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ABSTRACT (EN)

Recombinant proteins (rProt) are essential in industrial, pharmaceutical and diagnostic applications.
Their efficient production often requires not only high expression of their encoding gene, but also
effective rProt secretion, which simplifies the downstream processing. Protein secretion relies on a so-
called signal peptide (SP), located at the N-terminal sequence of the protein. It is mainly composed of
a pre-leader and a pro-region that have distinctive functions in the secretion pathway.

The yeast Yarrowia lipolytica is commonly used for rProt production due to its ability to express genes
ata high level and its effective secretion machinery. However, the secretion efficiency for a given rProt
strongly depends on the specificity of the SP sequence.

This thesis explores the influence of different SPs on the extracellular production of a model protein,
the Lac Vader laccase. Using the Golden Gate Assembly technology, several variants of SP that
combined diverse pre- and pro-regions were constructed, including some derived from Lip2 and Xpr2
proteins, as well as synthetic parts. The efficiency of those SP on the secretion of the model protein
was evaluated by monitoring the laccase activity in the culture supernatant for the different SP-rProt
constructs.

The results revealed that extended pro-regions (like Lip2 pro-region) significantly enhanced secretion.
However, secretion efficiency varied between the different constructs, highlighting that not all signal
sequences contributed equally to secretion. The study showed that protein export in Y. lipolytica is
highly dependent on the combination of pre- and pro-region used. Importantly, by comparing
secretion performance in Y. lipolytica and Pichia pastoris, the results demonstrated that Y. lipolytica
generally achieved higher secretion levels.

These findings confirm that secretion tags are critical for protein expression in Y. lipolytica and
demonstrate how their choice directly influences secretion efficiency. In comparison, P. pastoris
showed lower secretion levels, underscoring the superior performance of Y. lipolytica.



RESUME (FR)

Les protéines recombinantes (rProt) sont essentielles dans les applications industrielles,
pharmaceutiques et diagnostiques. Leur production efficace nécessite non seulement une forte
expression du gene codant, mais également une sécrétion efficace de la rProt, ce qui simplifie les
étapes de purification en aval. La sécrétion des protéines repose sur un signal peptide (SP), situé a
I’'extrémité N-terminale de la protéine. Celui-ci est principalement composé d’une pré-région et d’'une
pro-région, qui remplissent des fonctions distinctes dans la voir de sécrétion.

La levure Yarrowia lipolytica est couramment utilisée pour la production de rProts en raison de sa
capacité a exprimer les genes a un niveau élevé et de son appareil de sécrétion efficace. Cependant,
I’efficacité de sécrétion d’'une protéine donnée dépend fortement de la spécificité de la séquence du
SP.

Ce travail explore l'influence de différents SP sur la production extracellulaire d’une protéine modeéle,
la laccase Lac Vader. En utilisant la technologie Golden Gate Assembly, plusieurs variantes de SP
combinant diverses pré- et pro-régions ont été construites, incluant certaines dérivées des protéines
Lip2 et Xpr2, ainsi que des parties synthétiques. L’efficacité de ces SP sur la sécrétion de la protéine
modele a été évaluée en mesurant I'activité laccase dans le surnageant de culture pour les différentes
constructions SP-rProt.

Les résultats ont montré que les pro-régions complétes (comme le pro-région de Lip2) amélioraient
significativement la sécrétion. Cependant, I'efficacité de sécrétion variait selon les différentes
constructions, soulignant que tous les signaux de sécrétion ne contribuent pas de maniére équivalente.
L’étude a démontré que |’export des protéines chez Y. lipolytica dépend étroitement de la combinaison
du peptide signal et de la pro-région utilisée. De plus, la comparaison des performances de sécrétion
entre Y. lipolytica et Pichia pastoris a montré que Y. lipolytica atteignait généralement des niveaux de
sécrétion plus élevés.

Ces résultats confirment que les signaux de sécrétion constituent un facteur critique de I'expression
protéique chez Y. lipolytica et montrent que leur choix influence directement |'efficacité de sécrétion.
En comparaison, P. pastoris a montré des niveaux de sécrétion plus faibles, soulignant la performance
supérieure de Y. lipolytica.
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1.STATE OF THE ART

1.1. Recombinant proteins

1.1.1. Introduction and generalities

A recombinant protein (rProt) can be defined as « a manufactured protein that has been produced
using cells programmed to express that protein of interest »'. The amino acid sequence may be
identical to that of the “wild-type” protein. In such cases, the nucleotide sequence can be optimized
to match the codon usage of the production host?. Different organisms prefer different codons for the
same amino acid, and matching this preference can make protein production more efficient, increasing
productivity without altering the protein itself>3. Alternatively, the amino acid sequence can be
engineered to modify or improve the catalytic properties of the enzyme®>.

Initially, proteins were purified from natural sources (e.g., insulin from animal pancreas, papain from
papaya latex), but these sources are often limited and extraction processes are typically inefficient,
which increases the production cost®’. Moreover, depending on the source of the protein, there is a
risk of contamination or toxicity’.

With the advances in cell culture and molecular biology (MB) technologies, the production of rProt at
large scale in naturally non-producing hosts was made possible®®. Those MB technologies enable the
modification of gene expression level, the rewiring of metabolic pathway and the modification of the
catalytic properties of enzymes®1t. They made possible the transition from naturally occurring, impure
and poorly characterized enzymes to tailor-made proteins and enzymes with optimized properties for
their specific application®. Examples include high yield production of therapeutic antibodies and
recombinant hormones like insulin, as well as industrial enzymes, including heat-stable amylases for
starch processing or alkaline proteases used in detergents®1%13,

rProts can be divided into two main categories: those for pharmaceutical use and those for non-
pharmaceutical purposes?. Non-pharmaceutical rProts include diverse enzymes (lipases, amylases,
proteases, laccases ...) and structural proteins (collagen, elastin, fibronectin ...), with various uses in
the production of food and drinks, biodiesel, clothing, cosmetics, paper pulp industry or cleaning
products®1213, They are often genetically modified to improve their intrinsic characteristics, such as a
better stability to pH and heat, resistance to oxidation but also to lower their aggregation or misfolding
during secretion!?14,

Pharmaceutical rProts, on the other hand, are intended for therapeutic applications such as vaccines
or diagnostics. Nowadays, they can be genetically modified or even entirely engineered, with the
objective of increasing their stability and therapeutic value®?.

Despite their differing applications and a significant price gap, both categories generally follow similar
manufacturing processes (Figure 1)'2. The main difference lies in the purification steps, which
represents a major share of the overall production cost.
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Figure 1: General workflow for recombinant protein production. GOl = gene of interest; POl = protein of interest.
From Puetz & Wurm, 2019.

Generally, the first step in the production of a rProt is the selection of a gene of interest (GOI). This
gene consists of a deoxyribonucleic acid (DNA) sequence that contains all the genomic information
(nucleotide sequence) required for the synthesis of the rProt by the cellular machinery!2. These DNA
sequences can be obtained from the genomic DNA of a given organism or chemically synthesized, the
latter option allowing gene sequence optimization!3. This DNA sequence is then cloned into a specific
expression vector, which is most of the time introduced at a specific locus into the genome of the
producing organism?*2. This expression vector allows the expression of the GOI at high levels and on
demand (regulated gene expression)®.

The host cell is called a recombinant cell or recombinant organism. From this organism, culture is
carried out to produce the protein of interest (POI)!2. These cultures are usually performed in
bioreactors in batch or fed-batch mode, allowing the production of a high quantity of rProt”%6. After
the culture, the protein can either be in the medium (secreted) or inside the cells (non-secreted,
intracellular or periplasmic). Depending on the situation, different processes are used to purify the
POI, before the packaging and distribution of the final product?>3,

However, these general steps can vary greatly depending on the protein itself and its application®2.

1.1.2. Hosts for recombinant protein production
rProts can be synthesized in many different organisms: bacteria, yeasts, filamentous fungi, mammalian
cells and even in insect cells or transgenic plants and animals®’. Prokaryotic or eukaryotic
microorganisms, such as bacteria, yeasts and filamentous fungi, are considered beneficial hosts. This
is mainly due to their high growth rates and ease of genetic manipulation, making them widely used
platforms for rProt production’.

Usually, complex proteins are expressed in eukaryotic systems, which are able to realize post-
translational modifications, while less complex proteins are expressed in prokaryotic systems®.
Therefore, the choice of organism depends on the rProt being produced. While a wide range of
organisms is used to produce rProt, the present introduction will focus on bacteria, yeasts and
filamentous fungi.



1.1.2.1. Bacteria

Various bacterial species have been explored as hosts for rProt production, each offering different
advantages and limitations. However, this section will focus on two widely studied organisms,
commonly used in biotechnology: Escherichia coli and Bacillus subtilis.

With the advent of rProt production, E. coli was the most widely used organism, allowing higher-yield
production than other organisms at that time*2. It allows for the most cost-efficient, rapid and simplest
way to express proteins®. Owing to the knowledge acquired about this bacterium, including genetics,
biochemistry, molecular biology, physiology and culture technologies, it has become a well-established
model organism and a valuable host for various biotechnological applications”’. These advantages

enabled, for example, the production of high-value proteins, such as insulin or bovine growth
hormone?®.

Nowadays, the expression of heterologous proteins in E. coli remains a common choice for many
reasons. It is inexpensive, able to reach high cell densities and high protein yield, possesses a high
growth rate and is easy to culture'’'°. Moreover, its genome can be modified quickly and precisely,
promoter induction can be controlled, and plasmid copy number can be efficiently regulated®.

However, E. coli cultures present several drawbacks. When culture occurs at high cell density and the
metabolism is overflowed, acetate produced by E. coli can accumulate and cause toxicity. This problem
can be managed by controlling the level of oxygen® or by adjusting the carbon source feed rate through
fed-batch mode?®. Another important disadvantage of E. coli is the formation of inclusion bodies, that
are protein aggregates occurring when the bacterium folding machinery is overloaded?'. They are
impacting protein production, because their quality impacts the refolding yield of the protein and the
subsequent purification steps?2.

Another drawback of E. coli as a recombinant host is its inability to glycosylate the proteins or perform
most post-translational modifications®. While disulfide bond formation can occur in the periplasmic
space?, E. coli cannot perform glycosylation or other complex post-translational modifications, such
as phosphorylation, acetylation or methylation, that are often key to the proper folding, stability, and
activity of many proteins'®?4. It is therefore not the organism of choice for this type of protein
production®’. Moreover, E. coli being a Gram-negative bacterium, the proteins must cross two
membranes of the cell envelope, which complicates the secretion process®.

Another valuable bacterial species is Bacillus subtilis®®. It is the Gram-positive model bacterium?’, well-
characterized as a host for rProt production?. It possesses many advantages: strong secretion capacity;
GRAS status (Generally Recognized As Safe) by the American Food and Drug Administration (FDA), due
to its non-toxigenic nature; grows rapidly and easily; and the ability to be cultivated using cost-effective
culture media and standard aerobic conditions?-30,

Similarly to E. coli, it can be genetically engineered with ease and possess a high growth rate, which
makes it a cost-effective host for large-scale protein production?®. The main advantage of B. subtilis
over E. coli is its efficient secretion machinery and the lack of the outer membrane, which allows for
an extracellular production of rProts and greatly simplifies downstream processes?®31,

In comparison with E. coli, B. subtilis offers advantages due to its Gram-positive nature, which
simplifies protein secretion and purification processes32. Unlike E. coli, which mainly relies on plasmid-
based expression systems, B. subtilis allows easier and more stable integration of recombinant genes



into its genome, improving genetic stability during protein production333*, But even though B. subtilis
can perform some post-translational modifications (phosphorylation, acetylation), it does not replicate
the full complexity of mammalian modifications?®?’. Moreover, it also possesses several disadvantages
when used as a host for rProt production. Disulfide bond formation and isomerization are some of
them?6,

Nevertheless, due to many advances in molecular biology, mutagenesis and genetic engineering, B.
subtilis strains have been optimized to increase their level of rProt expression®>3, Besides, many other
tools, such as plasmids, promoters optimization and signal peptides (SP), make it easier to genetically
engineer B. subtilis, thus facilitating the expression and secretion of the desired proteins.

1.1.2.2. Yeasts

Yeasts are valuable hosts for rProt production, because they combine the advantages of microbial
systems (easy genetic engineering) with eukaryotic features, such as secretory pathways and post-
translational modifications®®. Among the wide range of yeast species employed, Saccharomyces
cerevisiae, Pichia pastoris and Yarrowia lipolytica will be addressed in this section.

S. cerevisige is the most studied and widely used yeast host, including for heterologous protein
production. This is due to the comprehensive knowledge regarding its genetics, biochemistry,
metabolism, physiology and fermentation®3°, It can grow on inexpensive, cost-effective culture media
and is easily scaled up for cultures®. In opposition to E. coli, S. cerevisiae can perform post-translational
modifications typical of eukaryotic cells, such as glycosylation, phosphorylation and acetylation®.

It also possesses a strong ability to both produce and metabolize ethanol and is tolerant to
environmental stress, such as low oxygen levels!®, However, ethanol production, known as the
Crabtree effect (happening under aerobic conditions), can be a drawback for rProt production. Indeed,
ethanol accumulation may compromise protein integrity*®. Ethanol interacts with proteins, forming
hydrogen bonds with hydrophilic residues, leading to protein denaturation and loss of function®..
Moreover, even under high oxygen conditions, S. cerevisiae tends to favor ethanol production over
biomass growth and rProt synthesis*%42,

Some problems can also arise from its tendency to hyperglycosylate proteins, a process in which
excessive or unusually long sugar chains are attached to proteins, which can affect secretion efficiency
and alter immunogenic properties or biological functions of the target proteins®. It also displays
mannose-rich glycosylation, that can potentially cause allergic reactions®!. Another problem is the
retention of expressed proteins within the periplasmic space, leading to some degradations, which
complicates downstream processing and makes it difficult to purify the protein of interest32.

P. pastoris is a methylotrophic yeast, which means it can use methanol as its carbon and energy source,
when no repressing carbon source is present!®3°, It possesses many benefits: a fast growth rate, ease
of genetic engineering, and the ability to perform post-translational modifications (glycosylation,
methylation, acetylation)**. Due to a growth based on respiration instead of fermentation, cultures are
able to reach higher cell densities, as fermentation by-products like ethanol and acetic acid are not
produced**. Unlike S. cerevisiae, which has a tendency to retain proteins in the periplasm, P. pastoris
can secrete high molecular weight proteins, allowing for simpler purification and downstream
processing'®#4, It stands out amongst yeasts for its high efficiency in secreting rProts®. It also has a
lower tendency for hyper-mannosylation compared to S. cerevisiae®.



However, using methanol as an inducer for rProt synthesis can bring some drawbacks, like cell lysis
and proteolysis, intense heat generation and risk of explosion®. This is adrawback ofthe AOX1 (alcohol

oxidase 1) promoter, even though it is a strong, strictly regulated and widely used promoter from P.
pastoris for rProt synthesis!®4°,

Similarly to P. pastoris, Yarrowia lipolytica is a non-conventional yeast, which has now become a
popular organism for rProts production. This is due to several strengths it possesses, because of its
unique cellular machinery and metabolic pathways. Similarly to complex eukaryotic systems, proteins
secretion can take place via the co-translational translocation pathway (see below), unlike S.
cerevisiae'®*®. This allows proper folding and modifications of certain rProts. Sugars are also not
fermented since Y. lipolytica growth is based on respiration®38, This is beneficial because it prevents
the formation of inhibitory products, such as ethanol, therefore allowing for cultures with higher cell
density. Moreover, it is considered a GRAS organism for several industrial and pharmaceutical
applications, it can efficiently produce large quantities of proteins with high molecular weight'®4, It
also presents less hyperglycosylation than S. cerevisiae*” and is able to grow on hydrocarbons (paraffin
or different oils) as carbon sources*®%°. These features make Y. lipolytica an organism of choice and an
interesting alternative to more established hosts like P. pastoris®®°.

Even though VY. lipolytica displays many advantages, it also presents hyper-mannosylation, as S.
cerevisiae, even though the problem is to a lesser extent. Development and research have already
been carried out to improve this drawback, and humanize the glycosylation pathway'®. Another
limitation is the presence of intracellular proteases, which can degrade heterologous proteins before
their secretion. These proteases act internally, reducing yield and stability of the rProt>2.

Since this work specifically focuses on Y. lipolytica as a host for rProt production, a subsequent section
will be dedicated to its expression system (see section 1.2).

1.1.2.3.  Filamentous fungi

Filamentous fungi, also called molds, are well known as efficient hosts for the production and secretion
of both homologous and heterologous proteins, making them useful for industrial purposes!®. Even
though their first uses concerned the production of primary metabolites®®, they are now used for
heterologous protein production as well. This is due to their inherent capacities: high levels of protein
secretion (as well as other molecules like metabolites, organic acids or antibiotics), high growth rate
and the ability to achieve high biomass densities on cost-effective substrates®®>*. They are also able to
perform post-translational modifications, such as glycosylation®.

These microorganisms include Aspergillus, Trichoderma and Penicillium. They are characterized by
particular filamentous structures, also called hyphae, which are typically around 2-8 um in diameter.
Higher fungi, such as Aspergillus, Penicillium and Trichoderma, possess cross-walls (septa), while lower
fungi (Rhizopus or Mucor) lack them®3. Fungal cultures can have many morphologies: from mycelia
suspension to packed hyphal aggregates, these different structures playing a role in growth rate and
physiology of the cells®.

Aspergillus niger is one of the most used fungal species in the context of rProt production®. Through
genetic engineering, these fungal hosts have progressed from low production rates to impressive
protein secretions. For example, in the case of glucoamylase, A. niger is now producing around 25
g/L>°, while initially secreting around 0.5 g/L>*. Another example is Trichoderma reesei, reaching a



production of 30 g/L of cellulases®*. Considering GRAS species, A. niger and A. oryzae are both
considered GRAS by the US FDA¥,

Even though filamentous fungi are advantageous hosts, they possess some drawbacks. The production
of heterologous proteins can be negatively impacted by fungal intracellular proteases, which happens
to be a common problem®3. For example, A. nidulans possesses around eighty protease genes>®.
Another disadvantage is that, even though they can perform glycosylation patterns on proteins, these
patterns can differ significantly from those from mammals. As a result, filamentous fungi may not be
the most appropriate hosts for recombinant human glycoproteins, when intended for therapeutic
purposes. They could induce some immunogenicity problems>. However, T. reesei has demonstrated
the ability to perform glycosylation patterns similar to mammalian ones®.

Different strategies have been used to improve the production, both in yeasts and filamentous fungi,
and with bacteria in some cases: using strong and homologous promoters, creating gene fusions with
genes from well-secreted proteins, increasing the number of gene copies and using strains that lack
proteases®. Foreigh genes can be integrated into the chromosomes using plasmids, often as multiple
copies integration, allowing a stable expression over time®. Secretion of proteins out of the cells also
presents many benefits. Indeed, it minimizes the risk of degradation by intracellular proteases and
simplifies downstream purification processes. It also helps to avoid potential feedback inhibition,
which could happen within the production pathway, and is beneficial when the protein is toxic for the
host organism®*. Overexpression of folding enzymes and chaperones within the cell has also been
explored, to improve folding and secretion efficiency>3.

1.2. Yarrowia lipolytica expression and secretion system

1.2.1. The secretory pathway
The secretory pathway of Y. lipolytica follows the eukaryotic pattern (see Figure 2), including the
following steps: translational translocation into the endoplasmic reticulum (ER), folding of the proteins
and quality control in the ER, trafficking through the Golgi apparatus, and final export through
secretory vesicles to the extracellular environment®’=>°,
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Figure 2: Schematic overview of the eukaryotic secretory pathway of proteins. (a) Inside the nucleus, DNA is
transcribed into mRNA (messenger RNA), which is itself exported to the cytoplasm via nuclear pores. (b)
Ribosomes on the Rough Endoplasmic Reticulum (Rough ER) use the mRNA to synthetize proteins, which are then
folded and undergo modifications in the Rough ER. (c) Proteins are packaged into transport vesicles and move to
the Golgiapparatus. (d)Inthe Golgi apparatus, proteinsare further modified, sorted and packaged into secretory
vesicles. (e) Secretory vesicles carry the proteins from the Golgi apparatus to the cell membrane. (f) Vesicles fuse
with the cell membrane and the proteins are released into the cell exterior. Adapted from Ehsan et al., 2018.

At the heart of this pathway, protein targeting relies on N-terminal signal peptides (SPs), which act as
molecular “addresses”, guiding ribosomes to translocate nascent polypeptides into the ER and
initiating entry into the secretory pathway. This early decision is crucial: without a proper SP, even
abundant mRNA cannot result in high secretion levels, as the protein remains in the cytosol instead of
being routed through the secretory machinery>®0. Their role will be discussed in more detail in section
1.2.2.

In Y. lipolytica, proteins are translocated into the ER more efficiently than in S. cerevisiae. This
advantage contributes to Y. lipolytica superior protein secretion capacity, compared to conventional
yeast hosts®®. Naturally, Y. lipolytica is able to secrete large quantities (up to 1-2 g/L) of endogenous
proteins, such as Lip2 lipase or alkaline extracellular protease (AEP)®!. These properties can be
extended to rProt via diverse engineering strategies. SPs from these two endogenous, highly secreted
proteins are frequently harnessed in engineering strategies to maximize secretion of rProt>’. These SPs
have evolved for efficiency, reflecting the organism’s adaptation to protein- and lipid-rich
environments®?. Its ability to secrete high quantities of enzymes has been harnessed to develop genetic
and molecular tools, dedicated to the expression and secretion of heterologous proteins>"-62,

Y. lipolytica’s secretory pathway also possesses features similar to those of filamentous fungi. Indeed,
its dimorphic growth (yeast or filamentous form), greater adaptive membrane remodeling and
vesicular transport capabilities are characteristics not found in classical yeasts®.

However, stress conditions, such as oxygen limitation, can significantly limit secretory capacity. High
oxygen uptake supports robust vesicle trafficking and higher protein secretion, highlighting the
importance of bioprocess optimization as well as genetic modifications®*.



1.2.2. Mechanism and engineering of signal sequences
The efficiency of protein secretion in Y. lipolytica depends heavily on the architecture of these SPs, also
called pre-regions. Classic eukaryotic signal peptides comprise an N-terminal, hydrophilic region (n-
region), a central hydrophobic segment (h-region) and a C-terminal region (c-region), containing the
cleavage site recognized by signal recognition particle (SRP) receptors on the surface of the ER>%65%6,
SPs enable the ribosome, as soon as translation begins, to interact with the SRP. The SRP directs the
ribosome-nascent chain complex to the ER membrane and mediates translocation into the ER lumen,
where protein folding and quality control occur®®. This early recognition allows the cell to distinguish
secreted from cytosolic proteins immediately during translation®®. The SP is then cleaved by signal
peptidase within the ER and, in most cases, only proteins with properly cleaved SPs proceed along the
secretory pathway>®®°, The journey continues as the protein is folded and glycosylated in the ER, then
packaged into vesicles for transport to and through the Golgi apparatus>®.

Beyond the SP, many secreted proteins, such as Lip2 and AEP (from the XPR2 gene), feature a pro-
region, which acts as an intramolecular chaperone. This pro-region, or propeptide, can influence
proper folding, maturation and secretion of the nascent protein®’. It is then proteolytically removed
by endoproteases found in the Golgi apparatus, such as XPR6 in Y. lipolytica®®%3. In the case of
proteases like AEP, the enzyme remains inactive while the pro-region is attached. Only after cleavage
of the pro-region in the Golgi apparatus does the protease become active and able to function after
secretion®’. Similarly, in the case of LIP2, the pro-region has been shown to enhance secretion
efficiency and folding of rProts, including heterologous lipases>®©3,

Empirical studies in Y. lipolytica have demonstrated that both the choice and engineering of signal
peptides can modulate secretion rates by several-fold. For example, the widely used L/P2 pre-pro (pre-
and pro-region) signal and hybrid SP6 sequences have shown great performance compared to wild-
type signal sequences, with increased secretion yields of some model proteins®®. Computational
analyses and screening of endogenous and synthetic signal peptides have identified features
associated with efficient secretion, making it easier to design synthetic signal peptides®®. These
features include the hydrophobicity of the h-region, promoting stable insertion into the ER membrane;
the presence of positively charged residues in the n-region, facilitating SRP recognition and ER
targeting; and small amino acids near the cleavage site, that facilitate efficient signal peptidase
recognition®®®%79, Empirical screening of both endogenous and novel synthetic signal peptides in Y.
lipolytica has shown that some sequences, including SP3, SP4, SP6 and SP8 (which were selected for
experimental evaluation in this work), can significantly enhance secretion yields for various
heterologous proteins®®. SP3 comes from a protease, SP4 from a glycosidase, SP6 from Y. lipolytica
native LIP2 lipase and SP8 from the native SoAmy amylase®®,
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Figure 3: Map of the signal peptides of AEP and LIP2 proteins. AEP and LIP2 are important proteins of Yarrowia
lipolytica. Blue = pre-region/sequence signal, red = XA/XP dipeptide stretch, yellow = pro-region, green = dimotif
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KR, black = sequence of the mature protein. The different arrows highlight the sites recognized by specific
aminopeptidase from the ER (in red) or by the endoproteases XPR6 in the Golgi apparatus (in green). From
Celinska et al., 2018.

LIP-2 derived signal peptides, as well as AEP-derived signal peptides, which are commonly used as well,
have displayed higher secretion levels than the native sighal peptide®. As shown in Figure 3, the AEP
and LIP2 signal leader sequence contains a signal peptide, a stretch of XP (X-Ala or X-Pro) dipeptides
susceptible to cleavage, and an extensive pro-region with glycosylation sites®®’!, The XP dipeptide
stretch (were X is any amino acid and P is proline or alanine), found just after the SP in AEP and Lip2,
is specifically cleaved by ER aminopeptidases and aids efficient removal of the pro-region, ensuring
proper maturation and secretion of the final protein®%¢,

By engineering this modular arrangement (e.g. optimizing XP motifs and pro-region lengths), secretion
can be improved for various rProts’%72, While the pro-region is not necessary for heterologous protein
secretion, the pre-region is a necessity for most proteins’ secretion®®. But even though it is not
necessary, constructs lacking the pro-region often experience reduced stability or less efficient
secretion, highlighting its role in maintaining protein integrity during transit through the whole
secretory pathway®?.

It must be considered that the optimization of signal sequences is protein-specific; the optimal pre-
/pro-region may differ for different heterologous proteins®2.

1.2.3. Molecular tools and engineering
With the development of many molecular tools, the engineering of Y. lipolytica for rProt production
has improved significantly.

First of all, expression levels are highly influenced by the choice of the promoter controlling the
recombinant gene. Through promoter engineering, the transcriptional output can be maximized. To
do so, strong, inducible, or constitutive promoters, like pTEF, pPOX2 or pXPR2, can be used®-65%8, This
allows the production of high levels of rProt, tailored to the expression conditions and the host. Among
these, pTEF (from the gene encoding the translational elongation factor 1a) is one of the strongest and
most widely used constitutive promoters in Y. lipolytica’®7*. It drives continuous, high-level gene
expression regardless of growth phase or nutrient availability, making it particularly suitable for
consistent rProt production’®. Its strength, robustness and reliable activity across diverse culture
conditions explain its broad application in both industrial and research settings with Y. lipolytica’74.

In addition, the use of excisable selection markers (auxotrophic or antibiotic resistance markers) and
precise chromosomal integration simplifies genetic engineering for stable strain construction, as it
avoids plasmid loss and eliminates the need for continuous selection’>. These strategies enable the
insertion of multiple gene copies®®76. Multicopy integration usually correlates with high protein output,
as it involves inserting several copies of the same expression cassette into the genome, therefore

increasing the amount of mRNA available for translation*’. However, this must be balanced against
metabolic burden and potential impact on cell fitness, such as reduced growth®.

Vectors for heterologous expression often carry URA3 (uracil) or LEU2 (leucine) markers for selection
and allow easy recovery of auxotrophic strains’. The selection of host strains with deletions of
protease-encoding genes prevents degradation of secreted rProts, allowing increased accumulation in
the culture medium”’.



As discussed before, another useful tool is the engineering of signal peptides. By modifying or selecting
efficient pre- and pro-regions, secretion rates and protein stability can be boosted®®. Expression

yields also benefit from the use of hybrid secretion signals, as these often outperform native signal
sequencess.

Innovative strategies integrating these different approaches have led to significant improvements in
production levels of rProt, often exceeding those achieved in other yeast systems’®7°,

1.3. Golden Gate Assembly

1.3.1. Introduction to Golden Gate cloning
The ability to assemble multiple DNA fragments in an accurate and efficient way is an important part
of molecular and synthetic biology. Traditional cloning methods include, for example, restriction
enzyme digestion followed by ligation, or PCR (Polymerase Chain Reaction)-based assembly. However,
these methods often require multiple steps and can introduce unwanted sequences, called “scars”, at
the junctions between DNA fragments. These limitations have allowed for the development of

improved cloning techniques, that enable rapid, precise and scarless assembly of complex DNA
constructs®.

Golden Gate Assembly (GGA) is a revolutionary advancement in molecular cloning, enabling seamless
and efficient assemblies of multiple DNA fragments in a single, one-pot reaction®. It was originally
developed in the early 2000s and now holds an important place in synthetic biology, genetic
engineering and biotechnology. This is mainly due to its precision, speed and modularity3%-82,

1.3.2. Principle and mechanism
Golden Gate Assembly is based on the use of type IISrestriction endonucleases, such as Bsal or BsmBI.
Unlike conventional restriction enzymes, which cut within their recognition sequences, type IIS
enzymes cleave DNA at a defined distance from their recognition sites®. This property allows the
design of DNA fragments with custom overhangs (short, single-stranded DNA sequences at the end of
a fragment) that will dictate the order and orientation in which the different fragments will be
ligated®.-84,

In practice, as shown in Figure 4, DNA fragments flanked by type IIS recognition sites are mixed in a
single tube with a destination vector, a type IS enzyme and a DNA ligase. The reaction proceeds
through alternating phases of digestion (with the type 11S enzyme) and ligation (with the DNA ligase).
During the ligation phase, DNA ligase covalently joins the fragments, previously cleaved with matching
overhangs by the type IISrestriction enzyme. The recognition sites of the enzyme are removed during
cleavage, which results in a scarless junction between the fragments8%82,
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Figure 4: Schematic overview of Golden Gate Assembly using type IIS restriction enzymes. (a) Recognition and
cleavage sites of the type IS restriction enzyme Bsal, cutting outside of its recognition sequence (GGTCTC) and
generating custom overhangs. (b) Individual DNA sequences flanked by Bsal sites are left with compatible
overhangs after digestion. An acceptor plasmid with marker B is used to assemble the different sequences in a
single digestion-ligation reaction. The result is a final construct carrying the different sequences in a determined
order, selectable via marker B. From Patron et al., 2015.

1.3.3. Advantages over traditional cloning methods
Golden Gate Assembly offers several advantages compared to traditional cloning techniques, such as
restriction enzyme cloning or Gibson Assembly.

Traditional restriction enzyme cloning uses enzymes that cut DNA at specific sequences to create
compatible ends for ligation. While reliable, it requires suitable restriction sites in both vector and
insert, can introduce unwanted “scar” sequences, and assembling multiple fragments is time-
consuming because it involves multiple sequential cloning steps®%. In contrast, GGA employs type IS
enzymes that cleave outside their recognition sites, enabling scarless and simultaneous assembly of
multiple fragments in a single reaction. This allows greater fidelity and modularity, making it a more

efficient and versatile alternative®286.

Gibson Assembly is a molecular cloning technique that enables the seamless joining of multiple DNA
fragments in a single, isothermal reaction. It relies on three enzymatic activities: an exonuclease that
creates complementary single-stranded overhangs at the end of DNA fragments, a DNA polymerase
that fills in gaps after fragment annealing, and a DNA ligase that seals the nicks (small breaks in one
strand of the DNA) to produce a double-stranded molecule®”28, Because the reaction does not depend
on restriction enzyme recognition sites, it allows scarless assembly of fragments in any desired
sequence order®®89,

In contrast to Gibson Assembly, Golden Gate relies on type IIS restriction enzymes to create custom
overhangs, enabling high fidelity and specificity by ensuring all fragments ligate in the desired order
and orientation®2. Additionally, Golden Gate’s use of standardized overhangs and cloning parts makes
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it a highly modular system, allowing the creation of organism-specific libraries and facilitating the reuse
and combination of sequences, an important feature in synthetic biology®.

1.3.4. Golden Gate Assembly dedicated to V. lipolytica
The adaptation of Golden Gate Assembly to Y. lipolytica has facilitated its genetic engineering,
supporting its development as a useful host in biotechnology. Several modular Golden Gate toolkits
have been recently developed and optimized for Y. lipolytica, enabling a more efficient and adaptable
construction of complex genetic pathways®%°%,

An important advance has been the creation of standardized libraries of DNA “biobricks”, modular and
interchangeable DNA segments flanked by standardized overhang sequences®®®2. Each biobrick
corresponds to a functional genetic element, such as a promoter, gene, terminator, or selection
marker, which can all be combined in multiple configurations to create complete transcription units
(TUs)®2. As shown in Figure 5, these biobricks are stored in donor vectors, each flanked by recognition
sites for the type 1IS restriction enzyme Bsal®-*°. The cutting pattern of Bsal generates specific 4-
nucleotide overhangs (annotated A to M in panel B) that dictate the assembly order®*°, For example,
the overhang labeled B at the end of the InsUp element is designed to perfectly match the
complementary overhang B at the start of the marker M, ensuring correct and directional ligation
between these two during the assembly®°. The fixed flanking sequences enable the rapid and scarless
ligation of multiple parts in a single reaction, while the variable internal regions encode the functional
diversity (different promoters, genes, or terminators)®%°2,
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Figure 5: Modular Golden Gate Assembly (GGA) dedicated to Yarrowia lipolytica. (A) Schematic representation
of 1, 2 and 3 transcription unit (TU)-bearing plasmids assembled via Golden Gate Assembly. Each TU contains a
promoter (P), a gene (G) and a terminator (T). The GGA contains the different TUs, as well as upstream and
downstream insertion sites (InsUP and InsDOWN), a marker (M) and a bacterial resistance marker (ampicillin (A),
chloramphenicol (C)or kanamycin (K)). (B) Library of donor vectors (withkanamycinresistance) containing Golden
Gate Fragments (GGFs) used for Y. lipolytica, each fragment flanked with Bsal recognition sites. The letters
flanking the different vectors (from A to M) correspond to the 4-nucleotides overhang which match those of the
adjacent GGF. From Celiriska et al., 2017.
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These toolkits allow for easier assembly of multiple transcription units in a single reaction, which
accelerates the process of designing and testing new metabolic pathways®®®2. These systems have
been used to assemble and integrate entire biosynthetic pathways directly into Y. lipolytica genome,
such as the one forviolacein production®?. This has allowed an easier optimization of gene expression,
by combining diverse promoters, terminators and genes, which considerably accelerates the screening
for optimal production assemblies®?%3. Moreover, optimized protocols now allow for the integration
of up to 13 fragments in a GGA reaction®?°4,

An important feature of these toolkits is their compatibility with different genomic integration
strategies. By default, integration can be random, for example using Zeta integration sites®. Zeta
elements are repeated DNA sequences found at many locations in the Y. lipolytica genome. When a
construct flanked by Zeta sequences is transformed into Y. lipolytica, homologous recombination
occurs at one of these multiple loci, leading to random insertion. While this often results in high
transformation efficiency, it can also cause variability in gene expression due to differences in the
transcriptional activity of the integration site, as well as the occurrence of multiple integration
events®?,

In contrast, targeted integration can be achieved by flanking the GGA construct with sequences
homologous to a chosen locus in Y. lipolytica’s genome, such as the Lip2 locus®®. Because the genome
is relatively large (20 Mb (megabases®?)), directed integration to a well-characterized locus ensures
that the Golden Gate construct is inserted at a defined position, avoiding unpredictable insertions into
non-coding regions®2. In this strategy, homologous sequences corresponding to the LIP2 gene are
included in the construct, guiding recombination precisely at this locus. Furthermore, if the targeted
gene is normally expressed at high levels, its genomic region is often associated with a more open
chromatin conformation, improving accessibility for transcription factors®.

In this work, the GG reaction was performed with the following standardized parts: the strong
constitutive promoter TEF, the tLIP2 terminator, a URA3 selection marker, and L/IP2 homology arms
(flanking sequences) for targeted genomic integration at the L/IP2 locus. All these parts were inserted
into vector GGE029 (see Figure 6), containing an ampicillin resistance gene and the gene coding forthe
red fluorescent protein (RFP). The RFP gene is flanked by Bsal recognition sites and is excised during
assembly®?. This allows checking for correct integration of the Golden Gate constructs: colored colonies
indicate that the mRFP1 gene remains intact, whereas successful GGA excises the mRFP1 coding
sequence and replaces it with the insert, resulting in white colonies®?.
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Figure 6: Golden Gate modular assembly strategy in Y. lipolytica. (A) GGE029 vector, containing an ampicillin
resistance gene. The Bsal recognition sites are visible. The mRFP1 gene codes for a colored protein, which results
in the colonies growing red/pink. In contrast, the successful Golden Gate Assembly leads to the excision of the
MRFP1 coding sequence and its replacement by the insert, resulting in white colonies. (B) SP3-A Golden Gate
vector assembled from standardized biobricks including p TEF promoter, SP3, a-factor pro-region, the protein
coding sequence (CDS), terminatortLIP2, URA3 selection markerand flanking integrationsequences for LIP2 locus
integration (Lip2-Notl-up/down). Maps constructed using SnapGene (v8.1).
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1.4. Laccase as a recombinant protein

1.4.1. Introduction to laccases
Laccases are multicopper oxidases widely distributed across bacteria, fungi, plants and even some
insects. They are able to catalyze the oxidation of a broad range of compounds, both aromatic and
non-aromatic. During the enzymatic reaction, molecular oxygen is used as an electron acceptor, and
water is produced as a byproduct®>1%, Structurally, a laccase monomer possesses four copper atoms,
divided into three key sites: Type-1, Type-2 and Type-3 (see Figure 7)100-102,

Figure 7: Map of the catalytic site of the Lac-Vader laccase. The Lac Vader enzyme is the laccase that was
produced and quantified during the experimentations. Copper atoms are visible as dark blue spheres. T1 = Type-
1 copper site, which is primarily responsible for electron transfer. T2 = Type-2 copper site, T3a and T3b = Type-3
copper site, which contains two copper atoms. The Type-2 and Type-3 sites, which comprise a total of three copper
atoms, constitute the trinuclear cluster. It enables the reduction of dioxygen to water. Adapted from Mateljak &
Alcalde, 2021.

The catalytic mechanism involves three steps: the oxidation of substrates at the Type-1 site, followed
by an internal electron transfer to the trinuclear copper cluster, leading to the reduction of
oxygen!®9191 Dye to this mechanism, laccases are versatile biocatalysts, able to oxidize a broad range

of substrates. Their substrates of choice are phenolic compounds, but they are also able to oxidize
other compounds®®.

Biologically, laccases play diverse roles. They participate in processes such as lignin degradation (for
example in white-rot fungi), cuticle sclerotization in insects (contributing to exoskeleton formation),
pigment formation or detoxification of phenolic compounds in plantsi®9 They are frequently

referenced as “green catalysts”, due to their use of oxygen and the eco-friendly nature of their
byproducts®,
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1.4.2. Applications
Due to their broad substrate range and their mild reaction conditions, laccases are widely used for
several industrial and environmental applications®>194, In the textile industry, they are used for the
decolorization of dyes and the treatment of effluents!®®. They are also useful in the pulp and paper
sector, including environmentally friendly bleaching and delignification processes. Indeed, they help
to reduce the use of chlorine-based chemicals'®. In the food and beverage industry, laccases are
utilized to stabilize fruit juices and beers by removing phenolic compounds that could alter the color
and taste of the products®.

Laccases also present many applications in different environmental contexts, underscoring their
importance as sustainable tools in green chemistry. They are valuable in environmental remediation,
such as in the treatment of wastewater containing recalcitrant organic pollutants. These pollutants
include compounds such as phenolic substances and synthetic dyes!®31%7, They are used as well in the
context of bioremediation, to get rid of pesticides, herbicides, or certain explosive residues present in
the soil'®. Moreover, laccases’ affinity for various phenolic compounds has been exploited to design
biosensors, to monitor these molecules, notably in food°. They have also been used as sustainable
catalysts in organic syntheses and in the design of biofuel cells1,

1.4.3. Heterologous production

Despite their potential, the natural production of laccases is often limited by low yields and challenges
in purification. To address these limitations, heterologous expression systems have been developed.
They enable high-level production, easier downstream processing and tailored engineering of the
produced enzymes'®!10 Different hosts have been explored: bacteria (e.g., E. coli), yeasts (e.g., S.
cerevisiae, P. pastoris or Y. lipolytica) and fungi (Aspergillus, Trichoderma). As discussed in section
1.1.2, each organism presents different advantages and drawbacks regarding post-translational
modifications, protein folding and secretion capacity®1L,

Concerning Y. lipolytica in particular, even though yields can be lower than in some filamentous fungi,
it offers high transformation efficiencies and robust protein secretion mechanisms. It also allows for
detailed genetic modifications, which are useful for industrial production and engineering of
laccases'!?. Optimization strategies, including the choice of secretion signals, culture media, or the

regulation of the host physiology, have contributed to increase laccase yields!'?.
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2. OBJECTIVES

The main objective of this master thesis is to maximize the production of a recombinant laccase
enzyme, used as a model protein, by evaluating different secretion signal sequences and pro-regions
in the yeast Y. lipolytica. For that purpose, a set of constructs was designed and subsequently
assembled using the Golden Gate Assembly method. These constructs differ in their pre- and/or pro-
sequences, while the coding sequence of the mature laccase remains identical across all assemblies.

This design enables a direct comparison of the influence of secretion signals and pro-regions on
extracellular laccase activity.

The choice of secretion signals is based on previously characterized elements from Y. lipolytica,
synthetic or hybrid sequences, combined with or without pro-regions such as a-pro or XP-LIP2 pro. The
objective was then to cultivate the transformed Y. lipolytica strains under controlled conditions and
quantify their extracellular laccase activity. The reference strain was P. pastoris, containing the Lac
Vader laccase construct. This construct combined the protein coding sequence with the a-factor
secretion signal and pro-region from S. cerevisiae.

This project therefore aims to identify the most effective signal peptides and/or pro-regions
combinations for secretion in Y. lipolytica, and to assess the potential of this host as an alternative
expression platform.
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3. MIATERIAL AND METHODS

3.1. Media preparation
Several culture media were prepared and used throughout this work for bacterial and yeast growth,
transformation, and protein production. The compositions of the different media are detailed below.

SOC (Super Optimal broth with Catabolite repression) medium was composed as follows: tryptone 20
g/L, yeast extract 5 g/L, glucose 3.6 g/L, MgS0,4 1.2 g/L, MgCl, 0.97 g/L, NaCl 0.58 g/L, KCl 0.2 g/L, pH =
7.0.

LB(A) medium (Lysogeny Broth (Agar)) was used for selection plates, supplemented with either
ampicillin (100 pg/mL) or kanamycin (50 pg/mL), depending on the plasmid. The LB base medium
contained: casein tryptone 10g/L, yeast extract 5 g/L, and NaCl 10g/L.

YNB (Yeast Nitrogen Base) minimal medium with casamino acids was composed of: YNB (without NH4
sulfate and amino acids) 1.7 g/L, glucose 20 g/L, NH4Cl 5 g/L, Nas(POs), buffer (pH 6.8) 50 mM and
casamino acids 2 g/L. YNB-C medium was prepared by adding 0.1 mM CuSO,.

YPD (Yeast Peptone Dextrose) contained glucose 20 g/L, casein peptone 20 g/L and yeast extract 10
g/L.

BM-X medium was composed of 175 mL of water, 50 mL of 1 M PO, (pH 6.8) buffer, and 25 mL of YNB
(17 g/L). BMM2 medium was obtained by mixing 9.9 mL of BM-X with 100 pL of methanol (MeOH),
while BMM10 consisted of 9.5 mL of BM-X and 500 puL of MeOH.

For solid medium, 15 g/L of agar was added. All mediums were sterilized by autoclaving, except
antibiotic solutions, casamino acids and YNB, that were filtrated.

3.2. Construction of expression vectors
Plasmid Lac Vader containing the pre-region and the pro-region from the a-factor secretion signal,
followed by the protein coding sequence (see Appendix 1

) was used as template for PCR. This plasmid, as well as the P. pastoris strain, were provided through
a collaboration with Dr. Miguel Alcalde from the Consejo Superior de Investigaciones Cientificas (CSIC),
in Madrid.

To explore different combinations of pre- and/or pro-region with the protein sequence, several PCRs
were performed using specific primers, designed to amplify the desired constructs.

The primer sequences are listed in Table 1. These primers were designed using SnapGene (v8.1), based
on the Lac Vader sequence, and ordered from Eurogentec.

Table 1: Primers used in the design of the different constructs, from the Lac Vader complete original sequence.
Fw = forward primer, Rv = reverse primer.

Primer’s Sequence (5’ - 3’) Characteristic
name
Lac01B GGGGGTCTCTAATGAGATTTCCTTCAATTT  Complete sequence (a pre-sequence, a
(Fw) TTACTGATGTTTTATTCGC pro-region + protein)
Lac02 (Rv) CCCGGTCTCTTAGATCAGAGGTCGCTGGG @ Reverse primer (annealing at the end of
GT the protein’s sequence)
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Lac03 (Fw) CTGTGACGGACTCAGGGGTCCG Forward primer, used to remove the Bsal
site initially present in the middle of the
protein sequence
Lac04 (Rv) CGGACCCCTGAGTCCGTCACAG Reverse primer, used to remove the Bsal
site initially present in the middle of the
protein sequence
Lac05 (Fw) GGGGGTCTCTTGCCGAATTCAGCATTGGG Mature protein (Contains only the
CCAGTCG protein’s sequence)

Lac06 (Fw) GGGGGTCTCTTGCCGCTCCAGTCAACACT o pro-region + protein
ACAACAGAAG

Lac07 (Fw) GGTCTCTTGCCCTCCCTTCCCCCATCACTC  Addition of the XP-Pro LIP2 sequence + a
CTTCTGAGGCCGCAGTTCTCCAGAAGCGA  pro-region + protein
GAATTCAGCATTGGGCCAGTCG

PTEF-Fo GCGTAGGGTACTGCAGTCTG Annealing on the pTEF promoter, used to

(Fw) check the Golden Gate Assembly
constructs

LacqPCR-R  GAAGGGCACGGATCCAGTAG Annealing in the middle of the protein

(Rv) sequence, used to check the Golden Gate

Assembly constructs

3.2.1. PCR amplification - Q5 High-Fidelity DNA polymerase
The Q5 High-Fidelity DNA polymerase (2000 U/mL, New England BioLabs) was used according to the
manufacturer’s protocol. The reaction components can be found in Table 2. The PCR conditions were
as follows: initial denaturation at 98°C for 30s; 30 cycles of 98°C for 10s (denaturation), 65°C for 30s,
and 72°C for 1 min (extension); followed by a final extension at 72°C for 2 min, and a final hold at 4°C.
Reactions were performed using a Biometra T3000 Thermocycler.

After testing the conditions in 10 pL reactions, 50 uL PCRs were performed to obtain sufficient product
for DNA extractions.

Table 2: Reaction components for Q5 High-Fidelity DNA polymerase. dNTPs = deoxyribonucleoside
triphosphates.

Volume of reagents = Volume of reagents

(nL) (nL)
Q5 High-Fidelity DNA polymerase 0.1 0.5
dNTPs 10mM 0.25 1.25
Forward primer (10 mM) 0.6 3
Reverse primer (10 mM) 0.6 3
5x Q5 reaction buffer 2 10
Template DNA 1 5
Water (nuclease-free) 5.45 27.25
Total volume 10 pL 50 uL

3.2.2. PCR amplification - Phusion High-Fidelity DNA polymerase
Phusion High-Fidelity DNA polymerase (2 U/mL, Thermo Scientific) was carried out using the protocol
provided by Thermo Scientific. Reactions were conducted using the same thermocycling conditions as
those used with Q5 DNA polymerase, along with the determined annealing temperatures (Tm). The
reaction components are listed in Table 3.
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Table 3: Reaction components for Phusion High-Fidelity DNA polymerase. dNTPs = deoxyribonucleoside
triphosphates.
Volume of reagents = Volume of reagents

(nL) (L)
Phusion High-Fidelity DNA polymerase 0.1 0.5
dNTPs 10mM 0.2 1
Forward primer (10 mM) 0.6 3
Reverse primer (10 mM) 0.6 3
5x Phusion HF buffer 2 10
Template DNA 1 5
Water (nuclease-free) 5.5 27.5
Total volume 10 pL 50 pL

3.2.3. DreamTaq Green PCR
This PCR was performed using the DreamTaq Green PCR Master Mix (2X) (Thermo Scientific), following
the manufacturer’s instructions. To realize PCRs on colonies, a dot of cells was collected and added
directly to the PCR mix.

The same PCR method was also applied to extracted plasmid DNA, in addition to colony screening, to
further confirm correct fragment integration. Table 4 shows the reagent volumes used depending on
the type of PCR.

Table 4: Reaction components for DreamTaq Green PCR on colonies and on extracted plasmids.

PCR on colonies PCR on extracted plasmids
volumes of reagents (pL) volumes of reagents (pL)
DreamTaq Green PCR 5 7.5
Master Mix (2X)
Forward primer (10 mM) 0.7 1
Reverse primer (10 mM) 0.7 1
Template DNA - 1
Water (nuclease-free) 3.6 4.5
Total volume 10 pL 15 pL

The thermocycling conditions for this PCR were as follows: initial denaturation at 95°C for 3 min;
followed by 30 cycles of 95°C for 30s (denaturation), 58°C for 30s (annealing) and 72°C for 1 min
(extension); with a final extension at 72°C for 5 min, and final hold at 4°C. PCRs were performed on a
Biometra T3000 Thermocycler.

3.2.4. Agarose gel electrophoresis
To visualize PCR amplification, agarose gel electrophoresis was performed using Tris-acetate-EDTA
(TAE) Electrophoresis Buffer (Thermo Scientific; 20 mM Tris, 10 mM acetic acid, 0.5 mM EDTA). Gels
were prepared with 0.8% (w/v) of agarose (Nippon Genetics) in TAE buffer and microwaving until the
agarose was completely melted. After cooling slightly, 5 pL of Midori Green Advance DNA Stain
(Nippon Genetics) was added to the solution before it was poured into a gel mold. Once solidified, the
gel was placed in an electrophoresis tank filled with TAE buffer.
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PCR samples were mixed with Gel Loading Dye Purple (New England BiolLabs): 3 uL of dye for 10 pL of
reaction volume or 10 pL of dye for 50 uL of reaction volume. The mixtures were then loaded into the
wells of the gel, with the well size adapted to the sample volume. For PCRs performed using DreamTaq
Green PCR Master Mix (see section 3.2.3.), no loading dye was added, as it is already included in the
master mix.

To estimate DNA fragment size, 5 uL of FastGene 1 kb DNA ladder (Nippon Genetics) was loaded into
the first well. Electrophoresis was carried out using the Bio-Rad PowerPac Basic system, applying a
voltage of 120 Volts. DNA migration proceeded for 20 to 30 min, depending on the dye front
progression. After migration, the gel was visualized under UV (ultraviolet) light (320nm) using a Pullnix
system (VWR GenoView & GenoSmart).

3.2.5. DNA purification from gels
The NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) was used for DNA extraction from agarose
gel following electrophoresis. After visualization under UV light, the desired DNA band was excised
from the gel using a scalpel on a UV transilluminator table (New Brunswick Scientific). The
manufacturer’s protocol for “DNA extraction from agarose gel” was followed to perform the
extraction. Elution was performed using 15 ulL of elution buffer.

DNA concentrations were measured using a Nanodrop 2000 spectrophotometer (Thermo Scientific).

3.2.6. TOPO cloning of DNA fragments
For all DNA fragments obtained by gel extraction, cloning into a TOPO vector was performed. The Zero
Blunt TOPO PCR Cloning Kit (Invitrogen, Thermo Fisher Scientific) was used for this purpose. The
cloning reaction was carried out following the manufacturer’s instructions. As visible in Figure 8, the
vector possesses a kanamycin resistance marker; therefore, kanamycin was used for selection of all
sequences cloned into TOPO cloning vectors.
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Figure 8: Map of the pCR-Blunt I1-TOPO vector. From Thermo Fisher Scientific (Zero Blunt™ TOPO™ PCR Cloning
Kit, without competent cells).

For the incubation step, after mixing the reagents, the solution was left at room temperature
overnight, prior to transformation into E. coli the following day (see section 3.2.7.).
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3.2.7. Transformation into E. coli
To perform the transformation, DH10B chemically competent E. coli cells were used. The cells were
thawed on ice and gently mixed. Then, 1-5 pL of plasmid DNA (containing between 1 pg and 100 ng)
was added to the cells. The tubes were gently flicked to mix the DNA and cells, then placed on ice for
30 min. A heat shock at 42°C for 1 min was applied, followed by an additional 5-min incubation on ice.

Afterward, 950 pL of room-temperature SOC medium was added, and the mixture was incubated at
37°C for one hour with shaking. LBA plates with adequate antibiotic (depending on the plasmid
integrated) were used for plating.

For each transformation, cell suspension was spread on petri dishes: two plates with 200 uL, two with
100 pL and two with 50 pL of the cell suspension. The plates were incubated overnight at 37°C. After
incubation, approximately 20 transformant colonies per transformation were selected and streaked
onto fresh selection plates, then incubated again overnight at 37°C.

Finally, colony PCR was performed on 5 colonies to confirm the presence of the plasmid insert (see
section 3.2.3.).

3.2.8. Plasmid purification
To perform the extractions, the NucleoSpin Plasmid EasyPure kit (Macherey-Nagel) was used, following
the manufacturer’s instructions. The day prior to extraction, liquid cultures were realized in LB medium
supplemented with the appropriate antibiotic.

The cultures were incubated overnight at 37°C with shaking. After incubation, plasmid extraction was
performed. Cells were pelleted by centrifugation for 2 min at 10 000 rpm using an Eppendorf MiniSpin
Plus centrifuge, and the supernatant was discarded. The remaining steps followed the standard

protocol provided with the kit, except for the elution, which was carried out using 30 pL of elution
volume instead of 50 pL.

DNA concentrations after extraction were measured using the Nanodrop 2000 spectrophotometer
(Thermo Scientific).

3.3. Assembly and transformation in Yarrowia lipolytica

3.3.1. Golden Gate Assembly reactions
To perform the different Golden Gate Assemblies, it was necessary to obtain the various parts
(promoter, terminator, upstream and downstream inserts, etc.) that have been cloned in TOPO cloning
vectors (of the Golden Gate toolkits). These vectors are maintained in E. coli strains at -80°C. A loop of
cells was taken from cryovials and introduced into a flask containing LB liquid medium supplemented

Ill

with the appropriate antibiotic (kanamycin 50 pug/mL for all “parts” vectors; ampicillin 100 pug/mL for

the backbone vector). After overnight incubation at 37°C with shaking, plasmids were extracted (see
section 3.2.8.).

Based on plasmid concentrations and insert sizes, the volumes of each plasmid for the Golden Gate
reactions were calculated to obtain equimolar amounts of each DNA fragment (2 nM). The size of the
backbone vector was also considered in the calculations.

Except for the protein sequence and the signal peptide that varied between constructs, all other
components were identical across assemblies. The shared components included: the upstream and
downstream integration sequences (Lip2-Notl-Up and Lip2-Notl-Down) targeting the LIP2 locus; the
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URA3 selection marker, allowing yeast growth without uracil; the pTEF-P1 promoter; the tLIP2
terminator; and the backbone vector GGE029, which contains an ampicillin resistance gene.

To carry out the Golden Gate reactions, these DNA parts were combined. To this mixture, 3 uL of T4
DNA Ligase Reaction Buffer (New England BiolLabs), 1 uL of T4 DNA Ligase (400,000 cohesive end
units/mL, New England BiolLabs), and 1 pL of Bsal-HF v2 (20,000 units/mL, New England BiolLabs) were
added, and the reaction was brought to a final volume of 30 pL with water.

The thermocycling reaction was performed using a Biometra T3000 Thermocycler. It consisted of 50
cycles of 5 min at 37°C and 5 min at 16°C, followed by 10 min at 55°C (restriction enzyme inactivation),
10 min at 80°C (complete enzymes denaturation), and hold at 4°C.

3.3.2. Transformation into Yarrowia lipolytica via lithium acetate method
The Golden Gate plasmids extracted previously had to be linearized. For this purpose, the plasmid DNA
was mixed with 1 pL of Notl-HF (20,000 U/mL), 2 pL of rCutSmart buffer (both from New England
BiolLabs), and nuclease-free water to reach a final volume of 20 pL. The amount of plasmid added was
calculated to obtain a concentration of approximately 175 ng/uL. These reactions were incubated
overnight at room temperature.

For the transformation procedure, TE buffer (Tris-EDTA) was prepared with 50 mM Tris-HCl and 5 mM
EDTA (Ethylenediaminetetraacetic acid), adjusted to pH 8.0. Lithium acetate (LiAc) solution (0.1 M, pH
6.0) was prepared, and the pH was adjusted with acetic acid. PEG 4000 (polyethylene glycol, 40% w/w)
was prepared in 0.1 M LiAc solution. All these solutions were sterilized by autoclaving or filtration. For
the carrier DNA, it was prepared by dissolving 5 mg/mL of Sonicated Salmon Sperm DNA (Stratagene)
in TE buffer.

The day before transformation, the Y. lipolytica strain RIY146 (Pold, eykl::LEU2ex, Ura-) was streaked
on a YPD plate and incubated overnight at 30°C. This strain was used as it cannot grow on YNB minimal
medium lacking uracil, whereas the GG assemblies contain a URA3 marker, allowing transformants to
grow under such conditions.

After 16h of incubation, one loopful of cells was scraped from the plate and washed in 1 mL of TE
buffer, then centrifuged at 13 000 rpm for 1 min, using the Eppendorf Centrifuge 5424. The
supernatant was discarded, and the cell pellet was resuspended in 600 uL of 0.1 M LiAc solution,
followed by 1h incubation at 28°C without shaking in an Eppendorf Thermomixer Compact, to generate
competent cells.

Cells were then centrifuged at 2000 rpm for 2 min, and resuspended in 60 pL of 0.1 M LiAc solution.
40 pl of this cell suspension were transferred to a new tube, then mixed with: 4 uL of linearized plasmid
DNA (=700 ng) and 3 pL of carrier DNA (5 mg/mL). The mixture was incubated for 15 min at 28°C,
followed by addition of 350 uL of PEG 4000 solution, which was mixed gently. After a further 1h
incubation at 28°C, a 10 min heat shock at 39°C was performed. Following the heat shock, 600 pL of
0.1 M LiAc were added and mixed gently. Cells were plated on YNB casamino acid plates, with volumes

of 200 pL, 100 pL and 50 pL, using two plates per volume. Plates were incubated at 28°C for up to two
days until transformant colonies appeared.

Transformants were subcloned on fresh selective YNB casamino acid plates and incubated at 28°C for
one day.
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3.3.3. Yeast colony screening with Phire Plant PCR
The Phire Plant Direct PCR Master Mix (Thermo Scientific) was used to perform colony PCR on yeast.
The protocol provided by the manufacturer was followed, and the reagents used are listed in Table 5.

A dot of cells was picked from a yeast colony and resuspended in 10 uL of dilution buffer. Four colonies

were checked per transformation. From these solutions, 0.5 uL was added as the template for the PCR
reaction, which was prepared according to the manufacturer’s instructions.

The thermocycling program was carried out on a Biometra T3000 Thermocycler and consisted of the
following steps: initial denaturation, 98°C for 5 min; followed by 35 cycles of 5s at 98°C (denaturation),
5s at 58°C (annealing), 40s at 72°C (extension); final extension, 1 min at 72°C and hold at 4°C.

Table 5: Reaction components for Phire Plant PCR on yeast colonies.
Volume of reagents

(nt)
Master Mix 5
Forward primer (10 mM) - pTEF-Fo 1
Reverse primer (10 mM) - LacqPCR-R 1
DNA (cells in dilution buffer) 0.5
Water (nuclease-free) 2.5
Total volume 10 pL

3.4. Cultivation and laccase activity analysis

3.4.1. Deep-well cultures
The first step of the process consisted of a 24-hour preculture. The night before starting the preculture,
selected colonies were streaked on YPD plates and incubated at 30°C.

For the preculture, 1.5 mL of YNB-C medium was dispensed into 24-deep-well plates and inoculated
with the corresponding strains. After 24 hours, the optical density (OD) was measured at 600 nm with
a Genesys 10S UV-Vis spectrophotometer (Thermo Scientific). The main cultures were inoculated from
the preculture and realized with the same medium, adjusted to an initial OD of 0.5, with a total volume
of 1.5 mL per well.

For experiments, two clones per transformation were selected, and cultures were performed in
triplicate. A blank control consisting of culture medium only was included. Samples were collected at
48, 60 and 72h.

In the case of P. pastoris cultures, the strain was used as a reference for comparison with the various
Yarrowia strains. Two precultures were started, and six biological replicates were prepared for each.
Cultures were initiated with 550 pL of YNB casamino acid CuSO4 medium and subjected to successive
induction steps. For this purpose, BMM2 and BMM10 induction media were used. After 36h of growth,
the first induction was carried out with 700 pL of BMM2. Second and third inductions were performed
at 48 and 60h, following sample collection, by adding 215 pL of BMM10. Inductions were realized since
the promoter AOX1 is inducible by methanol.

For sampling, 150 L (for kinetic experiments) or 200 uL (for standard cultures) were withdrawn. OD
was measured by diluting 50 uL of culture in 950 L of distilled water, reaching a total volume of 1 mL.
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The remaining sample was centrifuged for 5 min at 10 000 rpm using an Eppendorf Centrifuge 5424.
The supernatant was stored at -20°C until laccase activity was measured.

3.4.2. Laccase activity assay
Sodium acetate buffer (0.1 M, pH 4.5) was used for this assay. On the day of the assay, a fresh working
solution was prepared by mixing this buffer with ABTS (2,2'-Azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid)) to reach a final ABTS concentration of 0.5 mM. Since this solution is unstable, it was freshly
prepared and kept on ice until use to prevent degradation or spontaneous reaction.

This assay was performed using previously collected culture supernatants, which were kept onice until
use to preserve enzyme activity. To measure laccase activity, a TC 96-well standard flat-bottom plate
(Sarstedt) was used, and absorbance was monitored using a Tecan Spark plate reader.

Each sample was tested in triplicate. 10 pL of sample was pipetted into each well, followed by 280 uL
of the ABTS-buffer solution, rapidly dispensed using a Thermo Scientific multichannel Finnpipette.

Absorbance at 420 nm was recorded every 30s for 5 min, with orbital shaking between readings, while
the temperature was maintained at 25°C. If the absorbance exceeded 1.0, the sample were diluted
1:10 in sodium acetate buffer (without ABTS), and the assay was repeated.

The calculation of enzyme activity was based on the change of absorbance over time, using the
following formula:

bssz

_7)*]/15“ *x (ex L *Venz)_l*DF
Atime

Laccase activity (U/mL) = (

Where:

- AAbs,,( =change in absorbance at 420 nm

- Atime =time of the reaction (5 minutes)

- Viot =total reaction volume (290 pL)

- & =molar extinction coefficient of ABTS at 420 nm (36 000 M.cm™)
- L =path length (0.75cm for the 96-well plates used)

- Venz =Volume of sample (10 pL)

- DF =dilution factor

To calculate specific activity, OD measurements were converted into DCW using the two following
equations:

For Pichia pastoris, the following formula was used to calculate the DCW:
ODgoo = 1.5025 * DCW + 0.0256
Where:

ODg = optical density at 600 nm
- DCW =dry cell weight (g/L)

This formula was experimentally determined in the laboratory by colleagues, based on a calibration
curve relating optical density at 600 nm (ODego) to measured dry cell weight (DCW).
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In the case of Y. lipolytica, the following formula was applied (using the same variables as previously

defined)**3:

0Dggo = 0.35 g/L

3.5. Statistical analyses

All statistical analyses were conducted using RStudio software (version 4.2.2). Due to the limited
number of replicates (fewer than 10), normality was assumed rather than formally tested.
Homogeneity of variances was tested using Levene test. When the egality of variances was not verified,
Welch ANOVA was used instead of the standard one-way ANOVA. Post-hoc pairwise comparisons were
performed using Games-Howell test, which does not assume equal variances. Significance levels for
Welch test were indicated as *, **, *** and **** for p-values less than 0.05, 0.01, 0.001 and 0.0001,
respectively.
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4. RESULTS AND DISCUSSION

4.1. Construction of Golden Gate Assemblies

Golden Gate assembly technique was used to construct integration cassettes for expressing a
heterologous laccase gene in Y. lipolytica. This method enables the rapid and reliable assembly of DNA
parts in a defined order, including a promoter for gene expression, a pre-(pro) region for protein
secretion, the protein coding sequence (CDS), and a transcription terminator.

As depicted in Figure 9, several constructs were generated to test different combinations of the laccase
CDS with signal peptides composed of various pre- and pro-regions. In all constructs, the constitutive
PTEF promoter and L/P2 transcriptional terminator were used. The expression cassettes were cloned
into vector GGE029. The URA3 marker and L/P2 flanking regions were incorporated as well, the latter
designed for targeted genomic integration at the LIP2 locus in Y. lipolytica.

Lac01B (D) Lac02 (E)
— -—

OF Promoter o pre o pro Mature
LV1B-2

SP3: SC protease (GGE0063)

SP4: SC glycosidase (GGE0067)

SP6: SC YL LIP2 native (GGE0069)
SP8: SC YL SoAmy native (GGE0071)

SPa: SC aMat EacB60d Lac02 (E)

noter GG pre ] o pro Mature

LV6-2 group

"i"o‘t’er“J

pTEF-4UAS (GGE146) o SN L2ty
" e [ o

(o) | ter GG pre Mature

I

tLIP2 (Tlip2-EL, GGE020)

Lac05 (X) Lac02 (E)

16 Promoter EPT

LV5-2 group

Total : 16 strains

Figure 9: Map of the different DNA constructs. SC = Secretion Cassette, aMat = a-mating factor pre-signal
sequence, derived from Saccharomyces cerevisiae. In yellow, the different primers are displayed. (a) The fragment
LV1B-2 (a pre-region, o pro-region and mature protein) corresponds to the original sequence expressed in Pichia
pastoris. (b) The fragment LV6-2 contains the a pro-region and the mature protein. (c) The fragment LV7-2
containsthe XP-LIP2 pro-regionand the mature protein. (d) The fragment LV5-2 only contains the mature protein.

The first steps consisted of generating the different biobricks and cloning them into a TOPO cloning
vector. Each biobrick was designed to start and end with a specific Bsal recognition sequence
(GGTCTC). Upon digestion with Bsal, specific cohesive ends were generated, allowing the ordered
assembly of the different biobricks during the ligation steps of the GG assembly (Table 6).
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Table 6: Bsal recognition sites and overhang sequences for Golden Gate Assemblies. This table lists the biobricks
employed in the assembly, along with their respective 5’ and 3’ overhang sequences and associated codes. The
overhangs correspond to the 4-base pair sequences generated upon Bsal digestion, which allow directional
assembly of adjacent fragments. Each overhang is assigned a unique code for reference, and the overhang
sequences are designed to be complementary between fragments that are intended to ligate>°°,

Biobrick Code 5’ overhang Code 3’ overhang
Insert up A GCCT B AGGT
Marker URA3 B AGGT C ACGG
Promoter TEF C ACGG D AATG
LV1B-2 (a-pre and pro) D AATG E TCTA
SPs D AATG X TGCC
LV5-2 (mature protein) X TGCC E TCTA
LV6-2 (a-pro) X TGCC E TCTA
LV7-2 (XP-Lip2 pro) X TGCC E TCTA
Terminator tLIP2 E TCTA L GAGT
Insert down L GAGT M TGCG
Vector GGE029 M TGCG A GCCT

In order to remove the internal Bsal site of the Lac Vader CDS (see Appendix 1

), which would otherwise have interfered with subsequent GG assembly reactions, the Lac Vader CDS
was obtained by overlap PCR. For that purpose, DNA fragments LV1-4 and LV3-2 were amplified using
a high-fidelity DNA polymerase and using the Lac Vader plasmid as a template. Primers LacO1B/Lac04
and Lac03/Lac02 were used for the amplification. The primers Lac03 and Lac04 were designed to
remove the internal Bsal site, by introducing a single-nucleotide change. Although these primers
exhibited a melting temperature (Tm) of 68°C and 70°C respectively, gradient PCRs were performed,
and the optimal annealing temperature was found to be 65°C for both reactions.

The resulting PCR fragments were purified from agarose electrophoresis gel, and a second PCR was
performed using these two fragments as a template and the primers LacO1B and Lac02, to generate
the full-length a-pre-pro Lac Vader fragment lacking the internal Bsal recognition site. These primers
were designed to introduce Bsal restriction sites with type D and E overhangs. The final PCR product
was purified from gel and cloned into a TOPO cloning vector. The correctness of the resulting biobricks
was confirmed by DNA sequencing. The E. coli strain carrying the obtained vector was stored at -80°C
for further use.

To obtain the laccase CDS with or without pro-region (LV5-2, LV6-2 and LV7-2 groups (see Figure 9)),
PCR amplifications with high-fidelity DNA polymerase were performed. These fragments were
amplified using forward primers Lac05, Lac06 and Lac07, respectively, with Lac02 as the common
reverse primer. For these fragments, the primers were designed to introduce Bsal restriction sites with
type X and E overhangs, to be able to link the SPs at the 5’ end of the final construct.

All four PCR fragments (LV1B-2, LV5-2, LV6-2 and LV7-2) were cloned into a TOPO cloning vector,
transformed into E. coli and the sequence checked by DNA sequencing.

Additional parts used for the assemblies (promoter, signal peptide, terminator, inserts up and down,
selection marker, and backbone vector) were also obtained from plasmid DNA extracted from E. coli
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cells grown in liquid culture. For ease of understanding, constructs were named based on their pre-
and pro-regions (Table 7).

Table 7: Golden Gate Assemblies. Variable parts (pre- and pro-regions) are displayed for each assembly. SC =
Secretion Cassette, aMat = a-mating factor pre-signal sequence, derived from S. cerevisiae. For the constructs
name, A = o pro-region, 0 = no pro-region, L = XP-LIP2 pro-region.

Name Protein sequence Pre-sequence
YL-C LV1B-2 (complete original Lac Vader) /
SP3-A LV6-2 (a pro-region + mature protein) SP3 (SC protease)
SP4-A LV6-2 SP4 (SC glycosidase)
SP6-A LV6-2 SP6 (SC Lip2 native)
SP8-A LV6-2 SP8 (SC SoAmy native)
SPa-A  LV6-2 SPa (SC aMat)
SP3-0 LV5-2 (mature protein) SP3
SP4-0 LV5-2 SP4
SP6-0 LV5-2 SP6
SP8-0 LV5-2 SP8
SPa-0 LV5-2 SPa
SP3-L LV7-2 (XP-LIP2 pro-region + mature protein) SP3
SP4-L LV7-2 SP4
SP6-L LV7-2 SP6
SP8-L LV7-2 SP8
SPa-L LV7-2 SPa

Golden Gate assembly reactions were initially performed using a one-step protocol. Successful
assembly was achieved for constructs YL-C, SP3-A, SP8-A and SPa-A. However, other combinations
failed to yield correct assemblies.

As we expected that the number of DNA parts was too high to allow correct assembly in a single step
under our experimental conditions, the assembly for the remaining constructs was performed in two
sequential steps. In the first step, the signal peptide and the laccase CDS were assembled, while the
remaining parts (promoter, terminator, selection marker, inserts up and down, and the plasmid
backbone) were assembled in parallel. In the second step, the products from both assemblies were
combined in a new GG reaction. Additionally, the ligation temperature was reduced by 1°C to enhance
ligation efficiency*4.

The resulting assemblies were transformed into E. coli, and colonies were screened by PCR using
primers pTEF-Fo and LacqPCR-R. Plasmid DNA from positive colonies was then extracted and
underwent a second PCR for confirmation, before being sent to sequencing as a final verification step.
Maps of all the assemblies can be found in Appendix 2

Out of the 16 intended construct combinations, 14 were successfully assembled. The two failed
constructs were SP4-A and SP4-0.

The 14 obtained constructs were then transformed into Y. lipolytica. Transformants were verified via
colony PCR using Phire Plant Direct PCR, with primers pTEF-Fo and LacqPCR-R as well.
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4.2. Determination of optimal sampling time points for laccase production
To compare laccase production across the constructed strains, it was first necessary to determine the
optimal sampling time. For this purpose, a time-course analysis of the laccase activity was first
performed for three different clones (F11.7, F11.10 and F11.18) of strain SP8-A. This strain was
selected because, at that time of the experiment, it showed the highest laccase activity among the four
strains that had already been constructed. Samples were collected every 12 hours from 24h to 84h.

For each clone, 2-3 colonies (biological replicates) were used to initiate precultures. The cultures that
reached sufficient optical density after 24h were subsequently used to inoculate the main cultures for
the time-course analysis.

As shown in Figure 10, laccase activity increases over time, with a marked increase in activity between
48 and 72h for the three clones, suggesting this period as the most active phase of enzyme production.
Before 48h and after 72h, laccase activity remained relatively constant for most cultures, indicating a
plateau phase. Since expression was driven by the constitutive pTEF promoter, the observed activity
profile likely reflects changes in biomass growth and resource availability. During the mid- to late-
exponential phase, rapid cell division and abundant carbon and nitrogen sources support higher

enzyme synthesis rates, whereas activity reaches saturation as nutrient depletion and stationary phase
set inl15.116,
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Figure 10: Kinetics of laccase activity in three selected clones of strain SP8-A. Laccase activity (U/L) was
measured every 12 hours from 24 to 84 hours post inoculation for clones F11.7, F11.10 and F11.18.

Based on these findings, time points 48, 60 and 72 hours were identified as the most relevant for

further characterization. Consequently, samples for subsequent experiments were collected at these
three time points.
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4.3. Assessment of gene integration consistency

Upon yeast transformation, multiple copies of the expression cassette might integrate into the
genome, thus affecting the final laccase activity. To evaluate whether all constructed strains carried
the same copy number, the enzymatic activity of two clones from each laccase-producing strain was
measured. The underlying assumption was that if both clones displayed similar activity levels, they
likely contained the same number of integrated cassettes, most probably a single copy. Indeed, the
probability of randomly selecting two independent clones that both possess multiple-copy integration
is considered very low. Since the Golden Gate constructs were integrated at the L/P2 locus rather than
randomly, similar laccase activity levels between two clones were interpreted as indicative of single-
copy integration. Given the targeted nature of the integration, the probability of obtaining two
independent clones with multiple-copy integration and similar expression levels is extremely low?%117;
therefore, the clones were considered to carry a single-copy insertion.

Cultures were performed in triplicate for two clones of each strain generated via Golden Gate
assembly, and the laccase activity was determined in triplicate after 48h of culture for each clone.

Table 8: Average laccase activity (X in U/L), standard deviation (SD) and coefficient of variation (CV) at 48h of
culture for each selected clone (a and b) for all strains.
YL-Ca VYL-Cb SP3-A SP3-A SP6-A SP6-A SP8-A SP8-A

a b a b a b
X (U/L) 6.1 5.7 14.5 18.5 40.6 48.0 23.2 25.9
SD 1.6 0.9 5.0 4.8 7.1 12.8 4.2 8.2
cv 26.2 16.4 34.3 26.1 17.5 26.6 18.3 31.4

SPa-A  SPa-A  SP3-0 SP3-0 SP6-0 SP6-0 SP8-0 SP8-0

a b a b a b a b
X (U/L) 5.7 5.8 47.9 37.7 72.9 19.1 28.1 31.0
SD 2.2 0.6 0.5 2.0 18.2 10.4 7.4 6.9
cv 39.1 11.1 1.0 5.4 24.9 54.6 26.3 22.2

SPa-0 SPa-0 SP3-L  SP3-L SP4-L SP4-L  SP6-L  SP6-L

a b a b a b a b
X (U/L) 0.3 0.57 78.5 103.8 87.8 78.9 117.4 114.7
sSD 0.2 0.1 14.0 14.3 9.3 7.91 19.8 42.7
cv 58.4 16.2 17.9 13.8 10.5 10.0 16.9 37.2

SP8-L  SP8-L SPa-L @ SPa-L

a b a b
X (U/L) 95.8 87.8 65.5 61.3
sD 7.0 12.1 19.5 221
cv 7.3 13.8 29.8 36.1

Among the evaluated clone pairs, all except one showed comparable laccase activity levels, as shown
in Table 8. Some strains like SP3-0, SP3-L or SP8-L exhibited higher variability between both clones,
with 47.9 U/L and 37.7 U/L for SP3-0, 78.5 U/L and 103.8 U/L for SP3-L, and 95.8 U/L and 87.8 U/L for
SP8-L. In the case of SP3-L, the standard deviations of both clones were relatively high as well (17.9
and 13.8 U/L). However, these differences were not indicative of multiple-copy integration. In theory,
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if one clone carried twice as many copies of the expression cassette as the other, its laccase activity
would be expected to be roughly doubled compared with the single-copy clone. Since the measured
activities remained within a similar range and no clone exhibited an activity level approximately twice
of its counterpart, the differences were attributed to natural biological or cultures variability, rather
than differences in copy number. The observed variability was therefore considered acceptable, and
both clones were assumed to carry a single-copy integration.

These results highlight the natural biological variability that can occur even in genetically identical
clones. Clones with the same genetic background can exhibit differences in gene expression and
metabolic activity under identical conditions'®11%, Some of these differences may also arise from
subtle variations in culture conditions, such as nutrient availability or oxygen levels, which can occur
in deep-well plate cultures!?®. Nonetheless, this variability was not sufficient to undermine the
interpretation of the results, assuming that these clones carried single-copy genomic integrations.

For most strains, although the average laccase activities of both clones were similar, the standard
deviations were relatively high, reflecting variability within the replicate cultures. However, this intra-
culture variability doesn’t affect the overall interpretation, as the average activities of the two clones
were similar, supporting the idea that a single-copy integration likely occurred.

However, the SP6-0 strain exhibited a significative difference in laccase activity between its two clones,
with values of 72.9 U/Land 19.1 U/L for clones a and b, respectively. This clear difference suggests that
clone a may have undergone multiple-copy integration. Therefore, clone b, which showed a more
moderate activity level indicative of single-copy expression, was selected for further experiments.

This highlights the importance of assessing multiple clones when evaluating integration strategies, as
outliers such as clone SP6-0 a could potentially bias downstream data if not identified. It also confirms
that a targeted integration approach, in this case at the L/IP2 locus, generally leads to reproducible
secretion levels across clones.

For subsequent measurements and comparisons, laccase activity was assessed and compared at the
three time points using only one of the two clones, specifically clone b in the case of SP6-0 strain.

4.4. Comparative analysis of laccase activity

4.4.1. Volumetric and specific laccase activity
To characterize the production and secretion efficiency of selected constructs, laccase activity was
assessed at the time points previously selected: 48, 60 and 72 hours. Results are presented both as
volumetric activity in U/L (see Figure 11) and as specific activity, normalized to biomass, in U/g (see
Figure 12). P. pastoris strain RIY667 was used as a control, alongside Y. lipolytica strain YL-C, which
carries the same pre-region, pro-region and protein sequence as in strain RIY667.
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Figure 11: Histograms of the volumetric laccase activity (U/L) at 48, 60 and 72h. (A) 48h, (B) 60h, (C) 72h.
Average laccase activity values (U/L) + standard deviations (SD) are presented for each strain. Control strains (P.
pastoris and Y. lipolytica YL-C) are visible on the left of the graphs for comparison.

The control strain P. pastoris showed low activity, increasing over time (from 5.5 + 1.1 at 48 h to 10.5

+ 1.7 at 72 h). The YL-C strain, however, produced slightly lower levels of laccase, with activity peaking
atonly 8.6+ 1.0U/Lat 72 h.

Laccase activity generally increased over time for most constructs, even though some exhibited a
decrease in activity at 60h. Strains carrying the LV7-2 construct (XP-Lip2 pro-region) all showed the
highest levels of laccase activity, reaching peak values after 72 h. The strains SP3-L and SP6-L, with final
activities of respectively 230.2 + 83.4 U/L and 201.4 + 48.2 U/L at 72 h, are amongst the most efficient
strains in terms of laccase production. All other constructs (SP8-L and SPa-L) displayed levels of
activities over 150 U/L, except for SP4-L which was slightly below 150 U/L (with 147.0 + 15.5).

In contrast to these high-performing constructs, several strains did not display considerable higher
laccase production compared to the control strains. Specifically, strains expressing the LV6-2 construct
showed low volumetric activity across all time points. For example, SPa-A reached only 11.2 + 3.3 U/L
at 72 h, a level comparable to P. pastoris strain (10.5 + 1.7 U/L) and not significantly higher than the
YL-C strain (8.6 + 1.0 U/L). Similarly, SP3-A exhibited low activity levels compared to the two control
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strains, remaining below 25 U/L even at the final time point. SP8-A showed moderate levels of activity,
reaching 68.1 + 1.7 U/L at 72 h. An exception withing the LV6-2 group was SP6-A, which reached 154.3
+15.9 U/L at 72h, significantly outperforming the other strains within the group.

The construct without pro-sequence (LV5-2) displayed intermediate activity levels, with increase in
activity from 48 to 72 h. Although their performances did not match those of the LV7-2 group, several
strains within this group achieved high levels of enzyme production. For instance, SP8-0 reached 103.9
t 31.4 U/L at 72 h, while SP3-0 and SP6-0 reached 87.7 £ 14.3 U/L and 73.7 + 8.0 U/L, respectively.

However, not all strains in this group performed equally well. SPa-0 showed low activity levels,
reaching only 1.2 £ 0.1 U/L at 72 h, which was lower than both control strains.

(A) 42+ (B) 60
g | g
= =
p= 2 407
g a E
& 204 =
Y] v}
Q )]
& x
9 g 207
§ 107 3
() ()
5 H 5
O* T I I | [ I I O_ | I I I I I

\(\\ﬁbvvvaQQQ\,\,\/\,\/

@

(J,v\»\r QQQQ\,\,,\,\/\,

. T Ot R PR G PN R SRR CPRPA &
SRS S SASE SR SR et QM‘@“’@“’«;%‘*’@“&? MESC RS S
Strain Strain
(C) 80+
=)
3
\_1607
=
I
®
2 40- L
o
@
O
wy
3
gZO—
5
0- T T T 1

O 5 QQQQ\,\,\,\,»
< (o‘b °> 05 QY o
NP L LSS

Strain
Figure 12: Histograms of the laccase specific activity (U/g) at 48, 60 and 72h. (A) 48h, (B) 60h, (C) 72h. Average

laccase activity values (U/g) + standard deviations (SD) are presented for each strain. Control strains (P. pastoris
and Y. lipolytica YL-C) are visible on the left of the graphs for comparison.

Because the enzymatic titer is influenced by the biomass present at the sampling time, specific enzyme
activity, defined as the enzymatic titer normalized to biomass, was also considered (Figure 12). In
general, the same tendencies as volumetric activity can be observed. Enzyme activity increases over
time for most constructs, with 72h showing the highest values. Strains from the LV7-2 group exhibited
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the highest specific laccase activities, with values exceeding 30 U/g at 72 h. As for volumetric activity
measurements, SP3-L and SP6-L demonstrated the highest normalized activity within this group, with
respectively 48.6 +17.6 U/g and 46.8 + 11.2 U/g at 72h.

In contrast, LV6-2 group showed consistently low specific activity at all time points, except SP6-A which
showed higher specific activity (27.2 + 2.8 U/g) than the others in this group. SP8-A exhibited specific
activity of 15.1 + 0.4 U/g, while the two remaining strains displayed specific activity levels below 10
U/g. For LV5-2, moderate levels of specific activity have been observed. SPa-0 was still exhibiting low
levels of activity, with a specific activity of 0.3 + 0.2 U/g, similarly to the volumetric measurements.

However, differences between individual signal peptides within each LV construct group appeared less
pronounced when specific activity was considered, rather than the volumetric activities. This pattern
suggests that the observed differences in volumetric activity are likely influenced by factors such as
variations in growth rather than fundamental differences in secretion efficiency. This trend was
observed across most strains, although some, such as SP6-A, SP3-L and SP6-L, still stood out within
their respective groups due to notable higher activity levels. But for example, strains like SP3-0, SP6-0
and SP8-0 (all within the LV5-2 group), which exhibited volumetric activities of 87.7 + 14.3 U/L, 73.7
8.0 U/L and 103.9 + 31.4 U/L respectively, showed specific activities of 18.1 + 3.0 U/g, 20.9 + 2.3 U/g
and 19.3 = 5.8 U/g. These three strains, which showed significantly different volumetric activities,
displayed similar levels of specific activities.

When comparing specific activities, most engineered strains, except SPa-0, still outperformed the
Pichia control (5.9 + 0.9 U/g at 72 h) and the YL-C strain (2.0 £ 0.2 U/g), which both displayed low
laccase production efficiency. But in comparison with volumetric activity, YL-C and SPa-A exhibited
lower specific activity than Pichia strain.

Overall, specific activity values tended to be much closer across strains than volumetric activity,
especially when comparing strains within the same LV construct group. Differences between signal
peptides tended to be less marked when enzyme activity was normalized to biomass, though certain
constructs still exhibited clear advantages.

While volumetric activity reflects the overall amount of enzyme present in the culture broth, it can be
affected by differences in cell density'?!. Specific activity, on the other hand, helps distinguish between
high biomass producers and truly high-yield enzyme producers'?'122, Interestingly, despite its lower
biomass in comparison to the other strains, P. pastoris control strain exhibited a specific activity that
was comparable, or even superior, to several poorly performing Yarrowia strains.

In this context, specific activity offers a more balanced and realistic view of secretion performance, as
it reflects how efficiently a strain produces enzyme, regardless of its growth'?2. It also helps minimize
the impact of variability in culture conditions or growth rates, allowing for a more reliable comparison
across the different Y. lipolytica strains. Specific activity values were therefore used for subsequent
statistical analyses to verify if the observed trends held statistical significance.

4.4.2. Statistical comparison of specific laccase activity
To determine whether the observed differences in laccase specific activity (U/g) among the engineered
strains were statistically significant, a statistical analysis was conducted for samples taken at 48h, 60h
and 72h. As mentioned in section 3.5., significance levels were interpreted as follows: p < 0.05 (*), p <
0.01 (**), p < 0.001 (***) and p < 0.0001 (****); while ns indicates non-significant differences.
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Statistical comparisons were performed using data from three biological replicates (independent
cultures for each construct), each measured in triplicate for laccase activity (9 values in total).

Across all strains, a general increase in specific laccase activity was observed over time, confirming 72h
as the optimal sampling point for comparative analysis. At 48h, most strains displayed relatively low
specific values, with a few exceptions. By 60h, these differences became more noticeable, and at 72h,
they reached maximum divergence, allowing statistically significant differentiation between
constructs.

The following sections explore these differences in more detail with a specific focus on the 72-hour
time point, which corresponded to the peak of specific activity and revealed the clearest distinctions
between constructs. The results at 48h and 60h are presented in Appendix 18

and 19, for information.
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Figure 13: Box plot of the specific laccase activity (U/g) of the different Y. lipolytica strains and P. pastoris
control after 72 hours of culture.

As visible in Figure 13, the LV7-2 group, encoding the XP-Lip2 pro-region and counting strains SP3-L to
SPa-L, clearly outperformed all other constructs. Within this group, all five strains exhibited statistically
significant differences over both control strains. SP3-L showed an increase of 46.0 U/g compared to
YL-C (***), while SP6-L and SP8-L followed closely with respective increases of 44.2 U/g (****) and
37.1 U/g (****). SPa-L and SP4-L also showed strong increases with differences of 32.9 U/g (****) and
30.9 U/g (****) compared to YL-C.
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These five strains also significantly outperformed P. pastoris, which showed low specific activity at 72h
(5.9 U/g). For instance, SP6-L compared to P. pastoris showed a difference of 40.3 U/g (****), SP8-L
33.2 U/g (****) and SP3-L 42.1 U/g (**). The significance level of P. pastoris and SP3-L was lower, even
though this pair displayed one of the largest differences in mean specific activity. This is due to the
high variability observed in SP3-L (SD = 17.6 U/g), which contrasts with the much lower variability in P.
pastoris (SD = 0.9 U/g). Moreover, Games-Howell post-hoc test, which accounts for unequal variances
between groups, is particularly conservative in such cases, leading to a less significant p-value despite
the large difference in means.

Importantly, no statistically significant differences were found among the top four LV7-2 strains (SP3-
L, SP6-L, SP8-L, SPa-L) in pairwise comparisons (ns). This confirmed the robustness and reproducibility
of the XP-Lip2 pro-region design, regardless of the signal peptide used. These constructs formed a
clearly distinct top-performing cluster, with activities between 33 and 46 U/g, well above all other
groups.

In contrast, the LV5-2 (mature protein only) group showed intermediate performance, with some
variability depending on the signal peptide. SP6-0 reached 18.9 U/g higher than YL-C (****), while SP8-
0 and SP3-0 followed closely with 17.1 U/g (***) and 16.1 U/g (****) increases, respectively. However,
these strains were still significantly outperformed by LV7-2 constructs when comparing strains
possessing the same SP. For instance, SP6-L was significantly better than SP6-0 with a difference of
25.3 U/g (***), SP8-L outperformed SP8-0 by 20.1 U/g (****), and SP3-L outperformed SP3-0 by 29.9
U/g (*). This confirms that the LV5-2 construct, while moderately effective, does not reach the
secretion efficiency of constructs carrying the XP-Lip2 pro-region. Notably, SPa-0 displayed the lowest
activity of all strains, with specific activity even lower than YL-C(-1.74 U/g, ****) and P. pastoris (-5.67
U/g, ****). It was significantly outperformed by every other engineered strain. This result highlights
the detrimental effect of the SPa alone when paired with the LV5-2 construct, containing only the
coding sequence of the protein.

The LV6-2 group, which includes the a-pro region, showed more heterogeneous results. SP6-A
emerged as the strongest strain in this group, with a specific activity 25.2 U/g higher than YL-C (****),
and also significantly better than SP3-A, SP8-A and SPa-A, with respective difference of21.9 U/g (****),
12.1 U/g (****) and 24.8 U/g (****). SP8-A also showed a significant improvement over YL-C, with an
increase of 13.1 U/g (****). In contrast, SPa-A was significantly indistinguishable from YL-C (ns). This
was expected, since both constructs are constituted of the same elements: YL-Ccontains the complete
Lac Vader sequence, including the a pre- and pro-regions, while SPa-A was reconstructed using the
SPa signal peptide fused to the same a-pro region and coding sequence. Compared to P. pastoris
strain, only SP6-A and SP8-A showed significantly higher specific activity values, with SP6-A
outperforming by 21.3 U/g (****) and SP8-A by 9.2 U/g (****). SP3-A showed no significant differences
with P. pastoris, while SPa-A exhibited a specific activity 3.49 U/g lower (****),
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4.5. Biological interpretation and comparative trends

This work evaluated laccase secretion efficiency across a series of Y. lipolytica strains engineered with
different combinations of expression cassettes, varying in construct architecture (LV5-2, LV6-2 and
LV7-2) and signal peptides (SP3, SP4, SP6, SP8, SPa).

4.5.1. Comparison with reference strains
P. pastoris control showed low but consistent activity, while the YL-C strain (Y. lipolytica construct
identical to P. pastoris) had even lower activity. Most engineered strains significantly outperformed
these controls. When considering both biomass and volumetric activity, Y. lipolytica reached higher
biomass levels, and most strains secreted more laccase than P. pastoris over the same cultivation
period. Previous studies have shown a similar trend, even though they used different promoters (like
pPEYK1), with Y. lipolytica producing over five times more heterologous protein, in this case a lipase,
and reaching maximal production faster than P. pastoris under comparable conditions®®123, Similarly,
in this work, the best engineered signal peptide and construct combinations led to 15 to 20-fold
increase in volumetric activity and nearly 10-fold increase in specific activity, compared to P. pastoris.

4.5.2. Construct architecture trends

The LV7-2 construct, incorporating the XP-Lip2 pro-region, yielded the highest laccase activity both in
absolute terms and per biomass. Strains SP3-L, SP6-L, SP8-L and SPa-L all reached specific activity
values between 33 and 49 U/g, and volumetric activities over 200 U/L for the two top strains. Statistical
analysis confirmed these improvements as significant compared to the two controls (P. pastoris and
YL-C), and importantly, no significant differences were found among the top LV7-2 strains. This
demonstrated that the XP-Lip2 pro-region consistently enhances secretion regardless of SP. Recent
studies highlight that the Lip2 pro-region improves heterologous protein secretion in Y. lipolytica by
promoting efficient ER targeting, folding, and trafficking, with modifications leading to substantial
secretion increases®”°8, It was further confirmed that native pro-regions, including Lip2-derived ones,
play critical roles in secretion and processing efficiency’>72. Moreover, it was demonstrated that the
use of X-Pro (XP) motif yielded strong level of heterogenous protein, underscoring its secretion-
boosting potential’®.

The LV5-2 construct, which encodes the mature protein without a pro-region, showed moderate
performance, with SP3-0, SP6-0 and SP8-0 displaying intermediate activity. However, these strains
were all significantly outperformed by their LV7-2 counterparts carrying the same SP, confirming that
the absence of a pro-region can limit secretion efficiency, even with favorable SPs. Similar reductions
in secretion efficiency in the absence of pro-regions have been described in heterologous laccase
expression in yeasts, consistent with the enhanced folding and transport roles suggested for pro-
regions!?3,

The LV6-2 group, which includes the a-pro region, was more heterogeneous. Most strains had low to
moderate activity, but SP6-A stood out with a performance close to some LV7-2 strains (27.2 U/g at
72h), while SP8-A also performed moderately well. In contrast, SP3-A and SPa-A showed poor
secretion levels, with no significant improvements over the controls. Interestingly, aside from SP6-A,
most LV6-2 strains performed worse than their LV5-2 counterparts, which only contain the mature
protein without any pro-region. This observation suggests that in several cases, the presence of the a-
pro region may impair secretion. While certain SPs (like SP6) may partly enhance secretion, others (like
SP3 or SPa) are not effective in this context. This observation aligns with literature indicating that pro-
region efficiency can vary depending on the strain and construct context®, implying that the a-pro
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region’s performance is strongly influenced by the protein and the compatibility of the signal peptide
used for optimal secretion. Studies demonstrated that removal of the pro sequence can increase
secretion of certain heterologous proteins®’8. The pro-region, while generally thought to aid folding
and secretion, can sometimes be detrimental, potentially by interfering with mRNA export or causing
inefficient processing, thus impairing efficiency in specific contexts>”>8, The impact of pro-regions on
secretion can be protein- and context-dependent, with removal of the pro-region enhancing secretion
of some proteins but not others>.

4.5.3. Signal peptide performance
Across constructs, several trends regarding signal peptide efficiency emerged. Although the overall
performance of a strain depended on both the construct architecture and the SP used, certain signal
peptides consistently outperformed others across multiple construct types.

SP6, derived from the native Lip2 signal peptide of Y. lipolytica, was used in SP6-A, SP6-0 and SP6-L,
and contributed to high secretion levels in all construct types. In particular, SP6-L was among the top-
performing strains overall, while SP6-A showed the highest activity within the LV6-2 group. SP6-0 was
also in the high-performing strains of the LV5-2 group. The consistent efficiency of SP6 across all
construct types suggests it has broad compatibility with both mature and pro-region-containing
designs, making it one of the most reliable SPs in this work. These results agree with reports that
certain native signal peptides derived from highly secreted native proteins in Y. lipolytica, in this case

Lip2, enhance heterologous protein secretion, due to their effective targeting of nascent peptides to
the ER and efficient co-translational translocation®”:%°,

SP3 (corresponding to the SP of a secreted protease) also supported high laccase production,
particularly in SP3-L, which was the highest-performing strain overall in terms of specific activity.
However, its performance was more variable than SP6. While SP3-0 exhibited moderate secretion
efficiency, as the other strains in the LV5-2 group, SP3-A showed poor activity, similar to control levels.
This contrast suggests that SP3 is more effective when paired with a pro-region that demonstrated
high secretion efficiency, such as the XP-Lip2 sequence present in LV7-2. This is consistent with
observations that the signal peptide efficacy can be highly dependent on the presence of compatible
pro-regions to enhance folding and secretion yields?.

SP8, the pre-sequence of the signal peptide SoAmy (from the rice a-amylase) of Y. lipolytica, emerged
as a consistently good performer, though with some variation depending on the construct. SP8-L
ranked among the best strains, with secretion levels close to those of SP6-L and SP3-L. SP8-0 showed
moderate activity, while SP8-A also reached intermediate levels. This pattern indicates that SP8 can
support efficient secretion across constructs, though its impact is amplified when combined with an
efficient pro-region. Once again, these observations align with observations in engineered yeast
systems, where the effectiveness of a signal peptide in facilitating secretion can be influenced by its
interaction with elements such as pro-regions!?3. This emphasizes the need to combine compatible
secretion signals to optimize heterologous protein production!?*. Moreover, like discussed before with
SP6, heterologous protein secretion can be enhanced using native signal peptides®/%°,

Due to technical issues encountered during the construction of the Golden Gate assemblies, SP4
(corresponding to the SP of a secreted glycosidase) was only tested with LV7-2. Despite this limitation,
SP4-L exhibited good performance, though slightly lower than other strains in the same group. This
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suggests that SP4 may be less optimal, even when used within a favorable construct framework like
XP-Lip2 pro-region.

In contrast, SPa showed a strongly context-dependent performance. SPa-L performed well, consistent
with the general trend for LV7-2 strains. However, SPa-A and especially SPa-0 showed very low activity,
with SPa-0 being the worst-performing strain overall. This pattern suggests that SPa is only effective
when used with efficient pro-region like the XP-Lip2, and that its use alone is insufficient or even
detrimental to secretion in Y. lipolytica. Such context dependence of signal peptides has been
previously documented in Y. lipolytica, where a-factor based signal peptides sometimes underperform
without correct pro-region synergy'?.

Together, these results indicate that, while construct architecture has a dominant impact on secretion
performance, the choice of signal peptide still plays a critical role, particularly in enhancing or limiting
the effect of a given pro-region. SP6, SP3 and SP8 emerged as the most promising SPs, with SP6 being
the most broadly compatible, while SPa appeared to be less suited for efficient secretion in Y.
lipolytica. This overall conclusion is supported by broader literature in yeast heterologous expression,
which underscores the importance of optimizing both signal peptides and pro-regions for maximal
secretion efficiency®7:%,
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5. CONCLUSION AND PERSPECTIVES

This master thesis investigated the production of a recombinant laccase enzyme in Y. lipolytica, using
a modular cloning approach to compare different secretion signals and construct designs. While all
tested constructs enabled enzyme production and secretion to some extent, the results highlighted
significant variability in secretion efficiency and activity levels.

The results showed that both the signal peptide and the presence or absence of a pro-region
significantly influenced activity levels. While some constructs led to low or inconsistent activity, others,
particularly those combining the XP-Lip2 pro-region with certain pre-sequence, notably SP3 and SP6,
showed improved performances.

Looking ahead, several directions could be pursued to further confirm in more controlled culture
conditions. Firstly, scaling up the most promising strains to bioreactor conditions would allow
assessment of performance under industrially relevant environments. This would enable the

evaluation of oxygen transfer rates and carbon sources, which might be suboptimal in deep-well plates
and could limit enzyme production.

Additionally, quantitative PCR (qPCR) on genomic DNA could be performed to rigorously confirm that
the selected clones carry single-copy integrations, providing direct evidence beyond the assumption
based on enzymatic activity levels.

Efforts should also be made to construct the two missing Golden Gate assemblies, which would
complete the panel of tested constructs and provide a more comprehensive comparison of signal
peptides and pro-region combinations.
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The practical part of this master thesis was entirely carried out by myself. | was responsible for the
experimental work in the laboratory, while benefiting from the scientific advice and regular feedback
of my supervisor, Prof. Patrick Fickers. His guidance helped me plan the experiments, but all
manipulations and experimental procedures were performed by myself.

For the data treatment, | organized and processed the results using Excel and performed the statistical
analyses with RStudio. This allowed me to evaluate the experimental outcomes and present them in a
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8. APPENDICES

Appendix 1

Sequence: LAC-VADER for full cloning .dna (Linear/ 1789 bp)
)

Features:
Primers:

< Unsaved Enzyme Set > (2 of 646 total) Unique Cutters Bold

2 visible, 2 total
8 visible, 8 total
Start (0) Bsal
Lac06
| Lac01B ; \(
GGTCTCtAATGAGATTTCCTTCAATTTTTACTGATGTTTTATTCGC GGGGTCTCTTGCCGCTCCAGTCAACACTACAACAGAA

JggGGTCTCLtAATGAGATTTCCTTCAATTTTTACTGATGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGGCACAAATTCCGGC GAAGCTGTC
I + ik 4 1 + Il + Il ' 1 + I + 1 + | + Il 4 Il + | + Il + 125

I + t + 1 + t + t + 1 + T + T + T + T + T + T + T +
CCCCCAGAGATTACTCTAAAGGAAGTTAAAAATGACTACAAAATAAGCGTCGTAGGAGGCGTAATCGACGAGGTCAGTTGTGATGTTGTCTTCTACTTTGCCGTGTTTAAGGCCGACTTCGACAG

1 5 10 15 20 28 30 35
M ® _F B 5 1T F T D V. L F A AN 5 & A& L A_A PV N T T T € 0O & T A Q LI F A E

AV
>

a-factor secretion signal

ATCGGTTACTCAGATTTAGAAGGGGATTCCGATGTTGCTGTTTTGCCATTTTCCAACGGCACAAATAACAGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGT
1 + | ! + Il + | + 1 1 il Il + } + Il + 1 !

+ + 4
1 t t + 1 + T t T + T t T T + T T T T T T
TAGCCAATGAGTCTAAATCTTCCCCTAAGGCTACAACGACAAAACGGTAAAAGGTTGCCGTGTTTATTGTCCAATAACAAATATTTATGATGATAACGGTCGTAACGACGATTTC TCTTCCCCA
40 45 50 55 50 . &5 2 7 )

T G ¥ & D L B G D S O V A N 'L P F S W G T: M N R & L F = N T ¥ I A & & A A K B & G WV

a-factor secretion signa

Lac07

LTccTTCTGAGECCGCAGTTCTECABAAGCGAGAATTCAGCATYGGGCCAGTCG

Lac0s

SoeeTeTETTacc GAATTCAGCATTGGGCCAGTCG]

ATCTCTCGAGAAAAGAGGGGCTGAAGCTGAATTCAGCATTGGGCCAGTCGCAGACCTCACCATCTCCAACGGTGCTGTCAGTCCCGATGGTTTCTCTCGGCAGGCCATCCTGGTCAACGACGTCT
! ! ! } ! ! f fi ! ! | f

T T T T T T T T T T T T
TAGAGAGCTCTTTTCTCCCCGACTTCGACTTAAGTCGTAACCCGGTCAGCGTCTGGAGTGGTAGAGGTTGCCACGACAGTCAGGGCTACCAAAGAGAGCCGTCCGGTAGGACCAGTTGCTGCAGA
85

s L E K R G A E A E £ S 1 & & VvV Wb E T 1 S N G A V s BB G R S R Q A 1 L vV N D V

n-Lanr secretion signal

(in frame with a-factor secretion signal)  —---

>

TCCCCAGTCCCCTCATTACGGGGAACAAGGGTGATCGTTTCCAACTCAATGTCATCGACAACATGACCAACCACACCATGTTGAAGTCCACCAGTATCCATTGGCACGGCTTCTTCCAGCACGGE
! | 4 f N ! + i + ' + i 1 . ! ! ! ! !

T T T T T T T T T T T T T
AGGGGTCAGGGGAGTAATGCCCCTTGTTCCCACTAGCAAAGGTTGAGTTACAGTAGCTGTTGTACTGGTTGGTGTGGTACAACTTCAGGTGGTCATAGGTAACCGTGCCGAAGAAGGTCGTGCCG

F P s P L 1 L3 G N K G o R g Q L N v 1 o N M T N H T M L K s T s 1 H W H G F F Q H G
AAAAAAAA (in frame with a-factor secretion signal)

>

ACCAACTGGGCCGACGGCCCCGCCTTCGTGAACCAGTGCCCGATTTCTACCGGGCATGCGTTCCTTTACGACTTCCAGGTCCCTGACCAAGCTGGTACTTTCTGGTACCACAGTCACTTGTCCAC
| ' ! | | s ! | 4 ! N | N ! ! | A ! N

- | ! | - { - | i | - | i - ' | 4 - i - ! | i - !
TGGTTGACCCGGCTGCCGGGGCGGAAGCACTTGGTCACGGGCTAAAGATGGCCCGTACGCAAGGAAATGCTGAAGGTCCAGGGACTGGTTCGACCATGAAAGACCATGGTGTCAG GAACAGGTG

T N WA o G P A F v N Q c P 1 H T G H A F L Y o F Q v P o Q A G T F . ¢ H s H L s T
(in frame with a-factor secretion signal)

>

Beal

Lac03

ICTGTGACGG:CTCAGGGGTCCGI

TCAATACTGTGACGGTCTCAGGGGTCCGATTGTTGTCTATGACCCTCAAGATCCCCACAAGAGCCTTTACGATGTTGATGACGACTCCACTGTAATCACTCTCGCGGATTGGTACCACTTGGCTG
! | 4 | s | N | s ! s | | L | ! ! ' | |

T + T + T + T + T t T t T t T + T + T + T t T t T
AGTTATGACACTGCCAGAGTCCCCAGGCTAACAACAGATACTGGGAGTTCTAGGGGTGTTCTCGGAAATGCTACAACTACTGCTGAGGTGACATTAGTGAGAGCGCCTAACCATGGTGAACCGAC

- Y B Y A N S N - - K. s, L ¥ B B DD s T oW LT L R oW W L A
(in frame with a-factor secretion signal)

>

GACACTGCC?GAGTCCCCAGGC
Lac04

CCAAAGTCGGCCCGGCGGTTCCGACTGCCGATGCTACTCTTATCAACGGCCTCGGTCGCAGCATCAACACGCTCAACGCCGATTTGGCTGTCATCACGGTCACGAAGGGCAAGCGCTATCGCTTC
I 1 I I } I ! 1 + ! N ! f | !

T T T T T T T T t T t T T T
GGTTTCAGCCGGGCCGCCAAGGCTGACGGCTACGATGAGAATAGTTGCCGGAGCCAGCGTCGTAGTTGTGCGAGTTGCGGCTAAACCGACAGTAGTGCCAGTGCTTCCCGTTCGCGATAGCGAAG
A K ¥V G P A V P T A D A T L I N G N A D L A V I T V¥V T K G K R Y R F

L T L
(in frame with a-factor secretion signal)

>

CGCCTGGTGTCGCTGTCATGCGACCCGAATTACACGTTCAGCATTGATGGTCACTCTCTGACCGTCATCGAGGCGGACGGCGTGAATCTCAAGCCCCAGACTGTCGACTCCATCCAGATCTTCCC
! | i ! | ! | I I I L | !

T T T T T T T T T T T T T
GCGGACCACAGCGACAGTACGCTGGGCTTAATGTGCAAGTCGTAACTACCAGTGAGAGACTGGCAGTAGCTCCGCCTGCCGCACTTAGAGTTCGGGGTCTGACAGCTGAGGTAGG CTAGAAGGG

B L V¥V .§ L B &0 P WwT F & I P LB S .F T % I E & B & ¥ N L K Bi§ T VE S IR T E R
-------------------------------------------------------------------- (In frame With 0-factor SECretion Signal)  =========mm=m==smsmsmmmememm e e e b

>

TGGTCAGCGGTACTCGTTTGTGCTCAACGCAGATCAGGATGTGGACAACTACTGGATCCGTGCCCTTCCCAACTCCGGGACCAGGAACTTCGACGGCGGCGTTAACTCCGCCATCCTTCGCTACG
I 1 | I 4 1 1 4 ! N 1 N 1 N ! f | 4 ! +

T t T T T T T t T t T t T t T t T + t t
ACCAGTCGCCATGAGCAAACACGAGTTGCGTCTAGTCCTACACCTGTTGATGACCTAGGCACGGGAAGGGTTGAGGCCCTGGTCCTTGAAGCTGCCGCCGCAATTGAGGCGGTAGEGAAGCGATGE

6 0 R Y § F VLU N A DO DV DN YW F.® A LU.P N, S 68 T R N F O 6 6 VN § A T L, R ¥
——-- -- (in frame with a-factor secretion signal) -

(GATGACCTAGGCACGGGAAG)
LacgPCR-R

>
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AAGGTGCTGCGCCCGTTGAGCCCACCACGACCCAGACGCCGTCGACGCAGCCTTTGGTGEAGTCCGCCCTGACCACTCTCGAAGGCACCGCTGCGCCCGGCAACCCGACCCCTGGCGGTGTCGAC
1 L 4 I + { + I | + | 4 f ! 4 { | N y + ! 1250
T t T t T t T t T t T t T t T t T t T + T t T + T
TTCCACGACGCGGGCAACTCGGGTGGTGCTGGGTCTGCGGCAGCTGCGTCGGAAACCACCTCAGGCGGGACTGGTGAGAGCTTCCGTGGCGACGCGGGCCGTTGGGCTGGGGACCGCCACAGCTG

E G A A P V E P T T T @ T P s T Q L E G T A A P G N P T P G G V D

P L S L T
(in frame with afactor secretion signal)

. g

CTGGCTCTCAACATGGCTTTCGGCTTTGCCGGCGGCAGGTTCACCATCAACGGCGCGAGCTTCACCCCGCCCACCGTCCCCGTCCTCCTGCAGATCCTGAATGGCGCGCAGTCGGCGCAGGACCT
N | ! ! | ! ! | ! f | ! 1375

T T T T T T T T T T T T
GACCCAGAGTTGTACCGAAAGCCGAAACGGCCGCCGTCCAAGTGGTAGTTGCCGCGCTCGAAGTGGGGCGGGTGGCAGGGGCAGGAGGACGTCTAGGACTTACCGCGCGTCAGCCGCGTCCTGGA

L ’ L N M A F G F A G G R I T 1 N G A S E: T 4 P ¥ ¥ P v L L Q 1 L N G A Q s A Q o L
(in frame with a-factor secretion signal) - >

CCTCCCCTCTGGAAGTGTATACTCGCTCCCTGCGAACGCGGACATTGAGATCTCCCTCCCCGCCACCTCCGCCGCCCCCGGCTTCCCGCACCCCTTCCACTTGCACGGGCACACCTTCGCCGTCG
I I ' 1 1 | | f I 1 1 I ' | I

t t t t t t t t t t t T T t t t t
GGAGEGGAGACCTTCACATATGAGCGAGGGACGCTTGCGCCTGTAACTCTAGAGGGAGGGGCGGTGGAGGCGGCGGGGGCCGAAGGGCGTGGGGAAGGTGAACGTGCCCGTGTGGAAGCGGCAGE
LR e e S N DS B B K LA G I E E R b P i ST S A P G F P H P F H L H G H T F A V
(in frame with o-factor secretion signal) =----

- T TWemmpmes

TGCGCAGCGCCGGCTCGTCGACGTACAACTACGCGAACCCGGTCTACCGCGACACCGTCAGCACGGGCACCGACGGAGACAATGTCACCATCCGGTTCACGACGAACAACCCAGGCCCGTGGTTC
’ | ! ! | f ! | f ! | 1 1625

T T T T T T T T T T T T
ACGCETCGCGGCCGAGCAGCTGCATGTTGATGCGCTTGGGCCAGATGGCGCTGTGGCAGTCGTGCCCGTGGCTGCCTCTGTTACAGTGGTAGGCCAAGTGCTGCTTGTTGGGTCCGGGCACCAAG

v R S A G s S T Y N % A N P v Y R o T v S T G ¥, o G o N v L 1 R F T T N N P G P w F
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr (in frame with Q-Factor Secretion $ignal) = =====m=m=m==mm=m=ssmmmemmseenm e eee e e eh

>

CTCCACTGCCACATTGACTTCCACCTTGACTTAGGCTTTGCTGTAGTCATGGCCGAGGACACTCCGGACACCAAGGCCGCGAACCCTGTTCCTCAGGCGTGGTTAGACTTGTGCCCCATCTATGA
1 + I 4 Il 1 i 4 1 1 I + Il 1 il 4 1 }

T T t 1 1 T t T T T t T 1 T T T T
GAGGTGACGGTGTAACTGAAGGTGGAACTGAATCCGAAACGACATCAGTACCGGCTCCTGTGAGGCCTGTGGTTCCGGCGCTTGGGACAAGGAGTCCGCACCAATCTGAACACGGGGTAGATACT
L H © W I D F H L B L 8 F AV ¥V M A A N P V P Q A W L D L € P I Y D

A E D a% P D T K
(in frame with o-factor secretion signal)

P
Bsal End (1789)
TGCACTTGA?CCCAGCGAC(‘ZTCTGATCTAIIKGAGACCGG(IS 3’ e
ACGTéAACT(‘SGGGTéGCTGéAGACTAGAT':'CTCTGGCC(I: 5’

ITGGGGTCGCTGGAGACTAGATTCTCTGGCCCI
Lac02

Primer Length Binding Sites. Tm
v Lac01B 49-mer 1. 49 65°C
/sequence = gggGGTCTCHAATGAGATTTCCTTCAATTTTTACTGATGTTTTATTCGC
37% GC / 15,054,9 Da
v Lac06 35-mer 69 .. 93 60°C
/sequence = GGGGGTCTCTTGCCGCTCCAGT CAACACTACAACAGAAG
56% GC / 11,961,8 Da
¢ Lac05 36-mer 279 .. 300 =% 61°C
/sequence = TGCCGAATTCAGCAT
61% GC / 11,124,2 Da
¢ Lac07 8i-mer 279 .. 300  med 61°C
/sequence = GGTCTCTTGCCCTCCCTTCCCCCATCACTCCTTCTGAGGC CGCAGTTCTCCAGAAGC GAGAAT TCAGCATTGGGCCAGTCG
59% GC / 24,694,9 Da
Inote = XP-Pro Lip2
4 Lac03 22-mer 632 .. 653  wem 59°C
q = CTG 'C. C
68% GC / 6792,4 Da
v Lac0d 22-mer 632 .. 653 ¥ 60°C
/sequence = CGGACCCCTGAGTCCGTCACAG
€8% GC / 6681,4 Da
v LacqPCR-R 20-mer 1049 .. 1068 € 59°C
q = CCAGTAG
60% GC / 6216,1Da
Inote = qPCR-Rev
v Lac02 31-mer 1759 .. 1789 ¥ 70°C
aq = TGGGGT

61% GC / 9559,2 Da
Appendix 1: Map of the original Lac Vader sequence, for full cloning, before removal of the Bsal site

(GGTCTC) in the middle of the protein sequence. All the primers used for the design of the constructs
are visible in purple. Software used: SnapGene (v8.1).
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Appendix 2

(6627) Notl _ ’.-' _Notl (1065)

(4774 .. 4793) LacgPCRR 9factor secretion s8N

pTEF-Fo (3522 .. 3541)

Appendix 2: Map of the YL-C Golden Gate Assembly, with the annealing primers pTEF-Fo and LacqPCR-
R. Notl recognition sites (for plasmid linearization) are visible as well. Software used: SnapGene (v8.1).

Appendix 3

(6615) Notl __NotI (1065)

SP3-A
7700 bp

(4762 .. 4781) LacgPCR-R

pTEF-Fo (3522 ..3541)

Appendix 3: Map of the SP3-A Golden Gate Assembly, with the annealing

primers pTEF-Fo and

LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).
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Appendix 4

(s524) Notl \ -NotT (105)

SP4-A
7709 bp

o,
By,
(4771 .. 4790) LacaPCR-R

pTEF-Fo (3522 .. 3541)

Appendix 4: Map of the SP4-A Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:
SnapGene (v8.1).

Appendix 5

(6621) Notl 2 NotI (1065)

SP6-A
7706 bp

(4768 .. 4787) LacqPCR-R

pTEF-Fo (3522 ..3541)

Appendix 5: Map of the SP6-A Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:
SnapGene (v8.1).
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Appendix 6

(6621) Notl g N Notl (1065)

SPB-A
7706 bp

(4768 .. 4787) LacgPCRR

pTEF-Fo (3522 .. 3541)

Appendix 6: Map of the SP8-A Golden Gate Assembly, with the annealing

primers pTEF-Fo and

LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).

Appendix 7

(6627) Notl / 4 _NotI (1065)

SPa-A
7712 bp

L
o, o
tor ex
SCTetion signai ¢ seC
na

(4774 .. 4793) LacaPCR-R o-facto

pTEF-Fo (3522 .. 3541)

Appendix 7: Map of the SPa-A Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).
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Appendix 8

(7118) Notl

——— NotI (1778)

SP3-0
7490 bp

b N
cterial terminator

(5265 .. 5284) LacqPCR-R ™

(4235 .. 4254) pTEF-Fo

Appendix 8: Map of the SP3-0 Golden Gate Assembly, with
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

the annealing primers pTEF-Fo and

SnapGene (v8.1).

Appendix 9

(7127) Notl

—— NotI (1778)

SP4-0
7499 bp

ba,
Cterial terminator

(5274 .. 5293) LacgPCR-R™

(4235 .. 4254) pTEF-Fo

Appendix 9: Map of the SP4-0 Golden Gate Assembly, with the annealing primers pTEF-Fo and

LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).
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Appendix 10

(7124) Notl

—— Notl (1778)

SP6-0

7496 bp

(5271 .. 5290) LacgPCR-R~

(4235 .. 4254) pTEFrFu/
Appendix 10: Map of the SP6-0 Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).

Appendix 11

(7124) Notl

—— NotI (1778)

SP3-0
7496 bp

(5271 .. 5290) LacqPCR-R~

(4235 .. 4254) pTEFchu’
Appendix 11: Map of the SP8-0 Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:
SnapGene (v8.1).
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Appendix 12

(7130) Notl

a0
* 2

e}
Ja\owm -

——— Notl (1778)

5Pa-0
7502 bp

bacten:
‘Cterial terminator

(5277 .. 5296) LacqPCR-R "~

(4235 .. 4254) pTEF-Fo
Appendix 12: Map of the SPa-0 Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).

Appendix 13

(7166) Netl

A

~—

inator

| Notl (1778)

SP3-L
7538 bp

b, -
'3cterial terminatar

(5313 .. 5332) LacqPCR-R ~

(4235 .. 4254) pTEF-Fo

Appendix 13: Map of the SP3-L Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).
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Appendix 14

(7175) Notl

_— NotI (1778)

5P4-L
7547 bp

b,
ACterial terminator

(5322 .. 5341) LacgPCR-R™

(4235 .. 4254) pTEF-Fo

Appendix 14: Map of the SP4-L Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).

Appendix 15

(7172) Notl

<
~———

minator

——NotI (1778)

SP6-L
7544 bp

(5319 .. 5338) LacqPCR-R—

(4235 .. 4254) PTEF-Fo

Appendix 15: Map of the SP6-L Golden Gate Assembly, with the annealing primers pTEF-Fo and
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).
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Appendix 16

(7172) Notl

——NotI (1778)

SP8-L
7544 bp

(4235 .. 4254) pTEF-Fu’
Appendix 16: Map of the SP8-L Golden Gate Assembly, with the annealing
LacgPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

primers pTEF-Fo and

SnapGene (v8.1).

Appendix 17

(7178) Notl

_—— NotI (1778)

SPa-L
7550 bp

b N
‘Acterial terminator

(5325 .. 5344) LacaPCR-R™

(4235 .. 4254) pTEF-Fo

Appendix 17: Map of the SPa-L Golden Gate Assembly, with the annealing primers pTEF-Fo and

LacqPCR-R. Notl recognition sites (for plasmid linearization) are visible as well. Software used:

SnapGene (v8.1).
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Appendix 18
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Appendix 1814: Box plot of the specific laccase activity (U/g) of the different Y. lipolytica strains and P.
pastoris control after 48 hours of culture.

Appendix 19
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Appendix 19: Box plot of the specific laccase activity (U/g) of the different Y. lipolytica strains and P.
pastoris control after 60 hours of culture.
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