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Summary

1 Summary

Xylose, an abundant sugar fraction of lignocellulosic biomass, is a five-carbon skeleton
molecule. Since decades, utilization of this sugar has gained much attention and has been
in particular focus as a substrate for production of biofuels like ethanol by microbial hosts,
including Saccharomyces cerevisiae. In this yeast, xylose is naturally not used as a carbon
source, but its utilization could be achieved by metabolic engineering either via the
oxidoreductive route or through the isomerase pathway. Both pathways share xylulose as
a common intermediate that must be phosphorylated before entering the endogenous
metabolism via the non-oxidative pentose phosphate pathway (noxPPP). Besides this, in
some bacteria a non-phosphorylating oxidative pathway for xylose degradation exists,
known as Weimberg pathway, where a molecule of xylose is converted by a series of
enzymes - xylose dehydrogenase (XylB), xylonate dehydratase (XyID), 3-keto-2-deoxy-
xylonate dehydratase (XylX) and a-ketoglutarate semialdehyde dehydrogenase (KsaD) -
to form a-ketoglutarate (AKG). Besides having several useful properties as a product, AKG
could also be used for cell growth as an intermediate of the tricarboxylic acid (TCA) cycle.
One target of the present study is to establish a functional Weimberg pathway in S.
cerevisiae. Previous studies have shown that this task is not trivial, for instance due to the
toxicity of xylonate (the first metabolite of the pathway) and the involvement of an iron-
sulfur cluster dependent enzyme, the D-xylonate dehydratase. The assembly of iron-sulfur

clusters on a heterologous protein in yeast is known to be challenging.

To establish the Weimberg pathway in yeast, the genes xylB, xylID, and xyIX were obtained
from Caulobacter cresentus and ksaD was from Corynebacterium glutamicum. In a
variant, the dehydratase xyID was replaced with orf41 from Arthrobacter nicotinovorans,
which is believed to be independent of iron-sulfur clusters. Growth of yeast cells on xylose
as a sole carbon source was expected as an indicator of a functional Weimberg pathway.
However, the heterologous expression of the codon optimized genes was not sufficient to
reach this goal. Due to the complexity of the interactions of the heterologous pathway with
the endogenous cellular processes, it was assumed that potential limitations could be
overcome by adaptive laboratory evolution, using xylose as a sole source of carbon.
Increasing selection pressure was applied on a strain with Weimberg pathway genes
integrated into the genome over several generations. As a variant of the evolutionary
engineering approach, mutator strains were generated. For this, RAD27 and MSH2 genes
were deleted, which are involved in nucleotide excision and mismatch repair mechanisms,
respectively. Some of the resulting strains PRY24, PRY25, PRY27 and PRY28 were able

grow in xylose as a sole carbon source after evolutionary engineering. As a control, a non-
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mutator strain PRY19 was also included. Strikingly, only the mutator strains were able to

consume xylose as a sole carbon source, which shows the feasibility of the approach.

In addition to the mutator strain strategy, a further approach employed in the present study
was the simultaneous expression of the Weimberg pathway in the cytosol and
mitochondria. This was based on the reasoning that the iron-sulfur cluster biogenesis on
XylD may be improved in the organelle and that the AKG is an intermediate of the TCA
cycle. In the strain AHY02, all enzymes of the pathway were tagged with mitochondrial
targeting signals in addition to a full cytosolically localized pathway. The localization of the
mitochondrial variants was confirmed by fluorescence microscopy. Together with AHY02,
CEN.PK2-1C wild type strain was also included as a control for evolution. When a selection
pressure on xylose was applied, both strains - AHY02 and CEN.PK2-1C - were able to
grow in the course of evolution. Deletion of the xylulokinase (XKS1) gene was found to be
detrimental for both evolved strains in xylose-containing media. This suggests that the
evolution of the endogenous oxidoreductive and noxPPP genes is responsible for growth
of the evolved cells. For the evolved strain AHYO02, it could also be possible that the
Weimberg pathway genes supported to growth in addition to the oxidoreductive route. To
elucidate the underlying molecular mechanisms, genome sequencing and reverse

engineering approaches would be necessary in future.

In addition to screening for growth on xylose as a sole carbon source, a less stringent
screening system was created to examine even a minor flux of xylose towards AKG. For
this, all genes necessary for conversion of isocitrate to AKG where deleted, yielding a
glutamate auxotrophic strain. In this system, the cells can grow on other carbon sources,
whereas xylose is only provided as a source of AKG for the synthesis of glutamate. The
strains PRY59 and PRY60 with the complete Weimberg pathway including xylonate
dehydratases XyID and Orf41, respectively, were made glutamate-auxotrophic via deletion
of IDH2, IDP1, IDP2 and IDP3. Expectedly, they were able to grow only with glutamate
supplementation. However, when PRY59 and PRY60 were grown on glucose or maltose
supplemented with 10 g/L or 40 g/L xylose, growth could not be observed. This suggests
that xylose is not being converted to AKG, at least not in a sufficient amount to be used as
a glutamate source. Thus, the establishment of the Weimberg pathway in S. cerevisiae is

a challenging task, possibly due to multiple known and unknown limitations.

The second part of this thesis is aiming at converting xylose to a commercially valuable
compound xylitol. As a sweetener, xylitol is a commonly used ingredient, especially in
candies, beverages and dental care products. Since there is no requirement of insulin for

its metabolism, xylitol is also suitable for diabetic patients. Production of xylitol is currently
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performed via chemical process, which have different disadvantages like high pressure

and high temperature requirement.

To create a more environmentally friendly alternative, S. cerevisiae was employed as a
microbial host for xylitol production. Conversion of xylose to xylitol occurs naturally in S.
cerevisiae through the action of the xylose reductase (XR). The first step for xylitol
production is the uptake of xylose via transporters followed by the XR-catalyzed
conversion to xylitol in the cytoplasm. The biotransformation ends up with the secretion of
xylitol through a transporter. In the present thesis, different hexose transporters were
tested for the uptake of xylose, as well as for uptake and efflux of xylitol. The transporter
variant Gal2ssamns7evmassi, Which is known from previous studies to be superior for xylose
transport, also showed the best properties for xylitol uptake. Since Gal2 acts as a
facilitator, it was assumed that it could also mediate the efflux of xylitol. To disentangle the
uptake of xylose and the efflux of xylitol, a test system was devised, in which the
disaccharide xylobiose is taken up by the heterologously expressed CDT-2 transporter
from Neurospora crassa. Xylobiose is subsequently cleaved into xylosyl-moieties by B-
xylosidases (likewise from N. crassa) and reduced to xylitol by the XR intracellularly. Using
this test system, it could be shown that xylitol efflux is facilitated by a different transporter,
while Gal2ssans7svivassi had even a negative influence on this process. This points out the
complexity of the import-export dynamics in yeast and shows that a bidirectional xylose

transporter is likely unidirectional when xylitol is used as a substrate.

The XR-catalyzed conversion of xylose to xylitol requires redox cofactors. Most XRs found
in nature, including those in S. cerevisiae, are dependent on NADPH. In order to find a
suitable xylose reductase candidate, different reductases - S. cerevisiae GRE3, Pichia
stipitis XYL1, Candida parapsilosis XYL1 and Aspergillus niger XyrB - were compared.
The highest yield of xylitol was obtained with Pichia stipitis XYL1. Except Candida
parapsilosis XYL1 (NADH dependent), which did not improve the xylitol production over
the empty vector control, all other xylose reductases are reported to be NADPH
dependent. Cytosolic NADPH supply route in S. cerevisiae is limited and mainly attributed
to the oxidative pentose phosphate pathway (oxPPP). In this work, investigations were
performed on various metabolic control mechanisms with a goal to increase the cytosolic
NADPH pool, which could be beneficial for not only production of xylitol but also might be

useful for other NADPH-dependent reactions.

To increase the entrance of glucose-6-phosphate into the oxidative pentose phosphate
pathway, the phosphoglucose isomerase gene (PGI1) was downregulated by promoter

replacements. The introduction of weaker promoters did improve the yields of xylitol per
3
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consumed glucose, but at the same time decreased the volumetric production due to a
negative effect on the cellular fitness. As a complementary strategy, the overexpression
of the endogenous glucose-6-phosphate dehydrogenase gene ZWF1 strongly improved
the production of xylitol under all conditions. The additional overexpression of plasmid-
encoded ZWF1, together with genes encoding the 6-phosphogluconolactonase (SOL3)
and 6-phosphogluconate dehydrogenase (GND1) did not lead to further improvements,
suggesting that the downstream enzymes of the oxPPP are not limiting the production of
xylitol. As a rather pleiotropic strategy to modulate the activity of the PPP and thereby the
supply of NADPH, as reported in previous work, the deletion of the PHO13 gene was
attempted. However, this modification did not show beneficial effects in the context of this
study.

As an additional strategy targeting the central carbon metabolism, a heterologous NADP*-
dependent glyceraldehyde-3-phosphate  dehydrogenase gene (GPD1 from
Kluyveromyces lactis) was introduced. This led to higher xylitol yields per consumed
glucose, but it was clearly inferior to the overexpression of ZWF1 in terms of the volumetric
production. When, in addition to the expression of GPD1, the endogenous glyceraldehyde-
3-phosphate dehydrogenase gene TDH3 was knocked out to increase the availability of
substrate for Gpdl, it resulted in a negative growth phenotype and thus lower overall

product yields

In previous work, the deletion of the acetaldehyde dehydrogenase gene ALD6 was
reported to be beneficial for xylose catabolism via the oxidoreductive pathway and for the
NADPH-dependent reduction of D-galacturonic acid, although the Ald6 enzyme produces
NADPH. These observations are supported by this work, where a higher xylitol titer was
observed in a Aald6 strain. The presented data suggest that this may be, at least partly,
explained by a compensatory mechanism, as the Zwf1 activity was increased in the Aald6

strain background.

Finally, a strategy to increase the pool of NADPH by NADH phosphorylation was tested.
For this, the normally mitochondrial NADH kinase Pos5 was expressed without the
mitochondrial targeting sequence in addition to the native variant. This led to a slightly
increased xylitol yield per consumed glucose, however, only during the fermentative phase
of the diauxic growth, in which the supply of NADH is high. This is consistent with the
higher preference of Pos5 for NADH compared to NAD*.

In summary, the overexpression of the glucose-6-phosphate dehydrogenase gene ZWF1,

followed by the deletion of the acetaldehyde dehydrogenase gene ALDG, proved to be the
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most promising strategies to volumetrically improve the production of xylitol in S.
cerevisiae. When combined, these strategies did not show an additive effect. Furthermore,
the downregulation of the phosphoglucose isomerase, introduction of an NADP*-
dependent glyceraldehyde-3-phosphate dehydrogenase and cytosolic expression of an
NADH kinase showed a potential to improve the supply of NADPH, especially under
conditions of constant glucose supply, such as fed-batch or simultaneous saccharification
and fermentation regimes. These observations are likely relevant for optimization of further
NADPH-dependent production routes.
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Introduction

2 Introduction

2.1 Biomass as a resource for sustainable production of

chemicals

As the world continues to face the challenge of dwindling fossil resources, climate change,
and a growing population, there is an increasing need to develop sustainable strategies
that enable the efficient use of natural resources on our planet. The continuous increase
in energy consumption and CO. emissions is a global concern, and the need for
sustainable and affordable energy sources is becoming increasingly urgent. According to
Wang et al. 2021, global energy consumption is expected to rise by 23 % by 2040,
equivalent to an increase of 516 EJ. This trend is accompanied by a significant carbon
footprint, with 33 Gt of CO> emissions recorded in 2019 (Monir et al. 2021). The IEA
predicts that the carbon footprint will remain constant at 33 Gt in 2040, making it essential
to develop and produce energy resources in order to achieve the goal of net zero CO-
emissions by 2050.

The overall biomass constituent of the biosphere is estimated to be approximately 550
gigatons of carbon (Gt C) and is distributed among all the kingdoms of life. This includes
archaea (7 Gt C), viruses (0.2 Gt C), bacteria (70 Gt C), protists (4 Gt C), fungi (12 Gt C),
animals (2 Gt C), and primarily terrestrial plants (450 Gt C) (Bar-On et al. 2018). In this
context, use of lignocellulosic biomass certainly represents one of the most sustainable
solutions to address the global energy crisis and climate change. Utilization of
lignocelluloses has the potential to reduce greenhouse gas emissions, mitigate climate
change, and create economic opportunities in rural areas. In addition, it can help to ensure
food security by promoting the production of sustainable food crops and reducing
competition between food and fuel production. The utilization of lignocelluloses for high
value compounds represents a critical and promising avenue for addressing some of the
most pressing challenges facing our planet today, and is an area of research that continues

to attract attention and investment (Langeveld et al. 2010).

Lignocellulosic biomass (plant biomass waste) is a sustainable resource that consists of
different types of polysaccharides and phenolic compounds like cellulose, hemicelluloses,
pectin, and lignin along with a small percentage of proteins and minerals (Guerriero et al.
2016). Cellulose is a linear polysaccharide that consists of multiple units of
anhydroglucose held together by B-1,4-glycosidic linkage and form giant straight-chain
molecule (Walker and Wilson 1991). It provides around 30 % of the dry weight of plant

wood residues (Chen 2014a). Hemicellulose is the structural backbone of the plant cell
7
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wall that is composed of a branched polymer of different sugars (i.e., hexose and pentose
form). It is the second most abundant polysaccharide in the plant cell wall. On the basis of
the sugar residues present in the structural polymer as the backbone, hemicelluloses are
classified likely into xylan, galacto(gluco)mannans, and xyloglucans. Hemicelluloses are
comprised of different hexoses (e.g. D-mannose, D-galactose), pentoses (D-xylose, L-
arabinose) and sugar acids (D-galacturonic acid, D-glucuronic acid). Depending on the
type of biomass xylose can make up 5 - 35 % of the total dry weigh and is thus often the
second most abundant monosaccharide besides D-glucose (Girio et al. 2010). The
present thesis aims at xylose (D-xylose) utilization via heterologous expression of
Weimberg pathway or for the overproduction of xylitol which is an industrially attractive

compound

2.2 Saccharomyces cerevisiae as a cell factory

The study of S. cerevisiae metabolism can be traced back to the XVII century (1680), when
the Dutch naturalist Anton van Leeuwenhoek began examining its morphology. However,
it was not until 1785 that the French scientist Charles Cagniard de la Tour discovered that
fermentation was not a purely chemical process but was instead driven by
microorganisms. The discovery of the microbial nature of fermentation opened up a new
era in the study of S. cerevisiae metabolism, laying the foundation for further research in
the field. Since the original DNA sequence of the reference S. cerevisiae strain was
released in 1996 (Goffeau et al. 1996) and the Saccharomyces Genome Database
became available (Cherry et al. 2012; Dwight et al. 2004), the genotype-phenotype relation
of S. cerevisiae has been characterized in more detail. In recent years, Saccharomyces
cerevisiae has emerged as a versatile cell factory for the production of both chemicals and
pharmaceutical compounds, owing to its GRAS (Generally Regarded as Safe) status and
the availability of advanced molecular biology techniques and robust fermentation
technologies. The industrial biotech market is highly interested in S. cerevisiae due to its
potential to become a workhorse for the production of sustainable chemicals. S. cerevisiae
has several advantages that makes it a suitable host for the production of chemical
compounds. For instance, it can tolerate relatively low pH, allowing the recovery of the
acidic products in their protonated form, which reduces downstream costs. Additionally, it
has a very high glycolytic flux, and appropriate engineering strategies can enable high
productivities. Several studies have also shown that it is possible to expand the substrate
range of S. cerevisiae for the utilization of naturally abundant pentose sugars like xylose
and arabinose, which can be directly coupled to the production of chemicals, opening new

possibilities for the development of sustainable processes (Ha et al. 2011; Lynd et al.



Introduction

1999). Numerous works aim to engineer S. cerevisiae as a cell factory for the production
of different classes of compounds, including organic acids, such as succinic and lactic
acid, biofuels, such as bioethanol and farnesene, recombinant therapeutic proteins such
as insulin and pharmaceuticals such as the antimalarial precursor artemisinic acid through
the engineering of the isoprenoid pathway (Raab et al. 2010; Porro et al. 1995; Ro et al.
2006; Kjeldsen 2000).

In the pursuit of producing bioethanol from lignocellulosic biomass, significant research
efforts have been directed towards engineering Saccharomyces cerevisiae to consume
xylose. However, recent studies have focused on non-ethanol target molecules, exploring
the potential of using xylose metabolism for the production of a variety of value-added
chemicals, including advanced biofuels, fine chemicals, and pharmaceuticals. The present
thesis aims at two different products from xylose — a-ketoglutarate (AKG) and xylitol - using
Saccharomyces cerevisiae as a host organism.

2.2.1 Carbohydrate metabolism in S. cerevisiae

Carbohydrates are of vital importance for all forms of life from microorganisms to humans.
Circulation of carbon molecules occurs in a fashion where synthesis of carbohydrates is
majorly done by photosynthetic forms of life including plants. On the other hand,
degradation of complex carbohydrates is carried out in nature mainly by microbial
communities. Thus, metabolism of carbohydrate is widespread, among which glycolysis is
a simplest carbohydrate breaking pathway which occurs in all forms of life where glucose
is converted to pyruvate via different intermediates. In yeast, pyruvate derived from
glycolysis is either used for the production of ethanol (fermentation) or it enters the
tricarboxylic acid (TCA) cycle, which is localized in mitochondria, via formation of acetyl
CoA by pyruvate dehydrogenase.

In S. cerevisiae, the catabolic pathways such as glycolysis, pentose-phosphate pathway,
and TCA cycle, are responsible for breaking down nutrients and generating energy in the
form of ATP and reducing power as cofactors NADPH, NADH and FADH.. The glyoxylate
cycle, which is linked to the TCA cycle, plays an anaplerotic role by replenishing
intermediate metabolites to sustain TCA cycle operation and allowing growth on C2 and
C3 compounds. The reduced carriers generated through the TCA cycle are then oxidized

via the electron transport chain, located on the inner mitochondrial membrane, generating
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Figure 2.1 Metabolic pathway model for sugar consumption and energy production in S. cerevisiae:
Glycolysis, tricarboxylic acid cycle and glyoxylate shunt are shown. The figure was taken from
Rezaei et al. 2015.

a proton gradient used by the ATPase to synthesize ATP through oxidative
phosphorylation. Gluconeogenesis is one of the main anabolic pathways used by S.
cerevisiae to generate hexose phosphates during growth on C2 and C3 substrates (Figure
2.1).
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2.3  Xylose utilization in S. cerevisiae

2.3.1 Hexose transporters and their variants for xylose uptake

S. cerevisiae is a single-celled organism belonging to the eukaryotic group, which has a
remarkable ability to thrive in various environments such as sugary fruits and fermented
beverages. Due to the changing sugar concentrations in its natural environments, yeast
metabolism faces a challenge, and a complex regulatory system is necessary to maintain
cellular equilibrium. Hexose transporters are crucial to this system as they aid in the uptake
of sugars into the cell. S. cerevisiae uses transporters from the major facilitator superfamily
(MFS) to facilitate the uptake of monosaccharides, as noted by (Boles and Hollenberg
1997) and (Wieczorke et al. 1999). This family of transporters is widespread across various
species (Pao et al. 1998). In yeast, the Hxt family of transporters is not only diverse in
terms of the kinetic properties, but is also differentially regulated at the transcriptional level,
as highlighted by Ozcan and Johnston 1999. These transporters facilitate efficient uptake
of hexose but have a lower affinity for xylose, which contributes to diauxic growth (Sedlak
and Ho 2004).

The Hxt family of hexose transporters in S. cerevisiae is a complex and tightly regulated
group of proteins, consisting of Hxtl to Hxt17, Gal2, and glucose sensors Snf3 and Rgt2
(Kruckeberg 1996; Boles and Hollenberg 1997; Ozcan and Johnston 1999). In a null strain
EBY.VW4000 lacking all known hexose transporters, glucose consumption and transport
activity are completely abolished (Wieczorke et al. 1999). The transporters Hxtl to Hxt4
plus Hxt6 and Hxt7 are most important for the uptake of glucose (Diderich et al. 2001,
Ozcan and Johnston 1999; Reifenberger et al. 1997; Reifenberger et al. 1995; Diderich et
al. 1999; Boles and Hollenberg 1997). In addition, Hxt5, Hxt8 to -11, Hxt13 to -17, Gal2,
and the maltose transporters Agtl, Mph2 and Mph3 are all able to transport glucose and,
when ectopically produced, individually support growth in a strain lacking all other

transporters (Wieczorke et al. 1999).

Glucose and xylose can be transported by the members of the Hxt family, but their affinity
for xylose is much lower compared to glucose (Kotyk 1967; Koétter and Ciriacy 1993).
Hence, both sugars are consumed simultaneously only under glucose-limited conditions
(Meinander and Hahn-Hagerdal 1997). Hxt1, Hxt2, Hxt4 and Hxt7 have been described to
uptake xylose but with very low affinity with K, values of 880, 260, 170, and 130 mM
respectively (Saloheimo et al. 2007). In a different study, Farwick et al. 2014 reports a
similar K, values of 200 and 225 mM for Hxt7 and Gal2 respectively with xylose as a

substrate.
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All the Hxts described are in case of glucose and xylose, and a limited study were focused
for the transport of xylitol. Study from Jordan and colleagues found that Hxt11 and Hxt15
facilitate the uptake of xylitol. Authors kinetically characterized Hxt11, Hxt13, Hxt15, Hxt16,
Hxt17 and found out only Hxtl1l and Hxt1l5 were able to transport xylitol, with a higher
value of Vmax observed for Hxt15 (5.9 nmol min* mg*) when compared to Hxt11 (2.6 nmol
min! mg*). Furthermore, a facilitative mechanism of transport of xylitol by Hxt11 and Hxt15
was shown (Jordan et al. 2016).

2.3.1.1 Relevance of GAL2 and its variants in the context of xylose transport

In Saccharomyces cerevisiae, glucose exerts strict repression even in the presence of
inducers, requiring the engineering of strains to utilize non-physiological substrates by
constitutively expressing the GAL2 ORF (Farwick et al. 2014; Becker and Boles 2003).
Horak and Wolf 1997 investigated the lifespan and fate of the Gal2 in Saccharomyces
cerevisiae. They observed that Gal2 has a relatively short lifespan and undergoes
endocytosis-mediated degradation in the vacuole. Glucose is a sugar which represses
Gal2 transcription as well as triggers catabolite degradation, leading to Gal2 protein
ubiquitination, endocytosis, and degradation in the vacuole (Horak and Wolf 1997).
Tamayo Rojas et al. 2021 found that introducing six serine to lysine in Gal2 (Gal2esa)
prevented ubiquitination and stabilized the membrane-bound Gal2 protein, resulting in an
extended lifespan at the membrane which represents a potential strategy for overcoming
the glucose-induced degradation of Gal2 and improving its utilization of non-physiological

substrates.

The Gal2 transporter is composed of 12 transmembrane (TM) helices, like the related Hxt
proteins. The residue N376 located in the TM helix 8 was found to be pivotal for the
recognition of hexoses. Substitution of asparagine by different amino acids, including
valine, tyrosine and phenylalanine, enabled the transport of xylose, which was no longer
competitively inhibited by glucose (Farwick et al. 2014). However, this property came with
a reduced xylose transport capacity. Based on this, Rojas and colleagues found that Gal2
mutation N376Y, when combined with M435l, led to a significant increase of the xylose

transport velocity in pure xylose or glucose-xylose mixtures (Rojas et al. 2021).

The M435] mutation in Gal2 transporter is another important mutation worth discussing in
the context of its impact on transporter function. Nishizawa et al. 1995 reported the region
spanning from M435 to Glu535 is critical for substrate recognition in Gal2, including the
galactose recognition sequence. Rojas et al. 2021 conducted a structure model-based

analysis and suggested that the replacement of methionine at position 435 with isoleucine
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may have resulted in a positive localization effect on transmembrane domain 10, which
may explain the observed behavior of the N376Y/M435] mutants. Authors reported that
the M435] mutation, obtained through error-prone PCR, significantly altered transport
characteristics when combined with the N376Y mutation. The resulting strain exhibited the
highest growth on xylose alone or glucose-xylose mixtures and was considered a superior
variant for improved growth on xylose. While the M435] mutation alone was found to impair
transport of both glucose and xylose, the combined effect with N376Y resulted in a more
favorable phenotype. Similarly, random mutagenesis study done by Reznicek et al. 2015
found clones with higher affinity to xylose associated with the M435T mutation, obtained
from error-prone mutagenesis. Study from Tamayo Rojas et al. 2021 furthermore showed
that the combination of the stabilized N-terminal tail (6SA) with the Gal2 mutations N376Y
and M435I gives a further improved xylose uptake. GFP fluorescence images confirmed
that the mutation 6SA stabilizes Gal2nszevimassi thus making it to a fully glucose-insensitive
xylose transporter. When superior characteristics such as membrane stabilization,
insensitivity to competitive inhibition and a higher pentose transport rate were combined
in one construct (Gal2 ssamna7evmmass) the uptake of xylose was improved compared to all

known xylose transporter variants (Rojas et al. 2021).

Gal2 has also been reported to transport xylitol (Tani et al. 2016). However, it remains
unclear how the mutations described above affect the transport of xylitol. The present
thesis describes the function of different hexose transporters, including Gal2 variants, in

the context of xylitol transport.

2.3.2 Metabolism of xylose in S. cerevisiae

S. cerevisiae contains necessary robust transporters and metabolic pathways for
consumption of glucose. However, the abundant sugar from lignocellulosic biomass,
xylose, is not utilized naturally by S. cerevisiae. Although the transport of xylose can be
accomplished by some hexose transporters, the main bottleneck lies in the metabolism of
this yeast. Different pathways for assimilation of xylose exist in nature, such as the
oxidoreductive pathway, the xylose isomerase pathway, the xylulose-1-P/ribulose-1-P

pathway, the Dahms pathway and the Weimberg pathway (Figure 2.2).

The oxidoreductive pathway is most commonly found in fungi. Xylose is firstly converted
to xylitol by a xylose reductase (XR). Xylitol is then oxidized by xylitol dehydrogenases
(XDH) to form xylulose. Thereafter, conversion of xylulose to xylulose 5-P is mediated by
a xylulokinase (XKS1), the only known kinase responsible for the production of xylulose-

5-P. The enzymes of the non-oxidative pentose phosphate pathway (noxPPP) - D-
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ribulose-5-phosphate epimerase (RPE), D-ribulose-5-phosphate keto isomerase (RKI),
transketolase (TKL) and transaldolase (TAL) - catalyze in five more steps the conversion
of xylulose-5-P to fructose-6-P and glyceraldehyde-3-P, which can then be directly
integrated into the glycolytic reactions. Although S. cerevisiae naturally harbors all the
gene candidates, there are several bottlenecks, due to which S. cerevisiae cannot

consume xylose as a sole carbon source.

There are several aldose reductases in S. cerevisiae, which can convert xylose to xylitol,
among which Gre3 is reported as the main XR. This step requires the cofactor NADPH
(Traff et al. 2001; Traff et al. 2002). Conversion of xylitol to xylulose requires activity of
XDH. Xyl2 is the main XDH in yeast responsible for the reaction using NAD* as a cofactor,
but several unspecific dehydrogenases exist as well (Toivari et al. 2004). Hence,
conversion of xylose to xylulose requires two reactions, where two different enzymes have

preference for different cofactors, thereby creating a cofactor imbalance.

To resolve this, xylose can be isomerized directly to xylulose with the heterologous
expression of a xylose isomerase (XI). The XI pathway converts xylose into xylulose, and
thereby the redox imbalance is overcome. This is typically used by prokaryotes, namely
by E. coli, Bacillus sp., and Lactobacillus sp. (Lokman et al. 1991; Lawlis et al. 1984; Rygus
et al. 1991). Besides this, xylose isomerase is also found in some fungi such as Piromyces
sp. and Orpinomyces sp. (Silva et al. 2021; Madhavan et al. 2009). Xl aids in improved
xylose utilization, which was shown to relieve the cofactor imbalance problem (Jeffries
1985). The redox imbalance is not the only hurdle for xylose consumption by yeast, as
the conversion of xylulose-5-P to reach glycolytic intermediates faces limited expression
of a number of genes. There have been numerous studies, in which these bottlenecks
were overcome and S. cerevisiae was enabled to consume xylose as a carbon source.
For instance, strains were fully able to grow in xylose as a sole carbon source when a
xylose isomerase, XKS1 and noxPPP genes TAL1, TKL1, RPE1l, RKI1 were
overexpressed (Farwick et al. 2014; Kuyper et al. 2005).

Two different pathways for xylose degradation are reported, which do not involve PPP.
Xylose once converted to xylulose is furthermore converted to X1P or R1P, the later
formation requires a two-step reaction. X1P and R1P are then cleaved by a X1P aldolase
(XPA) or R1P aldolase (RPA), respectively, to form glycolaldehyde and dihydroxyacetone
phosphate (DHAP). The pathway has already been tested in E. coli (Cam et al. 2016).

Some engineering work, like the deletion of the endogenous xylulose-5-kinase, was able
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Figure 2.2: Xylose metabolic pathways in different microorganisms. A) Dahms pathway and
Weimberg pathway, in which xylose is converted by XDH, XL, XD to form 2-keto-3-deoxyxylonate
which finally forms either ethylene glycol and glyoxylate (Dahms pathway) or a-ketoglutarate
(Weimberg pathway). B) Xylulose-1-P and ribulose-1-P pathways. Xylulose formed from the
oxidoreductive route or isomerase pathway is converted to either X1P or R1P. Thereafter, in the
X1P pathway, X1P is converted by XPA to DHAP and glycolaldehyde, whereas in the R1P pathway,
R1P is converted by RPA to DHAP and glycolaldehyde. C) The oxidoreductive route or xylose
isomerase pathway that leads conversion of xylose to fructose-6-P and glyceraldehyde-3-P.
Enzymes are shown beside the arrows. XR, xylose reductase; XDH , xylitol dehydrogenase; XI,
xylose isomerase; XK, Xylulokinase; XDH , xylose dehydrogenase; XL, xylonolactonase; XD,
xylonate dehydratase; KdxD, 2-keto-3-deoxy-D-xylonate dehydratase; DPDH, 2,5-
dioxopentanoate dehydrogenase; GD, glycolaldehyde dehydrogenase; GR, glycolaldehyde
reductase; GO, glycolate oxidase. X1K, xylulose-1-kinase; XPA, xylulose-1-phosphate aldolase;
DTE, D-tagatose epimerase; R1K, ribulose-1-kinase; RPA, ribulose-1-phosphate aldolase; PEP,
phosphoenolpyruvate; DHAP, dihydroxyacetone phosphate. The figure was taken from Li et al.
20109.

to uplift the production of ethylene glycol (EG) up to 90% of its theoretical yield (Alkim et
al. 2015). Production of ethanol and EG has also been reported with S. cerevisiae as a
host organism (Chomvong et al. 2016). An engineered R1P route, where xylulose is
epimerized to ribulose, which is then phosphorylated and cleaved to give glycoaldehyde

and DHAP, was reported only in E. coli (Pereira et al. 2016).
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2.3.3 Production of xylitol in S. cerevisiae

The discovery of xylitol can be traced back to 1891, when German and French chemists
independently discovered this naturally occurring sugar alcohol. Xylitol was later
recognized as a potent sweetener that did not increase blood sugar levels (Islam and
Indrajit 2012), leading to its incorporation into diabetic diets in several countries. In the
1970s, the dental benefits of xylitol were revealed through the "Turku Sugar Studies"
(Scheinin et al. 1975). Since then, various xylitol-substituted products have been
introduced globally, capitalizing on its numerous health and nutritional benefits. Over 35
countries have approved the use of xylitol in a variety of products including food,
pharmaceuticals, and oral health products such as chewing gums, toothpaste, syrups, and
confectionery items (Barathikannan and Agastian 2016). The widespread adoption of
xylitol-based products underscores the potential of this sweetener in promoting human

health and well-being.

Using xylitol as a sweetness enhancer in food preparation improves certain properties of
food such as taste, color, longevity, and texture (Gasmi Benahmed et al. 2020). Xylitol is
extensively used in the manufacturing of chewing gums, chocolate, hard candies, wafer
fillings, pastilles, pectin jellies, ice cream fillings, and other sweets. Additionally, xylitol
provides flexibility, a pleasing and cooling effect to the confectioneries. In the
manufacturing of xylitol-based chewing gums, the cooling effect is promoted by the
endothermic property (34.8 cal/g) of xylitol. Since it does not undergo the Maillard reaction,
xylitol will not char on heating, and because of this property, it gives a unique taste and
color to the food items. It is also used to sweeten the flour used in making bread, rusks,
and cakes, and as a sanding material in the preparation of sweets and confectioneries,

making it highly recognized as a food preservative.

Xylitol is found in small amounts in various fruits and vegetables, as well as in the fibers
of hardwood trees and corn cobs. However, due to the low quantity of xylitol present in
natural sources, its extraction from these sources is inefficient. Currently, the chemical
method of xylitol production is commercially used to meet the demand for xylitol. In this
method, xylose extracted from lignocellulosic biomass undergoes catalytic hydrogenation
to produce xylitol (Chen et al. 2010). Biotechnological methods for the production of xylitol
from lignocellulosic biomass can be employed to reduce the high production costs

(Mathew et al. 2018) making it an energy efficient process with a higher purity.

2.3.3.1 Xylose reductase: An enzyme forming xylitol from xylose

Xylose reductase (XR) is a member of the aldo-keto reductase (AKR) superfamily (Ellis
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2002). While most members of this superfamily depend on NADPH, a few, including XR
(AKR2B5), 3-hydroxysteroid dehydrogenase (AKR1C9), and 3-dehydroecdysone 3b-
reductase (AKR2E1), can utilize both NADH and NADPH (Ellis 2002). Most AKRs are
monomeric, but XRs function as non-cooperative, tightly associated dimers with a subunit
molecular mass of 33 to 40 kDa (Rizzi et al. 1988; Yokoyama et al. 1995). While the
specific function of many AKRs is not well-defined, they are believed to act as general
detoxification catalysts by reducing reactive carbonyl-containing compounds (Grimshaw
1992). It has also been proposed that they function in osmotic regulation by controlling
levels of intracellular polyols (Bedford et al. 1987).

Various XR genes have been expressed in different hosts (Anderlund et al. 2001; Dahn et
al. 1996; Walfridsson et al. 1997). Currently, the primary structures of yeast XRs, which
have a clear physiological role in the conversion of xylose, are well-known (Lee 1998).
Yeast aldose reductases (ALRs) can be divided into two groups based on whether they
have strict specificity for NADPH or show dual coenzyme specificity. XRs from xylose-
fermenting Candida parapsilosis (Lee et al. 2012), Candida shehatae (Ho et al. 1990), and
Candida tenuis (Neuhauser et al. 1997) have dual coenzyme specificity, which sets them
apart from most ALRs that strictly require NADPH. However, the reported dual-coenzyme-
specific XRs are still mainly NADPH-dependent, particularly in a coenzyme mixture that

simulates physiological conditions.

For instance, Saccharomyces cerevisiae Gre3 (ScGre3) and Pichia stipitis Xyl1l (PsXyl1)
are reported to have Kcaykm Values of 1.06 mM? sec? (Jeong et al. 2002), and 35.92 mM?
st (Verduyn et al. 1985), respectively. In contrast, the Aspergillus niger XyrB (AnXyrB)
was found to have a notably high Keauxm value of approximately 178 mM* s (Terebieniec
et al. 2021). Interestingly, Lee et al. 2003 described a unique characteristic of NADH-
dependent xylose reductase in C. parapsilosis (CpXyll). This enzyme showed a Kcaykm
value of 1.46 mM™ s for xylose and an unusual coenzyme specificity, with a greater
catalytic efficiency with NADH (Kcaykm = 1.39 x 10* mM™ts™1) than with NADPH (Kcaykm =
1.27 x 102 mM~1s™), which distinguishes it from all other characterized aldose reductases.
Anaerobic xylose fermentation by S. cerevisiae was first demonstrated by heterologous
expression of PsXyll, together with the xylitol dehydrogenase PsXyl2 (Kotter and Ciriacy
1993). Both genes were also used in many subsequent studies, in which the strains were
further optimized for ethanol production and xylitol was regarded as an undesired
byproduct (Walfridsson et al. 1997). In the present thesis, different codon optimized
reductases ScGre3, PsXyll, AnXyrB, CpXyll will be thoroughly characterized for their

xylitol production.
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2.3.4  Cellular NADPH sources in the context of xylose utilization

The utilization of cofactor couples NADP*/NADPH and NAD*/NADH in most biochemical
pathway represents a fundamental distinction. In general, catabolic reactions are
associated with NAD*/NADH, while anabolic reactions are linked to NADP*/NADPH.
Specifically, NAD*/NADH serves as the cofactor couple used by the respiratory chain, as
well as in the oxidation of glucose to ethanol or lactate via glycolysis. Conversely,
NADP*/NADPH serves as the main cofactor couple in biosynthesis. However, the pentose
catabolism pathway in fungi deviates from this norm, as both cofactor couples are required
for catabolic reactions as the catabolism of xylose necessitates the utilization of both
NADPH and NAD" cofactor couples.

2.3.41 The pentose phosphate pathway

The phosphorylated glucose molecule glucose-6-phosphate (G-6-P), is channeled either
to storage carbohydrates via glucose-1-phosphate, to glycolysis or to the PPP. G-6-P is
the starting molecule of the oxidative pentose phosphate pathway, where it is oxidized to
6-phospho-gluconolactone by G-6-P dehydrogenase (G-6-PDH) with the concomitant
reduction of NADP* to NADPH. G-6-PDH is encoded by ZWF1. Subsequently, the 6-
phospho-gluconolactone is converted to 6-phosphogluconate by 6-
phosphogluconolactonase (encoded by the paralogs SOL3 and SOL4). This reaction
(hydrolysis of the lactone ring) can occur spontaneously, but at a slow rate. Thereafter, 6-
phosphogluconolactone is oxidized to ribulose-5-phosphate and CO. by 6-
phosphogluconate dehydrogenase (encoded by the paralogs GND1 and GND2) with
NADP* as electron acceptor. Thus, in this so-called oxidative pentose phosphate pathway,
two NADPH molecules and one CO,; molecule are formed when glucose-6-phosphate is
sequentially oxidized to ribulose-5-phosphate. This pathway plays a metabolic role in
providing ribose-5-P and erythrose-4-phosphate, which is a precursor for aromatic amino
acid biosynthesis. Moreover, the reaction catalyzed by G-6-PDH generates a significant
amount of NADPH, making it a crucial enzyme in cellular metabolism. G-6-PDH is present
in all organisms and cell types where it has been searched, and it is considered a

housekeeping gene due to its central role in metabolism.

The non-oxidative phase of the pentose phosphate pathway involves a series of reactions
that are catalyzed by the enzymes ribulose-5-phosphate isomerase or ribulose-5-
phosphate epimerase, transaldolase, and transketolase. These reactions begin with the
conversion of ribulose-5-phosphate into two molecules of fructose-6-phosphate and one

molecule of glyceraldehyde-3-phosphate. Unlike the oxidative phase, no NADPH or ATP
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is generated in this phase.

The regulation of PPP genes is complex and involves multiple transcription factors. Yapl
has been shown to regulate the expression of ZWF1 and TAL1 genes during oxidative
stress (Lee et al. 1999). Another transcription factor, Stb5, has also been identified as a
regulator of PPP genes and other genes coding for NADPH-dependent enzymes
(Larochelle et al. 2006). Stb5 is required for growth in the presence of oxidative stress and
binds to the promoter regions of PPP genes such as ZWF1, SOL3, GND1, and TKL1, as
well as to promoters of ALD6 and IDP2, where most of them are involved in NADPH
synthesis (Grabowska and Chelstowska 2003; Minard et al. 1998). In addition to regulating
PPP genes, Stb5 also has a role in directing glucose metabolism. It represses the PGI1
gene, which codes for phosphoglucose isomerase (Pgil), an enzyme that converts
glucose-6-phosphate to fructose-6-phosphate in glycolysis. By repressing PGI1
expression, Stb5 can direct glucose-6-phosphate to PPP or to storage carbohydrates
instead of glycolysis. The regulation of Stb5 appears to be different from that of Yapl,
suggesting a complex regulatory network that controls the expression of PPP genes and

directs glucose metabolism in response to stress (Larochelle et al. 2006).

The major source of cytosolic NADPH production in S. cerevisiae grown on glucose has
been attributed to glucose-6-phosphate dehydrogenase (Zwfl) and 6-phosphogluconate
dehydrogenase (Gndl) in the pentose phosphate pathway (PPP), with the cytosolic
aldehyde dehydrogenase (Ald6) as a secondary source and isocitrate dehydrogenase
(Idp2) as a third source (Grabowska and Chelstowska 2003; Minard and McAlister-Henn
2005).

Another often described genetic manipulation for improvising the xylose metabolism and
upregulation of different PPP genes is the disruption of PHO13. Phol3 is also well known
to be involved in the resistance to toxic compounds like furfural (Fujitomi et al. 2012). There
have been several studies, where a functionally disrupted PHO13, either via mutation or
direct deletion, is conferring a better growth in xylose (Ni et al. 2007; Kim et al. 2013;
Fujitomi et al. 2012; van Vleet et al. 2008; Li et al. 2014; Lee et al. 2014). In 2015, Kim
and colleagues found out that the deletion of PHO13 was able to upregulate nine genes
when grown in glucose and xylose (Kim et al. 2015). Among them, SOL3 and GND1
belong to oxidative PPP, TALL1 is a transaldolase and is a part of non-oxidative PPP, and
GORL1 and YEF1 are involved in NADPH regeneration pathway. Additionally, a putative
gluconokinase YDR248C, a transposable element YHR182C-A, and the uncharacterized
gene YLR152C were found to be overexpressed due to the deletion of PHO13. The direct

elevation in the expression of PPP genes SOL3, GND1, TAL1 strongly suggests that the
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PHO13 disruption is linked to pentose metabolism by modulating the PPP activity (Kim et
al. 2015). Moreover, Collard and colleagues showed that Phol13 acts as a phosphatase of
several sugar phosphates, which may lead to a metabolic imbalance during the pentose
metabolism (Collard et al. 2016). Thus, the beneficial effects of the PHO13 deletion may

be explained both at the transcriptional and at the enzyme activity level.

2.3.4.2 NAD(H) kinases

Located in chromosome XVI, POS5 (YPL188W) of S. cerevisiae encodes an ATP
dependent NAD* (NADH) kinase, which exclusively functions in mitochondria. In the
cytosolic part of the cell, NADP* is converted to NADPH by the several reactions
mentioned in above chapter 2.6.3.1, whereas in the mitochondria, NADH serves as the
substrate for NADPH generation through the NADH kinase activity of Pos5, which is a
protein required for the response to oxidative stress (Outten and Culotta 2003). The activity
of mitochondrial NADP* phosphatase (Bernofsky and Utter 1968) allows the recycling of
NADP* to NAD* and its further use in the TCA cycle.

In S. cerevisiae, NADPH biosynthesis depends on three NADH kinases and various
NADP* dependent dehydrogenases (Shi et al. 2011). In S. cerevisiae, NADH cannot
directly be converted to NADPH, or vice versa, due to the lack of transhydrogenase activity
(Bruinenberg 1986). Moreover, the compartmentalization of NADPH/NADP* and
NADH/NAD® is also important since it is believed that the mitochondrial membrane is
impermeable to these cofactors (Outten and Culotta 2003; van Roermund et al. 1995).
Thus, cofactor is segmented in different compartment thereby making a need of shuttle
system to balance NADH/NADPH in mainly cytosol and mitochondria. The cytosolic
phosphorylation could be performed via NAD* kinases like Utrl and Yefl whereas
mitochondria require the activity of Pos5 (Kawai et al. 2001; Shi et al. 2005). The evidence
of the NADP(H) shuttle system in S. cerevisiae was suggested based on the viability of
the mutant strain lacking the cytosolic NAD* kinases (Autr1Ayef1) and the lethality of the
triple mutant (Autr1Ayef1Apos5), which implies that cytosolic NADP* can be supplied by
Pos5 from the mitochondrial NADP* pool (Bieganowski et al. 2006; Shi et al. 2005). To
increase the cytosolic NADPH pool, biotechnologists have overexpressed a cytosolic
version of Pos5. For instance, a study from Zhao and his team shows that the expression
of POS5 in the cytosol is even more effective than the overexpression of ZWF1 to increase
the NADPH availability in the cell for carotenoid synthesis (Zhao et al. 2015).

2.3.4.3 Aldehyde dehydrogenases

Aldehyde dehydrogenases (ALDH) play a crucial role in yeast metabolism of
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acetaldehyde, particularly during growth in ethanol. Yeast contains five isoforms of
aldehyde dehydrogenase, namely Ald2, Ald3, Ald4, Ald5, and Ald6 (Navarro-Avifio et al.
1999). Among these, Ald2 and Ald3 primarily catalyze the oxidation of 3-aminopropanal to
B-alanine for CoA generation in the cytosol (White et al. 2003). On the other hand, Ald4,
Ald5, and Ald6 are responsible for acetaldehyde metabolism, which is generated during
ethanol metabolism and is vital for yeast survival when ethanol serves as the carbon
source. Among these three enzymes, Ald4 and Ald5 predominantly use NAD* as a cofactor
and are localized in the mitochondria, while Ald6 exclusively utilizes NADP* and is
localized in the cytosol. Notably, the pentose phosphate pathway, a major source of
NADPH, is less active when ethanol is the carbon source. In this case, Ald6 functions as
the principal pathway for NADPH production and is considered a cytosolic source of
NADPH (Zhang et al. 2018; Grabowska and Chelstowska 2003).

2.3.4.4 Glyceraldehyde-3-phosphate dehydrogenases

Three different genes, TDH1, TDH2, and TDH3, encode glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in Saccharomyces cerevisiae; TDH3 is the predominant isoform
(McAlister and Holland 1985). Despite its traditional role as a housekeeping protein, Tdh3
was identified as a moonlighting protein (Gancedo et al. 2016) due to its involvement in
telomere-mediated transcriptional silencing (Ringel et al. 2013), suggesting the gene's
tight regulation. Study from Linck et al. 2014 discovered that the individual deletion of all
three isozymes negatively affects growth in glucose as a carbon source to different
extents. These findings underscore the importance of tight regulation of GAPDH

expression to maintain proper glycolytic function in yeast.

While all three S. cerevisiae GAPDH isoforms are NAD* dependent and produce NADH
during catalysis, there are other microorganisms where GAPDH can use NADP* as a
cofactor, producing NADPH instead. For example, the GAPDH enzyme (Gdpl) from
Kluveromyces lactis (EC 1.2.1.13) has been reported to be NADP* dependent (Verho et
al. 2002; Verho et al. 2003). Similarly, the gapN enzyme from Streptococcus sp. is NADP*
dependent, producing NADPH (Bro et al. 2006). Hence, the heterologous expression of
GAPDH genes encoding NADP*-dependent enzymes in S. cerevisiae could potentially
increase the cellular concentration of NADPH. This, in turn, could be useful for increasing

product yields that are dependent on NADPH.
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2.4 Oxidative non-phosphorylating pathways of xylose

metabolism

In contrast to PPP and non-PPP routes described above, two oxidative non-
phosphorylating pathways were discovered in some bacteria. In these pathways, xylose is
first oxidized by a xylose dehydrogenase (XDH) yielding D-xylonolactone, which is
subsequently hydrolyzed by a D-xylonolactonase (XL) to D-xylonate. In case of the
Weimberg pathway, two molecules of water are eliminated successively by a D-xylonate
dehydratase (XD) and a 2-keto-3-deoxy-D-xylonate dehydratase (KdxD) yielding a-
ketoglutarate semialdehyde, which is finally oxidized to a-ketoglutarate by the a-
ketoglutarate semialdehyde dehydrogenase (KgsaDH). In the case of Dahms pathway, 2-
keto-3-deoxy-D-xylonate is cleaved to pyruvate und glycolaldehyde by a 2-keto-3-deoxy-
D-xylonate aldolase (KdxA) (Stephens et al. 2007; Johnsen et al. 2009; Weimberg 1961).
Dahms pathway (Dahms 1974) can be considered as a variation of the Weimberg
pathway, where an aldolase catalyzes the reaction of 2-keto-3-deoxy-xylonate to pyruvate
and glycolaldehyde, which both are then able to enter the central carbon metabolism
(Figure 2.2).

Compared to the oxidoreductive and the isomerase pathway, the Weimberg pathway is an
interesting alternative as it can be a more carbon-efficient way for utilization of xylose and
to produce molecules derived from a-ketoglutarate. In the process of converting xylose to
a-ketoglutarate via noxPPP/glycolysis/TCA enzymes, carbon is lost in form of CO». On the
contrary, the same conversion via the Weimberg pathway shows no carbon loss.
Furthermore, by using intermediates of the Weimberg pathway as precursors to produce
target molecules, growth-decoupled production can be achieved more easily. This concept
was already partially realized to produce 1,4 -butanediol with E. coli (Liu and Lu 2015).
This pathway opens a metabolic route for the conversion of xylose into a-ketoglutarate
without carbon loss and, thus, is particularly interesting to produce TCA-cycle derived

organic acids.

Weimberg in 1961 discovered the Weimberg pathway in Pseudomonas putida. Later
Caulobacter cresentus, a freshwater bacterium was explored with efficient enzymes that
convert xylose to AKG via Weimberg pathway. Genes XyIB, XyID, KsaD, XylX when
expressed in S. cerevisiae were shown in a glucose xylose mixture to produce AKG via
xylose (Borgstrom et al. 2019). Gene XyIB encodes xylose dehydrogenase which converts
xylose to xylonate which is known for being toxic to yeast. Conversion of xylonate to 2-

keto-3-deoxy xylonate is one of the main bottlenecks of Weimberg pathway due to the
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inefficient activity of XylD as the bacterial origin dehydratase requires [4Fe-4S] for their
activity (Yukawa et al. 2021). Iron sulfur cluster biogenesis is a complex process and
requires several cellular networks for the synthesis, detailed explained in chapter 2.5. 2-
keto-3-deoxyxylonate by action of XylX, forms alphaketoglutarate semialdehyde which
subsequently is converted to alphaketoglutarate by KsaD. Borgstrdom and colleagues
reported that genomically integrated XyIB, XyID, KsaD, XylX genes in a FRA2 deleted
strain background enabled S. cerevisiae to actively expresses the Weimberg pathway as
shown by detecting all pathway intermediates by mass spectroscopy when the cells were
grown in glucose-xylose mixtures (Borgstrém et al. 2019).

2.4.1 a-Ketoglutarate

Since this thesis aims at the utilization of xylose via the Weimberg pathway, the
applications and metabolism of its final product, a-ketoglutarate (AKG), is discussed in the

following sections in more detail.

2.4.1.1 Application of AKG

AKG plays a crucial role at the intersection between carbon and nitrogen metabolic
pathways. As a key intermediate of the tricarboxylic acid (TCA) cycle, one of the
fundamental biochemical pathways in carbon metabolism, AKG production is of high
interest. Additionally, AKG is a major carbon skeleton for nitrogen assimilation reactions.
Within yeast, AKG participates in numerous enzymatic reactions, particularly in the
conversion of ornithine and AKG to L-glutamic acid and L-glutamic y-semialdehyde, which
is facilitated by the mitochondrial enzyme ornithine aminotransferase. If AKG can be
derived from xylose, yeast can be able to grow in xylose as a sole sugar and finally several
other industrially valuable molecules such as succinate, glutamate, 1, 4 - butanediol, and

ornithine could be further produced from it.

AKG acts as a starting molecule for synthesis of several amino acids. There are several
additional reported roles of AKG in Saccharomyces cerevisiae; for instance, cells grown
in a medium supplemented with AKG showed enhanced level of constituents like total
protein, glycogen and trehalose. Additionally, those cells showed higher reproductive
ability in aged cultures (Burdyliuk and Bayliak 2017). It has been reported that wild type
yeast cells grown on AKG were more resistant to hydrogen peroxide, menadione, and
transition metal ions (Fe?" and Cu?'). A publication has reported AKG to be effective
against freeze-thaw and carbohydrate induced stress in Saccharomyces cerevisiae in

terms of viability and fermentative capacity (Bayliak et al. 2017).
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2.4.1.2 Metabolism of AKG in S. cerevisiae

The precursor molecule for AKG is isocitrate which is found in various compartments such
as the cytosol, mitochondria, and peroxisomes. In Saccharomyces cerevisiae, four
isocitrate dehydrogenases are present that facilitate the oxidative decarboxylation of
isocitrate to AKG. Among the isozymes, three are NADP* specific homodimers that share
70% protein sequence identity. The mitochondrial matrix contains the Idpl protein
encoded by gene IDP1, which is a constitutively expressed protein (Haselbeck and
McAlister-Henn 1991). Conversely, Idp2, encoded by IDP2, is a cytosolic protein (Loftus
et al. 1994) that is highly repressed by glucose and is primarily expressed under aerobic
conditions, implying its role as an oxidative metabolism enzyme (Bojunga and Entian 1999;
Haurie et al. 2001). Idp2 is also a significant source for cytosolic NADPH, as the reaction
utilizes NADP* for its activity (Minard and McAlister-Henn 2001). Idp3, encoded by IDP3,
is located in peroxisomes and is only expressed when yeast cells are grown on fatty acid
carbon sources, which induce this organelle and associated functions. (Henke et al. 1998;
van Roermund et al. 1998).

Yeast IDH, the fourth isozyme, is an octamer consisting of four Idh1 and four Idh2 subunits.
(Cupp and McAlister-Henn 1992, 1991; Cupp and McAlister-Henn 1993). These subunits
are encoded by the IDH1 and IDH2 genes, respectively, and share 42% sequence identity.
IDH is a mitochondrial enzyme that participates in the TCA cycle. McCammon and
McAlister-Henn 2003 conducted a study, which found that the loss of mitochondrial NADP*
dependent Idpl and cytosolic Idp2 is detrimental in stabilizing mitochondrial DNA in an
IDH dysfunctional yeast. Additionally, a high petite frequency was observed with the
disruption of IDP1. Authors demonstrated that the deletion of IDH2, IDP1, and IDP2
caused yeast to be auxotrophic for glutamate. Whereas the deletion of IDP1 in an idh2-
deleted strain severely affected glutamate synthesis, the strain was unable to grow at all
in media without glutamate supplementation when all three genes IDH2, IDP1, and IDP2

were deleted.

2.5 Iron-Sulfur cluster biogenesis in S. cerevisiae with respect

to the functionality of heterologous enzymes

Fe/S clusters are primordial protein cofactors ubiquitously found in all organisms (Beinert
et al. 1997). In eukaryotes, Fe/S proteins participate in many key processes of life and are
found in mitochondria, cytosol, and nucleus. In mitochondria, they are involved in, e.g., the
TCA cycle (aconitase), the electron transfer of the respiratory chain (complexes I, 1l, and

lll), and in lipoate (lipoate synthase), biotin (biotin synthase), and heme (ferrochelatase)

24



Introduction

biosynthesis. In the eukaryotic cytosol, Fe/S proteins function in amino acid biosynthesis,
tRNA modification (e.g., radical SAM protein Tywl), post-transcriptional regulation of the
iron metabolism (vertebrate iron regulatory protein 1; IRP1), or ribosomal protein
translation (the ABC protein RIil; human—ABCELl). Important nuclear Fe/S proteins
participate in DNA replication (various DNA polymerases and primases) and DNA repair,
chromosome segregation or telomere length regulation (various ATP-dependent DNA
helicases) (Lill and Muhlenhoff 2008; Gari et al. 2012; Netz et al. 2011; Paul and Lill 2015;
Stehling and Lill 2013; Stehling et al. 2012).

The biogenesis of all cellular Fe/S proteins is initiated by the ISC assembly machinery in
mitochondria. In S. cerevisiae, the process begins with the cysteine desulfurase complex
Nfsl—Isd1ll that donates the sulfur required for assembling of [2Fe—2S] cluster on the
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Figure 2.3: Model of mitochondrial Fe/S protein biogenesis on eukaryotes. Iron sulfur
cluster protein maturation occurs in three steps. Stepl involves assembly of a [2Fe-2S]
cluster on the scaffold protein Isul. Second step involves a transfer of [2Fe—2S] to a dimer
of mitochondiral glutaredoxin Grx5. In third and final step, all mitochondrial [4Fe—4S]
proteins are assembled facilitated by components as Iba57—-Isal—Isa2, Nful, Aiml, Ind1,
assisted by stepl and 2 again for genetation of a sulfur and X-S molecule which requires
export to cytosol via ABC transporter (Atm1) and sulfhydryl oxidase Ervl. The figure was
taken from Lill et al. 2015.

scaffold protein Isul (Muhlenhoff et al. 2003; Wiedemann et al. 2006). Generation of the
[2Fe—2S] cluster on Isul further requires reduction by an electron transfer chain from
NAD(P)H via ferredoxin reductase Arh1 to a [2Fe—2S] ferredoxin Yah1l (Sheftel et al. 2010;

25



Introduction

Shi et al. 2012; Lange et al. 2000). The de novo generation of the [2Fe—-2S] cluster on the
scaffold Isul has recently been already reconstituted in vitro with purified components by
(Webert et al. 2014). Inthe second step, [2Fe—2S] cluster is released by Hsp70 chaperone
(Dutkiewicz et al. 2006; Muhlenhoff et al. 2003) and transferred to the monothiol
glutaredoxin Grx5 (Bandyopadhyay et al. 2008; Rouhier et al. 2007; Uzarska et al. 2013).
In its holoform, Grx5 exists as a homodimer and bridges the [2Fe—2S] cluster. The final
step of mitochondrial Fe/S protein biogenesis involves the participation of six different ISC
proteins, including Isal, Isa2, Iba57, Nful, Aiml, and Ind1 (Bych et al., 2008; Sheftel et
al., 2009) (Figure 2.3). Holo-Grx5 may transfer its [2Fe—2S] cluster to the Isa proteins
through direct interaction (Banci et al., 2014). However, the exact mechanism of this
reaction is currently unknown (Brancaccio et al., 2014). Three additional ISC factors have
target specificity and may assist in the insertion of [4Fe—4S] clusters into dedicated
apoproteins (Figure. 2.4). For example, Nful and BolA3 seem to preferentially mature
lipoate synthase and respiratory complexes | and Il, while Ind1 appears to be specific for
Fe/S cluster insertion into complex | (Bych et al. 2008; Cameron et al. 2011; Navarro-
Sastre et al. 2011; Roret et al. 2014).

Cytoplasmic iron sulfur cluster assembly (CIA)machinery is responsible for Fe/S protein
assembly in the cytosol and nucleus, and consists of several proteins that use the still
unknown compound X-S and cytosolic glutaredoxins (Paul and Lill 2015; Muhlenhoff et al.
2010). The export of X-S is supported by the ABC transporter Atm1 at the mitochondrial
inner membrane (Lill 2009; Lill et al. 2012; Sharma et al. 2010).
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Figure 2.4: Maturation of cytosolic and nuclear Fe/S proteins in cytosol and nucleus of yeast. First,
bridging [4Fe—4S] clusters (B) are assembled on the Cfd1-Nbp35 heterotetrameric scaffold
complex with the aid of sulfur generated from X-S. Nbp35 with action of Tah18 and Dre2 generates
N-terminal Fe/S cluster (N) of Nbp35. In second step, by action of the Fe/S protein Narl and the
CIA targeting complex Cial-Cia2—Mms19, the bridging Fe/S clusters are released from Cfd1-—
Nbp35 and transferred to apoproteins (Apo). Biogenesis further requires, at an unknown step, the
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cytosolic multidomain monothiol glutaredoxins Grx3—Grx4, which bind a glutathione-coordinated,
bridging [2Fe—2S] cluster. The thick arrows mark the flow of the Fe/S clusters. Abbreviations: CIA,
cytosolic iron—sulfur protein assembly; ISC, iron—sulfur cluster. The figure was taken from Netz et
al. 2014.

In yeast, the CIA machinery is comprised of eight known proteins and operates in two
steps (Figure 2.4). In the first step, the Fe/S cluster is synthesized on the hetero-tetramer
of the P-loop NTPases Cfd1-Nbp35 (Hausmann et al. 2005; Netz et al. 2007; Roy et al.
2003). This reaction requires the core components of the mitochondrial ISC assembly
machinery, including Nfsl—Isd11 as a sulfur donor. An electron transfer chain consisting
of NADPH, the diflavin reductase Tah18, and the Fe/S protein Dre2 is also necessary for
stable insertion of the Fe/S clusters into Nbp35, although the exact molecular function of
this chain is still unknown (Zhang et al. 2008; Netz et al. 2010). Grx3—Grx4 monothiol
glutaredoxins are also required for cluster synthesis on Dre2. In the second step, the Fe/S
cluster is transferred from the Cfd1-Nbp35 scaffold to target apoproteins, and this reaction
requires the CIA proteins Narl, Cial, and possibly Cia2 (Balk et al. 2004; Balk et al. 2005;
Weerapana et al. 2010). While the molecular mechanisms of CIA protein functions are still
poorly defined, this system is conserved in virtually all eukaryotes.

Iron sulfur cluster biogenesis is a complex mechanism that is not fully understood, making
it difficult to predict a precise way to increase the iron sulfur cluster availability in the
cytosol. However, there are some reported approaches in the literature that aids in
increasing the activity of [4Fe-4S] cluster dependent proteins in the cytosol. According to
(Kumanovics et al. 2008), Fral and Fra2 are proteins located in the cytosol that play a role
in interpreting the Fe/S cluster signal. If they are absent, the iron regulon is activated.
These proteins are thought to be involved in a complex that interprets the signal originating
from the mitochondrial Fe/S synthesis. Fra2 belongs to a protein family with an unknown
function that is named after one of its members in E. coli, BolA. There is some evidence
to suggest that BolA-like proteins work in conjunction with monothiol glutaredoxins, but
this is not yet fully understood. Fra2 plays a role in negatively regulating transcription from
the iron regulon, and when it is deleted in yeast, there is an increase in Fe-S cluster
biosynthesis and increased activity of enzymes dependent on it. Deletion of FRA2 in yeast
also upregulates the Fe-S metabolism, which enhances xylonate dehydratase (XyID)
activity as shown by a study where deletion of FRAZ2 led to a seven-fold increase in the
production of ethylene glycol, product formation that is dependent on [4Fe-4S] cluster for

their activity (Salusjarvi et al. 2017).
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2.6 Evolutionary engineering

The most frequently employed approach for increasing the production of chemicals,
among others, include either overexpressing genes from native or heterologous
biosynthetic pathways or downregulating genes from competitive branches. However, in
some cases, direct manipulating on gene expression levels — the “rational” metabolic
engineering - may not be sufficient to achieve the desired outcome. ldentifying the rate-
limiting steps in biosynthetic pathways can be a time-consuming process, particularly
when it is already difficult to predict the genes involved. In such cases, genome
engineering provides a solution by introducing random mutations into the genome, rather
than relying on rational manipulation. This approach, combined with proper selection
pressure, enables the identification of desired clones and the responsible genetic elements

more easily.

Evolutionary engineering is a powerful tool that enables researchers to identify genetic
variants that enhance metabolic characteristics, such as increased product yield, tolerance
to toxic compounds, and improved growth rates, among others. Many successful attempts
have been made to develop strains with superior phenotypes using this approach. In the
case of xylose consumption, several studies have demonstrated the feasibility of
enhancing characteristics for xylose fermentation through evolutionary engineering. An
improved xylose utilizing S. cerevisiae was developed by Zha and the coworkers via
evolutionary engineering approach resulting in more than two times higher ethanol yield
(Zha et al. 2014). Papapetridis and colleagues genetically engineered a strain for forced
co-consumption of glucose and xylose. After evolutionary engineering and genome
sequencing, they discovered genetic targets to improve the simultaneous fermentation of
both sugars (Papapetridis et al. 2018). Selective pressure can be focused on a specific
enzyme or cellular process by genetic engineering of strain prior to evolution. For instance,
deletion of genes encoding glucose-phosphorylating enzymes in pentose-fermenting S.
cerevisiae strains enabled in vivo evolution of hexose-transporter variants that efficiently
transported xylose and L-arabinose, two key sugars in lignocellulosic hydrolysates, in the

presence of glucose (Farwick et al. 2014).

Introduction of mutations into genomes through techniques such as deletions, duplications
or changes in amino acid residues can be a powerful tool in the development of superior
strains with various biotechnological applications. The success of evolutionary engineering
strategies often relies on the incorporation of mutations, combined with traditional

evolutionary protocols, advanced strain engineering and selection techniques to generate
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desired traits.

2.6.1 Yeast mutators

The accurate transmission of genetic material through mitotic clonal cell expansion or
sexual reproduction with low mutation rates and rare chromosomal structural variations is
well-documented in the scientific literature (Nishant et al. 2010; Lynch et al. 2008). To
maintain this precision, numerous genes and pathways are involved in preventing
mutagenesis during DNA replication, repair, recombination, and chromosome
segregation. These genes are critical in regulating the mutation rate, as their defects can

increase the frequency of mutations, the so-called mutator phenotype.

Accuracy and fidelity of DNA replication is essential for maintaining genome stability. DNA
replication must be precisely regulated to ensure that the genome is replicated only once
per cell cycle. Disruption of this process can lead to deregulated DNA replication, resulting
in over-replication of certain genomic regions and subsequent genomic instability (Siddiqui
et al. 2013; Blow and Dutta 2005; Arias and Walter 2007). Despite the remarkable
precision of DNA replication, errors may occur during the process which can lead to DNA
damage and subsequent genomic rearrangements (van Nguyen et al. 2001; Green et al.
2010; Alexander et al. 2015; Green and Li 2005). These errors need to be processed by
proofreading enzymes that detect and remove mismatched nucleotides. Below, two
proteins involved in DNA repair, whose genes were deleted to create mutator strains, are

described in more detail.

2.6.1.1 Rad27 - anuclease involved in excision repair mechanisms

Eukaryotic chromosomal replication is a complex process that involves the synthesis of
both the leading and lagging strands. Unlike the continuous synthesis of the leading strand,
the lagging strand is synthesized discontinuously through the formation of multiple Okazaki
fragments. These fragments consist of a short RNA primer that is extended by polymerase
0 to the next downstream fragment after a polymerase switch. To maintain continuity of
the lagging strand, the RNA primer must be removed, a process that has been shown to
require the simultaneous action of a DNA polymerase, RNase H1, Rad27, and DNA ligase
. In vitro reconstitution experiments have demonstrated that correct processing of Okazaki
fragments occurs through this mechanism (Turchi and Bambara 1993; Waga and Stillman
1994; Waga et al. 1994).

Eukaryotic cells possess sophisticated DNA repair mechanisms to maintain genome

integrity. Excision repair is one such mechanism that removes DNA lesions, classified into
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two classes - base excision repair (BER) and nucleotide excision repair (NER). BER
removes single base lesions caused by DNA damage such as oxidative damage or uracil
residues. NER, on the other hand, repairs larger lesions like those caused by exposure to
UV radiation or chemicals. These repair mechanisms prevent mutations and are crucial
for genome stability (Wood 1997; van Houten 1990; Braithwaite et al. 1998).

Rad2 nuclease family is involved in nucleotide excision repair (NER) in yeast. Rad2
protein, a member of this family, plays a crucial role in NER by its nuclease activity
(Habraken et al. 1993; Wang et al. 1993). Rad27 is another member of the Rad2 nuclease
family, possessing both 5'—3' exonuclease and flap endonuclease activities (Harrington
and Lieber 1994; Zhu et al. 1997). Inactivation of RAD27 results in a temperature sensitive
phenotype, mutator phenotype, chromosome instability, and sensitivity to methylmethane
sulfonate (MMS) (Reagan et al. 1995; Johnson et al. 1995; Sommers et al. 1995).

Deletion of the RAD27 gene in yeast results in a range of phenotypes, including elevated
rates of spontaneous mutagenesis characterized by duplications between separated short
direct repeats (Tishkoff et al. 1997), elevated spontaneous recombination rates (Vallen
and Cross 1995), increased micro and minisatellite instability (Kokoska et al. 1998;
Richard et al. 1999; White et al. 1999), destabilization of telomeric repeats (Parenteau &
Wellinger, 1999) (Parenteau and Wellinger 1999)., a 4-fold reduction in non-homologous
end joining (Wu et al., 1999), and a deficiency in base excision repair (Johnson et al.,
1998; Wu & Wang, 1999). The accumulation of single-stranded DNA fragments during
replication in Arad27 mutants strongly suggests the biological consequences of

disturbances of these processes (Parenteau and Wellinger 1999; Merrill and Holm 1998).

2.6.1.2 Msh2 -acomponent of the mismatch repair system

The mismatch repair (MMR) pathway plays a critical role in maintaining the integrity of the
genome by repairing errors in DNA replication and repair. In addition to correcting
mismatches, MMR also repairs insertion-deletion loops that result from strand slippage at
repetitive sequences. In budding yeast, the key components of MMR include Msh2, Msh3,
Msh6, Pmsl, and Mlhl. Msh2-Msh6 (MutSa heterodimer) complex recognizes
mismatches, whereas the Msh2-Msh3 (MutSB heterodimer) complex recognizes insertion-
deletion loops. Upon recognition of the lesion, Msh2-Msh6 and Msh2-Msh3 recruit Pms1-
Mlh1 (MutLa), a heterodimeric complex that functions as a DNA endonuclease, to the
daughter strand. Recognition of mispairing also activates multiple downstream factors (for
example, Exo1, PCNA, RFC, RPA, and DNA pol &) for repair by lesion excision and strand

resynthesis. Pms1-MIhl cleaves the DNA strand, allowing removal of the erroneous
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nucleotides, which are subsequently replaced with the correct ones (Figure 2.5) (Prolla et
al. 1994; Lee et al. 2007). However, the detailed molecular mechanisms by which MMR
factors function in the cellular environment still remain to be fully elucidated (Boiteux and
Jinks-Raobertson 2013). Msh2 role on increasing the mutation rate is already examined by
Boyce and Idnurm 2019 where deletion of MSH2 confers higher mutation rates. In S.
cerevisiae, mutational rate was 200 times increased with the deletion of MSH2 shown from
results of Lang et al. 2013.

MutSa MutSg
Msh6 Msh2 Msh3 Msh2
9
k.4 -
1bp 2-4bp
DNA DAMAGE RESPONSE DOUBLE-STRAND BREAK REPAIR
Cell cycle arrest / apoptosis Single-strand annealing

=== 0000000 )
—_

MISMATCH REPAIR
Lesion excision & strand resynthesis

Figure 2.5: Role of Msh2 in recognition of unmatched nucleotides or multiple nucleotide
errors. The figure was taken from Tosti et al. 2014.

2.7 Aim of this thesis

The aim of present study is to explore potential ways to utilize xylose, which is a significant
component of lignocellulose, for the production of valuable compounds and chemicals.
Two different approaches are being pursued for xylose conversion. The first approach
involves the heterologous expression of the Weimberg pathway in S. cerevisiae, which is
an oxidative xylose degradation pathway that converts xylose to AKG using various genes.
This shall enable the growth of S. cerevisiae on xylose as a sugar source, and provides
possibilities for the production of various other compounds and chemicals derived from the
TCA cycle using xylose as a substrate. In this study, all pathway genes from Caulobacter
crescentus, Corynebacterium glutamicum, and Arthrobacter nicotinovorans will be codon-
optimized and expressed as genomically integrated copies to make optimized and stable
expression. The expression of Weimberg pathway genes will be tested in different
compartments - cytosol and mitochondria - as mitochondrial localization might be
beneficial for the pathway's functionality. It may be challenging to achieve growth on xylose
via the Weimberg pathway, despite the expression of all pathway genes, and therefore
optimized gene expression or the identification of crucial growth-supporting factors may

be necessary. In such cases, evolutionary engineering will be employed as a strategy to
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achieve the desired characteristics. The evolutionary engineering approach is the most
effective method to achieve the desired results, especially when the pathway is complex
and limited by many known and unknown factors. To determine the activity of the
Weimberg pathway, a screening strain is required to detect the flux of xylose to AKG.
Specifically, the screening strain will be made auxotrophic for glutamate by deleting genes
that convert isocitrate to AKG, allowing for the direct assessment of the Weimberg

pathway's activity in S. cerevisiae.

The second part of the present PhD thesis focuses on producing xylitol from xylose. Xylitol
is a valuable compound due to being a low calorie sweetener. While yeast naturally
harbors the gene xylose reductase for the production of xylitol, the current large-scale
methods for xylitol production are based on purely chemical processes and involve high
temperature and pressure, and require a purification step. Thus, S. cerevisiae can be an
attractive host for xylitol production, being well-known for producing various chemicals and
compounds. Present study aims to maximize the yield of xylitol using S. cerevisiae by
using several approaches. Specifically, the study will investigate the transport
characteristics of hexose transporters and their variants towards xylose and xylitol,
including their import and export. Additionally, xylose reductases derived from different
organisms will be compared with respect to their ability to catalyze the conversion of xylose
to xylitol in yeast. Since the reductase requires NADPH as a cofactor, present thesis
employs different strategies to find the best genetic manipulation that boosts the cytosolic
pool of NADPH. In total, genetic engineering and screening approaches will be used to
study the transport of xylitol across the yeast plasma membrane, as well as to optimize

the conversion of xylose to xylitol in the cytosol of yeast.
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3 Materials and Methods

This section elaborates all the different methods and technigques used throughout the
study. Furthermore, current chapter lists different chemicals, reagents, enzymes etc. that
were purchased from various suppliers. Molecular biology techniques used throughout the
study as well as the details of the plasmids and yeast strains used are also given. If

experiments were done following the manual of kits, catalogue reference is mentioned.

3.1 List of bacterial strains used for the study

E. coli strain DH10B is used for construction of all plasmids. Table 3.1 describes the

detailed genotype of each plasmid used.
Table 3.1. Plasmid backbones used:

Nomenclature Description References

p423HXT7 2u-plasmid, HIS3-marker, expression of genes | (Becker and Boles
under the control of the truncated constitutive | 2003)
HXT7-promoter and the CYC1-terminator with
optional 6 His affinity tag, E. coli Ampicillin-marker
and pBR322- origin

p424HXT7 2p-plasmid, TRP1-marker, expression of gene | (Becker and Boles
under control of the truncated constitutive HXT7- | 2003)

promoter and the CYCl1l-terminator with optional
6His affinity tag, E. coli Ampicillin-marker and
pBR322- origin

p425HXT7 2p-plasmid, LEU2-marker, expression of genes | (Becker and Boles
under control of the truncated constitutive HXT7- | 2003)

promoter and the CYCl-terminator with optional
6His affinity tag, E. coli Ampicillin-marker and
pBR322- origin

p426HXT7 2u-plasmid, URA3-marker, expression of genes | (Becker and Boles
under control of the truncated constitutive HXT7- | 2003)

promoter and the CYC1-terminator with optional
6His affinity tag, E. coli Ampicillin-marker and
pBR322- origin

p423MET25 2p-plasmid, HIS3-marker, expression of genes | (Mumbergetal. 1994)
under the control of the truncated constitutive
MET25-promoter and the CYC1-terminator with
optional 6 His affinity tag, E. coli Ampicillin-marker
and pBR322- origin

p424MET25 2p-plasmid, TRP1-marker, expression of genes | (Mumbergetal. 1994)
under the control of the truncated constitutive
MET25-promoter and the CYC1-terminator with
optional 6 His affinity tag, E. coli Ampicillin-marker
and pBR322- origin

p426MET25 2p-plasmid, URA3-marker, expression of genes | (Mumberg etal. 1994)

under the control of the truncated constitutive
MET25-promoter and the CYC1l-terminator with
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optional 6 His affinity tag, E. coli Ampicillin

resistance marker and pBR322- origin.

pRS62K 2u-plasmid, kanMX4-marker (G418), expression of | Prof. Boles
genes under control of the truncated constitutive group, Frankfurt
HXT7-promoter and the CYC1l-terminator with
optional 6His affinity tag, E. coli Ampicillin
resistance marker and pBR322-origin.

pRS62N 2p-plasmid, natNT2-marker (ClonNAT), expression | Prof. Boles
of genes under control of the truncated constitutive | group, Frankfurt
HXT7-promoter and the CYC1-terminator with
optional  6His-affinitytag, E. coli  Ampicillin
resistance marker
and pBR322-origin

pUG6K Plasmid as a template for PCR-amplification of a (Guldener et al. 1996)
loxP-flanked deletion cassette with kanMX4-marker
(G418) the under control of the A. gossypii TEF-
promoter and -terminator, E. coli Ampicillin
resistance marker and pBR322-origin

pYTKOO0O1 Golden Gate entry plasmid containing: CamR, | (Lee et al. 2015).
ColE1, Esp3l GFP-drop out-cassette.

pYTKO095 Golden Gate assembly vector for subcloning | (Lee et al. 2015).
containing: AmpR, ColE1, Esp3l-restriction sites.

SiHV008 [ConLS'-gfp dropout-ConRE'-KanMX-2u-KanR- | Prof. Boles Group,
ColE1l] recipient parent plasmid for transient | Frankfurt
expression

FGD97 CENG6/ARS4-plasmid, ura3-marker, expression of | Prof. Boles Group,
genes under the control of the truncated | Frankfurt
constitutive (MET25-promoter-ADH3 gene- linker-
GFP envy) and the CYC1l-terminator, E. coli
Ampicillin resistance marker.

LBGVO071 GFP based CRISPR vector backbone CIoONAT as a | Prof. Boles Group,
marker Frankfurt

SiHV138 GFP based CRISPR vector backbone G418 as a | Prof. Boles Group,
marker  [pROX3-CAS9-tcycl, pPSNP52-GFP- | Frankfurt
tSUP4, KanMX, 2u, AmpR,ColE1]

pRCCK CRISPR vector backbone with G418 as a marker (Generoso et al.
[PROX3-CAS9-tcycl, pSNP52-GFP-tSUP4, | 2016)
KanMX, 2u, AmpR,ColE1]

pRCCN CRISPR vector backbone with CIoNAT as a marker | (Generoso et al.
[PROX3-CAS9-tcycl, pSNP52-guideRNA-tSUP4, | 2016)
CIoNAT, 2u, AmpR, ColE1]

GDVO079 [ConLS'-gfp-dropout-ConRE'-LEU2 3'Hom-KanR- | Prof. Boles Group,
ColE1-LEU2-5'Hom]. LEUZ2 integration plasmid, | Frankfurt
without KanMX dominant marker

ALFV001 [ConLS'-gfp-dropout-ConRE'-URA3'Hom-KanR- Prof. Boles Group,
ColE1-URAS3-5'Hom] URA3 integration plasmid, | Frankfurt
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Table 3.2. Plasmid used in this study:

Nomenclature | Background References
FWV157 pRCCK-ZWF1 Prof. Boles Group, Frankfurt
AHB15 ALFV001- LS-pHHF1-acpl-XylB- Adriana Happel Bachelors
tENO1-R1, L1-pTDH3-aco-XyID-tSSA1- | Thesis 2021
R2, L2-pHHF2-cox4-KsaD-tADH1-R3,
L3-pTEF2-lpd1-XyIX-tENO2-RE
PRV41 GDV079- LS-R1-L1-XylD-R2-L2-KsaD- | This study
R3-L3-XyIX-RE
PRV43 LS-linker-R1-L1-Orf41-XylX-KsaD-RE This study
PRV36 GDV079-LS-pTEF1- XyIX-tGPM1- RE This study
PRB1 p426MET25-xyIB This study
PRB2 p425 HXT7- xylD This study
PRB3 p425HXT7-0rf41 This study
PRB4 pRCCN-GRE3 This study
PRB5 p423 HXT7-ksaD This study
PRB12 GDV097-ACP1 xyIB This study
PRB13 GDV097-Aco xyID This study
PRB15 GDVO097-Lpd1 xyIX This study
PRB18 FGD97-CoxIVksaD This study
PRB20 pRCCN-RAD27 This study
PRB21 pRCCN-MSH2 This study
PRB24 p426HXT7 -HXT1 This study
PRB25 p426HXT7 -HXT2 This study
PRB26 p426HXT7 HXT3 This study
PRB27 p426HXT7- HXT4 This study
PRB28 p426HXT7- HXT5 This study
PRB29 p426HXT7- HXT7 This study
PRB30 p426HXT7- HXT10 This study
PRB31 p426HXT7- HXT14 This study
PRB32 p426HXT7- GAL2 WT This study
PRB33 p426HXT7- GAL26sa This study
PRB34 p426HXT7- GAL2N376v/M435I This study
PRB38 p425- HXT11 This study
PRB39 p426- HXT15 This study
PRB40 p425-Sc XYL2 This study
PRB41 p423-HXT5 This study
PRB42 p426- GAL2ssa/N376Y/M435I This study
PRB43 SiHV138-IDH2 This study
PRB44 p425-Cp XYL1 This study
PRB45 p425-Ps XYL1 This study
PRB46 p425-GRE3 This study
PRB47 p426-HXT11 This study
PRB48 pRCCK-IDP2 This study
PRB49 pRCCK-pPGI1 This study
PRB50 pRCCK-pZWF1 This study
PRB51 p425-An XYRB This study
PRB52 p425-codptGRE3 This study
PRB53 LBGV071-XKS1 This study
PRB55 SiHV138-xyID This study
PRB56 SiHV138-IDP3 This study
PRB59 p426-GDP1 (Kluveromyces lactis) This study
PRB60 p423-NcCDT2 This study
PRB62 SiHV138- IDP1 This study
PRB63 SiHV138-TRP1 This study
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PRB64 p424Met25 GH43-2 This study

PRB65 p423 GAL2 This study
p423-ZWF1 (ZWF1 sequence of This study

PRB66 PRY48)

PRB67 SiHV138 -XyIX This study
p423-ZWF1 (ZWF1 sequence of This study

PRB68 PRY63)

PRB71 p425- HXT7 This study

PRB72 SiHV138-ksaD This study

PRB77 PRB64, pHXT7-GH43-7-tSSA1 This study

3.2 List of yeast strains

This chapter collectively includes the information about the yeast strain employed in

present study with their genetic description. In general, strain background used were

CEN.PK2-1C background which is auxotrophic for uracil, leucine, histidine, and

tryptophan. Most of the gene manipulation were done via CRISPR/Cas9. For some strains

creation, dominant marker based strain construction was done.

Table 3.3: List of yeast strains

Nomenclature | Gene description References
CEN.PK2-1C leu2-3,112 ura3-52 trp1-289 his3A1 MAL2-8c SUC2 EUROSCARF,
Frankfurt

EBY.VW4000 | CEN.PK2-1C Ahxt1-17 gal2A::loxP stl1A::loxP agt1A::loxP (Wieczorke et

mph2A::loxP mph3A::loxP al. 1999).
AFY10 EBY.VW4000 glk1A::loxP hxk1A::loxP hxk2A::loxP (Farwick et al.

yiIrd46wA::loxP [pyk2A::PGK1p-opt. XKS1-PGK1t TPI1p-TAL1- 2014)

TAL1t TDH3p-TKL1-TKL1t PFK1p-RPE1-RPE1t FBAp-RKI1-

RKI1t kanMX]
PRYS1 CEN.PK2-1C, Agre3:: pMET25-xylIB-tcycl This study
PRYS4 CEN.PK2-1C, Afra2 This study
PRYS5 Agre3::pMET25-xylIB-tcycl; Afra2 This study
PRY12 PRYS1, Aura3::pPGK1-ksaD-tEFM1 This study
PRY14 PRY5, Aleu2::xyID, xyIX, ksaD This study
PRY15 PRY13, Aleu2:: xyIB, xyID, ksaD, xylX This study
PRY17 PRY12, Afra2:: xyID This study
PRY18 PRY12, Afra2::0rf41 This study
PRY19 PRY17, Aleu2:: xylX This study
PRY20 PRY18, Aleu2:: xylX This study
PRY?24 PRY19, Arad27 This study
PRY25 PRY19, Amsh2 This study
PRY27 PRY?20, Arad27 This study
PRY28 PRY20, Amsh2 This study
PRY36 EBY.VW4000, Atrpl This study
PRY37 PRY19 Aidh2 This study
PRY38 PRY20 Aidh2 This study
PRY39 CEN.PK2-1C, Agre3 This study
PRY40 PRY37, Aidp2 This study
PRY41 PRY38, Aidp2 This study

36




Materials and Methods

PRY46 PRY39, Apho13::KanMX This study
PRY47 PRY48, Apho13::KanMX This study
PRY39, pZWF1::pHXT7 This study
PRY48 (ZWF1 sequence with loss of glutamate residue at position59)
PRY49 PRY48, pPGI1::pCOX9 This study
PRY50 PRY48, pPGI1::pRNR2 This study
PRY51 PRY48, pPGI1::pREV1 This study
PRY52 PRY48, Axksl This study
PRY53 PRY39, Aleu2::POS5, CloNAT This study
PRY54 PRY48, Aleu2::POS5 , CloNAT This study
PRY55 PRY39, Aald6 This study
PRY56 PRY48, Aald6 This study
PRY57 PRY40, Aidp3 This study
PRY58 PRY41, Aidp3 This study
PRY59 PRYS57, Aidpl This study
PRY60 PRYS58, Aidpl This study
PRY63 PRY39, pZWF1::pHXT7 has (ZWF1 from CEN.PK2-1C) This study
PRY76 PRY36, pZWF1::pHXT7 This study
3.3 Oligonucleotides and synthetic genes

DNA oligomers used throughout the study are mentioned in the Table 3.4. DNA was

ordered from Biomers. A stock solution of 100 uM was prepared using water and the

volume given by the company. For oligos shorter than 60 base pair, the catridge method

of purification was done, and for oligos larger than 60 bp, the HPLC method of purification

was done. All synthetic codon-optimized genes from were ordered from Twist Bioscience.

For all synthetic genes, codon optimization was done using tool jcat (www.jcat.de, Grote

et al. 2005). For GH43-7 codon optimization was done with AK Boles algorithm calculator.

Table 3.4. Oligonucleotides used in this study:

Nomenclature

Sequence (5- 3) Purpose

PRP003-MET250vGRE3-fw

GCGGATGCAAGGGTTCGA
ATC

TTCTTGCTCCGTTAAAGTG | To get PCR product of
AACTTTTTTTCGATTTCTAG | pMET25- xyIB -tCYC1

PRP004-CYC1ovGRES-rev

GGGGCGAATTGGGTACCG
G

GTAATATAAATCGTAAAGG | To get PCR product of
AAAATTGGAAATTTTTTAAA | pMET25- xyIB - tCYC1

PRPO07-MET25-rev

CATTTGCCAACCACCACAG | Binds to pMET25

PRP_009_GRE3.2_Fw

GGTTTTAGAGCTAGAAATA
GCAAGTTAAAATAAGG

PRP_0010_GRE3.2_Rv

CCGGGCTTGATTCTACAAC
CAGATCATTTATCTTTCACT
GCGGAG

TGGTTGTAGAATCAAGCCC | To create PRB1

PRP_0013_ XYLB

AGTATGGATTTTACTGGCT
GGA

Binds to terminator of GRE3

PRP014_Fw

GCTGCCAAATTGCCGAGG
CATAATCACTAAGAAGTTTT

Binds to tRPL3 with xylD
overhangs
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GTTAGAAAATAAATCATTTT
TTAATTG

PRP_015Rv GCGTAATACGACTCACTAT | Binds to tRPL3 with xylD
AGGGCGAATTGATTGTAGC | overhangs for cloning it to
AAAGATTGTAAGGAAATAG | p425H7
C

PRP016_RPL3ORF4lovFw TCTGAATTCTTGCAAACTT | Binds to orf4l with tRPL3
CTGGTATCTAAGAAGTTTT | overhangs
GTTAGAAAATAAATCATTTT
TTAATTG

PRP_017_HXT7Fw TCTCCTTTCGAAACTTAATA | Binds to pHXT7 with MDM34
ATAAAACAATATCATCCTTT | overhangs (to integrate at
CGTAGGAACAATTTCGGGC | FRA2)

PRP_018 tRPL3 Rv TATTGGAATAAGTTTTTCG Binds to tRPL3 with NIF3
GTGTTATATATATACATATA | overhangs (to integrate at
TATTGTAGCAAAGATTGTA FRA2)
AGGAAATAGC

PRP_019_Orf41Fw ACAAAAAGTTTTTTTAATTT | Binds to orf4l and pHXT7 in
TAATCAAAAAATGAC p425 Orf41

PRP_020_Orf41Rv AAAAAATGATTTATTTTCTA | Binds to orf4l and tRPL3 in
ACAAAACTTCTTAGATAC p425 Orf4l

PRP_021 XylD1Fw ACAAAAAGTTTTTTTAATTT Binds p425XylD connecting
TAATCAAAAAATGTC both pHXT7 and xyID

PRP_022_XyID1Rv AATGTCGTAAGCAGCTCTC | Bind to xyID internally
C

PRP_023_XylD2Fw TGCTGATGATTGGAGAGCT | Bind to xylD internally
G

PRP_024_ XylD2Rv AAAAAATGATTTATTTTCTA | Binds to xyID internally
ACAAAACTTCTTAG

PRP_029 KsaDl Fw TTATCTACTTTTTACAACAA | They binds in pPGK1l and
ATATAAAACAATGATC ksaD region

PRP_030_KsaD1_Rv GAAAACTGGGTTAGTAGCA | Internal primer for ksaD
GAC

PRP_031_KsaD2_Fw GCTGAAATGTCTGCTACTA | Internal primer for ksaD
ACC

PRP_032_KsaD2_Rv AGAATTTTATACTTAGGCTA | They binds in tEFM1 region
CAGATCAAAG

PRP_033 XyIXGG_Fw TTCAAGCTTACGTCTCG Binds to xylX with GG

PRP_034_XyIXGG_Rv ACCGTTATCTCGTCTCAGG | overhang
TCGGTCTCAGGATTTATAA
CAAACCTCTACCAGC

PRP_036_MTSGFP_Fw_Xyl | GCTGCCAAATTGCCGAGG | Binds to GFP with overhangs

Dov CATAATCACTAAGCGGCCG | to xylD
CTGGTGCTGGTTCTAAAGG
CGAGGAATTGTTTAC

PRP_038XyLD_Rv_GFPov TAAACAATTCCTCGCCTTA | Binds to xylD with overhangs
GGGTTGTCGCCTAGGCCC | to linker and GFP
GGGTTAGTGATTATGCCTC
GGC

PRP_040_ XylD_Fw_ovAcoMt | GTCTGCTAGATCTGCTATC | Binds to xylD with ACOMTS

S AAGAGACCAATCGTTAGAG | overhangs
GTTTGATGTCAAACAGAAC
TCCGAG

PRP_042_EFM1_Rv_GG GCTGTGAGACCAGTACTGA | Binds to tEFM1 with GG
AATTCATGACACAAATAAC | overhangs.
G

PRP_045 XylB Rv_ggPart3 | CGTCTCAGGTCGGTCTCA To get GG part3 of xylB
GGATTTATCTCCAGCCTGC
ATC
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PRP_048 KsaD Fw_ gg part
3

CGTCTCGTCGGTCTCATAT
GATCACTGCTACTGC

PRP_049 KsaD Rv _gg part
3

CGTCTCAGGTCGGTCTCA
GGATTTATCTGTCGATTTC
TCTTGG

To get GG part3 of ksaD

PRP_050_pMET25Rv_XylDo
\Y

GACCTAAACCTTCTCGGAG
TTCTGTTTGACATCAAACC
TCTAACGATTGGTCTCTTG
ATAGCAGATCTAGCAGACA
ACATGAGTATGGATGGGG
GTAATAG

Binds to pMET25 with
AcoMTS and xyID overhangs

PRP_051 GFPFw_XylDlinker
diffov

GCTGCCAAATTGCCGAGG

CATAATCACTAACCCGGGC
CTAGGCGACAACCCTTCTA
AAGGCGAGGAATTGTTTAC

Binds to GFP with linker and
xyID overhangs

PRP_052_XylIDRv_GFPLinke
rov

GGAACTACACCTGTAAACA
ATTCCTCGCCTTTAGAAGG
GTTGTCGCCTAGGCCCGG
GTTAGTGATTATGCCTCGG
C

Binds to xyID with linker + GFP
overhangs

PRP_058_Orf41_gg Rv

CGTCTCAGGTCGGTCTCA
GGATTTAGATACCAGAAGT
TTGCAAG

To get GG part3 of orf41

PRP_066_XylDFw_Aco_Ov

AATCAAAAAATGTTGTCTG
CTAGATCTGCTATCAAGAG
ACCAATCGTTAGAGGTTTG
ATGTCAAACAGAACTCCGA
G

Binds to xyID with overhangs
to MTS Aco

PRP_068_XylB_Rv_GFPov

CTACACCTGTAAACAATTC
CTCGCCTTTAGAACCAGCA
CCAGCGGCCGCTTATCTC
CAGCCTGCATC

Binds to xylB with GFP
overhangs.

PRP_069_Met25_ Rv_AcoOv

CAAACCTCTAACGATTGGT
CTCTTGATAGCAGATCTAG
CAGACAACATGAGTATGGA
TGGGGGTAATAG

Binds to PpMET25 with

overhangs to MTSAco

PRP_070_GFPRv_linker_ov

GCGGCCGCTGGTGCTGGT
TCTAAAGGCGAGGAATTG

Binds to GFP with overhangs
to linker

PRP_071_XylXFw_mitaACO
mtsov

ATGTTGTCTGCTAGATCTG
CTATCAAGAGACCAATCGT
TAGAGGTTTGATGGGCGTA
TCTGAATTCCTAC

Binds to xylX with overhangs
to MTS Aco

PRP_072_XyIX_rv_mit_linker
ov

CTCGCCTTTAGAACCAGCA
CCAGCGGCCGCTTATAACA
AACCTCTACCAGC

Bind to xyIX with overhangs to
linker

PRP_074_KsaD_Rv_linkerun
d mtGFPOv

CTCGCCTTTAGAACCAGCA
CCAGCGGCCGCTTATCTGT
CGATTTCTCTTGG

Binds to ksaD with overhangs
to linker and GFP

PRP_075_XyIB
Fw_MTSACP1ov

ACCTTCTGCGTACCGCACT
ATAATGGGCCGTTCCGTTA
TGTCCAACACCATACTCGC
ACAAAGATTTTATATGTCAT
CAGCCATTTATCC

Binds to xylB with MTSACP1
overhangs

PRP_077_Met25Rv_MTSAC
Plov

AACGGCCCATTATAGTGCG
GTACGCAGAAGGTGCCAC
GCGGGAAGAAATGCGGCA
AACGGATCTAAACATGAGT
ATGGATGGGGGTAATAG

Binds to pMET25 with

MTSACP1 overhangs
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PRP_078 mtGFP_Fw_newlin | CCCGGGCCTAGGCGACAA | Binds to GFP with overhangs
kerov CCCTTCTAAAGGCGAGGAA | to linker.
TTG
PRP_079_KsaDFw_mitMtCo | AGATTTTTCAAGCCAGCCA | Binds to ksaD with MTS COX4
X4dov CAAGAACTTTGTGTAGCTC | overhangs
TAGATATCTGCTTATGATC
ACTGCTACTGC
PRP_081_Met25_Rv_mtCOX | CAAAGTTCTTGTGGCTGGC | Binds to pMET25 with
4ov TTGAAAAATCTTATAGATTG | overhangs to MTS COX4.
ACGTAGTGAAAGCATGAGT
ATGGATGGGGGTAATAGAA
TTG
PRP_082_ Met25 Rv_MTS L | GAAAAGGCACGCTTATTAT | Binds to pMET25 with MTS
PDlov TTAGGAGTGATCTGATTCT | LPD1 overhangs
TAACATGAGTATGGATGGG
GGTAATAG
PRP_083 XylX_Fw Mts LP | ATCACTCCTAAATAATAAG | Binds to xylX with LPD1 MTS
D1 ov CGTGCCTTTTCGTCCACAG | overhangs
TCAGGACATTGATGGGCGT
ATCTGAATTC
PRP_084 CCTTTAGAAGGGTTGTCGC | Binds to xylX gene with
CTAGGCCCGGGTTATAACA | overhang to a linker
AACCTCTACCAGC
PRP_089 Rv AACGGCCCATTATAGTGCG | Binds to pMET25 with MTS
GTACGCAGAAGGTGCCAC | ACP1 overhangs
GCGGGAAGAAATGCGGCA
AACGGATCTAAACATGAGT
ATGGATGG
PRP_090 _COX4 MTS Fw_ | GATACAATTCTATTACCCC | Binds to MTS COX4 with
Met25_ov CATCCATACTCATGCTTTC | overhangs to pMET25
ACTACGTCAATC
PRP_091 COX4MTS_Rv_Ks | ACAACCGTGCAAAGCAGTA | Binds to MTS COX4 with
aD_ov GCAGTGATCATAAGCAGAT | overhangs to ksaD
ATCTAGAGCTACAC
PRP_092_ACP1_Fw_Met250 | GATACAATTCTATTACCCC | Binds to MTS ACP1 with
v CATCCATACTCATGTTTAG overhangs to pMET25
ATCCGTTTGCC
PRP_093 ACP1MTS_Rv_Xyl | CTTTAACGAGGGATAAATG | Binds to MTS ACP1 with
B_ov GCTGATGACATATAAAATC | overhangs to xylB
TTTGTGCGAGTATGG
PRP_094 MTSLPD1_Fw_Me | TACAATTCTATTACCCCCAT | Binds to MTS LPD1 with
t25_ov CCATACTCATGTTAAGAAT | overhangs to pMET25
CAGATCACTCC
PRP_095 MTSLPD1_Rv_Xyl | ATCTTCAGGTAGGAATTCA | Binds to MTS LPD1 with
X_ov GATACGCCCATCAATGTCC | overhangs to XylX
TGACTGTGG
PRP_096 MTS _ACo Fw_Me | ACAATTCTATTACCCCCAT | Binds to MTS ACO with
t25_ov CCATACTCATGTTGTCTGC | overhangs to pMET25
TAGATCTG
PRP_097 AcoMTS_Rv_XylID | AAACCTTCTCGGAGTTCTG | Binds to MTS ACO with
_Ov TTTGACATCAAACCTCTAA | overhangs to xylD
CGATTGG
PRP_099 XylD Fw ATGTCAAACAGAACTCCG Binds to xylID internally
PRP_100_ XylD Rv TTAGTGATTATGCCTCGG Binds to xylID internally
PRP_101_Orf4l Fw ATGACTTCTTTGATCTTGC | Binds to orf41 internally
C
PRP_102_Orf41_Rv TTAGATACCAGAAGTTTGC | Binds to orf41 internally
AAG
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PRP_103_HXT7_Fw_Fra2ov | TCTCCTTTCGAAACTTAATA | Binds to  pHXT7  with
ATAAAACAATATCATCCTTT | overhangs to FRA2
CGTAGGAACAATTTCGGG

PRP_104_RPL3_Rv_Fra2ov | TATTGGAATAAGTTTTTCG Binds to tRPL3  with
GTGTTATATATATACATATA | overhangs to FRA2
TATTGTAGCAAAGATTGTA
AGGAAATAG

PRP_105_AcoMTS_Rv_ CAGAAGATGGCAAGATCAA | Binds to MTS Aco with

Orf41 AGAAGTCATCAAACCTCTA | overhangs to orf4l
ACGATTGG

PRP_108 Orf41l Fw_Aco _ov | GCTATCAAGAGACCAATCG | Binds to orf41 with overhangs
TTAGAGGTTTGATGACTTC | to MTS Aco
TTTGATCTTGCC

PRP_109_ORF41Rv_GFP_o | CTCGCCTTTAGAACCAGCA | Binds to orf41 with overhangs

% CCAGCGGCCGCTTAGATA | to Linker and GFP
CCAGAAGTTTGCAAG

PRP_115 KsaD_Rv AAACAATTCCTCGCCTTTA | Binds to ksaD with linker and
GAACCAGCACCAGCGGCC | GFP overhangs
GCTTATCTGTCGATTTCTC
TTGG

PRP_116_XylX_Rv_linkOv AAACAATTCCTCGCCTTTA | Binds to xylX with linker
GAACCAGCACCAGCGGCC | overhangs.
GCTTATAACAAACCTCTAC
CAGC

PRP_119 XylX Fw ATGGGCGTATCTGAATTCC | Binds to xylX gene internally

PRP_120_XylX_Rv TTATAACAAACCTCTACCA | Binds to xylX gene internally
GCAAG

PRP_138_Fw_pRCCK_msh2 | ACGAACTGGTCCGCTCCG | To generate PRB21

_gRNA TTGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGG

PRP_139 Rv_msh2_gRNA CAACGGAGCGGACCAGTT
CGTGATCATTTATCTTTCAC
TGCGGAG

PRP_145 msh2_fw ATTCTCTGATGTATCAGAG | Binds internally to MSH2 gene
GAG

PRP_146_msh2_Fw AGCGGAGTACTCGAAAAG | Binds in promoter region of

MSH2

PRP_147_msh2_Rv TAGAGCCTTATTGCCTTTA | Binds to terminator region of
GG MSH2

PRP_148 TTATCTGCTGACCTAACAT | Donor DNA for the deletion of

msh2_Fw_donordna CAAAATCCTCAGATTAAAA | MSH2
GTTTAATATTACAACGACAT
CTTAAGTGAGAATCGATAG
ATA

PRP_149  msh2_Rv_donor | TATCTATCGATTCTCACTTA

Dna AGATGTCGTTGTAATATTA
AACTTTTAATCTGAGGATTT
TGATGTTAGGTCAGCAGAT
AA

PRP_151 Lpdl Fw _gg_part | CGTCTCGTCGGTCTCATAT | Binds to xylX with LPD1 part 3

3 GTTAAGAATCAGATCACTC | overhangs
C

PRP_152_AcoFw_gg part 3 CGTCTCGTCGGTCTCATAT | Binds to MTS ACP1 with
GTTGTCTGCTAGATCTGC part3GG overhangs

PRP_153 ACP1_Fw part3_ | CGTCTCGTCGGTCTCATAT

gg GTTTAGATCCGTTTGCC

PRP_154 rad27_Fw_Donor CATTGGAAAGAAATAGGAA | Donor DNA for RAD27

dna ACGGACACCGGAAGAAAA | deletion (PRP154+PRP176)
AATGGGGGTTCTTTTTCCA
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CTTTCTTCTTTTGGTCCTTC
ACCT

PRP_155 rad27 Fw

AGATCTAAACAAAATGCTG
TCAC

Binds to promoter region of
RAD27

PRP_156_rad27_Rv

TGAAGGACCAAAAGAAGAA
AG

Binds to terminator region of
RAD27

PRP_157_Fw_ Rad27_gRNA

CTGTAAGACAGCAAGACG
GTGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGG

PRP_158_Rv_ Rad27_gRNA

ACCGTCTTGCTGTCTTACA
GGATCATTTATCTTTCACT
GCGGAG

To generate PRB20

PRP_160_Fw_pGK1_ura3_o
\

GTGAGTTTAGTATACATGC
ATTTACTTATAATACAGTTT
TTTGTTTGCAAAAAGAACA
AAACTG

Binds to pPGI overhang at
URA3 region

PRP_161 tEFM1_ov_ura3 R
\

ACTGCACAGAACAAAAACC
TGCAGGAAACGAAGATAAA
TCTACTGAAATTCATGACA
CAAATAACG

Binds to tEFM1 overhang to
URAS region

PRP_162_Leu2_Fw_OVpTEF
1

TAAAGTTTATGTACAAATAT
CATAAAAAAAGAGAATCTT
TCCTTGCCAACAGGGAG

Binds to PpTEF1
overhangs to LEU2 locus

with

PRP_163_tGPM1_ov Leu2

AGCAATATATATATATATAT
TTCAAGGATATACCATTCT
ATATTGCTATAACATGTCAT
GTCACC

Binds to tGPM1
overhangs to LEU2 locus

with

PRP_170_Gre3del_donordna
_Fw

TTGTTCATATCGTCGTTGA
GTATGGATTTTACTGGCTG
GACTTTAAAAAATTTCCAAT
TTTCCTTTACGATTTATATT
AC

PRP_171_
Gre3_Donor_Dna_Rv

GTAATATAAATCGTAAAGG
AAAATTGGAAATTTTTTAAA
GTCCAGCCAGTAAAATCCA
TACTCAACGACGATATGAA
CAA

Donor DNA to delete GRE3

PRP_176_Rad27_DonorDNA
_Rev

AGGTGAAGGACCAAAAGA
AGAAAGTGGAAAAAGAACC
CCCATTTTTTCTTCCGGTG
TCCGTTTCCTATTTCTTTCC
AATG

Donor DNA for RAD27

deletion.

PRP_178 Gre3_Fw

TTCTTGGTGAGTGAATCAT
TTCAG

PRP_179 Gre3_Rv

AGGCTCTAGAAACTGTATG
AGTATATC

Binds to outer region of GRE3
gene

PRP_191_pRCCK_IDH2_Fw

CTTAGAGGTCTCAGATCCC
CTTCTACCGGCAAATACAG
TTTTGAGACCGACGTCCTG

PRP_192_pRCCK_IDH2_Rv

CAGGACGTCGGTCTCAAAA
CTGTATTTGCCGGTAGAAG
GGGATCTGAGACCTCTAAG

To generate PRB43

PRP_193 IDH2_donor
_Fw

Dna

ACAGATCGGGAACGAACA
ACAATTATAATATTTTTTAA
TAAAGTCCTATTCTTTTCCC
TCTCAGGTTTTTTCACGCC
TG

PRP_194 IDH2 donor dna

Rv
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CTTTATTAAAAAATATTATA
ATTGTTGTTCGTTCCCGAT
CTGT

PRP_197 IDP1_donor
dna_Fw

CAATTGTGAGACAACAGAC
GCACAAGGAAGATCGCCC
AGCTCGAATTTACGTAGCC
CAATCTACCACTTTTTTTTT
TCAT

PRP_198 IDP1_donor
dna_Rv

ATGAAAAAAAAAAGTGGTA

GATTGGGCTACGTAAATTC

GAGCTGGGCGATCTTCCTT
GTGCGTCTGTTGTCTCACA
ATTG

Donor DNA to delete IDP1

PRP_199 pRCCK_IDP2_Fw

ATCCGCTTATGTTACTACC
GGTTTTAGAGCTAGAAATA
GCAAGTTAAAATAAGG

PRP_200_pRCCK_IDP2_Rv

CGGTAGTAACATAAGCGGA
TGATCATTTATCTTTCACTG
CGGAG

To get PRB48

PRP_201 IDP2_donordna_F
w

GGAGGTAAGAAGGTAACG
TACGTATATATATAAAATCG
TAACTTACTCAATGACAGA
TTGATTTATTTATATTATAT
ATT

PRP_202_IDP2_donordna_R
%

AATATATAATATAAATAAAT
CAATCTGTCATTGAGTAAG
TTACGATTTTATATATATAC
GTACGTTACCTTCTTACCT
CC

Donor DNA To delete IDP2

PRP_203_IDH2_Fw

ACCAAACACAAACAACGAC

Binds to promoter region of
IDH2

PRP_204_IDH2_Rv

TTATTAAAAAATATTATAAT
TGTTGTTCGTTCC

Binds to promoter region of
IDH2

PRP_205 IDP1_Fw

AGGACGATGTCCATGATG

Binds to promoter of IDP1

PRP_206_IDP1_Rv

TAAATTCGAGCTGGGCG

Binds together promoter and
terminator of IDP1

PRP_207_IDP2_Fw

ATGGAAGTCGTCAATAGC

Binds to the promoter of IDP2

PRP_208_IDP2_Rv

AGTAAGTTACGATTTTATAT
ATATACGTACG

Binds to the terminator of IDP2

PRP_217_GRE3_Fw_HXT70
\"

AAACACAAAAACAAAAAGT

TTTTTTAATTTTAATCAAAA
AATGTCTTCACTGGTTACT
C

Binds to not codon optimized
sequence of GRE3 with
overhangs to pHXT7

PRP_218 GRE3_Rv-tcyclov

GGAGGGCGTGAATGTAAG
CGTGACATAACTAATTACA
TGATCAGGCAAAAGTGGG
G

Binds to not codon optimized
sequence of GRE3 with
overhangs to tCYC1

PRP_221 CpXYL1-
Codopt_Fw_pHXT7_ov

AACACAAAAACAAAAAGTT
TTTTTAATTTTAATCAAAAA
ATGTCTACTGCTACTGCTT
C

Binds to Cp XYL1 with
overhang to pHXT7

PRP_222 CpXYL1_Codopt_
Rv_tcyclov

GGAGGGCGTGAATGTAAG
CGTGACATAACTAATTACA
TGATTAAACGAAAACTGGG
ATGTTAG

Binds to Cp XYL1 with
overhang to tCYC1

PRP_223 Ps_XYL1 codopt_
Fw_pHXT70v

AAACACAAAAACAAAAAGT

TTTTTTAATTTTAATCAAAA
AATGCCATCTATCAAGTTG
AAC

To create PRB45
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PRP_224 Ps-XYL1- GGAGGGCGTGAATGTAAG
Codopt_Rv-tcycl Ov CGTGACATAACTAATTACA
TGATTAAACGAAGATTGGG
ATCTTG
PRP_228 IDP2_Rv TCAGTGAAAACAGAAGATC | Binds to terminator of IDP2
ATATG
PRP_229 AnXyrB_Fw_pHXT | AAACACAAAAACAAAAAGT | Binds to An XYRB with
7ov TTTTTTAATTTTAATCAAAA | overhangs to pHXT7
AATGTCTAACTTGGAACAC
ACTAAG
PRP_230_AnXyrB_Rv_tcycl | GGAGGGCGTGAATGTAAG | Binds to An XYRB with
ov CGTGACATAACTAATTACA | overhangs to tCYC1
TGATTATTCGTCGTCACCG
AAG
PRP_231 pHHF2_Fw _ura3o | GTGAGTTTAGTATACATGC | Binds to pHHF2  with
\ ATTTACTTATAATACAGTTT | overhangs to URA3 region
TTGTGGAGTGTTTGCTTGG
PRP_232 tADH1 Rv_pTDH3 | TCTTTGAAATGGCAGTATT | Binds to tADH1  with
ov GATAATGATAAACTCGAAC | overhangs to pTDH3
TGGAAATGGGGAGCGATTT
GC
PRP_233 pTDH3_Fw_tENO | CGGCATGCCGAGCAAATG | Binds to pTDH3  with
lov CCTGCAAATCGCTCCCCAT | overhangs to tADH1
TTCCAGTTCGAGTTTATCA
TTATCAATACTG
PRP_234 tENO1_Rv_ura3ov | CTGCACAGAACAAAAACCT | Binds to tENO1  with
GCAGGAAACGAAGATAAAT | overhangs to URAS3 locus
CATACATGGGTGACCAAAA
GAG
PRP_237 pREV1 pPGI1 TGTCACCGTCAGAAAAATA | Binds to pREV1 with
TGTCAATGAGGCAAGAACC | overhangs to pPGI1 region
GGGTGTTGTTATCCGATAC
AACCG
PRP_238 pREV1ov_pPGI1 CAGTGGCCAGTTTGAAGTT | Binds to pREV1 with
AGTGAATGAGTTATTGGAC | overhangs to PGI1 gene
ATCGCTGGATATGCCTAGA
AATG
PRP_239 pRNR2_Fw_pPGI | TGTCACCGTCAGAAAAATA | Binds to pRNR2  with
lov TGTCAATGAGGCAAGAACC | overhangs to pPGIL1 region
GGAGTCGAACAAGAAGCA
GG
PRP_240 pRNR2_Rv _ov_pP | CAGTGGCCAGTTTGAAGTT | Binds to pRNR2 with
Gl1 AGTGAATGAGTTATTGGAC | overhangs to PGI1 gene
ATGGTAATTGGACAAATAA
ATACGTG
PRP_241 pREV1 Rv TGAGAAAATCTGTCAACTC | Binds to promoter region of
GTTAC pREV1
PRP_242 pRNR2_Rv TGGATTCTTTGGTAGATAG | Binds to promoter pRNR2
CCAATC
PRP_243 Gre3codpt_Fw_pH | AAACACAAAAACAAAAAGT | Binds to GRE3 with overhangs
XT7ov TTTTTTAATTTTAATCAAAA | to pHXT7
AATGTCTTCTTTGGTTACTT
TGAAC
PRP_244 Gre3codopt_Rv- GGAGGGCGTGAATGTAAG | Binds to GRE3 with overhangs
tcyclov CGTGACATAACTAATTACA |totCYC1
TGATTAAGCGAAAGTTGGG
AACTTAC
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PRP_245 L BGV071- CTTAGAGGTCTCAGATCAT | To create PRB67
Xks1_Crispr_Fw CTAGAGCCTCTAACCACAG
TTTTGAGACCGACGTCCTG
PRP_246_LBGV071_ CAGGACGTCGGTCTCAAAA
Xksl_CRISPR_Rv CTGTGGTTAGAGGCTCTAG
ATGATCTGAGACCTCTAAG
PRP_247 XKS1 Donor | CTCTCGAGAAAAACAAAAG | Donor DNA for the deletion of
DNA_fw GAGGATGAGATTAGTACTT | XKS1 gene
TAAATATGTTTGAATAATTT
ATCATGCCCTGACAAGTAC
ACA
PRP_248 XKS1_Donor TGTGTACTTGTCAGGGCAT
DNA_Rv GATAAATTATTCAAACATAT
TTAAAGTACTAATCTCATCC
TCCTTTTGTTTTTCTCGAGA
G
PRP_249 IDP3_donordna_F | AAACACAAGCAACACTTTA | Donor DNA for the deletion of
w GAGATAGTTGTCCAAGTTA | IDP3
AAACCAATCCGCCATTCAT
TTGAAAAGACAAGTCTGGC
CTAG
PRP_250_IDP3_DonorDna_ | CTAGGCCAGACTTGTCTTT
Rv TCAAATGAATGGCGGATTG
GTTTTAACTTGGACAACTA
TCTCTAAAGTGTTGCTTGT
GTTT
PRP_251 pIDP3_Fw ACATGACAAATCCAGAAGT | Binds to promoter region of
ATCG IDP3
PRP_252_tIDP3_Rv TTGCATTATGCGATGATTG | Binds to terminator region of
TAGG IDP3
PRP_255 pCOX9_Fw ATGAGTCCCTCTTTATATG | Binds to pCOX9 internally.
GGC
PRP_256_XKS1_Rv TCCGAACGGGGAACAAAAT | Binds internally to XKS1
G
PRP_257 IDP3.2_CRISPR_g | CTTAGAGGTCTCAGATCGA | To generate PRB56 (worked)
uide_Fw TATTGCCATATTTAGATGG
TTTTGAGACCGACGTCCTG
PRP_258 IDP3.2_CRISPR_g | CAGGACGTCGGTCTCAAAA
uide_Rv CCATCTAAATATGGCAATA
TCGATCTGAGACCTCTAAG
PRP_259_XylD CTTAGAGGTCTCAGATCAT | To generate PRB55
_CRISPR_guide_Fw AGCTGCTAGAAAACAAGAG
TTTTGAGACCGACGTCCTG
PRP_260_XylD_CRISPR_gui | CAGGACGTCGGTCTCAAAA
de Rv CTCTTGTTTTCTAGCAGCT
ATGATCTGAGACCTCTAAG
PRP_261_IDP3_Fw AGCATGCTTAATGCCGAAT | Binds to promoter region of
C IDP3
PRP_262_IDP3_Rv TTCTTTCATTCTTGCCTCAT | Binds internally to IDP3
CG
PRP_263_XylDdel_donorDN | AACACAAAAACAAAAAGTT | Donor DNA to delete xylD
A fw TTTTTAATTTTAATCAAAAA
GAAGTTTTGTTAGAAAATA
AATCATTTTTTAATTGAGCA
TT
PRP_264 XylDdel_DonorDN | AATGCTCAATTAAAAAATG
A_Rv ATTTATTTTCTAACAAAACT
TCTTTTTGATTAAAATTAAA
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AAAACTTTTTGTTTTTGTGT
T

PRP_275_CRISPR_Phol3_F
W

CTTAGAGGTCTCAGATCAA
CAGCTGACGCATAACCAG
GTTTTGAGACCGACGTCCT
G

PRP_276_CRIPSR_Phol3_R
\"

CAGGACGTCGGTCTCAAAA
CCTGGTTATGCGTCAGCTG
TTGATCTGAGACCTCTAAG

To generate PRB54

PRP_279 pUG6K_Phol3ov_
Fw

TATCAAGCTCGAGCCAAAT
CACAAAAAAAGCCTTATAG
CTTGCCCTGACAAAGAATA
TACAACTCGGGAAATTCGT
ACGCTGCAGGTCGAC

PRP_280 pUG6K_Phol3ov_
Rv

AAAACAACAAACCTGAATA
TTTTTCCTTTTCAAAAAGTA
ATTCTACCCCTAGATTTTG
CATTGCTCCTGCATAGGCC
ACTAGTGGATCTG

For deleting PHO13
kanMX cassette.

via

PRP_284 NcCDT2_pHXT70
v_Fw

AAACACAAAAACAAAAAGT

TTTTTTAATTTTAATCAAAA
AATGGGCATCTTCAACAAG
AAG

PRP_285_NcCDT2_tcycl_Rv

GGAGGGCGTGAATGTAAG

CGTGACATAACTAATTACA

TGATCAAGCAACAGACTTG
CcC

To generate PRB60 and
PRB61

PRP_286_NcCDT2_Fw

TTTGGCACCAACTACATCA
AC

PRP_287 NcCDT2_Rv

AACTCAAACTGGACGGTG

Internal to bind in

NcCDT2

primer

PRP_288 pRNR2-Fw

AATACAACGAGTCGAACAA
G

Binds to the promoter pRNR2

PRP_289 POS5_Rv

TTATGCTCCTTAAAATCAAA
CGG

Binds internally to POS5

PRP_290_POS5_Fw

AAGTTCCTCCGGTTTTAGC

Binds internally to POS5

PRP_295 SiHV138_XyIX_Fw

CTTAGAGGTCTCAGATCAT
TCAGGATAGGGATACCCC
GTTTTGAGACCGACGTCCT
G

PRP_296_SiHV138_XyIX_Rv

CAGGACGTCGGTCTCAAAA
CGGGGTATCCCTATCCTGA
ATGATCTGAGACCTCTAAG

To create PRB67

PRP_297 XyIX
del_donordna_Fw

TAAAGTTTATGTACAAATAT
CATAAAAAAAGAGAATCTT
TTAGAATGGTATATCCTTG
AAATATATATATATATATTG
CT

PRP_298 XylXdel_Donordna
_Rv

AGCAATATATATATATATAT
TTCAAGGATATACCATTCT
AAAAGATTCTCTTTTTTTAT
GATATTTGTACATAAACTTT
A

Donor DNA to delete xylIX

PRP_299_IDP1_Fw

AAAAGTAATCAATCGAGGC
C

PRP_300_IDP1_Rv

TGATAAAGGGACCGTGAAT
G

Binds to outer region of gene
IDP1

PRP_301_IDP1_Fw

ATCTGTCGAATCTCGTGAC
G

Binds internally to IDP1

PRP_302_IDP1_Rv
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PRP_303 CRISPR_TRP1 F
w_GG

CTTAGAGGTCTCAGATCAA
CTGCATGGAGATGAGTCG
GTTTTGAGACCGACGTCCT
G

PRP_304_CRISPR_TRP1_R
v_GG

CAGGACGTCGGTCTCAAAA
CCGACTCATCTCCATGCAG
TTGATCTGAGACCTCTAAG

To create PRB63

PRP_305_Donor DNA_TRP1
del_Fw

GTGAGTATACGTGATTAAG
CACACAAAGGCAGCTTGG
AGTGTTATTACTGAGTAGT
ATTTATTTAAGTATTGTTTG
TGCA

PRP_306_Donor
DNA_TRP1del Rv

TGCACAAACAATACTTAAA
TAAATACTACTCAGTAATAA
CACTCCAAGCTGCCTTTGT
GTGCTTAATCACGTATACT
CAC

Donor DNA for the deletion of
TRP1 gene

PRP_307_TRP1_Fw

ATCTGGTGAATCCTTTGAA
GG

PRP_308_TRP1 RV

TCCTGATTCCGCTAATAGG

Binds to the outer region of
TRP1 gene

PRP_309_CRSPR_Fw_SiHV
138

CTTAGAGGTCTCAGATCGC
TACGGACACACTGATCCCG
TTTTGAGACCGACGTCCTG

PRP_310_CRISPR-
Rv_SiHV138

CAGGACGTCGGTCTCAAAA
CGGGATCAGTGTGTCCGT
AGCGATCTGAGACCTCTAA
G

To generate PRB62

PRP_313 ZWF1_Rv_tcyclov

AATGTAAGCGTGACATAAC
TAATTACATGACTAATTATC
CTTCGTATCTTCTGGCTTA
G

Binds to ZWF1 with overhangs
to tCYC1

PRP_314 TRP1 Fw

TCCATTGGTGAAAGTTTGC

PRP_315 TRP1 Rv

TACACCATTTGTCTCCACA
C

Binds to the internal region of
TRP1 gene

PRP_316_pHXT7_Leu2ov_F
w

TAAAGTTTATGTACAAATAT
CATAAAAAAAGAGAATCTT
TCTCGTAGGAACAATTTCG
G

Binds to pHXT7 overhang to
terminator of LEU2

PRP_317_ALD6_OvtSSAL R
\"

AAAGAAAAAAATTGATCTAT
CGATTTCAATTCAATTCAAT
TTACAACTTAATTCTGACA
GCTTTTAC

Binds to ALD6 with overhangs
to tPGK1

PRP_318_tSSAL_ALD6ov_F
W

TGCATACACTGAAGTAAAA
GCTGTCAGAATTAAGTTGT
AAATTGAATTGAATTGAAAT
CGATAG

Binds to tPGK1 with overhang
to ALD6

PRP_319 tSSA1 Leu2ov_Rv

AGCAATATATATATATATAT
TTCAAGGATATACCATTCT

AACATAGAAATATCGAATG
GG

Binds to tPGK1 with overhang
to pLEU2

PRP_320_pHXT7_Rv_Phol3
_ov

TATTGGTTATCTTTATTGGT
ACACCTTGTTGAGCAGTCA
TTTTTTGATTAAAATTAAAA

AAACTTTTTGTTTTTG

Binds to pHXT7 overhang to
PHO13

PRP_321_Pho13_Rv

TTATTGGTTAAGGTGTAGA
TGTC

Binds to PHO13 internally

PRP_322_Pho13_Rv_tSSA1
ov

AAAGAAAAAAATTGATCTAT
CGATTTCAATTCAATTCAAT

Binds to PHO13 overhang to
tPGK1
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CTATAACTCATTATTGGTTA
AGGTG
PRP_323 tSSA1_Phol3ov_F | ACTTGGTGACATCTACACC | Binds to tPGK1 overhang to
w TTAACCAATAATGAGTTATA | PHO13
GATTGAATTGAATTGAAAT
CGATAG
PRP_324 GH43-2_Fw ATGGCTCCATTGATCACTC | Internal primer for gene GH43-
AC 2
PRP_325 GH43-2_Rv TCACTTACCAGCTGGTTGC | Internal primer for gene GH43-
2
PRP_326_GHA43- GTCGTCAGATACATAGATA | To create PRB64
2_pMET25_ov_Fw CAATTCTATTACCCCCATC
CATACATGGCTCCATTGAT
CACTCAC
PRP_327_GHA43- GAGGGCGTGAATGTAAGC
2_tcycl_ov_Rv GTGACATAACTAATTACAT
GATCACTTACCAGCTGGTT
GC
PRP_328 AHY02_XylXdeleti | GTTCTGTATGGGCACAGAC | Donor DNA to delete xylX in
on_donordna_Fw AACCTAAACGAGATCTATC | AHY02
CTAACTCGAGGCTGAGCA
GTTACAGAGATGTTACGAA
CC
PRP_329 AHY02_XylXdeleti | GGTTCGTAACATCTCTGTA
on_donor dna_Rv ACTGCTCAGCCTCGAGTTA
GGATAGATCTCGTTTAGGT
TGTCTGTGCCCATACAGAA
C
PRP_330_CRISPRGG_GDH | CTTAGAGGTCTCAGATCAC | To create PRB73
ldel_Fw AACCCTTGGAGTCAGATAG
TTTTGAGACCGACGTCCTG
PRP_331_GGCRISPR_GDH | CAGGACGTCGGTCTCAAAA
ldel_Rv CTATCTGACTCCAAGGGTT
GTGATCTGAGACCTCTAAG
PRP_332_GDH1 Fw ACATCCACTCAGGTCATTA | Binds to promoter of GDH1
TTCTC
PRP_333 GDH1_Rv TGTCTGTTGATGCTTTACA | Binds to terminator of GDH1
AAACTAC
PRP_334_GDH1_Fw TCTTTTCGAACAACACCCA | Binds to GDHL1 internally
G
PRP_335 GDH1_Rv AAGACCTTACCGTCCTTAG | Binds to GDH1 internally
TG
PRP_336_CRISPRKsaDdel | CTTAGAGGTCTCAGATCTA | To create PRB72
Fw GCTGGGTATGGACCACCG
GTTTTGAGACCGACGTCCT
G
PRP_337_CRISPRKsaDdel_ | CAGGACGTCGGTCTCAAAA
Rv CCGGTGGTCCATACCCAG
CTAGATCTGAGACCTCTAA
G
PRP_338_donordna_KsaD GTGAGTTTAGTATACATGC | Donor DNA for deletion of
del_Fw ATTTACTTATAATACAGTTT | ksaD
TGATTTATCTTCGTTTCCTG
CAGGTTTTTGTTCTGTGCA
GT
PRP_339 KsaDdel _donordn | ACTGCACAGAACAAAAACC
a Rv TGCAGGAAACGAAGATAAA
TCAAAACTGTATTATAAGTA
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AATGCATGTATACTAAACT
CAC
PRP_340_pUG6N_XyIX TAAAGTTTATGTACAAATAT | primer to amplify pUG6EN for
del_Fw CATAAAAAAAGAGAATCTT | integrating G418 in xyIX
TTTCGTACGCTGCAGGTCG
AC
PRP_341 pUG6N_XylXdel_ | AGCAATATATATATATATAT
Rv TTCAAGGATATACCATTCT
AGCATAGGCCACTAGTGG
ATCTG
PRP_342 GDH1del_donor TATTCTAATATAACAGTTAG | To introduce donor DNA for
dna_fw GAGACCAAAAAGAAAAAGA | the deletion of GDH1
AATAGTCTAAAAGAAAGAA
AAGAGGAAAGTTCATAAAA
AGT
PRP_343 GDH1del _donordn | ACTTTTTATGAACTTTCCTC
a_Rv TTTTCTTTCTTTTAGACTAT
TTCTTTTTCTTTTTGGTCTC
CTAACTGTTATATTAGAATA
PRP_344 PsXYL1_R276H_F | AAAGTCTAACACTGTTCCA | To introduce RH mutation in
w CACTTGTTGGAAAACAAGG | Ps XYL1. i.e, to make PRB75
ACGTTAAC
PRP_345 PsXYL1_R276H_ | GTTAACGTCCTTGTTTTCC
Rv AACAAGTGTGGAACAGTGT
TAGACTTT
PRP_346_PsXYL1_KR/ND ATCGCTATCATCCCAAGAT | To introduce KR/ND mutation
mut_Fw CTGACACTGTTCCAAGATT |in Ps XYL1. ie, to make
G PRB74
PRP_347 PsXYL1 _KR/ND CAATCTTGGAACAGTGTCA
mut_Rv GATCTTGGGATGATAGCGA
T
PRP_348 AHY02_KsaDdel | CAAAAACAACAATCAATAC | Donor DNA for the deletion of
donordna_Fw AATAAAATAAGATCTATCCT | ksaD in AHY02
AACTCGAGGCGAATTTCTT
ATGATTTATGATTTTTATTA
T
PRP_349 AHY02_KsaDdel | AATAATAAAAATCATAAATC
donordna_Rv ATAAGAAATTCGCCTCGAG
TTAGGATAGATCTTATTTTA
TTGTATTGATTGTTGTTTTT
G
PRP_350_TPNOX_pMET250 | GTCAGATACATAGATACAA | To create PRB76
vFw TTCTATTACCCCCATCCAT
ACATGAAGGTTACTGTTGT
TGG
PRP_351 TPNOX_ tcyclov_ | GGAGGGCGTGAATGTAAG
Rv CGTGACATAACTAATTACA
TGACTAAGCGTTAACAGAT
TGAGC
PRP_352 GH43- AAACACAAAAACAAAAAGT | All these primers used to
7_pHXT70v_Fw TTTTTTAATTTTAATCAAAA | create PRB77 (i.e, to
AATGCCATTGGTCAAGAAC | introduce pHXT7- GH43-7-
C tSSA1 into PRB64)
PRP_353 GHA43- AAAGACATTTTCGTTATTAT
7_tSSAlov_Rv CAATTGCCGCACCAATTGG
CTTATTCGTTGTCTCTAAC
GTAAGC
PRP_354 GH43-7_fw AGAAAAGCACGTTTTGACC
TC
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PRP_355 pHXT7_tcyclov_F
w

GCTCGAAGGCTTTAATTTG
CGGCCGGTACCCAATTCG
CCCCGTAGGAACAATTTCG
GG

PRP_356_pHXT7_tGH43-
7 _ov_Rv_

CCTGGCAAGATTGGGTTCT
TGACCAATGGCATTTTTTG
ATTAAAATTAAAAAAACTTT
TTGTTTTTG

PRP_357_tSSAL_RV

AAAACGACGGCCAGTGAG
CGCGCGTAATACGACTCAC
TATAATAAAATTAAAGTAGC
AGTACTTCAACC

PRP_358 tSSA1 GH43-
7ov_Fw

TAAGAACCAACAAGATGCT
TACGTTAGAGACAACGAAT
AAGCCAATTGGTGCGGC

PRP_359 p424 tSSA1 ov_F
W

GCTAACACTAATGGTTGAA
GTACTGCTACTTTAATTTTA
TTATAGTGAGTCGTATTAC
GCGCGC

PRP_360_tcycl_pHXT7ov_R
\

ACCTCAGAAGAACACGCA
GGGGCCCGAAATTGTTCCT
ACGGGGCGAATTGGGTAC
C

PRP_361_GH43-7_Fw

GAACCAACAAGATGCTTAC
GTTAGAGACAACGAATAA

Internal
GHA43-7

primer to bind on

PRP_362_GH43-7_Rv

3.4

TTATTCGTTGTCTCTAACGT
AAGCATCTTGTTGGTTC

Chemicals, enzymes and kits

Internal
GH43-7

primer to bind on

Reagents, enzymes, and kits used and their respective company are listed in table 3.17.

If not stated differently, all other chemicals were bought from Roth. Table 3.18 lists all the

devices details with the respective supplier company.

Table 3.17: List of chemicals, enzymes and kits used throughout the study

Product Producer
Bacterial trypton Difco
Bacteriological peptone Oxoid
Carbenicillin Roth
Chloramphenicol Roth

ClonNAT (Nourseothricin)

Werner BioAgents

DNA loading dye

NEB, Fermentas

dNTPs NEB
DreamTaq, incl. buffer NEB
G418-sulfate, Geneticin Calbiochem
Geneticin (G418) Merck
Glass beads (0.45 mm) Roth
Glucose-6-phosphate Roth
Kanamycin sulfate Roth
Maltose Difco
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MgCl2 Roth
B-Nicotinamide-adenine-dinucleotide phosphate Roche

disodium

hydrate (NADP™)

B-Nicotinamide-adenine-dinucleotide phosphate Roche

disodium

hydrate (NADPY)

PEG-4000 Roth

PEG-8000 Roth

Phusion DNA polymerase, incl. buffer NEB

Q5 DNA polymerase, incl. buffer NEB

Restriction enzymes, incl. buffer NEB

Roti-Quant Roth

Sheared salmon sperm DNA Ambion
Synthetic oligonucleotides biomers, microsynth
T4 DNA ligase NEB

T7 DNA ligase NEB

Tag DNA ligase NEB

Tris-HCI Roth

Yeast extract Difco

Yeast nitrogen base (YNB) w/o amino acids and w/o Difco

ammonium

sulfate

Xylobiose TCI chemicals
Kits:

GeneJET Plasmid Miniprep Kit Thermo Scientific
NucleoSpin Gel and PCR clean up Macherey-Nagel
Pierce™ Rapid Gold BCA Protein Assay Kit Thermo Scientific

Table 3.18. Devices used in study:

Device Producer
Agarose gel-electrophoresis chambers Neolab

Cell electroporator, Gene Pulser Bio-Rad

Cell growth gquantifier Aquila Biolabs

Fluorescence spectrophotometer, CLARIOstar Plus

BMG LABTECH

Incubator

Multitron Standard, Infors HT

Nanodrop 1000 spectrophotometer

Thermo Fisher Scientific

PCR Cycler, labcylcler triple block SensoQuest
PCR Cycler, Piko thermal cycler Finnzymes
pH-meter 765 Calimatic Knick
Pipette, 0.1-2.5 yL starlab
Pipette, 0.5-10 pL starlab
Pipette, 10-100 yL starlab
Pipette, 100-1000 uL starlab
Shaker Infors HT
Spectrophotometer Ultrospec 2100 pro Amersham Bioscience
Thermomixer comfort eppendorf
Vibrax VXR basic IKA

51



Materials and Methods

Rotating wheel

HPLC system

Stuart SB1,
Woodely equipment Company

BioLC

Producer/ Model no.

Pump system

LPG-3400SD, Thermo Scientific

Autosampler

WPS-3000SL, Thermo Scientific

Column oven

TCC-100, Thermo Scientific

Degasser

SRD3400, Thermo Scientific

RI-detector

RI-101, Thermo Scientific

Wave length detector

VWD-3400RS, Thermo Scientific

Ultimate3000:

Autosampler

WPS-3000SL, Thermo Scientific

Column oven

TCC-3000SD, Thermo Scientific

Pump system

ISO-3100SD, Thermo Scientific

Degasser SRD3200, Thermo Scientific
RI-detector RI-101, Thermo Scientific
Columns

HPLC column, ICSep 801 FA, HPLC-column
250x4.0mm

3.5 Microorganism culture

Concise Separations

3.5.1 Cultivation of Saccharomyces cerevisiae

The culture of Saccharomyces cerevisiae was done in a specified medium according to

the need of the experiment. Liquid cultures were shaken in an orbital shaker at 180 rpm at

30 °C. Solid media were incubated at 30 °C.

352 Culture media

Generally, YP medium was used for the culture of yeast cells. Sterile sugar solutions were

always added after the autoclaving. To prepare plates, 20 g/L agar or agarose was used

prior to autoclaving.

Table 3.5 Composition of YP medium:

Bacto peptone 209/ L
Bacto yeast extract 10g/L
Carbon source 209/ L
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3.5.2.1 Synthetic complete medium for Saccharomyces cerevisiae cultivations

Synthetic complete medium known as SC was used for culture experiments that involved
selection of auxotrophic markers. Stock solutions of amino acid mix were prepared as 20X
stock except uracil (ura), leucine (leu), histidine (his) and tryptophan (trp) as these are the
often employed auxotrophic markers. Solid media were prepared with 20 g/L of agar or
agarose according to the requirement of the experiment and added to the media prior to

autoclaving but after the pH adjustment.
Table 3.6 SC Media composition

Yeast nitrogen base w/o amino acids and | 1.7 g/L
ammonium sulfate

Ammonium sulfate 5g/L
20X Amino acid mix 50 mL/L
Carbon source 10-20 g/L

pH was maintained at 6.3 by addition of KOH except mentioned in the text.
Relevant carbon source was added only after autoclaving.

Table 3.7 Preparation of 20 X amino acid mix

Compound mg/L in H,O Concentration Concentration
in the 20X mix In the medium
[mM] [mM]

Adenine 224 1.66 0.083

Arginine 768 4.41 0.221

Methionine 768 5.15 0.258

Tyrosine 288 1.59 0.080

Isoleucine 1152 8.78 0.439

Lysine 1152 7.88 0.394

Phenylalanine 960 5.81 0.291

Valine 1152 9.83 0.492

Threonine 1152 9.67 0.484

The mix were autoclaved and store at 4 °C.
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Table 3.8 Supplement amino acid stock solutions:

Substance | mg/Lin Concentration | ml SL Final conc. Storage
H20 in the SL per liter | inthe condition
[mM] of medium
medium | [mM]

Uracil 1.2 10.71 16 0.171 RT
Histidine 2.4 15.47 8 0.124 4°C
Tryptophan | 2.4 11.57 8 0.093 4°C
Leucine 3.6 27.44 16 0.439 4°C

3.5.3 Antibiotic supplements

Certain cultivations required special additives of antibiotics. Antibiotics like Carbenicillin,

Chloramphenicol, Kanamycin were used for E. coli, whereas G418, CIONAT were

employed for yeast. Stock solutions of respective antibiotics were prepared, sterile filtered

and added to the medium after autoclaving when the media temperature reached

maximally 65 °C. The following list provides information about the concentrations and

preparations.

Table 3.9: Medium additives for growth and selection of bacterial and yeast strains.

Medium supplement Stock solution Final concentration
Carbenicillin 100 mg/mL in ddH,O 100 pg /mL
Chloramphenicol 34 mg/mL in 70% (v/v) 34 pg /mL
ethanol

ClonNAT (Nourseothricin) 100 mg/mL 100 pg /mL
Geneticin (G418) 200 mg/mL 200 pg /mL
Hygromycin B 200 mg/mL 200 pg /mL
Kanamycin sulfate 50 mg/mL in ddH.O 50 ug /mL

3.6 Microorganisms culture techniques

3.6.1 Sterilization techniques

For all the heat-sensitive chemicals and reagents, a sterile filter was used with a pore

diameter of 0.2 um. Substances resistant to higher temperatures were sterilized using an

autoclave running for 20-45 min at a temperature of 120 °C and pressure of 1 bar.
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3.6.2 Cultivation and storage of microorganisms
3.6.2.1 Cultivation on solid medium

Bacterial and yeast strains were either streaked on agar plates from their glycerol stock or
regenerated from single colonies from earlier plate. The media preparation and
supplementation procedure was followed as listed in chapter 3.5.2. Bacterial strains (E.
coli DH10B) were cultivated at 37 °C for 1 day while the appearance of colonies of yeast
required 2-7 days depending on the strain employed. If needed, solid cultures of them
were stored at 4 °C for up to 4 weeks.

3.6.2.2 Liquid culture of microorganisms

To cultivate E. coli, the inoculum derived either from glycerol stock or fresh culture, was
inoculated in 5 ml LB medium in 10 ml glass tubes with appropriate antibiotic added and
thereafter shaken at 37 °C 180 rpm min in an orbital shaker overnight. Yeast strains were
cultivated in YP or SC media with the required carbon source and antibiotics. The revival
of cells from cryopreserved stock for yeasts was done followed by single colony isolation
and thereafter processed with liquid cultivation of yeast. If yeast cells need to be cultured
for DNA isolation, cultures were done in a 10 ml glass tube with 5 ml media inside. For the
fermentation and growth experimental works, yeast was generally pre -cultured in a 100
ml flask with 30 ml media inside. The main culture was done in a 300 ml flask with 50 ml
media inside, except mentioned specifically. In case of yeast competent cell preparation,
culture was done in 100 ml flask with 50 ml media inside. Media compositions and tables

of supplements are listed in chapter 3.5.

3.6.2.3 Drop test

For the drop test, preculture was done by scrapping several colonies from the
transformation plate. They were grown in SC drop-out liquid media until ODeoonm reached
1-3. After this culture was centrifuged at 3000x g for 2 min, the pellet was washed with
sterile water and centrifuged again. The washing step was repeated once. Then, the cell
pellet was mixed with water, and ODgoonm Was measured. The ODsoonm Was adjusted to 1;
from this, dilution was performed to 10, 102, and 103. Agarose-containing plates were
generally prepared a week before and stored at 4 °C. Before starting the drop test, agarose
plates were dried out in a laminar hood for 2-3 hours. Afterward, 4 ul of samples were
dropped on to plates and let dry for 15 minutes. Later, for yeast, the plates were incubated
at 30 °C. Images for drop test were processed using Vision Capt Viber Lourmat (from

Peglab.com).
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3.6.2.4 Measurement of cell density

In order to track the growth of microorganisms, absorbance is measured with ODsgonm
value measured in a spectrophotometer using a light of wavelength A=600 nm. Dilution of

the samples was made if necessary.

3.6.2.5 Long term storage of microorganisms

If the genetically modified bacterial or yeast strain needs to be stored for longer,
cryopreservation techniques were followed. For this, 500 uL of well-grown culture was
thoroughly mixed with 50 % (v/v) sterile glycerol in cryo tubes, mixed well, and thereafter
stored at -80 °C.

3.7 Molecular biological techniques

3.7.1 Polymerase chain reaction for DNA- amplification

One of the most frequently used molecular techniques is PCR. Amplification of DNA was
done by PCR using oligomers of suitable annealing temperature. For cloning purposes,
primarily the DNA polymerases Q5 High- Fidelity DNA Polymerase (Chapter 3.7.1.1) and
Phusion High-Fidelity DNA Polymerase (Chapter 3.7.1.2) from New England Biolabs were
chosen since they have a proofreading activity. Most of the PCRs in the present study
were done with Q5 polymerase. For DNA amplification, other than cloning, which only aims
to approximate the band size, the DNA-polymerase DreamTag DNA Polymerase (Chapter

3.7.1.3) from Thermo Fisher Scientific was used.

3.7.1.1 Q5 high-fidelity DNA polymerase PCR procedure

The Q5 high-fidelity DNA polymerase was used for DNA amplifications involved in cloning
and DNA sequencing. After the PCR run, the PCR reaction was mixed with the Loading
Dye, Purple (6X) from New England Biolabs and analyzed via agarose gel electrophoresis

in a 1 % agarose gel.

Table 3.10: Reaction mix for Q5 DNA polymerase.

Component Stock solution Concentration in Volume used
mix

Q5 Reaction buffer | 5X 1X 10 L

dNTPs 10 mM 200 uM 1L

Primer mix 10 uM each 0.5 uM each 2.5 L

Q5 DNA 2000 U mL*? 1U 0.3 pL

polymerase

Template 10-20 ng
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Volume was added up to 50 uL with ddH0O.

Table 3.11: PCR conditions for standard PCR protocol using Q DNA polymerase.

Step Temperature Duration Function
1 98 °C 30s Denaturation of
DNA
2 98 °C 10s Denaturation of
™m 20s DNA
72 °C 30 s per kb Primer annealing
DNA extension
3 72 °C 5 min Final extension

Preheated lid of the thermocycler to 96 °C, step 2 was repeated 30 times and stored at 10
°C.

The online tool NEB Tm Calculator of New England Biolabs was used to calculate the
annealing temperature (Tr) of the primer pair used. In general, primers were designed to
melt at 60 °C to accumulate a highly versatile set of primers which can be individually
combined throughout this study.

3.7.1.2 Phusion high- fidelity DNA polymerase PCR procedure

The Phusion high-fidelity DNA polymerase was used for DNA amplifications involved in
cloning and DNA sequencing, whenever PCR with Q5 reaction failed for any reasons. After
the run, the PCR reaction was mixed with the Gel Loading Dye, Purple (6X) from New

England Biolabs and analyzed via agarose gel electrophoresis in a 1 % (w/v) agarose gel.

Table 3.12 Reaction mix for Phusion DNA polymerase

Component Stock solution Concentration in Volume used
mix

Phusion HF buffer 5X 1X 10 L

dNTPs 10 mM 200 uM 1L

Primer mix 10 uM each 0.5 uM each 2.5 L

Phusion DNA 2000 U/ mL 1U 0.3 pyL

polymerase

Template 10-20 ng

volume was added up to 50 pL with ddH.0O
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Table 3.13 PCR conditions for standard PCR protocol using Phusion DNA polymerase.

Step Temperature Duration Function
1 98 °C 30s Denaturation of
DNA
2 98 °C 10s Denaturation of
™m 20s DNA
72 °C 30 s per kb Primer annealing
DNA extension
3 72 °C 5 min Final extension

The online tool NEB Tm Calculator of New England Biolabs was used to calculate the

annealing Temperature (Trm) of the primer pair used. In general, primers were designed to

melt at 60 °C to accumulate a highly versatile set of primers that can be individually

combined throughout this study.

3.7.1.3 DreamTaq DNA polymerase PCR procedure

The DreamTaq DNA polymerase was used for diagnostic purposes where the amplicon

can be less accurate with the nucleotide sequences. The buffer used for the Dream Taq

was 10X DreamTaq Green Buffer which already contains loading dye for later analysis via

agarose gel electrophoresis in a 1 % agarose gel.

Table 3.14: Reaction mix for Dream Tag DNA polymerase.

Component Stock solution Concentration in Volume used
mix

Q5 Reaction buffer | 5X 1X 10 L

dNTPs 10 mM 200 uM 1L

Primer mix 10 uM each 0.5 uM each 2.5 uL

Q5 DNA 2000 U/ mL 1U 0.3 uL

polymerase

Template 10-20 ng

volume was added up to 20 pL with ddH-0O.
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Table 3.15: PCR conditions for standard PCR protocol using Dream Taq DNA

polymerase.
Step Temperature Duration Function
1 98 °C 30s Denaturation of
DNA
2 98 °C 10 s Denaturation of
Tm-5°C 20s DNA
72 °C 30 s per kb Primer annealing
DNA extension
3 72 °C 5 min Final extension

Preheated lid of the thermocycler to 96 °C, step 2 was repeated 35 times and stored at 10
°C.

The online tool T, Calculator of Thermo Fisher Scientific was used to calculate the

annealing temperature of the primer pair used.

3.7.2 Agarose gel electrophoresis for DNA analysis

Gel electrophoresis is a commonly used technique to separate DNA fragments by applying
an electric field to move them through an agarose gel. As DNA has a negative charge,
applying a voltage causes the negatively charged fragments to migrate towards the
positively charged electrode. The voltage and duration of separation are adjusted based
on the size of the DNA fragments being separated, with a 135 mV voltage for 30 minutes
typically used for isolating DNA fragments ranging from 500 bp to 5000 bp. In this study,
the DNA samples were mixed with New England Biolabs' Gel Loading Dye, Purple (6X),
and placed onto a 1 % (w/v) agarose gel in 1X TAE buffer. The size of the DNA fragments
was estimated using Thermo Fisher Scientific's Gene Ruler 1kb Plus DNA Ladder, which
was applied next to the DNA samples in the gel and placed according to the required

specifications.
Table 3.16: 1x TAE-buffer

TRIS | 40 mM
EDTA |1 mM

pH was adjusted to 8 with acetic acid
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3.8 Molecular biological techniques

3.8.1 Plasmid assembly

The successful expression of heterologous genes in the host organism, S. cerevisiae, is
reliant on the construction of plasmids derived from other organisms. Plasmid construction
involves either the creation of an E. coli intermediate plasmid or an E. coli-yeast shuttle
vector depending on the experimental requirements. Golden Gate part plasmids are
typically constructed using E. coli origin of replication, while yeast expression plasmids
requires either 2pu or CEN.ARS origin of replication. Similarly, the E. coli-yeast shuttle
vectors comprise E. coli ori and either 2u or CEN.ARS plasmids. Mainly, three techniques
were adopted in constructing the plasmids: Homologous Recombination cloning, Gibson
Isothermal assembly, and Golden Gate cloning.

3.8.2 Golden Gate assembly

Golden Gate cloning is a rapid and efficient method for combining various plasmid parts
in a tube. The method involves the use of Type Il restriction enzymes, digestion, and
ligation to obtain different variants of cassettes in a short period. One of the benefits of this
method is its ability to screen cassettes via GFP-based fluorescence. In this study, the
instructions outlined in the literature Lee et al. 2015 for Golden Gate assembly were
followed, but used Esp3l instead of BsmBI due to its better temperature optima ranging
from 37 °C to 55 °C. Bsal-HFv2 was another enzyme used in the cloning process, with
both enzymes and buffers obtained from New England Biolabs. The standard protocol for
Golden Gate cloning is outlined in Tables 3.17 and 3.18, unless otherwise specified.

Table 3.17: Golden Gate assembly mix.

Component Stock Solution Concentration in Volume used
Mix

T4 ligase buffer 10X 1X 1L

Type 1IS endonuc. 10 000- 20 000 5-10 U 0.5 L

(Bsal/Esp3l) U/mL

T7 DNA ligase 3 000 000 U/ mL 1500U 0.5 uL

DNA (each piece) variable 50 ng

volume was added up to 5 pL with ddH.0O
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Table 3.18: Conditions of Golden Gate assembly.

Repeats Temperature Duration Function

1x 37 °C 10 min Initial digestion

25x/15x 37 °C 1.5 min Digestion

16 °C 3 min Annealing and

ligation

1x 37 °C 5 min Digestion

1x 50 °C 5 min Digestion and
ligase inactivation

1x 80 °C 10 min Inactivation

preheated lid of the thermocycler to 96 °C, stored at 10 °C

The assembly step was repeated 15 times for reactions up to 5 parts, while reactions of 6

and more parts were repeated 25 times.

In case the parts to be assembled contained internal recognition sites of Bsal or Esp3l,
the assembly was performed using the modified Golden Gate protocol. This protocol

reduces the digestion temperature to 34 °C, and the final digestion step is skipped.

3.8.3 Gibson isothermal assembly

Gibson assembly is an enzymatic method for assembling DNA molecules in vitro, as
described by Gibson et al. 2009. The method involves digestion of DNA with an
exonuclease, annealing of single-stranded DNA, closure of gaps between strands by DNA
polymerase, and ligation by DNA ligase. To assemble plasmids, a 50 ng backbone DNA
was mixed with up to five other DNA fragments at a molar ratio of up to 1:3. This DNA
mixture was added to a 2X Gibson isothermal assembly master mix (5 ul) and ddH-0O to
make a total volume of 10 ul. The reaction mix was incubated at 50 °C for 1 hr and
transformed with about 3 pl into the E. coli strain DH10B. After selection on appropriate

plates, the correct assembly was verified by restriction digest and sequencing.

Table 3.19: The solution of the Gibson mix recipe is mentioned below:

PEG-8000 25 %
Tris-HCI, pH 7.5 500 mM
MgClI2 50 mM
DTT 50 mM
dNTP 1mM
NAD 5mM

Stored at -20 °C
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Table 3.20: 2X Gibson isothermal assembly master mix.

Isothermal reaction buffer 1X

T5 exonuclease 10 U/ yL
Tag DNA ligase 40 U/ uL
Phusion DNA polymerase 2U/pL

store 5 yL aliquots at -20 °C

3.8.4 Yeast homologous recombination cloning

Using host Saccharomyces cerevisiae for plasmid cloning with E.coli- yeast shuttle vector
is a high-efficiency cloning method. This is a useful tool where synthetic enzymes are not
required, and yeast employs its own machinery for cloning the respective gene when
selection pressure is applied. For this, about 30-40 bp homologous overhangs were
transformed into yeast using transformation protocol (described in chapter 3.8.10).
Following the transformation, cells were plated in specified media and incubated for about
3-4 days at 30 °C. Once cells grew, colonies were scrapped from the plate, and DNA
isolation was done. 1 ul of yeast DNA was then transformed to electro competent E. coli
for segregation of plasmid. Thereafter, E. coli was grown in specified antibiotic-containing
media. The culture was then used for the preparation of individual plasmid, and

verifications of plasmids were done via restriction digestion and then sequencing.

3.8.5 Preparation and transformation of electro-competent Escherichia

coli cells

For the preparation of electrocompetent E. coli cells, 5 mL preculture of LB-medium was
inoculated with a single colony of E. coli DH10B from a plate. The preculture was incubated
at 37 °C and 180 rpm*. From the preculture, a 30 °C prewarmed 1 L baffled shake flask
containing 400 mL LB medium was inoculated and incubated at 30 °C until an ODgoonm Of
0.6-0.7 was reached. After this, the culture was transferred to precooled 50 mL tubes, and
the culture was cooled in ice for 30 min. The cells were centrifuged at 4000x g and 4 °C
for 15 min. To wash the cells, the cells were resuspended in 25 mL ice-cold ddH.O and
pooled into 50 mL suspensions, which were centrifuged at 4000x g and 4 °C for 15 min.
This washing step was repeated until the culture could be condensed in one 50 mL tube.
Washing of cell pellet was done in 4 mL 10 % (w/v) ice-cold sterile glycerol and centrifuged
at 4000x g and 4 °C for 15 min. The cells were resuspended in 4 mL 10 % (w/v) ice-cold

sterile glycerol aliquoted to 50 pL each and frozen at -80 °C directly.
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For the transformation of E. coli, 1 pl of DNA or 20 ng of DNA was put on the surface of
frozen electrocompetent cells, and the solution was let to unfreeze. Thereafter, the cell
DNA mixture was mixed and transferred to a sterile electroporation cuvette, and an electric
pulse of 2.5 kV was applied to the gene Pulser from BioRad (settings: electrical resistance
200 Q, capacity 25 uF). These electroporated cells were then incubated at 37 °C for 1 hr
to recover the electrical stress and to express the genetic marker. Thereafter culture was
centrifuged at max speed at room temperature for 30 sec. Culture supernatant was all
removed except 30 pl. This remaining culture was mixed and then spread plated in LB with
appropriate antibiotics.

3.8.6  Preparation of plasmid DNA from Escherichia coli cells

The GeneJET Plasmid Miniprep Kit from Thermo Scientific was used to isolate plasmid
DNA from E. coli cells. The procedure was performed according to the protocol supplied
with the Kit.

3.8.7 Preparation of genomic DNA from Saccharomyces cerevisiae cells

Genomic DNA isolation of yeast cells was done by harvesting the cell pellet from overnight
culture or scrapping colony directly from the plate. For harvesting the cells, a centrifugation
was done at 3000x g for 2 min. Cells were then washed with sterile water and then
resuspended with 400 ul buffer 1. It was mixed well by vortexing, and further lysis was
done by 400 ul Buffer 2. After mixing, about three full PCR tubes, glass beads (@ 0.25 -
0.5 mm), and 8 minutes of shaking on a VXR basic Vibrax (IKA) at max speed at room
temperature, the supernatant was obtained by centrifuging the mix at a max speed of 4
°C. Thus, obtained supernatant was carefully removed by pipette and transferred to a fresh
tube. In this, 325 ul of cold YP-buffer 3 was added, and the sample was vortexed and then
incubated on ice for 10 minutes to precipitate proteins and other contaminants. The sample
was centrifuged (10 - 15 min, 4 °C, 16000x g), 700 ul of the supernatant was transferred
to a fresh Eppendorf tube, and 700 pl isopropanol was added. After mixing vigorously, the
sample was incubated for 10 minutes at RT to allow precipitation of the DNA, which was
then pelleted by centrifugation (= 30 min, RT, 16000x g). The DNA pellet was washed
twice with 500 pl of cold (-20 °C) 70 % (v/v) ethanol, with centrifugation steps of 5 minutes
at RT and max speed, then dried at RT for 10 minutes and dissolved in 15 — 30 pl sterile
ddH-O depending on the size of the DNA pellet. Thus obtained DNA was stored at -20 °C

until further use.
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Table 3.21: Composition of buffer 1.

EDTA (Titriplex Il1) 10 mM
Tris-HCI, pH 8 25 mM
RNase A* 100 pg/ mL

autoclaved and stored at 4 °C
*added after autoclaving
Table 3.22: Composition of buffer 2.

NaOH 0.2 M
SDS | 1% (wiv)

stored at room temperature
Table 3.23: Composition of buffer 3.

Potassium acetate |3 M

pH adjusted to 5.5 and stored at 4 °C

3.8.8  Quick preparation of genomic DNA from S. cerevisiae cells for PCR-

based applications

Freshly grown yeast cells were taken from solid media with the help of a sterile wooden
tip and mixed well in 100 pL of the extraction solution consisting of 200 mM lithium acetate
and 1 % SDS (w/v). In the case of liquid culture, available 100 L yeast culture (ODesoonm =
0.4) was mixed with 100 yL of the extraction solution. It is strictly recommended not to
use high cell biomass. The extraction mix was thoroughly mixed and incubated for more
than 10 min at 70 °C. For precipitating the DNA, 300 pL 96 % (v/v) ethanol was added,
thoroughly mixed, and centrifuged at 15000x g for 3 min. The supernatant was removed,
and 500 pL 70% (v/v) ethanol was added. The mixture was centrifuged at 15000x g for 3
min, and the supernatant was discarded. The sediment was suspended in 100 pL ddH>O
and centrifuged at 15000x g for 1 min to transfer the DNA-containing supernatant into a
new reaction tube. After this, the tube was allowed to dry by heating it at 70 °C for 10 min
or until the ethanol evaporated completely. For general use, 1 yL was used for a 25 yL

PCR. This protocol was developed by Léoke et al. 2011.
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3.8.9 DNA sequencing

To obtain high-quality sequencing results, purified DNA was used for both plasmid DNA
and PCR products. DNA purification was conducted using the NucleoSpin Gel and PCR
clean-up kit from Macherey-Nagel. After DNA purification, DNA concentration was
measured, and samples were sent for sequencing. For PCR products, the amount of DNA
sent for sequencing was determined based on the size of the amplicon, with a
recommended amount of 18 ng/100 bp in a total volume of 15 pyL mixed with 2 uM primers.
For plasmid DNA, 500-800 ng of DNA was sent in a total volume of 15 pyL mixed with 2 uM
primers. Sequencing reactions were outsourced to Microsynth Seglab, which uses the

Sanger chain-termination method.

3.8.10 Yeast cell transformation

Yeast transformation was carried out with the heat shock method. A single colony was
inoculated in 50 ml YP medium in a 100 ml shaking flask. If the strain is slow growing, the
preculture duration is extended until they develop an ODeoonm Of 1-3. Once the appropriate
ODsoonm Was reached, the cells were sedimented at 3000x g for 2 min and washed in 25
ml of sterile water. The mix was then centrifuged at 3000x g for 2 min. The supernatant
was discarded, and the cell pellet was dissolved in 500 pl sterile water and transferred to
a 2 ml tube. The centrifugation was repeated at 3000x g for 2 min, and the supernatant
was discarded. The pellet was then mixed with water to make aliquots of 50 pl total volume
in fresh ep tube, making 5 ODsoonm €quivalents of cells in each. The aliquot was centrifuged
at 3000x g for 30 sec, and the supernatant was discarded. For the transformation, 240 pL
50 % (w/v) PEG 4000, 36 yL 1M lithium acetate, 10 uL ssDNA (salmon sperm), and 500-
1000 ng DNA in 54 yL ddH-O were added to the cells and mixed thoroughly with a pipette.
After this, a one-hour heat shock was performed at 42 °C. Transformation employing only
auxotrophic markers was directly spread on the plate. In the case of dominant markers,
recovery of 3 hrs was made in the YP media with the required carbon source. In the multi-
plasmid transformation involving auxotrophic and dominant markers, regeneration was
done in SC selective media omitting amino acids according to the requirements. Afterward,
cells were harvested by centrifugation at 3000x g for 30 sec, the supernatant was removed,
and mixed well with 30 ul water, and plated in desired media. The plate was incubated at
30 °C for 3-4 days.

3.8.11 Mitochondrial expression of genes
Mitochondrial expression of the genes in yeast was performed by tagging mitochondrial
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targeting sequence (MTS) into the N terminus of the protein sequence. The actual
localization of protein was confirmed through the GFP tag at the C terminus of protein and
verification of the fluorescence in mitochondria. For this, mitotracker (MitoTracker™ Red
CMXRos M7512) - a dye that stains mitochondria was used, and the alignment of GFP

fluorescence with the red fluorescence of mitotracker was operated.

3.8.11.1 Preparation of Mitotracker

The solution of the mitotracker was prepared using DMSO as a solvent. A stock solution
of 4X mitotracker was prepared by mixing 50 ug of mitotracker with 94.07 ul of DMSO to
give a final concentration of 1 mM. To stain the mitochondria, a working solution of
mitotracker was used 250 nM. A solution containing a mitotracker was always handled in
the dark as the substance was light-sensitive. 20 g/L of galactose (G) was used as a sugar

source for the growth of yeast cells.

3.8.11.2 Preparation of samples for confocal microscopy

Yeast cells were precultured in low fluorescence Yeast nitrogen base with ammonium
sulfate containing 20 g/L galactose. Cells were grown at 30 °C, 180 rpm overnight.
Precultures were then centrifuged 3000x g for 2 min followed by inoculation of cell pellet
to 5 ml of the same growth media used before. Cells were left to grow at 30 °C, 180 rpm
for 3 hrs. After this, the mitotracker was added to a final concentration of 250 nM and
incubated at 30 °C, 180 rpm for 20 min. This was followed by washing cells in sterile dd
H.O and resuspending in SCG (with 2 % galactose) after the second wash in water. If
necessary, sample dilution was done to make a better distance between the cells under
the microscopic observation. The 5 pl of samples were then transferred to the microscopic

slide and observed under confocal microscopy.

3.8.12 Enzyme activity assays

The activity of certain yeast enzymes was measured using a method based on the principle
of reagents absorbing specific wavelengths of light. This method relies on the fact that the
increase or decrease of light absorption occurs at a specific wavelength that reflects the
activity of a protein. Typically, microbial reactions involving cofactors NADH and NADPH
absorb light at a wavelength of 340 nm. For reactions involving visible chromogenic
differences in reactants or products, the wavelength was chosen to suit the absorbance of
the compound. The choice of synthetic substrate and cofactor was dependent on the in-

vivo metabolic route for the activity measurement.
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3.8.12.1 Preparation of cell extracts

Inoculated from a suitable preculture, a 50 mL yeast culture was grown in 300 ml flask to
an ODegoonm Of 1-2. Standard growth condition for yeast was employed i.e, 30 °C at 180
rpm. Equal ODegonm Units of cells (100-150) were harvested at 3000x g for 2 min at room
temperature for different samples in comparision. After that, cells were washed with 25 ml
of sterile water and sedimented. If needed, the cells were stored at -80 °C for up to one
week. In approximately the same volume of the sedimented cells, assay buffer and glass
beads were added. Disruption of the cells was performed in the Vibrax VXR basic for 10
min at 4 °C and maximum speed. The disrupted cells were centrifuged for 5 min at 4 °C
and 13000x g, and the supernatant was transferred to a fresh tube. This cell extract was
stored on ice continuously. Using BSA as a standard, the protein concentration was
estimated by BCA assay. Concentration of cell extract values obtained from BCA assay
were normalized to those obtained from UV spectrophotometer 2100 at a wavelength of
280 nm to get a more accurate value of protein concentration. Protocol for BCA assay kit
was referred to product manual (Thermo Scientific, Pierce™ Rapid Gold BCA Protein
Assay Kit). A cOmplete™ EDTA-free protease inhibitor Cocktail from Merck was always
added to the assay buffer to prevent proteolysis during the course of experiment. Specific

activity was calculated in unit of pmol/min mg.

3.8.12.2 Enzymatic activity test of the Glucose-6-P dehydrogenase

Zwf1 - dependent reaction utilizes NADP* as a cofactor to convert Glucose -6 P to 6PGL.
Thus, using substrate Glucose 6-P, and cofactor NADP*, cell extract can be examined for
the production of NADPH in vitro. The enzyme assay to measure Zwfl activity was
performed in imidazole buffer (Table 3.24) and measured at 340 nm. 0.25 mM glucose-6-
phosphate, 500 uM NADP*, and 10 ul protein extract were used in a total volume of 200

M.

Table 3.24: Imidazole buffer 1X:

Imidazole 50 mM
MgClI2 10 mM
KCI 100 mM
EDTA 0.1 mM

pH was adjusted to 7.
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3.9 High performance liquid chromatography

To monitor the metabolic products of the S. cerevisiae strains cultured, samples were
taken and analyzed via HPLC. The samples were prepared by centrifugation of 1 ml culture
in 1.5 ml Ep tube, at max speed for 15 minutes, from which 450 pl supernatant was taken
and mixed with 50 % sulfosalicylic acid in an HPLC vial. A volume of 10 pl was required
for HPLC injection. NucleoGel Sugar 810 FA from Concise Separations was a column
equipped for the HPLC analysis. Xylonate was measured in BioLC on a UV at wavelength
of 210 nm. For measurement of xylose in a mixture of xylose and xylonate, net amount of
xylose was obtained by subtracting the UV210nm measured xylonate from RI peak of xylose.
This step is essential for the correct estimation of xylose because the RI peak of xylose
and xylonate overlapped completely. Beside this, all other sugar and metabolites were
measured in Ultimate HPLC. A standard curve was obtained using concentrations of 50
g/L,204g/L,1049/L, 1 g/L, 0.1 g/L, 0.01 g/L, and 0.001 g/L. Separation of constituents were
executed with a column temperature of 30 °C and a flow rate of 0.4 mL/min of 0.5 mM
H>S0O4. The Chromeleon software from Thermo Scientific was used to operate the HPLC
system and perform the analysis.

3.10 Evolutionary engineering of strains

Evolutionary Engineering of strains was done in a 300 ml flask with a 50 ml volume. The
media used were SC selective media maintained at pH 5.5 with potassium phosphate
buffer. For AKG based evolution experiment, the media used were SC with 1 % maltose
at a pH of 6.3. Xylose /galactose, and glutamate/maltose were added, as mentioned in the
result section. Batch cultures were from time to time transferred to fresh media by washing
two times with 25 ml sterile water. Initial ODeoonm Was generally maintained at 0.2 - 0.4.
Glycerol stock was stored from culture to culture by centrifuging the cells and taking a
dense amount of cells to maintain viability at -80 °C. The cells were mixed with 500 pl of
50 % glycerol and mixed well, thereafter stored at -80 °C. Possible contaminations were
checked with microscopic analysis or genomic verification of some strain specific yeast

genes.

3.10.1 Isolation of pure clones from evolutionary engineering samples

Pure clones from evolutionary samples were obtained by isolating a single colony using
solid culture media. For this, evolutionary samples were streaked out in YPD agar

containing plates. From this, three different colonies were taken, and each was restreaked
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out two subsequent times in same agar media to ensure the clones to be genetically pure
ones. The one which grows the best on xylose was chosen as a starting clone to examine
reverse engineering of the evolved strain. This specific clone was also cryopreserved at -

80 °C with preparation of glycerol stock.

3.11 Xylitol export test

For the preculture, yeast transformants were allowed to grow in SC media without uracil,
leucine, histidine, tryptophan, and methionine for about 20 hours until they reached the
exponential phase (ODegoonm 0Of 0.7-1.5). Methionine was omitted from the media to rule out
any repression effect on pMET25 regulated expression of GH43-2. 10 g/L of maltose was
employed as a carbon source. A 100 ml flask was employed with 25 ml media inside for
the preculture. Cells were harvested by centrifugation at 3000x g for 2 min, washed once
with sterile water, and centrifuged again. The obtained pellet was then dissolved in about
5ml of the same media used for pre-culture. From this, inoculation was done to 1 ml total
volume of SC-ura-leu-his-trp-met supplemented with 10 g/L maltose, and 10 g/L xylobiose.
Xylobiose was purchased from TCI chemicals (CAS RN: 6860-47-5, X0067). All
fermentation was carried out in a 2 ml tube with 1 ml of total volume in triplicates. The
culture was then shaken in a rotating wheel (Stuart SB1 Tube Rotator, Woodely equipment
Company), rotating at 35 rpm, to maintain the equal distribution of cells in the media. The
culture was measured with ODgoonm and HPLC samples were taken from time to time. Due
to the small volume of culture experiment, HPLC samples were prepared by taking 100 pl
from the culture, centrifuged at maximal speed for 15 minutes, and 45 pl supernatant was
mixed with 5 pl sulfosalicylic acid (50 % w/v). Samples are then processed for the HPLC

quantification of xylose, xylitol, and xylobiose.
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4 Results

The primary goal of this thesis is to investigate the metabolic and biochemical pathways
in Saccharomyces cerevisiae with the aim of enabling the yeast to utilize xylose, a pentose

sugar, for either growth or the production of xylitol, a commercially valuable compound.

The initial aim of the thesis was to modify S. cerevisiae's metabolism to enable it to
metabolize xylose through the Weimberg pathway, leading to a-ketoglutarate (AKG)
production. However, since the engineered strains were incapable of using xylose as a
carbon source, evolutionary engineering was employed, which involved limiting sugar or
amino acid environments. Multiple rounds of evolution led to the development of clones
that could grow solely on xylose. But, finally, the functional expression of Weimberg
pathway could not be verified, and it remained unclear if the growth of the evolved clones
were solely due to the activity of Weimberg pathway.

The second part of the PhD thesis aims to optimize the conversion of D-xylose sugar to
the commercially valuable compound xylitol. Here, the effectiveness of various
glucose/xylose transporters was tested for xylitol transport, assessing both influx and efflux
aspects of the transporters, as well as their inhibition effect by other common sugars.
Additionally, several heterologous reductases were tested for their catalytic activity in S.
cerevisiae, examining the influence of cofactor availability on the reaction and exploring

ways to maximize intracellular NADPH through modification of gene expression.

4.1 Expression of Weimberg pathway genes in Saccharomyces

cerevisiae

To create the working strain for the oxidative Weimberg pathway, three different
heterologous genes -xyIB, xylD, and xyIX- were taken from the freshwater bacterium
Caulobacter crescentus. Gene ksaD was employed from Corynebacterium glutamicum,
and orf41 was obtained from Arthrobacter nicotinovorans. All the genes were obtained as
a synthetic codon-optimized DNA to ensure its high expression in S. cerevisiae. The first
gene, xylB was expressed via a 2u plasmid or genomically integrated into the GRE3 locus.
Activity of the codon optimized xyIB in S. cerevisiae in all engineered strains expressing
xylB was confirmed by the production of xylonate, when measured with HPLC (result not
shown). A 2u plasmid based expression would make a high rate of conversion of xylose
to xylonate, which is a first intermediate of Weimberg pathway. Similarly, genomic
integration of xylB contributes to a stable expression of the gene. Due to xylonate being a

toxic molecule for yeast, to maintain optimal level of xylonate production these two different
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modes of expression were tested. All other genes of the pathway were expressed via a

high copy number plasmid. Thus, transformed strains, as shown in Figure 4.1, were

examined for their ability to grow in xylose as a carbon source. As seen in Figure 4.1,

expression of the heterologous genes does not lead to the growth of strains in xylose as a

sole carbon source. Cell viability was verified by adding glucose to the non-growing cells

at 200 hours.
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Figure 4.1: Transgenic strains expressing Weimberg pathway genes grown in SC selective media
with 2 % xylose as a sugar source until 200 hours. Culture was spiked with 2 % glucose at 200
hours. Transformants S1, S2, and S3 are on strain background PRY1 (CEN.PK2-1C, Agre3)
whereas, S4, S5, S6 are strain background CEN.PK2-1c wild type. All plasmids used are 21 based.

Some possible limitations of Weimberg pathway reported are:
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1. Toxic effect of first intermediate product xylonate.

Limited activity of XylD due to inadequate supply of [4Fe-4S] cluster in the cytosol.
Lack of detailed knowledge of the expression of the other genes of the pathway.

The compartmentation of xylose generated AKG and its transport across the

mitochondrial membrane to reach the TCA cycle.

Other unknown phenomena at the transcriptional or translational level.
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To overcome the aforementioned challenges and address the cellular limitations to
achieve optimal pathway functionality, an approach of evolutionary engineering was
employed, as a collective and non-specific approach. The method involved applying
selection pressure in xylose to direct the cell population towards evolution. In order to
facilitate the evolution towards AKG production from xylose, three modifications were
made to the strains before applying evolutionary pressure. Firstly, to increase the
possibility of introducing mutations in the genome, mutator strains were created by deleting
some crucial genes for DNA replication (RAD27) or mismatch repair system (MSH2)
(Loeillet et al. 2020). As a second approach, a strain was created with concomitant
expression of pathway genes in cytoplasm and mitochondria. As a final strategy for
detecting the AKG molecule produced, a glutamate auxotrophic strain was made by
deleting genes responsible for converting isocitrate to AKG in different localizations of the
cell. Thus generated AKG detection strains were applied for the selection pressure to grow
in xylose as an AKG source.

4.1.1 Yeast mutator strains — Evolutionary engineering

Deletion of RAD27 and MSH2 is reported to make yeast vulnerable to mutation due to the
defect in replication and DNA repair machinery (Loeillet et al. 2020). Mutator strains
PRY24, PRY25, PRY27, and PRY28 were constructed on the strain backgrounds PRY19
and PRY20 via deletion of RAD27 or MSH2, as listed in table 3.3. Testing of the Msh2
mutagenic effect was done in the strain PRY25 and PRY28 by observing the frequency of
the reversion of a premature stop codon in the trp 1-289 allele, which results in a truncated
non-functional protein. When the strains were plated on media lacking tryptophan, the
Amsh2 strains reverted about seven times more frequently compared to the parental strain
(Figure 4.2). Higher number of colonies is observed for Amsh2 strain (Figure 4.2 D)
compared to the wild type MSH2 (Figure 4.2 C) when allowed to grow in SC media lacking
tryptophan. Similarly, when two different CEN.PK2-1C background strains with MSH2
deletion named - PRY25 and PRY28 were allowed to grow in the SC media without
tryptophan, thereafter the colonies investigated via Sangers sequencing method revealed
a different nucleotide incorporated to switch the premature stop codon to a functional
codon for strain PRY25 and PRY28. As seen in Figure 4.3 A, B a reversion from stop
codon TAG to TGG in PRY25 and TAG to TAT in PRY28 is observed. This finding strongly
suggests a high occurrence of mutation in the genome due to deletion of MSH2 in the
strain tested. In contrast to MSH2, the mutagenic effect of another mutator gene employed
in present study - RAD27 was not examined in detail, and the deletion of RAD27 for

evolution of strains was solely based on literature evidence where authors found a high
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number of mutant occurrence with the deletion of this gene (Loeillet et al. 2020).

The constructed RAD27 or MSH2 mutator strains PRY24, PRY25, PRY27, and PRY28

were subjected to evolutionary engineering in a 300 ml aerobic shake flask with SC media

pH 5.5, supplementing xylose and galactose at different concentrations as shown in Figure
4.4,

Figure 4.2: Role of MSH2 in reverting TRP1 stop codon. Number of the colonies growing able to
grow in media without tryptophan supplementation. A (CEN.PK2-1C) and B (PRY28) in SCD media.
C (CEN.PK2-1C) and D (PRY28) in SCD media without Tryptophan.
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Figure 4.3: Stop codon TAG reverted on strains PRY25 and PRY28 able to grow in SCD without
tryptophan media verified by sequencing. A single nucleotide change resulting conversion of stop
codon TAG to TGG in PRY25 (A) and TAT in PRY28 (B).

The cultures to varying intervals of time were transferred to fresh media followed by
washing with sterile water. Figure 4.4 shows the result from evolutionary engineering
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where clones can grow in xylose as a sole carbon source only after 203 days of evolution.
Evolution was done in two different batches, E1 and E2. In E1, the evolution experiment
was initiated with 0.05 % galactose-containing media, whereas E2 is a duplicate test
executed on the same strains but without any galactose in the media, thus xylose
employed as a sole carbon source from the beginning time point (day 0). Galactose was
used as a supporting carbon source due to its ability to activate mitochondrial reactions,
as the organelle activity is essential for the functionality of the pathway. Due to all the
strains expressing XylB via multicopy expression plasmid with URA3 as an auxotrophic
marker, evolution experiment was initiated in SC- ura as a primary media background.
Throughout the evolution, cell pellet washing and transfer to fresh media were done at
days 77, 130, 203, 227, 248, 250, 252, 255, 271, 277, 282, 288, and 308. Media were
tested with different sugar amounts thereby. Until day 77, growth didn’t significantly differ
among the strains tested. On day 77, cell pellets were washed, and E1 was transferred to
xylose only, where again, cells did not grow unless galactose was added at day 121.
Similarly, for E2 on this day, cultures were spiked with 0.04 % galactose, which led to a
sharp rise in ODsoonm. This confirms the viability of cells from E2 and explains the stressed
state of cells that remained viable until 77 days of sugar deprivation. When the second
washing was done at day 130, media transferred to galactose and xylose, and cells grew
maximally to an ODeoonm Of 1. The third washing step was carried out at day 203, after
which cell pellets were transferred to 2 % xylose-containing media. Clones PRY24,
PRY27, and PRY28 showed a strikingly high growth at this time point for the E1 batch of
evolution. For the E2 batch of evolution, PRY28 showed a growth increase in xylose sugar.
At this stage, both sets of evolution E1 and E2 generated strains capable of growth in
xylose to an ODsoonm Of ~3. A confirmation of pentose sugar-attributed growth of evolved
strain was done at day 255, where the growth test examined in media without xylose did
not lead to growth, as seen in Figure 4.4 A and 4.4 B. Devoid of xylose for three days did
not lead to an increase in ODsoonm, and strains were back to a growth state only after adding
xylose at day 258. It has to be noted that from day 255 onwards, media used for growth
was SC complete media to get rid of plasmid burden from media selection pressure. This
would also ensure the selection of evolved lines in xylose medium to generate further pure
population of cells and to rule out any possible accessory effect from URA3 containing

plasmid. Xylose concentration were differently used throughout the evolution experiment.

In contrast, non-mutator strain PRY19 in both E1 and E2 could not grow in xylose sugar
until day 318. This result suggests a possible mutagenic event could have similarly
occurred in mutator strains for both Arad27 and Amsh2 based strains as evolution occurs
at day 203 for all the evolved lines in two different sets of evolution experiments E1 and
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Figure 4.4: Evolutionary Engineering of mutator PRY24, PRY25, PRY27, PRY28 and non-mutator
PRY19 strains in two different evolutionary batches E1 (A) and E2 (B). Media used for evolution is
SC media without uracil until day 255. From day 255, after washing transferred to synthetic
complete media. Different sugar amounts used as mentioned in graph. Blank space in between
columns represents washing step before reinoculation to fresh media. ‘X’ means xylose and ‘G’
means galactose.

After observing xylose growing evolution lines, single pure colonies were isolated from
those cultures by streaking them out on YPD Agar. These clones were re-analyzed for the
ability to grow in xylose, from which the best-growing colony was furthermore processed
(result not shown). To test if the growth can be attributed to the Weimberg pathway or the
endogeneous oxidoreductive pathway, the native oxidoreductive pathway was disrupted
via deletion of XKS1 gene that encodes for xylulokinase responsible for converting
xylulose to xylulose-5-P. CRISPR/Cas9 mediated deletion of gene XKS1 was performed
in all evolved strains of PRY24, PRY25, PRY27, and PRY28. Among all, XKS1 was
successfully deleted for only evolved strain PRY25. For evolved strains PRY24, PRY27,

and PRY28, no colony could be recovered from the plate after the transformation. For

76



Results

evolved PRY25, the comparative test of different colonies (deleted and undeleted XKS1)
from the transformation plate in xylose as a sole sugar is shown in Figure 4.5. Despite the
positive PCR confirmation of XKS1 deleted and undeleted colonies, all of them were not
able to grow in xylose as a carbon source which could be presumably due to the
CRISPR/Cas9 detrimental effect on the evolved phenotype. As seen in Figure 4.5, the
XKS1 non- deleted clones (green) from the plate are also unable to grow in xylose with no
difference from CEN.PK2-1C used as a control strain for XKS1 deletion. The loss of
evolved phenotype with CRISPR/Cas9 based transformation could be due to the loss of
some temporary adaptive changes in the strains which might have been responsible for
xylose based growth. Besides disruption of the native pathway, when the evolved strains
were applied for deletion of Weimberg pathway genes, no colony could be revived after
the transformation for all the evolved strains PRY24, PRY25, PRY27, and PRY28.
Disruption of the Weimberg pathway was attempted with guide RNAs targeting xyIX, ksaD,
or xylD separately, and all of them went unsuccessful, and no colony could be retrieved

from the plate after the CRISPR-mediated transformation.

A B
44 4
- Axksl - Axksl
31 -4 wild type XKS1 37 - wild type XKS1
€ £
c c
o o
8 21 s 21
a [
o o
14 1
o —t-a——_—p—p——g . R — - — _ o o .
0 10 20 30 40 0 10 20 30 40
Time(Days) Time(Days)

Figure 4.5: Deletion effect of XKS1 in (A) CEN.PK2-1C wild type, and (B) evolved PRY28 strain
for growth in SC media with 2 % xylose. Green colour refers to XKS1 containing and red colour
refers to XKS1 deleted strain.

4.1.2 Cytosolic- Mitochondrial expression of Weimberg pathway

Mitochondria are a central organelle for functionality of Weimberg pathway in yeast.
Cytoplasmic expression of this pathway relies on cofactor [4Fe-4S] cluster whose
biogenesis occurs in mitochondria. Beside this, cytosolic- mitochondrial circulation of AKG
is essential for xylose-based growth. Due to lack of understanding of all the intermediate
substrate transport mechanisms and their possibly influencing interaction across
mitochondrial membrane, present study put forward strain design through assembling the
whole pathway in cytoplasm and mitochondria simultaneously. For this, cytosolically

expressing strain PRY14 was further modified by integrating all Weimberg pathway genes
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encoding N- terminal mitochondrial targeting signals and C- terminal GFP resulting in
strain AHYO02. To do so, all the individual genes were tagged with different MTS sequences
at their N terminal end: xyIB with Acpl, xylD with Acol, ksaD with Cox4, xylX with Lpd1.
Similarly, GFP envy was tagged at the C -terminal end of each gene. For the expression
test, plasmid FGD97 was taken. Following assembly of plasmid, they were verified for
localization of protein in mitochondria through confocal microscopy. They were
investigated with alignment of the fluorescence mapping of the GFP and mitotracker (a
dye that fluoresces mitochondria). The cells were then examined via confocal microscopy.
As shown in Figure 4.6 an overlay of green and red fluorescence signals confirms the

localization of these proteins in mitochondria.

A. B.

- GFP

C. D.

Figure 4.6: Mitochondrial localization of individual genes of the pathway visualized with confocal
microscopy. Red fluorescence represents mitotracker, green fluorescence is GFP signal from
yeast. Overlap of red mitotracker and green GFP signal confirms the localization of genes to
mitochondria. Acpl-xyIB (A), Acol-xyID (B), Cox4-ksaD (C), Lpd1l-xylX (D)

After the confirmation of localization, sets of genes were expressed in the two different
compartments mitochondria and cytoplasm. This was done via integration of cytosolically
expressing genes into the LEUZ2 locus, while mitochondrial expression was carried out by
N- terminal tagging of each protein with respective MTS. A multicassette integration vector
AHB15 was created having mitochondrial targeting signal for all Weimberg pathway
proteins XylB, XyID, KsaD, XyIX. They were then integrated into URA3 locus of strain
PRY14 which already contained the respective cytosolical Weimberg pathway proteins,
resulting in strain AHY02. (Adriana Happel, Bachelor thesis 2021).
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4.1.2.1 Evolutionary engineering of strain AHY02

Engineered strain AHY02 was not able to grow in xylose as a sole carbon source (Adriana
Happel, Bachelor thesis, 2021). Therefore, the pressure was applied to strains by growing
them in sugar (galactose) limiting condition, while xylose was supplied abundantly
throughout the evolutionary process. The experiment was conducted for 295 days (Figure
4.7). Together with, as a control, the CEN.PK2-1C wild-type strain was introduced after six
weeks of the start of the experiment. Evolution experiments were conducted in synthetic
complete media at pH 5.5, with 0.1 % galactose and 1 % xylose. Washing and
reinoculation were done on days 40, 44, 102, 178, 223, 225, 227, 230, 248, 254, 259, 265,
and 285. Different amounts of sugar were applied in certain time intervals depending on
growth and viability. For strain AHY02, there was a sharp rise in growth observed at day
184, when the cell pellet from day 178 was washed and inoculated to new xylose-
containing media, albeit ODsoonm Was below 1. Following this observation, cells were
transferred furthermore to xylose-containing media to further proliferate the evolved cells
and let them dominate the whole population. The same procedure was again followed on
day 202, the washing step. At day 211, there is a spike in ODgoonm almost to 3 for strain
AHYO02. Presumably, the time given turned out the evolved cells to overgrow the whole
flask. Later, a test was done when cells were grown in media without xylose; at day 230,
cells only grew if xylose was supplied at day 236. A maximum ODeoonm Of about 3 was
observed for both AHY02 and CEN.PK2-1C wild-type strains at day 285. After day 295,
the experiment was discontinued, and the examination of evolved phenotypes was more
focused on. Apparently, the evolutionary experiment turned a xylose non-consumer strain
into a xylose metabolizing strain for both yeast strain backgrounds (AHY02 and CEN.PK2-
1C).
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Figure 4.7: Evolutionary engineering experiment of AHY02 and CEN.PK2-1C with synthetic
complete media containing different amounts of sugar as indicated in graph. Blank space in
between columns represents washing step before reinoculation to fresh media. ‘X’ symbolizes
xylose and ‘G’ symbolizes galactose.

4.1.2.2 Further characterization of xylose evolved strains AHY02 and CEN.PK2-1C

After the successful xylose growth of evolved candidates, as seen in Figure. 4.7, two
different possibilities were assumed as described in chapter 4.1.1. Firstly, Weimberg
pathway might have been activated during the evolution process. Secondly, special
genetic events might have emerged that triggered the oxidoreductive branch and thus
made xylose ultimately enter glycolysis. To know the exact pathway responsible for the
growth, they were subjected to disruption of the oxidoreductive pathway or Weimberg
pathway separately. To discontinue the oxidoreductive branch of evolved strains, XKS1
(xylulokinase gene), the only gene responsible for converting xylulose to xylulose-5-P in
S. cerevisiae was targeted. The CRISPR/Cas9-based deletion was successful for both
AHY02, and CEN.PK2-1C evolved strain. On the other hand, to examine the possible role
of the Weimberg pathway in AHY02 evolved clones, deletion of xylX or ksaD via
CRISPR/Cas9 strategy and replacement of the Weimberg pathway cassette by KanMX
resistant marker separately. For the disruption of gene, colonies were selected in media
containing glucose as a carbon source. Unfortunately, no colony could be observed in all
of the deletion strategies employed for the disruption of Weimberg pathway in evolved

AHYO02 due to unknown reasons.

For evolved variants, it is seen that (Figure, 4.8) all the XKS1 deleted clones (red ones)
could not grow in xylose; however, the ones that escaped CRISPR and retained XKS1
(green ones) grow well. It can be assumed that the xylose-based growth in evolved strain
is due to the activity of the oxidoreductive branch. The same colonies were re-checked for
their consistency of xylose growth behavior after several weeks of storage and revival in
YPD-containing media, test results show both the evolved strains AHY02 and CEN.PK2-
1C are stable with the xylose growing phenotype, and the difference of XKS1 deletion is
still found to be reproducible (results not shown here). This suggests that evolutionary
engineering could have generated stable genetic changes via some genome engineering

that occurred during evolutionary engineering.

A difference in the growth patterns of evolved strains AHY02 and CEN.PK2-1C was seen
when grown on xylitol compared to xylose. The aim of using xylitol as a carbon source is
to gain more insight on the role of XKS1 on xylitol consumption in evolved strains capable
to utilize xylose as a carbon source. In this way, the role of oxidoreductive route in the

evolved strain is furthermore clarified as this route of xylose consumption involves xylitol
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as a first intermediate. Evolved strain CEN.PK2-1C showed higher growth with xylitol
compared to evolved AHYO02 (Figure 4.8 B and D), suggesting that later strain may not
prefer xylitol as a carbon source. Further investigation on the role of XKS1 in xylitol and
xylose growth clearly shows in Figure 4.8 that a deletion of XKS1 completely abolishes
growth on xylose (Figure 4.8 A and C). For xylitol as a carbon source, the deletion of XKS1
is observed lethal for the evolved strain CEN.PK2-1C (Figure 4.8 D), whereas the evolved
AHYO02 strain grows very poorly in xylitol as a carbon source even when XKS1 is present
(Figure 4.8 B). Taken together, these findings provides important insights into possible role
of oxidoreductive route on xylose utilization for the evolved strains. Growth result on xylose
and xylitol separately reflects the genetic and metabolic differences between evolved
strains CEN.PK2-1C and AHYO02 and their preferences for different carbon sources which
furthermore suggests that different evolutionary pathways may lead to distinct patterns of
carbon utilization.
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Figure 4.8: Effect of XKS1 deletion on growth of evolved strains CEN.PK2-1C and AHY02. Media
used is synthetic complete media. (A) and (B) represent evolved strain AHY02 in 2 % xylose or 2
% xylitol resp. (C) and (D) represents evolved strain CEN.PK2-1C in 2 % xylose or 2 % xylitol
respectively, green lines are undeleted XKS1 and red are XKS1 deleted strains. Done in triplicates.
Mean values and standard deviation of triplicate measurements are shown. The error bars may be
smaller than the symbols.
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4.1.3 Establishing a screening platform for evaluating the efficiency of the

Weimberg pathway

To establish a screening platform for identifying the optimal xylose flux towards AKG, strain
was modified in a way that it could not grow without external supplementation of glutamate.
Glutamate can be enzymatically interconverted with AKG by glutamate dehydrogenases.
Strains PRY19 and PRY20, which contain a complete set of the Weimberg pathway genes
integrated into the genome at distinct loci and capable of producing AKG from isocitrate,
were subjected to CRISPR/Cas9-mediated gene disruption, yielding the strains PRY59
and PRY®60 (strategy detailed shown in Figure 4.9). To create auxotrophic strain PRY59
and PRY60, genes IDH2, IDP1, IDP2, and IDP3, which encode proteins involved in the
conversion of isocitrate to AKG, were deleted. The deletion of the genes resulted in the
inability of the strain to grow without supplementary glutamate, as evidenced by the
essential role of glutamate addition in growth, as depicted in Figure 4.10 (A, B), where
basal media employed was SC media with 2 % glucose as a carbon source. Despite being
auxotrophic for AKG, the strains were still unable to grow upon the addition of xylose when
concentration were varied to either 1 % or 4 % (Figure 4.10 A, B). This suggests a lack of
conversion of xylose to AKG even with the expression of the Weimberg pathway. A longer
time given for the optimal expression of the pathway until 28 days did not lead to growth
of the strains PRY59 and PRY®60 in xylose and maltose mixtures (Figure 4.12). Maltose
was chosen instead of glucose as a carbon source to overcome the inhibition effect on
xylose uptake. Presence of glucose, especially at a higher concentration, decreases the

affinity of the native hexose transporters for xylose.

The results of this experiment indicates that the supplementation of glutamate was
successful in rescuing the growth of the AKG-deficient strain, whereas the addition of up
to 20 g/L AKG did not support growth as seen in Figure 4.10 (C, D). A slight improvement
in growth was observed when the pH of the media was lowered to 5, however, this
difference was not statistically significant (Figure 4.11). Despite supplementation with high
concentrations of AKG, the strain was unable to grow, which implies that the uptake of
AKG is not sufficiently enough. The slight increase in growth observed at a lower pH of 5
may indicate that the strain is sensitive to changes in the media environment and suggests
that possibly a lower pH could be favorable condition for the passive uptake of protonated
form of AKG.
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Figure 4.9: Schematic representation of the screening system to detect activity of Weimberg
pathway. Deletion of genes - IDH2, IDP1, IDP2, IDP3, done to make strain auxotrophic for
glutamate (PRY59 and PRY®60). In this strategy, all the Weimberg pathway genes were integrated
into the genome. The pathway is expected to convert xylose to AKG and hence to complement the
glutamate auxotrophy of the strain.
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Figure 4.10: (A and B) -Dependency of strains PRY59 (A) and PRY60 (B) on glutamate, xylose or
AKG for growth in SCD. (C and D)- Evaluation of PRY59 and PRY60 strains PRY59 (C) and PRY60
(D) with varying amounts of a-ketoglutarate (AKG) up to 20 g/L for growth. Media used for growth
is Synthetic complete media at pH 6.3 with various sugar and additives as mentioned.
Concentration of glutamate used was 20 mg/L.
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Figure 4.11: The growth of strains (A) PRY59 and (B) PRY60 on a-ketoglutarate (AKG) tested in
SC medium at pH 5 containing 2 % glucose with addition of glutamate or AKG. Concentration of
glutamate used was 20 mg/L and AKG was 2.5 g/L.
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Figure 4.12: Prolonged growth of strains PRY59 (red) and PRY60 (blue) in SC media with pH 6.3
containing 10 g/L Maltose and 40 g/L xylose for a time duration of 28 days.

Based on the results presented in Chapter 4.1 of this thesis, it appears that implementing
the Weimberg pathway in S. cerevisiae poses a significant challenge. Despite the
implementation of various strain modification techniques and evolutionary engineering,
this study did not observe the desired conversion process of xylose to AKG via the

Weimberg pathway in S. cerevisiae highlighting the need for further research.
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4.2  Xylitol Production

As a second strategy to utilize pentose sugar xylose, this work aims at its conversion to a
commercially valuable compound xylitol. For this, a number of hexose transporters were
tested for their ability to transport xylitol with an in-depth examination on xylitol import and
export across the plasma membrane. Together with, several heterologous xylose
reductases were tested in S. cerevisiae for the xylitol production. Due to the dependency
of the reaction on NADPH, a coenzyme that provides reducing power, various ways to

maximize yield of xylitol through different NADPH related genetic targets were examined.

4.2.1 Screening of putative transporters for the transport of Xylitol

In the bioconversion process, the transport of substrates across the membrane is crucial.
This study focuses on examining the production of xylitol and any potential limitations in
its transport. For this, strain AFY10 was tested with various native and engineered
glucose/xylose transporters, as well as xylitol dehydrogenase, to assess its ability to use
xylitol as a carbon source. Strain AFY10 is hxt® strain with several modification in the
genome that allows for xylose metabolism (Farwick et al. 2014). This strain when
additionally expressed with xylitol dehydrogenase (XYL2) is able to grow in xylitol as a sole
carbon source (Jordan et al. 2016). In this study, the uptake efficiency of xylitol was
evaluated using hexose transporters Hxtl, Hxt2, Hxt3, Hxt4, Hxt5, Hxt7, Hxt1l, Hxt14,
Hxtl5 and Gal2. Additionally, mutant variants of Gal2 - Gal2ssa, Gal2ns7evimassi,
Gal2ssanarevimasst were tested for the uptake efficiency of xylitol. Among all, Hxt11 and
Hxt15 are already known to be able to transport xylitol, whereas Hxt7 was shown unable
to transport xylitol (Jordan et al. 2016). Similarly Gal2 and the mutant variants are reported
to act as xylose transporting hexose transporter. Specifically, variant Gal2esa is a
membrane stabilized Gal2 due to the removal of ubiquitination signal (Tamayo Rojas et al.
2021), Gal2ns7evivazsi is described as a glucose insensitive xylose transporter (Rojas et al.
2021). Similarly, Gal2esamns7evimazsi comprises combined mutation of Gal2gsa and
Gal2ns76vimassi, and is shown to confer a higher xylose transport efficiency (Farwick et al.
2014; Rojas et al. 2021). Except Hxt7, Hxtl1l and Hxt15, this work, for the first time,
investigates the capacity of the above mentioned hexose transporter and their variants for
their xylitol transport capacity. The ability of the AFY10 strain to grow in SC media with
xylitol as a carbon source was determined through a drop test (Figure 4.13), that serves

as a measure of the transporter's efficiency.

As depicted in Figure 4.13, among Hxt1, Hxt2, Hxt3, Hxt4, Hxt5, Hxt7, Hxt11, Hxt14, and
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Hxt15 tested, Hxt15 was found to be the best importer of xylitol, followed by Hxt11. When
Hxt15 is compared with Gal2 and its variants, it is observed that Hxt15 was comparable to
the wild-type Gal2 and its mutated variant Gal2ssa. However, the introduction of N376Y/
M435] amino acid modifications in the GAL2 wild-type sequence had a stronger positive
effect, leading to higher growth than any other hexose transporter or Gal2 variants tested.
Additionally, the combination of the 6SA and N376Y/ M435I effects via plasmid expression
resulted in growth similar to that of Gal2ns7ev/ m4a3si @alone. These results indicate that
Gal2nz7svivazst and Gal2ssas na7evivazsi iS the best importer of xylitol. This also confirms that
the different amino acid sequence mutations in Gal2, which have already been proven to
improve xylose transport, also lead to better xylitol import.

HXT14 Gal2 N/M

Gal2 Gal2
WT 6SA/N/M

Gal2 sA

HXT7

Figure 4.13: Strain AFY 10 transformed with 2 plasmids expressing indicated hexose transporters
(p426 background) in combination with 21 plasmids expressing XYL2 (p425 background) from S.
cerevisiae. The transformants were pre-grown in liquid selective SC medium with ethanol as a
permissive carbon source and drop test performed in media SC-U-L with 2 % xylitol as a carbon
source. Cells were grown at 30 °C for 6 days. Gal2 N/M refers to mutant Gal2ns7evmmassi and Gal2
B6SA/N/M refers to Gal2ssamnsrevmmassi. (Hxt7, Hxt11, Hxt15, and ev are used as different controls and
are repeatedly dropped on each side of the plate to allow a better visual comparision with other
samples dropped in the same column).

To further analyze the transport efficiency of GAL2 and its variants, a drop test of strain
AFY10 transformed with different transporters and xylitol dehydrogenase (ScXYL2) was
performed at different xylitol concentrations. The best transporters, Hxt11, Hxt15, wild-type
Gal2, Gal2ssa, Gal2ns7evivassi, and Gal2ssanazeymvazsi (from Figure 4.13), were tested with
xylitol concentrations of 2 %, 1 %, and 0.5 %. The results of the drop test in Figure 4.14
reveals a more apparent difference between the wild-type Gal2 and Gal2ssa when the
xylitol concentration is kept at 1 %. These results indicate that the wild-type Gal2 shows
no growth at 1 % xylitol, in contrast to Gal2ssa, Which still shows some growth, suggesting
that Gal2esa is a better importer when compared to the wild-type Gal2. Similarly, a
significant difference was observed in the xylitol transport efficiency between the two best

variants, Gal2ns7evimazsi and Gal2ssamszevmvazsi, when cells were grown in a minimal amount

86



Results

of xylitol (0.5 %). As shown in Figure 4.14, when the xylitol concentration was reduced
from 1 % to 0.5 %, some growth was observed for Gal2ssamns7eymvazsi, While Gal2ns7eymazs
did not support growth at all. This further classifies Gal2ssanz7svmmaszsi as the best importer

of xylitol among all the transporters employed in this study.

2% Xylitol 1% Xylitol 0.5% Xylitol

Gal2 WT
Gal2 65A
Gal2 N/M
Gal2
6SA/N/M
HXt11
HXt15

ev.ev

Figure 4.14: Strain AFY10 transformed with 21 plasmids expressing indicated hexose transporters
(p426 background) in combination with 2p plasmids expressing XYL2 (p425 background) from S.
cerevisiae. The transformants were pre-grown in liquid selective SC medium with ethanol as a
permissive carbon source and drop test performed in media SC-U-L with 2 %, 1 % and 0.5 % xylitol
as a carbon source. Cells were grown at 30 °C for 11 days. Gal2 N/M refers to mutant Gal2ns7eyimazsi
and Gal2 6SA/N/M refers to Gal2esanz76y/Mmassi.

Furthermore, test was done to examine the effect of presence of other sugars like glucose
or xylose on transport of xylitol. A drop test result indicates that the presence of glucose
or xylose has an effect on the transport of xylitol by different transporters. Figure 4.15
shows that the presence of glucose strongly inhibits the transport of xylitol for Hxt11, and
Gal2 wild type, and to a lesser extent for Gal2ssa and Hxt15. However, no glucose inhibition
was observed for Gal2nszevmazst and Gal2esanz7svimassi variants. Similarly, the presence of
xylose also showed some inhibition for Hxt11, Hxt15, Gal2 wild type, and Gal2¢sa, but not
for Gal2nszevimassi and Gal2esanzzevimassi variants. The comparison of Hxtll and Hxt15
suggests that Hxt11 is less sensitive to inhibition by xylose than Hxt15, while Hxt15 shows
less inhibition by glucose. No growth was observed when cells were dropped on media
with only xylose, which is due to the lack of a xylose isomerase activity in the strain AFY10.
This control confirms that the growth on xylose/xylitol mixtures is due solely to the
utilization of xylitol. Altogether, this study shows the Gal2nz7evmazsi and Gal2ssanz7evimassi

variants are the best importers of xylitol in the presence of glucose or xylose.
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Figure 4.15: Strain AFY10 transformed with 2 plasmids expressing indicated hexose transporters
(p426 background) in combination with 2 plasmids expressing XYL2 (p425 background) from S.
cerevisiae. The transformants were pre-grown in liquid selective SC medium with ethanol as a
permissive carbon source and drop test performed in media SC-U-L with 2 %, 1 % and 0.5 % xylitol
as a carbon source. Cells were grown at 30 °C for 11 days. Gal2 N/M refers to mutant Gal2nszevimvassi
and Gal2 6SA/N/M refers to Gal2ssanazevmazsi. (A) 3 % glucose and 2 % xylitol, (B) 3 % xylose and
2 % xylitol, and (C) 3 % xylose.

4.2.2 Testing of GAL2 and its variants for the best production of xylitol

The study was continued to examine the potential of Gal2ssanz7svimassias a xylitol producer
using xylose as a substrate. The GAL2 variants, along with HXT5 and GRE3, were
transformed into hexose-transporter deficient (hxt°) strain EBY.VW4000 and allowed to
grow in SC media with glucose and xylose as the sugar source. Gal2 is known to transport
xylose and the different mutations in Gal2 were shown to improve the xylose transport
(Rojas et al. 2021). Similarly, HXT5 is employed to maintain the consumption of glucose
at a slow rate as this is a moderate affinity glucose transporter (Diderich et al. 2001).
Additional expression of GRE3 was done to increase the rate of conversion of xylose to
xylitol. The results of the fermentation (Figure 4.16) show differences in glucose/xylose
consumption and xylitol production among Gal2 wild type, Gal2ssa, Gal2nzzeymvaszsi,
Gal2ssans7evmvazsi, and four different controls. The highest glucose consumption was
observed in the absence of the Gal2 transporter, as seen in C2 and C3 which depleted all
glucose before 48 hours (Figure 4.16 A). Among these two strains, C2 produced a higher
amount of xylitol, which was expected due to the presence of the Gre3 expressing plasmid
responsible for converting xylose to xylitol. The mutation of six serine residues to alanine
in GAL2 (GALZ2¢sa) to prevent ubiquitination had a positive effect on increasing the titer of
xylitol as compared to the wild type. Similarly, Gal2ns7svimazsi had a higher yield of xylitol
compared to the wild type or Gal2ssa. Strikingly, the combined effect of 6SA and
N376Y/M435] in GAL2 resulted in a substantially higher yield of xylitol at all time points,
with a titer of 6.18 g/L at 148 hours (Figure 4.16 B). Thus, the comparison of GAL2 and its
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mutated variants showed that Gal2ssans7evimazsi €nabled the highest xylitol titers and GAL2
wild type the lowest. The mutants Gal2esa and Gal2ns7evivassi Served as better candidates
than the wild type, and the strains C1 and C4, which had no glucose transporter (Hxt5),

expectedly did not grow at all.
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Figure 4.16: Fermentation of hxt® strain EBY.VW4000 expressing different Gal2 variants. The Gal2
constructs (wildtype-WT or the indicated mutants), Hxt5 and Gre3 were expressed from 2 plasmid.
The transformants were pre-grown in selective SC medium with 1 % maltose as a permissive
carbon source. Fermentation was done in SC media containing 3 % glucose and 2 % xylose. (A)
Glucose and xylose consumption at different time points. The consumption of glucose (solid lines,
plotted on left Y axis) and xylose (symbols only, plotted on right Y axis). (B) Titer of xylitol obtained
at different time points for each of the construct tested. Mean values and standard deviation of
triplicate measurements are shown. The error bars may be smaller than the symbols. Gal2 N/M
refers to mutant Gal2nszevimassi and Gal2 6SA/N/M refers to Gal2ssanz7svimassi.

4.2.2.1 Effect of plasmid based GALZ2esamnz7evmazsi expression in CEN.PK2-1C
background

In this section, Gal2ssanz7evimazsi was examined for sugar transport and xylitol production
in a commonly used laboratory strain background CEN.PK2-1C. For this, strain PRY39

(CEN.PK2-1C, Agre3) was transformed with mutant variant transporter (Gal2ssams7eymassi)
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and xylose reductase from Pichia stipitis (PsXyll). To clearly observe the effect of
transporter, control was used which consisted of empty vector (ev) instead of mutant Gal2
(Gal2ssams7evimass). The results showed that the expression of Gal2ssamszevmvazsi increased
xylose consumption and xylitol production with a difference of 20 % to the empty vector
control (Figure 4.17), thereby demonstrating its beneficial effect on xylitol production even
in a strain background, which contains all native hexose transporter genes. In
EBY.VW4000 used in section 4.2.2 (Figure 4.16), xylose and glucose transport was solely
dependent on one or two different transporters that the strain was transformed with. For
glucose consumption, the transporter Gal2ssamnszevmazs had a negative effect as it slowed
down glucose transport, as shown in Figure 4.17 A, which is consistent with the
observations of the previous chapter.
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Figure 4.17: Effect of Gal2esanszevmassi on Xylitol production in strain PRY39 (CEN.PK2-1C, Agre3).
Gal2ssamnarsvivassi and PsXyll (codon optimized xylose reductase from Pichia stipitis) expressed via
2u plasmid in strain PRY39. The transformants were pre-grown in selective SC medium with 2 %
glucose as a permissive carbon source. Fermentation was done in SC media containing 3 %
glucose and 2 % xylose. (A) Glucose and xylose consumption at different time points. The
consumption of glucose (solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right
Y axis). (B) Titer of xylitol (plotted as bars), and amount of ethanol (symbols only) measured at
different time points for each of the construct tested. Mean values and standard deviation of
triplicate measurements are shown. The error bars may be smaller than the symbols.
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4.2.3  Xylitol Efflux test of best xylitol importers

In the 4.2.2 chapter, it was shown that the presence of Gal2ssan3zevmassi iIncreases the
yield of xylitol production for both EBY.VW4000 and CEN.PK2-1C strain background.
Whereas it is known from the literature that Gal2esanz7evimaszsi has beneficial properties for
xylose uptake, its superiority as the best xylitol importer was established in chapter 4.2.1.
Since Gal2 has a facilitative transport mechanism, it is conceivable that it also might act in
a bidirectional manner, supporting xylitol export. Therefore, it remained unclear if its
beneficial effect as observed in previous chapters is due solely to an improvement of
xylose uptake or a combined effect with xylitol efflux. To clarify the impact of xylose import
and xylitol export, an experimental test system was designed (see Figure 4.18), where
xylose is taken up in the form of xylobiose (a xylose disaccharide) by the specific
transporter CDT-2 from Neurospora crassa and subsequently further processed to xylitol
by a set of heterologously expressed enzymes (Li et al. 2015). Xylobiose is intracellularly
cleaved by the B-xylosidase GH43-2 from N. crassa to xylose monomers that are
subsequently reduced to xylitol by a xylose reductase (here PsXyll). In parallel, PsXyll
can use xylobiose as a substrate to produce xylosyl-xylitol which is, in turn, cleaved by a
specialized B-xylosidase (GH43-7 from N. crassa) to xylose and xylitol. The heterologous
genes encoding PsXyll, CDT2, GH43-2 and GH43-7, as well as different Gal2 variants,
were introduced on plasmids into the strain named PRY76. Strain PRY76 is a hxt° strain
(EBY.VW4000) that additionally contains TRP1 deletion and ZWF1 overexpression. TRP1
gene was deleted to ensure the optimal expression of p424 background plasmid that
consists TRP1 as an auxotrophic marker. Overexpression of ZWF1 was done to
upregulate oxidative PPP (Pentose Phosphate pathway) thereby to elevate cytosolic pool
of NADPH required for conversion of xylose to xylitol (for details refer to chapter 4.2.6.1,
Figure 4.22). The resulting transformants were incubated at a high cell density in media
containing xylobiose and maltose (as a carbon source for the hxt® strain) and the

production of xylitol was then measured in culture supernatants.
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Figure 4.18: Xylobiose import dependency on CDT-2. The figure compares the results of (D) - with
CDT-2 and (F) - without CDT-2. Strain PRY76 (EBY.VW4000, Atrpl, pZWF1::pHXT7) transformed
with either CDT2 or empty vector control in addition to GALZ2esan3z7evmaszsi, GH43-2 + GH43-7,
PsXyll. All genes were expressed via 2u plasmid. The transformants were pre-grown in selective
SC medium with 1 % maltose as a permissive carbon source. Fermentation done in SC selective
media without methionine to allow a higher expression of GH43-2 which is regulated by pMET25.
Sugar amounts used were 1 % maltose and 1 % xylobiose.
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Figure 4.19: Xylitol efflux through different Gal2 variants. The figure compares the results of (A) —
empty vector (ev); (C) - Gal2 WT (Gal2); and (D) - GAL2gsansrevimaszs (Gal2*) on efflux of
xylitol.Strain PRY76 (EBY.VW4000, Atrpl, pZWF1::pHXT7) transformed with either empty vector
(A), Gal2 WT (C) or GALZ2gsanszevmassi (D). Additionally, all the constructs A, C and D contains
CDT2, GH43-2 + GH43-7, and PsXyll. All genes were expressed via 2 plasmid. The transformants
were pre-grown in selective SC medium with 1 % maltose as a permissive carbon source.
Fermentation done in SC selective media without methionine to allow a higher expression of GH43-
2 which is regulated by pMET25. Sugar amounts used were 1 % maltose and 1 % Xxylobiose.
Amount of xylose, xylitol, xylobiose and maltose measured by HPLC are shown in the graph. Mean
values and standard deviation of triplicate measurements are shown. The error bars may be smaller
than the symbols.

First, it was confirmed that CDT-2 is necessary for xylobiose uptake (Figure 4.18). The
plasmid combination “F”, containing the empty vector control instead of CDT-2, showed
only a minimal consumption of xylobiose and production of xylose, which did not change

significantly over time. Xylitol was produced up to 1 g/L only in the presence of CDT-2
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(plasmid combination “D”), which strongly suggests that the xylose in the culture
supernatant “F” originated from extracellular xylobiose hydrolysis, e.g. due to partial cell
lysis or by some secreted enzyme with xylobiose hydrolysis activity. If there was some
degree of unspecific xylobiose uptake without CDT-2, the intracellular conversion to xylitol
would have occurred in this control as well. The conversion of xylose to xylitol cannot occur
extracellularly due to a lack of NADPH regeneration. Taken together, these observations
show that Gal2ssans7evimazsi cannot act as a xylobiose transporter and hence the
disentanglement of substrate import and product export is possible with the experimental
design proposed. When the Gal2 variants and the empty vector control are compared
(Figure 4.19), it can be seen that the consumption of xylobiose and maltose is slightly
delayed by the expression of Gal2, which is analogous to the delayed glucose uptake as
observed in Figures 4.16 and 4.17. The efflux of xylose is increased with both Gal2
variants; interestingly, the efflux rate is higher for the wildtype protein, although the mutant
shows superior properties for xylose uptake (Rojas et al. 2021 ; see also previous
chapters). Thus, it is likely that the increased net uptake rate of the mutant is, at least
partly, due to a reduction of the efflux rate during the facilitated diffusion process. On the
other hand, the efflux of xylitol is obviously facilitated by one (or multiple) other
transporter(s), as the empty vector control shows the highest rate, whereas the expression
of Gal2 has an unexpectedly negative influence on extracellular xylitol titers. This can be
explained by the competition of Gal2 with the xylitol exporter(s) regarding the limited

capacity of the secretory pathway and the available space in the plasma membrane.

Taken together, this set of experiments strongly suggests that the increased production of
xylitol upon expression of the mutant Gal2 as shown in previous sections can be attributed

to an improvement of the xylose uptake and not to an increased rate of xylitol efflux.

4.2.4 Screening of the best heterologous xylose reductase for the

increased titer of xylitol

In this section, the yield of xylitol through the enzymatic reduction of xylose by different
reductases is compared. Four different reductases, derived from Pichia stipitis (PsXyl1),
Candida parapsilosis (CpXyll), Aspergillus niger (AnXyrB), and Saccharomyces
cerevisiae (ScGre3), were chosen from literature and expressed together with transporter
Gal2ssanzrevimasst into the CEN.PK2-1C Agre3 (PRY39) strain. All the reductase genes
tested were codon optimized. Deletion of GRE3 was done to minimize the basal amount
of xylitol produced by the strain as GRE3 is reported as the main reductase in S. cerevisiae

responsible for xylitol production.
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Figure 4.20- Comparative study of different xylose reductases in S. cerevisiae for the yield of xylitol.
Strain PRY39 (CEN.PK2-1C, Agre3) transformed with GALZ2essamns7svimazsi and different indicated
reductases via 2l plasmid. The transformants were pre-grown in selective SC medium with 2 %
glucose as a permissive carbon source. Fermentation done in SC selective media with 3 % glucose
and 2 % xylose. (A) Glucose and xylose consumption at different time points. The consumption of
glucose (solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right Y axis). (B)
Titer of xylitol (plotted as bars), measured at different time points for each of the construct tested.
Mean values and standard deviation of triplicate measurements are shown. The error bars may be
smaller than the symbols.
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Figure 4.21- Effect of codon optimization of GRE3 for the titer of xylitol. Strain PRY39 (CEN.PK2-
1C, Agre3) transformed with GAL2ssamns7evimassi and different indicated reductases (wild type GRES3,
codon optimized GRE3 and ev) via 2u plasmid. The transformants were pre-grown in selective SC
medium with 2 % glucose as a permissive carbon source. Fermentation done in SC selective media
with 3 % glucose and 2 % xylose. (A) Glucose and xylose consumption at different time points. The
consumption of glucose (solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right
Y axis). (B) Titer of xylitol (plotted as bars), measured at different time points for each of the
construct tested. Mean values and standard deviation of triplicate measurements are shown. The
error bars may be smaller than the symbols.

The yield of xylitol was measured at 148 hours and was found to be highest for PsXyl1 at
13.22 g/L, followed by ScGre3 at 13 g/L, and AnXyrB at 12 g/L (Figure 4.20 B). The

difference between the reductases was not very significant as PsXyll performance was
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only about 2 % and 10 % higher compared to ScGre3 and AnXyrB respectively. In a
different set of fermentation, codon optimization of GRE3 led to a slight improvement in
performance but still lower than the PsXyll, with a titer of 4.62 g/L for codon optimized
GRES3, 4.29 g/L for wildtype GRE3, and 4.79 g/L for PsXyll (Figure 4.21 B). Thus, only a
difference of 8 % rise was seen through codon optimization of GRE3. The codon optimized
GRE3 yielded 4 % xylitol lower than PsXyl1. In contrast to all reductases tested, the xylitol
yield for Candida parapsilosis Xyl1 was observed to be almost the same as the empty
vector control with a titer of 0.93 g/L and 0.95 g/L at 148 hours respectively (Figure 4.20
B), indicating that there may be a bottleneck with other factors affecting the activity of
Candida parapsilosis Xyl1 in S. cerevisiae. Except CpXyll (NADH dependent), all other
reductases used in the study were described to be NADPH dependent. To gain more
insight on the reaction and its dependence on NADPH, several cellular sources of NADPH
were modulated for optimal supply in the cytoplasm. This will be further described in the
upcoming chapter. All the upcoming experiments are conducted with XYL1 from Pichia

stipitis as a xylose reductase due to its best capacity observed here.

4.2.5 Metabolic engineering of S. cerevisiae for the increased availability

of reducing equivalents (NADPH) in cytosol

In the following chapters, focus was made on metabolic engineering of Saccharomyces
cerevisiae in order to increase the availability of reducing equivalents, specifically NADPH,
in the cytoplasm. NADPH is an important cofactor that is required for the enzymatic
reduction of xylose to xylitol. Therefore, optimizing the cellular sources of NADPH can
have a significant impact on the overall yield of xylitol. To achieve this goal, various cellular
sources of NADPH were examined and the expression of these sources was modulated
in order to achieve optimal NADPH supply in the cytoplasm. The aim of this work is to
overcome the limitations posed by the cofactor availability on the overall xylitol production
process. For this, individual testing of genes of oxidative pentose phosphate pathway were
done. Experiments were then focused towards the manipulation of ALD6, PHO13, POS5
genes on titer of xylitol. Following chapter describes the outcome of genetic engineering

of different targets and their subsequent role in uplifting xylitol titer.

4.2.6 Oxidative pentose phosphate pathway
4.2.6.1 ZWF1 overexpression

Metabolic engineering of Saccharomyces cerevisiae was performed to increase the
availability of reducing equivalents (NADPH) in the cytoplasm. The first step was to

overexpress the glucose-6-phosphate dehydrogenase (G-6-P) gene (ZWF1), which
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encodes an essential enzyme involved in the oxidative pentose phosphate pathway. This
gene conversion was achieved by replacing the pZWF1 with a stronger promoter pHXT7
in the genome to achieve a higher expression level of ZWF1, as done by Wernig et al.
2021. The resulting strain was named as "PRY48". When fermented in glucose and xylose,
it was found to have doubled the amount of xylitol compared to the parental strain PRY39
(Figure 4.22). At 148 hours, strain PRY48 produced a maximum titer of ~11 g/L of xylitol,
which is more than two times higher than the xylitol produced by PRY39 (~5 g/L). The
overexpression of ZWF1 was found to increase the yield of xylitol both in the glucose
phase and ethanol phase of growth. The difference in xylitol titer between the two strains
was even more pronounced during the ethanol phase of growth (from 60 hours).
Interestingly, the amount of xylitol produced during ethanol phase of growth directly
correlates with amount of ethanol consumed as PRY48 consumes ethanol higher than
PRY39 strain after 48 hours of growth. In addition to the higher titer of xylitol, the results
also showed that the consumption of the substrates glucose (or ethanol derived from
glucose) and xylose was higher for PRY48 compared to PRY39, as seen in Figure 4.22.
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Figure 4.22: Influence of ZWF1 overexpression in the titer of xylitol. Strains PRY39 (CEN.PK2-1C,
Agre3) and PRY48 (PRY39, pZWF1::pHXT7) transformed with GAL2gsan37evmazsi and PsXyll via
2u plasmid. The transformants were pre-grown in selective SC medium with 2 % glucose as a
permissive carbon source. Fermentation done in SC selective media with 3 % glucose and 2 %
xylose. (A) Glucose and xylose consumption at different time points. The consumption of glucose
(solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right Y axis). (B) Titer of
xylitol (bars, plotted on left Y axis), and amount of ethanol (symbols only, plotted on right Y axis)
measured at different time points for each of the construct tested. Mean values and standard
deviation of triplicate measurements are shown. The error bars may be smaller than the symbols.

It has to be noted that Zwfl protein sequence is polymorphic (see ZWF1/YNL241C
sequence, SGD). The variant used in PRY48 has a deletion of a glutamate residue at
position 59 compared to the reference strains S288C and CEN.PK. To determine if the
loss of glutamate residue at position 59 has some role in the activity of the enzyme, the
ZWEF1 variant containing Glu59 was cloned from the CEN.PK strain and overexpressed in

the same background and in the same manner as in the strain PRY48. The resulting strain
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was hamed PRY63. When measured in crude extracts from both strains, the specific
activity of Zwfl was found to be 50 % higher in PRY48, as shown in Figure 4.23. PRY48
and PRY63 specific activities were 0.90 and 0.60 pumol/min mg, respectively. Thus, all
work done with ZWF1 overexpression is performed with the sequence not containing the
Glu59 codon (PRY48) instead of CEN.PK2-1C sequence (PRY63).
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Figure 4.23: Glucose-6-P dehydrogenase activities in the strain PRY48 and PRY63. The activities
of the glucose-6-P dehydrogenase/Zwfl was measured in protein extracts from the indicated
strains. Strains PRY48 and PRY63 were transformed with GAL2ssamns7evimassi and PsXyll via 2
plasmid. Cells were pre-grown in SC selective media with 2 % glucose as a permissive carbon
source, and sample taken after 24 hours of fermentation. The activities are calculated as units per
milligram of total protein. Values and error bars represent mean and standard deviation of three
biological replicates for each genotype.

4.2.6.2 Simultaneous overexpression of Zwfl, Sol3 and Gnd1l

After the observation of Zwfl based positive effect for higher xylitol yield in above chapter
(4.2.6.1), the importance of other genes of oxidative pentose phosphate pathway needed
to be tested. For this, a plasmid based multicassette overexpression was done (FWV169)
with Zwfl, Sol3, and Gnd1 in a plasmid with G418 as a dominant marker (Wernig et al.
2021).
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Figure 4.24: Strains PRY48 (PRY39, pZWF1::pHXT7) transformed with GAL2¢san376v/Mazs1, PSXyl1
and FWV169. FWV169 is a 2u plasmid expressing ZWF1, SOL3 and GND1. The transformants
were pre-grown in selective SC medium with 2 % glucose as a permissive carbon source.
Fermentation done in SC selective media with 3 % glucose and 2 % xylose. (A) Glucose and xylose
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consumption at different time points. The consumption of glucose (solid lines, plotted on left Y axis)
and xylose (symbols only, plotted on right Y axis). (B) Titer of xylitol (plotted as bars), measured at
different time points for each of the construct tested. Mean values and standard deviation of
triplicate measurements are shown. The error bars may be smaller than the symbols.

The fermentation result shows the combined higher expression of Zwfl, Sol3 and Gnd1 in
a PRY48 strain did not further lead to higher titer of xylitol. The xylitol yield observed was
similar to the empty vector control used for the experiment (Figure 4.24 B). This finding
suggests either the Zwfl overexpression in the strain background PRY48 was sufficient
for intracellular xylitol production or the productivity might have been negatively affected

with combined overexpression of oxidative pentose phosphate pathway genes.

4.2.6.3 PGI1 downregulation

The objective of Pgil expression modulation strategy is to redirect the flux of glucose-6-P
towards the oxidative pentose phosphate pathway. This is achieved by lowering the
expression of the PGI1 gene, which converts glucose-6-P to fructose-6-P in glycolysis. To
do so, the promoter of PGI1 was replaced with three different less strength promoters:
pCOX9, pRNR2, and pREV1 (Lee et al. 2015; Keren et al. 2013).

151
B
A - 20
3
(=2
~ 15 O =
E Z =
o ) >
3 a : oS o 10 © ;‘
2 ® h
3 - : L [a)
> € i Y 8
3 L -
o + 5 =
0- : -—r——r 0
0 50 100 150 200
Time(Hours) Time(Hours)
0.8 1
C

PRY39 (CEN.PK2-1C, Agre3)
PRY48 (PRY39, pZwfl:HXT7)

Il PRY49 (PRY48, pPGI1::pCoX9)
PRY50 (PRY48, pPGI1::pRNR?2)

g I PRYS51 (PRY48, pPGI1::pREV1)

0.6

EAN 3

0.4 4

Xylitol/OD

0.2 4

Time(Hours)

99



Results

Figure 4.25: Engineered Strains PRY39 (CEN.PK2-1c, Agre3), PRY48 (PRY39, pZWFL1::pHXT7),
PRY49(PRY48,pPGI1::pC0OX9), PRY50(PRY48, pPGI1::pRNR2), PRY51 (PRY48, pPGI1::pREV1)
transformed with GAL2¢samna7evmassi, and PsXyll. FWV169 is a 2 plasmid expressing ZWF1, SOL3
and GNDL1. The transformants were pre-grown in selective SC medium with 2 % glucose as a
permissive carbon source. Fermentation done in SC selective media with 3 % glucose and 2 %
xylose. (A) Glucose and xylose consumption at different time points. The consumption of glucose
(solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right Y axis) (B) Titer of
xylitol (plotted as bars), measured at different time points for each of the construct tested. (C)
Calculation of xylitol (g/L) per ODesoonm Values in different time point for different strains tested. Mean
values and standard deviation of triplicate measurements are shown. The error bars may be smaller
than the symbols.

The results showed that reducing the expression of PGI1 did not increase xylitol production
and in fact, the yield decreased as the activity of Pgil slowed down with the weakest
promoter pREV1 giving the lowest titer of xylitol (Figure 4.25 B). The growth of the strain
PRY51 with the weakest promoter pREV1 was stunted and glucose consumption was
slower, but it did not result in any overall improvement in xylitol yield. Nevertheless, when
observed closely at early hours of fermentation, PRY51 gives a highest value of xylitol per
ODsoonm until ~20 hours (Figure 4.25 C). The xylitol per ODgoonm Value until ~20 hours
seems to be highest for the weakest promoter pREV1 and lowest for strongest promoter
pCOX9 used with a difference of 30 %. The data is presented in Figure 4.25 C. Since this
time window corresponds to the glucose availability phase, this observation suggests that
the promotor replacement indeed led to the desired redirection of the glucose-6-P flux.
However, at the same time, it compromised the growth of the strain and had an overall
negative impact on xylitol titers in the course of the diauxic shift.

YPD (0.1% Glucose) YPD (2% Glucose) YPE (2 % Ethanol)

Figure 4.26: Growth conferred by strains indicated on varying sugars. Strains PRY39 (CEN.PK2-
1c, Agre3), PRY48 (PRY39, pZWF1::pHXT7), PRY49(PRY48, pPGI1::pCOX9), PRY50(PRY48,
pPGI1::pRNR2), PRY51 (PRY48, pPGI1::pREV1) pre- grown in YP media with 1 % glucose as a
carbon source and spotted on to selective YP solid medium containing indicated carbon sources.
Cells were grown at 30 °C for 28 hours.

Additionally, drop tests were performed on five strains (PRY39, PRY48, PRY49, PRY50,
and PRY51) in three different growth media: 0.1 % glucose, 2 % glucose, and 2 % Ethanol.

The results from the drop test (Figure 4.26) revealed a slower growth phenotype for strain
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PRY51, which was characterized by the weakest promoter (pREV1) used for the regulation
of the PGI1 gene, when grown in 2 % glucose. However, this effect was not observed
when cells were grown in a lower amount of glucose (0.1 %) or an ethanol-rich medium (2
% ethanol). These results confirm the downregulated effect of Pgil on cell growth during
a high glycolytic flux, as seen under high glucose concentration (2 %). This effect was not
observed when the activity of Pgil was regulated by two other mediocre promoters,
pCOX9 or pRNR2. In conclusion, the weakest promoter, pREV1, resulted in the slowest
glycolytic flux during a high glucose condition giving highest xylitol per ODsoonm Value only
until 20 hours of fermentation time. After 20 hours, the total yield of xylitol per ODegoonm
values could not be improved by downregulating PGI1 (Figure 4.25 B, C).

4.2.7 Investigation of multiple approaches for increasing NADPH

supplementation in the cytosol

In order to improve the level of NADPH in the cytosol for the purpose of increasing xylitol
production, different genetic modifications were performed on different targets. The first
approach involved the introduction of NADP* dependent glyceraldehyde-3-P
dehydrogenase GPD1 from Kluveromyces lactis into the CEN.PK2-1D wild type strain or
its Atdh3 derivative (deletion of the major glyceraldehyde-3-P dehydrogenase isoform).
Another approach involved the modification of various gene candidates to increase the
yield of xylitol. These genetic manipulations included the genomic overexpression of
POSS5, deletion of ALD6, and deletion of PHO13. POSS5 is mitochondrial NADH kinase that
phosphorylates NADH, thus producing NADPH. ALD6 is cytosolic aldehyde
dehydrogenase required for conversion of acetaldehyde to acetate via generation of
NADPH. PHO13 a conserved phosphatase and its deletion is described to have positive
impact in xylose metabolism (Kim et al. 2015). The results of these modifications were
then compared with regards to the amount of xylitol produced in a wild type (PRY39) or
Zwfl overexpressed (PRY48) background strain for assessing their efficacy in improving

xylitol production.

4.2.7.1 Heterologous expression of GPD1 from Kluveromyces lactis

Manipulation of glycolytic pathway was done for the step where the enzymatic conversion
of glyceraldehyde-3-P to 1, 3 - bisphosphoglycerate occurs. Here, the comparison of NAD*
dependent wild type GPDH from S. cerevisiae was done with additional NADP* dependent
Gpdl from Kluveromyces lactis. This effect was tested through a 2u plasmid-based
expression of Kluveromyces lactis Gpdl in a wild type or TDH3 disrupted strain. The

fermentation results with glucose and xylose seen in Figure 4.27 A, B reveals a retarded
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glycolysis flux by TDH3 deletion as observed from the slower growth and glucose
consumption by TDH3 deleted strain. Similarly, the ethanol production and consumption
both went higher with the wildtype background strain. The overall fermentation result
shows a negative effect of TDH3 deletion for the titer of xylitol. In a same way,
overexpression of K. lactis Gpdl also decreased the titer of xylitol in both wildtype and

Atdh3 background strains.
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Figure 4.27: Effect of Kluveromyces lactis GPD1 in CEN.PK2-1D. Strains CEN.PK2-1D wildtype
or CEN.PK2-1D Atdh3 was transformed with -GPD1 or empty vector-, and PsXyll. WT represents
wild type strain. Atdh3 represents strain has a deletion of TDH3. KIGPD1 represents plasmid
expressing GPD1, whereas ev represents empty vector control. All genes were expressed via 2|1
plasmid. The transformants were pre-grown in selective SC medium with 1 % glucose as a
permissive carbon source. Fermentation done in SC selective media with 3 % glucose and 2 %
xylose. (A) Growth of the different indicated strains (B) Glucose and xylose consumption at different
time points. The consumption of glucose (solid lines, plotted on left Y axis) and xylose (symbols
only, plotted on right Y axis). (C) Titer of xylitol (plotted as bars, left axis), and amount of ethanol
(plotted as symbols, right axis) measured at different time points until 148 hours of fermentation.
(D) Titer of xylitol (plotted as bars, left axis), and amount of ethanol (plotted as symbols, right axis)
measured at different time points until 24 hours of fermentation. Mean values and standard
deviation of triplicate measurements are shown. The error bars may be smaller than the symbols.

Interestingly, a magnified view at early hours of fermentation (Figure 4.27 D) points out the
positive role of Gpd1 expression in both wild type and TDH3 deleted strains until 24 hours

of growth. At later time points, which correspond to the ethanol consumption phase, this
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effect is reversed (compare panels C and D); this is readily explained by Gpdl operating
in the gluconeogenesis direction, i.e. consuming NADPH. Even though the titer of xylitol
was increased by the GPD1 overexpression in early phases, the TDH3 deletion did not
make a further positive impact for the titer of xylitol at any time point. Thus, the effect of

the GPD1 expression seems not to be limited by the availability of glyceraldehyde-3-P.

4.2.7.2 Targeting loci POS5, PHO13 and ALDG for increasing the pool of NADPH

To elevate the intracellular NADPH content and improve xylitol production, various genetic
modifications were individually carried out on different genetic targets. One such target
was the gene POS5, a NADH kinase responsible for NADPH production in mitochondria.
Another was the deletion of the gene PHO13, which has been reported to improve xylose
uptake and metabolism. Additionally, the deletion of the acetaldehyde producing NADP*
dependent ALDG6, which is also known as a second major source of cytosolic NADPH after
ZWF1, was investigated. These genetic modifications were tested in two different strain
backgrounds, the parental PRY39 and the ZWF1 overexpressing PRY48 to asses both
their individual and potential additive effects.

4.2.7.2.1 Cytosolic expression of POS5

The present study investigates the potential role of POS5 overexpression. Since Pos5 is
a mitochondrial protein, the N-terminal targeting sequence (amino acids 1-17) was deleted
(Yukawa et al. 2021) for a cytosolic localization. The truncated coding sequence was
placed under the control of the rather weak pRNR2, since a stronger expression had rather
detrimental effects in a previous study (Harth. S, unpublished result). Despite initial
expectations, the results showed that the overexpression of POS5 did not lead to an
increase in xylitol titer in either strain. On the contrary, both strains exhibited a decrease
in xylitol yield with POS5 overexpression. Specifically, xylitol titers were found to be 3.5
g/L for PRY53 (PRY39, pRNR2-POS5) and 5 g/L for PRY39, whereas PRY48 produced
11 g/L at 148 hours (Figure 4.28 A). Hence, the integration of POS5 in PRY39 resulted in
a decrease in xylitol yield by approximately 30 %. Similar observations were made in strain
background PRY48, where the integration of POS5 produced 7 g/L, compared to 11 g/L
produced by PRY48, indicating a decrease in xylitol yield by approximately 40 % at 148
hours (Figure 4.28 B).

Despite no overall improvement in yield conferred by POS5 overexpression, an interesting
observation was made when examining the yield of xylitol during the early hours of
fermentation. A magnified view of yield until 24 hours shows increased productivity by
PRY53 (PRY39, pRNR2-POS5) strain with almost 8 % higher yield than PRY39 strain
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when values were compared at 24 hour of fermentation time (Figure 4.28 C). This suggests
an early hour of fermentation time to be favorable period for the higher yield of xylitol in
strain when overexpressed with POS5 gene. Until 24 hours of time point, the yield
produced by POS5 overexpression in PRY39 strain is even higher than PRY39
overexpressed with ZWF1 with a difference of 3 %. This observation is not reproduced in
the context of PRY48 strain as seen that PRY54 (PRY48, pPRNR2-POS5) strain produces
lower yield of xylitol than PRY48 even for early hours of fermentation until (24 hours) as
seen in Figure 4.28 B.

4.2.7.2.2 Deletion of PHO13

To investigate the potential role of the PHO13 gene in xylitol production, PHO13 was
deleted via a KanMX cassette in strains PRY39 and PRY48, resulting in strains PRY46
(PRY39, Aphol13) and PRY47 (PRY48, Aphol3), respectively. The fermentation results
showed that the deletion of PHO13 did not significantly impact xylitol production or other
metabolite measurements in either strain. In PRY39, xylitol production was measured at
148 hrs 4 g/L for PRY39, Aphol3, which is a 20% decrease compared to the production
of 5 g/L in the original PRY39 strain (Figure 4.28 A). Similarly, when this modification was
made in the PRY48 strain background, a reduction in xylitol production was observed, with
PRY48 producing 11 g/L and PRY48, Aphol13 producing 7.5 g/L at 148 hours, indicating a
decline of about 30 % in xylitol yield (Figure 4.28 B). These results show that the deletion
of PHO13 is rather detrimental for xylitol production by PRY39 and PRY48.

4.2.7.2.3 Deletion of ALD6

The deletion of the ALD6 gene, encoding an NADP*-dependent acetaldehyde
dehydrogenase, had varying effects on xylitol titer in the two yeast strains tested. In strain
PRY39, the deletion of ALD6 resulted in a 60 % increase in xylitol yield at 148 hours, with
8 g/L produced by the ALDG6-deleted strain compared to 5 g/L produced by the original
strain (Figure 4.28 A). This higher xylitol yield in strain PRY39 could be attributed to the
upregulation of Zwfl reaction or decreased acetate formation. However, in strain PRY48,
the deletion of ALD6 did not have a similar effect, and instead led to a 40 % decline in
xylitol titer at 148 hours, with only 6.5 g/L produced by the ALD6-deleted strain compared
to 11 g/L produced by the original strain (Figure 4.28 B).

These results suggest that the role of ALD6 deletion on xylitol production may depend on
the strain background employed. The lack of effect in strain PRY48 could be due to the
overexpression of Zwfl masking the effect of ALD6 deletion, or limited NADP* availability

in the cell. Enzymatic activity tests were performed in the next chapter to investigate if the
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deletion may have led to an upregulation of ZWF1 to (over)compensate the loss of NADPH
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Figure 4.28: Different engineered strains tested for the production of xylitol. All strains were
transformed with GAL2ssamnz7evimassi and PsXyll. The transformants were pre-grown in selective SC
medium with 2% glucose as a permissive carbon source. Fermentation done in SC selective media
with 3% glucose and 2% xylose. (A) Comparison of strains PRY39 (CEN.PK2-1c, Agre3), PRY39
pRNR2-POS5 (PRY53), PRY39 Aald6 (PRY55), PRY39 Aphol3 (PRY46), PRY39 pZWF1::pHXT7
(PRY48) for xylitol production at different time points. (B) Comparison of strains PRY48 (PRY39,
PZWF1::pHXT7), PRY48 pRNR2-POS5 (PRY54), PRY48 Aald6 (PRY56), PRY48 Aphol3
(PRYA47), for xylitol production at different time points. (C) A magnified view of xylitol titer produced
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by different PRY39 derived strains (from graph A) only until 48 hours of fermentation time. Mean
values and standard deviation of triplicate measurements are shown. The error bars may be smaller
than the symbols.

due to the lack of Ald6. Overall, these findings highlight the importance of understanding
the specific genetic and metabolic context of each strain in order to optimize xylitol

production through genetic engineering.

4.2.7.2.4 Enzymatic activity test of Zwfl

An enzymatic activity test was performed to determine the influence of the deletion of ALD6
on the Zwf1l activity for the production of xylitol. Zwfl enzymatic tests were performed in
strains PRY39, PRY48 and PRY39 Aald6 using G-6-P as a substrate and NADP* as a
cofactor.

PRY39

PRY39,4ald6
Bl Prv4s

Specific activity (pmol/min mg)

Figure 4.29: Glucose-6-P dehydrogenase activities in the strain PRY39, PRY39 Aald6 (PRY55)
and PRY48 (PRY39, pZWF1::pHXT7). The activities of the glucose-6-P dehydrogenase/Zwfl was
measured in protein extracts from the indicated strains. Strains PRY39, PRY39 Aald6 and PRY48
were transformed with GAL2ssans7evimazsi and PsXyll via 24 plasmid. Cells were pre-grown in SC
selective media with 2 % glucose as a permissive carbon source, and sample taken after 24 hours
of fermentation. The activities are calculated as units per milligram of total protein. Values and error
bars represent mean and standard deviation of three biological replicates for each genotype

Activity of Zwfl is expectedly strongly increased in PRY48 where Zwfl protein is
overproduced through promoter exchange. Specific activity of PRY39 and PRY48 was
found to be 0.17 and 0.90 pmol/min mg respectively. The results of the test, in Figure 4.29,
furthermore shows that the deletion of ALDG6 slightly elevated the activity of Zwfl in the
PRY39 strain, which may at least partly explain the higher titer of xylitol observed for
PRY39, Aald6 (Figure 4.28 A). The specific activity of PRY39 Aald6 was calculated to be
0.20 pmol/min mg. Hence, a 20 % rise in the activity of Zwf1 was observed by the deletion
of ALD6 in PRY39, which was still ~75 % lower than PRY48 strain (Figure 4.29). This is
also in accordance to the titer of xylitol where strain PRY39 Aald6 produced 60 % higher

xylitol compared to strain PRY39 when calculated at the end time point (148 hours) as
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seen in chapter 4.2.7.2.3, Figure 4.28 A. This indicates that the overexpression of ZWF1
was a crucial factor in the increased production of xylitol, and that the deletion of ALD6
may have facilitated the increased production by enabling the upregulation of ZWF1
controlled by the native promoter. However, this increase was much lower than the sole
effect of promoter replacement at ZWF1. The results of this enzymatic activity test further
confirm the significance of Zwfl overexpression and ALD6 deletion in the production of
xylitol.

4.2.7.3 Effect of XKS1 deletion on xylitol production in strain PRY48

Although S. cerevisiae cannot grow on xylose as a sole carbon source, it does contain
multiple genes encoding proteins with xylitol dehydrogenase activity, e.g. XYL2, SOR1
and SOR2. Thus, xylitol could be partly converted to xylulose, which, after phosphorylation
by the single xylulokinase Xksl, could enter the non-oxidative pentose phosphate
pathway, which would decrease the product titers. To prevent this, it was chosen to delete
rather the XKS1 gene than the multiple xylitol dehydrogenase genes.
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Figure 4.30: Strains PRY48 and PRY48 Axks1 (PRY52) transformed with GAL2ssanNz76vimassi, and
PsXyll. The transformants were pre-grown in selective SC medium with 2 % glucose as a
permissive carbon source. Fermentation done in SC selective media with 3 % glucose and 2 %
xylose. (A) Glucose and xylose consumption at different time points. The consumption of glucose
(solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right Y axis) (B) Titer of
xylitol (plotted as bars, left Y axis) and amount of ethanol (symbols only, right Y axis) measured at
different time points for each of the construct tested. Mean values and standard deviation of
triplicate measurements are shown. The error bars may be smaller than the symbols.

The effect of XKS1 deletion on xylitol production was compared in strain PRY48. To check
for any possible flux of xylitol down the pathway, CRISPR/Cas9-mediated deletion of the
xylulokinase gene (XKS1) was carried out in PRY48 to generate strain PRY52. Both
strains were fermented with glucose and xylose, and HPLC measurements were taken at
different time points. Results (Figure 4.30 B) showed no effect from the deletion of XKS1
on xylitol production, which remained at about 12 g/L at 148 hours for both strains PRY48
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and PRY52. This is consistent with the observation, that the xylitol yield (mol per mol
consumed xylose) approaches 100 % and that the xylitol dehydrogenases are only weakly
expressed in the presence of glucose. Nevertheless, the deletion of XKS1 may be
beneficial under conditions that favor the upregulation of xylitol dehydrogenase genes (e.g.

in the absence of glucose).

4.2.7.4 Impact of carbon source on xylitol production

Choice of sugar source during fermentation has a significant impact on cellular metabolism
and signaling systems, leading to activation of different organelles and regulation of
various genes. The previous chapters have analyzed xylitol production using glucose as
the primary carbon source for yeast growth. To further explore the response of different
sugars on xylitol titer, two additional tests were conducted using galactose and ethanol as
main carbon sources. The first test involves fermenting 3 % galactose and 2 % xylose in
the PRY48 strain. The second test utilizes 2 % ethanol and 2 % xylose in both the PRY39
and PRY48 strains. These experiments aim to shed light on the influence of different sugar
sources on xylitol production and the role they play in modulating cellular processes.

4.2.7.4.1 Xylitol yield using galactose as a carbon source

Zwfl overexpressing cells PRY48 when grown in 3 % galactose and 2 % xylose shows a
significant drop in xylitol titer compared to fermentations with glucose. Comparison of

glucose and galactose as a carbon source in Figure 4.31 A shows different growth

behavior.
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Figure 4.31: Xylitol production with growth in galactose or glucose. Strains PRY48 transformed
with GAL2ssana7evimassi, and PsXyll. The transformants were pre-grown in selective SC medium
with 2 % glucose as a permissive carbon source. Fermentation done in SC selective media with 2
% xylose and, 3 % galactose or glucose as a carbon source (A) Growth of the strains in different
time points (B) Titer of xylitol (plotted as bars, left Y axis) and amount of ethanol (symbols only,
right Y axis) measured at different time points for each of the construct tested. Mean values and
standard deviation of triplicate measurements are shown. The error bars may be smaller than the
symbols.
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With galactose, cells grow more slowly but reach a higher final cell density. Furthermore,
ethanol production is affected by growth in galactose. During the growth on galactose,
maximum amount of ethanol observed was 5 g/L at 120 hours, whereas for glucose grown
cells the ethanol titer was 9 g/L at 48 hours. Both the pattern of growth and ethanol
formation are consistent with the more respirative metabolism of galactose in comparison
to glucose. Titer of xylitol was almost 6 g/L at 148 hours for galactose grown cells which is

almost half the production level attained by glucose usage (Figure 4.31 B).

4.2.7.4.2 Xylitol yield using ethanol as a carbon source

Since a strong production of xylitol was observed in previous chapters during the ethanol
consumption phase, it was next tested how ethanol as a sole source of carbon would affect
the production pattern. The vyield of xylitol was determined for the PRY39 and PRY48
strains. The fermentation result seen in Figure 4.32 C surprisingly shows a different
behavior of xylitol production for the two strains. When the strain PRY39 and PRY48 were
compared, a higher amount of xylitol was obtained by the PRY39 strain, which is in
contrast to glucose-based fermentation results described in previous chapters.

Here, the xylitol titer was 8.7 g/L and 7.7 g/L for PRY39 and PRY48 respectively at 148
hours, a difference of about 13 %. The higher amount for xylitol was observed for PRY39
for any selected time points of fermentation. Similarly, the ethanol consumption was also
higher for PRY39 strain in comparison to PRY48. Absorbance values taken at 600nm
shows the growth of the strain PRY39 slightly higher than PRY48, but the difference was
not significant over the fermentation period (Figure 4.32 A). The overall result suggests a
completely opposite observation obtained with the Zwfl overexpression on the xylitol
productivity when the glucose was interchanged with ethanol. This might have been due

to the opposite direction of the flux which occurs during the ethanol growth.
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Figure 4.32: Xylitol production with growth ethanol as a carbon source. Strains PRY39 and PRY48
(PRY39, pZWF1::pHXT7) transformed with GAL2ssamnz7svimassi, and PsXyll. The transformants were
pre-grown in selective SC medium with 2 % glucose as a permissive carbon source. Fermentation
done in SC selective media with 2 % ethanol and 2 % xylose (A) Growth of the strains in different
time points (B) Ethanol and xylose consumption at different time points. The consumption of ethanol
(solid lines, plotted on left Y axis) and xylose (symbols only, plotted on right Y axis) (C) Titer of
xylitol measured at different time points for each of the construct tested. Mean values and standard
deviation of triplicate measurements are shown. The error bars may be smaller than the symbols.

In this study on xylitol transport and production in S. cerevisiae (Chapter 4.2), the Gal2
mutant variant Gal2essana7evmmasst was found to be the best xylitol importer among ten
different hexose transporters tested, but did not improve xylitol export. Among different
xylose reductases tested for their ability to produce xylitol, the xylose reductase from Pichia
stipitis was the most efficient. In terms of increasing cytosolic NADPH levels to improve
xylitol production, overexpression of the ZWF1 gene was found to be the most effective
strategy, resulting in higher xylitol titers.
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5 Discussion

The present thesis work endeavors to harness the potential of yeast as a microbial platform
for sustainable way to produce biochemicals. To this end, the focus of present thesis was
on the utilization of pentose sugar - xylose, a substantial component of lignocellulosic
biomass, for various applications. The first portion of this research efforts centered on the
establishment of the Weimberg pathway for the assimilation of xylose sugar as a carbon
source for the growth of Saccharomyces cerevisiae. The subsequent part of the thesis
was mainly dedicated to enhancing the production of xylitol through multiple optimization

strategies.

5.1 Weimberg pathway for a-ketoglutarate (AKG) production

The primary focus of the first part of the present doctoral thesis is to expand the sugar
catabolism possibilities of yeast, with a specific focus on xylose. While glucose is a rapidly
utilized sugar that is prevalent in a wide range of organisms, xylose is a pentose that is
difficult to consume for some microbes, including S. cerevisiae. Growth of the strain with
xylose as a carbon source is taken as a direct measure of activity of Weimberg pathway
in S. cerevisiae strain comprising complete set of the required heterologous genes. In the
pathway, xylose is converted via several intermediates to a final product a-ketoglutarate
(AKG), which is an intermediate metabolite of TCA (Tricarboxylic acid) cycle and presence
of this compound is expected for the growth of the strain.

Borgstrom and the colleagues reported a successful implementation of the Weimberg
pathway in S. cerevisiae (Borgstrom et al. 2019). Specifically, they integrated genes xyIB,
xyID, ksaD, and xylX into the genome of S. cerevisiae strain with FRA2 deletion, resulting
in the expression of a functional pathway. The authors found that a single copy of each
gene was sufficient to achieve pathway activity, as demonstrated by the detection of all
pathway metabolites via mass spectrometry analysis. They found the additional
expression of downstream genes, including xyID, ksaD, and xylX, further benefited xylose
conversion to AKG through the pathway. These fermentation experiments were primarily
conducted in a glucose-xylose mixture, which supported the activity of the pathway. In the
same work, to further optimize the Weimberg pathway in S. cerevisiae, additional
evolutionary engineering efforts were undertaken. The resulting evolved strain TMB4590
demonstrated the ability to grow solely on xylose as a carbon source. This indicates the
possibility of Weimberg pathway to utilize xylose as a sole carbon source in S. cerevisiae
and strongly suggests the implementation of techniques like evolutionary engineering

could be beneficial to furthermore improvise the activity of the pathway. Interestingly,
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authors found out the evolved strain TMB4590 contained higher expression of the
downstream genes- xyID, ksaD, and xylX, and comparatively lower expression of xylB.
The authors hypothesized that this phenomenon may be due to the toxicity of xylonate, a
product of XyIB activity. The evolved xylose growing TMB4590 strain possibly appeared
to favor the production of minimal xylonate levels to avoid its toxic effects and thus showed
enhanced pathway activity with this gene dosage optimization (Borgstrom et al. 2019). In
present work, initially various expression strategies were employed, including genome
integration of xylB and multicopy plasmid expression of downstream genes xyID, xylX,
ksaD or, the multicopy plasmid-based expression of entire pathway genes xylB, xyID,
ksaD, xylX. To modulate the activity of XylB, expression of this gene was carried out either
via genome integration or with multicopy plasmid based expression. However, none of
these strategies resulted in strains that could grow on xylose as a sole carbon source until
200 hours (Figure 4.1). This could be attributed to several limitations like- insufficient gene
expression, suboptimal production of AKG, cofactor availability, the transport of AKG into
the mitochondria, or suboptimal gene expression, hence proposes a need to provide
sufficient amount of time for gene expression or introduction of mutation which might be
beneficial for improvising the carbon flux through the pathway. To address this issue,
evolutionary engineering strategies were pursued, where the strains were modified in
various ways prior to evolution. One strategy involved the use of yeast mutator strains
which were created by deleting genes such as RAD27 or MSH2 to enhance mutagenesis
(for details chapter 5.1.1). Another strategy involved expressing pathway genes in two
different compartments, cytosol and mitochondria, resulting in two copies of each pathway
genes in the genome (for details see chapter 5.1.2). Strains after evolution was found to
be able to grow in xylose however, it remained unclear if there is involvement of Weimberg
pathway or oxidoreductive route played prominent role or there existed interconnected
network of both oxidoreductive and Weimberg pathway. In addition to evolutionary
engineering attempts to resolve the performance of the pathway activity, additionally, a
screening platform constructed with a glutamate auxotrophic strain revealed that xylose
supplementation was unable to complement the auxotrophic behavior of the strain

containing complete Weimberg pathway (for details see chapter 5.1.4).

This study aims to explore the degradation of xylose through the heterologously expressed
Weimberg pathway using four different genes (Borgstrom et al. 2019). However, the
process is not straightforward, as the Weimberg pathway and its efficient expression are
limited by several known and unknown factors. The first enzyme in the pathway, XyIB from
Caulobacter crescentus, catalyzes the conversion of xylose to xylonate, which is known to

be toxic for yeast (Borgstrom et al. 2019; Wasserstrom et al. 2018). The second enzyme,
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XylID from Caulobacter crescentus, requires [4Fe-4S] for its activity. Experimental
evidence from Andberg and their teams shows the XylD from Caulobacter crescentus
requires iron sulfur cluster for their activity. Authors, with phylogenetic and mutational
analysis, suggests the three conserved cysteine residues C60, C128 and C201 in XyID
are needed for the coordination of the Fe/S cluster (Andberg et al. 2016). There are
several reports where expression of iron sulfur proteins from prokaryotes faces difficulties
when expressed in S. cerevisiae. Partow and their teams found the difficulty of expressing
MEP (2-C-methyl-D-erythritol 4-phosphate) pathway enzymes in yeast where genes like
IspG and IspH were involved and known to require iron sulfur cluster for the activity
(Partow et al. 2012). Similarly, Benisch and Boles faced difficulty in expressing iron sulfur
cluster requiring bacterial enzyme 6-phosphogluconate dehydratase (PGDH) in S.
cerevisiae (Benisch and Boles 2014). These dehydratases pose a major bottleneck,
probably due to inefficient assembly of the cofactor on a heterologous protein in the cytosol
of yeast. Despite previous reports of difficulties in expressing prokaryotic iron sulfur-
requiring genes in S. cerevisiae, there have been some promising insights suggesting that
deletion of the FRA2 gene could improve the activity of xylD gene that encodes an iron
sulfur-requiring enzyme to catalyze the conversion of xylonate to 2-keto-3-deoxyxylonate
(2K3DX). FRA2 is a negative iron regulon, and its deletion is shown to favor a cytosolic
pool of iron sulfur clusters. There are some studies that reports elevated activity of XyID in
a FRA2 deleted strain of S. cerevisiae (Salusjarvi et al. 2017; Borgstréom et al. 2019).
Similarly, Yukawa and the teams showed successful expression of xyID in a FRA2 deleted
strain, resulting the conversion of xylose to 1,2,4 -butanetriol (Yukawa et al. 2021). Based
on these observations, the present study aims to express the heterologous Weimberg
pathway for growth on xylose as the sole carbon source in a strain with a deleted FRA2
gene. Despite the existing previous reports of successful activity of the iron sulfur cluster
requiring prokaryotic XylD enzyme in a FRA2 deleted S. cerevisiae strain, there still
remains the need for optimization of activity of XylD to achieve optimal performance. As
an alternative to xyID, in this thesis, another dehydratase orf4l from Arthrobacter
nicotinovorans, belonging to the enolase family of proteins was tested which might instead
require Mg*? for their activity as observed with most of the protein belonging to enolase
family. Strain were constructed where pathway genes like xylB, ksaD and xylX together
with orf41 from Arthrobacter nicotinovorans was included for this study (Mihasan et al.
2013). In this study, the activity of Orf41 as a dehydratase to activate the Weimberg
pathway could not be confirmed as seen in Figure 4.1 where strains either with xyID or
orf41 as a dehydratase, both failed to grow in xylose as a carbon source. This dehydratase
(Orf41) has not been yet extensively studied in S. cerevisiae. There might be limitation in

the activity of Orf41 from Arthrobacter nicotinovorans in S. cerevisiae, however if pathway
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genes other than orf41 is a limiting step still remains unclear.

Beside the first two genes xylB and xyID (or orf41) derived from Caulobacter crescentus
and Arthrobacter nicotinovorans used in present study, two more genes are required for
the conversion of 2-Keto 3-deoxy xylonate to AKG. For this xylX from Caulobacter
crescentus and ksaD from Corynebacterium glutamicum was employed. ksaD gene from
Corynebacterium glutamicum is employed for the present study due to its reported higher
activity compared to similar gene xylA from Caulobacter crescentus, both of them are
known for conversion AKG semialdehyde to AKG (Borgstrom et al. 2019). Apart from the
possible toxicity issues of xylonate and inefficient activity of dehydratases from the upper
branch of the pathway, there might be limitation in lower branch of Weimberg pathway as
well. The lower branch of the Weimberg pathway, consisting of genes ksaD and xyIX from
C. glutamicum and C. crescentus, respectively, has not been widely studied in S.
cerevisiae. Finally, the production of AKG, the goal of the pathway, is uncertain due to the
potential limitations of the molecular route towards mitochondria and AKG driven

gluconeogenesis.

5.1.1 Optimizing Weimberg pathway via yeast mutators

In this study, a nonspecific genome mutagenesis approach was employed to resolve
before mentioned limitations under evolutionary pressure to utilize xylose as a sole carbon
source via the Weimberg pathway. A method of mutagenesis was implemented through
yeast mutators, with the aim of triggering the genetic components that confer growth on
xylose as a sole carbon source. The use of yeast mutator strains Arad27 or Amsh2 for the
Weimberg pathway was motivated by the literature that has exploited the possibility of
mutators to increase the mutation rate in the genome of S. cerevisiae (Loeillet et al. 2020).
The mutations perpetuated by the strain were non-specific, but a well-defined selection
process was used to favor desired superior candidates that grew better in xylose. A similar
experiment was performed in E. coli, where mutH and mutT mutator strains gave rise to
strains capable of growing in glucose via an engineered non -oxidative glycolysis pathway,
where a mutation in the non-oxidative branch of PPP (Pentose phosphate pathway) being
found to be responsible (Lin et al. 2018). Evolutionary engineering experiments in E. coli
have shown the benefits of employing mutator strains, with fast adaptation to stressful
environments and selective pressure applied to increase the frequency of the mutator
phenotype from 0.001 % to 100 % within a short time interval (Sniegowski et al. 1997,
Tenaillon et al. 1999; Maddamsetti and Grant 2020; Mao et al. 1997). In bacteria and
haploid yeasts, the importance of these systems is described as error-induced extinction

occurring within a few cell divisions if both DNA polymerase proofreading and mismatch
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repair systems are lacking, due to mutation rates exceeding the error threshold of one
inactivating mutation per essential gene per cell division (Fijalkowska and Schaaper 1996;
Herr et al. 2011; Herr et al. 2014; Williams et al. 2013; Morrison et al. 1993).

The yeast mutator approach was employed in this study to enhance evolutionary
engineering through serial transfer in shake flask in selective media. With each sequential
transfer to fresh culture in a similarly carbon-stressed environment, constant accumulation
of selection pressure was observed, leading to the selection of mutant cells with higher
specific growth rate. The artificial selection pressure applied resulted in the expected
domination of a superior strain from the mixed population in the flask. A limiting amount of
nutrient, including galactose, was considered to trigger mutation and modification, as
galactose has the potential to activate mitochondria, which is a compartment involved in
the AKG metabolism.

The growth of the strains in xylose as seen in Figure 4.4 B suggests that it is possible for
yeast to thrive in the absence of favorable sugar conditions for a period of around 77 days.
The presence of non-metabolizable xylose, could have contributed to carbon circulation
albeit slowly. The mutator strains grew up to an optical density (ODeoonm) Of 3 in xXylose as
the sole carbon source, as seen in Figure 4.4 (A, B). To determine the pathway responsible
for xylose growth, attempts were made to delete genes XKS1 and xylX, which correspond
to the oxidoreductive route and the Weimberg pathway, respectively. The only successful
deletion was observed in strain PRY28 with the deletion of XKS1. However, this deletion
also resulted in the loss of the acquired property as seen in Figure 4.5. All other evolved
strains failed to produce viable colonies after CRISPR/Cas9 for XKS1 deletion. Similarly,
deletion of Weimberg pathway genes failed with use of different targets for all the mutator
strains tested. The reason for this might be due to the presence of defective molecular
tools particularly to repair the CRISPR/Cas9 targeted site via homologous recombination,

changes in homologous regions, or a detrimental event in the yeast genome.

The role of Rad27 in yeast replication and genome stability has been widely studied and
the findings suggest its significance in maintaining the accuracy of the DNA replication and
repair process. According to a study by Loeillet et al. 2020, Rad27 is responsible for a
broad mutational spectrum with a significant increase in base substitution and small
InDels. Direct deletion of RAD27 in yeast was found to result in slower growth even in
glucose-containing media (Parenteau and Wellinger 1999). This phenotype was also
observed in the present work (result not shown). The absence of RAD27 has also been
linked to a higher mutation rate as seen in studies that measured resistance towards

canavanine (Xie et al. 2001) and a higher chromosomal rearrangement (Chen and
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Kolodner 1999). The role of Rad27 in homologous recombination events has also been
established, where its absence leads to a requirement for other cellular factors to repair
Okazaki fragments (Lorraine S. Symington* 1998). The role of Rad27 in cell division has
also been investigated, with studies showing an increased rate of mitotic crossing over in
RAD27 mutants (Tishkoff et al. 1997), and increased recombination events for
RAD27/erc11 (Cross 1995). Studies on mutator strains in E. coli have shown a higher
mutation rate and varied fitness for mutator strains (Gibson et al. 1970; Cox and Gibson
1974). Hence, the DNA replication accuracy is crucial for maintaining the quality of cells
and reducing the mutation rate, and any defect in this system is expected to increase the

mutation rate.

MSH2 is another mutator candidate gene used in the present thesis and it is a component
of the mismatch repair system in yeast. In this study, confirmation of MSH2 deletion
leading to TRP1 revertant mutants was done in the CEN.PK2-1C strain where a point
mutation confers tryptophan auxotrophy. Growth test was compared in two different media
SCD or SCD-Trp. Higher number of colonies were obtained for Amsh2 strain compared to
wild type (Figure 4.2 C, D), where sequencing result of the mutator strains, those which
were able to grow in SC media without tryptophan supplementation, clearly shows a
reversion of stop codon TAA to TGG or TAT in PRY25 and PRY28 respectively (Figure
4.3). There are literature based evidences where deletion of MSH2 was shown to increase
the resistance to canavanine by causing several mutations in CAN1 through incorporation
of unmatched nucleotides and deletion events (Marsischky et al. 1996). A similar study in
the fungus Aspergillus fumigatus showed that the deletion of mshA (the homolog of MSH2)
confers an adaptive advantage against the antibiotic azole and a positive impact on
virulence (dos Reis et al. 2019). A study has determined the mutagenic role of MSH2
deletion by measuring the number of mutants, finding a 40-fold increase in strains with the
deletion of MSH2 (Boyce and Idnurm 2019). Another study by Lang et al. 2013, calculated
the mutational efficiency through whole-genome sequencing and revealed a 200-fold
increase in the mutational signature with the deletion of MSH2. Similarly, Serero et al.
2014 reports accumulation of unique and diverse mutational spectrum attributed to mutator
genes in yeast. The link between Msh2 deficiency and high numbers of mutants is not only
limited to random and inconsequential genomic signatures but also has a significant
impact on clinical disciplines. A higher frequency of Candida glabrata with antibiotic
resistance was directly correlated to the deletion of the MMR gene MSH2 (Healey et al.
2016). Several studies have shown that mice with a defect in MMR and polymerase
proofreading activity displayed an elevated mutational rate and a higher occurrence of
cancer (Baker et al. 1995; Wind et al. 1995; Edelmann et al. 1997; Reitmair et al. 1996).
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There is abundant literature on RAD27 and MSH2 deletion in the emergence of strains
with desired characteristics, which is also observed in this work based on the ability of the
mutators to grow in xylose as a sole carbon source (Figure 4.4). However, due to time
limitations, the mutator role for the activation of the Weimberg pathway was not further
investigated. The strains were obtained but the reverse engineering became difficult to
perform and advanced techniques may be required to validate the phenotypes obtained.
It is possible that the mutator strain generated a hypermutated population which could
have exacerbated some unfavourable effects in the strain and reduced its fitness. The
reverse genomic engineering could also have been made difficult by the sensitivity of the
evolved strain to antifungals used during the selection on the CRISPR/Cas9 technique.
The deletion of the gene could have become cumbersome due to the defect in the DNA
repair ability of the evolved strain. Therefore, a repair of RAD27 and MSH2 might be a
prerequisite for performing genome editing in the evolved strains. A thorough in-depth
study of the characteristics of the mutator evolved strain obtained from the current study

could provide new insights into xylose-based evolution and its relevance at a cellular level.

In conclusion, studying the impact of yeast mutators on large populations could be a
strategy to reveal the specific "hotspots" in the genome where they can have the greatest
influence. Further investigation of the evolved mutator strains obtained in this work could
provide insight into the origin of xylose-related mutations and their relationship with the
genome. Techniques such as whole genome sequencing, bioinformatics, and reverse
engineering may be necessary to fully understand the molecular factors contributing to

growth on xylose.

5.1.2  Sub-cellular engineering of the Weimberg pathway

In this study, various metabolic engineering strategies were employed to enhance the flux
of xylose through the Weimberg pathway. One of the potential key aspects of the
Weimberg pathway could be the involvement of mitochondria in providing sufficient iron
sulfur clusters for the XyID enzyme and the integration of AKG into the TCA cycle, which
majorly highlights the importance of mitochondrial engineering in establishing the

functionality of the Weimberg pathway.

This versatility of eukaryotic cells, including yeast, is due to their complex design that
contains different compartments with unique structures and functions. The mitochondria,
the powerhouses of cells, have a unique environment compared to the cytosol, which
includes a higher pH, lower oxygen levels, and a rich pool of reducing equivalents.

Bacterial origin enzymes that require the loading of iron sulfur clusters for expression,

117



Discussion

prefer this environment and mitochondria is the generating site for these clusters
(Muhlenhoff and Lill 2000). As a result of these differences, many different pathways
experience difficulties in cytosolic expression in yeast, such as the production of branched
chain amino acids and the synthesis of isoprenoid compounds (Miuhlenhoff and Lill 2000;
Kirby et al. 2016; Avalos et al. 2013; Benisch and Boles 2014).

The activity of XyID, the key enzyme in the Weimberg pathway, has been shown to be a
limiting factor in the conversion of xylonate to 2- keto 3- deoxy xylonate in S. cerevisiae
due to the requirement of 4Fe-4S clusters. This cofactor is inadequately supplied in the
cytoplasm of S. cerevisiae, leading to a bottleneck in the pathway. In a study by Salusjarvi
and colleagues, the activity of XyID was increased 14 times by mitochondrial targeting, but
this still did not result in an increase in the intermediates or end products of the Dahms
pathway 2K3DXA (2-keto-3-deoxyxylonic acid) or 3DPA (3-deoxypentonic acid)
(Salusjarvi et al. 2017). The reason for this might be the poor transport of metabolites to
and from the mitochondria, potentially due to the toxicity of xylonic acid during transport to
the mitochondria. To my best knowledge, the expression of the remaining genes in the
Weimberg pathway (xylB, xylX, and ksaD) has not been investigated in the yeast
mitochondria yet. In addition, despite a potential advantage of mitochondrial site with iron-
sulfur clusters and end product AKG uptake, a comprehensive comparison between dual

cellular compartments in context of Weimberg pathway has not been reported yet.

The confinement of different metabolic pathways into the mitochondria through
compartmental engineering has been demonstrated to be a promising approach for
increasing the production of various metabolites. For example, a study by Avalos and the
team showed that the expression of the Ehrlich pathway in mitochondria led to a 260 %
increase in isobutanol production, whereas the improvement was limited to only 10 % with
only cytosolic expression (Avalos et al. 2013). Noteworthy, the isobutanol pathway also
involves an iron-sulfur cluster dependent enzyme, the dihydroxyacid dehydratase, which
is natively localized in mitochondria. From a work done by Salusjarvi and coworkers, where
14 times elevated activity of XylD could be observed by compartmentalizing the Weimberg
pathway into the mitochondria, and the possible reason may be due to its exposure to the
mitochondrial iron-sulfur cluster biogenesis machinery. The confinement of all other
enzymes involved in the Weimberg pathway into the mitochondria was not tested before
and therefore it was realized a necessary experiment as an attempt to establish the overall
pathway functionality. It should be noted that the mitochondria have two different
membranes - the outer and the inner - and they have limited permeability for solutes

dependent on molecular masses and type of molecule. Therefore, to make the
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intermediates of the Weimberg pathway abundant in both the cytoplasm and the
mitochondria, a dual expression strategy was employed. This has already been
demonstrated with the production of isoprenoids, where a dual compartmentation of the
pathway led to a 2.1 and 1.6-fold increase in the titer of isoprenoids compared to strains
with only mitochondrial or cytoplasmic pathways, respectively (Lv et al. 2016). Present
study aims to simultaneously express the pathway genes in both the cytoplasm and
mitochondria of S. cerevisiae. Strain AHY02 was created for this purpose, which
expresses pathway genes xylIB, xyID, ksaD, and xyIX in both compartments. Despite the
advantage of mitochondrial expression for cofactor availability, the expression of the
pathway genes in the mitochondria alone was not sufficient to induce growth in xylose as
a carbon source (Adriana Happel, Bachelors Thesis 2021). The inability of the modified
strains to grow in xylose might be due to the lack of functionality of one or more
heterologous genes expressed. Similarly, the permeability of mitochondria for AKG might
be a limiting step. In addition, it needs to be determined if AKG is produced from the
pathway is in sufficient amount to induce the growth of engineered strains in xylose as a

sole carbon source.

The results of the evolution of strains AHY02 and CEN.PK2-1C showed that they were
able to grow on xylose sugar from day 178 (Figure 4.7). To study the pathway responsible
for this phenomenon, an attempt was made to disrupt the Weimberg pathway in strain
AHYO02 and the oxidoreductive pathway in both AHY02 and CEN.PK2-1C. The deletion of
the Weimberg pathway was attempted using the CRISPR/Cas9 approach targeting either
xylX or ksaD; and G418 integration to the genomic locus of AHY02 where mitochondrial
copies of Weimberg pathway multicassette was located (originally URA3 locus), but all
attempts failed and no colonies were observed. This could be due to the strain trying to
maintain the locus due to the stress pressure that occurred during evolution or the
emergence of some vital regulatory elements in this genomic area. Further study of the
genome or regulatory factors existing in the evolved strain AHY02 is needed to gain a clear

explanation.

Next, testing the role of oxidoreductive pathway for the observed xylose growth in evolved
strains AHY02 and CEN.PK2-1C was done. The oxidoreductive pathway, which exists
naturally in S. cerevisiae, was disrupted by deleting the XKS1 gene, which went successful
for both evolved strains- AHY02 and CEN.PK2-1C. Interestingly, there was a severe effect
with the deletion of XKS1, and the strains were unable to grow in xylose. This
demonstrates the indispensable role of Xks1, which converts xylulose to xylulose 5-P, in

the evolved strains for growth on xylose. Xylulose-5-P is converted to ribulose-5-P, the
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precursor of ribose-5-P. The pentose phosphates are converted to glycolytic intermediates
fructose-6-P and glyceraldehyde-3-P through the non-oxidative pentose phosphate
pathway. As observed in Figure 4.8 (A and C), the inability of the Axks1 strains to grow in
xylose suggest the possible role of xylose metabolic wiring to glycolysis via the
oxidoreductive route and pentose phosphate pathway. Still, the direct or indirect influence
of the Weimberg pathway for xylose growth in strain AHY02 cannot be completely ruled

out.

Evolutionary engineering is a complex process where random mutations and the selection
pressure can lead to new properties of proteins. One assumption could be the emergence
of a xylose isomerase pathway, because the strain AHY02 does not contain a major xylose
reductase GRE3, and the xylose growth seems to be linked with Xks1. In Figure 4.8 B, the
observation is made that the evolved strain AHYO02 is not able to utilize xylitol, it can be
assumed that there might be emergence of protein that can convert xylose to xylulose
directly. Xylose isomerase is commonly found in prokaryotes and its heterologous
expression in yeast enabled the xylose to xylulose conversion. Besides, some fungi like
Piromyces (Silva et al. 2021) and Orpinomyces species (Madhavan et al. 2009) have been
shown possess xylose isomerases able to convert xylose to xylulose in S. cerevisiae. The
stress exerted by xylose during evolution in strain AHY02 might have triggered some latent
enzymes to function as a xylose isomerase in yeast. AHY02 growing on xylose but not
xylitol as a carbon source might also suggest the transporter as a bottleneck. As observed
by Jordan et al. 2016 and the result from the present thesis (chapter 4.2.1), there are
certain transporters like Hxt11, Hxt15, and Gal2, which enable xylitol uptake. The evolved
clone might have modified the transporter for a superior xylose but poorer xylitol
transporter. Nevertheless, the hypothesis needs to be validated with sequencing of the
genome. It cannot be completely excluded that the heterologous Weimberg pathway
genes xylIB, xyID, ksaD, xyIX could have some accessory role in parallel to the native
oxidoreductive route. The fact that the deletion of the Weimberg pathway genes was not
possible in the evolved strains may support this view. However, it cannot be ruled out at
present that the deletion was unsuccessful due to some genome alterations during the

evolution process, which are not related to the functionality of the Weimberg pathway.

The evolved strains AHY02 and CEN.PK2-1C exhibit different patterns of growth in
response to xylitol as a carbon source. While the AHY02 strain showed a poor growth in
xylitol as the sole carbon source, as shown in Figure 4.8 B, the CEN.PK2-1C strain was
able to utilize xylitol to a higher rate (Figure 4.8 D), although growth on xylose was

approximately two times higher (Figure 4.8 C). This difference in growth behavior could be
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due to the evolved strain's ability to maintain a balanced expression of the oxidoreductive
pathway and the pentose phosphate pathway, which are both involved in the utilization of
xylose. It has to be noted that the GRE3 gene, a major xylose reductase leading to the
production of xylitol, was deleted in AHYO02 strain prior to evolution. This might have led to
the emergence of another reductase for xylitol production during evolutionary process, and
the upregulated activity of both steps (xylose reductase and xylitol dehydrogenase). If the
emergence of another NADPH dependent reductase have occurred, it can be assumed
that during evolution, cellular machinery is adapted for overproduction of NADPH to
optimize the conversion of xylose to xylitol. When xylitol is used as a carbon source (Figure
4.8 B), absence of activity of the emerged xylose reductase might led to over accumulation
of NADPH, which is not beneficial for cell vitality. Similar explanation was stated by Harth
and the coworkers where NADPH overexpressing reductase YISDR from Yarrowia
lipolytica shows severe growth defect in a yeast provided that NADPH recirculation could
not occur (Harth et al. 2020). The case seems different for CEN.PK2-1C strain, as seen
from the Figure 4.8 D. Although slowly, growth does occur with xylitol as a carbon source.
Evolved strain CEN.PK2-1C capable of utilizing both xylose and xylitol suggests the
activation of the oxidoreductive route and PPP. It was reported by different groups that the
overexpression of XKS1, and of the PPP genes TAL1, TKL1, RPE1, RKI1 is beneficial for
growth on xylose (Farwick et al. 2014; Kuyper et al. 2005; Demeke et al. 2013; Karhumaa
et al. 2007). Particularly, the overexpression of XKS1 and TAL1 is regarded as crucial
(Linck et al. 2014; Becker and Boles 2003) .Thus, it can be straightforwardly assumed that
some similar changes in expression level in evolved strains AHY02 and CEN.PK2-1C
might have occured. Still, due to evolutionary engineering being a random process, an
entirely different modification event could have also occurred which needs more detailed
investigation. To get a better understanding of the biochemical changes that have occurred
during the evolution process and its effect on the utilization of xylose and xylitol, proteomics
and metabolomics could be furthermore conducted with the evolved clones. This might be
helpful to identify any differences in the metabolic pathways involved and the enzymes
responsible for the utilization of the different carbon sources. Furthermore, the study of the
genetic basis of the evolved strains could provide insight into the potential mechanisms
behind the differences in the utilization of xylose and xylitol that could be helpful to

engineer yeast strains with improved performance in utilizing these carbon sources.

5.1.3 Xylose-evolved strains with characteristic cell cluster formation

The xylose evolved strains displayed some phenotypical changes, in terms of their colony

texture and appearance in liquid media. Although there was no change in the shape, size,
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or color of the colonies, a distinct difference was observed in the texture of the colonies
with the evolved strains appearing as a non-smooth type. In liquid culture, the evolved
strains showed a tendency to precipitate, with cells in the flask appearing as particle-like
clusters, in contrast to the wild-type yeast that was homogeneously distributed. Similar
findings were described by Oud et al. 2013 as fast sedimenting clusters after a series of
evolution experiments. The authors suggested that this phenomenon may be due to the
evolution of cells towards multicellularity. They found genome sequencing results
revealing genome duplication events and mutations in ACE2 to be responsible for the fast
sedimenting clusters of cells. ACE2 is a zinc finger transcriptional factor that activates
genes in the G1 phase of the cell cycle, particularly CTS1, a gene involved in septum
destruction after cytokinesis (Voth et al. 2005; Saputo et al. 2012; Doolin et al. 2001). The
study by Oud et al. 2013 showed that different evolved isolates had either deletion or
nucleotide exchange in ACE2, specifically at position 1,112, in the same region of ACE2.
The multicellularity of yeast has also been described by other authors to facilitate the
growth of cells on sucrose when the carbon is scarce, probably by improving the
cooperation between individual cells (Koschwanez et al. 2011). Present experiment
revealed that all the xylose growing evolved strains - PRY24, PRY25, PRY27, PRY28,
AHY02 and CEN.PK2-1C -displayed fast sedimenting clusters, which closely resemble the
observation made by Oud et al. 2013. Although the precise time point at which the
precipitate emerged was not clearly determined, it was noted that the precipitating cells
were observed prior to the day on which a distinct growth on xylose was detected. This
suggests that the phenomenon of fast sedimentation may have assisted these strains for
coping with the stress of sugar limitation, which subsequently prompted modifications that
allowed them to grow on xylose. Therefore, investigating the genetic basis and the
relevance of clumping for growth of the evolved strain could be an interesting target for

future studies.

Recent literature, such as the review by Opalek and Wloch-Salamon 2020, have
highlighted the significance of heterogeneous group formation in enabling S. cerevisiae to
carry out tasks that are beyond the scope of individual cells. The ability to form such
cooperative groups has been shown to enhance the yeast's adaptation to specific life
conditions, including nutrient stress. This strategy enables S. cerevisiae to better cope with
challenging environments, ultimately resulting in increased survival and growth. As such,
the exploration of the mechanisms underlying the formation and function of these
cooperative groups might be of great interest in understanding the biology of S.
cerevisiae, and has potential implications in various fields such as biotechnology and

medicine.
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5.1.4 Abolishing the endogenous AKG production to screen for a

functional Weimberg pathway

To investigate the activation of the Weimberg pathway in yeast, different strain engineering
strategies were tested. The methods employed included the generation of a mutator strain
(chapter 4.1.1) and the dual compartmentation of genes in the cytosol and mitochondria
(chapter 4.1.2). Both strategies were based upon xylose for energy and carbon source,
and none of these strategies led to a clear success in activating the Weimberg pathway in
the strain. Thereafter, a more specific and direct strategy was implemented where xylose
can be used as a source of glutamate (or AKG) via Weimberg pathway, and glucose can
be used as a carbon and energy source for the growth of the strain. In this way, a minimal
amount of xylose to AKG conversion might be sufficient to confirm the acitivity of the
pathway. In this screening system, the ability of the strain to endogenously produce AKG
was abolished. As a consequence, the strain is auxotrophic for glutamate, which is
produced from AKG by different glutamate dehydrogenases. This phenotype was
achieved by deleting several genes involved in converting isocitrate to AKG, namely IDH2,
IDP1, IDP2, and IDP3. The resulting strain was unable to grow in a defined medium without
the supplementation of 20 mg/L glutamate. When the strain was tested with sterile filtered
2.5 g/L AKG, no growth was observed even with increasing the concentration of AKG up
to 20 g/L (Figure 4.10- C, D). However, a poor growth was observed when the pH of the
defined medium containing 20 g/L glucose and 2.5 g/L AKG was lowered to 5 (Figure
4.11). This suggests that the uptake of AKG may have occurred via passive diffusion in its
protonated form. The published work from Zhang et al. 2020 showed that growth on AKG
as a sole carbon source is pH-dependent and occurs in the range from pH 2.5 to 5.0, but
not at pH 6.0. This is consistent with the observations shown in Figure 4.11- A, B and the
lack of growth after AKG supplementation is likely due to poor transport of AKG.
Noteworthy, Zhang and colleagues also observed that AKG is not consumed even at pH
4.0, as long as glucose is present as a carbon source. Nevertheless, the results shown in
this thesis suggest that the constructed strain could be used for screening of the
intracellular production of AKG. This proposes the need for further optimization of
experimental design. The pH condition and the concentration of glucose/AKG used may
need to be carefully altered in the experimental set up to fully understand the limitations of
growth on AKG.

When the concentrations of xylose were varied (10 g/L and 40 g/L; Figure 4.10- A, B), this
did not lead to a rise in ODeoonm. TO test if the activation of the pathway requires a longer

time due to the complexity of the reaction, and if the glucose is particularly inhibiting the
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transport of xylose during the growth, the test was done with SC media supplementing
with maltose and xylose for a longer time i.e until 28 days. Despite providing ample time
(28 days) for the expression of the Weimberg pathway for AKG productivity, strains were
still unable to utilize xylose for this purpose, as shown in Figure 4.12. The inability of xylose
to complement the auxotrophic behavior of the strain suggests that either the Weimberg
pathway is not functional or gene expression is limited due to unknown cellular or genetic
factors. Another possibility is that the deletion of IDH2 and IDP1, which disrupts the TCA
cycle in mitochondria, may have led to the strain becoming a petite strain with defective
mitochondria, making expression of the Weimberg pathway difficult. This explanation is by
the observations made by McCammon and McAlister-Henn 2003, where authors showed
a high frequency of petite mutants in yeast strains with deleted IDH2 and IDP2. The
generation of petite clones would compromise mitochondrial activity, which in present case
is unfavorable because the cytosolic production of AKG is dependent on mitochondrial
involvement in iron sulfur cluster biogenesis, specifically for the activity of the xylonate

dehydratase (XyID) that converts xylonate to 3-keto-2-deoxy-xylonate.

A study conducted by Borgstrom et al. 2019 demonstrated the functional expression of the
Weimberg pathway in S. cerevisiae using mass spectrometry during co-fermentation of
glucose and xylose. However, the approach employed in present work differs in that the
testing the Weimberg pathway was performed in a screening platform using a glutamate
auxotrophic strain and xylose as the sole source of this amino acid. The experimental
results, as presented in Figure 4.12, indicate that the glutamate auxotrophic strain is
incapable of utilizing xylose via the Weimberg pathway. Additionally, the presence of
glycolytic substrate glucose or maltose did not activate the Weimberg pathway for xylose
conversion, ruling out the possibility that the lack of growth was due to a carbon limitation.
A similar strategy but in a different microbial background, a recent study conducted by Lu
et al. 2021 showed success in the production of AKG from xylose through the Weimberg
pathway in an E. coli strain, leading to an increase in the yield of itaconic acid. One possible
reason for this discrepancy could be the simpler gene expression machinery in the
prokaryotic host used in Lu et al. 2021, compared to the complex cellular structure of the
eukaryotic S. cerevisiae. Additionally, difficulties in accessing iron sulfur clusters in the
cytosol may have limited the expression of the bacterial xylonate dehydratase, which is an
essential factor in the Weimberg pathway. E. coli is known to have an adequate pool of
iron sulfur clusters in the cytosol (Lu et al. 2021). Furthermore, differences in the selection
of candidate genes from different organisms may also have played a role in the activity
and efficiency of the resulting protein. In the study by Lu et al. 2021, all genes for the

Weimberg pathway were taken from Burkholderia xenovorans, in contrast to the present
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work, where genes from Caulobacter crescentus and Corynebacterium glutamicum were
used (Borgstrom et al. 2019). This difference in gene origin might have, to some extent,

also contributed to the contrasting results.

The attempts carried out to obtain successful clones through the yeast mutator approach
and mitochondrial - cytosolic expression approach were unsuccessful. Furthermore, the
third approach of glutamate auxotrophy was also unable to yield a functional Weimberg
pathway until day 28. Based on these results, it can be assumed that, under the current
experimental conditions, either one or all of the genes xylD /orf41, ksaD, and xylX are not
being expressed with sufficient quantities or activities to produce the necessary amount of
AKG from xylose. This furthermore suggests a deeper understanding of the Weimberg
pathway and its gene expression is necessary for successful AKG production in S.
cerevisiae. In future studies, the mutator phenotype may be introduced into the strain with
abolished AKG production as a more direct screening system.

5.2 Metabolic engineering for the production of xylitol

The second part of this thesis delves into the high production of xylitol using xylose as a
substrate. To achieve this, the first step involved was the screening of the best transporter
of xylose, as well as investigating xylitol import and export capabilities of different sugar
transporters from S. cerevisiae. This was followed by an identification of the best xylose
reductase for the reaction. In addition, the availability of NADPH in the cytosol is crucial
for the yield of xylitol. To address this, several different approaches were investigated to

increase the NADPH level in the cytosol.

5.2.1  Xylitol uptake in S. cerevisiae

Since the export, but also the re-uptake of the produced xylitol are factors that can strongly
influence the productivity of the engineered strains, a number of known sugar transporters
from S. cerevisiae was analyzed for their ability to mediate xylitol uptake. Knowing that all
tested transporters are facilitators, it is reasonable to assume that they can function in both
directions, depending on the orientation of the concentration gradient. The selected
transporters were Hxtl, Hxt2, Hxt3, Hxt4, Hxt5, Hxt7, Hxt10, Hxt11, Hxt14, and Hxt15, as
well as the galactose permease Gal2 and its mutant variants - Gal2ssa, Gal2nz7evimassi, and
Gal2ssanarevimazsi. The capacity for xylitol import was assessed in a screening strain
AFY10, which lacks all endogenous hexose transporter genes (hxt®) and contains one
overexpression cassette for comprising XKS1, RKI1, RPE1, TAL1 and TKL1 genes under

the control of constitutive promoters (Farwick et al. 2014). It can grow on xylitol, if a xylitol
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transporter and a xylitol dehydrogenase (XYL2) are overexpressed (Jordan et al. 2016).

The main transporters of xylose are Hxtl, Hxt2, Hxt4, Hxt7, Hxt11, and Gal2 (Nijland et al.
2016; Saloheimo et al. 2007; Shin et al. 2015; Farwick et al. 2014). However, when these
known xylose transporters were individually tested with xylitol as the substrate, only Hxt11
and Gal2 were able to import xylitol, as demonstrated by the growth of AFY10 (Figure
4.13). This limited transport may be due to structural differences between xylitol and
xylose, which can result in changes in affinity and transport dynamics. When compared to
other transporters, such as Hxt8, Hxt9, Hxt10, Hxt13, Hxt14, and Hxt15, Hxt15 was found
to be the best xylitol importer, as shown in this work and by Jordan et al. 2016. This
highlights the difficulty in predicting xylitol transporters based solely on their known sugar
preferences or sequence homologies.

Interestingly, Hxt11 and Hxt15, although not most closely related proteins within the Hxt
family, were found to be superior xylitol transporters. Hxt11 is 98 % identical in protein
sequence to Hxt9, and the expression is not regulated by the external carbon environment.
On the other hand, Hxt15 is 99 % identical in sequence to Hxt16, which does not transport
xylitol (Jordan et al. 2016). A ligand docking model proposed by Jordan et al. 2016
revealed that sole polymorphisms between Hxt15 and Hxt16, positions 276 and 520, are
distant from the sugar binding pocket and therefore may affect the function of the

transporter via long-distance effects.

The findings of this study revealed that Hxt11 and Hxt15 show a different behavior in the
presence of glucose and xylose. When glucose was used, Hxtl1l was found to be more
strongly inhibited compared to Hxtl5. In contrast, when xylose was used instead of
glucose, a much higher inhibition effect was observed for Hxtl5 (Figure 4.15). This
observation was particularly significant because the xylose uninhibited behavior of Hxt11
was found to be comparable to the best Gal2 variants (Gal2ns7evvazs)) OF even better than
the wild type Gal2. It is worth mentioning that Hxt11l has been previously identified as a
hidden xylose transporter (Shin et al. 2015). The authors noted that Hxt11l possessed
special characteristics, such as its insensitivity to degradation at high levels of glucose,
which could be attributed to its N-terminal tail. In fact, when this N-terminus was transferred

to Hxt2, it conferred greater stability to the latter (Shin et al. 2017).

On the other hand, Gal2 wildtype was already reported to be superior to different hexose
transporters for xylose uptake (Farwick et al. 2014). Gal2 has also been shown to facilitate
xylitol uptake (Tani et al. 2016). Further studies have then shown that several mutations

in Gal2 could improve pentose uptake efficiency and also led to the discovery of mutations
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that alleviate the inhibition effect of other sugars present in the hydrolysates, mainly
glucose (Farwick et al. 2014). To further expand on these findings, a series of mutation-
based experiments were conducted on the Gal2 protein. In the present work, a mutant
Gal2 variant, where six serine residues in the N-terminal tail were changed to alanine
residues, was tested for its ability to transport xylitol. This mutation was chosen based on
the work of Tamayo Rojas et al. 2021, who found that changing serine to alanine results
in a more stable membrane protein by preventing the endocytosis and degradation of the
transporter. The results of a 2 % xylitol drop test did not yield clear conclusions about the
properties of the mutated Gal2 protein (Gal2ssa) compared to the wild type. However, the
drop test data with 1 % xylitol showed that the Gal2ssa protein was a better candidate for
xylitol transport compared to the wild type (Figure 4.14). The results indicate that the
Gal2ssa mutant is not only a superior xylose transporter as previously reported, but is also
a better importer for xylitol when compared to wildtype Gal2. This similarity in transport
characteristics of Gal2gsa mutants for both xylose and xylitol could be due to membrane
stabilization events as explained by Tamayo Rojas et al. 2021. The breakdown of the Gal2
permease due to ubiquitination and subsequent transport into the vacuole, is also
connected to the media environment that the cell is exposed to. Specifically, glucose has
been shown to play a role in impairing the stability of Gal2 and inducing its ubiquitination
(DeJuan and Lagunas 1986). Findings from this work shows that xylitol import is also
similarly inhibited by the presence of glucose for Gal2 wildtype and Gal2ssa (Figure 4.15).
The reason for glucose inhibition of xylitol transport is explained by the poor affinity of Gal2
wild-type towards xylitol as was similarly observed with xylose (Tamayo Rojas et al. 2021)
and by competitive inhibition by glucose in the media (Farwick et al. 2014). Similarly, xylitol
import is also inhibited by presence of xylose in the media but, to a lesser extent than with
glucose (Figure 4.15). This phenomenon of glucose-inhibited polyol transport has also
been observed in S. cerevisiae, where Maxwell and colleagues found that the uptake of
mannitol was inhibited by the presence of glucose (Maxwell and Spoerl 1970). Additionally,
the uptake of another polyol, ribitol, was shown to be inhibited by glucose in a study done
in Candida species (Miersch 1977). Some studies on plant models shows the inhibitory
effect of the sugar on its -ol form as observed in this thesis. Noiraud et al. 2001 showed
that mannose confers the inhibition on the mannitol transport. Such inhibitory effect of one
sugar on the transport of another is commonly encountered in the field of transporters,
such as glucose transporter being inhibited by fructose, and vice versa (D'Amore et al.
1989). It is also reported the xylose transporter is inhibited by presence of glucose (Farwick
et al. 2014). Altogether this study gives insight into the fact that the Gal2ssa, which
improved xylose transport, can similarly act as a better xylitol importer, but the presence

of xylose or glucose molecules can still exhibit inhibition of xylitol import.
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One of the major challenges in yeast sugar transport is the competitive inhibition of
transport by other sugars, such as glucose or xylose. To address this issue, the
N376Y/M435I1 double mutant of Gal2 was selected, as it was shown to have a higher
xylose uptake even in the presence of glucose (Rojas et al. 2021). It should be noted that
the asparagine to tyrosine conversion at position 376 alone was previously shown to confer
glucose-insensitivity of xylose transport (Farwick et al. 2014), while the methionine to
isoleucine shift at position 435 was discovered through error-prone PCR and was found to
increase xylose transport capacity (Rojas et al. 2021). The results from the present study
indicate that the N376Y/M435I mutation was able to fully counteract the inhibition effect of
glucose or xylose on xylitol transport (Figure 4.15). Additionally, this mutant was found to
be far superior for alone xylitol import, compared to Gal2 WT or Gal2ssa mutant as seen in
the 1 % xylitol growth test (Figure 4.14). The combination of N376Y and M435| mutations
also conferred glucose-uninhibited transport of arabinose and was shown to result in a
highly increased capacity of arabinose transport in the presence of glucose (Rojas et al.
2021). From this work, the N376Y/M435| mutation of GAL2 was found to be a successful
solution for glucose/xylose uninhibited xylitol import in yeast as demonstrated by growth

tests using varying amounts of xylitol (Figure 4.14 and Figure 4.15).

To further enhance the xylitol import capabilities, the N376Y/M435I variant of GAL2 was
tested in conjunction with the membrane stabilized form, GAL2ssa. This combination
resulted in eight different substitution mutations in GAL2, referred to as GAL2ssan376viMa3si
(Rojas et al. 2021). The results showed similar xylitol import characteristics as the
N376Y/M435I variant when tested in a 2 % xylitol drop test (Figure 4.13). However, a more
in-depth investigation of varying xylitol concentrations was also performed, which allowed
for a clearer differentiation between the Gal2ssanz7svimazsi mutants. The best xylitol importer
was identified as the Gal2ssanz7evivazsi form, demonstrated by its ability to support growth
even at a nominal amount of 0.5 % xylitol (Figure 4.14). Concentration of xylitol when used
1 %, was also able to segregate a marginal difference in xylitol import characteristics of
Gal2 WT and Gal2¢sa. The removal of ubiquitination signals improved the import of xylitol
at a 1 % concentration, which was not distinguishable at a 2 % concentration where
saturation of the transporter may have occurred. This highlights the importance of
substrate concentration in determining the characteristics of individual transporters. In
conclusion, among all the transporters tested, Gal2ssans7evimazsi was found to be the most
efficient xylitol importer. The role of ubiquitination in affecting xylitol import was also
observed, with the GAL2¢sa form demonstrating improved performance compared to the
GAL2 wild type, although still not surpassing the Gal2nzzevmazsi variant or Gal2ssamszzeyimvazs

form. This observation is in agreement to xylose transporting characteristics observed in

128



Discussion

Rojas et al. 2021, where eight substitution mutation served to best glucose uninhibited

transport of xylose.

The imposition of mutational effects on hexose transporters has been widely studied in the
literature and has been proven to be a promising approach for enhancing membrane
transport kinetics. Farwick et al. 2014 identified several mutant candidates on Gal2 that
improve xylose or arabinose transport. In Verhoeven et al. 2018, a three different amino
acid conversions in position 376 of Gal2 showed glucose-insensitive arabinose transport,
highlighting the importance of this position for discrimination between pentoses and
hexoses. A study by Nijland et al. 2014 showed that the chimeric transporter Hxt36, formed
by the fusion of the N-terminus of Hxt3 and the C-terminus of Hxt6, and comprising a
mutation N367I1, was able to completely abolish glucose transport and improve xylose
uptake.

In conclusion, this study shows, by directly comparing known xylitol transporters, that Gal2
is the best transporter for xylitol import, outperforming other hexose transporters such as
Hxt11l and Hxt15. The study also revealed for the first time the possibility to improve xylitol
import through mutations in the Gal2 protein. The combined mutation in six serine-alanine

and N376Y/M435I significantly improved the xylitol transport capacity of Gal2.

5.2.2  Xylitol export by S. cerevisiae

The previous experiments in this study in chapter 4.2.1 aimed to investigate the
characteristics of xylitol import, and led to a subsequent investigation into xylitol export.
Production of xylitol in EBY.VW4000 strain grown with xylose and glucose as a substrate
(Figure 4.16 B) revealed that all the different mutations proved beneficial for the rise in titer
of xylitol with the highest producer being Gal2ssamns7evmazs. However, since this variant
shows both a higher capacity for xylose uptake (Rojas et al. 2021) and an improved
transport of xylitol (in the import direction), it was not clarified if higher titer of xylitol was
due to a more efficient xylose import or an improved xylitol export (or both). To understand
whether the best xylitol importer, Gal2ssamnz7evmvazsi, could also function as a best exporter,
an assay system was designed that uncouples xylose uptake and xylitol export. Xylose in
the form of xylobiose was transported into cells and then cleaved to produce xylitol. The
success of this strategy was demonstrated by comparing the results of strains with and
without the xylobiose transporter CDT2. The strain without CDT2 was unable to import
xylobiose and produce xylitol, while the presence of CDT2 resulted in increasing xylitol
production over time, with a final titer of approximately 1 g/L after 79 hours (Figure 4.18).

Comparison of Gal2 variants with empty vector control revealed that the highest xylitol
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production was observed in the empty vector control, with a titer of 1.14 g/L (Figure 4.19).
Gal2 wild type and Gal2essanz7evmmassiproduced 0.79 g/L and 0.67 g/L of xylitol, respectively.
This suggests that Gal2ssanz7svimazsi, Which was identified as the best xylitol importer in
previous experiments, is not the best exporter. In fact, the modification reduced xylitol
export capacity by approximately 15 %. Interestingly, the finding that the highest xylitol
production was observed in the empty vector control, with increment of approximately 44
% compared to the Gal2 WT, shows that an efficient xylitol exporter exists in yeast (Figure
4.19). Even though the native ‘hypothetical’ xylitol exporter exists in both GAL2 WT and
GAL2ssamns7evmassi, the 2|1 based overexpression might have led to overcrowding of the
plasma membrane and thus a higher effect is observed only with empty vector control.
One of the possible candidates could be Fpsl. Previous studies have proposed that the
facilitative glycerol transporter, Fps1, may play a role in xylitol efflux due to the structural
similarity of both polyols (Su et al. 2013). It was described that the primary function of Fps1
is associated with glycerol transport, and it has been shown to primarily act as a xylitol
exporter rather than an importer. This is also in accordance with this thesis findings where
xylitol import was not seen with empty vector control in the drop test result (Figure 4.13)
and there was requirement of additional transporter in order to let the strain grow in xylitol
as a carbon source (Chapter 4.2.1). It is likely that Fpsl mediated the efflux of xylitol in
the empty vector control in this work, although further investigation is needed to confirm

this hypothesis.

Probably the overexpression of any other transporter tends to compete for the available
space in the membrane and thereby reduces the available area for the native xylitol
exporter of yeast. When Gal2 is stabilized by preventing its ubiquitination in
Gal2ssans7evivazs, this leads to even higher oversaturation of the membrane. This might be
the possible reason for the lower xylitol export with Gal2ssamns7evmazsi when compared to
the wild type. Similarly, the uptake of glucose is more compromised by Gal2ssamns7eymazs
than by Gal2 WT overexpression which is clearly observed during glucose xylose
cofermentation in present thesis (chapter 4.2.2, Figure 4.16 A, 4.17 A), the similar
observation is also reported by Rojas et al. 2021. Again, when efflux of xylose is measured
for each of the strain, Gal2 wildtype is found to be the best xylose exporter. Empty vector
control produces least among all, and the mutant Gal2ssams7evimassi produces less than the
wild type. This furthermore shows that mutations that were helpful to import xylitol (chapter
4.2.1) or xylose (Rojas et al. 2021) have a contrary effect on the efflux of xylose. It is
tempting to speculate that the higher net uptake rate of xylose by the Gal2ssamnz7evmazs
mutant is, at least in part, due to a reduced efflux of the sugar. Thus, the mutation(s) may

affect the transporter function in an asymmetrical manner, for instance by favoring the
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outward facing conformation. The study can be further extended to examine the
phenomenon of xylitol export but in the presence of inhibitory molecules. Transporter Gal2
with mutation 6SA/N376Y/M435I is described specifically for glucose uninhibited xylose
(Rojas et al. 2021) or xylitol import (Chapter 4.2.1). Thus, future work can be focused in

the examination of xylitol export in presence of glucose.

The collective findings of this study have shed light on the role of the xylose transporter
Gal2 and its mutant Gal2ssans7evimassi in xylitol production. Results have indicated that the
superior xylitol production observed in the Gal2ssana7eymassi mutant, as shown in Figure
4.16 B, is primarily attributed to its enhanced ability to import xylose, rather than its
efficiency in exporting xylitol. Therefore, despite the fact that the Gal2gsanazevimazsi mutant
was found to be a poor xylitol exporter, its remarkable ability to import xylose makes it
beneficial for xylitol production. Thus, it can be concluded that the robust xylose import
capacity of the mutant strain Gal2ssanz7svimassi has contributed significantly to its ability to
produce high titers of xylitol.

An ideal strain for xylitol production would have high xylitol excretion and low uptake by
cells described by Su et al. 2013, potentially directing carbon towards the desired product
and optimizing substrate-based product formation that might otherwise be inhibited by
xylitol produced inside. The limited understanding of xylitol efflux has hindered the
optimization of xylose consumption in the bacterium Corynebacterium glutamicum, with
attempts such as cofactor manipulation proving ineffective (Sasaki et al. 2010).
Understanding the efflux of xylitol could lead to significant improvements in microbial
production of xylitol at a large scale, increasing xylitol titers, controlling its secretion, and
promoting high substrate-product conversion, thereby providing high levels of purity. This
insight could be valuable for the development of xylitol-based drugs and their efficacy in
eukaryotic models. The precise export and import mechanism of xylitol in eukaryotic
systems could have notable implications for xylitol transportation, drug discovery, and
development in other eukaryotic systems due to its numerous clinical and nutritional

applications.

5.2.3 Cofactor as a main limiting factor for the yield of xylitol

The availability of cofactors, such as NAD(P)H, can be a limiting factor in the production
of many products, including xylitol. These cofactors are essential for the proper functioning
of metabolic pathways, and a shortage of them can negatively impact the efficiency of the
process. In order to optimize the production of xylitol and other products, it is crucial to

ensure a sufficient supply of these cofactors, which can be achieved through various

131



Discussion

means such as strain engineering in a manner that elevates the cellular NADPH pool. In
this work, different attempts were undertaken to ensure higher pool of NADPH in the
cytoplasm of yeast. The strategies targeted (i) the overexpression the oxidative PPP
(Pentose phosphate pathway) genes, (ii) deletion of the acetaldehyde dehydrogenase
ALDS, (iii) replacement of the endogenous GAPDH genes by the heterologous GDP1 gene
and (iv) the deletion of the PHO13 gene as a possibility to pleiotropically upregulate the
oxidative PPP genes. Among all, the overexpression of the initial enzyme of the oxidative
pentose phosphate pathway (Zwf1) proved to be the best strategy for improving the yield
of xylitol.

5.2.3.1 Overexpression of ZWF1 by promoter exchange

The results of the fermentation experiments show that the PRY48 strain produces
significantly more xylitol than the PRY39 strain, with almost double the amount being
produced (Figure 4.22). This highlights the key role played by the oxidative pentose
phosphate pathway (PPP) gene ZWF1 in enhancing xylitol production. The PRY48 strain
was optimized for xylitol yield through the addition of a glucose-unrestricted xylose
transporter Gal2ssans7evimassi and the expression of a codon-optimized Xyll from Pichia
stipitis, as well as overexpression of Zwfl. It has to be noted that PRY48 strain used
throughout the study overexpresses a Zwf1 variant with a deletion of the glutamate residue
at position 59 due to its 50 % higher enzymatic activity compared to the CEN.PK2-1C
wildtype sequence (Figure 4.23).

The oxidative PPP intersects with the glycolytic pathway at the glucose-6-phosphate
intermediate and the activity of Zwfl, the first enzyme of the oxidative PPP, converts
glucose-6-phosphate to 6-phospho-gluconolactone, leading to NADPH synthesis. There
have been numerous studies that have shown that the titer of NADPH-dependent products
increases in cells that express higher levels of glucose-6-phosphate dehydrogenase
protein (Zwfl). For instance, overexpression of Zwfl has been found to boost the
production of terpenoids such as strictosidine (Brown et al. 2015), carotenoids (Zhao et al.
2015), squalene (Paramasivan and Mutturi 2017) in S. cerevisiae ,as well as an improved
lysine production in Corynebacterium glutamicum reported by Becker et al. 2007. Similarly,
elevated activity of Zwfl serves beneficial for high yield of octanoic acid (Wernig et al.
2021), xylitol in S. cerevisiae (Kwon et al. 2006). In the study by Kwon et al. 2006, a 25 %
increase in xylitol titer was reported when ZWF1 was expressed via a plasmid in S.
cerevisiae strain BJ3505. In this study, a 100 % increase in xylitol titer was obtained when
Zwfl was overexpressed genomically through promoter exchange with pHXT7 in the

CEN.PK2-1C strain. The enzymatic activity test further supports this as shown in Figure

132



Discussion

4.23, where specific activity was found to be 0.16 and 0.91 pmol/min mg for PRY39 and
PRY48, respectively, when cells were grown in SC media with 2 % glucose. The results in
Figure 4.22 indicate that the productivity at any given time point is higher for the PRY48
strain. Notably, the increase of the titer is highly accelerated during the ethanol phase of
growth, which is even more pronounced for the PRY48 strain compared to the PRY39
strain. After 48 hours, when the cells have depleted all the available glucose, the yield for
the PRY48 strain increases dramatically. The ethanol production is almost identical for
both strains until 48 hours, but after that, the ethanol consumed by the PRY48 strain is
much faster than that of the PRY39 strain. This could be due to a more favorable condition
for gluconeogenesis, as glycolysis turns backwards and the higher expression of Zwfl
results in a better consumption of the substrate glucose-6-phosphate (G-6-P) at the
junction. The relationship between ethanol consumption and xylitol production during the
gluconeogenesis phase may suggest that the diversion of G-6-P to the oxidative PPP
requires an increased rate of gluconeogenesis to ensure sufficient flux toward UDP-

glucose.
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Figure 5.1: The sources and detoxification of H202 in yeast cells. In peroxisomes, fatty acids are
converted to acyl CoA via B-oxidation during which generation of H202 occurs. In mitochondria,
oxidative pathways convert acetyl CoA to Coz and reducing equivalents for electron transport. By
product of electron transport are superoxide anions which gets converted by mitochondrial or
cytosolic superoxide dismutase (SOD2 and SOD1) forming H202. H20: is intracellularly degraded
by peroxisomal catalase (CTA1) and to mitochondrial cytochrome c¢ peroxidase (CCP1). Cytosolic
catalase (CTT1) and thiol dependent peroxidases [thioredoxin peroxidase (TPX) and glutathione
peroxidase (GPX)] assists the process. Cofactors for the peroxidases are reduced by thioredoxin
or glutathione reductases (TRR or GLR), using NADPH as a source of reducing equivalents. The
cytosolic source of NADPH can be ZWF1 or IDP2. The figure was taken from Minard and Mcalister-
Henn 2001

On the other hand, the higher rate of ethanol consumption by the PRY48 strain (Figure
4.22 B), may suggests a potential role of ZWF1 overexpression in the regulation of the

mitochondrial activity. Respiration, which uses O, as an electron acceptor, is a solely

133



Discussion

mitochondrial process that also results in surplus amount of reactive oxygen species.
These reactive species are harmful to cell growth and energy production. Similarly, when
cells are glucose-starved, they use ethanol, acetate, and fatty acids as energy sources
(Minard and Mcalister-Henn 2001). During oxidative processes, higher levels of H,O; are
produced in cells, and NADPH produced by Zwfl is believed to be the main cytoplasmic
antioxidant (Inoue et al. 1999; Park et al. 2000) (as described in Figure 5.1). Hence, in this
context, the higher activity of Zwf1 in the PRY48 strain may have assisted the cell in coping
with toxic molecules, resulting in faster ethanol consumption and, in addition, an even
higher rate of gluconeogenesis. This ultimately could have resulted in further activation at
the oxidative PPP junction, leading to a higher NADPH pool and elevated xylitol titer.

5.2.4 Influence of the carbon source on the xylitol titer

Result from chapter 4.2.6.1 clearly shows that the amount of produced xylitol is doubled
in Zwfl overexpression strain PRY48, and the titer strikingly went higher during the
gluconeogenesis phase, where ethanol is a main carbon source. Thus, it was plausible to
assume that in ethanol-xylose mixture, PRY48 would behave similarly. Hence, a
fermentation was performed using ethanol instead of glucose. However, the fermentation
result shows the opposite trend as seen in Figure 4.32. When PRY48 and PRY39 were
compared in ethanol-xylose mixture, the xylitol titer is unexpectedly higher for PRY39
strain at any time point (Figure 4.32 C). Highest difference in xylitol productivity was
observed at 48 hour time point, where PRY39 produces an about 60 % higher yield than
PRY48. It is not completely understood why the cell behaves differently during the diauxic
shift and ethanol-grown conditions. One possible explanation is the accumulation of
storage carbohydrates during glycolysis. Prior to start of main fermentation in ethanol-
xylose mixture, the cells were precultured in glucose. During growth on glucose, G-6-P
intersects with two other synthesis processes as G-6-P is a substrate for both the oxidative
PPP and a starting molecule for trehalose and glycogen synthesis. The accumulation of
trehalose could have went specifically higher for PRY39 strain during preculture because
the overexpression of Zwfl (PRY48) drives G-6-P molecule more towards oxidative PPP
and less G-6-P is available for trehalose synthesis. Presence of preexisting trehalose in
PRY39 might have made more G-6-P available during the ethanol-xylose growth condition,
leading to increased NADPH synthesis in PRY39 when grown in ethanol. This theory
requires further confirmation through quantification of trehalose during different growth
conditions and a transcriptomics study to understand the regulation of glycolytic and TCA

cycle genes during various carbon source conditions and their potential interactions.

Galactose was chosen as an alternative sugar variant to evaluate its suitability for xylitol
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production in the ZWF1 overexpressing strain PRY48. The results show a negative effect
on both ethanol and xylitol productivity (Figure 4.31B). The decreased ethanol yield
observed in the co-fermentation with galactose is due to rather respiratory mode of
metabolism induced by galactose, which is a well-known phenomenon (Polakis and
Bartley 1965; Polakis et al. 1965). In that scenario, activation of mitochondrial respiration
from galactose might have caused metabolic burden, leading to a decreased xylitol titer.
In conclusion, the results from the co-fermentation of galactose and xylose suggest that
the activation of mitochondrial respiration from galactose is detrimental to ethanol and
xylitol productivity in a Zwfl overexpressing strain background. These findings could have
implications for the selection of sugar variants for industrial bioprocesses, particularly
those utilizing Zwfl overexpressed strains. Further studies are needed to better
understand the underlying mechanisms and optimize co-fermentation strategies for

alternative sugar variants.

5.2.5 Effect of the remaining oxidative PPP genes SOL3 and GND1

After observing the strong effect of Zwfl on xylitol production, study was expanded to
investigate other genes in the oxidative PPP. Zwfl converts G-6-P and NADP* to 6PGL
(6- phosphogluconolactone) and NADPH, which is then converted to D-gluconate-6-P by
Sol3. Its further conversion to Ribulose-5-P by Gnd1 yields another molecule of NADPH.
Based upon the hypothesis that the overexpression of ZWF1 might increase the substrate
available for the Gndl1-catalyzed reaction, an experiment was conducted where all three
oxidative PPP genes were overexpressed. To this end, a multicopy expression plasmid
FWV93 that contains ZWF1, SOL3 and GND1 under the control of different strong
promoters (Wernig et al. 2021) was introduced into the production strain PRY48. The
results (Figure 4.24 B) showed that the FWV93 transformed strain did not have an
increased xylitol titer, with yields almost the same as the empty vector used. The
observation is consistent with the finding from Wernig et al. 2021 where overexpression of
FWV93 did not further improve the octanoic acid titer. Thus, it can be concluded that the
expression of the endogenous copies of GND1 and SOL3 (and/or their paralogs GND2
and SOL4) is not limiting. It could also be assumed that a limitation of NADP* might have
occurred in PRY48 and further NADP* requiring reactions are therefore not helpful.
Additionally, the large amount of 6PGL produced by Zwfl might cause negative feedback
inhibition of the non-oxidative PPP loop. Overall, this experiment suggest that genomically
overexpressed ZWF1 is the best way to increase xylitol yield in glucose-xylose mixtures,
and that additional expression of ZWF1, SOL3, and GND1 is not beneficial.
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5.2.6 Downregulation of PGI1

Besides the amount of the Zwf1 protein, the availability of its substrate G-6-P is a second
determinant of the flux towards the oxidative PPP. To accumulate more G-6-P, it was
attempted to decrease its diversion to the competing reaction through manipulation of the
PGI1 gene expression. For this, the native PGI1 promoter was replaced by weaker ones.
Strains PRY49 (pCOx9-PGI1), PRY50 (pRNR2-PGI1) and PRY51 (pREV1-PGI1) were
generated where the strength of the promoters is pPGI1 > pCOX9 > pRNR2 > pREV1 (Lee
et al. 2015; Keren et al. 2013). To investigate the influence of the promoter replacement
on growth, and thereby indirectly on the glycolytic flux, drop tests were performed on
different media. Figure 4.26 shows a pronounced effect of pPREV1-PGI1 (PRY51) on higher
glucose concentration (2 %) whereas no apparent difference was seen for 0.2 % glucose
and on ethanol (2 %). This is expectable, as during higher glucose condition, the Pgil
limitation is more pronounced than in low glucose or under the gluconeogenic regime. The
fermentation experiments (Figure 4.25) showed more subtle differences in the retardation
of glucose consumption, which is in agreement with the strength of each of the three
promoters (although the differences may not be clearly seen in the Figure 4.25 A due to
the scaling of the graph, the underlying measured glucose concentrations unequivocally
show the trend at all time points of the glucose phase). This confirms that promoter

replacements had the intended effect.

Regarding the production of xylitol, when the full fermentation time is observed, the results
show that all of the weaker promoters used did not lead to an increase of the final xylitol
titer and that the wild type pPGI1 was superior (Figure 4.25 B).

It is possible that a downregulated glycolysis could exert a feedback inhibition which could
ultimately retard the synthesis of G-6-P, e.g. by regulating the hexokinase activity or
glucose transporter expression. Also, it might be possible that a retarded glycolysis exerts
a negative influence on cellular metabolism including Zwfl activity. Contradicting this
hypothesis, the xylitol per ODeoonm Value inversely correlates with the promoter strength
and is highest for the weakest promoter used (pREV1) during the first few hours, i.e. during
the glucose consumption phase (Figure 4.25 C), which is in accordance with the
expectation. Thus, a higher glucose level is the best scenario for observing the difference
occurring in G-6-P accumulation due to the PGI1 downregulation. The promoter
replacement strategy may therefore be beneficial under conditions with constant glucose
supply, such as fed-batch fermentations. The downregulation of PGI1 (in combination with
ZWF1 overexpression and other strategies) was previously shown to improve the

production of fatty acids (Yu et al. 2018), especially during the glucose consumption phase
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(Wernig et al. 2021), supporting the results of this work. It has to be noted, however, that
the decreased fitness of the strains is an undesired trait from a biotechnological
prospective. The applicability of the strategy is therefore limited by the intended

fermentation regime.

5.2.7 Integration of an NADP*-dependent G3PDH

Glyceraldehyde-3-Phosphate dehydrogenase Gdpl from Kluyveromyces lactis is the first
discovered fungal NADP* dependent G3PDH (Verho et al. 2002). The strategy to
implement GDP1 from K. lactis (KIGDP1) for higher yield of xylitol is motivated by the
observation that NADP* dependent Gdpl expression had shown success for boosting the
turnover of NADP* to NADPH in the cytosol, as shown in the work of Verho and the
coworkers (Verho et al. 2003). The authors observed a stimulated xylose fermentation via
the oxidoreductive pathway in S. cerevisiae when GDP1 was overexpressed and this was
attributed to an improved supply of NADPH for the reduction of xylose. Chen and the
coworkers found that expression of NADP* dependent G-3PDH (gapN) from
Streptococcus mutants increased the NADPH dependent 3HP (3-Hydroxypropionic acid)
formation by 30 % (Chen et al. 2014b). In another study, replacement of NAD* dependent
G3PDH by gapN from S. mutans showed rise in ethanol and decline in glycerol productivity
(Bro et al. 2006). Similarly, the expression of gapN from Bacillus cereus significantly
increased ethanol yield and decreased glycerol production in anaerobic growth of S.
cerevisiae, which is another example for metabolic engineering using an NADP*
dependent glycolytic gene in S. cerevisiae (Zhang et al. 2011). A switch in cofactor
specificity of glutamate dehydrogenase towards NADP* was able to rise ethanol yield by
8 % in S. cerevisiae as shown by Nissen et al. 2000. This exemplifies that the NADPH
pool engineering is not restricted to G3PDH.

In the present work, GDP1 expression was carried out in two different strains — CEN.PK2-
1D wildtype or CEN.PK2-1D Atdh3. In the latter, the major isoform of the endogenous
(NAD* dependent) G3PDH was deleted (Linck et al. 2014) to increase the availability of
the substrate and thereby increase its turnover by Gpdl. Reduced glycolytic flux is
confirmed by a decreased glucose consumption for the Atdh3 strain (Figure 4.27 B).
Deletion of TDH3 does not completely abolish glycolysis because Tdhl and Tdh2 are still
active, thus this strain is able to grow in glucose even without KIGDP1. During early hour
of fermentation until ~21 hours, KIGDP1 expression leads to a higher yield of xylitol, which
is seen for both WT and TDH3 deleted background (Figure 4.27 D). Only in the presence
of glucose Gdpl is operating in the NADPH generating direction and thereby a higher

xylitol yield is obtained. From this, it can be said that NADPH limitation during early
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glycolysis seems to be evidently overcome by expressing KIGdpl. In accordance with the
expectation, this is not the case in later stages of fermentation (i.e. during the
gluconeogenic regime), where the trend is rather opposite (Figure 4.27 C). This is
explained by NADPH consumption by KIGdpl during gluconeogenesis. An interesting
observation is that the strain expressing KIGdpl consumes ethanol faster than the empty
vector control as seen at 148 hour in Figure 4.27 C. A high rate of ethanol consumption
does not correlate with a high xylitol production, which is in contrast to the observation
made with ZWF1 experiment (Figure 4.22 B), where the faster ethanol consumer is
generally a better xylitol producer. This disparity is not fully understood but it can be
explained by the NADPH consumption by KIGdpl, whereas Zwf1l is unlikely to consume
NADPH even during gluconeogenesis. Altogether, the study elaborates a successful
approach to increase NADPH in the cell, via heterologous protein expression of G3PDH
having affinity towards NADP™, in particular in the phase when glucose is abundant. To
ameliorate this, other gene targets can be chosen where the reaction is irreversible
throughout the metabolism so that NADPH is not utilized by the reaction at any time
course. Beside this, the expression of the KIGdpl in S. cerevisiae could be further

strengthened through codon optimization of the gene for S. cerevisiae.

5.2.8 Deletion of ALD6

Acetic acid is a known growth inhibitory compound for yeast. Ald6 is the major cytosolic
acetaldehyde dehydrogenase isoenzyme involved in acetate production and the deletion
of ALDG6 is known to significantly reduce its accumulation (Lee et al. 2012; Eglinton et al.
2002; Karhumaa et al. 2009; Sonderegger et al. 2004; Wahlbom et al. 2007). Some studies
have reported that the deletion of ALD6 in a xylose-metabolizing strain led to an increase
in xylose consumption rates via the oxidoreductive pathway (Kim et al. 2013). The authors
interpreted this as a consequence of reduced acetate accumulation. Interestingly, the
deletion of ALD6 was also found to have a beneficial effect on the reduction of D-
galacturonic acid to L-galactonate by an NADPH-dependent reductase (Harth 2022) . This
finding appears counterintuitive, since Ald6 is, besides Zwf1, the second major source of
cytosolic NADPH (Grabowska and Chelstowska 2003). To test if this effect is generic, the
influence of the ALD6 deletion on the NADPH-dependent reduction of xylose was tested
in this study. As shown in Figure 4.28 A, a 60 % higher level of xylitol for the PRY55
(PRY39 Aald6) strain was observed compared to PRY39 at 148 hr. The reduction of
acetate production and its toxicity seems an unlikely explanation for this observation,
although it may play a role in lignocellulosic hydrolysates (Kim et al. 2013), which already

contain high amount of acetic acid due to the pretreatment process. Strikingly, a higher
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accumulated xylitol titer after the deletion of ALD6 was observed even in a xylose-
metabolizing strain, in which xylitol is only an intermediate of the oxidoreductive pathway
(Kim et al. 2013). This suggests that the increase in xylitol supply possibly outweighed the
consumption of xylitol through the downstream metabolism. Thus, the deletion of ALD6
may have increased the activity of xylose reductase, possibly through an increased
NADPH pool, which is the main factor for improving the xylitol yield. One possible
explanation could be an overcompensatory upregulation of ZWF1 to counteract the loss
of Ald6 as a second NADPH source. To test this hypothesis, a Zwfl enzyme activity test
was performed with glucose-grown cells. As shown in Figure 4.29, Zwfl activity in the
Aald6 strain is 33 % higher than in the parental strain, which is consistent with previous
results observed in a very different strain background, engineered for L-galactonate
production (Harth 2022). This suggests that the higher yield of xylitol in PRY39 Aaldé6 is at
least partly due to an enhanced ZWF1 overexpression. In the case of strain PRY48 (with
overexpressed ZWF1), the deletion of ALD6 did not make any positive difference (Figure
4.28 B), which is likely due to an already high level of ZWF1 expression driven by a
constitutive promoter that is not responsive to perturbations of the cellular NADPH pool.
The sensitivity of the ZWF1 expression to the deletion of ALD6 in the PRY39 background
can be explained based on the transcription factor dependency of their promoters as Sth5

is @ common transcription factor regulating both pZWF1 and pALD6 (Ouyang et al. 2018).

5.2.9 Deletion of PHO13

Deletion of PHO13, when performed in a PRY39 (native ZWF1) and PRY48 (ZWF1
overexpressed), did not confer a positive effect on the xylitol titer (Figure 4.28, A and B).
This strategy was based on the already reported evidence, where authors found that
Aphol3 leads in S. cerevisiae not only to a higher xylose consumption via the
oxidoreductive pathway (Xu et al. 2016; Kim et al. 2015) but also to the upregulation of
PPP genes mediated by the transcription factor Stb5 (Kim et al. 2015). Due to the
observation that availability of NADPH is limiting the xylitol titer in this study, it was
plausible to assume that the upregulation of the PPP could be beneficial for xylitol
production. The absence of an effect could be explained by the fact that the deletion of
PHO13 increases the transcript levels of GND1, SOL3 and TAL1, but not that of ZWF1
(Kim et al. 2015). The overexpression of ZWF1 was shown in this study to be the crucial
genetic target for improving the production of xylitol (chapter 4.2.6.1) and the
overexpression of GND1 and SOL3 did not further improve the yields (chapter 4.2.6.2).
The latter observation is consistent with the absence of an effect even in the PRY48 strain

background, where Zwfl activity is not limiting. Besides its effect on the PPP gene
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expression, the deletion of PHO13 was shown to be beneficial for xylose fermentation
through the oxidoreductive pathway by minimizing the hydrolysis of xylulose-5-phosphate
by the Phol3 phosphatase activity (Kim et al. 2015; Xu et al. 2016). On the other hand,
the finding from Shen et al. 2012 showed that PHO13 deletion effect is more pronounced
in XR/XDH rather than Xl expressing strains, although both pathways result in xylulose-5-
phosphate. This suggests that the PHO13 deletion does not act solely at the phosphatase
activity level. Noteworthy, the other studies investigating the PHO13 deletion were
performed in strain backgrounds other than CEN.PK used in this study, which may also
account for different patterns of regulation.

5.2.10 Expression of a cytosolic Pos5

As an additional strategy to increase the NADPH concentration in the cytoplasm, a POS5
version encoding a truncated NADH kinase (without the mitochondrial targeting sequence)
was expressed under the control of the mediocre promoter pRNR2. A weak promoter was
chosen because a strong overexpression of POS5 was reported to cause a strong growth
phenotype (Kim et al. 2018; Hou et al. 2009). Pos5 can phosphorylate both NADH and
NAD, but its preference for NADH is around 50-fold compared to oxidized cofactor (Outten
and Culotta 2003). The deletion of the mitochondrial targeting sequence was based on
previous work (Strand et al. 2003). Glucose-xylose fermentation results (Figure 4.28 A, B)
show that its expression in the cytoplasm is not able to increase the overall yield of xylitol.
Nevertheless, a slight increase of xylitol titers was observed in the PRY39 strain
background during the glucose phase (up to 24 hr), which is reminiscent of the results
obtained after downregulation of PGI1 or expression of KIGDP1 (Figure 4.28 C). This is
expectable since cytosolic NADH is abundantly produced during glycolysis, but not during
the respiratory phase of metabolism. In the PRY48 background, the production of xylitol is
decreased even at early stages of the fermentation, suggesting that the negative
consequences of the POS5 expression, such as the growth retardation, outweigh the
positive ones. The growth and ethanol consumption of recombinant strains PRY39,
pPRNR2- POS5 and PRY48, pRNR2-POS5 is lower than with the parent strains PRY39
and PRY48 (data not shown), consistent with previous studies. This is likely due to the
perturbations of the cofactor balance and/or to an increased ATP consumption. In contrast
to present thesis results, a study from Zhao and their team shows POS5 to be even more
effective than ZWF1 to increase the NADPH-dependent carotenoid synthesis (Zhao et al.
2015). However, in their study, the POS5 expression not only resulted in higher NADH-
kinase activities, but also in increased transcript levels of genes involved in carotenoid

biosynthesis. It is therefore impossible to attribute the increased carotenoid titers solely to
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the increased level of NADPH. In another study, the expression of cytosolic Pos5 was
intended to improve the consumption of xylose via the oxidoreductive pathway (which
involves xylitol as an intermediate). Whereas the channeling of xylose to ethanol was
improved under aerobic conditions, xylitol accumulated under anaerobic conditions,
probably due to accumulation of NADH that served as a substrate for Pos5 (Hou et al.
2009). As a further example of the cytosolic Pos5 expression strategy, Yukawa et al. 2021
introduced it into a strain engineered for 1,2,4-butanetriol (BT) production from xylose. This
led to a notable increase of the product (about 20 %). Interestingly, the concentration of
xylitol, an unwanted side-product not involved in the BT pathway, was not increased. All
these examples show that the effects of a cytosolic Pos5 expression are complex and

context-dependent.
Conclusion

To conclude, the present PhD thesis aims at the conversion of xylose into two different
products — a-ketoglutarate (via the Weimberg pathway) or xylitol. In the first part of this
thesis, for establishing the Weimberg pathway, when heterologous codon optimized genes
from different source organisms like Caulobacter crescentus, Corynebacterium
glutamicum, and Arthrobacter nicotinovorans were expressed in S. cerevisiae, the
resulting strains were not able to grow with xylose as a sole carbon source. Strain
modification approaches like yeast mutator strains and cytosolic-mitochondrial expression
of the pathway, followed with evolutionary engineering, as well, did not led to clear
success. In order to make a more direct approach, a screening strategy was employed
where xylose was used as a source of glutamate. This way, comparatively less amounts
of a-ketoglutarate are required via the Weimberg pathway as glucose can serve as a sole
carbon source for the growth, and xylose oxidation via the Weimberg pathway just provides
AKG for the growth of glutamate auxotrophic strain. Despite this, the strain was still unable
to grow using xylose as a glutamate/AKG source. This implies that successfully expressing
the Weimberg pathway in S. cerevisiae may require addressing additional limiting factors

for optimal activities.

In the second part of this thesis, xylose should be converted to produce xylitol - a
sweetener compound. This study in-depth investigated different aspect of xylitol
production such as xylitol transport, screening of the best xylose reductase, and genetic
modifications to increase the cellular pool of NADPH. NADPH is the cofactor required for
the activity of xylose reductase that converts xylose to xylitol. When the abilities of different
hexose transporters and their variants for the transport of xylitol across the membrane

were examined, the finding from present study reveals a mutant variant of Gal2 -
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Gal2ssanz7evimass - to be the best xylitol importer but not the best exporter. Furthermore, to
optimize the production of xylitol, different reductase variants were tested from different
source organisms, among which xylose reductase from Pichia stipitis produced the highest
yield. Furthermore, different NADPH supplementation strategies were tested to reach
higher yields of xylitol where ZWF1 overexpression and ALD6 deletion were found to be

the best strategy, among others, to result in a higher titer of xylitol.
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6 Deutsche Zusammenfassung

Xylose, ein mengenmaRig groRer Zuckeranteil von lignocellulosehaltiger Biomasse, ist ein
Molekul mit einem Finf-Kohlenstoff-Skelett. Seit Jahrzehnten wird die Verwendung dieses
Zuckers, insbesondere als Substrat fir die Produktion von Biokraftstoffen wie Ethanol
durch mikrobielle Wirtsorganismen wie Saccharomyces cerevisiae, intensiv beforscht. In
dieser Hefe wird Xylose naturlicherweise nicht als Kohlenstoffquelle verwendet, aber ihre
Verstoffwechselung konnte durch Metabolic Engineering - entweder Uber den
oxidoreduktiven Weg oder mit Hilfe einer Isomerase - erreicht werden. Beide Wege
enthalten Xylulose als gemeinsames Zwischenprodukt, das vor dem Eintritt in den
endogenen Stoffwechsel Uber den nicht-oxidativen Pentosephosphatweg (noxPPP)
phosphoryliert werden muss.

AulRerdem existiert in einigen Bakterien ein nicht-phosphorylierender oxidativer Weg fur
den Xyloseabbau, bekannt als Weimberg-Stoffwechselweg, bei dem ein Molekiil Xylose
durch eine Reihe von Enzymen - Xylose-Dehydrogenase (XylB), Xylonat-Dehydratase
(XyID), 3-Keto-2-deoxy-Xylonat-Dehydratase (XylX) und a-Ketoglutarat-Semialdehyd-
Dehydrogenase (KsaD) - in a-Ketoglutarat (AKG) umgewandelt wird. Neben mehreren
nutzlichen Eigenschaften als Produkt, konnte AKG durch seine Verstoffwechselung im

Citratzyklus fir das Wachstum der Zellen genutzt werden.

Ein Ziel der vorliegenden Studie ist es, einen funktionellen Weimberg-Stoffwechselweg in
S. cerevisiae zu etablieren. Frilhere Studien haben gezeigt, dass dies keine ftriviale
Aufgabe ist, unter anderem aufgrund der Toxizitdt von Xylonat (dem ersten
Zwischenprodukt) und der Beteiligung eines Eisen-Schwefel-Cluster abhangigen Enzyms,
der D-Xylonat-Dehydratase. Die Assemblierung von Eisen-Schwefel-Clustern an
heterologen Proteinen in Hefezellen hat sich in friheren Arbeiten haufig als schwierig

erwiesen.

Um den Weimberg-Stoffwechselweg in Hefe zu etablieren, wurden die Gene xylB, xylD
und xylX von Caulobacter cresentus und ksaD von Corynebacterium glutamicum gewahlt.
In einer Variante wurde die Dehydratase xyID durch orf41 von Arthrobacter nicotinovorans
ersetzt; es wird angenommen, dass Orf41 unabh&ngig von Eisen-Schwefel-Clustern ist.
Das Wachstum von Hefezellen auf Xylose als einziger Kohlenstoffquelle wurde als
Indikator fir einen funktionellen Weimberg-Stoffwechselweg erwartet. Die heterologe
Expression der codonoptimierten Gene reichte jedoch nicht aus, um dieses Ziel zu
erreichen. Aufgrund der Komplexitat der Interaktionen des heterologen

Stoffwechselweges mit den endogenen zellularen Prozessen wurde angenommen, dass
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potenzielle Limitationen durch gerichtete Evolution (Evolutionary Engineering)
Uberwunden werden koénnten, unter Verwendung von Xylose als einziger
Kohlenstoffquelle. Uber zahlreiche Generationen hinweg wurde ein Stamm mit genomisch
integrierten Genen des Weimberg-Weges einem steigenden Selektionsdruck ausgesetzt.
Als eine Variante des Evolutionary Engineering-Ansatzes wurden Mutatorstamme
erzeugt. Dafur wurden Gene deletiert, die an Nukleotid-Exzisionreparatur- (RAD27) und
Mismatch Repair-Mechanismen (MSH2) beteiligt sind. Einige der resultierenden Stamme
- PRY24, PRY25, PRY27 und PRY28 - konnten nach gerichteter Evolution auf Xylose als
einziger Kohlenstoffquelle wachsen. Als Kontrolle wurde auch der Stamm PRY19 ohne
Mutatorph&notyp einbezogen. Bemerkenswerterweise konnten nur die Mutatorstamme

Xylose als alleinige Kohlenstoffquelle nutzen, was die Plausibilitdt des Ansatzes zeigt.

Neben der Mutatorstamm-Strategie wurde im Rahmen dieser Studie ein weiterer Ansatz
verfolgt, bei dem der Weimberg-Stoffwechselweg gleichzeitig im Zytoplasma und in den
Mitochondrien exprimiert wurde. Die zugrundeliegende Uberlegung war, dass die
Biogenese von Eisen-Schwefel-Clustern auf XylD im Organell effizienter stattfinden
kénnte und dass AKG im endogenen Stoffwechsel ein Zwischenprodukt des Citratzyklus
ist. In dem Stamm AHYO02 wurden alle Enzyme des Weimberg-Weges mit mitochondrialen
Zielsteuerungssequenzen versehen und zusatzlich zytoplasmatisch exprimiert. Die
Lokalisation der mitochondrialen Varianten wurde durch Fluoreszenzmikroskopie
bestétigt. Zusammen mit AHY02 wurde auch der CEN.PK2-1C Wildtypstamm als Kontrolle
fur die Evolution einbezogen. Nachdem eine Selektion auf Xylose-haltigen Medien
stattgefunden hat, konnten beide Stamme - AHY02 und CEN.PK2-1C - im Laufe der
gerichteten Evolution wachsen. Die Deletion des Xylulokinase (XKS1)-Gens war fir beide
evolvierte Stamme in Xylose-haltigen Medien letal. Dies legt die Moglichkeit nahe, dass
die Evolution der endogenen Gene des oxidoreduktiven Weges und des noxPPP fir das
Wachstum der selektierten Zellen verantwortlich ist. Fir den evolvierten Stamm AHY02
konnte es auch mdoglich sein, dass der Weimberg-Stoffwechselweg zuséatzlich zur
oxidoreduktiven Route zum Wachstum beigetragen hat. Um die zugrundeliegenden
molekularen Mechanismen aufzuklaren, waren in Zukunft Genomsequenzierungs- und

Reverse Engineering-Anséatze erforderlich.

Zusatzlich zum Screening nach Wachstum auf Xylose als einziger Kohlenstoffquelle,
wurde ein weniger stringentes Testsystem entwickelt, um einen geringen metabolischen
Fluss von Xylose in Richtung AKG nachzuweisen. Dazu wurden alle Gene, die fir die
Umwandlung von Isocitrat in AKG notwendig sind, deletiert, wodurch ein Glutamat-

auxotropher Stamm generiert wurde. In diesem System kdnnen die Zellen auf anderen
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Kohlenstoffquellen wachsen, wahrend Xylose nur als AKG-Quelle fur die Synthese von
Glutamat bereitgestellt wird. Die Stamme PRY59 und PRY60 mit dem vollstandigen
Weimberg-Stoffwechselweg, einschlie3lich der Xylonat-Dehydratasen XylD oder Orf41,
wurden durch Deletion von IDH2, IDP1, IDP2 und IDP3 Glutamat-auxotroph gemacht.
Erwartungsgemall konnten sie nur mit Glutamat-Supplementierung wachsen. Wenn
jedoch PRY59 und PRY60 auf Glukose- oder Maltose-haltigen Medien mit 10 g/L oder 40
g/L Xylose angeimpft wurden, konnte kein Wachstum beobachtet werden. Dies deutet
darauf hin, dass Xylose nicht in ausreichender Menge in AKG umgewandelt wurde, um
als Glutamatquelle verwendet werden zu kénnen. Die Etablierung des Weimberg-Weges
in S. cerevisiae ist somit eine anspruchsvolle Aufgabe, mdglicherweise aufgrund mehrerer

bekannter und unbekannter Einschrénkungen.

Der zweite Teil dieser Arbeit zielt darauf ab, Xylose in den kommerziell wertvollen Stoff
Xylitol umzuwandeln. Xylitol ist ein Sidf3ungsmittel, das vor allem in SuRigkeiten,
Getranken und Zahnpflegeprodukten Verwendung findet. Da fiir seine Verstoffwechselung
kein Insulin erforderlich ist, ist Xylitol auch fur Diabetiker geeignet. Die Produktion von
Xylitol erfolgt derzeit Gber chemische Verfahren, die verschiedene Nachteile, wie einen

hohen Druck- und Temperaturbedarf, aufweisen.

Um eine umweltfreundlichere Alternative zu schaffen wurde daher S. cerevisiae als ein
mikrobieller Wirt fur die Xylitol-Produktion eingesetzt. Die Umwandlung von Xylose in
Xylitol erfolgt in S. cerevisiae natirlicherweise durch die Wirkung der Xylose-Reduktase
(XR). Der erste Schritt fir die Xylitol-Produktion ist die Aufnahme von Xylose Uber
Transporter, gefolgt von der XR-katalysierten Umwandlung zu Xylitol im Cytoplasma. Die
Biotransformation endet mit dem Export von Xylitol durch einen Transporter. In der
vorliegenden Arbeit wurden verschiedene Hefe-eigene Hexose-Transporter fir die
Aufnahme von Xylose sowie fir die Aufnahme und den Efflux von Xylitol getestet. Die
Transporter-Variante Gal2ssanszevivassi, die aus friheren Studien als Gberlegen fur den
Xylose-Transport bekannt ist, zeigte auch die besten Eigenschaften fur die Aufnahme von
Xylitol. Da die Gal2-Permease als Facilitator fungiert, wurde angenommen, dass sie auch
den Efflux von Xylitol vermitteln kdnnte. Um die Aufnahme von Xylose und den Efflux von
Xylitol zu entkoppeln, wurde ein Testsystem entwickelt, in dem das Disaccharid Xylobiose
von dem spezialisierten CDT-2-Transporter aus Neurospora crassa aufgenommen wird.
Xylobiose wird anschlieBend intrazellular durch B-Xylosidasen (ebenfalls aus N. crassa)
in Xylosyl-Monosaccharide gespalten und durch die XR zu Xylitol reduziert. Mit diesem
Testsystem konnte gezeigt werden, dass der Efflux von Xylitol durch einen anderen

Transporter ermdglicht wird, wahrend Gal2ssanzzsvimazsi Sogar einen negativen Einfluss auf
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diesen Prozess hatte. Dies zeigt die Komplexitat der Import-Export-Dynamik in Hefe und
deutet darauf hin, dass ein bidirektionaler Xylose-Transporter mit Xylitol als Substrat

wabhrscheinlich unidirektional fungiert.

Die XR-katalysierte Umwandlung von Xylose in Xylitol erfordert Redox-Cofaktoren. Die
meisten in der Natur vorkommenden XR, einschlielRlich derer aus S. cerevisiae, sind
NADPH-abhangig. Um einen geeigneten XR-Kandidaten zu finden, wurden verschiedene
Reduktasegene - GRE3 aus S. cerevisiae, XYL1 aus Pichia stipitis, XYL1 aus Candida
parapsilosis und xyrB aus Aspergillus niger — in Hefe eingebracht und in ihrer Fahigkeit,
die Xylitolproduktion zu steigern, verglichen. Die hichste Ausbeute an Xylitol wurde mit
XYL1 aus P. stipitis erzielt. Mit Ausnahme der Xyl1 aus C. parapsilosis (NADH-abhé&ngig),
die die Xylitol-Produktion im Vergleich zur Leervektorkontrolle nicht verbesserte, sind alle
anderen Xylose-Reduktasen NADPH-abhéangig. Die cytoplasmatische NADPH-
Versorgungsroute in S. cerevisiae ist limitiert und hauptsachlich auf den oxidativen
Pentosephosphatweg (oxPPP) zuriickzufihren. In dieser Arbeit wurden Modifikationen an
verschiedenen Kontrollpunkten des Stoffwechsels durchgefihrt, um die cytoplasmatische
NADPH-Konzentration zu erhdéhen, was nicht nur fur die Produktion von Xylitol, sondern

auch fir andere NADPH-abhangige Reaktionen nitzlich sein kdnnte.

Um den Eintritt von Glucose-6-Phosphat in den oxPPP zu erhthen, wurde das
Phosphoglucose-lsomerase-Gen (PGI1) durch einen Promotor-Austausch
herunterreguliert. Die Einfihrung schwacherer Promotoren verbesserte die Ausbeute an
Xylitol pro verbrauchter Glukose, verringerte jedoch gleichzeitig die volumetrische Xylitol-
Produktion aufgrund negativer Auswirkungen auf die zellulare Fitness. Als eine
komplementare Strategie verbesserte die Uberexpression des endogenen Glucose-6-
Phosphat-Dehydrogenase-Gens ZWF1 die Produktion wvon Xylitol unter allen
Bedingungen deutlich. Die zusatzliche Uberexpression von Plasmid-kodiertem ZWF1
zusammen mit Genen, die fir die 6-Phosphogluconolactonase (SOL3) und 6-
Phosphogluconat-Dehydrogenase (GND1) kodieren, fuhrte nicht zu weiteren
Verbesserungen, was darauf hindeutet, dass die Aktivitdt der nachgeschalteten Enzyme
des oxPPP die Produktion von Xylitol nicht begrenzt. Als eine eher pleiotrope Strategie
zur Modulation der Aktivitdt des PPP - und damit der Bereitstellung von NADPH (wie in
friheren Arbeiten berichtet) - wurde die Deletion des PHO13-Gens getestet. Diese

Modifikation zeigte jedoch im Kontext dieser Studie keine positiven Auswirkungen.

Die Einfuhrung eines heterologen NADP*-abh&ngigen Glyceraldehyd-3-Phosphat-
Dehydrogenase-Gens (GPD1 von Kluyveromyces lactis) war eine weitere angewandte

Strategie zur Manipulation des zentralen Kohlenstoff-Stoffwechsels. Dies fiihrte zu
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hoheren Xylitol-Ausbeuten pro verbrauchter Glukose. In Bezug auf die volumetrische
Produktion von Xylitol war dieser Ansatz im Vergleich zur Uberexpression von ZWF1
jedoch deutlich unterlegen. Wenn zusatzlich zur Expression von GPD1 das endogene
Glyceraldehyd-3-Phosphat-Dehydrogenase-Gen TDH3 ausgeschaltet wurde, um die
Verfugbarkeit des Substrats fir Gpdl zu steigern, fihrte das zu einem negativen

Wachstumsphéanotyp und damit zu insgesamt niedrigeren Produktausbeuten.

In vorherigen Arbeiten wurde berichtet, dass die Deletion des Acetaldehyd-
Dehydrogenase-Gens ALDG fir den Xylose-Katabolismus tber den oxidoreduktiven Weg
und fir die NADPH-abhéngige Reduktion von D-Galacturonsaure vorteilhaft ist, obwohl
das Ald6-Enzym NADPH produziert. Diese Beobachtungen werden durch diese Arbeit
unterstiitzt, da ein héherer Xylitol-Titer in einem Aald6-Stamm beobachtet wurde. Die
vorgelegten Daten legen nahe, dass dies zumindest teilweise durch einen
Kompensationsmechanismus erklart werden kann, da die Zwfl-Aktivitat im Aald6-
Hintergrund erhoht wurde.

SchlieBlich wurde eine Strategie getestet, um den NADPH-Pool durch NADH-
Phosphorylierung zu erhéhen. Dazu wurde die normalerweise mitochondriale NADH-
Kinase Pos5 ohne mitochondriales Targeting-Signal zusatzlich zur nativen Variante
exprimiert. Dies flhrte zu einer leicht erhéhten Xylitol-Ausbeute pro verbrauchter Glukose,
jedoch nur wahrend der fermentativen Phase des diauxischen Wachstums, in der die
NADH-Versorgung hoch ist. Dies ist konsistent mit der héheren Praferenz von Pos5 flr
NADH im Vergleich zu NAD*.

Zusammenfassend erwiesen sich die Uberexpression des Glucose-6-Phosphat-
Dehydrogenase-Gens ZWF1, gefolgt von der Deletion des Acetaldehyddehydrogenase-
Gens ALDG, als vielversprechendste Strategien zur volumetrischen Verbesserung der
Xylitol-Produktion in S. cerevisiae. Die Kombination beider Strategien zeigte keine additive
Wirkung. Zudem zeigten die Herunterregulierung der Phosphoglucose-Isomerase, die
Einfihrung einer NADP*-abhangigen Glyceraldehyd-3-Phosphat-Dehydrogenase und die
cytoplasmatische Expression einer NADH-Kinase ein Potenzial zur Verbesserung der
NADPH-Bereitstellung. Dies erscheint insbesondere unter Bedingungen mit einer
konstanten Glukosezufuhr, wie z. B. in Fed-Batch oder Simultaneous Saccharification and
Fermentation (SSF) Regimen, vielversprechend. Diese Beobachtungen sind sehr
wabhrscheinlich auch fir die Optimierung weiterer NADPH-abhangiger Produktionswege

relevant.
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8 Register of Abbreviations

% percent

A (gene) deletion

°C degrees Celsius

uL micro liter

UM micro molar

pm micro meter

2u Two micron origin of replication
2K3DX 2-keto 3- deoxy xylonate
A (DNA) adenine

ADP adenosine diphosphate
AKG a-ketoglutarate

AKG semialdehyde

a-ketoglutarate semialdehyde

ALD6 acetaldehyde dehydrogenase

AmpR B-lactamase gene

ATP adenosine triphosphate

bp base pair

C (DNA) cytosine

callg Calories per gram

CamR chloramphenicol acetyltransferase gene
ClonNAT nourseothricin N-acetyltransferase gene
CO: carbon dioxide

CoA coenzyme A

D Dextrose

ddH0 double distilled water

DH dehydrogenase

DHAP dihydroxyacetone phosphate

DNA desoxyribonucleic acid

EG Ethylene glycol

et al. et alii, Latin

ev Empty vector

FeP fructose-6-phosphate

FBP fructose-1-6-bisphosphate

Fe/S cluster

Iron sulfur cluster

fw

forward primer

G Galactose

G (DNA) guanine

g (weight) gram

g/L Gram per liter

G3P glyceraldehyde-3-phosphate

G3PDH Glyceraldehyde 3 Phosphate dehydrogenase
G418 geneticin

G-6-P Glucose -6- Phosphate dehydrogenase

GalA D-galacturonic acid

GalOA L-galactonate
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GFP Green Fluorescence protein

GPD1 glyceraldehyde-3-phosphate dehydrogenase
gene

GPD1 Glyceraldehyde 3 -P dehydrogenase

GRAS generally regarded as safe

His Histidine

HPLC High performance liquid chromatography

hr (s) Hour (s)

hxt° Hexose null

hygR hygromycin B phosphotransferase gene

K (amino acid) lysine

KanMX aminoglycoside phosphotransferase gene

KanR neomycin phosphotransferase Il gene

kb kilo base

KsaD a-ketoglutarate semialdehyde dehydrogenase

L liter

L-Ara L-arabinose

leu Leucine

M maltose

M molar

M (amino acid) methionine

mg milli gram

min minute

mM milli molar

mol mole

MTS Mitochondrial targeting sequence

muU milli units (enzyme activity)

NAD* nicotinamide adenine dinucleotide, oxidized

NADH nicotinamide adenine dinucleotide, reduced

NADP* nicotinamide adenine dinucleotide phosphate,
oxidized

NADPH nicotinamide adenine dinucleotide phosphate,
reduced

ng nano gram

NHEJ non-homologous end joining

nm nano meters

nox -PPP Non oxidative Pentose phosphate pathway

ODséoonm optical density measured at wavelength 600nm

ORF open reading frame

oxPPP oxidative pentose phosphate pathway

PCR Polymerase chain reaction

PGI1 phosphoglucose isomerase gene

pH potential of hydrogen

PPP pentose phosphate pathway

R (amino acid) arginine

RNA ribonucleic acid

rpm rounds per minute
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rRNA ribosomal RNA

rv (primer) Reverse primer

SC synthetic complete

Sc drop out Sc selective media without some amino acids
sec second

T thymine

TCA-cycle tricarboxylic acid cycle, citric acid cycle
Trp Tryptophan

U unit (enzyme activity)

U (DNA) uracil

ura uracil

vmax maximal enzyme velocity

wiv weight per volume

WT wild type

Xg centrifugal force

XDH Xylitol dehydrogenase

XKS1 xylulokinase

XR Xylose reductase

XylB xylose dehydrogenase

XylD xylonate dehydratase

Xylose D-xylose

XylIX 3-keto-2-deoxy-xylonate dehydratase
YPD Yeast peptone dextrose (culture media)
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