sampling sequence correspond to each
other.

4. Copy the peak areas to a spreadsheet program of your choice, like
Microsoft Excel

5. Divide the product peak by the internal standard peak in each well and
compare them to the negative controls (cell with backbone plasmid) and
parental variant.

8.8.2 Note

1. Hits found with the MISER method should be verified at least in tri-
plicates. To do so, a streak out of the selected variant using cells from the
original cultivation microtiter plate (Section 3) is prepared. Afterward,
cells are cultivated as described in Section 3. Reactions and measure-
ments can be performed either using the MISER method or in single
runs. Plasmids from confirmed hits can be isolated and sequenced to
reveal the mutations (see Section 6).
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Fig. 7 Example chromatograms. (A) display a part of the chromatogram for m/z of 204
which is correlated to a-bisabolol (internal standard). (B) show a part of chromato-
gram for the product 4-hydroxy-B-ionone with a m/z of 208. Both chromatograms are
measured using the MISER program described by Miinch et al. (2023).

2. It 1s essential to maintain the strict correspondent relationship between
the position of the 96-well plate and the sampling sequence to find the
right mutant.

3. It is essential to check peak integration manually. Product and internal
standard peaks should have even intervals. Peaks with longer time gaps
indicate missing peak(s) in between or inactive variants.

4. A hit with improved activity should have at least 1.5-fold activity
compared with the parental strain.
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§ 9. Summary and conclusion

This chapter provides a workflow for secretion and directed evo-
lution of unspecific peroxygenases. Starting from a gene fragment, the
enzymes were introduced into a modular cloning system, which is used to
perform a signal peptide shuffling to improve the secretion of the enzymes
in S. cerevisiage. The shuftling can be performed with 17 distinct signal
peptides to provide a wide variety. All elements used in the signal-peptide-
shuftling are available on the non-commercial plattorm AddGene. To screen
the library, we provide a method for a space- and time-efticient cultivation
of S. cerevisiae in microtiter plate with the possibility to directly use the
supernatant for analysis. The analysis of the expression is described for three
standard activity-based and one activity-independent colorimetric assays,
which were adapted for the use of supernatant from S. cerevisiae. After
identifying the best variant, the plasmids are isolated by a modified
instruction of a commercially available plasmid kit. The described techniques
were used to increase the secretion of established UPOs and expression of
novel enzymes. (Pillmann & Weissenborn, 2021; Pillmann et al., 2021).
The methods can also be applied for the secretion P. pastoris and improved
by a combination of a promotor and signal peptide shuffling. In addition to
UPOs, the feasibility of application to other enzyme classes such as lipases
and laccases was demonstrated. (Pillmann & Weissenborn, 2021). All
cloning parts for the transfer into P. pastoris are also available on AddGene.

After successtul secretion of enzymes, the enzyme can be used for industrial
applications. For that purpose, the enzymes can be engineered by directed
evolution. We provide a method for efficient mutagenesis on multiple sites.
The protocol can be performed in one day and has an efficiency of up to
100%, which is a big advantage to other mutagenesis methods like
QuikChange. Additionally, we provide an online tool for automated primer
design, so that no further knowledge in primer design is necessary. The
successful application of this method was demonstrated in multiple projects.
(Knorrscheidt et al., 2020; Knorrscheidt et al., 2021a; Miinch et al., 2023).

For screening such a mutant library independently from colorimetric
assays we describe the possibility to use a normal GC-MS for high-
throughput screening. By using the technique of multiple injection in single
experiment run (MISER) 1t 1is possible to screen a 96-well plate in
approximately one hour. The method has been successfully used in mul-
tiple high-throughput screening campaigns. (Knorrscheidt et al., 2020;
Knorrscheidt et al., 2021a; Miuinch et al., 2023) We also demonstrate an
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improved protocol for simultaneous detection of up to three substrates and
six products from one reaction mixture. (Knorrscheidt et al., 2021D).
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This chapter describes the construction of a modular Golden Gate system for the secretion of
unspecific peroxygenases (UPOs) in Saccaromyces cerevisiae and Pichia pastoris as heterologous
hosts. This system is used throughout all further projects within this dissertation. In this chap-
ter it was applied and combined with a modular signal peptide shuftling approach to secrete five
UPOs, four of them for the first time in yeast. Two of these UPOs are a newly discovered and not
prior annotated as UPO. One of them, MthUPO, was successfully implemented in a preparative
scale reaction, the enantioselective hydroxylation of the pharmaceutical relevant building block
phenethylamine, as proof-of-concept. The herein discovered MthUPO is later used in two further

engineering project within this thesis.
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Fungal unspecific peroxygenases (UPOs) represent an enzyme class catalysing versatile
oxyfunctionalisation reactions on a broad substrate scope. They are occurring as secreted,
glycosylated proteins bearing a haem-thiolate active site and rely on hydrogen peroxide as
the oxygen source. However, their heterologous production in a fast-growing organism sui-
table for high throughput screening has only succeeded once—enabled by an intensive
directed evolution campaign. We developed and applied a modular Golden Gate-based
secretion system, allowing the first production of four active UPOs in yeast, their one-step
purification and application in an enantioselective conversion on a preparative scale. The
Golden Gate setup was designed to be universally applicable and consists of the three
module types: i) signal peptides for secretion, ii) UPO genes, and iii) protein tags for pur-
ification and split-GFP detection. The modular episomal system is suitable for use in Sac-
charomyces cerevisiae and was transferred to episomal and chromosomally integrated
expression cassettes in Pichia pastoris. Shake flask productions in Pichia pastoris yielded up to
24 mg/L secreted UPO enzyme, which was employed for the preparative scale conversion of
a phenethylamine derivative reaching 98.6 % ee. Our results demonstrate a rapid, modular
yeast secretion workflow of UPOs vyielding preparative scale enantioselective
biotransformations.
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emerged as novel versatile hydroxylation biocatalysts. They

solely rely on hydrogen peroxide as cosubstrate reaching
impressive total turnover numbers for sp3-carbon hydroxylation
of up to 300000!-%. Further UPO catalysed reactions include
aromatic hydroxylation, heteroatom oxidation, halogenation and
carbon-carbon double bond epoxidation®. Due to their high
oxyfunctionalisation versatility and activity, while solely requiring
hydrogen peroxide and being independent of auxiliary electron
transport proteins and expensive cofactors, UPOs have attracted
keen interest in the biocatalysis field>~7. Current challenges
include suboptimal regio- and enantioselectivities towards spe-
cific substrates and the extremely limited panel of available UPOs,
impeding broader screening setups to find a suitable catalyst to
perform a particular reaction. There is an estimated number of
more than 4000 putative UPO genes currently annotated and
widely spread within the fungal kingdom representing just a small
fraction of the available genetic diversity®.

To provide further insight into the natural function of UPOs as
well as broadening the available substrate scope, it is crucial to
access more enzymes from diverse phylogenetic backgrounds.
Recent studies reported on the conversion of testosterone by a
UPO derived from an ascomycetous mould, a reaction that could
not be performed by any other UPO thus far®. This new activity
further emphasises the limitations of the small available UPO
panel. It would be further highly desirable to heterologously
produce UPOs utilising fast-growing standard laboratory hosts
such as bacteria or yeast. These organisms would facilitate protein
engineering and allow directed evolution campaigns for tailoring
UPOs towards desirable traits such as increased stability, regio-
and enantioselectivity.

Although substantial work has been invested into the hetero-
logous expression of the firstly discovered Agrocybe aegerita UPO
(AaeUPO) using the yeast Saccharomyces cerevisiae, sufficient
protein amounts of 8 mg/L were obtained as the result of an
intensive directed evolution campaign!?. This fundamental work
led to several successful UPO application studies on the conver-
sion of a range of substrates from agrochemicals to
pharmaceuticals'!~14. The yeast secretion variant PaDa-I (here-
inafter: AaeUPO*) was adapted subsequently for large-scale
protein production by utilising the methylotrophic yeast Pichia
pastoris (syn. Komagataella phaffii) reaching recombinant protein
titres of 217 mg/L within a bioreactor setup!.

The successful production was achieved by the introduction of
nine amino acid exchanges. Four of these were localised within
the 43 amino acid signal peptide (SP), which orchestrates protein
secretion in the natural fungal host as well as in S. cerevisige. The
engineered signal peptide combined with the wild-type AaeUPO
enzyme resulted in a 27-fold increase in protein secretion yield
highlighting the paramount importance of the respective signal
peptide for heterologous production as already shown by
others!6-21, Recent studies report the production of UPOs in E.
coli*223, However, it remains elusive whether these recombinant
peroxygenases harbour comparable activities and stabilities if
compared to UPOs produced in eukaryotic hosts. The reported
expression yields are substantially lower compared to S. cerevisiae
raising the question, whether enough functional protein could be
produced for laboratory evolution campaigns.

Golden Gate cloning has proven to be an invaluable synthetic
biology tool enabling seamless assembly of gene fragments uti-
lising type IIs restriction enzymes**~32. By using type IIs
restriction enzymes, defined 4 base pair sticky overhangs can be
created for reassembly. These overhangs can be easily specified by
PCR, allowing a sequence defined, efficient and seamless assembly
of nine and more gene fragments in a one-pot and one-step
digestion-ligation manner?>3233,

Fungal unspecific peroxygenases (UPOs) have recently

For the detection of the target protein secretion in small
volumetric amounts of yeast supernatant, a sensitive, high-
throughput suitable, and protein-specific assay would be highly
beneficial. Previously reported split-GFP (green fluorescent pro-
tein) systems, which rely on tagging the protein of interest with a
short amino acid peptide tag and subsequent GFP reconstitution,
present an ideal tool for this task343°.

In this study, we envisioned a tripartite Golden Gate-based
modular system. This system consists of the modules ‘signal
peptide’, ‘UPO gene’ and ‘protein-tag’ (Fig. 1A). The ‘protein-tag’
module combines affinity-based purification as well as the
enzyme quantification by split-GFP. This S. cerevisiae expression
system gave rise to a rapid workflow starting from UPO genes to
heterologously produced and purified UPOs within 2 to 4 weeks
(Supplementary Fig. 2).

To unlock access to higher protein amounts, we designed two
fully compatible episomal and one integrative plasmid for UPO
production in the methylotrophic yeast Pichia pastoris. In total,
four active UPOs were heterologously produced in yeast for the
first time. The high recombinant UPO yields using P. pastoris
enabled the enantioselective hydroxylation of a phenethylamine
derivative on a preparative scale.

Results

The modular Golden Gate UPO expression system. Three
modules were designed for pre-defined assembly into an episomal
S. cerevisiae shuttle expression plasmid. We created 32 modules
(Fig. 1A) consisting of 17 signal peptides (Module 1), 8 UPO
genes (Module 2) and 7 protein-tags (Module 3) derived from a
broad phylogenetic background as summarised in Table 1.
Module 3 is employed for affinity-based enzyme purification and/
or split-GFP-based protein quantification. To verify the envi-
sioned system for protein quantification, the C-terminal GFP11
detection tag (Module 3) was assembled with the previously
evolved UPO signal peptide Aae-UPO* (Module 1) and the
engineered peroxygenase AaeUPO* (Module 2)!0-36, Target gene
expression is controlled by a GAL 1.3 promoter, which is
repressed in the presence of glucose and strongly induced by
galactose, being a truncated version of the widely used GAL1
promoter. The successful split-GFP assay was validated by a
significant fluorescence response in the sample with the secreted
protein (Fig. 1B).

Module 1, exhibiting 17 distinct signal peptides (SP), is the
pivotal part for guiding protein secretion. The diverse signal
peptide library consists of sequences originating from S.
cerevisiae, further yeast organisms, basidiomycetes, ascomycetes
and animals (Supplementary Table 4). Seven signal peptide
sequences originate from (putative) UPOs and a closely related
chloroperoxidase (CfuCPO). To demonstrate the importance of
the signal peptide, we assembled the AaeUPO* gene (Module 2)
and the GFP11 tag (Module 3) with each of the 17 signal peptides
(Module 1). UPO secretion levels were monitored by enzymatic
activity using the 5-nitro-1,3-benzodioxole (NBD)37 assay as well
as split-GFP detection (Fig. 1C).

All constructs showed significant secretion levels and enzy-
matic activities. The signal peptides Cci-UPO, Ani-a Amylase,
Sce-a Galactosidase and Gga-Lysozyme led to similar protein
concentrations as the evolved signal peptide Aae-UPO*. The
signal peptide Gma-UPO resulted in a more than doubled activity
and secretion of the AaeUPO* enzyme relative to the evolved
Aae-UPO* signal peptide (220% increase). This observation is
particularly impressive considering that the signal peptide Aae-
UPO* was evolved for the optimised secretion of AaeUPO* in S.
cerevisiae by subjecting it to several rounds of directed
evolution!?, The signal peptide Gma-UPO originates from the
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putative Galerina marginata UPO (GmaUPO). When correlating
normalised enzymatic activity and split-GFP-based fluorescence
values of the signal peptide library, in most cases, higher
fluorescence levels than activity values were measured. This
observation indicates the occurrence of differing AaeUPO*
enzyme variants depending on respective signal peptide cleavage.
This could be due to the great diversity of the utilised signal
peptides likely resulting in differing N-termini and affecting the
enzymatic activity of the processed enzyme.

To give rise to a general, one-step protein purification protocol
for UPOs, Module 3 was further extended to allow for
simultaneous affinity-based protein purification and GFP11-

based fluorescence detection. Several versions of the GFP11 tag
in combination with Strep®- or Hexa/Octahistidine-affinity tags
were generated and tested (Supplementary Table 5)383%. We used
the protein tags with the previously identified beneficial
combination of signal peptide (Gma-UPO, Module 1) and UPO
(AaeUPO*, Module 2) and identified the TwinStrep-GFP11
protein tag as most suitable. This tag consists of a double 8 amino
acid Strep 11 tag (Twin-Strep -tag)®® and a C-terminal
GFP11 sequence. Comparison of the modules GFP11 and
TwinStrep-GFP11 revealed unaltered enzymatic activities but a
significantly higher fluorescence response for the TwinStrep-
GFP11 construct (Supplementary Fig. 3). This difference is
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Fig. 1 The Golden Gate system consisting of the modules signal peptide, UPO gene and protein-tag and its functional verification regarding split-GFP
assay, signal peptide shuffling and purification using the model UPO AaeUPO* in S. cerevisiae. A Left: Concept of the modular Golden Gate system as a
tripartite system, consisting of signal peptide (SP; contains ATG start codon), UPO gene (lacking start and stop codon) and C-terminal Tag (contains stop
codon). Right: Overview of the individual parts of the modular shuffling systems, containing 17 signal peptides, 8 UPO genes and 7 C-terminal protein tags.
Detailed sequence information of all parts can be found in Supplementary Tables 4 and 5. B Quantification of the UPO secretion in S. cerevisiae using the
split-GFP system. Two constructs were utilised for testing, namely a previously derived yeast secretion variant of AaeUPO (AaeUPO*) and further including
a C-terminal GFP11. The acceptor shuttle plasmid (pAGT572_Nemo 2.0) was used as negative control. Left: biological replicates (n = 24) of AaeUPO* and
the negative control were screened within the split-GFP assay. Relative fluorescence units (RFU) were measured at O and 72 h after adding GFP1-10. Values
are shown as boxplots (AaeUPO*: median = 1589, s.d. 8.9%; negative control: median = 416, s.d. 22.6%) with individual data points shown as dots. Right:
Continuous fluorescence measurements (24 h; 23 time points) of each construct. Data are mean of fluorescence — background (background = first
measurement after 1h)  s.d. of biological replicates (n = 24). € Screening of the constructed signal peptide shuffling library utilising AaeUPO* as reference
protein. Values for 5-nitro-1,3-benzodioxole (NBD) conversion (orange bars) and fluorescence by split-GFP assay (green bars) were normalised to the
previously used AgeUPO SP* -AaeUPO* construct (100%). Data are mean + s.d. of biological replicates (n =5). Primary data are displayed within the
Source data file. Detailed information on the origin and the sequence of the signal peptides can be found in Supplementary Table 4. D SDS-PAGE analysis

of AaeUPO* after one step TwinStrep tag® purification, utilising the designed TwinStrep-GFP11 purification/detection combination tag. Additionally,
AaeUPO* was subjected to enzymatic deglycosylation by PNGaseF and analysed (right lane).

probably due to better accessibility of the terminal GFP11 portion
since the overall size of the tag is increased (27 vs. 59 amino
acids), and several flexible linkers are included. SDS PAGE
analysis revealed the successful one-step purification of the
mature protein AaeUPO* (Fig. 1D). The positioning of an N-
terminal Strep II protein-tag revealed greatly diminished UPO
activity (Supplementary Fig. 4) and was therefore not further
investigated.

Utilisation of the modular system for the heterologous pro-
duction of novel UPOs. To demonstrate that the modular system
can provide quick access to produced UPOs, we choose seven UPO
genes to be expressed in S. cerevisiae while three being undescribed
putative UPOs. Four UPOs were previously described and produced
in their natural hosts—Marasmius rotula UPO (MroUPO)*, Mar-
asmius wettsteinii UPO (MweUPQO)8, Chaetomium globosum UPO
(CglUPO)°—or heterologously expressed in an Aspergillus oryzae
strain (Coprinopsis cinerea UPO (CciUPQ))42,

Two putative UPO sequences were selected based on sequence
alignments and data bank searches using the short-type perox-
ygenase CglUPO as a template. Two sequences were retrieved,
originating from fungi classified as thermophilic: Myceliophthora
thermophila (MthUPO) and Thielavia terrestris (TteUPO)43,
bearing 72% and 51% sequence identity to CglUPO, respectively
(Supplementary Table 10). The predicted long-type UPO gene
GmaUPO is derived from the basidiomycete Galerina marginata
and was selected based on its high sequence identity (71 %) with
AaeUPO*.

All genes were introduced as modules (Module 2) into the
Golden Gate system and subjected to random shuffling utilising
all 17 signal peptides (Module 1).

Out of the seven UPO genes, six could be secreted by S.
cerevisiae in combination with at least two signal peptides
(Fig. 2A). CciUPO exhibited no secretion with any of the signal
peptides. MweUPO and GmaUPO were identified through the
split-GFP assay, but no activity was detected using the
colorimetric 2,6-dimethoxyphenol (DMP) assay!'2. MweUPO,
MroUPO and CglUPO were the only UPOs, which showed the
highest activities with their endogenous signal peptides, MroUPO
and MweUPO sharing the identical native signal peptide.
MthUPO and TteUPO showed remarkable secretion levels within
the microtiter plate setup, leading to 17-fold (MthUPO) and 50-
fold (TteUPO) split-GFP signal intensities above background
level. A high signal peptide promiscuity was observed for
MthUPO and TteUPO with at least 5 and 8 suitable signal
peptides, respectively (Supplementary Figs. 5 and 6).

Purification and characterisation of the identified UPOs. All
successfully secreted UPOs in combination with their best signal
peptides were equipped with the TwinStrep-GFP11 tag, produced
in 1L shake flask scale, and purified by affinity chromatography.
The occurrence and primary sequence of each UPO was con-
firmed by tryptic digest and mass spectrometric peptide analysis
(Supplementary Tables 6 and 8). AaeUPO* analysis revealed the
amino acids ‘EPGLPP’ being the first detectable residues at the N-
terminus in accordance with previous results!®. This finding
indicates that the employed signal peptide Gma-UPO leads to a
comparable cleavage pattern as the evolved Aae-UPO* signal
peptide. The split-GFP response and the NBD activity also
exhibited the same ratio for both signal peptides (Fig. 1C), which
further strengthens the point of a similar cleavage pattern.
MroUPO and MweUPO were produced utilising their native
signal peptide (Mro-UPO SP). Fragments derived from the signal
peptide Mro-UPO (11 amino acids for MroUPO and 9 amino
acids for MweUPO) were identified by MS analysis, suggesting a
different cleavage pattern compared to the natural host®.
Obtained N-termini of GmaUPO and MthUPO are in good
agreement with the predicted cleavage sites based on alignments
with the enzymes AaeUPO* and CglUPO, respectively. The N-
terminus of CgIlUPO could not be resolved. For TteUPO, a
peptide fragment of 10 amino acids of the utilised signal peptide
(Sce-Prepro) was identified.

GmaUPO and MweUPO were not further studied as the
purified enzymes did not exhibit any activity towards
the colorimetric peroxygenase substrates DMP and NBD. For
these enzymes, we were not able to obtain pure elution samples
for subsequent measurements of native as well as CO differential
absorption spectra.

Biochemical parameters were therefore determined for
MroUPO, CglUPO, MthUPO and TteUPO. UV absorption
profiles showed the expected characteristic peroxygenase haem-
thiolate features. A Soret band with a maximum around 420 nm
(MroUPO: 419 nm; CglUPO: 418 nm; MthUPO: 420 nm and
TteUPO: 419 nm) and two Q-bands in the range of 537 to 546
and 569 to 573 nm (Fig. 2B)? were detected. CglUPO revealed a
broader Soret band shape as well as less pronounced Q-bands.
The respective carbon monoxide complexes exhibited absorption
maxima around 444 nm (Supplementary Fig. 7).

Protein purity and glycosylation were analysed by SDS-PAGE.
Native deglycosylation was performed using PNGaseF (Supple-
mentary Fig. 8). All obtained molecular weights after deglycosyla-
tion were in approximate agreement with the calculated weight
based on the primary sequence and peptide analysis by mass
spectrometry. MroUPO exhibited a defined band at approx. 42
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Table 1 Origin of utilised UPO genes and signal peptides for target protein secretion.

Organism

Type

Descriptor
Cfo-CPO

Organism

Type

Descriptor
AaeUPO*

Caldariomyces fumago

Chloroperoxidase signal

peptide

Agrocybe aegerita

Secretion engineered UPO

Coprinopsis cinerea
Saccharomyces cerevisiae

UPO signal peptide

Cci-UPO

Galerina marginata
Coprinopsis cinerea

Wild-type UPO
Wild-type UPO

GmaUPO
CciUPO

o Galactosidase signal

peptide

Sce-a Galactosidase

o factor signal peptide Saccharomyces cerevisiae

Sce-Prepro

Marasmius rotula

Wild-type UPO
Wild-type UPO
Wild-type UPO
Wild-type UPO

MroUPO

Saccharomyces cerevisiae

Invertase 2 signal peptide

Sce-Invertase 2
UPO signal peptide

Gma-UPO

Marasmius wettsteinii

MweUPO
CgluPO

Galerina marginata
Aspergillus awamori

Chaetomium globosum

Myceliophthora
thermophila

Glucoamylase signal peptide

Aaw-Glucoamylase

MthUPO

Marasmius rotula

UPO signal peptide

Mro-UPO
Cgl-UPO

Thielavia terrestris
Agrocybe aegerita

Wild-type UPO

TteUPO

Chaetomium globosum

UPO signal peptide

Engineered signal peptide of

AaeUPO

Aage-UPO*

Aspergillus niger

o Amylase signal peptide
Lysozyme signal peptide

Ani-a Amylase
Gga-Lysozym

Kluyveromyces marxianus

Inulinase signal peptide
Acid phosphatase signal

peptide

Kma-Inulinase
Sce-Acid

Gallus gallus

Saccharomyces cerevisiae

Phosphatase

Myceliophthora

Mth-UPO UPO signal peptide

Homo sapiens

Serum albumin signal

peptide

Hsa-Serum Albumin

thermophila

Saccharomyces cerevisiae

Killer protein signal peptide

Sce-Killer Protein

kDa that was slightly shifted towards lower molecular weight after
deglycosylation. CgIUPO revealed a smeared band in the range of
55-130 kDa. Deglycosylation led to the occurrence of two distinct
protein bands of approx. 37 and 33kDa indicating different
protein subtypes. MthUPO and TteUPO showed an intensive
smeared band in the range of 55-200kDa. This smear was
converted into distinct protein bands upon deglycosylation with
approx. 38kDa and 36kDa for MthUPO and TteUPO,
respectively.

To gain insights into the impact of the glycosylation on the
activity of the respective enzyme, UPOs were deglycosylated in
the native state and assessed for their activity towards NBD
(Supplementary Fig. 9). The enzymatic activity of MroUPO was
in comparison least affected with a decrease of approx. 80%,
whereas in the case of CglUPO no activity could be obtained after
deglycosylation. The activity was substantially impaired as well
for TteUPO and MthUPO, leading to a complete loss and approx.
85% decrease, respectively, in enzymatic activity.

We next evaluated the pH-dependencies of the enzymes using
NBD as a substrate (Fig. 2C). MroUPO, MthUPO and TteUPO
exhibited a similar profile with maximum activity at slightly
acidic conditions (pH 5), whereas CglUPO’s activity optimum
was detected at pH 7. TteUPO showed a broader tolerance
towards lower pH values, retaining medium (pH 3; 40%) and
high activity (pH 4.0; 80%) at acidic conditions. The obtained
values for MroUPO and CglUPO are in good agreement with
previous data obtained with homologously produced enzyme®#4!.

Enzymatic epoxidation and hydroxylation experiments. The
heterologously produced UPOs were tested towards their sub-
strate specificity and activities by investigating three distinct
reaction types: aromatic hydroxylation (sp?-carbon), alkene
epoxidation and the benzylic hydroxylation (sp3-carbon) of
phenylalkanes with varying alkyl chain lengths from two to five
carbons (Fig. 3). All reactions were performed under the same
conditions and assessed for the achieved turnover number (TON)
within one hour. Substantially differing behaviour could be
observed between AaeUPO* and the novel heterologously pro-
duced UPOs regarding substrate conversion, specific product
formation and stereoselectivity. AaeUPO* proved to be the only
enzyme displaying a high specificity for single hydroxylation of
naphthalene leading to 1-naphthol (92% of the formed product,
Fig. 3A). The other UPOs exhibited a strong tendency for further
oxidation leading to the dione product 1,4-naphthoquinone. The
epoxidation of styrene (Fig. 3B) was efficiently catalysed by
AaeUPO* (4580 TON) in combination with a poor stereo-
selectivity (2% ee). CglUPO exhibited comparable epoxidation
activities (4110 TON) and an enantioselectivity of 44% ee. For
MthUPO, TON decreased to 1100 but revealed the highest ste-
reoselectivity (45% ee). The studies of the benzylic hydroxylation
of phenylalkanes—ranging from phenylethane to phenylpentane
—confirmed the known preference of AaeUPO* towards short
alkane chain length (Fig. 3C)3. Starting from 4500 turnovers for
the conversion of phenylethane and deteriorating to no product
formation and only traces of benzylic hydroxylation using phe-
nylbutane and phenylpentane, respectively (for other product
formations see Supplementary Fig. 17). CglUPO and MthUPO
exhibited an inverted trend with increasing product formations
for longer alkyl chain lengths, exhibiting the lowest activity for
the phenylethane hydroxylation.

The highest activity was detected in both cases using
phenylbutane (CglUPO: 1670 TON, MthUPO: 1490 TON) with
only slightly decreased activity for phenylpentane as a substrate
and the only significant side-product being the further oxidation
of the benzylic alcohol to the corresponding ketone
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Fig. 2 Through signal peptide shuffling identified novel UPO construct and their analysis of UV absorption spectra and pH profiles. A Golden Gate

signal peptide shuffling was applied for the testing of described and putative

UPO genes, and the two best signal peptide/UPO gene combinations are

displayed. GmaUPO, MweUPO, MroUPO and CglUPO were screened in combination with a GFP11-tag. MthUPO and TteUPO were screened using the
TwinStrep-GFP11 protein tag. UPO enzyme activity was determined by monitoring the conversion of 2,6-dimethoxyphenol (DMP) to coerulignone. The highest
average fluorescence (split-GFP) and conversion values (DMP) within one enzyme panel were set to 100%, and the other values normalised accordingly. Data
are mean * s.d. of biological replicates (n > 4). Corresponding primary data are displayed within the Source data file. B UV-Vis absorption spectra of the
purified peroxygenases MroUPO, CglUPO, MthUPO and TteUPO in the wavelength range between 300 and 600 nm (measurement interval: Tnm). C pH
profiles of MroUPO, CglUPO, MthUPO and TteUPO catalysed enzymatic conversion of 5-nitro-1,3-benzodioxole (NBD) to 4-nitrocatechol. The highest mean
activity of a respective enzyme was set to 100% and the other values normalised accordingly. Data are means + s.d. of measurements performed in triplicates.

Corresponding primary data are displayed within the Source data file.

(Supplementary Fig. 17). TteUPO showed a similar preference
towards long-chain phenylalkanes with the highest TON for
phenylpentane conversion (500 TON). TteUPO represented the
only UPO with a significant specificity towards the formation of
the S alcohol enantiomer for phenylpropane and phenylbutane.
For phenylpentane, it revealed the formation of the opposite
alcohol enantiomer than the other tested UPOs as well.

Expanding the modular UPO secretion system to Pichia pas-
toris. The methylotrophic yeast P. pastoris (syn. Komagataella
phaffii) constitutes an attractive heterologous production host
with a steadily growing toolbox of valuable synthetic biology parts

6

such as plasmids, promoters and signal peptides**4>. P. pastoris
can reach high cell densities, efficiently perform post-translational
modifications such as glycosylation and disulfide-linkage and
offers a set of strong and tightly regulated promoters for target
gene expression. Amongst other factors, these properties render
P. pastoris a widely used eukaryotic host for the large-scale
industrial production of therapeutic proteins and enzymes®, We
investigated the adaptation of the modular system for use in P.
pastoris. Therefore, two novel episomal P. pastoris expression
plasmids were designed and assembled. They contain a previously
described autonomously replicating sequence coined panARS,
which confers episomal stability and a hygromycin B marker gene
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Fig. 3 Enzymatic activity assessment of the peroxygenases regarding aromatic hydroxylation, epoxidation and sp3-carbon hydroxylation. All reactions
were performed for Th using 1TmM of substrate. Bar charts display the obtained turnover numbers (TON) within one hour. The lines correspond to the
enantiomeric excess %. Data are mean + s.d. measurements derived from biological triplicates with individual data points shown as circles. See
supplementary information for further details. A Conversion of naphthalene to naphthol and 1,4-naphthoquinone. B Conversion of styrene to styrene oxide.
C A homologous row of phenylethane, phenylpropane, phenylbutane and phenylpentane hydroxylation, respectively, focusing on hydroxylation of the
benzylic carbon. The alcohol enantiomer is indicated by an (R) or (S). The exact enantiomer for phenylpentane was not determined. See Supplementary
Fig. 17 for occurrence of side-products. For MroUPO catalysed conversion of phenylethane no enantioselectivity could be determined.
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differ by the employed promoter: the strong constitutive
glyceraldehyde-3-phosphate dehydrogenase promoter (Pgap,
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Fig. 4A; left). To further allow the genomic integration to generate
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production in shake flasks or fermenters, a third plasmid

=3
Fascl
A d UPO exp unit (stable ion)
200
*
IS
< 150
2
2
S
<
g 100
z
o
2
s
S
E: %
50 N
K4
-
0 $ ———
o o Q Q
& & & «
W W O &
> 2 Q\ &>
& S @ &
o & <
° &
& &
P. pastoris S. cerevisiae P. pastoris S. cerevisiae
|
MthuPO ° | TteUPO . .
S i | i
< 100
8 |
e s
: . i
] 1 o
5 75 |
2
T o
: | :
<
z % . 1
£ o i
g I
< ® |
a o °
@ 25 I!
H 1
k|
]
4 x. g- : Lo Lina
1
o < o> o o o> o R 0 o
& &  F F & & SR &
oe‘é VQ* & oe\‘b R R S S &
o & o ) & & & o«
N R S I P L &
@ W F P S & & S
S <~ s & ¥ ¥ ~
& &
B S o

(pPAP003) was constructed. The episomal plasmids are designed
to enable direct transfer of the identified best transcription unit
(promoter-signal peptide-gene-tag-terminator) combination to
the integration plasmid. This transfer requires only an additional
Golden Gate assembly reaction using the restriction enzyme Bbsl
(Fig. 4A; right).

We tested all P. pastoris plasmids using the newly discovered
peroxygenase MthUPO in combination with the Sce-a Galacto-
sidase signal peptide. The constructs proved to be functional and
led to an NBD conversion signal (Fig. 4B). Pgap-based secretion
was generally lower in comparison to Pcaty, and the episomal
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Fig. 4 The compatible modular Golden Gate setup utilising episomal and integrative P. pastoris plasmids and its application. A Left: Overview of the
designed episomal P. pastoris screening setup. All previously created basic modules are compatible to be used within this system. Two episomal plasmids
were designed harbouring the constitutive strong promoter Pgap or the strong inducible promoter Pcat1. Right: Identified gene constructs can be directly
transferred in a one-pot Golden Gate reaction (4Bbsl) from the episomal plasmid to an integrative plasmid. After linearisation (Ascl digest) this plasmid
can be integrated into the genomic 3'AOX region of P. pastoris. B Comparison of relative activities of 5-nitro-1,3-benzodioxole (NBD) conversion for
different P. pastoris constructs bearing the tripartite combination of a Galactosidase signal peptide-MthUPO-TwinStrep-GFP11. Pgap bearing constructs
were screened utilising Glucose (1.5 % (w/Vv)) as sole carbon source. Pcati bearing constructs were screened utilising a dual feeding strategy (0.5% (v/v)
glycerol and 1.5% (v/v) methanol) as primary and inducible carbon sources. The highest expression mean is set to 100% and all data normalised. Data are
mean * s.d. of biological replicates (n = 6) originating from streak outs of one previously screened colony of the respective construct. € Comparison of
relative activities of NBD conversion of Pcati-based constructs bearing the tripartite combination of a Galactosidase signal peptide-MthUPO-TwinStrep-
GFP11. Box plots of biological replicates (n = 11) of individual P. pastoris colonies for each construct. The highest expression mean is set to 100% and all data
normalised (episomal MthUPO: median = 65, s.d. 15.0%; integrative MthUPO: median = 44, s.d. 83.3%; episomal (-): median =10, s.d. 28.2%; integrative
(-): median =6, s.d. 16.4%). D Comparison of relative activities of NBD conversion for different episomal P. pastoris constructs (6 biological replicates
each) using the indicated signal peptide-UPO combinations as well as a TwinStrep-GFP11 tag. Pgap (yellow bars) and Pcaty (blue bars). The highest
expression is set to 100%, and all data are normalised accordingly. Data are mean * of biological replicates (n = 6). E Direct comparison of episomal UPO
production of the two best signal peptide-UPO combinations for MthUPO and TteUPO as identified by a previously performed signal peptide shuffling
approach in both yeast species. Episomal P. pastoris expressions utilising Pcati. The highest mean expression and activity for each enzyme is set to 100%,
and all data are normalised. Data are mean * s.d. of biological replicates (n = 6). NBD conversion activity (orange) and relative fluorescence units (green).

All primary data are displayed within the Source data file.

Pgap MthUPO activity was not distinguishable from the negative
control. The integrative plasmids outperformed their episomal
counterparts significantly with a factor of approx. 5 for Pcar;. A
similar observation however in a varying degree was made testing
the enzymes AaeUPO* and TteUPO (Supplementary Fig. 10),
indicating that the integrative constructs are in general promoting
higher UPO secretion levels than their episomal counterparts.

To gain insights into interclonal variabilities of UPO secretion,
episomal and integrative plasmids were transformed into P.
pastoris. Individual colonies were cultivated and tested for UPO
secretion. The episomal construct showed diminished mean
activity but a substantially lower clonal variability than the
integrative plasmid when tested with NBD (Fig. 4C). This high
variability of the secretion level for the integrative plasmid is
presumably due to divergent numbers of copy insertions into the
P. pastoris genome, which is a commonly occurring feature in this
organism®1~>3, and might also lead based on the Hygromycin B
selection marker to different colony sizes (Supplementary
Fig. 11).

To investigate and compare the secretion levels of episomal
Pgap and Pcar; harbouring plasmids, twelve constructs were
generated harbouring the peroxygenases AaeUPO*, MthUPO
and TteUPO. All promoter combinations (Pgap and Pcat;) and
the two previously identified signal peptides were constructed in
combination with the respective UPO gene and analysed for NBD
activity. All constructs resulted in a significant NBD conversion
(Fig. 4D). The previously observed 220% improved AaeUPO*
secretion in S. cerevisiae by combining AaeUPO* with the signal
peptide Gma-UPO was found to be even more pronounced using
the episomal P. pastoris constructs (Pcarti: 620%). Besides the
striking influence of the promoter on the secretion level, also t
he combination of the signal peptide and the promoter proved to
be pivotal. For TteUPO, using the promoter Pcat; in combina-
tion with the Sce-Prepro signal peptide led to the highest detected
activity with a 20-fold higher signal compared to the Cci-UPO
signal peptide. The same signal peptide variations employing the
Pgap promoter, however, resulted in similar secretion levels. This
demonstrates besides the crucial role of the chosen signal peptide
(Figs. 1C and 2A) an additionally pivotal synergistic influence of
the promoter/signal peptide combination on the UPO secretion.

To gain insights into the different signal peptide preferences
for secretion in P. pastoris, the signal peptide shuffling
approach was repeated in P. pastoris using MthUPO and
TteUPO and choosing the episomal Pcar; bearing plasmid

(Supplementary Figs. 12 and 13). For MthUPO the signal
peptides Sce-a Galactosidase and Ani-a Amylase proved to be
most suitable, and Sce-Prepro and Sce-Invertase 2 were
identified as top hits for TteUPO. Interestingly, Sce-Invertase
2 has not been identified amongst the top hits in S. cerevisiae
whereas the best signal peptide (Cci-UPO) for secretion in S.
cerevisiae (Fig. 4D) was not identified in the P. pastoris screen.

To compare episomal S. cerevisiae and P. pastoris secretion, the
two best performing constructs for MthUPO and TteUPO were
selected. This species comparison (Fig. 4E) indicates that the
episomal S. cerevisiae secretion is superior to the episomal P.
pastoris production. In the case of MthUPO, both P. pastoris
constructs led to approx. 60% of NBD conversion in comparison
to the most suitable S. cerevisiae construct, while already
exhibiting higher NBD conversion rates than the second most
suitable signal peptide for secretion in S. cerevisiae (Sce-Acidic
Phosphatase). The split-GFP fluorescence assay revealed a
diminished response for the P. pastoris setup relative to the S.
cerevisiae constructs. Regarding TteUPO, the best P. pastoris
construct (Sce-Invertase 2) led to approx. 40% of relative NBD
conversion when compared to the best S. cerevisiae construct
(Cci-UPO). For TteUPO the split GFP assay followed a linear
pattern when comparing species, without revealing a diminished
response for P. pastoris.

Comparison of shake flask UPO production in P. pastoris and
S. cerevisiae. By using the constructed integrative plasmid
pPAP003 and the Pcar; promoter, stable P. pastoris cell lines
were constructed to produce five UPOs: AaeUPO*, MroUPO,
CglUPO, MthUPO and TteUPO (Fig. 5A). Utilising P. pastoris as
host led to substantially higher production titres in all cases,
except for TteUPO. The rather low yields of MroUPO and
CglUPO produced in S. cerevisiae could be increased substantially
when using P. pastoris (MroUPO: 3-fold, CglUPO: 15-fold). The
MthUPO production yield was improved 5-fold. Regarding
TteUPO, the product titre was decreased in P. pastoris by approx.
20%, however, still maintaining an overall high yield. The pro-
duction titres of S. cerevisiae derived TteUPO (17 mg/L), and P.
pastoris derived MthUPO (24 mg/L) are the highest yields for
shake flask cultivation of recombinant fungal peroxygenases
reported thus far. The transfer of the expression system to a fed-
batch bioreactor might further elevate protein titres due to the
higher cell densities achievable. In previous work, this transfer
into a bioreactor resulted in 27-fold improved product titre of
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Fig. 5 Expression yields and thermostabilities of UPOs derived from the different yeast systems and conversion of a phenethylamine derivative on
analytical and preparative scale. A Comparison of volumetric production titre of recombinant UPOs in shake flask scale (1L) between S. cerevisiae
(episomal construct) and P. pastoris (integrative construct) as obtained after ultrafiltration of the respective culture supernatant. UPOs were produced and
secreted utilising their natural signal peptide (MroUPO and CglUPO) or a previously identified suitable exogenous signal peptide MthUPO (Sce- a
Galactosidase) and TteUPO (S. cerevisiae: Cci-UPO; P. pastoris: Sce-Prepro). For all P. pastoris production setups the methanol inducible promoter Pcaty was
utilised. Thermal denaturation midpoints (T,,) for the four UPOs produced in both organisms were determined in biological triplicates using purified protein
samples (in 100 mM potassium phosphate; pH 7.0) using differential scanning fluorimetry (DSF). B Bar chart showing turnover number within one hour for
the benzylic hydroxylation of N-phthaloyl-phenethylamine by P. pastoris produced AaeUPO*, MroUPO, CglUPO, MthUPO and TteUPO. Turnover data are
mean £ s.d. of measurements made in triplicates. TON determined by GC-MS and ee% by chiral HPLC (Supplementary Figs. 18-20). C Preparative scale
conversion of N-phthalimide protected phenethylamine using P. pastoris produced MthUPO.

217 mg/L for AaeUPO*1>. All proteins were purified using the
attached TwinStrep-tag and analysed by SDS-PAGE (Supple-
mentary Fig. 14). Highly pure enzyme preparations were obtained
after one-step TwinStrep purification. Based on the successful
production in both organisms, thermostability values (denatura-
tion midpoint; T,,) of the four UPOs were assessed using dif-
ferential scanning fluorimetry (Fig. 5A). The obtained values of
the respective UPOs derived from both organisms proved to be
alike to a variation of 0.7 to 4.7 °C. The highest thermostability
values were obtained for MroUPO with 67.4 and 66.0 °C pro-
duced by S. cerevisiae and P. pastoris, respectively. The two UPOs
derived from thermophilic fungi, MthUPO and TteUPO, exhib-
ited no superior thermostability when compared to the closest
related enzyme CglUPO. TteUPO revealed the lowest thermo-
stability in the tested group with 44.6 and 49.3 °C for S. cerevisiae
and P. pastoris, respectively.

Enantioselective hydroxylation of an N-protected phenethyla-
mine on a preparative scale. To gain insights into the ability of
the enzymes to convert industrially relevant molecules in an
enantioselective manner, we selected N-protected phenethyla-
mine as a substrate. The hydroxylation of phenethylamine deri-
vatives at the benzylic position provides access to a plethora of
pharmaceutically important classes like beta-blockers and
sympathomimetics>4.

10

The peroxygenases AaeUPO*, MroUPO, CglUPO, MthUPO
and TteUPO were produced in P. pastoris, purified, and assessed
for their activity on N-phthaloyl-phenethylamine. AaeUPO* and
MroUPO exhibited no formation of the benzylic alcohol product,
and TteUPO performed 60 TON within an hour while achieving
an enantioselectivity of 28% ee (Fig. 5B, Supplementary Figs. 18
and 20). CglUPO and MthUPO revealed the highest activities
with 730 and 908 TON, respectively, within the 1 h reaction setup
(Supplementary Fig. 18). MthUPO showed an over-oxidation to
the ketone amounting to 222 TON (Supplementary Fig. 19). The
enantioselectivity of alcohol formation proved to be excellent for
CglUPO and MthUPO with 98.7% ee and 98.6% ee (Supplemen-
tary Fig. 20).

Harnessing the high production titre of MthUPO in
P. pastoris (24 mg/L) in combination with the previously observed
good substrate conversion and high enantioselectivity we
aimed for the proof-of-concept enantioselective synthesis of
(S)-(+ )-2-N-Phthaloyl-1-phenylethanol on a preparative scale
(Fig. 5C). In a first upscaling reaction (300 mL total volume)
0.125mol% of MthUPO derived without further purification
from concentrated P. pastoris supernatant were used as catalyst
loading. The upscaled reaction (30 °C; 1 h) led to the synthesis of
9.70 mg (S)-(+ )-2-N-Phthaloyl-1-phenylethanol (57% purified
yield) and an enantiomeric excess of 98.6% (Supplementary
Fig. 20).
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Discussion

Fungal unspecific peroxygenases (UPOs) have gained substantial
interest as versatile hydroxylation catalyst since their initial dis-
covery 16 years ago?. The most significant limitation for the wider
application of UPOs arguably remains their heterologous pro-
duction utilising a fast-growing host. Thus far, only one UPO
could be produced and engineered within a system amenable to
high throughput: the S. cerevisiae secretion variant AaeUPO*10.

Building on the therein developed expression setup, we started
our endeavour to construct a versatile UPO secretion system. The
constructed Golden Gate-based platform consists of a signal
peptide library (Module 1), UPO genes (Module 2) and protein-
tags (Module 3). This format enabled the first report of successful
yeast secretion of six UPOs—two of them (MthUPO and
TteUPO) derived from genome and secretome data had not been
characterised as UPOs before#3. The whole expression platform
could be subsequently transferred to P. pastoris, resulting in
excellent UPO expression yields allowing for preparative scale
hydroxylation reactions.

Since the only enzyme out of the panel that could not be
produced (CciUPO) belongs to the group of long-type UPOs, and
it previously took considerable effort to engineer the long-type
UPO AaeUPO towards secretion in yeast, one could argue that
the heterologous production of long-type UPOs seems to be more
challenging!?. In fact, MroUPO, CglUPO, MthUPO and TteUPO,
which could be initially produced as non-engineered wild-type
enzymes in yeast and characterised within the scope of this work,
all belong to the class of short-type UPOs. Recent work in our
laboratory suggests that gene shuffling of long-type UPOs can
offer a viable option to obtain a library of active and structurally
diverse long-type UPOs expanding the panel of available
recombinant peroxygenases’°.

The hypothesised pivotal role of the employed signal peptides
for the successful secretion of UPOs was manifested within this
study. Yeast secretion signal peptides generally consist of three
main parts: (1) an N-terminal positively charged domain, (2) a
hydrophobic core and (3) a cleavage site region exhibiting mostly
uncharged residues®®. The length and amino acid composition of
the signal peptides, however, can vary substantially. This variation
is also reflected by the selected, diverse signal peptide pool in the
present paper, which ranges from several predicted and reported
UPO signal peptides, commonly utilised endogenous S. cerevisiae
signal peptides up to human (Hsa-Serum Albumin) and bird-
derived (Gga-Lysozym) sequences. This set includes peptides
ranging from 17 to 87 amino acids in lengths and exhibits sub-
stantial sequence alterations to provide a high diversity. Apart
from the UPO-derived signal peptides, this signal peptide pool
was selected based on previous reports on recombinant protein
secretion in S. cerevisiae®®”. In case of AaeUPO* the native
signal peptide was evolved by means of MORPHING3® resulting
in a 27-fold increased total secretion through addition of the four
mutations F12Y/A14V/R15G/A21D0.

Exchanging this evolved signal peptide sequence with the cor-
responding Gma-UPO sequence resulted in a further 2.2-fold
improved secretion in S. cerevisiae and even 6-fold enhancement in
P. pastoris. The signal peptides Aae-UPO* and Gma-UPO display
a high sequence identity and similarity of 50 and 73%, respectively.
Gma-UPO exhibits two additional amino acids, and these inser-
tions are the two hydrophobic amino acids alanine and leucine
before position 12. These amino acid additions might be pivotal for
the increased secretion level. Interestingly, the overall suitability of
other signal peptides based on specific enzyme activity proved to
be low (Fig. 1C), even though in many cases comparable split-GFP
values were obtained when comparing respective signal peptides to
the evolved Aae-UPO* signal peptide. This low promiscuity
towards functional signal peptides points towards the occurrence

of differing N-termini of the mature enzyme. A hypothesis, that
has been indirectly stated before in the context of this evolved
enzyme®® as introduced mutations within the mature protein
(V57A and V75I) are argued to preserve the natural N-terminus
(EPGLPPPGPL) of the mature protein when produced in yeast in
connection with the evolved signal peptide. This is contrary to the
wild type AaeUPO enzyme, where N-terminal proteolysis
(EPGJLPPPGPL) occurs>®. Using the Gma-UPO signal peptide for
production, we could verify the natural N-terminus occurrence
(starting AEPGLPP) by peptide analysis (Supplementary Table 8);
therefore the cleavage pattern of this signal peptide in yeast seems
to be comparable to the evolved signal peptide used in previous
studies! 13155860 The hypothesis of low promiscuity also holds in
the episomal production attempts in P. pastoris, where all identi-
fied active constructs exhibited the signal peptide Aae-UPO* or
Gma-UPO, respectively.

The case of Aae-UPO* might suggest that the closest related
signal peptide in terms of sequence and length demonstrates the
highest secretion rates. Regarding MthUPO this only might be
true in terms of sequence length. The wild-type signal peptide
consists of 17 amino acids, and the most suitable orthologous SPs
have a similar length: Sce-a Galactosidase (19 aa), Ani-a Amylase
(20 aa) and Sce-Acid Phosphatase (18 aa). However, the sequence
similarity of the most suitable signal peptides Sce-a Galactosidase
and Ani-a Amylase is solely 3 and 29%, respectively. In general, a
high promiscuity of MthUPO towards a diverse set of signal
peptides was observed, leading to the identification of five
(S. cerevisiae) and eight (P. pastoris) suitable signal peptides
(Supplemental Figs. 5 and 12). In case of TteUPO, no wild-type
signal peptide was retrieved, and this UPO proved to be highly
promiscuous, showing no preference for a signal peptide length
(17-87 amino acids) or sequence composition whatsoever. Out of
the pool of 17 signal peptides, nine proved to be highly suitable
(Supplementary Figs. 6 and 13), when probing S. cerevisiae and P.
pastoris.

The subsequent transfer of beneficial signal peptide-gene
combination to Pichia pastoris proved successful. Nonetheless,
subtle differences and preferences were shown by a signal peptide
shuffling approach for MthUPO and TteUPO in P. pastoris.
Interestingly, the a-factor leader signal peptide (Sce-Prepro),
which is often used as a gold standard signal peptide for target
protein secretion in P. pastoris*>4%, was only identified among the
top hits in combination with TteUPO.

In summary almost all the 17 tested signal peptides proved to
be highly functional in combination with at least one UPO gene.
However, predicting a suitable signal peptide for recombinant
protein secretion remains challenging. Previous work reported on
the engineering of improved signal peptides by means of directed
evolution to produce UPOs!Y, laccases!?, aryl-alcohol oxidases?!
and single-chain antibodies'® in S. cerevisiae. These improve-
ments seem to be highly depended on the attached protein and
are therefore not per se applicable to other non-related proteins.
Novel approaches such as machine learning-based design of
signal peptides might help to rationalise the use of SPs, but still
need to be transferred to eukaryotic systems®l. We therefore
decided to build a rather diverse signal peptide panel, which can
be rapidly assembled using the modular Golden Gate system and
tested in a high-throughput manner in a 96-well plate setup. By
employing our envisioned modular signal peptide shuffling sys-
tem, we were able to further improve the production of previously
described UPOs (AaeUPO*) and obtain multiple suitable signal
peptide-gene combinations to produce novel wild-type UPOs
(MthUPO and TteUPO).

The GFP11 detection tag proved to be an indispensable asset to
distinguish secretion from activity3>. Between different UPOs, the
variation in fluorescence could be further pronounced based on
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different accessibilities of the split-GFP-tag. This tendency was
shown for AaeUPO* where the TwinStrep-GFP11 tag (59 amino
acids) yielded a 4-fold increased signal intensity relative to the
shorter GFP11 tag (27 amino acids). In some cases, like CglUPO
(Fig. 2A), the fluorescence response greatly differed from the
activity depending on the employed signal peptide. This obser-
vation might be explained by different cleavage patterns at the N-
terminus depending on the respective signal peptide leading to
slightly altered overall folds and structures and hence activities of
the mature enzyme. In the case of CglUPO, this hypothesis was
strengthened by the occurrence of multiple SDS-Gel bands after
enzymatic deglycosylation suggesting multiple patterns of signal
peptide cleavages (Supplementary Fig. 8).

In the case of AaeUPO* the substrate entrance is among other
motifs substantially shaped by the C-terminal helix/loop region,
which also contains a crucial stabilising C278-C319 disulfide
linkage®8. Therefore, the attachment of a protein tag to the C-
terminus, which we performed in all setups based on the modular
design, might be detrimental to the activity. Indeed, using an
AaeUPO* construct without the C-terminal tag resulted in an
improved UPO activity by approx. 40% (Supplementary Fig. 4).
The successful placement of an N-terminal tag rather than a C-
terminal-modification, however, is challenging. This difficulty is
due to the varying cleavage patterns at the N-terminus of the
secreted proteins (see above) and also an extra Golden Gate
module would be required (signal peptide - N-tag - gene) to
preserve the compatibility of the system. Testing an N-terminal
Strep II tag resulted in a nearly complete loss of activity (—95%)
within the 96 well screening setup (Supplementary Fig. 4).
Although a decreased activity is detrimental for the discovery and
engineering of enzymes, the observed loss (—40%) when attach-
ing a C-terminal tag is still tolerable, as the split-GFP signal
would even in case of a loss of activity provide the signal of
successful secretion and allow further enzyme characterisation.
To overcome possible limitations, we constructed an additional
C-terminal tag module (pAGM9121_TEV-His-GFP11), which
includes a TEV protease cleavage site located in front of the Hisg-
GFP11 detection and purification tag, thereby enabling the
removal of the C-terminal appendix after purification and prior
to activity measurements.

The utilisation of the GFP11-tag also led to the discovery and
verification by subsequent peptide analysis of the peroxygenases
GmaUPO and MweUPO—even though no enzymatic activity
could be determined. Repeated shake flask production attempts in
S. cerevisiae and P. pastoris did not lead to any specific absorption
spectra (native and CO differential spectra) or activities. This
points towards occurring problems such as extremely low secre-
tion rates, incorrect haem incorporation or protein misfolding.

The adaptation to episomal plasmid expression in P. pastoris
proved that the entire modular signal peptide shuffling system
could be readily transferred to another yeast organism. The
applicability in P. pastoris furthermore paves the way towards
future-directed evolution enterprises entirely performed in P.
pastoris, further streamlining the workflow from gene discovery
to construct identification and large-scale protein production. In
comparison to the S. cerevisiae-based episomal system, the P.
pastoris-based episomal plasmid expression of MthUPO retained
60% of the activity (Fig. 4E). However, there is still plenty of
potential for P. pastoris production optimisation utilising differ-
ent promoters, carbon sources, induction and co-feeding
strategies®®©2. A substantial synergistic influence of the pro-
moter—signal peptide combination was observed, as underlined
for TteUPO in Fig. 4D. This observation represents an aspect that
should be further investigated in detail, for example, by
expanding the modular system, including an additional shuffling
module for a set of promoters to achieve simultaneous signal

peptide and promoter shuffling. Production of MthUPO utilising
the integrative plasmid led to substantially improved production
when compared to the episomal counterpart. Nevertheless, the
obtained interclonal variation within the integrative system is
substantial, rendering the episomal plasmid expression more
suitable for performing reliable high-throughput endeavours
(Fig. 4C). In the case of MthUPO, we observed a diminished split-
GFP response compared to the respective S. cerevisiae construct,
which might be explained through differing glycosylation pat-
terns, as observed by SDS Gel analysis (Supplementary Figs. 8 and
14). We hypothesise that this heterogeneous glycosylation pattern
might mask the C-terminal protein tag within a proportion of
enzymes in a greater extent than S. cerevisige, thus impeding
successful interaction with the GFP 1-10 counter fragment for
GFP reconstruction. Also, the removal of the C-terminal tag by
endogenous proteases is a possible scenario.

UPOs have been reported to be homologously produced over
the course of several weeks in bioreactors to yield AaeUPO,
CraUPO (Coprinus radians), CglUPO and MroUPO in produc-
tion titres of 9mg/L? 19 mg/L%, 40 mg/L® and 445 mg/L4],
respectively. Besides the time-consuming production, only the
wild-type enzyme can be produced, and the overall recovery of
pure protein after several purification steps are reported to be
below 20%241:63, Using a heterologous yeast expression system in
a shake flask format, the highest reported production titres are
obtained with the engineered AaeUPO* in S. cerevisiae and P.
pastoris (each 8 mg/L)101>.

The newly discovered peroxygenases TteUPO displayed
unprecedented UPO expression titres in S. cerevisiae of 17 mg/L
in S. cerevisiae. MthUPO revealed a good production titre in S.
cerevisiae (5mg/L) and after transfer to P. pastoris the overall
highest expression yields in P. pastoris with 24 mg/L could be
achieved. Additionally, we could acquire high recovery of highly
pure protein after one-step TwinStrep-based affinity
purification3840 (Supplementary Figs. 8 and 14).

To compare the results of the bioconversion setups to
literature-derived data, in all experiments the secretion variant
AaeUPO* was included, which exhibits comparable catalytic
properties to the fungal wild-type enzyme AaeUPO and therefore
allows the comparison with previously obtained analysis in the
literature!0. As there are no data available for the homologously
expressed MthUPO, TteUPO and CglUPOQ, this setup was the best
way to allow comparative analysis of enzymatic performances in
previous heterologous and homologous setups.

The relevance of expanding the set of recombinant UPOs is
reflected by the fact that CglUPO, MthUPO and TteUPO dis-
played a different substrate specificity when compared to
AaeUPO* (Fig. 3). When testing the conversion of naphthalene
within our reaction setup, AaeUPO* showed the highest activities
with TONSs of 2950, yielding 92% of 1-naphthol and generally low
overoxidation to para-naphthoquinone. This 1-naphthol to
naphthoquinone product distribution is in accordance with pre-
viously obtained data®0. CglUPO, TteUPO and MthUPO showed
lowered TONs between 720 and 1260 for 1-naphthol formation
and an elevated ratio of 49-55% of the naphthoquinone pro-
duct. This work on MthUPO catalysed naphthalene oxidation was
recently expanded by performing protein engineering and testing
a range of naphthalene derivatives®*.

The epoxidation experiments of styrene using AaeUPO* led in
our setup to 4580 TONs and a 2% ee.

Previously reported data for AaeUPO revealed up to 10000
TONs with 4.6% ee when using a light-driven in situ hydrogen
peroxide formation®®. Combining AaeUPO* and tert-
butylhydroperoxide added via a syringe pump setup resulted in
3200 TONs and 12% ee®®. Within our setup, when using CglUPO
similar epoxidation activities with TONs of 4120 were obtained.
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Most interestingly, MroUPO, CgIUPO and MthUPO exhibited
substantially higher enantioselectivities of 30, 44 and 45 % ee,
respectively, than the reported data for AaeUPO and AaeUPO*.
This indicates differences in the active site geometry of the diverse
UPO set and therefore provides an interesting point for further
protein engineering towards higher stereoselectivities of styrene
epoxidations.

For the benzylic hydroxylation of the homologous phenylalk-
ane row, ranging from phenylethane to phenylpentane AaeUPO*
displayed the highest activities and selectivities using pheny-
lethane (4540, 98% ee) and phenylpropane (1670, 99% ee) as
substrates, but only traces of product for benzylic hydroxylation
of phenylbutane and phenylpentane. Wild-type AaeUPO was
previously reported to achieve TONs of 10600 and 7100 for
phenylethane and phenylpropane, respectively, and excellent
selectivities (>99% ee) in both cases®”. Additionally, verifying the
observed negative tendency of decreasing benzylic hydroxylation
activity for increasing alkyl chain length AaeUPO* in combina-
tion with an enzymatic cascade for the in situ production of
hydrogen peroxide even led up to 294700 TONs!.

The enzymes CgIlUPO, MthUPO and TteUPO showed an
opposite selectivity when compared to AaeUPO* regarding
benzylic hydroxylation and displayed the lowest activities for
phenylethane and highest for phenylbutane and —pentane con-
version, respectively. TteUPO furthermore catalyses the forma-
tion of the opposite alcohol enantiomer (S) compared to the other
enzymes for the conversion of phenylpropane to phenylbutane.

Good activities and excellent enantioselectivities could also be
achieved when challenging the enzymes for the benzylic hydro-
xylation of N-phthalimide protected phenethylamine in case of
the enzymes CglUPO and MthUPO. This observation is vastly
different from AaeUPO*, displaying no product formation and
no known enantioselective conversion of substrates of similar
structure.

The high UPO production yields in P. pastoris of MthUPO
enabled a proof-of-concept approach to yield the chiral alcohol
product on the preparative scale with a challenging phenethyla-
mine derivative and yielded 57% yield and 98.6% ee. The direct
benzylic hydroxylation of phenethylamine compounds was pre-
viously reported for copper-dependent dopamine b-hydroxylases
(DbH), but not on a preparative scale®®%°, As DbHs suffer from
difficult expression, their engineering towards similar substrates
and higher activities is currently hampered.

To allow other researchers to harness the modular yeast sys-
tem, we deposited all relevant plasmids (signal peptides, protein
tags and expression plasmids) as a kit with the non-profit plasmid
repository Addgene called Yeast Secrete and Detect Kit (Kit #
1000000166). The herein developed overall workflow for func-
tional UPO secretion and detection can be performed within a
minimal period of 15 days (Supplementary Fig. 2). Within this
period, beneficial episomal constructs are identified in a 96-well
high throughput system, exploiting activity measurements and
protein quantification by the split-GFP assay>%3°. Identified
constructs can then be directly used for upscaling to shake flasks,
one-step affinity target protein purification and subsequent bio-
conversion testing.

In summary, the obtained data of this study proves that the
built workflow starting from a putative UPO gene, followed by
identification of suitable expression constructs via signal peptide
shuffling in combination with high-throughput screening in S.
cerevisiae as well as P. pastoris and subsequent production
upscaling can lead to highly enantioselective preparative product
formations of pharmaceutically valuable building blocks.

In the future, this workflow could be applied to other UPO
genes or generally genes of interest, which are suitable for pro-
duction in yeast, especially for proteins that might require

efficient post-translational modifications such as glycosylation
and disulfide linkage. Besides target protein secretion, the
constructed expression plasmids also allow for intracellular pro-
duction when no signal peptide is attached. During the submis-
sion and revision process of this publication, two papers
demonstrated the engineering of MthUPO using the herein
developed S. cerevisiae setup®®7? and one publication expan-
ded the episomal P. pastoris system to a range of promoters and
new UPO enzymes’!.

Methods

Chemicals. Solvents were used as received without further purification. Ethyl
acetate and acetone were utilised in GC ultra-grade (299.9%) from Carl Roth
(Karlsruhe, DE). Acetonitrile was purchased from Merck (Darmstadt, DE) in
gradient grade for LC (2 99.9%). Deuterated solvents for NMR spectroscopy were
purchased from Deutero (Kastellaun, DE). All further reaction chemicals were
purchased either from Sigma-Aldrich (Hamburg, DE), TCI Chemicals (Tokyo, JP),
Merck (Darmstadt, DE), abcr (Karlsruhe, DE) or Fluka Chemika (Buchs, CH) and
used as received.

Enzymes and cultivation media. For cultivation of E. coli cells terrific broth (TB)
media from Carl Roth (Karlsruhe, DE) was used. For cultivation of S. cerevisiae
cells p-Galactose, Peptone and Synthetic Complete Mixture (Kaiser) Drop-Out
(-URA) were purchased from Formedium (Hunstanton, GB). Yeast nitrogen base
(without amino acids) and Yeast extract were purchased from Carl Roth (Karls-
ruhe, DE). For P. pastoris cultivation methanol (99.9% Chromasolv purity grade)
purchased from Honeywell Chemicals (Seelze, DE) was used as additional carbon
source. PNGaseF and Bsal were purchased from New England Biolabs (Ipswich,
US). BbsI and FastDigest Ascl were purchased from ThermoFisherScientific
(Waltham, US) and T4 DNA Ligase from Promega (Madison, US).

Oligonucleotides and gene parts. All oligonucleotides were purchased in the
lowest purification grade “desalted” and minimal quantity at Eurofins Genomics
(Ebersberg, DE). The Pichia pastoris CAT1 promoter was purchased as a gene part
from Twist Bioscience (San Francisco, US). The genes of the AaeUPO variant
AaeUPO*, GmaUPO, MweUPO and the sfGFP 1-10 gene were purchased as
plasmid-cloned genes from Eurofins Genomics (Ebersberg, DE). The genes of
CglUPO, MthUPO and TteUPO were retrieved as codon-optimised (S. cerevisiae
codon usage) gene strands from Eurofins Genomics.

Expression plasmid construction for S. cerevisiae. A Level 1 Golden Gate-based
shuttle expression plasmid was constructed using a pAGT572 plasmid as backbone
structure’2, which can be propagated in E.coli and S. cerevisiae. It enables antibiotic
selection (Ampicillin resistance) and yeast auxotrophy selection (URA3 marker).
To enable expression of a target gene a Gal 1.3 Promoter—a truncated, modified
version of the widespread GAL1 Promoter is integrated upstream and a strong
DIT1 terminator downstream of the cloning acceptor site. As placeholder for a
target gene sequence a lacZ cassette (approx. 600 bp) is integrated, which enables -
galactosidase-based blue/white selection of transformants based on the conversion
of X-Gal. Upon digestion with Bsal the lacZ cassette is released, and a fitting open
reading can be integrated in frame (e.g. Signal Peptide-Gene-C-terminal Tag) into
the plasmid, thereby reconstituting a fully functional expression plasmid. The
constructed expression plasmid was coined pAGT572_Nemo_2.0. Using the
pAGTS572 plasmid backbone and the GALI Promoter as units a second expression
plasmid coined pAGT572_Nemo was constructed that follows the same func-
tionality and principle but exhibits the original GALI promoter.

Expression plasmid construction for Pichia pastoris. Two level 1 Golden Gate-
based shuttle expression plasmids were constructed, which can be propagated in E.
coli (AmpR) as well as P. pastoris (Hygromycin BR). To enable episomal plasmid
propagation in P. pastoris, the plasmids were equipped with a previously described
functional ARS sequence*”-73, which was PCR amplified from Kluveromyces lactis
genomic DNA. The plasmids exhibit the strong constitutive GAP promoter (pPAP
001) or the strong methanol inducible promoter CAT1 (pPAP002), both in
combination with a strong GAP terminator (tGAP). As placeholder for a target
gene sequence, a lacZ cassette is used. For the stable integration of transcription
units into the P. pastoris genome, a third universal integrative plasmid (pPAP003)
was designed. A shuttle plasmid was constructed, which can be propagated in E.
coli (KanamycinR) as well as P. pastoris (HygromycinR). As placeholder for a target
transcription unit a lacZ cassette is integrated. Upon digestion with BbslI the lacZ
cassette is released and a fitting transcription unit (Promoter- ORF- Terminator)
can be integrated (derived from respective pPAP001 and pPAP002 episomal
plasmids as donors) into the plasmid, thereby reconstituting a fully functional
integration plasmid. Several parts (GAP promoter, GAP terminator, AOX inte-
gration marker and Hygromycin B resistance marker) of the constructed plasmids
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were PCR amplified and derived from a previously introduced Golden Gate based
P. pastoris assembly system, coined GoldenPiCS*4.

Golden Gate cloning of Level O standard parts.

All genetic parts were cloned as individual Level 0 standard modules into the
universal Level 0 acceptor plasmid pAGM9121 (SpectinomycinR). Therefore, three
functional units were pre-defined: (a) signal peptide (contains start codon); (b)
gene (lacking start and stop codon) and (c) C-terminal Protein-tag (contains stop
codon). 4 bp sticky overhangs that are released upon Type II s enzyme treatment
(Bsal and BbsI) and guide subsequently a correct reassembly were chosen
accordingly to the nomenclature of gene assembly as described within the Mod-
ularCloning (MoClo) system®3. An overview of the reassembly concept is provided
in Supplementary Fig. 1. For the cloning of the individual modules suitable oli-
gonucleotides were designed to allow for cloning into pAGM9121. Primers fol-
lowed a general scheme (Supplementary Fig. 1). Fragments were amplified by PCR
from a suitable template sequence or generated by hybridisation of two com-
plementary oligonucleotides. PCR products were analysed as small aliquot (5 uL)
by agarose gel electrophoresis for occurrence of the expected size and the
remaining sample subsequently recovered and purified using a NucleoSpin® Gel
and PCR Clean-up Kit (Macherey-Nagel, Diiren, DE). Golden Gate reactions were
performed in a total volume of 15 pL. The final reaction volume contained 1-fold
concentrated T4 ligase buffer (Promega, Madison, US). Prepared reaction mixtures
containing ligase buffer, acceptor plasmid (20 fmol) and the corresponding insert
(20 fmol) was adjusted to 13.5 uL with ddH,O. In a final step, the corresponding
enzymes were quickly added. First, a volume of 0.5 uL of the respective restriction
enzyme BbsI (5 units/uL) was added and then 1 pL (1-3 units/uL) of T4 ligase.
Golden Gate reactions were performed for 3h (37 °C) and concluded by an
additional enzyme inactivation step (80 °C; 20 min). The whole Golden Gate
reaction volume was used to transform chemically competent E. coli DH10B cells.
After heat shock transformation and recovery, the mixture was plated in different
quantities on selective LB Agar plates (50 ug x mL-! X-Gal; 100 ug x mL~! Spec-
tinomycin; 150 pM IPTG). Based on the occurrence of the lacZ selection marker
one can easily distinguish between white colonies (recombined plasmid) and empty
plasmid (blue). In general, the described protocol led to several thousand recom-
binant colonies with a nearly absolute proportion (>99%) of recombined, white
colonies. Single colonies were checked for correct insert sizes by means of colony
PCR (pAGM9121 sequencing primer; Supplementary Table 1). Positively identified
clones were inoculated into 4 mL of TB-Medium (100 ug x mL~! Spectinomycin)
and corresponding plasmid DNA prepared (NucleoSpin Plasmid Kit (Macherey-
Nagel, Diiren, DE)). After verification of the correct, intended insert sequence by
Sanger Sequencing (Eurofins Genomics, Ebersbach, DE) respective plasmids were
included for further use within the modular Golden Gate cloning approaches.

Golden Gate cloning of expression plasmids. The expression plasmids (S. cer-
evisiae: pAGT572_Nemo and pAGT572_Nemo 2.0; P. pastoris: pPAP001 and
PpPAP002) were used as respective acceptor plasmid for the assembly of the indi-
vidual tripartite open reading frames (5 Signal Peptide-Gene-C-terminal Tag 3 ).
The individual parts were thereby derived as parts from standard level 0 plasmids
(pPAGM9121 backbone), which can be released from the pAGM9121 backbone
upon Bsal restriction digest. Golden Gate reactions were performed in a total
volume of 15 pL. The final reaction volume contained 1-fold concentrated T4 ligase
buffer. Prepared reaction mixtures containing ligase buffer, the acceptor plasmid
(20 fmol) and the corresponding inserts as level 0 modules (Signal Peptide, Gene,
C-terminal Tag) were added to 20 fmol each and the overall volume adjusted to
13.5 uL with ddH,O. In the case of a signal peptide shuffling approach 17 different
PAGM9121- Signal Peptide combinations were added in equimolar ratios (1.2 fmol
each). In a final step, the corresponding enzymes were quickly added. First, a
volume of 0.5 uL of the restriction enzyme Bsal (10 units/pL) was added and then
1 uL (1-3 units/pL) of T4 ligase. Golden Gate reactions were performed using a
temperature cycling program (50x passes) between 37 °C (2 min) and 16 °C (5 min)
and concluded by an additional enzyme inactivation step (80 °C; 20 min). The
whole Golden Gate reaction volume was used to transform chemically competent
E. coli DH10B cells. After heat shock transformation and recovery the mixture
(approx. 320 pL) was split into two fractions, 50 L were plated on selective LB
Agar plates (+ X-Gal; 100 ug x mL~! Ampicillin; + IPTG) and the remaining
volume used to directly inoculate 4 mL TB Medium (+ Amp) to preserve the
genetic diversity of the shuffling library. The following day the success of the
Golden Gate reaction was evaluated based on the performed blue/white screening,
discriminating the empty plasmid (lacZ; blue) from recombined, white colonies. In
general, the described protocol for ORF assembly and signal peptide shuffling as
special case led to several hundred recombinant colonies with a high proportion
(>90%) of recombined, white colonies. In the case of single defined, “unshuffled”
constructs single colonies were checked for correct insert sizes by means of colony
PCR (using respective plasmid sequencing primer). Positively identified clones
were inoculated into 4 mL of TB-Medium (+Amp) and corresponding plasmid
DNA prepared (NucleoSpin Plasmid Kit (Macherey-Nagel, Diiren, DE)). In the
case of shuffled signal peptide constructs, plasmid DNA was prepared as a library
by direct inoculation of the transformation mixture into the liquid culture and
subsequent DNA isolation (see above).

Plasmid transformation into S. cerevisiae. Respective single plasmids or plasmid
mixtures (pAGT572_Nemo or pAGT572_Nemo 2.0 backbone) were used to
transform chemically competent S. cerevisiae cells (INVScl strain) by polyethylene
glycol/lithium acetate transformation. INVScl cells were prepared and stored

at -80 °C in transformation buffer (15% (v/v) glycerol; 100 mM lithium acetate;
500 uM EDTA; 5mM Tris-HCI pH 7.4) as 60 pL aliquots until usage. For trans-
formation, an amount of 100 ng of the plasmid preparation was added to 10 uL of
lachssperm DNA (10 mg/mL; Sigma Aldrich, Hamburg, DE) and mixed. This
mixture was then added to a thawed aliquot of INVScl cells on ice. 600 uL of
transformation buffer (40% (v/v) polyethylene glycol 4000; 100 mM lithium acet-
ate; 1 mM EDTA; 10 mM Tris-HCI pH 7.4) were added and the cells incubated
under rigid shaking (30 °C; 850 rpm) for 30 min. Afterwards, 70 pL of pure DMSO
was added and the cells incubated for a further 15 min at 42 °C without shaking.
Finally, the cells were precipitated by short centrifugation, the supernatant dis-
carded, and the cell pellet resuspended in 350 uL sterile ddH,O. Different volumes
were plated on Synthetic Complement (SC) Drop Out plates supplemented with
2% (w/v) glucose as carbon source and lacking Uracil as an auxotrophic selection
marker. Plates were incubated for at least 48 h at 30 °C till clearly background
distinguishable white colonies appeared.

Plasmid transformation into P. pastoris. Respective single plasmids or plasmid
mixtures (pPAP001 or pPAP002 backbone) were used to transform P. pastoris cells
(X-33 strain) by means of electroporation. Electrocompetent X-33 cells were pre-
pared according to a condensed transformation protocol for P. pastoris’*. Cells
were stored in BEDS solution (10 mM bicine-NaOH pH 8.3, 3% (v/v) ethylene
glycol, 5% (v/v) DMSO and 1 M sorbitol) as 60 pL aliquots (—80 °C) till further use.
For the transformation of episomal plasmids 20 ng of the circular plasmid were
added to one aliquot of thawed competent X-33 cells. The cell-plasmid mix was
transferred to an electroporation cuvette (2 mm gap) and cooled for 10 min on ice
prior to the transformation. Electroporation was performed using a Micropulser
Device (Bio-Rad, Hercules, US) and using manual implemented, standardised
settings (1.5KkV, 1 pulse) for all transformation setups, leading to a general pulse
interval of 5.4-5.7 ms. Immediately after electroporation cells were recovered in 1
mL of ice-cold YPD-Sorbitol solution (10 g/L peptone, 5 g/L yeast extract, 500 mM
sorbitol), transferred to a new reaction tube and incubated for one hour under rigid
shaking (30 °C, 900 rpm) in a Thermomix device (Eppendorf, Hamburg, DE). After
incubation, cells were precipitated by centrifugation (5.700 rpm, 5 min). The
supernatant was discarded, and the cells resuspended in 200 pL of fresh YPD
medium. 100 pL of the suspension was then plated on selective YPD Agar plates
supplemented with 150 pg/mL Hygromycin B. Plates were incubated at 30 °C for at
least 48 h till clearly visible colonies appeared. In general, the described setup led to
the occurrence of several hundred colonies per plate. For the transformation of
integrative plasmids (pPAP003 backbone) the setup was slightly modified as
linearised plasmid is used for transformation. Therefore, previously prepared cir-
cular plasmid DNA was digested with AscI (Isoschizomer: SgsI). 2.5 pg of the
respective plasmid DNA were mixed with 3 uL of 10x fold FastDigest Buffer, the
volume adjusted to 29.5 uL using ddH,O and in the last step, 0.5 uL of FastDigest
SgsI added. Digestion was performed overnight (16 h, 37 °C) and terminated by an
enzyme inactivation step (20 min, 80 °C). Linearised plasmid DNA was then
subsequently prepared according to the manufacturer instruction using a
Nucleospin ° Gel and PCR clean up Kit (Macherey-Nagel, Diiren, DE). The
transformation of P. pastoris was performed in a congruent manner as described
before, except for using 100 ng linearised plasmid for transformation, since the
overall transformation efficiency is substantially reduced in comparison to the
transformation of the circular, episomal plasmid.

Microtiter plate cultivation of S. cerevisiae. For peroxygenase production in
microtiter plate format specialised 96 half-deep well plates were utilised. The model
type CR1496¢ was purchased from EnzyScreen (Heemstede, NL) and plates were
covered with fitting CR1396b Sandwich cover for cultivation. Plates and covers
were flushed before every experiment thoroughly with 70% ethanol and air-dried
under a sterile bench until usage. In each cavity, 220 uL of minimal expression
medium were filled and inoculated with single, clearly separated yeast colonies
using sterile toothpicks. The minimal selective expression medium (1x con-
centrated Synthetic complement Drop out stock solution lacking uracil; 2% (w/v)
galactose; 71 mM potassium phosphate buffer pH 6.0; 3.2 mM magnesium sulfate;
3.3% (v/v) ethanol; 50 mg/L haemoglobin; 25 pg/L chloramphenicol) was freshly
prepared out of sterile stock solutions immediately before each experiment, mixed
and added to the cavities. After inoculation of the wells the plates were covered,
mounted on CR1800 cover clamps (EnzyScreen) and incubated in a Minitron
shaking incubator (Infors, Bottmingen, SUI) for 72 h (30 °C; 230 rpm). After cul-
tivation, the cells were separated from the peroxygenase containing supernatant by
centrifugation (3400 rpm; 50 min; 4 °C).

Microtiter plate cultivation expression in P. pastoris. General experimental
setup as before with S. cerevisiae. Each cavity was filled with 220 uL of buffered
complex medium (BM) and inoculated with single, clearly separated yeast colonies
using sterile toothpicks. Basic BM (20 g/L peptone; 10 g/L yeast extract; 100 mM
potassium phosphate buffer pH 6.0; 1x YNB (3.4 g/L yeast nitrogen base without
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amino acids; 10 g/L ammonium sulfate); 400 pg/L biotin; 3.2 mM magnesium
sulfate; 25 ug/L chloramphenicol; 50 mg/L haemoglobin; 150 ug/L Hygromycin B)
was freshly prepared out of sterile stock solutions immediately before each
experiment, mixed and added to the cavities. Depending on the type of utilised
promoter (pPAP001: Pgap and pPAP002: Pcar;), the BM medium was supple-
mented with different carbon sources for cultivation and induction, respectively.
pPAP001 constructs were cultivated utilising 1.5% (w/v) of glycerol or glucose as
sole carbon source. In the case of the methanol inducible CAT1 promoter, a mixed
feed strategy was employed combining 0.5% (w/v) of glycerol with 1.5% (v/v)
methanol. Cultivation and centrifugation was as described before for S. cerevisiae.

Shake flask cultivation S. cerevisiae. A preculture of 50 mL of SC Drop out
selection media (+ 2% (w/v) raffinose and 25 ug/L chloramphenicol) was inocu-
lated with one single colony derived from a selection plate (SC Drop; -Uracil)
and grown for 48 h (30 °C; 160 rpm; 80% humidity). This incubation typically
resulted in a final ODgponm Of approx. 12 to 13. The main expression culture was
inoculated with a starting optical density of 0.3. For large-scale peroxygenase
production rich non-selective expression medium (20 g/L peptone; 10 g/L yeast
extract; 2% (w/v) galactose; 71 mM potassium phosphate buffer pH 6.0; 3.2 mM
magnesium sulfate; 3.3% (v/v) ethanol; 25 ug/L chloramphenicol) was utilised.
Cultivation was performed in 2.5L Ultra yield flasks (Thomson Instrument,
Oceanside, US) in a final culture volume of 500 mL per flask after sealing the flask
with breathable Aeraseal tape (Sigma Aldrich, Hamburg, DE) allowing for gas
exchange. The main cultures were incubated for further 72 h (25 °C; 110 rpm; 80 %
humidity). After cultivation, the cells were separated from the peroxygenase con-
taining supernatant by centrifugation (4300 rpm; 35 min; 4 °C).

Shake flask cultivation P. pastoris. For the large-scale protein production using
shake flasks genomically integrated single constructs (pPAP 003 backbone; inte-
gration into chromosomal 3’ region of P. pastoris AOX1 gene) were chosen. These
constructs were previously identified by screening at least 4 different colonies per
individual construct within an MTP screening setup and choosing a respective
production strain based on a high as possible, clearly distinguishable NBD con-
version in comparison to the background control (pPAP003 empty plasmid).

Precultures were prepared in 50 mL YPD medium (4 25 pg/L chloramphenicol)
and cultivated for 48 h (30 °C; 160 rpm; 80% humidity), typically resulting in a final
ODgponm of approx. 17 to 19. The main expression culture was inoculated with a
starting optical density of 0.3. For large-scale peroxygenase production BM-based
expression media (20 g/L peptone; 10 g/L yeast extract; 100 mM potassium
phosphate buffer pH 6.0; 1x YNB (3.4 g/L yeast nitrogen base without amino acids;
10 g/L ammonium sulfate); 400 pg/L biotin; 3.2 mM magnesium sulfate; 25 pg/L
chloramphenicol) was utilised. In the case of constitutively expressing GAP
constructs 2% (w/v) Glucose was added (BMG media) as a carbon source for Pichia
growth. In the case of the methanol inducible CAT1 promoter a two-phase feeding
was applied, firstly inoculating the cells into BM medium (see above) supplemented
with 0.5% (w/v) glycerol as carbon source. 24 h and 48 h after inoculation 0.8% (v/
v) of methanol were added as an inducer of the CAT1 promoter. Cultivation and
final centrifugation were performed as described for S. cerevisiae.

Supernatant ultrafiltration and protein purification. The supernatant was con-
centrated approx. 20-fold by means of ultrafiltration. Therefore, a Sartocon Slice
200 membrane holder (Sartorius, Géttingen, DE) was equipped with a Sartocon
Slice 200 ECO Hydrosart Membrane (10 kDa nominal cut-off; Sartorius) within a
self-made flow setup. The flow system for ultrafiltration was operated by an
EasyLoad peristaltic pump (VWR International, Darmstadt, DE). Firstly, the
cleared supernatant (1 L) was concentrated approx. 10-fold to a volume of 100 mL
and 900 mL of purification binding buffer (100 mM Tris-HCl pH 8.0, 150 mM
NaCl) were added as a buffer exchange step. This sample was then concentrated to
a final volume of 50 mL. Protein purification was implemented utilising the C-
terminal attached double Strep II Tag (WSHPQFEK), coined TwinStrep® (Iba
Lifesciences, Gottingen, DE). As column material, Strep-Tactin®XT Superflow®
columns (1 mL or 5mL; Iba Lifesciences) were chosen and the flow system oper-
ated by an EasyLoad peristaltic pump (VWR). In a first step, the column was
equilibrated with 5 column volumes (CVs) binding buffer. The concentrated
sample (50 mL) was filter sterilised (0.2 um syringe filter) and applied to the col-
umn with an approximate flow rate of 1 mL/min. After application, the column was
washed with 7 CVs binding buffer. Elution was performed based on binding
competition with biotin, therefore approx. 2 CV of elution buffer (100 mM Tris-
HCI pH 8.0, 150 mM NaCl; 50 mM biotin) were applied to the column. The pooled
elution fraction was then dialysed overnight (4 °C) against 5L of storage buffer
(100 mM potassium phosphate pH 7.0) using ZelluTrans dialysis tubing (6-8 kDa
nominal cut-off; Carl Roth) and the recovered, dialysed sample stored at 4 °C till
further use.

Plasmid preparation of episomal plasmids from yeast. Yeast plasmids of

identified clones were recovered by means of digestive Zymolase cell treatment and
alkaline cell lysis. Therefore, clones were inoculated and cultivated for 48 h (30 °C;
250 rpm) in 4 mL of selection medium, in case of S. cerevisiae SC Drop out medium
(-Uracil; 2 % (w/v) Glucose) was used and in the case of P. pastoris single colonies

were inoculated into 4 mL of YPD (+ 150 pg/mL Hygromycin) to preserve the
selection pressure. After cultivation cells were pelleted by centrifugation and 1 mL
of washing buffer (10 mM EDTA NaOH; pH 8.0) added and the pellet resuspended
by light vortexing. Cells were subsequently pelleted (5000 x g; 10 min) and the
supernatant discarded. Afterwards, cells were resuspended in 600 pL of Sorbitol
Buffer (1.2 M sorbitol, 10 mM CaCl,, 100 mM Tris-HCI pH 7.5, 35 mM (-mer-
captoethanol) and 200 units of Zymolase (Sigma Aldrich, Hamburg, DE) added
followed by an incubation step for 45 min (30 °C; 800 rpm) for cell wall digestion.
After incubation cells were pelleted by centrifugation (2000 x g; 10 min) the
supernatant discarded, and the plasmid preparation started with an alkaline lysis
step following the manufacturer’s instructions (NucleoSpin Plasmid Kit, Macherey
Nagel). In the final step, yeast-derived episomal plasmids were eluted in 25 pL
elution buffer (5 mM Tris-HCI pH 8.5), and the whole eluate used to transform one
aliquot of E. coli DH10B (transformation as described above), plating the whole
transformation mix on a selective LB-Agar plate (AmpR). On the following day,
single colonies were picked, inoculated into 4 mL of TB medium (4+Amp), plasmid
prepared and sent for Sanger Sequencing (Eurofins Genomics) to elucidate the
respective sequence of the open reading frame.

Thermostability measurements. Thermostability measurements of the purified
enzymes were performed by Differential Scanning fluorimetry (DSF) on a Pro-
metheus NT.48 nanoDSF instrument (NanoTemper Technologies GmbH,
Miinchen, DE) in storage buffer (100 mM Tris-HCI pH 7.0). Approximately 10 uL
of sample volume were loaded into a Prometheus NT.48 High Sensitivity Capillary
(NanoTemper Technologies GmbH). Protein unfolding was subsequently mon-
itored by following the ratio of intrinsic protein tyrosine and tryptophan fluores-
cence at 350 nm to 330 nm over time, increasing the temperature from 20 °C to 95 °
C with a heating ramp of 1 °C per minute. The melting temperature corresponds to
the maximum of the first derivative of the 350/330 nm ratio. All measurements
were performed at least in triplicates.

Split-GFP assay. Protein normalisation was performed employing the principle of
a split GFP normalisation assay as described by Santos-Aberturas et al.> with slight
modifications. The GFP fluorescence complementation fragment sfGFP 1-10 was
cloned into the Golden Mutagenesis plasmid pAGM22082_cRed?? for T7 promoter
controlled expression in E. coli (BL 21 DE3 strain). The sfGFP 1-10 fragment was
prepared as an inclusion body preparation according to the previous reports3>. For
measurement, a 96 well Nunc MaxiSorp Fluorescence plate (Thermo-
FisherScientific, Waltham, US) was blocked (25 min, light shaking) with 180 uL of
BSA blocking buffer (100 mM Tris-HCI pH 7.4, 100 mM NaCl, 10% (v/v) glycerol,
0.5% (w/v) BSA). The blocking solution was discarded and 20 pL of the yeast media
supernatant (S. cerevisiae or P. pastoris) derived from the peroxygenase expression
plates added. A 10 mL aliquot of the sfGFP 1-10 complementation fragment
(storage: —80 °C) was quickly thawed in a water bath and diluted 1x fold into ice-
cold TNG buffer (100 mM Tris-HCI pH 7.4, 100 mM NaCl, 10% (v/v) glycerol) and
180 pL of this screening solution added to each well. Immediate fluorescence values
(GFP fluorophore: excitation wavelength: 485 nm; emission wavelength: 535 nm;
top read mode) were measured using a 96 well plate fluorescence reader Spark 10
M (TECAN, Grodig, AT), setting an empty plasmid control well as 10% of the
overall signal intensity (well calculated gain). After storage of the plate for at least
one up to three nights (at 4 °C) final fluorescence values were measured in a
comparable manner. Protein quantities were then normalised based on the relative
fluorescence increase of each respective well (differential values) and in compar-
ison, to the empty plasmid backbone.

DMP assay. The use of 2,6-Dimethoxyphenol (DMP) as a suitable microtiter plate
substrate for the measurement of peroxygenase catalysed conversion to the col-
orimetric product coerulignone has been described before®. The described con-
ditions have been adapted with slight modifications. In brief, 20 uL of peroxygenase
containing supernatant were transferred to a transparent polypropylene 96-well
screening plate (Greiner Bio-One, Kremsmiinster, AT) and 180 uL of screening
solution (final: 100 mM potassium phosphate pH 6.0; 3 mM 2,6-Dimethoxyphenol;
1 mM hydrogen peroxide) added. Absorption values (\: 469 nm) of each well were
immediately measured after addition in a kinetic mode (measurement interval: 30
s) over a duration of 5 min utilising the 96-well microtiter plate reader SpectraMax
M5 (Molecular Devices, San José, US). Slope values of absorption increase corre-
sponding to coerulignone formation were obtained, paying special attention to the
linearity of the observed slope to obtain reliable relative DMP conversion values for
comparison of the respective wells.

NBD assay. The use of 5-nitro-1,3-benzodioxole (NBD) as a suitable microtiter
plate substrate for the measurement of peroxygenase catalysed conversion to the
colorimetric product 4-Nitrocatechol has been described before3”-7>. Screening as
described above for DMP but adding 180 pL of screening solution (final: 100 mM
potassium phosphate pH 6.0; 1 mM NBD; 1 mM hydrogen peroxide; 12% (v/v)
acetonitrile). Absorption values (A: 425 nm) of each well were immediately mea-
sured after addition in a kinetic mode (measurement interval: 30 s) over a duration
of 5min. Slope values of absorption increase corresponding to 4-nitrocatechol
formation were obtained, paying special attention to the linearity of the observed
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slope to obtain reliable relative NBD conversion values for comparison of the
respective wells.

Resting-state absorption and haem CO complex measurements. The pooled
and dialysed elution fractions (100 mM potassium phosphate pH 7.0) were sub-
sequently used to record absorption spectra of the respective enzymes (MroUPO,
CglUPO, MthUPO, TteUPO) in their native, resting state (ferric iron; Fe3T). For all
measurements, a QS High precision Quartz Cell cuvette (Hellma Analytics,
Miillheim, DE) with a path length of 10 mm was used. Spectra were recorded on a
Biospectrometer Basic device (Eppendorf, Hamburg, DE) in the spectral range
from 250 to 600 nm (interval: 1 nm) and subtracting the utilised storage buffer
(100 mM potassium phosphate pH 7.0) as previous blank measurement. Haem
carbon dioxide spectra (CO assay) were recorded after reducing the haem iron to
its ferrous form (Fe?*t). Therefore, a spatula tip of sodium dithionite as the
reducing agent was added to 1 mL of a respective enzyme fraction (see above) and
mixed thoroughly till complete dissolution. This sample was immediately flushed
with a constant carbon dioxide flow for 2 min (approx. 1 bubble/sec) to obtain the
thiolate-haem carbon dioxide complex. The sample was immediately transferred to
a cuvette and absorption measured as described above. The CO assay was also
employed for the measurement of peroxygenase concentrations in the concentrated
P. pastoris supernatant obtained after ultrafiltration. In this case, the supernatant
was 10-fold diluted with potassium phosphate buffer (100 mM, pH 7.0). A spatula
tip of sodium dithionite was then added to 2 mL of the diluted supernatant sample.
After dividing the respective sample into two parts of 1 mL, one part was treated
with carbon monoxide for 2 min as described above, and the CO untreated sample
is used as a blank reference. Absorption measurements were performed by UV/Vis
spectroscopy using a JASCO V-770 Spectrophotometer (JASCO Deutschland
GmbH, Pfungstadt). The CO absorption maximum was measured at 444 nm, and a
reference absorption wavelength was measured at 490 nm. For calculation, an
extinction coefficient of 91,000 M~ cm~! was used, which appears to be generally
valid for most haem-thiolate enzymes according to literature’®. The enzyme con-
centration in the supernatant was then calculated using the formula:

A444nm - A490nm

c[uM] = dilution factor x m

pH range of NBD conversion. pH dependency of NBD conversion of the
respective enzymes was investigated using different buffer system in the range
between pH 2.0 and 11.0 (even numbers only). Each buffer was prepared as a 100
mM stock solution, potassium phosphate buffer was used for the pH values 2.0, 7.0
and 8.0. Sodium citrate was used in the range of pH 3.0 to 6.0 and Tris-HCI was
used in the range of pH 8.0 to 11.0. Purified enzyme solutions (100 mM potassium
phosphate pH 7.0) were diluted 10 to 20x fold in ddH,0 prior to the measurements
leading to weakly buffered solutions as screening samples. The NBD assay was then
performed as described before, mixing 20 pL of the enzyme dilution with 180 uL
screening solution (87 mM corresponding buffer pH x; 500 uM NBD; 1 mM H,0,).
All samples were measured as three biological replicates. Due to the strong pH-
dependency of the molar extinction coefficient of the corresponding detected
product 4-nitrocatechol a normalisation was performed. Therefore, the product 4-
Nitrocatechol was prepared as 10 mM stock solution dissolved in acetonitrile and
diluted into 990 ul of the corresponding screening buffer (final concentration: 10
uM) and after 5 min an absorption spectrum in the interval of 400 to 600 nm
(Biospectrometer Basic device) recorded. Calculation of the correction factor of the
respective samples (pH 2.0 to pH 11.0) was then performed regarding the utilised
measurement wavelength of 425 nm. Finally, in consideration of the obtained pH
correction factor, individual activity values derived from the respective measured
absorption values were calculated.

Protein concentration determination and purification yield. Protein con-
centrations of the respective protein samples were determined after dialysis of the
elution fractions (storage buffer: 100 mM potassium phosphate pH 7.0). In this
regard, the colorimetric BCA assay was utilised, employing a Pierce™ BCA Protein
Assay Kit (ThermoFisherScientific, Waltham, US) following the instructions of the
manufacturer. Samples were measured in biological triplicates (25 uL of a pre-
viously diluted sample) and concentrations calculated based on a previously per-
formed calibration curve using BSA (0-1000 pug/mL) as reference protein. To
determine the overall yield of enzyme production per litre of culture volume, the
determined concentration in the elution fraction was extrapolated to the overall
NBD activity of the sample after ultrafiltration (column load). This calculation is
performed since NBD is a highly specific substrate for peroxygenase activity,
comparable background samples processed in a similar manner but using empty
plasmid controls did not show any measurable conversion of NBD. Samples of
every purification step (load, flow-through, wash and elution fraction) were col-
lected, and NBD conversion rates of the respective fractions measured immediately
after purification. In the case of non-complete binding of the enzyme fraction
(remaining NBD activity in flow-through fraction) this remaining non-bound
enzyme amount was taken into consideration for calculation for the overall
volumetric production yield. The via BCA assay determined protein concentration
of the elution fraction was extrapolated to the activity of the respective non-bond
fraction, assuming a constant specific enzyme activity for NBD conversion and

considering the volumes of the respective fractions, leading to an approximate
enzyme titre per litre.

SDS gel analysis and PNGaseF treatment. Obtained elution fractions of the
respective UPO enzymes were analysed for the apparent molecular weight and
overall purity after the performed one step TwinStrep purification by means of SDS
PAGE. Therefore, samples of the column load (after ultrafiltration; see above),
elution fractions after dialysis and deglycosylated elution fraction samples were
analysed on self-casted SDS PAGE (10 or 12% of acrylamide) utilising a Bio-Rad
(Hercules, US) Mini-Protean® Gel electrophoresis system. A defined PageRuler
Prestained Protein Ladder (ThermoFisherScientific, Waltham, US) was included,
covering a MW range between 10 and 180 kDa. Proteins were visualised using a
colloidal Coomassie G-250 staining solution. To obtain N-type deglycosylated
protein samples, elution fractions were enzymatically treated with Peptide-N-
Glycosidase F (PNGaseF) from Flavobacterium meningosepticum, which is capable
of cleaving Asparagine linked high mannose type glycan structures as typically
occurring in P. pastoris and S. cerevisiae derived glycosylation patterns. Therefore,
45 puL of a respective elution fraction was mixed with 5 pL of denaturing Buffer
(final 0.5% SDS; 40 mM DTT) and denatured for 10 min (100 °C). After a cooling
step to room temperature 6 pL of NP-40 solution (final: 1 %) and 6 puL of Glyco-
Buffer2 (500 mM sodium phosphate; pH 7.5) were added and the solution thor-
oughly mixed. Finally, 1 uL of PNGaseF (New England Biolabs, Ipswich, US) was
added and the sample incubated under light shaking (37 °C) for 3 h. After incu-
bation, the sample was prepared for further analysis by adding 5x fold SDS sample
buffer and subsequent SDS PAGE analysis executed as described before. In the case
of native deglycosylation, 90 uL of enzyme sample were mixed with 10 uL of
GlycoBuffer2 (500 mM Sodium Phosphate; pH 7.5) and 1 uL of PNGaseF added.
The mixture was incubated at 37 °C in a thermal PCR cycler (24 or 48 h) and
subsequently analysed for UPO activity in comparison with an equally treated
sample (without PNGAseF addition) by means of the NBD assay (see above).

Protein identification by MS. Protein samples after protein purification (in 100
mM Tris-HCI pH 8.0, 150 mM NaCl; 50 mM biotin) were enzymatically digested
with trypsin and desalted according to ref. 77. The resulting peptides were separated
using C18 reverse-phase chemistry employing a pre-column (EASY column SC001,
length 2 cm, ID 100 um, particle size 5 pum) in line with an EASY column SC200
with a length of 10 cm, an inner diameter (ID) of 75 um and a particle size of 3 um
on an EASY-nLC II (all from Thermo Fisher Scientific). Peptides were eluted into a
Nanospray Flex ion source (Thermo Fisher Scientific) with a 60 min gradient
increasing from 5% to 40% acetonitrile in ddH,O with a flow rate of 300 nL/min
and electrosprayed into an Orbitrap Velos Pro mass spectrometer (Thermo Fisher
Scientific). The source voltage was set to 1.9kV, the S Lens RF level to 50%. The
delta multipole offset was -7.00. The AGC target value was set to 1e06 and the
maximum injection time (max IT) to 500 ms in the Orbitrap. The parameters were
set to 3e04 and 50 ms in the LTQ with an isolation width of 2 Da for precursor
isolation and MS/MS scanning. Peptides were analysed using a Top 10 DDA scan
strategy employing HCD fragmentation with stepped collision energies (normal-
ised collision energy 40, 3 collision energy steps, width 15). MS/MS spectra were
used to search the TAIR10 database (ftp://ftp.arabidopsis.org, 35394 sequences,
14486974 residues) amended with target protein sequences with the Mascot soft-
ware v.2.5 linked to Proteome Discoverer v.2.1. The enzyme specificity was set to
trypsin, and two missed cleavages were tolerated. Carbamidomethylation of
cysteine was set as a fixed modification and oxidation of methionine. Searches were
performed with enzyme specificity set to trypsin and semi-trypsin to identify
truncated protein N-termini. The precursor tolerance was set to 7 ppm, and the
product ion mass tolerance was set to 0.8 Da. A decoy database search was per-
formed to determine the peptide spectral match (PSM) and peptide identification
false discovery rates (FDR). PSM, peptide and protein identifications surpassing
respective FDR thresholds of g < 0.01 were accepted.

UPO bioconversions for subsequent GC-MS and chiral HPLC analytics. For the
tested hydroxylation (naphthalene, phenylethane, -propane, -butane and -pentane)
and epoxidation (styrene) reactions, purified UPOs enzyme samples (stored in 100
mM potassium phosphate; pH 7.0) produced in S. cerevisiae were used. Respective
reactions (total volume: 400 pL) were performed as biological triplicates in 100 mM
potassium phosphate (pH 7.0) containing 100 nM of UPO, 1 mM of the respective
substrate and 500 uM H,O,. The substrate was prior dissolved in pure acetone (20
mM stock solution) yielding a 5% (v/v) co-solvent ratio in the final reaction
mixture. Reactions were performed for 60 min (25 °C, 850 rpm) and subsequently
quenched by the addition of 400 pl ethyl acetate (internal standard: 1 mM ethyl
benzoate). Extraction was accomplished by 30 s of vigorous vortexing, followed by
brief centrifugation (1 min, 8400 rpm). The organic layer was then utilised for
respective GC-MS measurements as described in Supplementary Table 7. In the
case of the hydroxylation reaction of N-phthaloyl-phenylethyl amine, purified
UPOs enzyme samples (stored in 100 mM potassium phosphate, pH 7.0.) pre-
viously produced in P. pastoris were used. Reactions (total volume: 500 pL) were
performed as biological triplicates in 100 mM potassium phosphate (pH 7.0)
containing 100 nM of the respective UPO, 250 uM of the substrate N-phthaloyl-
phenylethyl amine and 250 uM H,O,. The substrate was prior dissolved in pure
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acetone (5 mM stock solution) yielding a 5% (v/v) co-solvent ratio in the final
reaction mixture. Reactions were performed for 60 min (30 °C, 850 rpm) and
subsequently quenched by the addition of 650 pL ethyl acetate (internal standard: 1
mM ethyl benzoate). Extraction was accomplished by 30's of vigorous vortexing,
followed by brief centrifugation (1 min, 8400 rpm). 200 pL of the resulting organic
layer were utilised for GC-MS measurements. The remaining organic solvent was
evaporated using a mild nitrogen stream, the precipitate resolved in 200 pL iso-
propanol and utilised for chiral HPLC measurements. For the larger scale hydro-
xylation reaction of N-phthaloyl-phenylethyl amine with CgIUPO general
procedures were followed as described above with some slight alterations. In
contrast to the previous small-scale reaction (500 pL), within this approach, ten
reactions (each total volume: 1 mL) were performed in parallel in 100 mM
potassium phosphate (pH 7.0) containing 250 nM CglUPO, 250 uM substrate and
250 uM H,0,. Reactions were performed for 60 min (30 °C, 850 rpm) and subse-
quently quenched by the addition of 1 mL ethyl acetate to each reaction vial.
Extraction was accomplished by 30 s of vigorous vortexing, followed by brief
centrifugation (1 min, 8400 rpm). The organic layers of all samples were combined,
and the solvent was gradually evaporated using a mild nitrogen stream. The pre-
cipitate was then resolved in 200 pL isopropanol and utilised for chiral HPLC
measurements (Supplementary Figs. 18-20).

Achiral gas chromatography-mass spectrometry (GC-MS). Measurements
were performed on a Shimadzu GCMS-QP2010 Ultra instrument (Shimadzu,
Kyoto, JP) using a SH-Rxi-5Sil MS column (30 m x 0.25 mm, 0.25 pm film, Shi-
madzu, Kyoto, JP) or OPTIMA 5MS Accent column (25 mx 0.20 mm, 0.20 pm
film, Macherey-Nagel, Diiren, DE) and helium as carrier gas. 1 pl of each sample
was injected splitless with an injection temperature of 280 °C. The split/splitless
uniliner inlets (3.5 mm, 5.0 x 95 mm for Shimadzu GCs, deactivated wool) from
Restek (Bad Homburg, DE) were utilised and regenerated if needed by CS-
Chromatography (Langerwehe, DE). The temperature program was adjusted, as
shown in Supplementary Table 7. The interface temperature was set to 290 °C.
Ionisation was obtained by electron impact with a voltage of 70 V, and the tem-
perature of the ion source was 250 °C. The MS is equipped with dual-stage tur-
bomolecular pumps and a quadrupole enabling a selected ion monitoring
acquisition mode (SIM mode). Calibration and quantification were implemented in
SIM mode with the corresponding m/z traces, as shown in Supplementary Table 7.
The detector voltage of the secondary electron multiplier was adjusted in relation to
the tuning results with perfluorotributylamine. The GC-MS parameter was con-
trolled with GCMS Real Time Analysis, and for data evaluation, GCMS Postrun
Analysis (GCMSsolution Version 4.45, Shimadzu, Kyoto, JP) was used.

Chiral gas chromatography-mass spectrometry (GC-MS). Measurements were
performed on a Shimadzu GCMS-QP2020 NX instrument (Shimadzu, Kyoto, JP)
with a Lipodex E column (25 m x 0.25 mm, Macherey-Nagel, Diiren, DE) and
helium as carrier gas. 1 ul of each sample was injected splitless with an OPTIC-4
(Shimadzu, Kyoto, JP) injector utilising a temperature profile in the liner (35 °C, 1 °
C/s to 220 °C hold 115 s). The column temperature program was adjusted as shown
in Supplementary Table 7. The interface temperature was set to 200 °C. Ionisation
was obtained by electron impact with a voltage of 70 V, and the temperature of the
ion source was 250 °C. The MS is equipped with dual stage turbomolecular pumps
and a quadrupole enabling a selected ion monitoring acquisition mode (SIM
mode). Calibration and quantification were implemented in SIM mode with the
corresponding m/z traces, as shown in Supplementary Table 7. The detector voltage
of the secondary electron multiplier was adjusted in relation to the tuning results
with perfluorotributylamine. The GC-MS parameters were controlled with GCMS
Real Time Analysis, and for data evaluation GCMS Postrun Analysis (GCMSso-
lution Version 4.45, Shimadzu, Kyoto, JP) was used.

GC-MS calibration curves. For product quantification, calibration curves were
created as depicted in Supplementary Fig. 15. The quantification was achieved in
Scan mode (N-(2-hydroxy-2-phenylethyl) phthalimide) or SIM mode (all other
substrates) whereby each concentration data point was measured as triplicates and
correlated to an internal standard (IS). The final product concentration was
adjusted in 100 mM potassium phosphate buffer (pH 7.0) with the corresponding
stock solutions in acetone yielding to 5% (v/v) final co-solvent proportion in the
buffer system. Extraction was achieved adding 650 pL (N-(2-hydroxy-2-pheny-
lethyl)phthalimide) or 400 uL (all other substrates) of ethyl acetate (containing 1
mM of the internal standard) and vortexing for 30 s, followed by brief cen-
trifugation (1 min, 8400 rpm). The organic layer was utilised for GC-MS mea-
surements applying the corresponding temperature program as listed in
Supplementary Table 7. For enantiomeric product identification corresponding R-
enantiomer standards were utilised (Supplementary Fig. 16).

Preparative work

N-Phthaloyl-phenylethyl amine. Phthalic anhydride (0.59 g, 4.0 mmol), phenylethyl
amine (0.51 mL, 4.0 mmol) were dissolved in dichloromethane (40 mL) at room
temperature. Molecular sieves (4 A pore diameter) and triethylamine (2.0 mL, 14.5
mmol) were added, and the reaction mixture was refluxed for 36 h. After the
reaction was completed (TLC control) the mixture was filtered, and the solvent was

evaporated under reduced pressure. The residue was dissolved in ethyl acetate,
washed with sodium bicarbonate solution and water and dried over sodium sul-
phate. After filtration, the product was obtained under reduced pressure to yield
0.31 g (80%) as an orange solid. No further purification was necessary.

1H-NMR (400 MHz, CDCl,): § 7.83 (dd, J 5.4, 3.1 Hz, 2H), 7.70 (dd, J 5.5, 3.0
Hz, 2H), 7.32 - 7.17 (m, 5H), 3.96 - 3.90 (m, 2H), 3.02 - 2.95 (m, 2H) ppm;

I3C-NMR (100 MHz, CDCl): § 168.15, 137.99, 133.88, 132.06, 128.83, 128.53,
126.62, 123.19, 39.27, 34.60 ppm;

MS (ESI, MeOH): m/z 274.1 ([M + Na]1), calcd: 251.09.

(R,S)-2-N-Phthaloyl-1-phenylethanol. Phthalic anhydride (0.30 g, 2.0 mmol) and 2-
amino-1-phenylethanol (0.27 g, 2.0 mmol) were placed into a microwave vessel
under stirring (magnetic). The vessel was heated to 150 °C for 30 min in the
microwave reactor. After cooling to room temperature, the product was washed
with HCI (1 M, 20 mL) and recrystallised from dichloromethane/n-hexane to yield
0.47 g (89%) as colourless crystals.

TH-NMR (400 MHz, CDCLy): § 7.82 (dd, J 5.4, 3.1 Hz, 2H), 7.70 (dd, ] 5.5, 3.0
Hz, 2H), 7.48 — 7.40 (m, 2H), 7.39 - 7.27 (m, 3H), 5.06 (dt, J 8.6, 4.2 Hz, 1H), 4.07 —
3.85 (m, 2H), 3.03 (d, J 5.0 Hz, 1H) ppm;

I3C-NMR (100 MHz, CDCl,): § 168.69, 141.02, 134.06, 131.81, 128.53, 128.03,
125.83, 123.39, 72.47, 45.67 ppm;

MS (ESI, MeOH): m/z 268.1 ([M + H] 1), 290.0 ([M + Na]*t), calcd: 267.09.

(S)-(+ )-2-N-Phthaloyl-1-phenylethanol (chemical conversion). Phthalic anhydride
(0.30 g, 2.0 mmol) and (S)-( + )-2-amino-1-phenylethanol (0.27 g, 2.0 mmol) were
placed into a microwave vessel under stirring (magnetic). The vessel was heated to
150 °C for 30 min in the microwave reactor. After cooling to room temperature, the
product was washed with HCI (1 M, 20 mL) and recrystallised from dichlor-
omethane/n-hexane to yield 0.44 g (82%) as colourless crystals.

1H-NMR (400 MHz, CDCl,): 8 7.85 (dd, J 5.5, 3.1 Hz, 2H), 7.73 (dd, J 5.5, 3.1
Hz, 2H), 7.50 - 7.27 (m, 5H), 5.19 — 4.96 (m, 1H), 4.10 - 3.86 (m, 2H), 2.97 — 2.78
(m, 1H) ppmy;

I3C-NMR (100 MHz, CDCl,): § 168.75, 141.05, 134.13, 131.88, 128.60, 128.11,
125.86, 123.46, 72.68, 45.76 ppm;

MS (ESI, MeOH): m/z 289.9 ([M + Na]™t), calcd: 267.09;

[a]%, + 23.9(c0.75, CHCL,).

(S)-(+ )-2-N-Phthaloyl-1-phenylethanol (enzymatic conversion). N-Phthaloyl-phe-
nylethyl amine (15.8 mg, 62.9 umol) was dissolved in acetone (15 mL) and poured
into a solution of potassium phosphate buffer (100 mM, 263 mL, pH 7.0), hydrogen
peroxide (210 uM, 3.2 mL) and MthUPO (250 nM, 15 mL). The solution (total: 300
mL) was stirred at 30 °C for 1 h. Afterwards the mixture was extracted using ethyl
acetate (3 x 60 ml). The organic phase was washed with brine, dried with sodium
sulphate, filtered and concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel using dichloromethane/ethyl
acetate with 1% formic acid (1/5 — 1/1) obtaining 9.70 mg (57 %) (S)-(+ )-2-N-
Phthaloyl-1-phenylethanol as a pale-yellow solid.

IH-NMR (400 MHz, CDCl,): 8 7.86 (dd, J 5.5, 3.1 Hz, 2H), 7.73 (dd, J 5.5, 3.0
Hz, 2H), 7.49 - 7.43 (m, 2H), 7.42 - 7.27 (m, 3H), 5.08 (dd, J 8.7, 3.6 Hz, 1H), 4.11
- 3.86 (m, 2H), 2.83 (s, 1H) ppm;

13C-NMR (100 MHz, CDCl5): 6 168.76, 141.04, 134.14, 131.89, 128.62, 128.13,
125.86, 123.48, 72.72, 45.77 ppm;

MS (ESI, MeOH): m/z 289.9 ([M + Na] ™), calcd: 267.09;

[a]5, 4 21.0(c1.55, CHCl,).

N-Phthaloyl-2-oxo-phenylethyl amine. (R,S)-N-Phthaloyl-phenylethanol (0.18 g,
0.67 mmol) was dissolved in dimethyl sulfoxide (6 mL) at room temperature.
Under ice cooling, acetic anhydride (1.2 mL) was added, and the reaction mixture
was stirred for 16 h at room temperature. After the reaction was completed (TLC
control) the mixture was quenched with ethyl acetate (20 mL), and the mixture was
washed with sodium perchlorate solution (6 %), sodium thiosulfate solution (10 %)
and brine and dried over sodium sulfate. After filtration, the product was obtained
under reduced pressure to yield 0.15 g (84 %) as a colourless solid. No further
purification was necessary.

IH-NMR (400 MHz, CDCl3): & 8.06 - 7.98 (m, 2H), 7.91 (dd, /= 5.5, 3.0 Hz, 2H),
7.76 (dd, J = 5.5, 3.0 Hz, 2H), 7.69 - 7.48 (m, 3H), 5.14 (s, 2H) ppm;

I3C-NMR (100 MHz, CDCl3): § 190.94, 167.88, 134.43, 134.11, 134.02, 132.25,
128.89, 128.14, 123.55, 44.19 ppmy;

MS (ESI, MeOH): m/z 288.1 ([M + Na] ™), calcd: 265.07.

Column and analytic thin layer chromatography. All solvents for column
chromatography were purchased from Merck Millipore (Darmstadt, DE) and
distilled prior to use. Column chromatography was carried out using Merck silica
gel 60 (40-63 um). For analytic thin layer chromatography, Merck TLC silica gel 60
F254 aluminium sheets were used. Compounds were visualised by using UV light
(254/366 nm).
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Nuclear magnetic resonance (NMR). NMR spectra were recorded using a 400
MHz Agilent DD2 400 NMR spectrometer at 25 °C. The chemical shifts of 1H
NMR spectra are referenced on the signal of the internal standard tetramethylsilane
(6=0.000 ppm). Chemical shifts of 13 C NMR spectra are referenced on the
solvent residual signals of CDCl; (6 = 77.000 ppm).

Electrospray ionisation mass spectrometry (ESI-MS). ESI mass spectra were
recorded on an API3200 Triple Quadrupole mass spectrometer (AB Sciex)
equipped with an electrospray ion source (positive spray voltage 5.5kV, negative
spray voltage 4.5kV, source heater temperature 400 °C).

Specific optical rotation. Specific optical rotations of compounds were recorded
on a P-2000 Digital Polarimeter (JASCO, Pfungstadt, DE) utilising a wavelength of
589 nm.

Chiral HPLC. HPLC chromatograms were recorded on an Agilent High Perfor-
mance LC (Agilent Technologies, Waldbronn, DE). The used chiral column
material was Chiralpak AS-H HPLC (Daicel, Tokyo, JP) (25 cm x 4.6 mm). Sub-
stances were dissolved in HPLC-grade isopropanol prior to analysis, and a sample
volume of 5 pL injected. The eluent (20% isopropanol, 80% n-hexane) was used in
a flow rate of 1 mL/min with the runtime of 30 min at 30 °C.

Microwave reactions. Microwave reactions were carried out using an Initiator +
device (Biotage, Diisseldorf, DE).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its Supplementary Information files. Source data is provided as
Supplementary Data 1.
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This chapter presents a methodology for expressing and secreting novel unspecific peroxygenases
(UPOs), characterized by unknown structures and initially lacking secretion. The workflow con-
sists of the application of an algorithm called PROSS to increase protein stability to AlphaFold2
model structures of 10 unique UPOs, followed by a signal peptide shuffling to facilitate heterol-
ogous production. Screening of the enzyme variants revealed nine functionally active UPOs, all
produced in the heterologous host P. pastoris, among them three UPOs from oomycetes, which are
the first non-fungal UPOs to be experimentally characterized. This workflow shows a successful
combination of computational (AlphaFold2 and PROSS) and laboratory (signal peptide shuffling)
methods to enable enzyme engineering. Additionally, the high accuracy and reliability demon-
strated by the new modeling and design methods underscore their potential to considerably ex-

pand the enzyme pool available for both research and practical applications.
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ABSTRACT: Unspecific peroxygenases (UPOs) are fungal new UPOs

enzymes that attract significant attention for their ability to e

perform versatile oxyfunctionalization reactions using H,O,. Unlike T>f }}éﬁ%

other oxygenases, UPOs do not require additional reductive  AlphaFold2 5}%5%& (8

equivalents or electron transfer chains that complicate basic and {;‘é‘f 00 m
applied research. Nevertheless, UPOs generally exhibit low to no PROSS l ‘ - ;zy
heterologous production levels and only four UPO structures have *phytopathogenic ’(
been determined to date by crystallography limiting their *3 non-fungal UPOs

usefulness and obstructing research. To overcome this bottleneck,
we implemented a workflow that applies PROSS stability design to
AlphaFold2 model structures of 10 unique and diverse UPOs 90 % success rate

followed by a signal peptide shuffling to enable heterologous

production. Nine UPOs were functionally produced in Pichia pastoris, including the recalcitrant CciUPO and three UPOs derived
from oomycetes—the first nonfungal UPOs to be experimentally characterized. We conclude that the high accuracy and reliability of
new modeling and design workflows dramatically expand the pool of enzymes for basic and applied research.

9 functional enzymes

KEYWORDS: unspecific peroxygenase, yeast, Pichia pastoris, enzyme design, heterologous expression, protein stability

B INTRODUCTION previous work: An AgeUPO variant (hereinafter: PaDa-I),
which was evolved for higher heterologous production, exhibits
nine mutations compared to the wild type, four of them are
within the signal peptide. The mutations in the signal peptide
alone resulted in a 27-fold improvement in functional
production in Saccharomyces cerevisiae.” Building on this
work, our lab pursued an approach that focused on rapidly
testing a signal peptide panel derived from yeast organisms,
basidiomycetes, ascomycetes, and animals rather than evolving
the natural signal peptide. With that approach, the production
level in S. cerevisiae of the AqeUPO variant PaDa-I could be
further doubled compared to the evolved signal peptide.'® This
signal peptide shuffling technique further enabled the
production of six other UPOs.'® Further increase in
heterologous production was achieved through a combined
shuffling of a promotor and signal peptide library in Pichia
pastoris (syn. Komagataella phaffii)."”

In addition to poor secretion, low heterologous production
could be due to marginal protein stability.”> Production under

Unspecific peroxygenases (UPOs) are secreted, fungal
enzymes that have attracted great interest in recent years. °
They perform versatile oxyfunctionalization reactions like
hydroxylations and epoxidations on a broad substrate scope.”
In contrast to P450 monooxygenases, UPOs do not rely on
molecular oxygen, NAD(P)H, and electron transport chains
but solely require hydrogen peroxide as a cosubstrate, in which
the oxygen is already prereduced.”® They are divided into two
major groups: long- and short-type UPOs (group I and II) of
approximately 45 and 29 kDa.

The stability of UPOs, their substrate scope,4 and turnover
numbers (TONs) of up to 900,000 strongly favor them for
industrial application.” So far, the main limitation to using
UPOs has been their poor and difficult heterologous
production. Although databases contain sequence information
on >4000 putative UPOs,”® only about S0 have been
heterologously produced since the discovery of this family in
2004.'°7*" Thus, selecting UPOs for fundamental and applied
research is dominated by considerations of heterologous
production, limiting the phylogenetic and functional scope of
enzymes that have been subjected to research.

As extracellular enzymes, UPOs require an N-terminal signal
peptide that coordinates cell trafficking and secretion. The
importance of the signal peptide choice regarding the quantity
of the secreted target protein has been demonstrated in a
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Figure 1. Overview of the different steps of the work protocol.

non-native conditions such as overexpression or the use of
heterologous expression systems can lead to improperly folded
proteins or aggregation” resulting in low protein yields.
Increasing native-state stability may consequently lead to
improved yields. Campaigns to enhance stability and
production levels by introducing beneficial mutations based
on directed evolution have been successful>*** However, the
high labor intensity of this iterative approach renders it
challenging to use when multiple enzymes are targeted.
Furthermore, these approaches require detectable starting
levels of secretion and activity in the relevant host, but some
UPOs exhibit none. To address such challenges in heterolo-
gous production, in recent years, several alégorithms have been
developed to design stabilizing mutations.”*”*” Among them is
the Protein Repair One-Stop Shop (PROSS) algorithm.***
PROSS combines phylogenetic analysis with Rosetta atomistic
calculations to design multipoint mutants with a favorable
native-state energy. In dozens of previous studies, stability
increases were accompanied by gains in functional production
levels after a single design calculation and experimental
screening of 3—S constructs per protein target.sl’32 These
studies include, among others, the successful design of
challenging oxygenases, such as high—redox potential laccases
and versatile peroxidases (VPs).*"”

Until recently, however, PROSS was limited only to the
small fraction of enzymes for which crystallographic structures
are available. With only four experimentally determined UPO
structures, this class of enzymes is not amenable to atomistic
design calculations.'””*™* In a previous study dedicated to
improve the functional expression of VPs using trRosetta, a
legacy Al-based structure predictor, and PROSS, three of 11
enzymes that could not be functionally expressed in yeast
before were functionally produced and characterized.”'

The dramatic recent improvement in Al-based ab initio
structure prediction methods such as AlphaFold2 has enabled
predictions that are almost as accurate as those obtained from
X-ray crystallography.*®*” These groundbreaking develop-
ments could enable the use of AlphaFold2 to provide
structures for PROSS designs and empower researchers to
unleash the full potential of improving protein production and
stability directly from sequence with no recourse to
experimental data. In the current study, we combine the
much more accurate AlphaFold2 predictor with PROSS and
signal peptide shuffling to 10 UPOs, achieving unprecedented
levels of success with nine enzymes exhibiting functional
heterologous expression compared with only one of the 10
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wild-type enzymes exhibiting limited functional expression
(Figure 1).

B RESULTS AND DISCUSSION

Sequence Selection, Design Calculations, and Library
Construction. We chose eight short-type UPOs derived from
phytopathogens (Table 1), as UPOs from phytopathogenic

Table 1. Overview of the UPOs Studied in This Work

enzyme original organism type division/class
BciUPO Botrytis cinerea” short-type  Ascomycota
BlaUPO Bremia lactucae” short-type  Oomycota
CciUPO Coprinopsis cinerea long-type Basidiomycota
CgrUPO Colletotrichum graminicola” short-type  Ascomycota
ChiUPO Colletotrichum higginsianum®  short-type ~ Ascomycota
FgrUPO Fusarium graminearum® short-type ~ Ascomycota
FoxUPO Fusarium oxysporum™ short-type  Ascomycota
GmaUPO  Galerina marginata long-type Basidiomycota
PcaUPO Phytophthora cactorum® short-type  Oomycota
PinUPO Phytophthora infestans” short-type  Oomycota

“Phytopathogenic organism.

fungi may be involved in coping with plant defensive
compounds.”®*”  Gaining access to those enzymes could
prove to be a crucial step in understanding their role in the
natural environment. Three of these UPOs originate from
nonfungal oomycetes, which are more closely related to algae
than fungi, further expanding the scope and novelty of our
study as these would be the first functionally characterized
UPOs from nonfungal origin."”*" In addition to these short-
type UPOs, we subjected two challenging long-type UPOs
derived from basidiomycetes to prove the generality of the
protocol (Figure 2). In previous work, we used signal peptide
shuffling to successfully produce an UPO derived from
Galerina marginata in S. cerevisiae; yet, the recombinant
enzyme did not exhibit detectable activity.'” Another UPO
derived from G. marginata, which exhibits 94% sequence
identity to the one we selected, was shown recently (after the
start of our work) to be functionally expressed in P. pastoris."*
Throughout this work, we use the name GmaUPO referring to
the first published GmaUPO."® CciUPO has so far only been
produced in Aspergillus oryzae'®** and not in any fast-growing
microbe but holds substantial scientific interest for its relatively
high activity levels.""**~*

https://doi.org/10.1021/acscatal.4c00883
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Figure 2. Neighbor-joining phylogenetic tree of selected previously known and heterologously produced UPOs (before September 2023) and our
new UPO targets using Jukes—Cantor genetic distances. Basidiomycota (green), Ascomycota (red), and Oomycota (blue) (Table S3). UPOs in
bold font were examined in this work. The dotted lines separate UPO sequences of group I and II (short and long UPOs). Generated with

Geneious Prime 2023.1.2 (Biomatters Inc., Auckland, New Zealand).

The ten selected UPO sequences were modeled using
AlphaFold2 (AF2; October 2021 release) and relaxed via the
AF2 suite using AMBER. All models show high predicted
reliability (average pLDDT score >90% for the best model).
The model with the highest pLDDT score out of five
calculated models for each target was subjected to the
PROSS stability design.

PROSS combines phylogenetic analysis and Rosetta atom-
istic calculations to restrict design choices at each position
according to their likelihood to occur in evolution and to
stabilize the native state. In the final step, Rosetta
combinatorial design is used to compute up to nine designs
per starting structure with varying numbers of stabilizing
mutations. As AF2 does not model ligands, we used the
previously determined structures of MroUPO (pdb:SFUK) and
PaDa-I (pdb:SOXU) as templates for determining the
positions involved in the essential heme and magnesium
(Mg*)* binding. All AF2 models aligned well with the
reference crystal structures (long UPOs root-mean-square
deviation (RMSD) to 50XU: <0.5 A; short UPOs RMSD to
SFUK: <1.1 A). Furthermore, the amino acids that coordinate
heme and Mg** exhibit similar constellations as those in the
reference crystallographic structures (Figure S18). These
amino acids were not allowed to mutate or change
conformations during design calculations. The design was
further restricted in the substrate tunnel, putative N-
glycosylation sites, regions that structurally vary between the
five calculated AF2 models, regions with low AF2-predicted
accuracy (pLDDT <90% or 5 A from these residues), and
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segments that are aligned to only a few sequence homologues.
Finally, three designs for each enzyme were selected with
different mutational loads of low (7—13 mutations, on average
4% of the sequence), medium (14—22 mutations, on average
7% of the sequence), and high (21—34 mutations, on average
11% of the sequence) for experimental testing (Table S1).

Seventeen different signal peptides'® were fused to each of
the 30 enzyme variants (three PROSS designs for each of the
10 UPO enzymes) leading to 510 different designs that were
analyzed. All signal peptides and utilized vectors are available
via Addgene (Yeast Secrete and Detect Kit #1000000166).

Functional Expression of Stabilized UPOs. Each variant
was analyzed for its activity toward the two peroxidase
substrates: (i) ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) and (ii) DMP (2,6-dimethoxyphenol). Addi-
tionally, secretion was detected via a split-GFP assay'” (Figures
$1-S10).

PROSS designs of nine of the 10 UPO targets showed
detectable secretion via the split-GFP assay (Figure 3). Of
these nine, seven were active toward at least one of the
substrates under screening conditions with five displaying
activity toward ABTS and seven toward DMP (Figure 3).
Solely, FoxUPO exhibited no secretion or activity.

Secretion and activity greatly varied among the PROSS
variants. For CgrUPO and FgrUPO, the highest secretion levels
were seen in the PROSS designs with the lowest mutational
load. For BciUPO, CcUPO, ChiUPO, and PinUPO, the
highest secretion levels were achieved with a medium
mutational load. BlaUPO, GmaUPO, and PcaUPQO showed

https://doi.org/10.1021/acscatal.4c00883
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Figure 3. Comparison of the best PROSS design (orange) of each UPO with its corresponding wild type (yellow), expressed with the same signal
peptide under screening conditions. Empty vector as the negative control (gray). Display of all three screening assays ABTS, DMP, and split-GFP.
For each assay, the values are standardized to the positive control (MthUPO, not displayed). Only the ABTS assays of CcilUPO_d7 and
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Data are mean + SD. Measurements were performed in general with eight replicates (n = 8), n = 6 in the case of CgrUPO_d4, and n = 12 in the

case of ChiUPO_d7.

the highest secretion levels with the design carrying the highest
number of mutations (Tables S1 and S2). Thus, as observed in
previous studies, the number of mutations introduced during
design is only weakly correlated with the observed improve-
ment in production levels.*’

We also observed a huge variation in secreted enzyme levels,
depending on the signal peptide. This variation can be
demonstrated, for instance, by ChiUPO secretion relative to
the positive control (MthUPQ). The best ChiUPO PROSS
variant (ChiUPO_d7, 19 mutations, medium mutational load)
led to three different signal peptide-dependent secretion levels:
(i) within a range of 100—300% of the fluorescence signal
compared to the positive control, (ii) between 20 and 60% of
the positive control signal, and (iii) below 10% of the positive
control fluorescence signal (Figure S1). This observation
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further emphasizes the enormous potential of signal peptide
shuffling.'®"”

The best-performing signal peptide varied among the
different UPOs. During the screening of GmaUPO and
CciUPO variants, we confirmed that long-type UPO signal
peptides were generally more prevalent for these long-type
UPOs.'*"” GmaUPO showed the highest secretion level and
activity with its natural signal peptide. In contrast, short-type
UPOs did not show a preference for any signal peptide group,
as previously observed.'®'? To reduce the screening effort of
future studies of long-type UPOs, our results recommend using
a reduced library containing only long-type UPO signal
peptides. The diversity in signal peptides and differing
mutational loads for the different PROSS variants indicates
the strength of the combined approach, as neither the most

https://doi.org/10.1021/acscatal.4c00883
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Table 2. Selection of Oxyfunctionalization Products Obtained with PROSS-Stabilized UPO Designs”

OH
A OH o] B OH o] C /\/\/Y + /\/\/k/
AN ——> 8 OH 10
O—Q0O+ o — + o
/\/\/\n/ +
1 2 3 4 5 6 7 9 O 11
Enzyme TON Enzyme TON Enzyme TON
2 3 5 6
BciUPO_d7 6+1 310.1 CciUPO_d7 -OH 2449 (8) 506+33 (10)
CciUPO_d7  1793#353 13614  CciUPO_d7 198+19  2418%180 =0 430427 (9) 5641 (11)
CgruPO_d4 38+1 n.d. GmaUPO_d9 -OH 4+1 (8) 306+11 (10)
GmaUPO_d9 1452+85  223+25  GmaUPO_d9 334+21  2284+195 -0 331443 (9) 92411 (11)
D o) E OH 0 F
B O,N lo) O,N o) O,N OH
— CO—C0+CO "C—"C»— XL
0 (0] OH
12 13 14 15 16 ° 17 18
Enzyme TON Enzyme TON Enzyme TONI<
15 16
BciUPO_d7 6319 BciUPO_d7 39+9 1713 BciUPO_d7 23012
BlaUPO_d9 46112 BlaUPO_d9 12+2 n.d.
CciUPO_d7 3320167 CciUPO_d7 6717 184+7 CciUPO_d7 725+16
CgruPO_d4 56+8 CgruPO_d4 57+1 n.d. CgruPO_d4 23+1
GmaUPO_d9 37474378 GmaUPO_d9 98+13 16745 GmaUPO_d9 69914
PcaUPO_d9 179+13 PcaUPO_d9 n.d. 4612 PcaUPO_d9 272+ 6lb!
PinUPO_d7 1766 PinUPO_d7 2707 (bl

“TONs are based on GC-MS measurements if not stated otherwise and comparison with product standards. TON data are mean + SD of
measurements performed in triplicates. Reaction conditions are as follows: 4 mM substrate, 1.5 mM H,0, (slow addition over the course of the
reaction), 5% acetone (v/v), 250 nM enzyme, 0.1 mM potassium phosphate buffer (pH 7.0), 2 h reaction time, 30 °C. "Reaction time overnight.
“TON' s are based on absorption measurement. TON data are mean + SD of measurements made in triplicates.

suitable signal peptide nor the best PROSS design can be
determined a priori; yet, the effort required to screen their
combinations is more limited than a typical in vitro evolution
campaign.

To assess the significance of the PROSS mutations on the
enzymes, the best-performing signal peptide for each enzyme
was combined with the corresponding wild-type variants. Most
wild-type UPOs exhibited some degree of secretion, according
to the split-GFP assay. Only wild-type GmaUPO and wild-type
BciUPO showed increased secretion compared to their
respective PROSS designs. All other wild-type UPOs displayed
decreased secretion rates compared with the PROSS designs
(Figure 3). Upscaling experiments revealed that secretion of
wild-type BciUPO was not possible in shake flasks, while the
best PROSS design of BciUPO (BciUPO_d7, medium
mutational load) was actively secreted under these conditions,
suggesting that the production conditions are another critical
determinant of functional production.’® The only wild-type
enzyme that showed activity during this work was CciUPO, but
its activity level was fivefold lower than the best PROSS design
for this enzyme (Figure 3). From these experiments, we
conclude that although some of the selected UPOs are
producible in their wild-type form, the PROSS designs showed
higher production levels, and the design process was essential
for obtaining functional UPOs.

Diverse Enzyme Characteristics and Substrate Scope
in Designs. For each enzyme, we chose the PROSS design
and signal peptide combination that showed the highest
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activity for DMP or ABTS (Figure 3 and Table S2) for
subsequent shake flask expression and enzyme character-
ization. The occurrence and correct identity of all enzymes
were confirmed via LC-MS (Figure S17 and Table S7). The
UV absorption spectra showed the characteristic of heme—
thiolate proteins with a Soret band maximum around 420 nm
for BciUPO d7 (424 nm), CciUPO_d7 (418 nm), CgrU-
PO_d4 (420 nm), ChiUPO_d7 (410 nm), FgrUPO_dS (415
nm), GmaUPO_d9 (418 nm), and PcaUPO_d9 (417 nm)
(Figure S13). For BlaUPO_d9 and PinUPO_d7, this
maximum could not be detected due to challenges during
purification and potential problems in heme incorporation
(Figure S13).

We analyzed the substrate scope for each enzyme using
concentrated supernatant, and TONs were determined with
GC-MS. We chose test substrates that demand two-electron
peroxygenase activity rather than one-electron peroxidase
activity as these are the more challenging reactions (Table
2). Among the substrates were two with activated C—H bonds
(NBD [5-nitro-1,3-benzodioxole] and ethylbenzene), styrene
as an epoxidation substrate, the aromatic substrate naph-
thalene, and the two aliphatic substrates, cyclohexane and
octane with nonactivated sp’-carbons. Very low enzyme
concentrations (production titer <0.5 mg/L) for ChiUPO_d7
and FgrUPO_dS after shake flask expression impeded
determining their substrate scope.

The overall highest activities were demonstrated by the two
long-type UPOs, CciUPO_d7 and GmaUPO_d9. Styrene was

https://doi.org/10.1021/acscatal.4c00883
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Table 3. Comparison of the Transition Temperature (T,,) and Onset of Aggregation (T,

88
UPOs Expressed in Both P. pastoris and S. cerevisiae
expression host P. pastoris C-terminal-tag TwinStrep

expression host S. cerevisiae C-terminal-tag His2 (no
(two additional tryptophan)

additional tryptophan)

fluorescence fluorescence AT, = T, (Pp) — Ty, (Sc)

enzyme shift T, Toge" shift T, Toge” (°C)
BciUPO_d7 blue 443 +£02°C 339+05°C red 594 +£02°C nd -15.1
CciUPO_d7 blue 58.7 £ 0.3 °C 63.9 £ 0.9 °C red 46.6 +£ 0.3 °C 562 + 0.3 °C +12.1
CgrUPO_d4 blue 428 +14°C 377+01°C red 543 +01°C nd —-11.5
ChiUPO_d7 red 627 +01°C nd red 544 +0.1°C nd +8.3
GmaUPO_d9 blue 585 +02°C 499 + 0.2 °C red 46.7 £ 0.3 °C 46.0 + 0.9 °C +11.8
PcaUPO_d9 blue 50.0 + 1.6 °C 41.1 £ 1.3 °C red 529 £ 0.1 °C n.d. =29

“Onset of aggregation; n.d.—not detected, data are mean +SD, and measurements were performed in triplicates.
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Figure 4. Comparison of fluorescence intensity change during temperature increase for BcitUPO_d7 and CciUPO_d7. Both enzymes were
expressed in P. pastoris (with the C-terminal TwinStrep tag) and S. cerevisiae (with the C-terminal His2 tag). The ratio of fluorescence intensity at
350 nm/330 nm is shown in the upper row, and the first derivative of this fluorescence ratio is shown in the lower row. The inflection point, at
which the transition temperature T, in each case was determined, is marked (orange dotted line).

converted to styrene oxide with more than 3000 TONs by
both enzymes, and ethylbenzene was mainly overoxidized to
acetophenone with nearly 2500 TONs (Table 2). Both
activities are within the range of other UPOs like PaDa-I
(4000 TONS s for ethylbenzene hydroxylation and 3000 TONs
for styrene epoxidation) or MthUPO (500 TONSs for
ethylbenzene hydroxylation and 1100 TONs for styrene
epoxidation).'®*" Both long-type UPOs also exhibit activities
toward nonactivated C—H bonds, shown here by the
conversion of cyclohexane to cyclohexanol with more than
1500 TONs and the oxyfunctionalization of octane with total
TONSs of 730 (GmaUPO_d9) and 1010 (CciUPO_d7) (Table
2), which is within the range of MthUPO,”" but significantly
lower compared to 20,000 TONs for PaDa-1.>> Activity toward
styrene epoxidation was also displayed by BlaUPO_d9,
BciUPO_d7, CgrUPO_d4, PcaUPO_d9, and PinUPO_d7,
the latter four also convert NBD, but all reactions lead only
to low TONs between 20 and 270 (Table 2). These results
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further demonstrate that BlaUPO_d9 and PinUPO_d7 are
indeed functionally produced, even though they did not show
activity toward ABTS or DMP under screening conditions,
leading to a total of nine functionally produced UPOs.
Aromatic hydroxylation was detected for BciUPO_d7,
BlaUPO_d9, CciUPO_d7, CgrUPO_d4, GmaUPO_d9, and
PcaUPO_d9 with naphthalene as the substrate but with low
TONSs between 12 and 184.

The determined enantiomeric ratios (e.r.) for styrene oxide
(13) and 1-phenylethanol (5) show only small differences
between the investigated enzymes with a lowest e.r. of 59:41
(CciUPO, styrene oxide) and a highest er. of 85:15
(GmaUPO, 1-phenylethanol). All enzymes showed a prefer-
ence for the R enantiomer in the case of both products (Table
S8).

In addition to the substrate scope, we also determined the
apparent transition temperature (T,) for all best PROSS
designs produced in both P. pastoris and S. cerevisiae. The

https://doi.org/10.1021/acscatal.4c00883
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Figure 5. Active-site sequence diversity among successfully designed UPOs. (A) Long UPO active site. PaDa-I (pdb:SOXU) heme and active-site
residues are presented in purple sticks (unless glycine, only side chain atoms are presented) and Mg** is presented as a green sphere. DMP was
grafted from pdb:SOY2 and is presented in pink sticks. PaDa-I positions and identities are written next to each presented residue (left side). For
each position, the identities of CciUPO and GmaUPO in the same position are written on the right side, respectively. (B) Short UPO active site.
MroUPO (pdb:SFUK) heme and active-site residues are presented in purple sticks (only side chain atoms are presented) and Mg’* is presented as
a green sphere. 1-Phenylimidazole was grafted from pdb:701X and is presented in pink sticks. MroUPO positions and identities are written next to
each presented residue (except for position 58 that is assigned as leucine, as SFUK possesses TS8L mutation; left side). For each position, the
identities of BciUPO, BlaUPO, CgrUPO, ChiUPO, FgrUPO, PcaUPO, and PinUPO in the same position are written on the right side. (C)
Identities of each UPO in the presented positions (only positions that are not completely conserved are shown). Long UPOs: PaDa -1, CciUPO,
and GmaUPO are 63—72% identical to one another. Short UPOs: CgrUPO and ChiUPO are 80% identical, PcaUPO and PinUPO are 87%
identical, BlaUPO is 66% identical to both PcaUPO and PinUPO, and all other UPO pairs are 25—50% identical to one another.

enzymes expressed in P. pastoris contained a C-terminal
TwinStrep tag for purification while the counterparts from §.
cerevisiae carried a C-terminal His2 tag. Both sets of UPOs
were purified via respective affinity chromatography. To
investigate the thermal stability, we applied nano differential
scanning fluorimetry (nanoDSF). Parallel to the fluorescence
measurements, we detected light scattering to determine the
potential onset of aggregation. Interestingly, the resulting
temperature values for both sets were different depending on
the production host and C-terminal tag. For P. pastoris as the
production host, ChiUPO_d7 showed the highest apparent
transition temperature with 62.7 °C. Both long-type UPOs
CciUPO_d7 and GmaUPO_d9 showed similar transition
temperatures of about 58.6 °C. The lowest transition
temperature was measured for CgrUPO_d7 with 42.8 °C
(Table 3, Figures 4 and S1SA). Comparing the transition
temperatures of the recombinant enzymes secreted from S.
cerevisiae, BciUPO_d7 had the highest T, with 59.4 °C,
whereas the lowest value was found for CciUPO_d4 with 46.6
°C (Table 3, Figures 4 and S15B). The transition and onset
temperatures of BlaUPO, FgrUPO, and PinUPO could not be
determined with satisfying reliability due to very low enzyme
concentrations after purification. The data we obtained
revealed strong differences in Ty, for the individual PROSS
designs, e.g., AT, of 15.1 °C for BciUPO_d7 with a higher
thermal stability when expressed in S. cerevisiae and AT, of
12.2 °C for CciUPO_d7 with a higher thermal stability when
expressed in P. pastoris. We further noticed a reverse trajectory
of the fluorescence intensity change (ratio at 350 nm/330 nm)
for BciUPO_d7, CciUPO_d7, CgrUPO_d4, and GmaU-
PO_d9. With increasing temperature, an increase in
fluorescence is observed for enzymes expressed in S. cerevisiae
with the His2-GFP11 tag, whereas a decrease is mainly
observed for variants expressed in P. pastoris with the
TwinStrep-GFP11 tag (Table 3, Figures 4 and S1S§).
Considering our approach, we introduced two additional
surface-exposed Trp residues which are present in the
TwinStrep-GFP11 tag™ in contrast to the His2-GFP11 tag.
If the majority of Trp residues beforehand are buried in the
enzyme, as is the case, e.g, for BciUPO_d7, adding two
surface-exposed Trp residues can lead to a different
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fluorescence behavior as observed in our case. Regarding the
positioning of Trp in CciUPO_d7, which has rather surface-
exposed Trp residues (Figure S14), the blue shift trajectory, as
detected for the construct from P. pastoris as the host, can be
expected. Hence, the red-shifted progress of the enzyme from
S. cerevisiae is rather surprising. We assume that the
glycosylation pattern (both O- and N-glycosylation) might
play an important role in this context as well as in the
differences in protein stability. It is well known that
glycosylation can strongly affect protein folding and
stability>**> as well as intrinsic protein dynamics™® and
therefore activity.””*® Previous research also revealed the
influence of glycans on the fluorescence behavior of intrinsic
Trp fluorescence itself.>* Considering the differences
published for glycosylation patterns from P. pastoris and S.
cerevisiae,”" we therefore hypothesize that these differences
affect both enzyme stability and the fluorescence behavior of
our PROSS designs. Glycosylation has also been shown to
have an influence on the aggregation tendency of
proteins.”> %" The light scattering measurement to detect the
temperature for the onset of aggregation supports this finding
also for the enzymes investigated in the present study (Table 3
and Figure S16). While only CciUPO_d7 and GmaUP_d9
expressed in S. cerevisiae show typical aggregation behavior, the
aggregation tendency for the UPOs expressed in P. pastoris is
more pronounced. These data could be due to hyper-
glycosylation in S. cerevisiae.”” Overall, it is crucial to
acknowledge that both the host organism, along with the
resulting glycosylation pattern, and the chosen tag can
influence enzyme stability and folding behavior.

Structural Underpinnings of Functional Diversity.
Finally, we analyzed the AF2 structure models of the nine
UPOs that were functional following the design (Figure $).
The models exhibit only minor backbone differences from the
reference crystallographic structure (Figure S18). The enzyme
active sites were not allowed to be designed, and any
differences in amino acids in them are strictly due to the
natural diversity of UPOs. Whereas the long-type UPOs
exhibit few amino acid changes in the active site (Figure
SA,C), the short-chain ones exhibit high diversity (Figure
5B,C). For instance, positions 55, 58, and 153 (pdb SFUK

6

https://doi.org/10.1021/acscatal.4c00883
ACS Catal. 2024, 14, 4738—4748



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

numbering) exhibit hydrophobic identities in most of the short
UPOs and charged identities in some of the variants. Even
among the hydrophobic-to-hydrophobic exchanges, some are
predicted to change the sterics of the active site dramatically, as
in Val/Phe at position 153 and Gly/Leu at position 160. These
large changes in electrostatics and sterics are likely to change
the positioning of the substrate relative to that of the heme,
leading to the observed functional differences.

B CONCLUSIONS

Due to their challenging heterologous production, only a few
UPOs are available for engineering campaigns, and their
respective crystal structures are rarely determined. The
improvement of ab initio structure prediction tools like AF2
provides access to numerous—if not all—UPO structures and
thus opens the way to structure-based stability design. We
combined AF?2 for structure prediction, PROSS for introducing
stabilizing mutations, and signal peptide shuffling to increase
enzyme secretion. These three methods had not been
previously used in conjunction and enabled the production
of a highly challenging class of UPOs. Our success rate in
functional expression reached 90%, as only FoxUPO did not
show any activity or secretion. This rate is significantly higher
compared to our previous workflow where we combined only
the legacy trRosetta and PROSS without a signal peptide
shuffling, which resulted in the successful expression of only
three of 11 target VPs.>’ PROSS proved to be very beneficial
for gaining functionally produced enzymes as (i) secretion
levels are increased substantially in most cases for the PROSS
design compared to the wild-type enzyme and (ii) eight out of
nine wild-type enzymes did not show any activity for the tested
screening substrates (ABTS and DMP), while seven PROSS
UPOs displayed activity on at least one of the screening
substrates (ABTS or DMP). All nine produced PROSS UPOs
were active on at least one tested substrate, if not a screening
substrate, then during substrate scope analysis with six
additional substrates. This high success rate demonstrates a
clear path to protein engineering of even challenging enzymes
using modern modeling and design software. In fact, our
success rate surpasses that of other PROSS applications’ "’
suggesting that either the combination with signal peptide
shuffling has a beneficial effect or the AF2-predicted structures
offer an advantage over crystal structures. For the latter
possibility, we speculate that the high success rate may be due
to restricting designs in positions that exhibit low modeling
confidence (AF2 pIDDT scores <90%) and their vicinity (this
functionality is automatically enabled in the PROSS web server
when AF2 models are used; https://PROSS.weizmann.ac.il).
Crystallographic structure analysis does not provide a
comparable way to assign confidence to structures.
Nevertheless, PROSS on its own is insufficient to gain
functionally active, secreted UPOs. In our work, we combined
30 PROSS designs of 10 UPOs with 17 different signal
peptides and screened them with three different assays to
determine the secretion level and activity for all combinations.
Our work shows again, in accordance with the previous
work,""” that no single most suitable signal peptide was found
for all UPOs, and secretion rates differed greatly between
different samples during the signal-peptide-shuffling screening.
Successful secretion of UPOs in a fast-growing microbial
host is the first essential step on the path to the facile access of
customized enzymes for industrial application. Seven of the
newly characterized enzymes derive from phytopathogenic
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organisms. It may be interesting to study their effect on plant
material to gain further insights into the natural functions of
UPOs and their possible interaction with the plant defense
system. Three of the UPOs are derived from oomycetes,
extending the range of available UPOs, for the first time, to
nonfungal organisms.

It is important to note that design calculations were not
applied to the active site. The sequence variations within the
active site (Figure S5) are therefore entirely derived from
natural UPO diversity. In most cases, the variants introduce
multiple simultaneous changes relative to one another.
Combinations of mutations within the active site are likely
to be epistatic with one another or with mutations and
backbone differences outside of the active site.**”** Such
epistatic relationships are known to slow functional innovation
in natural and laboratory evolution.” Thus, our structural
analysis highlights the major strength of the design process:
instead of painstakingly re-engineering the active site and the
enzyme backbone, it exploits the natural structural and
sequence diversity to expose new substrate specificities and
reactivities. In the case of UPOs, thousands of natural
sequences are known, only a few dozen of which have been
successfully characterized until now. We envision that the
computational design will dramatically accelerate the discovery
of oxyfunctionalization reactions in this family.

Finally, the workflow we employed can be readily adopted
by other laboratories, as AF2 and PROSS are available by web
servers, and all required signal peptides and vectors for yeast
production and secretion have been previously deposited at
Addgene (Yeast Secrete and Detect Kit #1000000166)."*"? In
this study, we could readily identify the heme-binding site by a
comparison to two of the known experimental structures of
UPOs. If a homologous experimental structure is not known,
however, the active site may be identified by using other
means. Conservation analysis or prior experimental studies
may provide guidance in such cases. Additionally, recent
advances enable ab initio structure prediction of the protein
with known ligands.”’ These new methods may extend the
pipeline that we have demonstrated here even to cases in
which no homologous structure has been experimentally
determined. Thus, the combination of Al-based structure
prediction and atomistic design can provide enzymologists and
protein engineers with access to a vast array of functions from
previously untappable natural enzymes.
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Unspecific peroxygenase engineering towards ...

This chapter describes an engineering campaign with the goal to evolve a native unspecific perox-
ygenases from poor toward high enantioselectivity, targeted for a specific substrate. The selected
enzyme MthUPO demonstrates good starting-activity and regioselectivity for the model substrate
[3-ionone, which is converted to 4-hydroxy-[3-ionone. Computational-modelling guided the con-
struction of a small smart library, designed to alter the substrate positioning within the active site
to favor near-attack conformations for either pro-(R) or pro-(S) C4-H orientations. The product
screening was performed using the MISER GC-MS method, which only screens for activity and
not enantioselectivity. The most active enzyme variants were subsequently screened for improved
enantioselectivity. Within two rounds of directed evolution, two enzyme variants were found ex-
hibiting up to 17-fold activity increase, 99.6 % regioselectivity and enantiomeric ratios of 96.6:3.4
(R) and 0.3:99.7 (S).
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ABSTRACT: Unspecific peroxygenases (UPOs) perform oxy-
functionalizations for a wide range of substrates utilizing H,O,
without the need for further reductive equivalents or electron
transfer chains. Tailoring these promising enzymes toward
industrial application was intensely pursued in the last decade
with engineering campaigns addressing the heterologous expres-
sion, activity, stability, and improvements in chemo- and
regioselectivity. One hitherto missing integral part was the targeted
engineering of enantioselectivity for specific substrates with poor
starting enantioselectivity. In this work, we present the engineering
of the short-type MthUPO toward the enantiodivergent hydrox-
ylation of the terpene model substrate, f-ionone. Guided by
computational modeling, we designed a small smart library and

Unspecific peroxygenase engineering towards ...

screened it with a GC—MS setup. After two rounds of iterative protein evolution, the activity increased up to 17-fold and reached a
regioselectivity of up to 99.6% for the 4-hydroxy-f-ionone. Enantiodivergent variants were identified with enantiomeric ratios of

96.6:3.4 (R) and 0.3:99.7 (S), respectively.

KEYWORDS: directed evolution, unspecific peroxygenase, terpenes, hydroxylation, f-ionone, computational-guided protein engineering

B INTRODUCTION

Oxyfunctionalyzation reactions are of tremendous importance
in the field of synthetic chemistry, as they give access to new
synthetic strategies, especially in late-stage functionalizations of
complex molecules." Nature offers an abundance of enzymes
for catalyzing oxyfunctionalization reactions.”> The most
prominent and well-known class of enzymes in this field are
the cytochrome P450 monooxygenases (P450s). P450s display
a huge versatility of substrate-binding pockets and, thus, a
tremendous substrate scope while maintaining high selectiv-
ity.”* Two decades ago, a new enzyme class with similar
properties emerged: the unspecific peroxygenases (UPOs)
with fungal origin.”~” UPOs are inherently stable, secreted
enzymes that catalyze reactions outside the regulated cell
environment.” In contrast to P450s, they do not utilize
molecular oxygen but hydrogen peroxide, in which the oxygen
is already pre-reduced. This averts the necessity of cofactors
such as NAD(P)H and a complex electron transport chain.
Limited access to protocols for UPO production was formerly
a huge drawback. Recent work gave access to the heterologous
production of UPOs in fast-growing host organisms using
protein engineering,” signal peptide,® and promoter shuffling.
Engineering efforts at the mature protein led to UPO
variants with improved peroxygenase/peroxidase ratios;'’
increases in activity (TON and k,/K,,);'" improvements in
© 2023 The Authors. Published by

American Chemical Society
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thermo-,'* pH-,13 and solvent-stabilities;'> and shifts in chemo-
and regioselectivities.'”'*~'® Contrary to what their name
suggests, UPOs often inherently exhibit excellent chemo-,
regio-, and enantioselectivities for a range of substrates."”
However, the engineering of UPOs for the oxyfunctionaliza-
tion of specific substrates with initially poor enantioselectivities
in a targeted manner remained elusive. A recent untargeted
approach using the FuncLib algorithm led to impressive shifts
in enantioselectivity."®

Our objective was to address the existing limitations and
demonstrate the successful engineering of a UPO toward the
enantioselective conversion of a selected substrate with low
inherent enantioselectivity.

Particularly challenging targets for enantioselectivity engi-
neering are terpenes and terpenoids. They are the largest group
of natural products with approximately 80,000 different
reported structures.'” They occur mainly as secondary plant
metabolites and display outstanding pharmacological bio-
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Scheme 1. Enzymatic Hydroxylation of fi-Ionone
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activity, making them attractive for medical and chemical
industries. Their great structural diversity offers many
opportunities for different regio- and enantioselective oxy-
functionalization reactions.

There have been several impressive engineering efforts of
P450s toward terpenes and steroids. The engineering of
P450gy3; was demonstrated toward the enantiodivergent
hydroxylation of five different steroid substrates with selectivity
values between e.r. of 14:86 and 0:100. The variants showing
this significant improvement in enantioselectivity were
obtained through a directed evolution campaign with three
rounds of CASTing. The library design was, hereby, based on
molecular dynamics (MD) simulations and mutability land-
scaping.”’ Another work reported the engineering of P450gy;
toward the regio- and stereoselective hydroxylation of the
diterpenoid f-cembrenediol. The engineering campaign was
based on the insertion of rational mutants and three sequential
rounds of site saturation mutagenesis. The obtained variants
were able to hydroxylate the C9 and C10 position, respectively,
with regioselectivities up to 100% and a diastereometric ratio
of 89:11 for C9 and 74:26 for C10.”'

One interesting group of terpenoids are ionones—also
known as rose ketones. They are highly valued compounds in
the fragrance industry; the annual production of p-ionone
amounts to 4000—8000 tons.”” They further function as
building blocks for the synthesis of many carotenoids and
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retinol (vitamin A).”> Numerous pharmacological effects are
described for ionones and their derivatives including
anticancer, chemopreventive, cancer-promoting, melanogene-
sis, anti-inflammatory, and antimicrobial actions.”* 3-hydroxy-
P-ionone displays anti-cancer properties inhibiting progression
and inducing apoptosis of SCC15 cells.”® 5,6-epoxy-f-ionone
inhibits the tumor-promoting agent 12-O-tetradecanoylphor-
bol-13-acetate (TPA) even more effectively compared to
parent compound f-ionone.”® 4-Hydroxy-f-ionone derivatives
proved to be potent inhibitors of prostate cancer cell
proliferation (LNCaP, MDA-PCa-2b, C4-2B, and 22Rvl)
and full antagonists of the wild-type androgen receptor (AR)
and various clinically important mutated ARs.”’

Initial studies on the enzymatic oxyfunctionalization of f-
ionone have been carried out (Scheme 1). The hydroxylation
of @- and f-ionone performed by several UPOs led to a diverse
range of hydroxylation and epoxidation products.”® The
hydroxylation of S-ionone has also been pursued using various
P450s.>"7>" First, P450 engineering efforts showed an up to
280-fold increased product formation rate toward a- and S-
ionone hydroxylations, however, enhancing the enantioselec-
tivity proved challenging.”” Enantioselective 4-hydroxy--
ionone formation has been achieved both through enzymatic
kinetic resolution®” and by CYP2B6, which was recombinantly
expressed inTrichoplusia ni cells.”"

https://doi.org/10.1021/acscatal.3c00702
ACS Catal. 2023, 13, 8963—-8972
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Scheme 2. fi-Ionone (1) Oxygenation by wt MthUPO Showing the Different Oxygenated Derivatives”
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“the regioselective distribution of the products for different enzyme variants can be found in Table S9.

With the maturation of computational modeling methods
for the study of biocatalysts, new avenues are opening up for
the generation of ever smaller and more intelligent protein
library designs.*

In the present work, we engineered new UPO variants to
enantioselectively access C4 hydroxylated stereoisomers of -
ionone. We applied a computational-aided engineering
approach based on substrate-bound (restrained-) MD
simulations to explore near-attack conformations (NACs) of
the selective hydroxylation and characterized relevant binding
modes of the model substrate f-ionone. This led to the
identification of relevant residues for the substrate positioning
and, hence, the design of a small smart library to alter the
active site pocket of MthUPO. In this way, we could direct the
selectivity of the oxyfunctionalization toward enantioselective
R/S C4 hydroxylation. The screening was performed by the
previously developed multiple injection in a single exper-
imental run (MISER) GC—MS method'*'** focusing on
activity increase. In the MISER setup, 96 samples are injected
into the GC within one experimental run. Product
quantifications are performed solely in the MS via different
m/z ratios without the need for substrate/product separation,
allowing an injection frequency of up to 30 s and, hence, a GC
analysis of one microtiter plate within 48 min. The best
variants were rescreened with a chiral GC—MS to determine
enantioselectivities. This enabled the engineering of two highly
active and enantiodivergent MthUPO variants for (R/S)-4-
hydroxy-f-ionone formation in two rounds of computationally
guided enzyme evolution.

B RESULTS AND DISCUSSION

Identification of the pg-lonone Hydroxylating UPO
MthUPO. We commenced with a pre-screening of five UPO
enzymes to determine starting activities and selectivities,
thereby, focusing on hydroxylation over epoxidation reactions
(Table S4). We selected MthUPO as an enzyme, as it displayed
a regioselectivity of 88% for the main hydroxylation at the C4
position yielding 4-hydroxy-f-ionone (2), and a turnover
number (TON) of approximately 2300. Further side products
were f-ionone-$,6-epoxide (S,6-epoxy-f-1, 4), 7,11-epoxyme-
gastigma-5(6)-en-9-one (EME, 6), 2-hydroxy-f-ionone (2-
OH-A-1, 8), and 3-hydroxy-f-ionone (3-OH-$-1, 7, Scheme 2).
Wild-type (wt) MthUPO reached an enantiomeric ratio of
76:24 with a preference for (R)-4-hydroxy-f-ionone (2).

Development of an Engineering Strategy Based on
Computational Modeling. The screening of different
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variants is often the most time-consuming step within a
directed evolution campaign. Refined methods for creating
small and smart mutant libraries have been developed to
address this issue, including the combinatorial active-site
saturation test (CAST),’>*° iterative saturation mutagenesis
(ISM),”” or focused rational iterative site-specific mutagenesis
(FRISM).”® Inspired by these strategies, we utilized a
computational-aided directed evolution strategy. This ap-
proach combined in silico analysis and experimental screening
using the MISER GC—MS method."*'®** The final aim was to
engineer enantiodivergent enzyme variants that allow the
selective formation of (R/S)-4-hydroxy-f-ionone products.

An accurate computational protein model was generated to
reproduce the experimental observations for wt MthUPO-
catalyzed oxyfunctionalization of f-ionone. We combined
density functional theory (DFT) calculations and MD
simulations to characterize its reactivity pattern. DFT
calculations were carried out using a truncated model, which
includes the heme pyrrole core, a methyl thiolate to mimic the
Cys axial ligation, and the ff-ionone substrate (see Supporting
Information for details). These data served to explore the
intrinsic reactivity of f-ionone toward heme compound I. The
transition states (TSs) were modeled for epoxidations and C—
H activations of all non-equivalent C—H positions. The C—H
activation was modeled as a hydrogen-atom transfer (HAT),
which corresponds to the rate-limiting step of the hydrox-
ylation reaction. As expected, calculations indicated that the
epoxidation at cyclic double bond is energetically more
favorable than the HAT C—H activation at the vinylic C4
position by only a few kcal-mol™" (Figures 1 and S2). Other
inactivated C—H positions exhibit higher HAT barriers.

To assess the accessible catalytically relevant binding modes
of the substrate when bound in the active site and to study the
catalyst control exerted by the enzyme considering its
conformational landscape, we performed MD simulations
with the f-ionone bound in wt MthUPQ’s active site. The
MD simulations in this step were performed using a freviously
generated computational model of wt MthUPO.'" Optimal
geometric parameters required for C—H activation via HAT
and epoxidation were taken from DFT model-optimized TSs
(Figures S3 and S4).

MD simulations with the bound substrate indicated that f-
ionone can explore NACs that could effectively lead to C—H
activation via HAT at C4, C2, C10, C11, and CI12 positions
(Figures S3 and S4). The epoxidation conformations, however,
barely explored NACs.

https://doi.org/10.1021/acscatal.3c00702
ACS Catal. 2023, 13, 8963—-8972
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Structure AGH*

TS C5 epoxidation (q) 18.5
TS C8 epoxidation (d) 20.1
TS C2-HAT (q) 24.2

TS C3-HAT (q) 26.3

TS C4-HAT (d) 19.4
TS C10-HAT (q) 25.8
TS C11/12-HAT (q) 30.9
TS C13-HAT (d) 20.3

Figure 1. Intrinsic reactivity of f-ionone explored using a truncated
computational model (“theozyme”, ie., theoretical enzyme). DFT
calculated C—H activation via HAT and epoxidation TSs for all non-
equivalent positions of f-ionone. Epoxidation of the cyclic double
bond and a,f-alkene and hydroxylations at vinylic C4 (cyclic) and
C13 (methyl) positions are intrinsically the most favored oxidation of
P-ionone in the absence of any catalyst control. See Figure S2 for
additional details. Energies are given in kcal'mol ™.

Even though the C—O bond formation at CS leading to
epoxide formation is energetically preferred over the HAT at
the C4 position (DFT optimized lowest TS, Figure 1), we
experimentally observed only scarce amounts of epoxide
product formation (Table S9).

This is in agreement with the fact that the C—O bond
formation TS requires a very tight approach of the substrate to
the catalytic Fe==O moiety (TS CS epoxidation, Figure 2).
This required NAC for epoxidation is sterically hindered in the
active site of MthUPO and cannot be efficiently explored by f-
ionone—as revealed by MD simulations. On the other hand,
the NAC required for C4 HAT is easily accessible for f-ionone

(TS C4-HAT, Figures 2 and SS). This leads to a hampered
epoxide formation while binding modes that allow the
energetically most favored hydroxylation at position C4 are
easily explored.

Taking all this together, computations described the catalyst
control exerted by the wt MthUPO on the selectivity
oxyfunctionalization of $-ionone, reproducing the experimental
observations, and provided a sound model to serve as the
starting point for our semi-rational engineering strategy.

We attempted to improve our starting activity before
focusing on shifting the enantioselectivity by screening an in-
house MthUPO library, which was obtained during a previous
enzyme engineering campaign toward NBD hydroxylation
(Figure S6). The most active variant F631 was selected as the
parent variant for the engineering campaign displaying a 4.5-
fold higher product formation rate than wt MthUPO with
similar regio- and enantioselectivities.

To restrict the accessible binding modes of f-ionone and,
thus, control the stereoselectivity of the C4 hydroxylation, we
aimed to design focused libraries based on computational
predictions. To identify positions for the mutagenesis, MD
simulations were performed with MthUPO F63I in which f-
ionone is forced to explore NACs for an effective C4—H HAT,
mimicking DFT model TSs geometries (Figure 3A). Geo-
metric restraints were included during the MD trajectories
(restrained-MD simulations) in which the pro-R or pro-S C4—
H positions—in independent trajectories—were forced to be
at short distance to the Fe-oxo catalytic species (Figure 34, see
Supporting Information for details). These restrained-MD
simulations provided structural descriptions of the arrange-
ment of the active site that is required for accommodating f-
ionone in a pro-R and pro-S NAC, respectively (Figure 3B). It
is crucial to acknowledge that MthUPO F631 already
demonstrated the ability to catalyze C4—H activations,
although the efliciency was limited, suggesting the presence

(side view)

M210
A\vl_ZOG
L@

(side view)

TS C5 epoxidation (q) wt MthUPO TS C4-HAT (d)
AG*=18.5 kcal-mol! Active site volume analysis AG*=19.4 kcal-mol!
727210
P g ‘ thg\ 1128y § o130
- ‘% o 7N
- M b‘ 156 |

(top view)

(top view)

Figure 2. (Center) Characterized active site cavity of wt MthUPO from holo state MD simulations. Representative structure of the most populated
cluster (estimated form backbone RMSD analysis) obtained from five independent replicas of 1000 ns MD trajectories each (total of S000 ns of
accumulated simulation time)."* DFT optimized, lowest in energy, TS geometries for: (Right) C4—H hydrogen atom transfer; and (Left) C5—C6
epoxidation. See Figures 1 and S2 for additional details. Energies are given in kcal-mol™, and key distances in A. f-Ionone could easily bind in the
available space in the active site in a catalytically relevant binding mode that resembles the NAC required for C4—H activation, but not for C5—C6
epoxidation. This is due to steric requirements and the shape of the active site cavity.
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Figure 3. Schematic description of the computational-aided protein engineering protocol followed in this work. Red and green circles represent -1
substrate when bound in the active site cavity within different conformations. Complete descriptions of position selection for rounds 1 and 2 of

protein engineering can be found in Figures S8 and S10, respectively.

of these incipient catalytically relevant binding modes that have
yet to be fully exploited.

These simulations further revealed which active site amino
acids exhibit strong interactions with the substrate, thus,
affecting its binding mode. We reasoned that selecting
positions as mutagenic spots that show strong steric
interactions with the substrate during these restrained-MD
simulations would give access to new variants with reshaped
active sites. These new active sites are expected to better
accommodate f-ionone in desired reactive conformations due
to complementarity while destabilizing other alternative
binding modes, thus inducing a shift in both regio- and
enantioselectivity (Figure 3C). Following this reasoning, a total
of eight positions (LS6, L60, F631, L86, F154, A161, L206, and
M210) were initially selected based on restrained-MD analysis
(Figure S8) and estimated substrate—residue interactions
(estimated from MM-GBSA calculations, Figure S7). Amino
acid positions that were determined to have a key role in
proper substrate positioning (G157) or in H,0, activation
(H88 and E158) were not considered for mutagenesis.

Because targeted active site reshaping for enantioselectivity
shifts might involve the reorientation of the substrate in the
catalytic pocket, we hypothesized that mutating pairs of
residues at the same time might facilitate this substrate
reorientation due to cooperative effects.” Cooperativity, i.e.,
epistasis, between residue pairs can occur through direct
interaction between residues but often also between distal
indirect interactions.”” These potential cooperative non-
additive effects would be considered by including amino acid
pairs for double saturation mutagenesis instead of saturation of
single positions at a time.>®*' We, hence, designed a set of 10
residue-pairs of proximal and—in terms of active site
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arrangement—also distal amino acid pairs combining
previously selected active site residues (Figures 3C, a complete
description of position selection can be found in Figure S8).

The MthUPOQ active site is mainly composed of hydrophobic
amino acids. The hydrophobic character was kept by
employing a reduced amino acid alphabet consisting of Ala,
Leu, Ile, Val, and Phe. For position M210, Met was also
included (Figure 3D). This also reduces the number of
possible variants for each double-saturation screening down to
25 (30 if position M210 is included). The screening is
performed with a 3.5-fold oversampling leading to a library
coverage of 97%. Inclusion of position M210 results in a 2.9-
fold oversampling and 94% coverage.*’

The screening was carried out in 96-well microtiter plates
using the multiple injection in a single experimental run
(MISER) (Figure 3E) setup,'”'® allowing the determination of
enzyme variant’s activity but not its enantioselectivity. We
reasoned that reshaping the active site results in an increased
activity and simultaneously affects their enantioselectivity, as
demonstrated multiple times before.”’

Development of Enantiodivergent MthUPO Variants
in Two Rounds of Directed Evolution. In the first round,
ten different double saturation pairs were screened (Table SS),
adding up to more than 900 variants. The best variants showed
increased activities of 2.0-fold under screening conditions
compared to the parental variant MthUPO F631 (Figure S15).
With this first focused protein library, already impressive
enantioselectivity improvements were detected (Table 1).

The best for the (R)-enantiomer formation showed an e.r. of
96.6:3.4 and a 4.3-fold improved activity of 28,000 TONs
(MthUPO F63], L206A, coined R1A, Figure 4). In the same
relatively small library, variants with inverted enantioselectivity
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Table 1. Enantioselectivity after One Round of Protein
Engineering

entry new mutations er.
MthUPO F631 (parent) 70.7:29.3
1 L206A 96.6:3.4
2 163L, L206A 95.2:4.8
3 Ls61, M210F 85.2:14.8
4 L206F 82.0:18.0
N 163L, L206F 81.3:18.8
6 L206V 80.5:19.5
7 Lsél, M210 79.5:20.5
8 L56V, Al1611 29.4:70.6
9 163V, F1541 12.0:88.0
10 L60F, Al611 11.5:88.5
11 163V, F154L 7.3:92.7
12 L60F, A161V 3.3:96.7

could also be identified. The best showed an e.r. of 3.3:96.7 for
the S-enantiomer and 20,000 TONs (MthUPO L60F, F63I
Al161V, coined R1B).

Both variants were selected as parental variants for a second
round of directed evolution (Figure S21).

Building upon the methodology established in the first
iteration, we performed similar computational modeling. MD
simulations, in this case without any restrain on f-ionone, were
carried out to characterize and analyze the variants R1A and
R1B (Figures S9 and S11). These simulations were used to
design pairs of residues for library construction and subsequent
screening, following the above-described protocol (Figures 3,
S10, and S12).

In the second round, ten different double saturation pairs
were screened with the parental variant R1A and eight different
double saturation pairs with the parental variant R1B (Tables
S6 and S7). The best variants based on R1A showed only a
marginal increase in activity and no improved enantioselectiv-
ity. Based on these observations, we concluded that the
evolutionary pathway had come to a local minimum and
identified the best variant for (R)-4-hydroxy-f-ionone
formation as MthUPO F631, L206A (R1A). This variant
showed a high TON of 28,000 and an enantiomeric ratio of
96.6:3.4.

The best variant based on the S-selective variant R1B,
however, displayed a substantial improvement. MthUPO L60F,
F63], A161V, and F154L (R2B) displayed a 2.0-fold activity
improvement to a TON of 41,000 and an er. of 99.7:0.3
(Figures 4 and S1S, Table 2). The regioselective abundance of
the main product also increased during the enzyme engineer-
ing campaign from 88% (MthUPO wt expressed in
Saccharomyces cerevisiae) to 99.2% (R1A) and 99.6% (R2B)
(Table S9).

Table 2. Enantioselectivity after Round 2B of Protein
Engineering

entry new mutations er.
MthUPO L60F, F631, A161V (parent) 3.3:96.7
1 F154L 0.3:99.7
2 F1541 0.5:99.5
3 F154V 0.4:99.6
4 F1541, M210L 0.5:99.5
S F154L, M210L 0.4:99.6
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With the best engineered variant in hand, we repeated the
enzymatic reactions in a scale-up experiment to give access to
larger amounts of the hydroxylated product and demonstrate
its utility. We were able to obtain 34 mg of (S)-4-hydroxy-f-
ionone (55%)-utilizing variant, R2B, as a catalyst. We further
obtained S51.1 mg (R)-4-acetoxy-f-ionone (37.0%) after
hydroxylation of the substrate through variant R1A and
subsequent derivatization to determine the specific optical
rotation.

Both enzyme variants were purified and their transition
temperature (Ty) determined (Table S13). Both variants
showed a decreased transition temperature from initial 58.1 °C
(wt MthUPO) to 53.7 °C (R1A) and 52.9 °C (R2B). To gain
insights into the kinetics of the variants, the apparent catalytic
parameters K, and k_,, were determined for the substrate NBD
(5-nitro-1,3-benzodioxole) and the co-substrate H,O, (Table
S14 and Figure S22). Both variants show an improved
apparent k./K,, (1.9—4-fold) for both substrates relative to
the wildtype (NBD: 1.9 X 10* M~ s7!, H,0,: 1.3 X 10* M™*
s7!). Especially, variant R2B revealed a strong improvement of
the apparent k., toward both NBD (33.8 s™) and H,0, (67.1
s7!) in comparison with wt MthUPO (k. 7.1 s™'). This is
consistence with our previous work, demonstrating the
beneficial influence of the mutations L60F and F63I for the
NBD conversion.'*
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Figure 4. Bar chart showing TON within 1 h of allylic hydroxylation
of f-ionone by different MthUPO variants. Turnover data are mean +
s.d. of measurements in triplicates. TON (teal bars) determined by
GC—MS, and enantiomeric excess (red cross) determined by chiral
GC—MS (Figure S20).

Molecular Basis of the Highly Enantioselective
Variants R1A and R2B. Finally, we performed computational
modeling to rationalize the molecular basis for the
enantiodivergence exhibited by RIA and R2B engineered
variants. MD simulations with f-ionone bound in the active
site of R1A and R2B—without including any geometric
restraints during simulations—were carried out. MD simu-
lations revealed the anticipated hydrophobic and steric
interactions that control the binding modes for f-ionone and
its orientation relative to the catalytically active Fe-oxo
(Compound 1) species.

MD simulations for R1A variant showed that f-ionone
explores a major binding mode, in which only the pro-R C4—H
is well oriented in a catalytically relevant NAC toward
Compound I for HAT (Figures SA and S9). This catalytically

https://doi.org/10.1021/acscatal.3c00702
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Figure S. f-Ionone-binding modes characterized from MD simulations in (A) variant R1A (F63I/L206A4, in red) and (B) variant R2B (L60F/
F631/F154L/A161V, in green). See Supporting Information for additional details.

relevant binding mode is stabilized due to the space generated
by the initial F631 mutation, which is next to the region where
C4 is oriented in the active site. The newly introduced L206A
mutation reduces the steric hindrance, and it enables placing
the a,f-unsaturated ketone group of the substrate and, thus,
accommodating the S-ionone allylic chain in this region of the
active site (Figure SA). Within this favored binding mode of -
ionone, the pro-R C4—H bond is in a preorganized reactive
conformation to promote a selective, pro-R HAT.

An opposite f-ionone positioning is observed in the R2B
variant, where only the pro-S C4—H can explore reactive
conformations relative to the Fe-oxo species (Figures 5B and
S13). Unrestricted MD simulations revealed that when f-
ionone is bound in R2B’s active site, it preferentially explores a
binding mode in which the a@,f-unsaturated ketone group is
oriented toward F154L position while keeping the six-
membered ring in a similar position in the active site, as
observed in R1A. This binding mode is favored by the A161V
mutation that, together with the L206 residue, introduces
bulkiness at this region of the active site. This sterically
disfavors the positioning of the a,f-unsaturated ketone group
in this area of the active site—contrary to R1A. The a,f-
unsaturated ketone group is, thus, oriented toward the
opposite side of the binding pocket where the F154L mutation
is creating more empty space for accommodating this allylic
substituent of f-ionone. The L60F mutation reduces the
accessible space in that inner region of the active site, sterically
disfavoring the positioning of the dimethyl and methyl -
ionone ring substituents there. All these factors synergistically
favor the orientation of pro-S C4—H in a NAC toward the Fe-
oxo species to selectively react via HAT.

These computational insights are in perfect agreement with
the experimentally observed properties of the highly
enantioselective variants, R1A and R2B.
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B CONCLUSIONS

The presented work revealed the first substrate-targeted
engineering of an UPO toward enantioselective C—H
hydroxylation, starting from a poor enantioselectivity. Based
on in silico predictions of the positioning for the substrate in
the active site, excellent activities as well as regio- and
enantioselectivities could be achieved by introducing very few
mutations. In only two rounds of mutagenesis and the
screening of 1600 variants, it was possible to evolve the wild-
type MthUPO with poor e.r. of 76:24 (R/S) toward the two
enantiodivergent variants MthUPO F631, L206A (e.r. 96.6:3.4,
(R)-selective) and MthUPO L60F, F631, F154L, A161V (e.r.
0.3:99.7, (S)-selective). In addition to high enantioselectivity,
both variants also showed excellent regioselectivities with more
than 99.2% and the activity increased up to 17-fold achieving
TONSs of 41,000.

The active site of MthUPO seems to be particularly well-
suited for selectivity engineering approaches due to its high
hydrophobicity. This leads to two advantages: (i) significant
high affinity toward different aliphatic substrates and (ii) the
possibility of using a substantially reduced amino acid alphabet,
exclusively consisting of hydrophobic amino acids, for active
site reshaping while keeping the hydrophobicity and lowering
the screening effort dramatically.

Further engineering of regio- and enantioselective function-
alization of terpenes, terpenoids, linear- or branched hydro-
carbon chains could be performed, similar to the presented
work with the model substrate f-ionone.

Our MISER screening method based on GC—MS analysis
offers a broad substrate flexibility, only limited to volatile,
thermal stable molecules. This is an advantage in contrast to
systems in which only chromogenic substrates can be
examined. Even with the MISER approach, the screening
remains the time-limiting factor; hence, the generation of a
small smart library is still of utmost importance for reducing
the overall engineering time. This is where the advantages

https://doi.org/10.1021/acscatal.3c00702
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offered by in silico analysis will be even more relevant in the
future.

The present work paves the way toward the rapid
engineering of UPOs for enantioselective conversion of
terpene derivatives and other substrates and, hence, solves
one of the last remaining challenges in UPO research.
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This chapter describes the application of the FuncLib algorithm to generate a small yet diverse li-
brary of 50 MthUPQ variants, designed from an AlphaFold2 structural model to remodel the active
site for improved terpene oxyfunctionalization. All variants retained 100% functional expression,
and each showed turnover on at least one substrate from the test panel. For terpene oxidations,
the most active design for each substrate exhibited 2.2-fold to 7.1-fold higher activity compared to
the wild type, with up to 26 designs surpassing the wild type by > 2-fold for the top-performing
substrate. Selectivity was also improved: regioselectivity for 3-hydroxy-/3-damascone increased
from 3% to 46%, chemoselectivity for geraniol oxidation to citral A rose from 40% to >99%, and
citral B from 72% to 89%. Several designs enabled novel reactivities, including isopiperitenol for-
mation from limonene and epoxide products from geraniol and nerol. In -ionone hydroxylation,
enantioselectivity was inverted from an (R):(S) ratio of 76:24 to 1:99. These gains often arose from
combinations of mutations with strong epistatic effects, underscoring the power of multi-residue,

structure-guided enzyme design.
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remains a major challenge in chemical synthesis and is of =
significant industrial importance. This study presents a computa- ; ) ’
tional enzyme design approach based on an AlphaFold2 model of LR
an unspecific peroxygenase (MthUPO). Using the FuncLib
algorithm, only 50 variants were required, and they exhibit

remarkable advancements. All 50 designs retained 100% meas- M’W widype m:a: ;jw é
urable activity across the tested substrate panel, with each design 0 er.76:28 o 3 ~
showing activity on at least one substrate. Among the terpene % o g:/\’m d0% &/A d‘iv/\
substrates, improvements in activity varied considerably: while | fionone M&é@vk geraniol [pesign 4, iA° A
some substrates had only a single design exhibiting a >2-fold e 1:99 9% ﬂi%*
increase in activity, the top-performing substrate had 26 such fectivity imp Chemoselectivity imp

designs. The most active design per terpene substrate showed

enhancements ranging from 2.2-fold to 7.1-fold relative to the wild type. In addition to increased activity, many designs also
demonstrated useful and dramatic shifts in regio-, chemo-, and stereoselectivity. Regioselectivity for the energetically less favored 3-
hydroxy-f-damascone increased from 3 to 46%. Particularly striking is the dramatic improvement in chemoselectivity for the
oxidation of geraniol and nerol to citral A (>99%) and citral B (89%), respectively. While wild-type MthUPO exhibited only a
moderate selectivity of 40% for citral A and 72% for citral B, our computationally designed variants displayed significantly enhanced
product preference and up to a 4.5-fold increase in activity. Additionally, further products not found with the wild-type enzyme, such
as isopiperitenol from limonene and epoxides from geraniol and nerol, were synthesized. For the hydroxylation of S-ionone, the
enantioselectivity was inverted to a ratio of 1:99 from (R)- to (S)-4-hydroxy-f-ionone. FuncLib-enabled active-site remodeling
allowed us to generate a small yet highly diverse enzyme panel that significantly outperformed the wild type across multiple synthetic
challenges. The best-performing variants, such as design 4 and design 11 (both 4 mutations), exhibit improvements that result from
epistatic effects. MD simulations demonstrated that these mutations collectively reshape the active site, allowing for regio- and
chemoselectivities that are difficult to achieve by single-point mutations. Herein, we demonstrate the potential of in silico-guided
approaches to rapidly develop highly selective biocatalysts for synthetic applications.

KEYWORDS: computational chemistry, enzymes, FuncLib, oxyfunctionalization, Saccharomyces cerevisiae, terpenes,
unspecific peroxygenase, yeast

B INTRODUCTION Despite their remarkable oxidative capabilities, unspecific
peroxygenases (UPOs) also exhibit certain limitations. Many
UPOs display only moderate regio- or enantioselectivity, which
can restrict their application in fine chemical synthesis."”"*
Additionally, their broad substrate scope—while advantageous
in some contexts—can lead to undesired side reactions such as
overoxidation or low product specificity.”'* These challenges

Selective oxyfunctionalization ranks among the most challeng-
ing and desirable reactions in synthetic chemistry. These
reactions are often critical for selective C—H activation and
alkene epoxidation of complex organic molecules.' ™ Since
their discovery in 2004, fungal unspecific peroxygenases
(UPOs) have attracted great interest for their ability to
perform versatile oxyfunctionalization reactions on a broad
scope of substrates.”~” These enzymes have several advantages Received:  May 8, 2025
relative to other versatile oxidases, such as P450s:> they are Revised:  June 20, 2025
typically stable,'” use prereduced hydrogen peroxide as a Accepted:  June 23, 2025
cosubstrate instead of molecular oxygen and expensive Published: July 14, 2025
reductants such as NAD(P)H, and exhibit a broad substrate

scope'" and high turnover numbers (TON) up to 900,000."

© 2025 The Authors. Published b
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Figure 1. Overview of the different steps of the work protocol.

in vitro in silico

highlight the importance of engineering strategies to fine-tune
UPO selectivity and expand its practical utility in biocatalysis.

UPOs can be engineered for overexpression in rapidly
proliferating host organisms, such as yeast, through the
implementation of protein'® and si%nal-peptide17 engineering
and promoter-shuffling techniques.'® Recent studies yielded
enhanced variants characterized by increased activity,'’
augmented thermo-,*° pH—,21 and solvent-stabilities,”® and
large shifts in chemo-, regio-, and stereoselectivities.”> >’
These studies frequently employed directed evolution,'®**>%*
a prominent protein-engineering approach that emulates the
engineering prowess of natural evolution through iterative
rounds of random or semirational mutation and selection of
variants that exhibit desirable properties.”” But despite yielding
exceptional results, directed evolution is labor-intensive and
time-consuming. It is especially impractical when seeking
enzymes that exhibit improvements across multiple substrates,
as mutations that are favorable for one substrate rarely benefit
others.”® Furthermore, measuring oxyfunctionalization prod-
ucts is not amenable to chromogenic or fluorogenic measure-
ment, limiting options for medium to high throughput
screening, which is often essential to successful in vitro
evolution campaigns. These limitations are currently addressed
through small, “smart” libraries, using insights from molecular
structures and mechanistic information, reducing the screening
effort from thousands of variants to several hundred per round
of evolution.”’ ™ As a pertinent example, we recently
performed an engineering campaign starting from the UPO
from Myceliophthora thermophila (MthUPO) resulting in two
UPOs that selectively produced (S)- and (R)-4-hydroxy-f-
ionone, with enantiomeric ratios of 97:3 (R) and 0.3:99.7 (S),
respectively.”® This study establishes a benchmark for rational
engineering of a challenging UPO: we screened in total 2,500
variants in three rounds of evolution, 75% of which displayed
lower activity than the parental variant.

Here, we ask whether recent developments in computational
protein design and engineering®* can address the limitations of
rational engineering of enzyme active sites through a limited
experimental effort.”> Such protein-design methods can be
applied to crystallographic structures and can be generalized to
Al-based model structures.”****” For example, FuncLib is an
automated method for designing diverse combinations of

multipoint mutations within the active site of an enzyme.’’
This method uses phylogenetic analysis and Rosetta atomistic
design calculations to generate variants that exhibit large
diversity in active-site geometry and electrostatics without
impairing the stability, foldability, and primary activity of the
enzyme. The resulting designs may exhibit strong epistatic
dependencies among the mutations®’ >’ that are rarely
observed in natural and lab-evolved variants; yet these designs
exhibit diverse activities suggesting that FuncLib may uncover
sequences and activities that are difficult for evolutionary
processes to reach.

We focus on oxyfunctionalization of small terpenes which
constitute the largest class of secondary plant metabolites.*’
Terpenes and their oxyfunctionalized derivatives, terpenoids,
frequently showcase pharmacological activity*' and find
applications in the flavor and fragrance industries.””*
Chemo-, regio-, and stereoselective oxygenation presents a
challenge for chemical catalysis, given that many terpenes
feature multiple sites where C—H hydroxylation and C=C
epoxidation are chemically and energetically almost indis-
tinguishable. Enzymes are naturally stereoselective and can
position substrates to promote reactions at desired positions
that are not kinetically favored or chemically activated; thus,
accurate control of the UPO active-site pocket may enable
oxyfunctionalization reactions that overcome the dictates of
intrinsic chemical reactivity of the substrate.

Starting from an AlphaFold2 model of MthUPO, we
generated 50 MthUPO FuncLib designs. All proved to be
functionally secreted from yeast, allowing us to compare their
influence on various substrates and to find large activity
improvements and substantial shifts in chemo-, regio-, and
stereoselectivity through a limited experimental screening
effort (Figure 1). Al-based modeling and molecular dynamics
simulations of substrate—enzyme pairs provided insights into
some of the dramatic specificity changes that may extend to
other UPOs.

B MATERIALS AND METHODS

Chemicals. See the Supporting Information.

Bacterial and Yeast Strains. For all cloning purposes and
plasmid propagation, E. coli DH10B cells (ThermoFisher
Scientific, Waltham, US) were utilized. All work regarding S.

https://doi.org/10.1021/acscatal.5c02412
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cerevisiae was performed utilizing the INVScl strain (Thermo-
Fisher Scientific, Waltham, MA, US).

Oligonucleotides and Gene Parts. All oligonucleotides
were purchased in the lowest purification grade “desalted” and
minimal quantity at Eurofins Genomics (Ebersberg, DE). The
genes of the MthUPO FuncLib library were purchased as gene
parts from Twist Bioscience (San Francisco, US).

AlphaFold2 Model. The AlphaFold2 model of MthUPO
was extracted from the AlphaFold Protein Structure Database
(UniProt entry G2QID2). Source: https://alphafold.ebi.ac.uk/
entry/G2QID2 (16.02.2023).

FuncLib Design. We used a C-terminally truncated (—18
residues) AlphaFold2 model of MthUPO with its natural signal
peptide automatically refined by the FuncLib algorithm (using
Rosetta) as the protein structure. The loop at the original C-
terminus entered the substrate channel and active side during
the simulations, impeding residue variation wherefore we used
the truncated model for further calculations. We subsequently
defined positions C18 (axial ligand) as well as E158 and H88
(catalytic cascade) as essential amino acids which must not be
subject to any variation. The number of mutations per design
was set to two to four with at least two variations between each
design. We did not apply an algorithm like PROSS™ for
introducing stabilizing mutations into the enzyme before
running the FuncLib campaign, even though introducing
several mutations in the active side may compromise enzyme
stability. In our previous work with MthUPO, we did not
encounter stability issues after introducing mutations. Further
prior work on AaeUPO variant PADA-I showed that an
aggressive FuncLib campaign on unspecific peroxygenase can
be tolerated without introducing further stabilizing mutations
beforehand.”® For diversification, positions were selected that
enhanced activity, chemo-, regio-, and stereoselectivity of
MthUPO for different substrates in prior directed evolution
campaigns.zz’zs‘26 Altering positions FS9, L60, F63, AlS3,
F154, Y156, G157, S159, A161, 1206, and M210 showed
substantial influence in previous studies, and we additionally
selected position L86 due to its proximity to the active site. In
total, we selected positions F59, L60, F63, L86, A153, F154,
Y156, G157, S159, A161, L206, and M210 to be diversified.
Charged amino acids (Arg, His, Lys, Glu, and Asp) were
excluded from the allowed sequence space to keep the
hydrophobic character of the active site. Thr was also excluded
as including all mutations to the initial sequence space file, that
were found in previous projects (e.g, FS9Q), exceeded the
maximum permitted number of variants. The highly polar
amino acid Thr was not considered to be of most interest for
the project compared to other more hydrophobic amino acids.
Initial FuncLib runs showed steric overlap of mutations
containing aromatic identities at position L86, mutations larger
than Ala and Ser at position G157 might obstruct access to the
heme, and the mutation A161F appeared to clash with the
presumed heme site; therefore, such mutations were
prohibited. In the future, the usage of AlphaFill or AlphaFold3
to include heme into the active site could prevent the
introduction of mutations such as the aforementioned. Finally,
the following sequence space was explored: Table SI.

Expression Plasmids. Expression plasmids for MthUPO
expression in S. cerevisiae were constructed as previously
described—all parts are available at AddGene.'” The gene
parts of the FuncLib library were first cloned as individual level
0 standard modules into the universal level 0 acceptor plasmid
(pPAGM9121) and afterward released upon Bsal restriction

digest. Golden Gate reactions were performed to combine the
MthUPO FuncLib genes with the Sce-a.galactosidase signal
peptide and a TwinStrep-GFP11-Tag for purification and
secretion detection in a level 1 expression plasmid
(pAGTS72).

Microtiter plate cultivation of S. cerevisize, shake flask
cultivation of S. cerevisize, supernatant ultrafiltration and
protein purification, and heme—CO complex measurements
were performed as described previously.'”

Colorimetric Screening Assays. Four colorimetric assays
were performed: ABTS, DMP, NBD, and splitGFP assay. All
assays were performed as described before.** For NBD, ABTS,
and DMP, the absorbance difference between five minutes (¢1)
and 0 minutes (0) was evaluated. The DMP assay was
performed with enzyme secreted in a medium without
additional heme to avoid a background reaction.

Bioconversion in a Microtiter Plate. All reactions with
noncolorimetric substrates were initially performed in a
microtiter plate. 100 L of supernatant derived from enzyme
expression and secretion in S. cerevisige in a microtiter plate
was transferred to a 96-deep-well plate (CR1496, EnzyScreen,
Heemstede, NL). 400 uL of a reaction Mastermix was added
to achieve final concentrations of 1 mM substrate, 1 mM
H,0,, 5% acetone, and 100 mM Kpi (pH 7.0). Reactions were
performed for 1 h at 30 °C under continuous shaking at 300
rpm. The extraction was accomplished through the addition of
500 uL of EtOAc (GC Ultra grade) containing 0.25 mM of an
internal standard (Table S3) and further shaking for 30 min at
25 °C and 300 rpm. Microtiter plates were centrifuged to
separate the phases (3000 rpm, 10 min) and 300 pL of the
organic phase was transferred to a glass-coated microtiter plate
utilizing the Platemaster (Gilson, Middelton, US) for
subsequent GC—MS analysis.

Bioconversion in Single Vials. All bioconversions for
regioselectivity determination were performed in triplicates in
single vials with direct addition of H,0,. 250 nM enzyme
supernatant, derived from enzyme expression and secretion in
S. cerevisiae in a shake flask after ultrafiltration and
concentration determination was transferred to a glass vial. A
reaction Mastermix was added to achieve final concentrations
of 1 mM substrate, 5% acetone, 1 mM H,0,, and 100 mM Kpi
(pH 7.0) to give a total volume of S00 uL. Reactions were
performed for 1 h at 30 °C under continuous shaking. The
extraction was accomplished through the addition of 500 uL of
EtOAc (GC Ultra grade) containing 0.25 mM of an internal
standard (Table S3), and the organic phase was transferred to
a new glass vial for subsequent GC—MS analysis.

Bioconversion in Single Vials with a Syringe Pump.
All bioconversions for TON determination were performed in
triplicates in single vials utilizing a syringe pump system. 250
nM enzyme supernatant, derived from enzyme expression and
secretion in S. cerevisige in a shake flask after ultrafiltration and
concentration determination, was transferred to a glass vial. A
reaction Mastermix was added to achieve final concentrations
of 1 mM substrate, 5% acetone, and 100 mM Kpi (pH 7.0) to
give a total volume of 400 uL. 100 L of H,0, (stock solution
S mM, final concentration 1 mM) was added over the period
of the reaction via a syringe pump. Reactions were performed
for 1 h at 30 °C under continuous shaking. The extraction was
accomplished through the addition of 500 yL of EtOAc (GC
Ultra grade) containing 0.25 mM of an internal standard
(Table S3), and the organic phase was transferred to a new
glass vial for subsequent GC—MS analysis.

https://doi.org/10.1021/acscatal.5c02412
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GC—MS Analysis. All GC—MS measurements were
performed on a Shimadzu GCMS-QP2010 Ultra (Shimadzu,
Kyoto, JP) with helium as carrier gas. The detector voltage of
the secondary electron multiplier was adjusted in relation to
the tuning results with perfluorotributylamine. The GC—MS
parameters were controlled with GCMS Real Time Analysis,
and for data evaluation, GCMS Postrun Analysis (GCMSso-
lution Version 4.4S, Shimadzu, Kyoto, JP) was used. The
temperature programs utilized are listed in Table S3. Ionization
was obtained by electron impact with a voltage of 70 V.
Calibration and quantification were implemented in scan
mode.

Nonchiral Gas Chromatography—Mass Spectrometry
(GC—MS). Measurements were performed on an SH-Rxi-5Sil
MS column (30 m X 0.25 mm, 0.25 gm film, Shimadzu, Kyoto,
JP). One microliter of each sample was injected with a split
ratio of 1:20 (inlet temperature 200 °C). The temperature of
the ion source was 280 °C. All initial screening measurements
were performed in single replicates.

Chiral Gas Chromatography—Mass Spectrometry
(GC—MS). Measurements were performed on a Lipodex E
column (25 X 0.25 mm, Macherey-Nagel, Diiren, DE). One
microliter of each sample was injected with a split ratio of 1:10
(inlet temperature 200 °C). The temperature of the ion source
was 200 °C.

Quantum Mechanics (QM) Calculations. A truncated
computational model was used to model the C—H activation
and epoxidation of geraniol (1) and nerol (2) substrates. The
truncated model [Fe=O(Por)(SCH;)(substrate)] includes
the active Fe-oxo species (Fe=0), the porphyrin pyrrole core
(Por), a methyl thiolate group (-SCH;) to mimic cysteine axial
ligand, and 1 or 2 as substrate. Density Functional Theory
(DFT) calculations were carried out using the Gaussianl6
software package.’® Geometry optimizations and frequency
calculations were performed using the unrestricted hybrid
(U)B3LYP*~* functional with an ultrafine integration grid>’
and including the CPCM polarizable conductor model
(dichloromethane, £ = 8.9)°>% to have an estimation of the
dielectric permittivity in the enzyme active site.”> The 6-
31G(d) basis set was used for all atoms but Fe, where the SDD
basis set and related SDD pseudopotential were employed.
The optimized geometries were verified as minima by
vibrational frequency analysis, and transition state geometries
have a single imaginary frequency consistent with the reaction
coordinate. Enthalpies and entropies were calculated for 1 atm
and 298.15 K. A correction to the harmonic oscillator
approximation, as discussed by Truhlar and co-workers,”***
was also applied to the enthalpy calculations by raising all
frequencies below 100 cm™ to 100 cm™ using the Goodvibes
v.1.0.1 Python script.’® Single-point energy calculations were
performed using the functional (U)B3LYP with the
Def2TZVP basis set on all atoms and within the CPCM
polarizable conductor model (dichloromethane, £ = 8.9)°"**
and an ultrafine integration grid.”’ Empirical Grimme D3
dispersion corrections with Becke—Johnson (GD3BJ) damping
are also included in single-point calculations.”” All structures
have a total neutral charge and calculations were performed
with doublet (d) or quartet (q) multiplicities consistent with
the expected electronic states of the Fe. Figures of DFT
structures were rendered using CYLview® and MolUP VMD
extension”” was used for output visualization.

Homology Model and Molecular Dynamics (MD)
Simulations. The homology model for the MthUPO structure

(283 residues) obtained from our previous work has been used
as the starting point.”” Mutations were introduced using the
Mutagenesis tool in PyMOL.”” Molecular Dynamics (MD)
simulations in explicit water were performed using the
AMBERI18 package.”"®> Parameters for the geraniol (1) and
nerol (2) substrates were generated within the antechamber®
module in the AMBERI18 package using the general AMBER
force field (gaffZ),é4 with partial charges set to fit the
electrostatic potential generated at the B3LYP/6-31G(d)
level by the RESP model.”® The charges were calculated
according to the Merz—Singh—Kollman scheme®*®” using the
Gaussian16 package. Parameters for the heme compound I
(Cpd I) and the axial Cys were taken from ref 68. The protein
was solvated in a pre-equilibrated cubic box with a 12 A buffer
of TIP3P® water molecules using the AMBER18 leap module,
resulting in the addition of ~12,500 solvent molecules. The
systems were neutralized by the addition of explicit counter-
ions (Na* and CI7). All subsequent calculations were done
using the AMBER force field 14 Stony Brook (ff14SB).”° A
two-stage geometry optimization approach was performed.
The first stage minimizes the positions of solvent molecules
and ions imposing positional restraints on the solute by a
harmonic potential with a force constant of S00 kcal-mol™
A7 and the second stage is an unrestrained minimization of
all of the atoms in the simulation cell. The systems were gently
heated using six 50 ps steps, incrementing the temperature by
50 K for each step (0—300 K) under constant-volume and
periodic-boundary conditions. Water molecules were treated
with the SHAKE algorithm such that the angle between the
hydrogen atoms was kept fixed. Long-range electrostatic effects
were modeled using the particle-mesh-Ewald method.”" An 8
A cutoff was applied to Lennard-Jones and electrostatic
interactions. Harmonic restraints of 30 kcal-mol ™' were applied
to the solute, and the Langevin equilibration scheme was used
to control and equalize the temperature. The time step was
kept at 1 fs during the heating stages, allowing potential
inhomogeneities to self-adjust. Each system was then
equilibrated for 2 ns with a 2 fs time step at a constant
pressure of 1 atm and a temperature of 300 K without
restraints. Once the systems were equilibrated in the NPT
ensemble, production trajectories were then run under the
NVT ensemble and periodic-boundary conditions. In partic-
ular, a total of 1500 ns from 3 independent replicas (500 ns
each) were accumulated for each of the following systems:
design 2 (F63L/A1S31/F1541/G157A), design 4 (F631/
F154L/G157A/A161F), design 26 (F631/F1541/G157A/
Al61L), and design 28 (F63L/F154L/Y1S6L/A161F).
Trajectories were processed and analyzed using the CPPtraj””
module from AmberTools utilities. VMD visualization software
was used to visualize MD simulations.”> Protein structures
were rendered using PyMOL.%

Docking and Protocol Used for Substrate-Bound MD
Simulations. Docking calculations were performed using
AutoDock Vina.”* The most populated clusters (based on
backbone clustering analysis) obtained from MD simulations
carried out in the absence of a substrate were used, and
docking predictions were then utilized as starting points for
substrate-bound MD simulations. The following systems were
prepared: design 4 + geraniol, design 2 + geraniol, design 26 +
nerol, and design 28 + nerol. The same protocol for MD
simulations described above has been employed. Three replicas
of 500 ns were carried out on each system without any external
restraints on the substrate, thus accumulating a total of 1500 ns

https://doi.org/10.1021/acscatal.5c02412
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for each system. Trajectories were processed and analyzed
using the CPPtraj28 module from the AmberTools utilities.
VMD visualization software was used to visualize MD
simulations.”” Protein structures were rendered using
PyMOL.%

Al-Based Docking for Design/Substrate Modeling.
Models for each design/substrate pair were generated using
Chai-1 (downloaded from https:// github.com/chaidiscovery/
chai-lab), an AlphaFold3-based and open-access predictor of
biomolecular interactions. Each docking trajectory produces
five docked models, and we launched several runs with
different seeds to generate up to 50 models per design pair
(Table S11).

We used the Simplified Molecular Input Line Entry System
(SMILES) notation for heme-oxo species (compound 1) for
modeling:

C=CC1=C(C)C2=CC(C(C)=C3CCC([0-])=0)=
[N]4C3=CC5=[N]6C(C(C)=C5CCC([ o-]):o):
CC7=C(C=C)C(C)=C(C=C1[N-]28)[N-]7[Fe]
468=0

In addition, we used SMILES notations extracted from
PubChem for each of the terpenes (Table S11).

Models that exhibited <4.5 A between the oxidized carbon
and compound I oxygen were defined as forming a near-attack
conformation (NAC). Models that exhibited a <3.4 A distance
between any atoms on the ligand and the enzyme were
considered as forming steric overlaps.

Preparative Work. 2,3-Epoxy Nerol. Nerol (590 mg, 3.8
mmol) was dissolved in acetone (7.5 mL) and poured into a
solution of potassium phosphate buffer (100 mM, 111 mL, pH
7.0) and 250 nM MthUPO Var 28 (stock solution of 20.5 uM,
1.8 mL). Thirty millimolar hydrogen peroxide (stock solution
150 mM, 30 mL) was added via a syringe pump over the
period of the reaction time. The solution (total: 150 mL) was
stired at 30 °C, overnight. Afterward, the mixture was
extracted three times with ethyl acetate. The organic phase was
washed with brine, dried with sodium sulfate, filtered, and
concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel using n-
hexane/ethyl acetate (9/1 — 2/1) obtaining 156 mg (70%) of
2,3-epoxy nerol as a pale-yellow oil. GC—MS analysis showed
impurities of silicone grease leading to a total purity of 85%
which corresponds to a yield of 132 mg (55%) of 2,3-epoxy
nerol.

'H NMR (400 MHz, CDCL,) &: 5.07 (t, J 8 Hz, 1H), 3.37
(m, 1H), 3.65 (m, 1H), §: 2.94 (q, ] 4 Hz, 1H), 2.17—2.01 (m,
2H), 1.68—1.63 (m, 4H), 1.60 (s, 3H), 1.33 (s, 3H).

Isopiperitenol. (S)-(—)-Limonene (360 mg, 2.4 mmol) was
dissolved in acetone (7.5 mL) and poured into a solution of
potassium phosphate buffer (100 mM, 93 mL, pH 7.0) and
200 nM MthUPO Var 28 (stock solution of 1.5 uM, 20 mL).
Twenty millimolar hydrogen peroxide (stock solution 100
mM, 30 mL) was added via a syringe pump over the period of
the reaction time. The solution (total: 150 mL) was stirred at
30 °C, overnight. Afterward, the mixture was extracted three
times with ethyl acetate. The organic phase was washed with
brine, dried with sodium sulfate, filtered, and concentrated
under reduced pressure. The crude product was purified by
column chromatography on silica gel using n-hexane/ethyl
acetate (19/1 — S/1) obtaining 3 mg (1%) of isopiperitenol as

a pale-yellow oil. GC—MS analysis showed impurities of
silicone grease leading to an even lower yield of isolated
product.

'"H NMR (400 MHz, CDCl,) &: 5.42 (s, 1H), 4.86 (d, J 20
Hz, 2H), 4.15-4.05 (m, 2H), 2.11 (s, 1H), 2.05 (m, 1H), 1.71
(s, 3H), 1.68 (s, 3H), 1.41 (d, J 8 Hz, 2H).

B RESULTS

Modeling and Design Calculations. Because the
molecular structure of MthUPO has not been determined
experimentally, we started from an AlphaFold2 model
(UniProt entry: G2QID2) of the core enzymatic domain
(amino acid positions 1—227).”° Because AlphaFold2 does not
model cofactors, we compared the model to the structure of an
artificial UPO (artUPO, PDB entry: 7ZNV), a homologue
from Marasmius rotula (MroUPO).” Visual inspection verified
that the side chain conformations of amino acids that are in
direct contact with heme in other UPOs were aligned with
those observed in experimentally determined UPOs.”*”® The
proximal axial ligand Cys18 and the catalytic dyad Glul58/
His88 were kept fixed in their modeled conformations in all
design calculations to maintain the core catalytic activity.
Active-site positions were chosen for design to alter the active-
site cavity based on our previous work and modeling (Table
S1).2° The designs were selected to contain 2—4 mutations
each and to differ by at least two mutations from each other. 50
lowest-energy FuncLib designs (Table S2) were selected for
experimental screening (see section FuncLib design in the SI for
further details). Among the SO designs, some positions
exhibited no mutation (Leu206 and Met210) or only low
sequence diversity, reflecting the high sequence conservation
and energetic sensitivity of active-site positions, whereas others
showed radical mutations with position Glyl57 mutated in
88% of the designs.

Designs Generate Chemically Challenging Oxyfunc-
tionalized Terpenoids. We selected ten small cyclic and
noncyclic terpenes and terpenoids (Scheme 1) to assess the

Scheme 1. Terpenoid Substrates Investigated in This Study

S g e

geraniol nerol S-(-)-limonene  R-(+)-limonene «a-damascone
dumlswm 8- dumswm a-ionone f-ionone V\anL\,nL

catalytic capabilities of the designed MthUPO variants.
Additionally, we chose three standard colorimetric substrates
that serve as indicators for peroxygenase or peroxidase activity
(ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid),
DMP (2,6-dimethoxyphenol), and NBD (S-nitro-1,3-benzo-
dioxole) and performed a splitGFP assay to determine the
protein secretion levels independently of activity."

Among the substrates, the oxyfunctionalized products of
geraniol and nerol are of outstanding interest, as partial
oxidation of their terminal alcohol to aldehyde produces citral
A (geranial, 33) and citral B (neral, 31), which are commonly
used aroma compounds in perfumery due to their strong
lemon (citrus) scents.” Moreover, citral is a key building block
for the synthesis of vitamin A’® and shows anti-inflammatory,

https://doi.org/10.1021/acscatal.5c02412
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were formed) relative to the activity of wild-type MthUPO. The activity of

wild-type MthUPO is set to 1 separately for each substrate. All measurements were performed in a single replicate in microtiter plates. ABTS, DMP,
and NBD were analyzed photometrically, while product formation for all other substrates was determined by GC—MS.

antitumor, and antibacterial activity.””"®' Limonene and its
oxyfunctionalized products are widely used in the fra-
grance®™® and polymer®™® industry and have important
pharmacological effects.®™% Wild-type MthUPO, however,
yields a diverse array of products from limonene (Figure S3),
including multiple oxyfunctionalizations, similar to the results
observed with PaDa-I and artUPO.”® Additionally, the
volatility of limonene renders upscaling reactions for product
isolation and identification challenging.

Wild-type MthUPO is readily secreted in functional form
from yeast, and remarkably, all 50 designs were successfully
expressed and secreted. Secretion levels were between 0.6-fold
and 1.9-fold of wild-type levels (Figure 2), indicating that
active-site design using FuncLib preserves the expressibility of
the parental enzyme. Furthermore, among the designed
enzymes, we measured improvements in activity relative to
the wild type for nine of the ten terpenes, with only valencene
(10), the only substrate comprising two conjugated rings in
our set, not showing detectable activity in the wild type or any
of the designs. The greatest improvement was seen in designs 3
and 47 relative to ABTS (1,880-fold and 1,950-fold increase in
absorbance related to product formation, respectively). Design
34 demonstrated a 200-fold activity improvement over DMP
(Figure 2). Both design 3 and 47 performed excellently as well
for DMP, but underperformed with all other substrates,
indicating that those designs improved the peroxidase rather
than peroxygenase activity. By contrast, designs 22 and 25
showed 2-fold improvement on the peroxygenase model
substrate NBD.

All FuncLib designs showed at least baseline activity toward
geraniol (1) and nerol (2), confirming that all designs were
functionally secreted. The largest improvement toward
geraniol was seen with design 4 exhibiting a 3.8-fold increase
compared to the wild type. The highest activity for nerol (2) is
seen by design 24 with 6.2-fold improvement. The highest

overall activity toward all damascones and a-ionone (8) is seen
in design 18 with 3.1- to 6.7-fold increases. The highest activity
on f-ionone (9) was revealed by design 11 with a 7-fold
increase relative to the wild type. For limonene, the activity
gain reached 1.7- and 2.2-fold with designs 2 and 29,
respectively, for (R)-(+)-limonene (4) and (S)-(—)-limonene
(3). Thus, a variety of different designs exhibited excellent
levels of oxyfunctionalization of different substrates.

Novel Products and Outstanding Improvements in
Regioselectivity. Aside from the increase in activity, we also
observed dramatic shifts in regioselectivity among the designs
(Figure 3). Design 45 displays a notable shift in the formation
of 3-hydroxy-f-damascone (15), which increased from 3% for
wild-type MthUPO to 46%. This regioselectivity shift is
remarkable as the aliphatic C3-position is substantially less
activated compared to the allylic C4-position of the main
product 4-hydroxy-f-damascone (14). Thus, the designs can
substantially change the profile of the resulting products
toward ones that are less favored for chemical reactivity.

We also saw shifts in chemo- and regioselectivity for
limonene. For instance, wild-type MthUPO mainly generates
the epoxide limonene oxide (21), whereas design 45 mainly
produces (+)-carveol (22) (Figure 3B) from (R)-(+)-limo-
nene, alongside a 5.6-fold increase in turnover number (TON).
This change in chemoselectivity is noteworthy, as hydrox-
ylation reactions are energetically less favored than epoxidation
reactions. Moreover, this reaction provides access to a valuable
fragrance and pharmacologically active compound.*”®” The
main product of (S)-(—)-limonene with design 45 was
identified as isopiperitenol (19), which could only be found
in trace amounts after conversion by wild-type MthUPO. This
activity is boosted 25-fold, reaching 310 TONS.

a- and f-Ionones are mainly converted by MthUPO to 3-
hydroxy-a-ionone (26) and 4-hydroxy-f-ionone (28), respec-
tively.”® With the FuncLib designs, the main products
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Figure 3. Relative abundance of selected products after conversion with different FuncLib designs. All data are analyzed by GC—MS. (A)
Conversion of a-, -, and 5-damascone. (B) Conversion of (S)-limonene and (R)-limonene stacked bar chart displays the relative abundance of
products after conversion of (R)-limonene leading to carveol (22) (orange), limonene oxide (21) (red), mix lim-ol (23/24) (blue), and others
(gray). Isopiperitenol elutes on the GC—MS simultaneously with a second limonene alcohol (presumably limonene-10-ol), elution peaks are not
separable, but mass spectra indicate the presence of two different moieties, the sum of both products is referred to as mix lim-ol. (C) Conversion of
a-ionone. (D) Conversion of f-ionone reveals differing relative product abundance and increased enzyme activity compared to wild-type MthUPO.
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Figure 4. Oxyfunctionalization of geraniol (1) and nerol (2) with FuncLib designs of MthUPO. (A) Proportion of 2,3-epoxide (32/34) (blue) and
aldehyde (31/33) (orange) formation in the overall reaction. Measurements were performed in single replicates with enzyme from the microtiter
plate supernatant. (B) Regioselectivity of selected enzyme variants toward citral A (33)/citral B (31), neric acid and 2,3-epoxy (32/34), and 6,7-
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Figure 4. continued

epoxy formation measurements was performed in triplicates. (C) Turnover number of selected products; data are mean = s.d. of measurements in
triplicates. (D—G) Most representative structure of the binding mode of geraniol/nerol in different FuncLib designs as determined by clustering

analysis.
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Figure S. Al-based docking provides a molecular basis for the observed reactivities in design/substrate pairs. (A) Design 18, substrates S, 6, and 8,
and compound I were modeled using Chai-1, generating up to 50 models for each. For each pair, we selected a model that formed a near-attack
conformation (NAC) defined as exhibiting distance <4.5 A between the oxidized carbon and the compound I oxygen. (B) Substrate 7 exhibits
much higher activity with design 18 than with design 11. In both cases, 10 models were generated with Chai-1. (left) The modeled interaction
places the oxidized C9 atom of substrate 7 in a NAC. (center) Design 11 does not accommodate the NAC with this substrate, and (right)
superimposing the substrate conformation modeled in design 18 in the active-site pocket of design 11 reveals significant steric overlap with
designed amino acid residues that are close to the heme cofactor. Carbons in blue or green; compound I oxygen in red sphere; heme in sticks; steric

overlap and interatomic distances (A) indicated with dashed yellow lines.

remained 26 and 28, respectively, but the regioselectivity
increased strongly. For the formation of 26, it increased from
91% (wild-type MthUPO) to 98% (design 18) and 99%
(design 45), respectively. For 28, the improvement was from
92% (wild-type MthUPO) to 98% (design 34).

Overall, our experiments revealed large shifts in the main
substrates, the formation of novel products, and an increase
from satisfactory to outstanding regioselectivities, thus under-
scoring the efficacy of FuncLib in generating useful functional
diversity. In addition, some FuncLib designs significantly
enhanced reactivities and produced regioisomers that are
energetically disfavored, demonstrating how changes to the
active-site geometry and electrostatics can dramatically impact
the outcome of the reactions (see below).

Large Chemoselectivity Shifts among FuncLib De-
signs. The FuncLib-enabled mutations lead to large shifts in
chemoselectivity, as demonstrated by geraniol (1) and nerol
(2). Design 4 displays excellent selectivity (>99%) for citral A
(geranial, 33, Figure 4) and a 4.5-fold improvement in TON
compared to wild-type MthUPO, which only showed 40%
chemoselectivity for converting the terminal alcohol group.
The most pronounced chemoselectivity shift toward citral B
(neral, 31) was achieved with design 26 with 89% relative
abundance reaching 11,170 TONSs, which corresponds to a 4.5-

fold activity gain, but only a minor chemoselectivity shift
compared to the 72% of wild-type MthUPO. Further products
are 2,3-epoxides, with a relative abundance of up to 58% for
2,3-epoxy geraniol (34) with design 2 and 69% for 2,3-epoxy
nerol (32) with design 24. Some designs further exhibited
overoxidation from nerol to neric acid, a reaction that was not
observed with geraniol (Figure 4B). The selectively oxidized
aldehydes citral A and citral B are of great importance for
industrial applications, which renders design 4 with its
outstanding chemoselectivity an exciting biocatalyst. Upscaling
reactions with design 28 were successfully performed and
yielded more than 150 mg of 2,3-epoxy nerol, which was
subsequently used to determine TONSs of both nerol and
geraniol 2,3 oxides. Design 2 displayed a 1.8-fold increase in
TON for 34 when using geraniol. Design 28 displayed a 14.3-
fold boost for 32 compared to the wild-type MthUPO enzyme,
resulting in 9,470 TONs for product 32 (Figure 4C).
Molecular Basis of Chemoselectivity Changes. To
shed light on the molecular basis for the chemoselectivity
changes observed on the noncyclic terpene substrates, we
conducted computational modeling based on Density Func-
tional Theory (DFT) calculations using truncated models and
molecular dynamics (MD) simulations. DFT calculations are
used to elucidate intrinsic reactivity trends and provide
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Figure 6. Influence of FuncLib designs on stereoselectivity. (A) Shifts in the diastereomeric ratio of trans-limonene oxide (orange) and cis-
limonene oxide (blue). Measurements were performed as single replicates with enzyme from the supernatant in the microtiter plate scale. (B) Shifts
in the enantiomeric ratio of 4-hydroxy-f-ionone (28) giving access to S-hydroxy-f-ionone with design 11 and design 34. Measurements are

performed as single replicates.

descriptions of optimal geometries for the competing C—H
activation and epoxidation transition states, while MD
simulations offer structural and molecular insights into key
substrate—enzyme interactions that ultimately govern the
selectivities observed across selected variants. Additionally,
the Al-based structure predictor Chai-1 was used to explore
catalytically relevant substrate binding modes and to assess its
predictive power.

For both geraniol and nerol, DFT calculations in the absence
of enzyme show that allylic hydroxylation on the terminal
carbon atom (C1) and epoxidation at the 2,3 double bond are
the energetically most favored oxyfunctionalizations, with the
terminal allylic C—H activation (via Hydrogen Atom Transfer,
HAT) slightly preferred (Figures S6 and S7 in the Supporting
Information). This is consistent with the major products
detected experimentally for these substrates with all variants.
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We chose to conduct Molecular Dynamics (MD) simu-
lations (see Supporting Information for details) to analyze the
large selectivity shifts seen in design 4 vs design 2 for geraniol
oxidation and design 28 vs 26 for nerol. According to these
simulations, geraniol establishes a persistent polar interaction
with the GlulS8 side chain of design 4, thus positioning both
C1—-H and C2—C3 bonds near the catalytically active oxo-
ferryl cation radical complex species (compound I, see Figures
4E and S8 in the Supporting Information). The presence of the
bulky Phel61l (mutated from wild-type Ala) side chain
prevents the substrate from approaching the catalytic species
in alternative near-attack conformations. Considering that
terminal allylic hydroxylation is energetically slightly preferred,
the citral A product is preferentially formed from this binding
mode. On the other hand, design 2 led mainly to 2,3-epoxy
geraniol with high activity and moderate chemoselectivity (1.8-
fold increase and 58% selectivity). The models show that
design 2 has a less dense active site, and the C2—C3 double
bond of geraniol may approach the catalytic iron-oxo group. At
the same time, C1—H bonds are not geometrically well-
oriented for effective HAT (Figures 4D and S9 in the
Supporting Information), leading to effective epoxidation by
subtle substrate repositioning in the active site as compared to
design 4. Therefore, MD simulations describe that active-site
reshaping due to mutations repositions the substrate in the
active-site cavity, which is finally responsible to switch the
selectivity observed for design 4 vs design 2.

A similar scenario is found for nerol and designs 26 and 28.
In design 26, nerol is preferentially bound by placing both the
allylic terminal position and the C2—C3 double bond
geometrically preorganized for oxyfunctionalization (Figures
4F and S10 in the Supporting Information). Nevertheless,
mutations included in design 28, particularly TyrlS6Leu,
induce structural changes in the active-site cavity that favor the
positioning of a water molecule that persistently interacts with
the GlulS8 and Tyr162 backbones. These structural changes,
stemming from cooperation among several mutations,
reposition nerol in the active site placing the C2—C3 double
bond in a near-attack conformation for epoxidation by
compound I while geometrically disfavoring terminal C—H
activation (Figures 4G and S11 in the Supporting Informa-
tion).

Recently developed Al-based structure predictors, such as
AlphaFold3,” can accurately predict biomolecular interactions
between proteins, cofactors, and ligands. We asked whether the
open-access predictor Chai-1”" could be used to shed light on
the promiscuity and specificity of some of the designed
enzymes modeling selected design/substrate pairs (Figure ).
We focused on design 18, which exhibits high activity toward
substrates S—8 (Figure 2), and generated ab initio models for
the design, substrates, heme, and compound I oxygen. The
models show that the substrates may all orient similarly, with
the compound I oxygen atom placed close to the specific
carbon atom that undergoes oxidation (Figures SA and S14).
In addition, we asked why design 18 oxidized substrate 7 much
more efficiently than design 11. Modeling suggests that three
mutated positions close to the compound I oxygen determine
this specificity profile: in design 18, Phe60, Ile154, and Leul61
provide sufficient room for the ring to come close to the
reactive oxygen, whereas Leu60, Leul54, and Phel61 in design
11 prevent this close approach (Figure SB). Therefore, the
Chai-1 structure predictive tool is able to capture and describe

steric modifications in the active-site cavity due to mutations
that impact substrate catalytically relevant binding poses.

FuncLib Designs Impact Stereoselectivity of Limo-
nene Oxide and 4-Hydroxy-g-ionone. The major influence
of the FuncLib library on stereoselectivity is shown by shifts in
the diastereomeric ratio of 1,2-epoxy limonene (Figure 6A)
ranging from 86:14 (design 28) for trans-(R)-limonene oxide
to 23:77 (design 43) for cis-(R)-limonene oxide and 94:6
(design 28 and 34) for trans-(S)-limonene oxide to 10:90
(design 6) for cis-(S)-limonene oxide. We further see
outstanding changes in the enantioselectivity of 4-hydroxy-f-
ionone (28) from an enantiomeric ratio of 76:24 for wild-type
MthUPO to 1:99 for both design 11 and 34 producing (S)-4-
hydroxy-f-ionone (Figure 6B). A lack of enantioselectivity of
the FuncLib designs toward the (R)-4-hydroxyl-fB-ionone
product is not surprising as the key position for controlling
R-selectivity in f-ionone hydroxylation (Leu206)*® was not
diversified in the FuncLib library (Table S2). These shifts
confirm that FuncLib not only influences regio- and chemo-
selectivity but can further exert major influences on stereo-
selectivity in accordance with previous work on small aromatic
substrates.”®

B DISCUSSION

In both industrial and academic contexts, the ability to produce
a small set of highly active enzymes with diverse selectivities is
extremely valuable to determining the feasibility of desired
reactions. Previously, such diversity was generated, including in
UPOs, using natural or engineered enzymes from a variety of
sources. We demonstrated here that substantial diversity can
also be provided by the FuncLib algorithm starting from a
single enzyme that exhibits favorable stability and activity
profiles.

All FuncLib designs we tested experimentally were func-
tional and exhibited large and potentially useful changes in
activity and selectivity profiles. This is remarkable, especially
given that the designs were based on an AlphaFold model and
that the UPO family is challenging for protein engineering due
to difficulties in heterologous expression, a limited number of
solved crystal structures, and its high glycosylation. For
example, in a previous engineering effort in our lab, we
screened 2,500 MthUPQ active-site variants, of which 75%
displayed lower activity than the parental variant. By contrast,
screening 50 designed variants in the current study led to
substantial improvements in activity, chemo-, regio-, and
stereoselectivity such as >99% chemo- and regioselectivity for
the fragrant and pharmacological active citral A (starting from
40% for wild-type MthUPO), more than 1,900-fold activity
increase for ABTS, variants with at least doubled activity for all
substrates, 98% regioselectivity and an inversion of enantiose-
lectivity to an e.r. of 1:99 (starting from 76:24) for (S)-4-
hydroxy-f-ionone, and increased regioselectivity for the
formation of the energetically less favored 3-hydroxy-f-
damascone (from 3% to 46%) as well as novel products and
significant regioselectivity shifts with limonene. While achiev-
ing excellent selectivity may require further improvements in
design methodology, FuncLib can identify substantially
enhanced starting sequences for subsequent engineering
campaigns, including using traditional engineering approaches,
presenting a fascinating opportunity to accelerate enzyme
engineering efforts toward new oxyfunctionalization selectiv-
ities.

https://doi.org/10.1021/acscatal.5c02412
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In addition to high predictive value, the computational
chemistry modeling retrospectively suggested mechanistic
explanations and molecular bases for the high reactivities
observed in several design variants. These calculations are
highly sensitive to structural details and crucial for describing
critical active-site remodeling and substrate positioning,
although they require a significant computational effort. We
are encouraged that the high reliability of AlphaFold and
FuncLib calculations enables such sophisticated simulations,
yielding valuable insights into the structural rearrangements
that enable efficient catalysis. Such insights may be useful in
the design of efficient and selective enzymes in other UPOs
targeting different substrates. The high level of conservation of
UPO structures around the heme binding site suggests that
mutations in these positions may impact substrate specificity in
other members of this family. We also found that the recent
Al-based biomolecular modeling tools” produce model
structures that may help rationalize the observed specificity
profiles. Our results underscore the complementary nature of
MD simulations and Al-based structure prediction tools such
as Chai-1. While MD provides fine-grained mechanistic insight
by capturing the conformational flexibility and dynamic
substrate—enzyme interactions that govern catalytic selectivity,
Chai-1 offers a fast and accessible approach for identifying
potential near-attack conformations. This makes it a valuable
initial screening tool for exploring catalytically relevant binding
modes. However, its limited resolution in accounting for subtle
dynamic effects, such as those influencing enantioselectivity,
highlights the need to integrate both approaches for a more
comprehensive understanding of enzyme function. Impor-
tantly, our benchmarking of Chai-1 is intended as a preliminary
test of its applicability in this context. A more systematic
evaluation of its predictive power across broader data sets and
different enzymatic systems will be a valuable direction for
future work. Regardless, this is an encouraging sign that in the
near future, we may be able to focus design calculations on
specific desired substrates using a combination of atomistic
design and Al-based substrate docking calculations and MD
simulations.

Notwithstanding the high success rate of the FuncLib design
library, for some substrates, we found a limited improvement
in catalytic efficiency. We note that FuncLib usually designs
thousands of active-site variants, but cost and time
considerations preclude screening such large sets. We recently
demonstrated an economical approach to design large
combinatorial libraries for screening (htFuncLib).”” We
envision that such an approach, in combination with
mechanistic insights from computational modeling, may enable
finding many more high-efficiency and specificity designs,
including against substrates for which we did not find high-
efficiency designs.

Recent progress in Al-based modeling and evolution-guided
atomistic design provides unanticipated opportunities to
address protein-engineering challenges at the forefront of
biocatalysis that have frustrated conventional in vitro evolution
approaches. The new approaches could be further refined by
considering additional mechanistic insights from atomistic
models obtained from computational chemistry calculations. In
this study, we demonstrated that this combination effectively
samples the functional space of an enzyme active site toward
diverse regio- and enantioselectivity outcomes while account-
ing for high activities. Using this approach, in principle, any
natural enzyme can be engineered quickly and effectively to

tune its activity profile for basic or applied needs. These
findings underscore the potential of this strategy to contribute
meaningfully to future developments in green and medicinal
chemistry.
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8 General Discussion and Perspectives

This section briefly reviews the main findings of this dissertation. While the individual chapters
already include detailed discussions and conclusions related to each study, the focus here is to in-
tegrate the results, highlight common themes, and place them in the context of current knowledge
on the engineering of unspecific peroxygenases. Furthermore, this section outlines perspectives

on future research and anticipated developments in the field.

8.1 Motivation for Engineering UPOs

The body of work presented in this dissertation underscores the remarkable biocatalytic poten-
tial of unspecific peroxygenases (UPOs). These fungal enzymes operate using only hydrogen per-
oxide as a co-substrate, eliminating the need for costly cofactors or redox partners, and display
extraordinary versatility—catalyzing C(sp®)-, C(sp?)-, and aromatic hydroxylations, epoxidations,
halogenations, and heteroatom oxidations. Their sequence diversity, coupled with robust heterol-
ogous expression in yeast (P. pastoris, S. cerevisiae), E. coli and industrial mold strains, along with
several successful engineering campaigns, highlights their adaptability for tailored applications.
Some UPO variants have already reached impressive turnover numbers—up to several hundred
thousands—demonstrating high catalytic throughput and broad substrate tolerance.?***3! More-
over, UPOs often display fine chemo-, regio-, and enantioselectivity, making them particularly
attractive for selective synthesis and late-stage functionalization in pharmaceutical and chemical
contexts.!*7%73

More broadly, enzymes have become an increasingly important component of industrial
biotechnology. Compared with traditional chemical catalysts, they can in many cases offer
advantages such as higher reaction rates, specificity, product yields, or product quality, while also
helping to reduce energy consumption, hazardous reagents, and toxic by-products. Their selec-
tivity can minimize downstream separation steps, which is particularly beneficial in processes
where isomeric purity is required.>**** Reflecting this relevance, the global enzyme market
was valued at USD10.9-13.97billion in 2023 and is projected to reach USD21-24billion by the
early 2030s.**2¢ Demand arises from diverse sectors, including food, agriculture, biofuels,
pharmaceuticals, textiles, leather, cosmetics, and waste management.*’

Industrial enzyme production relies predominantly on microorganisms: around 60% of en-
zymes originate from fungi, 24% from bacteria, 4% from yeast, and 10% from plants or animals.**
Microbial expression systems are attractive because they enable high yields, reproducibility, and
cost-effective cultivation, while also being amenable to optimization and strain engineering. Yeast
systems such as P. pastoris and S. cerevisiae are of particular interest since they allow extracellular
secretion of target proteins. Although secretion is not advantageous in every case, it can consid-

erably simplify purification and process development. For UPOs—fungal enzymes that can be
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successfully expressed and secreted in yeast—this property represents a significant step toward
scalability.?’

However, establishing a viable industrial biocatalytic process requires more than enzyme dis-
covery or engineering alone. It is a multidimensional endeavor that encompasses efficient down-
stream processing and immobilization strategies, strain improvement, media optimization, biore-
actor design, and the decision between whole-cell or extracellular production systems.'®? Im-
provements in enzyme activity and production titers are therefore just as critical as tailoring cat-
alytic properties, and both must be aligned with scalable process design.

At the same time, wild type enzymes rarely fulfill the stringent demands of industry. Robust
biocatalysis requires not only high activity and selectivity, but also long half-life, tolerance to non-
natural substrates, resistance to extremes of pH, temperature, and solvent conditions, as well as
minimized substrate and product inhibition.?** Achieving these parameters typically necessitates
targeted protein engineering. Indeed, nearly 90% of all commercial enzymes are engineered to

233

meet such performance demands,”” underscoring the central role of engineering in translating

promising enzymes such as UPOs into practical industrial biocatalysts.

8.2 Expression Systems and Upscaling Strategies

Before addressing specific engineering strategies, it is important to consider factors that, while not
directly related to protein engineering, play a crucial role in the overall success of an enzyme de-
velopment campaign. In this section, we focus on two such aspects: the choice and optimization of
heterologous expression systems used for producing unspecific peroxygenases, and the strategies
employed for upscaling and performing enzymatic conversions at preparative scale. These top-
ics frame the practical and biotechnological context in which the engineering efforts took place
and are essential for ensuring that optimized enzymes can be produced efficiently and applied

effectively.

8.2.1 Yeast Expression Systems: P. pastoris and S. cerevisiae

One of the major challenges in working with UPOs has been achieving efficient enzyme pro-
duction, including correct protein folding, heme incorporation, post-translational modifications,
and suitable glycosylation.?*! These processes are strongly influenced by the choice of expres-
sion host, and various heterologous systems have been explored to overcome these limitations.
Heterologous expression of UPOs has been studied in several hosts, including Aspergillus niger,***
Aspergillus oryzae,® P. pastoris,> °?% S, cerevisiae,** and E. coli,* with highly variable expression
efficiencies. The work in this dissertations utilizes a previously established heterologous expres-
sion systems for the secretion of UPOs in yeast hosts. Modular expression platforms had been

developed for both P. pastoris and S. cerevisiae, incorporating promoter and signal-peptide shuf-
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fling libraries that enabled robust initial secretion of diverse UPOs.***° Both shuffling methods
proofed largely important for either initial secretion of some UPOs or improvment of the en-
zyme secretion levels. Secretion levels of up to 22.4 mg/L could be reached for MthUPO with the
Puprarp promotor and the Gga-lysozym signal-peptide in P. pastoris and 5 mg/L for MthUPO
with the Sce-a-galactosidase signal-peptide in S. cerevisiae.®** Also in most other cases the secre-
tion levels were higher in P. pastoris compared to S. cerevisiae. Both P. pastoris and S. cerevisiae
were employed in the studies of this dissertation, integrated with additional strategies—such as
structure-based mutagenesis—to address secretion challenges and formed the starting point for
the enzyme engineering campaigns.

P. pastoris is particularly attractive for industrial-scale protein production due to its high se-
cretion capacity, availability of strong methanol-inducible promoters, and its Crabtree-negative
metabolism, which minimizes ethanol accumulation and enhances respiratory growth.?** The P.
pastoris expression system utilized in this work included an episomal plasmid for high-throughput
mutagenesis and screening, and an integrative plasmid designed for stable, high-yield expression
suitable for batch fermentation. This dual system was employed to improve secretion and sta-
bility of novel UPOs, which initially failed to express or secrete adequately using signal-peptide
shuffling alone (see Chapter III). To overcome these limitations, we combined the signal-peptid
shuftling approaches with structure-guided stabilizing mutations predicted by the PROSS algo-
rithm. As a result, nine out of ten engineered variants showed functional expression in P. pas-
toris, compared to only one of the corresponding wild type enzymes. Notably, this included three
UPOs from oomycetes—representing the first experimentally characterized non-fungal UPOs—
demonstrating the robustness of the approach even for phylogenetically distant enzymes.

The same constructs that yielded optimal expression in P. pastoris were subsequently expressed
in S. cerevisiae to assess the influence of host-dependent factors on enzyme stability. Apparent
transition temperatures (T,,) were determined and revealed substantial variability between hosts,
with differences exceeding 15 °C in some cases. These differences likely stem from variations in
glycosylation patterns, but may also be influenced by the use of different C-terminal tags in the
constructs. In several instances, the same enzyme exhibited a higher T,, in one host over the
other, without a consistent trend favoring either organism. Thus, while no generalizable conclu-
sion can be drawn regarding host-dependent stability, the magnitude of the observed differences
underscores the importance of carefully selecting the expression host based on the intended ap-
plication.

Despite the potential of the P. pastoris system, several challenges were encountered. Notably,
enzyme secretion levels in microtiter plate screenings using episomal plasmids were highly vari-
able, complicating the identification of improved variants. This variability was partially mitigated
by supplementing the culture medium with 0.5% (w/v) casamino acids, which stabilized secre-
tion levels. However, the requirement to subsequently transfer selected variants into integrative

plasmids, followed by linearization and transformation into production strains, added significant

133



8 General Discussion and Perspectives

experimental overhead. These factors ultimately prompted a shift toward the use of S. cerevisiae
for other directed evolution campaigns.

S. cerevisiae is widely adopted in protein engineering of eukaryotic enzymes®>!76245-248 dque to
its ability to perform post-translational modifications, its high transformation efficiency and the
large availability of genome editing tools due to its well-annotated genome.?** In this work, it
enabled consistent UPO secretion and was used for engineering activity and selectivity toward
various terpene substrates, as described in Chapters IV and V. Its stable secretion facilitated more

reliable screening and characterization workflows compared to P. pastoris.

8.2.2 Upscaling and Biocatalytic Conversions at Preparative Scale

The outstanding oxyfunctionalization capabilities of unspecific peroxygenases (UPOs) underscore
their potential as versatile biocatalysts. However, considering the significant effort required for
their discovery, heterologous expression, and engineering, it is crucial to demonstrate their ap-
plicability beyond analytical-scale assays. Preparative-scale biotransformations serve as an es-
sential benchmark to assess catalytic performance under conditions more reflective of synthetic
and industrial environments. They enable the use of substrates with commercial or pharmaco-
logical relevance, offering insights into process scalability and economic feasibility. Moreover,
such reactions are often indispensable for isolating sufficient product quantities for structural
elucidation (e.g, NMR spectroscopy or optical rotation) or for preparing authentic standards
needed for turnover number (TON) determination. Thus, transitioning from microscale assays
to preparative-scale applications is pivotal in evaluating the practical utility and robustness of
UPOs.

The first preparative-scale biotransformation in this work was carried out using MthUPO with
N-protected phenethylamine, yielding the benzylic hydroxylation product S-(+)-2-N-phthaloyl-
1-phenylethanol with 98.6% ee and 57% isolated yield (9.70 mg). This transformation provides ac-
cess to pharmacologically important scaffolds such as 3-blockers and sympathomimetics.*® Con-
centrated P. pastoris supernatant containing the secreted enzyme was used directly without en-
zyme purification (see Chapter II).

In the subsequent study, a directed evolution campaign improved the enantioselectivity of
MthUPO variants toward 4-hydroxy--ionone. A preparative-scale reaction with one evolved
variant yielded 34 mg (55%) of S-4-hydroxy-3-ionone, but the optical rotation alone was insuffi-
cient to unambiguously assign the absolute configuration due to the minimal difference between
the S- and R-forms. Therefore, a second preparative synthesis using the enantiocomplementary
variant was performed, followed by derivatization, affording 51.1 mg (37%) of R-4-acetoxy-/3-
ionone. The absolute configurations was conclusively determined. Both reactions used non-
purified S. cerevisiae supernatant (see Chapter IV).

Further preparative-scale experiments were conducted with UPO variants designed via

FuncLib. Reactions with nerol and S-(-)-limonene yielded 132 mg (55%) of 2,3-epoxy nerol and
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3 mg (1%) of isopiperitenol, respectively. The former was synthesized as it is not commercially
available and was required to determine the TONs of various UPO designs. The latter was
prepared due to limitations in GC-MS identification, necessitating NMR-based structural
analysis. In both cases, concentrated S. cerevisiae supernatant was used directly (see Chapter V).
The use of non-purified supernatants streamlines the workflow, enabling rapid transition from
enzyme production to catalysis without labor-intensive purification steps. Control experiments
with host strains carrying empty vectors confirmed the absence of background activity for the
tested substrates, affirming that all observed product formation originated from the UPOs. De-
spite high UPO expression levels in both S. cerevisiae and P. pastoris, significant quantities of other
proteins remain in the supernatant, even after medium exchange via ultrafiltration. This com-
plexity poses challenges for downstream processing: phase separation during product extraction
with organic solvents was often time-consuming or incomplete. In such cases, water was removed
using sodium sulfate, though this sometimes reduced yields. Consequently, several reactions had
to be repeated with increased starting material to ensure sufficient product quantities for analy-
sis. Nonetheless, these preparative-scale reactions convincingly demonstrate that UPOs are not
limited to microliter-scale experiments but are amenable to larger-scale synthetic applications.
Recent advances in UPO production further support their preparative and industrial relevance.
For example, fed-batch fermentation has achieved titers of 217 mg/L for PaDa-I expressed in P.
pastoris,> while submerged fermentation of AaeUPO in A. aegerita yielded 265 U/L using vinasse,
a by-product of bioethanol production, as a nutrient source.?*’ Preparative applications include
the synthesis of 1.4 g (w-1)-hydroxytetradecanoic acid,*** and the production of 520 g cyclohex-
anol/cyclohexanone using recombinant AaeUPO in P. pastoris.>! Complementary developments
such as total turnover numbers exceeding 400,000 for the conversion of ethylbenzene to R-1-
phenylethanol,?*?*! and continuous-flow UPO catalysis with a space-time yield of 0.97 g L™! h™'%2

further strengthen the case for UPOs as emerging catalysts of industrial relevance.

8.3 Engineering Strategies and Objectives

While suitable expression systems and preparative-scale reactions are essential for demonstrating
the feasibility of UPOs in synthetic applications, their catalytic performance and substrate versa-
tility often require targeted engineering. The following section presents the engineering strate-
gies employed to enhance UPO stability, enantioselectivity, and substrate scope, highlighting how
smart library design and computational tools were integrated to address these objectives within

the context of this work.

8.3.1 Ab Initio Structure Prediction Tools for Stability Engineering

The challenging heterologous expression and high glycosylation of fungal UPOs are key reasons

why, to date, only four crystal structures have been reported. These limited structural resources
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were initially used to create homology models to guide rational enzyme engineering, as reflected
in earlier work in this thesis (Chapter IV). However, recent advances in ab initio structure predic-
tion such as AlphaFold2'°! have dramatically expanded structural accessibility for many enzymes
and across the diverse UPO sequence space. With thousands of putative UPOs available in ge-
nomic databases, high-confidence structural models can now be generated without relying on
experimental crystallography.

In this thesis, ab initio predicted structures served as a foundation for several enzyme engineer-
ing efforts. In two studies, AlphaFold2 models enabled structure-guided mutational design using
the tools PROSS?*® and FuncLib,**® which incorporate both sequence conservation and structural
context to suggest stabilizing or functionally relevant mutations (Chapters IIl and V). Notably, both
campaigns achieved their respective goals—enabeling functional enzyme expression and modu-
lating activity and selectivity for several terpene susbtrates—despite relying entirely on predicted
rather than experimental structures. These results confirm the practical utility of ab initio models
in diverse engineering objectives for UPOs.

AlphaFold2 does not include cofactors such as heme in its predictions. Accordingly, in the dis-
cussed studies, heme groups were manually positioned by structural alignment with known UPO
crystal structures. Recent tools such as AlphaFold3?** and AlphaFill*** now address this limita-
tion by enabling integrated modeling of protein-cofactor complexes, thereby further streamlining
computational enzyme design workflows—especially for cofactor-dependent enzymes like UPOs.

In Chapter III, AlphaFold2-predicted structures were used in a multi-step strategy combining
signal-peptide shuffling with PROSS-based mutagenesis. This approach aimed to enhance secre-
tion and functional expression in yeast hosts and was successful for 9 out of 10 UPOs tested,
whereas only one wild type sequence showed detectable secretion and activity. The study illus-
trates how structure prediction can facilitate early-stage enzyme development by enabling access
to candidates previously inaccessible due to poor expression. In addition, this strategy offers a
valuable route for stabilizing enzymes with promising catalytic profiles, serving as a foundational
step prior to further functional optimization.

Improvements in activity or selectivity through protein engineering often come at the cost of
reduced stability.>>>~**” Enhancing enzyme stability can therefore serve as a foundation for fur-
ther discovery: mutations that improve activity or selectivity may otherwise remain undetectable
if overall enzyme activity is lost due to instability. Beyond this enabling role, stability is also a
key requirement for industrial applications, where enzymes must withstand elevated tempera-
tures and prolonged process times. Increased stability not only extends enzyme lifetime but also
supports faster reactions and higher space-time yields. Thus, stabilizing an enzyme is frequently
a critical early step—both to unlock new mutational opportunities in the laboratory and to pave
the way for industrial implementation.

For identifying a suitable starting point toward a desired reaction, commercially available UPO

panels provide a convenient entry into application. However, to systematically explore the vast di-
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versity of uncharacterized UPOs, a structure-driven approach combining accurate ab initio mod-
els with stability-focused design can be employed. While the former route enables rapid initial
screening, the latter has the potential to uncover enzymes with superior properties and to provide

robust foundations for subsequent functional optimization, enhancing the UPO toolbox.

8.3.2 Improving Enantioselectivity of Oxyfunctionalizing Enzymes

In addition to activity and stability, the selectivity of enzymes represents a major advantage in
biocatalysis. Amino acid residues in the active site can position substrates for chemo-, regio-, and
stereoselective transformations. This inherent capability enables biocatalysts to access synthetic
routes to chiral products, which are often otherwise obtained using costly chiral chemical cat-
alysts. However, engineering the enantioselectivity of enzymes remains a significant challenge.
In contrast to activity engineering, which frequently relies on rapid colorimetric assays or short
GC and HPLC runs, the similar physical and chemical properties of enantiomers complicate their
separation and quantification. This often necessitates longer retention times in chromatographic
methods and renders colorimetric differentiation infeasible, making large-scale variant screening
time-intensive.

In this work, for engineering the enantioselectivity of the aliphatic hydroxylation of 3-ionone
(see Chapter IV), an initial activity-focused screening was performed using MISER-GC-MS (see
Chapter I). Enantioselectivity was subsequently assessed for the most active variants from each
round using chiral GC-MS. The underlying hypothesis was that increased activity may reflect
improved substrate recognition and binding, which could concurrently affect enantioselectivity.
This strategy proved successful, yielding enantiodivergent variants with improved activity and
enantiomeric ratios (e.r.) of 96.6:3.4 (R) and 0.3:99.7 (S), respectively. This campaign represents
the first successful attempt to improve targeted the enantioselectivity of an oxyfuncitionalzation
reaction with an unspecific peroxygenase displaying initially low selectivity.

Many reactions catalyzed by cytochrome P450s (P450s) and UPOs exhibit inherently high
enantioselectivity. For instance, a P411 heme protein catalyzing carbene transfer to internal
alkynes achieved >99.9% enantiomeric excess in cyclopropene synthesis without prior engineer-
ing. Directed evolution was subsequently employed to enhance activity while preserving this high
enantioselectivity.”*® However, enantioselectivity engineering is often necessary, particularly for
promiscuous reactions.

In another study, both activity and enantioselectivity of the a-hydroxylation of 3-ketoesters
catalyzed by a UPO from Aspergillus niger were improved using two rounds of site-directed satu-
ration mutagenesis, screening 5100 variants in total. The resulting variant achieved 99:1 e.r., 4140
total turnover number (TTN), and 97% yield. Each reaction was analyzed via reverse-phase HPLC
using a chiral column. While this approach is advantageous in capturing both highly active and
highly selective variants, the analytical demand is considerable. With an average HPLC runtime

of 15 minutes per sample, the complete screen required over 50 days of instrument time.*
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An alternative strategy involving initial colorimetric activity screening followed by selective
enantioselectivity analysis was applied in the engineering of 4-oxolocrotonate tautomerase for
the epoxidation of «,-unsaturated aldehydes such as citral. This artificial cofactor-independent
peroxygenase utilizes hydroperoxides (e.g., t-BuOOH or Hy0O5), and substrate consumption was
monitored via spectrophotometric kinetic assays. Enantioselectivity was determined only for the
best-performing variants. Following two rounds of single-site saturation mutagenesis, variants
with up to 98% ee, high conversion (up to 98%), and product yields of 50-80% were identified.
Notably, the choice of hydroperoxide had a pronounced impact on the stereochemical outcome,
in some cases even reversing enantioselectivity.**

In a further study, a spectrophotometric method enabling the simultaneous detection of activ-
ity and enantioselectivity was established for UPO-catalyzed hydroxylations yielding secondary
alcohols. The system employed an enzyme cascade where each enantiomer of the product alco-
hol was selectively oxidized by a specific alcohol dehydrogenase (ADH), generating either NADH
or NADPH. Fluorescence readout of NAD(P)H formation provided a proxy for the enantiomeric
excess. This setup enabled the screening of 44 UPOs for enantioselectivity in the hydroxylation of
1-phenylethanol and n-octane. Although efficient, the method requires the availability of highly
selective reporter enzymes for each enantiomer, which poses a limitation when targeting novel or
non-commercially available products.”®!

A further strategy to reduce screening effort is the design of small, smart libraries. One study
applied this approach to engineer a non-natural P450 for R-selective styrene epoxidation. A dual-
functional small molecule (DFSM) was introduced to assist HyO5 activation and influenced sub-
strate orientation, improving ee from 7% to 84%. Over three rounds of rational mutagenesis,
introducing single and double mutations and combining beneficial mutations, a final variant with
four mutations was obtained after screening around 60 variants, exhibiting >4000 turnover num-
ber and 98% ee. Analytical evaluation relied on single chiral GC and HPLC measurements.?

A similar strategy was applied in the present study (Chapter V) for terpene functionalization
using a computationally designed library of 50 MthUPO variants. Among the targeted substrates
was again -ionone, previously examined in Chapter IV. Two variants from this library displayed
e.r. values of 1.1:98.9 in favor of S-4-hydroxy-(3-ionone. Design 11 showed 16,000 TON with 87%
regioselectivity, while Design 34 reached 8,500 TON with 98% regioselectivity. These perfor-
mances were slightly lower than the best variant from the directed evolution campaign in Chap-
ter IV, which exhibited an e.r. of 0.3:99.7 and 41,000 TON for the same product. Additionally, the
directed evolution campaign yielded an enantiodivergent variant with an e.r. of 96.6:3.4 for the R-
enantiomer and 28,000 TON. Notably, the positions selected for diversification in the design of the
library in Chapter V included all positions that were mutated in the top-performing variants from
Chapter IV, indicating that, in principle, the same high-performing designs could have been sam-
pled within the computationally designed library. While the designed library achieved comparable

selectivity with significantly fewer variants for one enantiomere, it did not produce any variants
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with high activity and selectivity for the R-selective product. Small libraries, whether rationally or
computationally designed, can provide an efficient shortcut to identifying variants with improved
enantioselectivity; however, in many cases, these variants may serve better as starting points for
subsequent directed evolution rather than yielding optimal solutions in a single iteration.

Overall, these studies illustrate that the engineering of enantioselective oxyfunctionalization
remains a complex task with no universally applicable strategy. Spectrophotometric assays can
significantly reduce screening time but are generally limited to substrates with colorimetric or
fluorescent properties or rely on elaborate enzyme cascades. The MISER-GC-MS method en-
ables rapid activity screening across diverse substrates, but provides no direct information on
enantioselectivity. Nevertheless, an approach that prioritizes activity screening followed by enan-
tioselectivity analysis, as applied in this work and others, can yield highly enantioselective and
active variants.

Looking forward, machine learning (ML) tools may offer new opportunities in the engineering
of enantioselective enzymes. Particularly in campaigns involving multiple rounds of evolution or
combination of beneficial mutations, ML-guided design could streamline variant selection and

enhance hit rates. The potential of ML in this context will be discussed in more detail in 8.4.2.

8.3.3 Multisubstrate Engineering Using Smart Libraries

Regardless of the chosen approach, engineering an enzyme for high activity or selectivity toward a
single substrate is typically a laborious and time-intensive process. Extending this process to mul-
tiple substrates multiplies the experimental workload. If biocatalysts for several substrates are re-
quired, it is advantageous to incorporate multiple substrates directly into the screening strategy—
either in an iterative manner or in direct competition. This enables the assessment of enzyme
promiscuity, identification of mutational hot-spots, and the simultaneous discovery of variants
with improved properties toward different substrates. Such approaches are variously termed fin-
gerprinting, substrate cocktail screening, or multisubstrate/multiplexed assays.?*> When coupled
with appropriate analytical methods, these strategies also reveal shifts in chemo-, regio-, and enan-
tioselectivity, and can uncover entirely new products.

In a study using substrate-multiplexed screening (SUMS), an L-tryptophan decarboxylase
(RgnTDC) and a previously engineered -subunit of tryptophan synthase from the thermophilic
archaeon Pyrococcus furiosus (Pf TrpB2B9, or 2B9) were diversified by site-saturation mutagenesis,
and used to convert different tryptophane analogs forming tryptamines. The product mixtures
were analyzed simultaneously via UPLC-MS with single-ion monitoring of distinct products.
The multiplex approach revealed pronounced shifts in substrate promiscuity and activity.
Comparison with single-substrate runs confirmed the same general trends, validating multiplex
screening as an efficient strategy for guiding protein engineering toward improved activity across
multiple substrates, mapping altered substrate scope, and pinpointing mutational hot-spots in a

single, highly customizable experiment.?®?
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A similar concept was applied to engineer MthUPO, using simultaneous reactions with three
substrates—octane, cyclohexane, and cyclohexene—and analyzing six products from a single
reaction mixture. Site-saturation mutagenesis at nine positions was followed by one-pot reac-
tions, with product identification by GC-MS (electron-impact ionization, EI) in MISER mode,
enabling the rapid screening of up to 100 reactions within 2 h. To resolve octanol regioisomers,
N-trimethylsilyl imidazole derivatization was used, enabling regiospecific fragmentation pat-
terns. Significant shifts in product distribution were observed; notably, variant A161L produced
1-octanol, a terminal hydroxylation product rarely formed by unspecific peroxygenases. This
product was detected only upon rescreening individual variants with single substrates, illustrating
a limitation of the single-ion detection mode in multiplex GC-MS, where unexpected products
may be missed. Additional drawbacks include the need to find optimal ion traces for each product
and the extra derivatization step. Nevertheless, extending MISER-GC-MS to multisubstrate
formats and detecting product distribution shifts highlights its value for multisubstrate enzyme
engineering.”' In general, scan-mode or high-resolution MS analysis is advisable in exploratory
campaigns to avoid overlooking unanticipated reaction products.

The increasing availability of computational tools has opened new opportunities for rationally
designing enzymes with activity toward multiple substrates from the outset. Structure prediction
methods such as AlphaFold2 now provide high-confidence three-dimensional models even in the
absence of experimental structures,'®! offering a crucial starting point for subsequent design and
analysis. These structural models can be directly used with dedicated approaches such as mul-
tichemical state analysis (MCSA),?** which explicitly models broad-specificity catalysts, or with
tools such as FuncLib to generate libraries of diverse but stable enzyme variants, whose structural
and chemical diversity increases the likelihood of displaying broad or altered activity profiles.?*
Such methods are particularly powerful when combined with knowledge of active-site architec-
ture, dynamic bottlenecks, and substrate-access tunnel topology, the latter of which can be identi-
fied using tools such as CAVER,*'®?!? or with stability-enhancing algorithms such as PROSS.?2>226

FuncLib was previously used to generate a library of the engineered AaeUPO variant PaDa-I,
producing 30 designs each containing 4-5 mutations. Of these, 24 were functionally expressed,
and several exhibited pronounced changes in enantiodivergence and regioselectivity across a set
of aromatic substrates, in some cases shifting oxyfunctionalization from alkyl to aromatic hydrox-
ylation. These shifts were often the result of positive epistatic effects, underlining the importance
of exploring combinatorial mutations rather than relying solely on single-residue substitutions.?*>

In the present work (Chapter V), FuncLib was applied to engineer MthUPO simultaneously
for different terpene substrates. Unlike in the PaDa-I study, all 50 designs (100% expression suc-
cess) were active with at least one tested substrate. Notably, some designs exhibited over 1,880-
fold improved activity toward the peroxidase substrate 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS). The same designs also performed exceptionally with 2,6-dimethoxyphenol

(DMP), another peroxidase substrate, but were poor performers with peroxygenase substrates.
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Conversely, another design displayed a 3.1- to 6.7-fold improvement across four structurally re-
lated rose-ketone terpenes, illustrating that generalist catalysts for structurally or mechanistically
related substrates can be obtained via computationally guided, one-shot library design. The choice
between evolving generalists versus highly specialized catalysts should be made deliberately, as
broad scope often comes at the cost of peak performance on individual targets.?6%2¢”

Several designs also exhibited pronounced shifts in chemo- and regioselectivity, accompanied
by the formation of additional novel products. For example, wild type MthUPO predominantly
epoxidizes limonene to limonene oxide, with only minor hydroxylation to carveol (<10%). Sev-
eral designs shifted this distribution substantially, yielding up to 56% carveol in some cases, and
as much as 77% of the hydroxylated product isopiperitenol in others—a compound detected only
in trace amounts in the wild type reaction. For geraniol, the wild type enzyme primarily oxyfunc-
tionalized the terminal alcohol group to citral A (40%), while also oxidizing each of the two double
bonds (47% and 14%, respectively). In contrast, one FuncLib design exhibited >99% conversion to
citral A. Strong effects on enantioselectivity were likewise observed (see 8.3.2). Collectively, these
alterations in activity, chemo-, regio-, and enantioselectivity underscore the substantial functional
diversity attainable through this design strategy, particularly when evaluated across a chemically
diverse substrate panel.

The accumulated data provide a valuable basis for elucidating residue-substrate interactions
within the active site and for dissecting epistatic effects arising from combinations of mutations.
These insights can be amplified through molecular dynamics simulations of selected variants (as
applied to certain designs in this study) or by integrating activity and selectivity data into machine-
learning frameworks. In the multisubstrate engineering context, such approaches are particu-
larly powerful, as they enable simultaneous modelling of variant performance across diverse sub-
strates, revealing structure-function patterns and quantifying trade-offs between generalist and
specialist profiles.?®2’ Computational integration can thus predict mutation effects across re-
lated substrates, prioritize promising variants for experimental validation, and support rational,
data-driven navigation of complex multisubstrate fitness landscapes.**""*"!

In (Chapter V), MthUPO was not optimized for stability prior to initiating the engineering
campaign, for example by employing the PROSS algorithm. This decision was based on prior
studies showing that MthUPO retains sufficient stability even when incorporating activity- and
selectivity-enhancing mutations.”*”"?”> Nevertheless, it should be noted that gains in activity or
selectivity can sometimes come at the expense of stability.””*> The positions selected for mutage-
nesis in this work had previously been shown to positively influence activity or selectivity; such

prior knowledge is not always available for other enzyme systems.
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8.4 Integrative and Emerging Approaches in Enzyme
Engineering

Enzyme engineering sits at a crossroads where traditional biochemical methods intersect with
cutting-edge computational technologies. The challenge of tailoring enzymes for specific indus-
trial, environmental, or medical applications calls for strategies that simultaneously optimize mul-
tiple properties such as stability, selectivity, and substrate scope. While much of this work draws
on insights from unspecific peroxygenases, the principles and approaches discussed extend well
beyond this enzyme family. Recent advances in data-driven approaches, including machine learn-
ing and high-throughput screening, are transforming how these complex objectives are addressed,
enabling exploration of vast sequence spaces that were once inaccessible. Yet, despite the power of
in silico design and predictive algorithms, the tangible realities of enzyme function in a laboratory
setting remain indispensable. This interplay between computation and experiment is redefining
what is possible in enzyme engineering, offering new avenues to develop catalysts that are not

only highly efficient and selective but also robust and adaptable to diverse real-world demands.

8.4.1 From Established Methods to Integrated Workflows

For enzymes with limited prior characterisation, a logical engineering strategy—once func-
tional expression has been achieved—often begins with improving stability using tools such
as PROSS.?*¢ Subsequent diversification can be introduced via algorithms such as FuncLib,??®
targeting active-site residues or positions lining the substrate-access tunnel. The resulting variant
library can then be screened against either a defined set of substrates or a chemically diverse
panel to identify both generalist and specialist candidates. Mapping screening outcomes onto
an initial fitness landscape can help reveal promising regions of sequence space, thereby guiding
subsequent iterative optimisation and enabling multi-substrate engineering across different
enzyme classes.

Central to the success of any engineering effort is the clear definition of campaign objectives.
Determining whether the goal is to obtain a generalist or specialist biocatalyst, to enhance stability,
activity, selectivity, or a combination thereof, will dictate the choice and order of methods. This
process also requires an assessment of available structural and functional information: whether
high-resolution structures are accessible or require prediction (e.g., AlphaFold),'”! whether the ac-
tive site and substrate tunnel are mapped, and whether expression levels or secretion efficiency are
limiting factors. In some cases, targeted approaches such as signal-peptide shuffling can improve
secretion, while thermostability enhancement may be a prerequisite in others. Likewise, the nature
of the desired screen—high-throughput versus focused, chiral resolution versus activity-based—
should be determined early, as it will influence both library design and analytical requirements.

This decision-making process can be envisioned as a decision tree, where each answer—
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defining objectives, evaluating available data, selecting screening methods—helps narrow down
the optimal combination of computational and experimental tools. By systematically addressing
key questions such as: “Is structural data available or is modeling required?”, “Is secretion a
bottleneck?”, “Is activity or selectivity the priority?”, and “What throughput can the screening
support?”, an integrated and tailored workflow can be constructed that balances feasibility with
engineering goals.

Engineering campaigns are most effective when iterative cycles of computational design and
experimental validation are employed, allowing continuous refinement of hypotheses and models
based on accumulating data. This cyclical approach helps to efficiently navigate the vast sequence
space while avoiding overreliance on any single method. The choice of tools and strategies is
often shaped by practical constraints such as available time, budget, and laboratory infrastruc-
ture, which in turn influence the scale and throughput of screening efforts. Furthermore, enzyme
class-specific considerations—such as whether the enzyme is secreted or intracellular, or its cat-
alytic mechanism—can impact the selection of engineering targets and experimental workflows,
underscoring the need for adaptable, context-sensitive approaches.

Modern engineering campaigns increasingly benefit from integrating high-content datasets.
When screening large variant libraries, the use of next-generation sequencing (NGS) allows the full
mapping of sequence-function relationships, producing datasets that can subsequently be mined
for fitness landscapes or serve as training material for machine learning models.””* For broader
exploration of sequence space, methods such as EVcouplings®’® enable the introduction of co-
ordinated mutations derived from evolutionary covariation analyses, thus extending beyond the
active-site-focused diversity of approaches like FuncLib.

A broad spectrum of computational tools is now accessible through user-friendly webservers,
many of which require minimal prior training in computational chemistry or structural biology.
Likewise, molecular biology resources such as ready-to-use cloning kits (e.g., signal-peptide shuf-
fling kits from repositories such as Addgene) facilitate experimental implementation. However,
the effective use of such tools requires an awareness of their assumptions, limitations, and the
contexts in which they deliver reliable predictions. Without this, computational outputs risk be-
ing misinterpreted or misapplied. Consequently, the integration of computational chemistry and
bioinformatics training into the core curriculum for chemistry and biochemistry is essential for

equipping future researchers to navigate and exploit these resources effectively.

8.4.2 Data-Driven Horizons: Machine Learning and Beyond

Although many sophisticated enzyme engineering methods can improve desired properties, they
typically explore only a limited fraction of the enzyme’s fitness landscape. Directed evolution,
for example, often risks becoming trapped in local optima, potentially overlooking variants with
superior or desired traits that exist elsewhere in sequence space (Fig. 2).

Machine learning (ML) models address this challenge by constructing predictive mappings be-
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tween protein sequences and functional outputs, effectively approximating the fitness landscape
based on limited experimental data. These models can then predict the properties of unseen vari-
ants, enabling a more efficient search for improved enzymes. Bayesian approaches, such as Gaus-
sian process models, are particularly valuable because they not only provide predictions but also
quantify the uncertainty associated with those predictions. This uncertainty quantification allows
for prioritization of variants that are both promising and underexplored, accelerating iterative
engineering cycles.””*

A key example demonstrated the use of Gaussian process ML to optimize thermostability in
chimeric cytochrome P450 enzymes. Starting from a design space restricted to single- and double-
crossover chimeras (10'° potential sequences) and a modest training set of 261 variants, the ap-
proach rapidly identified thermostable variants outperforming all previously known constructs.
After seven iterative rounds of prediction, experimental validation, and retraining, the top vari-
ant exhibited a 5.3 °C improvement in melting temperature compared to the best predecessor,
differing by 23 mutations.?”*

Despite its promise, the accessibility of ML approaches to enzyme engineers without special-
ized computational expertise remains variable. Unlike many established bioinformatics tools and
webservers, ML workflows often require familiarity with programming languages, data prepro-
cessing, model training, and hyperparameter optimization. While emerging platforms and user-

)276

friendly interfaces (e.g., EvoML, DeepEnzyme)”’® are beginning to lower these barriers, the inte-

gration of ML into routine enzyme engineering pipelines is still limited by the need for adequate
training data, computational resources, and domain knowledge.?””2"8

Current limitations of ML in enzyme engineering include data scarcity and bias—small or
narrowly distributed datasets can cause models to overfit or fail to generalize to distant sequence
space. Additionally, the interpretability of ML models can be challenging, making it difficult to
rationalize the mechanistic basis of predicted improvements. Furthermore, ML models typically
require continuous retraining as new data become available, underscoring the importance of well-
designed experimental campaigns and iterative workflows.?”*28

Looking forward, advances in transfer learning, unsupervised learning on large protein
sequence databases, and integration of structural and dynamic information promise to en-
hance model accuracy and generalizability. Increasing availability of large, standardized, and
high-quality datasets—coupled with improvements in computational hardware and algorithmic
efficiency—will further democratize ML tools. These developments are expected to transform
enzyme engineering into a more predictive and data-driven discipline, reducing the reliance on
laborious trial-and-error experimentation,?8!282

Beyond ML, integration with molecular dynamics, quantum mechanics/molecular mechanics
(QM/MM) simulations, and systems biology approaches will likely create powerful hybrid plat-
forms that combine mechanistic understanding with data-driven predictions, enabling rational

design of enzymes with complex, multi-parameter optimization objectives.
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Figure 2 ML models can propose combinations of mutations that might not be found with tra-
ditional directed evolution approaches. This allows larger jumps in sequence space
and enables finding variants with desired properties.'

8.4.3 The Relevance of the Wet Lab in a Computational Era

With the rapid advancement and increasing accessibility of computational tools, it is natural to
question the evolving role of wet-lab researchers in enzyme engineering. Could the entire pro-
cess eventually be performed in silico, or will hands-on experimental validation and optimiza-
tion remain essential? While computational methods have transformed many aspects of enzyme
design—from stability prediction to substrate specificity modeling—real-world experiments still
serve as the definitive test of enzyme function.

Currently, computational approaches excel at hypothesis generation, narrowing down vast se-
quence spaces to manageable sets of promising candidates. Techniques such as molecular dy-
namics (MD) simulations can provide atomistic insights into enzyme-substrate interactions and
stability; however, these simulations are computationally intensive. For example, running 800
MD trajectories to evaluate variant dynamics may require weeks or months of GPU-accelerated
computing time, depending on simulation length and system complexity.?**?%* By contrast, mod-
ern high-throughput wet-lab screening platforms—such as droplet-based microfluidics and au-
tomated robotic workflows—can assay millions of enzyme variants per day at relatively low cost
and with high precision.?3>28¢

This throughput disparity underscores the complementary nature of computational and ex-
perimental approaches: computational pre-screening focuses efforts and reduces the number of
variants requiring costly physical testing, while wet-lab assays provide critical validation of com-
putational predictions. The experimental data generated also fuel iterative refinement of machine

learning models and other in silico tools, closing the design-build-test-learn cycle.?’#27

"Reproduced from Yang, J.; Li, F.-Z.; Arnold, F. H., Opportunities and challenges for machine learning-assisted
enzyme engineering, ACS Central Science, 2024, 10 (2), 226-241.277
Copyright © The Authors 2024. Licensed under CC-BY 4.0.
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Despite increasing automation in the wet lab—through robotics, liquid handling systems, and
integrated screening platforms—certain tasks still demand the experience and judgment of skilled
experimentalists. Designing meaningful screening assays, interpreting ambiguous or unexpected
results, troubleshooting protocols, and handling complex reaction conditions often require human
expertise. Additionally, some enzyme properties such as long-term stability, conformational het-
erogeneity, and rare side reactions remain difficult to capture fully through computational means
and require empirical investigation.?8”-2%°
Beyond these practical considerations, several broader aspects influence the interplay between

computational and experimental enzyme engineering:

« Experimental variability and noise: Computational models typically assume idealized
conditions, while wet-lab experiments reveal the biological and chemical complexities—
including batch-to-batch variation and assay limitations—that affect enzyme performance

and reproducibility.

+ Costs and resource allocation: Balancing investment in compute time, reagents, and per-
sonnel is critical. While computational resources can be expensive and time-consuming,

wet-lab consumables and labor costs can also be significant, influencing strategy decisions.

+ Data sharing and reproducibility: Standardized data formats, open repositories, and trans-
parent reporting practices are vital to enable effective feedback loops between computa-

tional predictions and experimental validations, fostering community progress.?*°

« Emerging technologies: Advances in Al-guided robotic platforms and ultra-high through-
put screening techniques, such as cell-free expression systems and microfluidics, are rapidly
blurring the boundaries between computational and experimental workflows, promising

more integrated and eflicient enzyme engineering pipelines.

Looking forward, fully in silico enzyme design and screening for complex traits remains chal-
lenging. Accurate simulations often require prohibitive computational resources, and predictive
models must be continually validated and refined against experimental data. Standardized bench-
marking of in silico predictions against wet-lab results is an important ongoing effort.””” However,
as automation and machine learning improve, the gap between computational prediction and ex-
perimental validation is expected to narrow.

In conclusion, the future of enzyme engineering will likely feature increasingly integrated
workflows that leverage the strengths of both computational and experimental methods. Rather
than one replacing the other, these approaches will continue to complement each other, with com-
putational tools guiding design and experimentation providing the definitive proof, enabling iter-

ative cycles of improvement.
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