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SAMENVATTING

De toenemende wereldbevolking en het gebruik van niet-duurzame fossiele brandstoffen
in de wereldeconomie zijn samen de belangrijkste factoren in de stijging van de
gemiddelde temperatuur op aarde na het pre-industriéle tijdperk. Overschakelen naar een
duurzamere, circulaire en op biologische productie gebaseerde economie is een van de
belangrijkste pijlers van het akkoord van Parijs om de uitstoot van broeikasgassen in de
komende decennia te verminderen. Biotechnologie kan in deze context een cruciale rol
spelen door het ontwikkelen van nieuwe, duurzamere processen voor de productie van
voedsel, medicijnen, brandstoffen en chemicalién.

Door de exponentiéle daling van de kosten voor het lezen, bewerken en schrijven van DNA-
en RNA-codes hebben vele wetenschappers en filantropen de 215 eeuw alvast beschreven
als de eeuw van de biologie. Deze nieuwe ontwikkelingen bieden uitgebreide mogelijkheden
om microbiéle gastheren aan te passen en te ontwerpen voor, bijvoorbeeld, het efficiént
recyclen van afvalstromen en de duurzame productie van chemische bouwstenen.
Miljoenen jaren van evolutie hebben een enorm aantal micro-organismen (levensvormen)
op aarde gevormd en geselecteerd, en als resultaat hiervan is hun stofwisseling specifiek
geoptimaliseerd om te overleven in verschillende niche-omgevingen. Met het gebruik
van recombinant-DNA-technologie kunnen wetenschappers profiteren van de aanwezige
natuurlijke diversiteit van microbiéle stofwisseling en kunnen ze verschillende gewenste
eigenschappen combineren in een enkel organisme dat als productieplatform dienst doet.
Bakkersgist (Saccharomyces cerevisiae) is niet alleen in de voedingsindustrie maar ook in
de industriéle biotechnologie een zeer populair micro-organisme en productieplatform.
In de industriéle biotechnologie wordt S. cerevisiae onder andere toegepast voor de
efficiénte productie van verschillende biochemische producten, variérend van eenvoudige
bulkchemicalién zoals ethanol en melkzuur tot complexe hoogwaardige moleculen zoals
opioiden en het antimalariamiddel artemisinine. Tot de belangrijkste kenmerken die
S. cerevisiae tot een aantrekkelijke microbiéle gastheer maken behoren toegankelijkheid
voor genetische manipulatie, het vermogen om ook in de afwezigheid van zuurstof met
hoge snelheden te groeien, en robuustheid onder stressvolle procesomstandigheden.
Ondanks deze voordelen zijn de eerdergenoemde productieprocessen van verschillende
biochemische producten vaak nog verre van optimaal en is er nog een aantal
beperkingen dat overwonnen moet worden. Een van de belangrijkste uitdagingen bij het
economisch aantrekkelijk maken van bioprocesalternatieven is het optimaliseren van de
productopbrengst en het elimineren van bijproductvorming. Om de productopbrengst te
maximaliseren is het nodig om de intracellulaire beschikbaarheid van de biochemische
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intermediairen te verhogen. Daarnaast moet de microbiele gastheer bestand zijn tegen
stressomstandigheden en verontreinigingen die aanwezig zijn in grondstoffen voor
tweede- of derde-generatie industriéle processen. Het succesvol tot expressie brengen van
nieuwe biochemische routes voor specifiek producten kan vereisen dat ook genetische
informatie voor synthese of opname van nieuwe cofactoren wordt geintroduceerd.
In deze context kan het optimaliseren van biosyntheseroutes voor natieve vitamin- en
cofactorbiosyntheseroutes, alsmede het introduceren van heterologe routes voor de
novo cofactorbiosynthese, een belangrijke rol spelen bij het realiseren van reductie van
proceskosten en een hogere robuustheid van processen.

In Hoofdstuk 1 wordt de rol van vitamines uit de B-groep, hun biosynthese en de
regulatie hiervan in bakkersgist gedocumenteerd. Ook analyseert dit hoofdstuk de
aanwezigheid van genen die betrokken zijn bij de biosynthese van deze vitamines in
verschillende Saccharomyces gistsoorten, en bespreekt het eerder onderzoek aan, en
nieuwe mogelijkheden voor, de uitbreiding van de nu beschikbare set van cofactoren die
van nature door gisten wordt geproduceerd.

In Hoofdstuk 2 werden de specifieke vitaminebehoeften van de populaire S. cerevisiae
laboratoriumstam CEN.PK113-7D gekarakteriseerd door groeisnelheden te bestuderen
in synthetische media waarin steeds één vitamine werd weggelaten. De resultaten van dit
onderzoek toonden aan dat het verwijderen van de vitaminen inositol en nicotinezuur
uit het media de groeisnelheid van de S. cerevisiae-stam niet beinvloedde. Laboratorium-
evolutie werd met succes toegepast om nieuwe gistisolaten te verkrijgen die zonder de
vitaminen para-aminobenzoézuur, pantotheenzuur, thiamine of pyridoxine in het
media even snel groeiden als de originele stam in aanwezigheid van alle vitaminen.
Analyse van de DNA-volgorde van de genomen van de geévolueerde isolaten leidde tot
nieuwe inzichten in de regulatie van de biosynthese van vitamines. Het introduceren
van de mutaties die in geévolueerde stammen werden aangetroffen in de originele, niet-
geévolueerde stam, leidde tot een substantiéle toename van de specifieke groeisnelheid in
niet-gesupplementeerde media.

De novo biosynthese van de vitamines thiamine, nicotinamide dinucleotide (NAD*)
en pantotheenzuur in S. cerevisiae vereist de aanwezigheid van zuurstof, waardoor
toevoeging van deze vitamines een strikt vereiste is voor anaérobe culturen van gist.
Daarom werd in Hoofdstuk 3 onderzocht of de zuurstofonathankelijke synthese van
zowel pantothenaat en NAD*, zoals die voorkomt in obligaat anaérobe pensschimmels
uit het fylum Neocallimastigomycota, kon worden geintroduceerd S. cerevisiae.
Het L-aspartaatdecarboxylase (adc) die betrokken is bij de zuurstofonathankelijke
panothenaatsynthese in deze organismen werd geidentificeerd met behulp van genoom-
en fylogenetische analyse. Van twee eerder geidentificeerde genen betrokken bij
zuurstofonathankelijke synthese van NAD* in Neocallimastigomycota is beschreven dat ze



zijn verworven door horizontale genoverdracht. Deze beide genen werden samen met het
geidentificeerde adc-enzym geintroduceerd in S. cerevisiae knock-outstammen waarin de
natuurlijke cofactor-syntheseroutes waren uitgeschakeld. Deze genetisch gemodificeerde
stammen waren in staat om snel te groeien in de afwezigheid van zuurstof in media zonder
nicotine of pantothenaat. Deze waarneming toonde aan dat expressie van de heterologe
enzymen de zuurstofvereisten van de oorspronkelijke syntheseroutes van deze cofactoren
omzeilden. Bovendien resulteerde dit werk, waarin gist als modelsysteem werd gebruikt,
tot een beter inzicht in de evolutionaire aanpassingen aan anaérobe omgevingen en de
selectieve voordelen van gepostuleerde horizontale genoverdrachtgebeurtenissen in de
evolutionaire geschiedenis van anaérobe schimmels.

Het doel van Hoofdstuk 4 was het functioneel tot expressie brengen van de Molybdeen-
cofactor (Moco) biosyntheseroute en de Moco-athankelijke nitraatassimilatieroute in
S. cerevisiae. Het succesvol tot expressie brengen van de Moco-biosynthese opent de
mogelijkheid om een hele nieuwe klasse van Moco-athankelijke enzymen in S. cerevisiae
te gebruiken. In dit hoofdstuk werd eerst de Moco-biosyntheseroute van de nitraat-
assimilerende gist Ogataea parapolymorpha functioneel gekarakteriseerd door met
CRISPR-Cas9 deletiemutaties aan te brengen in vermoedelijk betrokken genen. De genen
die noodzakelijk waren voor Moco-biosynthese, molybdaattransport en nitraatassimilatie
werden daarna tot expressie gebracht in S. cerevisiae. Laboratoriumevolutie van de
aldus gemodificeerde giststammen voor groei op nitraatbevattende media resulteerde in
stammen met hogere Moco-athankelijke nitraatreductase-activiteit. Deze verandering
kon worden toegewezen aan een verhoogd expressieniveau van de heterologe genen. Het
introduceren van nitraatassimilatie in S. cerevisiae leidde tot een hogere robuustheid tegen
contaminaties met de gist Brettanomyces bruxellensis, die vaak als contaminatie gevonden
wordt in industriéle processen.

Naast S. cerevisiae is ook Yarriowia lipolytica een industrieel relevante gist, die bovendien
als model wordt gebruikt voor het bestuderen van vetstofwisseling. In Hoofdstuk 5
werd aangetoond dat dezelfde genen uit O. parapolymorpha die in Hoofdstuk 4 Moco-
afhankelijke nitraatassimilatie mogelijk maakten in S. cerevisiae, ook in Y. lipolytica
werkten. Deze vinding suggereert dat het mogelijk zou kunnen zijn om Moco-athankelijke
enzymen, zoals de nitraatreductase, in elke andere gistsoort tot expressie te brengen. De
gemodificeerde Y. lipolytica-stam kon door gebruik van adaptieve laboratoriumevolutie
op nitraatbevattende media worden verbeterd. Het bepalen van de genoomsequentie van
de hieruit voortkomende geévolueerde isolaten leverde nieuwe inzichten in mogelijke
limitaties in de biochemische route en duidde op een mitochondriéle lokalisatie van de
eerste stap van de Moco-biosynthese in Y. lipolytica.






SUMMARY

The increase in world population together with an unsustainable and fossil fuel-based
economy are at the root of the significant increase in the average global temperature since
the pre-industrial era. Switching to a more sustainable and circular bio-based economy
is one of the main pillars included in the Paris agreement aimed at reducing green-house
gasses emissions in the next decades. Biotechnology promises to play a crucial role in this
context by providing novel, more sustainable processes for the production of food, drugs,
fuels and chemicals.

Many scientists and philanthropists have already described the 21* century as the century
of biology. With the exponential decrease in costs of reading, editing and rewriting the
code of life (DNA/RNA), biotechnologists are now equipped with a range of tools that
enables them to engineer microbial hosts for the efficient recycling of waste streams and/or
for the sustainable production of chemical building blocks. Millions of years of evolution
have shaped and selected a massive number of life forms on Earth and, as result, their
metabolism has been specifically optimized to survive in different niche environments.
With the use of recombinant DNA technology, scientists can take advantage of such
metabolic diversity and transfer it to other organisms of choice to combine advantageous
characteristics in a single production host.

Saccharomyces cerevisiae is a highly popular microorganism, not only in the food
fermentation industry but also in industrial biotechnology, where it is applied for the
efficient production of several products ranging from simple bulk chemicals such as
ethanol and lactic acid to complex, high-value molecules such as opioids and the anti-
malarian drug artemisinin. Among the main characteristics that make S. cerevisiae an
attractive microbial host are its genetic accessibility, its ability to easily ferment at high
rates, in large volumes, its ability to grow in the absence of oxygen, and its robustness
against stressful process conditions. However, as good as these advantage sounds, the
reality is that, in many cases, individual yeast species are still far from being an optimal
production hosts and there are a number of limitations that still need to be overcome. One
of the main challenges in making bioprocess alternatives economically attractive concerns
the system-level optimization and resource channelling toward the desired product in
order to maximize product yield and to minimize the formation of by-products. For
example, the intracellular availability of precursors needs to be maximized to boost activity
of desired product pathway. Moreover, strain robustness against stress conditions and
process contamination need to further improve in order to take full advantage of the less
pure second or third generation industrial media. Finally, the introduction of new product
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pathways may require the parallel engineering biosynthesis of a non-native cofactor or its
transport in order to achieve the functional expression of heterologous enzymes. In this
context, the optimization of native vitamin and cofactor biosynthesis pathways and the
engineering of heterologous de novo cofactor biosynthesis pathways might play a crucial
role for enabling process cost reduction, increased process robustness and introduction of
new metabolic routes in engineered microbial hosts.

Chapter 1 provides an introduction to this research field by reviewing the roles of B-group
vitamins in baker’s yeast, their biosynthesis and regulation. In addition, this chapter
analyses the occurrence of genes involved in biosynthesis of these vitamins in members of
the Saccharomyces genus, and discusses previous work and possible research opportunities
regarding the expanding the set of cofactors that is naturally produced by yeasts.

In Chapter 2, the specific vitamin requirements of the popular S. cerevisiae laboratory
strain CEN.PK113-7D were assessed by studying growth performance in synthetic media
variants from which a single vitamin at a time had been omitted. Results showed that
removal of inositol and nicotinic acid from the media did not affect the growth rate of
this S. cerevisiae strain. Evolutionary engineering was successfully applied to obtain
isolates that were able to grow as fast in media lacking either para-aminobenzoic acid,
pantothenic acid, thiamine, or pyridoxine as the parental strain in complete synthetic
medium. Whole-genome sequencing of the evolved isolates revealed new insights in the
regulation of vitamin biosynthesis. Reverse engineering of a few selected mutations in the
unevolved background strain was sufficient to achieve a substantial increase in its specific
growth rate in non-supplemented media.

De novo biosynthesis of thiamine, nicotinamide dinucleotide (NAD"), and pantothenate
in S. cerevisiae requires the presence of oxygen, thus imposing strict vitamin requirements
when growing yeast under anaerobic conditions. In Chapter 3, alternative pathways for
the oxygen-independent synthesis of pantothenate and NAD, sourced from obligate
anaerobic gut fungi belonging to the Neocallimastigomycota phylum, were introduced in
S. cerevisiae. Genomic analysis followed by phylogenetic analysis helped to identify the
l-aspartate decarboxylase (adc) gene responsible for oxygen-independent pantothenate
synthesis in these organisms and shed new light on its evolutionary origin. Previously
identified genes for oxygen-independent synthesis of NAD* reported to be acquired by a
horizontal gene transfer event, together with the identified adc enzyme, were introduced
in S. cerevisiae knock-out strains devoid of essential steps in the native cofactor-synthesis
pathways. The resulting engineered strains were able to grow fast in the absence of
oxygen in media lacking either nicotinate or pantothenate, thus demonstrating that the
heterologously expressed enzymes by-passed oxygen requirements of the native synthesis
pathways for these cofactors. Moreover, this work demonstrated how heterologous
expression studies in yeast can provide more insights into evolutionary adaptation to
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anaerobic environments and into selective advantages conferred by horizontal gene
transfer events in difficult-to-cultivate anaerobic fungi.

In Chapter 4, the functional expression of a nitrate assimilation pathway was achieved in
S. cerevisiae by the parallel expression of a heterologous de novo biosynthesis pathway for
a Molybdenum cofactor (Moco). This result opened up the possibility to use of an entire
new enzyme family in baker’s yeast. In this work, Moco biosynthesis was first functionally
characterized in the nitrate-assimilating yeast Ogataea parapolymorpha by introducing
single-knockout mutations in putative genes involved in Moco biosynthesis with CRISPR/
Cas9 gene editing, followed by functional analysis of the resulting mutant strains. Then, a
set of 11 selected genes, including 7 Moco biosynthesis genes, 1 high-affinity molybdate-
transporter and 3 genes encoding nitrate-assimilation enzymes were expressed in
S. cerevisiae. Evolution of the engineered strains on nitrate-containing medium resulted
in higher Moco-dependent nitrate-reductase activity, which could be attributed to an
increased gene dosage of heterologously expressed O. parapolymorpha genes and an
increased level of their protein products. The industrial relevance of a nitrate-assimilating
S. cerevisiae strain was confirmed by showing how the use of a nitrate-assimilating
S. cerevisiae strain led to increased robustness against contaminations by the spoilage
yeast Brettannomyces bruxellensis.

In Chapter 5, we demonstrated that the same set of O. parapolymorpha genes as studied in
Chapter 4 could confer Moco-dependent nitrate assimilation in the evolutionarily distant,
industrially relevant and lipid accumulating yeast Yarrowia lipolytica. The engineered strain
was also shown to express an active Moco-dependent nitrate reductase. This observation,
by extrapolation, suggested that it may be possible to express Moco-dependent enzymes
in any yeast species. By performing adaptive laboratory evolution on nitrate-containing
media, followed by genome sequencing of evolved isolates, further insights into possible
pathway limitations were found, with specific focus to the mitochondrial localization of
the first step in Moco biosynthesis.
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Chapter 1: Introduction

Introduction

“No animal can live on only pure protein, fat, and carbohydrates, but other dietary factors
are required for life” [1]. This observation eventually led to the vitamine (later changed to
vitamin) theory established by Casimir Funk [2]. An organic compound is defined as a
vitamin if it is essential, cannot be synthesized by the organism itself, and therefore needs
to be taken up from the environment [3]. Whether a compound is a vitamin therefore
depends on the organism studied and, potentially, on growth conditions.

Chemically defined media for cultivation of yeasts (CDMY) are essential for fundamental
as well as applied research. In contrast to complex media, which contain non defined
components such as yeast extract and/or peptone, defined media enable the generation
of highly reproducible data, independent variation of the concentrations of individual
nutrients and, in applied settings, design of balanced media for high-biomass-density
cultivation and application of defined nutrient limitation regimes. The use of CMDY
prevents thus unwanted variations. Lot to lot variation of the complex raw materials as
yeast extract may lead to up to 50% difference in growth rate and biomass levels that [4, 5].
The control of process variability is not only crucial to be in line with FDA regulations but
also for maintaining high productivity and maximize process economics [6]. The CDMY
that are now used in yeast research laboratories around the world are based on an early
investigation of the requirements for riboflavin (B,), biotin (B, ), thiamine (B, ), pyridoxine
(B,), inositol (B,), nicotinic acid (B,) and pantothenate (B,) of over a hundred yeast species
[7]. With the exception of riboflavin, which could be universally omitted, yeast species
exhibited diverse auxotrophy patterns for the remaining six compounds, which were
therefore included in the first CDMY. para- Aminobenzoic acid (pABA, formerly referred
to as vitamin B, ) was later added as it was found to stimulate growth of brewing yeasts
[8]. These seven compounds with riboflavin (vitamin B,) and folate (vitamin B,) are still
included in the widely used CDMY known as Yeast Nitrogen Base [9, 10] (YNB; Table 1).
The concentration of the vitamins contained in YNB have been empirically defined but
without quantitative assessing the exact yeast requirement [11]. In another popular CDMY,
often referred to as Verduyn medium (Table 1), concentrations of media components were
adjusted to support yeast biomass concentrations up to 10 g L' in aerobic, glucose-limited
cultures that exhibit a fully respiratory metabolism [12, 13].

Athough meant to suit all S. cerevisiae strains, it may happen that in specific growth
conditions or for specific strains, these recipes have to be adjusted. Strains of the popular
S. cerevisiae BY lineage [15] require additional inositol to support fast growth until
glucose exhaustion in YNB medium [16]. Inositol concentration represents one of main
difference between the YNB and the Verduyn media, the latest containing an inositol (B,)
concentration 12.5-fold higher to prevent occurrence of undesired growth limitation.
(Table 1). Information of yeast biomass vitamin content (per gram_ ) would allow to
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prepare tailor-made media based on exact nutritional requirements. However, data of
intracellular vitamin concentrations remain scarse and difficult to compare. As an example
the range of measured intracellular biotin concentration in S. cerevisiae varies by order of
magnitude likely influenced by the used detection method that oscilates between bioassay
based on growth of an auxotroph organism (1.4-1.5 pg/g) [17], immunodetection (0.053
0.004 ng/g) [18] or liquid chromatography. It is obvious that more complete and accurate
quantitative information regarding intracellular vitamin concentration is needed. This
knowledge will be key to further understand the physiological role of class B vitamin in
yeast metabolism.

Based on their essentiality in the human diet, the molecules precedently mentioned
can all be classified as B vitamins, which are water-soluble compounds involved in cell
metabolism. However, as will be discussed below, they have widely different chemical
structures and roles in cellular metabolism [3]. Early studies already demonstrated that
growth of some yeasts, including Saccharomyces species, was not strictly dependent on
addition of all of these compounds, although omission of individual compounds might
result in sub-optimal growth [19-21]. These observations suggested that these yeast strains
could de novo synthesize some of these compounds, in which case they should formally
not be referred to as vitamins but, if their addition leads to improved growth, as growth
factors.

It is well established that vitamin and/or growth-factor requirements of yeasts are not
only species dependent, but can also strongly vary with growth conditions. In particular,
ergosterol and unsaturated fatty acids, whose synthesis by S. cerevisiae requires molecular
oxygen, are routinely included in CDMY for anaerobic yeast cultivation [22, 23]. These
anaerobic nutritional requirements of yeasts are addressed in several dedicated reviews [24,
25] and will not be discussed here. For information on the applications and physiological
impacts of artificially introduced auxotrophic requirements in S. cerevisiae, readers are
referred to a previous minireview [26].

The present paper aims to review current knowledge on the capability of S. cerevisiae for
de novo synthesis of the seven ‘vitamins’ that are commonly added to CDMY and on the
pathways and genes involved in their biosynthesis. Riboflavin (B,) and folic acid (B,) that
are only present in YNB will not be discussed further. S. cerevisiae and more generally
Saccharomycotina yeasts are B, prototroph under both aerobic and anaerobic conditions
[7]. Folic acid (B,) synthesis depends on pABA as a rate limiting precursor, whose de novo
synthesis and metabolic implication are reviewed below. In addition, based on the existing
knowledge on S. cerevisiae and a comparative analysis of the genomes of Saccharomyces
species, we present a brief assessment of the distribution of these metabolic pathways
across Saccharomyces species.
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Table 1: Composition of Yeast Nitrogen Base (YNB) [14] and Synthetic Media (SM) [13] for
aerobic growth. Values are for 1 L of media.

Yeast Nitro- Verduyn
gen Basew/o  Synthetic
amino acids Media
Nitrogen source Ammonium sulfate ((NH,),SO,) 5g 5g
Salts Potassium phosphate monobasic (KH,PO,) 850 mg 3g
Potassium phosphate dibasic (K,HPO,) 150 mg
Sodium chloride (NaCl) 100 mg
Calcium chloride (CaCl,) 100 mg 3.39 mg
Boric acid (H,BO,) 0.5 mg 1 mg
Copper sulfate (CuSO,) 0.04 mg 0.19 mg
Cobalt chloride (CoCl,) 0.16 mg
Potassium iodide (KI) 0.1 mg 0.1 mg
Ferric chloride (FeCl3) 0.2mg
Iron sulfate heptahydrate (FeSO, - 7 H,0) 3mg
Magnesium sulfate (MgSO,) 05g 0.244 ¢
Manganese chloride (MnCl,) 0.64 mg
Manganese sulfate (MnSO,) 0.4 mg
Sodium molybdate (Na,MoO,) 0.2 mg 0.34 mg
Zinc sulfate (ZnSO,) 0.4 mg 2.53 mg
EDTA 15 mg
Growth factors  Biotin 0.002 mg 0.05 mg
Calcium pantothenate 0.4 mg 1 mg
Folic acid 0.002 mg
Inositol 2mg 25mg
Nicotinic acid 0.4 mg 1 mg
para-Aminobenzoic acid 0.2 mg 0.2 mg
Pyridoxine 0.4 mg 0.82 mg
Riboflavin 0.2 mg
Thiamine 0.32 mg 0.79 mg
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Vitamins that act as enzyme cofactors

Pyridoxine (B,)

Pyridoxine (PN), pyridoxal (PL), pyridoxamine (PM) and their phosphorylated
derivatives pyridoxine 5’-phosphate (PNP) and pyridoxamine 5’-phosphate (PMP) can be
interconverted intracellularly and together form the B6 vitamers. A vitamer is defined as
a molecule having a similar structure and the same nutritional impact as the biologically
active form of the vitamin. Pyridoxine was isolated and synthesized after its identification
as a substance preventing dermatitis in rats [27-29]. Its chemical structure is characterized
by a tetra-substituted pyrimidine ring with one methyl, one hydroxyl and two methyl-
hydroxyl groups (Figure 1). Pyridoxine was first reported to stimulate yeast growth in
1939 [30]. Although mainly supplied to CDMY as the vitamer pyridoxine, pyridoxal
5’-phosphate (PLP) is the active form. PLP serves as coenzyme and/or substrate for at
least 50 S. cerevisiae enzymes involved in amino-acid, glucose and lipid metabolism, as
well as in thiamine biosynthesis and regulation (Table 2).

PLP formation from PM, PN or PL involves a salvage pathway that is widespread in nature
[89]. These three vitamers can be imported in S. cerevisiae by the high-affinity proton
symporter Tpnl [90]. In the yeast cytosol, PN, PM and PL are phosphorylated to form
PNP, PMP and PLP, respectively, most probably by the putative pyridoxine kinase Bud16.
PNP and PMP are subsequently oxidized to PLP by the pyridoxine oxidase Pdx3 [91].

De novo synthesis of PLP by S. cerevisiae [92] involves a single reaction catalyzed by PLP
synthase, which is a heterodimeric enzyme [93] (Figure 1). Its glutamine-hydrolase subunit
(Sno) catalyzes the hydrolysis of L-glutamine, producing L-glutamate and ammonia [94].
Ammonia generated in this reaction is not released from the enzyme, but channeled to the
active site of the synthase subunit (Snz), which condenses it with D-ribulose 5-phosphate
and D-glyceraldehyde 3-phosphate to yield PLP [95]. The Snz protein not only catalyses
PLP formation but also isomerizes dihydroxyacetone-phosphate and ribose-5-phosphate
to glyceraldehyde-phosphate and ribulose-5-phosphate, respectively, with the latter being
the favoured substrate for PLP formation [96].

The S. cerevisiae genome carries three members of the SNO and SNZ genes familes
(SNOL,2 and 3, SNZ1,2 and 3). These SNO and SNZ genes form colocalized gene pairs,
each expressed from a single bi-directional promoter. The SNZ1/SNOI pair has been
shown to be involved in de novo PLP biosynthesis and its transcription is activated in
late stationary phase [97]. Transcriptional activation of SNZI/SNOI under amino acid
starvation, mediated by the Gen4 master regulator, is consistent with the PLP requirement
of aminotransferases [98]. The SNZ1/SNOI gene pair is coregulated by the adenine and
histidine biosynthesis transcription factor Basl [99-101] in the presence of glycine [102].
In contrast to the SNZ1/SNOI gene pair, which is located in the middle of the right arm of
CHRXIIIL, SNZ2/SNO2 and SNZ3/SNO3 are found in sub-telomeric regions of CHRXIV
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Table 2: S. cerevisiae S288C proteins requiring pyridoxal-5-phosphate, thiamine diphosphate
and biotin as cofactor or as substrate.

Cofactor Protein Protein name
Pyridoxal-5- Ugal 4-aminobutyrate aminotransferase [31]
phosphate Heml 5-aminolevulinate synthase [32]
Arg8 Acetylornithine aminotransferase [33]
Bio3 Adenosylmethionine-8-amino-7-oxononanoate
aminotransferase [34]
Agxl Alanine-glyoxylate aminotransferase 1 [35]
Abz2 Aminodeoxychorismate lyase [36]
Aro9 Aromatic amino acid aminotransferase 2 [37]
Aro8 Aromatic/aminoadipate aminotransferase [38]
Aat2 Aspartate aminotransferase 2 [39]
Aatl Aspartate aminotransferase 1 [40]
Bat2 Branched-chain-amino-acid aminotransferase 2 [41]
Batl Branched-chain-amino-acid aminotransferase 1 [41]
Chal Catabolic L-serine/threonine dehydratase [42]
Str3 Cystathionine beta-lyase [43]
Cys4 Cystathionine beta-synthase [44]
Cys3 Cystathionine gamma-lyase [45]
Str2 Cystathionine gamma-synthase [46]
Nfsl Cysteine desulfurase [47]
Dsd1 D-serine dehydratase [48]
Gadl Glutamate decarboxylase [49]
Gev2 Glycine dehydrogenase [50]
Gphl Glycogen phosphorylase [51]
His5 Histidinol-phosphate aminotransferase [52]
Metl17 Homocysteine/cysteine synthase [53]
Bna5 Kynureninase [54]
Sryl L-threo-3-hydroxyaspartate ammonia-lyase [55]
Gly1 Low specificity L-threonine aldolase [56]
Car2 Ornithine aminotransferase [57]
Spel Ornithine decarboxylase [58]
Serl Phosphoserine aminotransferase [59]
Alt2 Probable alanine aminotransferase 2 [60]
Altl Probable alanine aminotransferase 1 [61]
Bna3 Probable kynurenine-oxoglutarate transaminase [62]
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Irc7 Putative cystathionine beta-lyase [62]
YII058w  Putative cystathionine gamma-synthase [63]
Yml082w  Putative cystathionine gamma-synthase [46]
MCY1 Putative cysteine synthase [64]
Shm?2 Serine hydroxymethyltransferase 2 [65]
Shml Serine hydroxymethyltransferase 1 [65]
Lcbl Serine palmitoyltransferase 1 [66]
Lcb2 Serine palmitoyltransferase 2 [66]
Dpll Sphingosine-1-phosphate lyase [67]
Ilvl Threonine dehydratase [68]
Thr4 Threonine synthase [69]
Trp5 Tryptophan synthase [70]
Yhrl12c¢  Uncharacterized trans-sulfuration enzyme [71]
Thi5 4-amino-5-hydroxymethyl-2-methylpyrimidine
phosphate (HMP-P) synthase [72]
Thill 4-amino-5-hydroxymethyl-2-methylpyrimidine
phosphate (HMP-P) synthase [72]
Thil2 4-amino-5-hydroxymethyl-2-methylpyrimidine
phosphate (HMP-P) synthase [72]
Thil3 4-amino-5-hydroxymethyl-2-methylpyrimidine
phosphate (HMP-P) synthase [72]
Thiamine Kgdl 2-oxoglutarate dehydrogenase [73]
diphosphate Ilv2 Acetolactate synthase catalytic subunit [74]
Pxpl Putative 2-hydroxyacyl-CoA lyase [75]
Pdcl Pyruvate decarboxylase isozyme 1 [76]
Pdc5 Pyruvate decarboxylase isozyme 2 [77]
Pdc6 Pyruvate decarboxylase isozyme 3 [78]
Pdal Pyruvate dehydrogenase E1 component subunit alpha [79]
Pdbl Pyruvate dehydrogenase E1 component subunit beta [80]
Thi3 Thiamine metabolism regulatory protein THI3 [81]
Arol0 Transaminated amino acid decarboxylase [82]
Tkl1 Transketolase 1 [83]
TkI2 Transketolase 2 [84]
Biotin Accl Acetyl-CoA carboxylase [37]
Hfal Acetyl-CoA carboxylase, mitochondrial [85]
Bpll Biotin protein ligase [86]
Pycl Pyruvate carboxylase 1 [87]
Pyc2 Pyruvate carboxylase 2 [87]
Durl,2 Urea amidolyase [88]
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and VI, respectively and are flanked by the thiamine biosynthetic genes THI12 and THIS5,
respectively. Their increased expression upon

Thiamine (B,)

Thiamine, also known as vitamin B1, was first isolated by Jansen and Donath [105] and later
obtained in sufficient amounts for extended chemical analysis [106]. In animals, which
cannot synthesize thiamine, a lack of dietary supply causes beriberi, a disease affecting
the nervous system [107]. Thiamine is essential for cellular energy metabolism and its
major biologically active derivative thiamine diphosphate (TDP) serves as cofactor for a
variety of enzymes, including pyruvate and oxoglutarate dehydrogenases, transketolases,
2-hydroxy-3-oxoadipate synthase, acetolactate synthase and 2-oxo acid decarboxylases
(Table 2). As an electrophilic cofactor, TDP forms covalent intermediates with enzyme
substrates. Thiamine can also perform intramolecular proton transfers, which is a rare
function among cofactors [108]. It has been proposed that a general stress-protective role
of thiamine in S. cerevisiae is partially unrelated to its role as a cofactor [109]. Thiamine is
synthesized de novo by plants and many microorganisms including yeast species.
Thiamine consists of two substituted aromatic moieties, 4-amino-2-methyl-5-pyrimidyl
(HMP) and 5-(2-hydroxylethyl)-4-methylthiazolium (HET), which are connected by
a methylene bridge (Figure 1). In addition to free thiamine and the biologically active
form TDP, thiamine monophosphate (TMP), and thiamine triphosphate are also found
intracellularly. All thiamine-prototrophic organisms synthesize TDP via condensation
of the precursors 5-(2-hydroxylethyl)-4-methyl thiazole phosphate and 4-amino-2-
methyl-5-pyrimidine diphosphate (HMP-PP) to TMP by TMP diphosphorylase (Thi6 in
S. cerevisiae) (Figure 1). Although bacteria can synthesize TDP from TMP in a single
reaction, catalysed by a TMP kinase, eukaryotes utilize a pathway in which TMP is first
dephosphorylated to thiamine, which is then pyrophosphorylated to TDP by a thiamine
pyrophosphokinase (Thi80 in S. cerevisiae) [110]. Two transporters involved in the
acquisition of exogenous thiamine have been identified in S. cerevisiae: a high-affinity
transporter encoded by THI10 [111] and a periplasmic acid phosphatase encoded by
PHO3 that releases thiamine from thiamine phosphates [112].

In S. cerevisiae, the thiamin precursor HMP-PP is synthesized in two steps. First, 4-amino-
2-methyl-5-pyrimidine phosphate (HMP-P) is formed from pyridoxal-5-phosphate
and histidine. The histidine used for HMP-P synthesis is provided from the active site
of HMP-P synthase in a suicide reaction [72, 113]. HMP-P synthase is encoded by four
highly similar S. cerevisiae genes (THI5, THI11, THI12, and THI13). These genes are
located in sub-telomeric regions of different chromosomes, suggesting that an increased
copy number conferred a selective advantage in thiamine-poor environments [114]. In
a second step, HMP-P is phosphorylated to HMP-PP by HMP-P kinase in an adenosine
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triphosphate-dependent reaction [115]. The S. cerevisiae genome harbors two paralogous
genes encoding HMP-P kinase, THI20, and THI21, of which the former encodes the
major isoform [114]. Thi20 is a trifunctional protein that displays thiamine biosynthesis
and thiamine degradation activities in a single protein. Its N-terminal domain is active as
HMP and HMP-P kinase, while its C-terminal domain has thiaminase II activity [116].
Although molecular oxygen is not directly required for HMP biosynthesis, activity of this
branch of the thiamine biosynthetic pathway was shown to be oxygen dependent [114].
However, based on gene deletion studies it has been proposed that S. cerevisiae can still
synthesize the pyrimidyl moiety under anaerobic conditions via an alternative, as yet
unidentified, pathway [117].

For the synthesis of the thiazole moiety, eukaryotic cells use a single enzyme to form
5-(2-hydroxylethyl)-4-methyl thiazole phosphate from glycine and nicotinamide adenine
dinucleotide (NAD*), encoded by THI4 in S. cerevisiae [118]. Thi4 acts as a substrate in the
reaction by providing the sulfur atom needed for thiazole formation in an iron-dependent
sulfide transfer from a conserved cysteine. Therefore, similar to Thi5, Thi4 acts as a suicide
enzyme undergoing only a single catalytic turnover [119-121]. Under thiamine-depleted
conditions, Thi5 and Thi4 are among the most abundant proteins in S. cerevisiae [122].
Strains harboring a THI4 deletion have an increased sensitivity to DNA damaging agents
such as UV light and methyl methanesulfonate. The mechanism of this protection is not
fully understood [114, 123].

Involvement of two suicide enzymes makes de novo thiamine biosynthesis in yeast an
energetically very expensive process: for each molecule of thiamine produced, two
complete proteins (Thi4 and Thi5/11/12/13) have to be synthesized and degraded. Tight
regulation of thiamine synthesis occurs mainly at the transcriptional level [124, 125]. As
aresult, the THI regulon is repressed in the presence of high intracellular levels of TDP. A
strain carrying a partially inactivated form of Thi80 was shown to constitutively express
the THI genes, suggesting that TDP is the molecule acting in this negative feedback
regulation loop [126]. Three positive regulators for thiamine biosynthesis have been
identified to date: Thi2, Thi3, and Pdc2 [81, 127, 128]. Elimination of any of these three
proteins abolishes THI genes expression. The expression of THI2 and THI3, but not PDC2,
strongly increased under thiamine-depleted conditions [129]. Deletion of THI2 results in
repression of all THI genes except for THI10, whereas deletion of THI3 causes repression
of all THI genes. Thi3, which binds TDP, was originally proposed to also act as a 2-oxo
acid decarboxylase involved in the Ehrlich for fusel alcohol biosynthesis [130] but this
conclusion was later refuted [131-133]. A strain that only carried a thi3 allele encoding
a protein unable to bind TDP showed constitutive expression of THI genes in thiamine-
containing medium, suggesting that Thi3 acts as a TDP sensor. However, Thi3 lacks a clear
DNA-binding motif and is likely to act through interaction with other proteins, such as
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Figure 1: PLP and TDP de novo synthesis pathway in S. cerevisiae. D-glyceraldehyde 3-phos-
phate, L-glutamine and keto-D-ribose 5-phosphate are converted to PLP by the catalytic activity of
the gene products of SNOI,2,3 and SNZ1,2,3. Gen4 acts as positive regulator of de novo PLP bio-
synthesis whereas Basl acts as an inhibitor. Gen4 is inhibited by amino acids and activated under
amino-acid starvation. Basl instead is upregulated in the presence of glycine. PN, PM and PL are
imported by Tpnl. PN is converted at the expense of ATP to PNP by Bud16 whereupon Pdx3, pro-
duces PLP and hydrogen peroxide in an oxygen-dependent reaction. Similarly, PLP can be formed
starting from PM in two steps by action of Bud16 and Pdx3, with PMP as intermediate. Moreover,
PL can also be converted to PLP by action of Bud16. PLP is used as cofactor or converted HMP-P
by one of the four homologous enzymes Thi5, Thill, Thil2 and Thil3, under consumption of L-his-
tidine. HMP-P is the intermediate for the formation of the pyrimidyl moiety of thiamine (shown in
cyan). Thi20 and Thi21 further phosphorylate HMP-P to 4-amino-2-methyl-5-pyrimidine diphos-
phate (HMP-PP). The thiazole moiety (shown in yellow) is synthesized by activity of Thi4 in a sui-
cide mechanism, leading to HET-P. HMP-PP and HET-P are merged by the gene product of THI6 to
TMP. The following reaction catalysed by an acid phosphatase (EC number 3.1.3.2) yields thiamine.
Thiamine can be taken up with the aid of the transporter Thil0. Finally, thiamine is converted to its
biologically active form thiamine diphosphate (TDP) under consumption of ATP by Thi80. Pdc2,
Thi2 and Thi3 are responsible for the upregulation of transcription of Thi5/11/12/13, Thi20/21, Thi6
and Thi4. Alcohol and methyl substitutions on the pyridoxine pyrimide ring are shown in magenta
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and purple respectively. Metabolites, proteins and positive regulators are shown in bold, blue and
green respectively. ATP, adenosine triphosphate; HET-P, 5-(2-hyroxylethyl)-4-methylthiazole phos-
phate; HMP-P, 4-amino-2-methyl-5-pyrimidine phosphate; HMP-PP, 4-amino-2-methyl-5-pyrim-
idine diphosphate; PL, pyridoxal; PLP, pyridoxal-5-phosphate; PM, pyridoxamine; PMP, pyridox-
amine-5’-phosphate; PN, pyridoxine; PNP, pyridoxine-5’-phosphate; TDP, thiamine diphosphate;
TMP, thiamine phosphate.

Thi2 and Pdc2. Pdc2 is a transcriptional regulator that activates both THI genes and PDC
genes encoding pyruvate decarboxylases [128, 134]. These regulatory proteins therefore
provide an interesting link between the biosynthesis of pyruvate decarboxylase, the most
highly expressed TDP-dependent enzyme in S. cerevisiae, and its cofactor. A regulatory
link between the biosynthesis of thiamine and that of nicotinic acid, another member
of the B-complex vitamins, was demonstrated when the NAD*-dependent histone
deacetylase Hstl was found to act as a repressor of basal THI-gene expression [135].

Biotin (B.)

During the first half of the 20th century, biotin was discovered as an essential growth
factor for various organisms [136, 137]. Biotin plays an important role as coenzyme in
carboxylases involved in fatty acid synthesis, sugar, and amino acid metabolism [138]. The
cytosolic (Accl; [139] and mitochondrial (Hfal) acetyl-CoA carboxylases [85], pyruvate
carboxylase (Pycl,2; [140]), urea carboxylase (Durl,2; [141]) and a tRNA-aminoacylation
cofactor (Arcl; [142]) are the only biotin-dependent enzymatic activities in S. cerevisiae
(Table 2). Covalent linkage of the carboxyl group of biotin to an e-lysine residue of
apo-Accl and apo-Pycl and 2 is catalyzed by the biotin protein ligase, Bpll [86, 143].
Although not characterised, a similar mechanism is likely to occur for the mitochondrial
acetyl-CoA carboxylase [144, 145]. Biotin can be taken up via the proton symporter
Vhtl [146]. Alternatively, the biotin intermediates 8-amino-7-oxonanote (KAPA) and
7,8-diaminopelargonate (DAPA) can be transported into yeast via the Bio5 membrane
protein [34].

The molecular structure of biotin is characterized by an imidazole, or ureido ring, fused
with a sulfur-containing tetrahydrothiophene ring, substituted with a valeric acid chain
(Figure 2). The reactions involved in the formation of the ring structures of biotin from
KAPA are highly conserved among yeast and bacteria and require three steps starting
with the conversion of KAPA to DAPA. This reaction is catalysed by Bio3, a DAPA
aminotransferase that requires S-adenosyl-methionine (SAM) and PLP as cofactors.
The following step, catalysed by the dethiobiotin synthetase Bio4, converts DAPA to
dethiobiotin at the expense of adenosine triphosphate [34]. In the final step, the biotin
synthase Bio2, a mitochondrial iron-sulfur-cluster protein, converts dethiobiotin to biotin
by incorporating a sulfur atom [147], presumably acting as a suicide enzyme [148].

The pathway for synthesis of the valeric side chain of biotin remains elusive and probably
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involves Biol and Bio6, both of which are required for biotin-independent growth of S.
cerevisiae [149]. Presence of Biol and Bioé6 is strain dependent. For example, the reference
strain S288C [150] lacks these two genes and is unable to grow on CDMY lacking biotin
[151]. In contrast, sake strains of S. cerevisiae [152], S. cerevisiae strains isolated from
cachaca fermentations [153], and the laboratory strains A364a [149] and CEN.PK113-7
[151, 154] do carry these two genes and exhibit growth, albeit very slowly, on CDMY
without biotin. BIO6 has been proposed to have evolved from a duplication and neo-
functionalization of BIO3, after BIO3 and BIO4 had been simultaneously acquired by
horizontal gene transfer, with BIO1 similarly having evolved from duplication and neo-
functionalization of the uncharacterized ORF YJR154W [149].

In view of its 55% amino-acid sequence similarity with Escherichia coli BioA, BIO6
probably encodes an adenosylmethionine-8-amino-7-oxononanoate transaminase [152]
proposed that BIOI encodes a coenzyme A (CoA) ligase that activates pimelic acid, a C7
dicarboxylic acid, to pimeloyl-CoA. Although such a CoA ligase (BioW) was identified in
the gram-positive bacterium Bacillus subtilis [155], S. cerevisiae Biol protein does not show
similarity to that enzyme. Additionally, biosynthesis of pimelic acid by S. cerevisiae has not
been reported and pimelic acid feeding to a strain carrying the full biotin biosynthesis
pathway was not able to stimulate growth on medium lacking biotin [156].

Laboratory evolution studies highlighted the role of the enigmatic Biol protein in biotin
prototrophy of S. cerevisiae. Prolonged cultivation of the laboratory strain CEN.PK113-7D
in biotin-free accelerostats yielded an evolved strain that showed the same high specific
growth rate (0.36 h™') in the absence and presence of biotin. Whole-genome re-sequencing
of evolved isolates revealed a massive 20-to 40-fold amplification of the physically linked
BIO1 and BIO6 gene copies [154]. Overexpression of BIO1, but not BIO6, from a multi-
copy plasmid sufficed to increase specific growth rates of the non-evolved strain on biotin-
free CMDY without biotin from 0.01 h™' to 0.15 h''. Despite its unknown function, these
results show that BIO! is a key bottleneck of in de novo biotin synthesis in S. cerevisiae
[154]. Strategies to generate biotin-prototrophic S. cerevisiae strains are likely to benefit
from elucidation of the reaction catalysed by Biol. In fact, more recently, heterologous
expression of the BIO1I gene from the biotin prototrophic yeast Ciberlidnera fabianii in S.
cerevisiae was proven to be sufficient to increase the engineered strains grow at a rate up
to 0.40 h'in biotin-free CDMY [157].

The biotin biosynthetic genes BIO5, BIO2, BIO4, BIO3, BIO6, VHT1 and BPL1 showed a
concerted upregulation during biotin starvation [18, 152]. The promoter regions of BIO5,
VHT1, BIO2 and BPLI contains an upstream activating element that, in the absence of
biotin, is bound by the transcription factor Vhrl which upregulates transcription. This
activation ensures expression of biotin and DAPA transporters, de novo biotin synthesis
and enzyme biotinylation [158]. The transcriptional regulation of the biotin permease

24



Vitamins that act as enzyme cofactors

pimelic acid (?)

Biol
pimeloyl-CoA
L-al .
e Bio6
CoA, CO,
KAPA €
SAM o
Bio3
AdoMTOB :
DAPA
ATP, CO, Bio4 Lo Aftl ,,,,,,,,,,,,,,,,,,,,,,,, iror) A
AMP, PP, : Gend amino acids
dethiobiotin "
Sulf o
ur Bio2
.
o
HN NH
H H
s
intracellular
extracellular

KAPA

biotin

Figure 2: Biotin de novo biosynthesis pathway in S. cerevisiae. Biotin is composed of an ureido
and a tetrahydrothiophene ring (shown in cyan) fused to a valeric acid chain (shown in yellow). The
five final steps of de novo biotin synthesis are carried out by Biol, Bio6, Bio3, Bio4 and Bio2. Ori-
gin of pimelic acid remains elusive in S. cerevisiae (indicated by question mark(?)). Pimeloyl-CoA
formed by Biol1 is converted via 8-amino-7-oxonanoate (KAPA) to 7,8-diaminopelargonate (DAPA)
by Bio6 and Bio3. DAPA is subsequently converted by Bio4 to dethiobiotin and finally to biotin
by Bio2. The intermediate KAPA and biotin can be imported via the membrane transporters Bio5
and Vhtl, respectively. In the absence of biotin, the regulator Vhrl upregulates expression of genes
encoding the transporters Vhtl and Bio5 as well as Bio2. In iron and amino acid rich conditions the
transcriptional regulator genes AFT1 and GCN4 are transcriptionally repressed, which under iron
and amino acid scarce conditions would not activate transcription of BIO3, BIO4 and BIO2 and
relieve BIO5 expression. Metabolites, proteins, positive and negative regulators are shown in bold,
blue, green and red respectively.
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gene VHTI is additionally controlled by the transcription factors Aftl and Gen4, which
are involved in iron homeostasis and global control of nitrogen metabolism, respectively.
Downregulation of biotin biosynthesis genes and a parallel upregulation of biotin transport
upon low availability of iron and/or nitrogen [159] has been interpreted as a strategy to
decrease the metabolic burden of de novo biotin synthesis under these conditions [18].

Vitamins that act as metabolic precursors for cofactor
biosynthesis

Pantothenic acid (B,)

Vitamin B, was discovered by 1933 [160] and, based on its presence in all animal tissues,
named pantothenate (mavtoOev, from everywhere). Pantothenate is not a cofactor, but a key
precursor for synthesis of CoA and acyl carrier protein, which play key roles in metabolism.
When supplied to media, pantothenate is imported into S. cerevisiae by the plasma-
membrane pantothenate-proton symporter Fen2 [90]. Only plants and microorganisms,
including fungi, can perform de novo pantothenate biosynthesis. However, most sake
strains of S. cerevisiae strains are entirely auxotrophic for pantothenate when grown in
media that exclusively contain organic nitrogen sources and, in some cases, also when
an inorganic nitrogen source is provided [161]. Many S. cerevisiae strains can synthesize
pantothenic acid. In such strains, removal of the molecule from the medium typically
results in impaired growth on glucose, but not on glycerol or acetate [162].

Panothenate is formed by fusion of pantoate and -alanine, in a reaction catalysed by
pantoate-beta-alanine ligase (Pan6 in S. cerevisiae, Figure 3). In S. cerevisiae, B-alanine is
produced from spermine in two steps [162]. The first step is catalyzed by the polyamine
oxidase Fmsl, which produces 3-aminopropanal from spermine. 3-Aminopropanal
is then oxidized to Palanine by the cytosolic aldehyde dehydrogenases Ald2 and Ald3.
The reaction catalyzed by Fmsl1 has been reported to be rate limiting for pantothenate
biosynthesis and Fms1 overexpression results in the secretion of pantothenic acid [163].
Pantoate is synthesized in S. cerevisiae from 2-keto-isovalerate, an intermediate of the
valine biosynthesis. After conversion of 2-keto-isovalerate into 2dehydropantoate [164] by
keto-pantoate hydroxymethyltransferase (Ecm31), 2dehydropantoate is transformed into
pantoate by 2dehydropantoate 2-reductase (Pan5) in an NADPH-dependent reduction
[165].

In comparison with the regulation of the other biosynthetic pathways discussed in
this review, regulation of pantothenate acid biosynthesis in S. cerevisiae has not been
intensively studied and, therefore, is still incompletely understood. Expression of ECM31
and PAN6 was shown to be low, constititutive and unaffected by extracellular panthotenate
concentrations [168], while transcript levels of the pantothenic acid biosynthetic genes
(ECM31, PAN5, FMSI1, ALD2, ALD3 and PANG6) across 55 different culture conditions
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[166, 167] (Figure 4) did not reveal indications for coregulation.
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Figure 3: Pantothenate de novo synthesis pathway in S. cerevisiae. Pantothenate can be import-
ed by the proton symporter Fen2 or synthesized de novo by condensation of pantoate (shown in
cyan) and B-alanine (shown in yellow) in an ATP-dependent reaction catalysed by Pan6. Pantoate
is formed in a two-step pathway from 2-keto-isovalerate catalysed by Ecm31 and Pan5 with 2-de-
hydropantoate as intermediate. B-alanine is formed starting from spermine by the enzymes Fmsl
and Ald2-3 via 3-aminopropanal. ATP, adenosine triphosphate; NADP*, nicotinamide adenine di-
nucleotide phosphate.
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Figure 4: Heatmap showing mRNA levels for pantothenate biosynthetic genes measured under
70 different conditions in chemostat cultures. Each row shows a gene involved in de novo panto-
thenate biosynthesis while each column represents one condition. Data are derived from [166, 167]

and code for generating this plot is available at https://gitlab.tudelft.nl/rortizmerino/sacch vitamins.
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Vitamins that act as metabolic precursors for cofactor biosynthesis

PABA (B,)

PABA, also known as vitamin B risa water-soluble B complex vitamin. It was discovered in
1920s [169, 170]. A temporary sunscreen application after the WW2 was soon withdrawn
as it caused dermatitis and auto-immune responses [171, 172]. pABA is an important
intermediate in the biosynthesis of folates, a class of cofactors involved in transfer of C1-
units in nucleic acid and amino-acid metabolisms, as well as in ubiquinone biosynthesis
[173, 174]. Folates result from the association of three precursors pABA (B, ), GTP, and
glutamate, out of which pABA is the less abundant intracellularly and limit folic acid (B,)
synthesis. Additionally, growth deficiency in the presence of pABA and absence of folic
acid has not been reported before, making this vitamin dispensable for CDMY.

In S. cerevisiae, pABA biosynthesis starts from chorismate which, as indicated by its
name (xwpilw; to separate) is located at the intersection of the biosynthesis of (a)
tyrosine and phenylalanine, (b) tryptophan, and (c) pABA and folates. Conversion of
chorismate into pABA involves two enzyme reactions (Figure 5A). First, amino-deoxy-
chorismate synthase (Abz1) uses glutamine as amino donor to produce 4amino-4-deoxy-
chorismate. Subsequently, amino-deoxy-chorismate lyase (Abz2) removes the pyruvate
moiety of chorismate, resulting in pABA [175]. Chorismate is a key intermediate of the
shikimate pathway for aromatic amino-acid biosynthesis. The shikimate pathway is tightly
regulated, not only transcriptionally but also by allosteric feedback regulation of its first
committed enzyme, 3-Deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase.
S. cerevisiae contains two isoenzymes of DAHP, Aro3 and Aro4, which are feedback
inhibited by phenylalanine and tyrosine, respectively [176, 177]. This regulation ensures
that intracellular chorismate availability is strongly influenced by aromatic amino-acid
concentrations. ABZ1 and ABZ2, which encode the key enzymes of the pABA pathway,
are transcribed constitutively [178], suggesting that any regulation of pABA biosynthesis
occurs is post-transcriptional.

Rates of fermentation and nitrogen assimilation of S. cerevisiae strains have been
correlated with specific alleles of ABZ1, thereby linking pABA synthesis to overall strain
performance [178, 179]. This genetic heterogeneity has been exploited to engineer
S. cerevisiae for pABA production by overexpressing ABZ1-2 alleles from wine strains that
encode highly active enzymes [180].

Nicotinic acid (B,)

Nicotinic acid, also known as niacin, was first isolated from liver in 1937 and was
identified as “pellagra-preventing factor” and “anti-black tongue factor” [181]. Together
with nicotinamide, it makes up the vitamin B, complex. Nicotinic acid is an important

precursor for the essential redox cofactors NAD* and nicotinamide adenine dinucleotide
phosphate (NADP").
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Figure 5: pABA and myo-inositol de novo synthesis pathways in S. cerevisiae. (A) The genes
ABZ1 and ABZ2 code for a two-step pathway producing pABA from chorismate via the intermedi-
ate 4-amino-4-deoxychorismate. Chorismate is synthesized from erythrose-4-phosphate and phos-
phoenolpyruvate via the shikimate pathway. In addition to being precursor for pABA biosynthesis,
chorismate also serves as precursor for tryptophan, phenylalanine and tyrosine biosynthesis. (B)
myo-Inositol is formed from glucose-6-phosphate via Inol yielding L-myo-inositol-1-phosphate,
which is in a second step converted to myo-inositol by Inm1 or Inm2. INO2, INO4 genes encode
INOI transcriptional activators while OPII encodes the antagonist reglator of the gene encoding
the initial step of inositol synthesis (INOI). Metabolites, proteins, positive regulators and positive
regulators are shown in bold, blue, green and red respectively. pABA, para- Aminobenzoic acid.

S. cerevisiae can either obtain NAD* from de novo biosynthesis or from salvage routes that
regenerate NAD* from its nicotinamide degradation products [182, 183] (Figure 4). These
pathways converge at the level of nicotinic acid mononucleotide (NaMN) and share the
last two reactions towards NAD* formation.

In the de novo biosynthesis pathway, NaMN is synthesized from L-tryptophan in a
series of six enzymatic reactions (catalysed by Bnal-2 and Bna4-7) and one spontaneous
reaction (Figure 5). Three of the enzymes involved in the de novo biosynthesis pathway,
indoleamine 2,3 dioxygenase (Bna2), kynurenine 3-monooxygenase (Bna4), and
3-hydroxyanthranilate 3,4-dioxygenase (Bnal), require molecular oxygen as a substrate,
thereby explaining the strict requirement of anaerobic S. cerevisiae cultures for nicotinic
acid supplementation [54]. In the salvage pathway, nicotinamide and nicotinic acid are
converted to NaMN via the so-called Preiss-Handler pathway I [184, 185] which involves
Pncl and Nptil as key enzymes. Extracellular nicotinic acid can be imported into yeast
cells by the plasma-membrane transporter Tnal and then used to form NAD* through the
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Inositol (B8)

salvage pathway [186, 187].

In yeast, there are other four additional pathways for NAD* biosynthesis: two salvage
pathways from nicotinamide riboside (NR) and two salvage pathways from nicotinic
acid riboside [188-190]. Three of these salvage pathways converge first with the Preiss-
Handler NAD" salvage pathway and then with the de novo NAD pathway (Figure 4).
In the NR salvage pathway I, which is not connected to the other pathways, NR is first
phosphorylated to nicotinamide nucleotide by the Nrkl kinase and then adenylated to
NAD* by Nmal or Nma2 (Figure 6).

NAD* and NADP* are essential redox cofactors for many oxido-reductases [191]. In
addition to its role as a redox cofactor, NAD* is a substrate for several enzymes in yeast
including sirtuin protein deacetylases (Sir2, Hstl-4) and cyclic ADP-ribose (cADPR)
synthases (Tpt1; [192, 193]. These enzymes have important roles in the maintenance and
regulation of chromatin structure, calcium signaling, life-span and DNA repair [183, 194-
197]. NAD" is also a precursor for NADP* which, like NAD* is involved in many cellular
redox reactions [198]. Intracellular NAD" levels are controlled by a complex regulation
network. Hstl (Homologue of Sir2) acts as a NAD* sensor that represses BNA genes
when NAD" is abundant. Hstl does not bind the DNA directly but interacts with Rfm1
and Sum1 to form a repressor complex. Macl, which was previously characterized as a
copper-sensing transcription factor, has been shown to also be involved in regulation of
BNA genes, together with Hstl [182, 199-201]. When NA is abundantly available, NA
salvage metabolism is preferred over use of the de novo biosynthetic pathway, which is
repressed by Hstl [182, 201]. In S. cerevisiae, NAD* metabolism is regulated together with
phosphate and purine nucleotide metabolism, although the exact mechanisms remain
uncharacterised [202, 203]. NR can be produced and stored in vacuoles and then released
into the cytosol by the Fun26 transporter, thereby enabling cells to feed NR stores into
NAD* synthesis [204, 205].

Inositol (BS)

Of the seven organic supplements that are added to commonly used CDMY, only inositol
(Table 1) is not a cofactor or cofactor precursor. First isolated in 1928 [206], inositol is a
polyol (cyclohexane-1,2,3,4,5,6-hexol) that serves as precursor for phosphatidylinositol,
a main constituent of phospholipid membranes [207]. Upon its cleavage into inositol
phosphate and diacylglycerol by phospholipase C, phosphatidylinositol also plays a
central role in inositol-phosphate signalling [208]. Moreover, inositol is a precursor for
the synthesis of glycosylphosphatidylinositol anchor proteins [209].

Myo-inositol is physiologically the most common stereoisomer among the eight possible
inositol enantiomers. In organisms capable of synthesizing myo-inositol, it is formed from
glucose-6-phosphate via two enzyme-catalysed reactions.
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Figure 6: Nicotinic acid de novo synthesis and salvage pathway in S. cerevisiae. NAD" is de novo
synthesized from L-tryptophan in nine catalytic steps involving the Bna enzyme family and en-
zymes Nmal, Nma2 and Qnsl. Nicotinic acid can be imported into the cell via Tnal and enters the
NAD synthesis pathway as NaMN by catalytic activity of Nptl. Similarly, NaR can be salvaged by
catalytic activity of Nrk1 to form NaMN. NaR can be also converted to nicotinic acid by Urh1 and
Pnpl. Nrkl also converts NR into NMN subsequently converted to NAD*by Nmal and Nma2. NR
is imported by activity of Nrtl transporter and might be used by Pnpl or Urhl to form nicotina-
mide. Alternatively, nicotinamide can be synthesized via Sir2 from NAD*. Pnc1 uses nicotinamide
to form nicotinic acid. The regulators Hstl (with aid of Rfm1 and Suml) and Macl repress the
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Systematic search for components of the class B vitamin biosynthesis pathways in Saccharomyces species.

expression of genes encoding Bna enzymes upon binding to NAD* and nicotinic acid. Metabolites,
proteins and negative regulators are shown in bold, blue and red respectively. NAD*, nicotinamide
adenine dinucleotide; NaMN, nicotinic acid mononucleotide; NAR, nicotinamide riboside; NMN,
nicotinamide nucleotide; NR, nicotinamide riboside.

The genes involved in the S. cerevisiae inositol biosynthesis pathway were discovered by
complementation of inositol-requiring mutants [210] (Figure 5B). First, L-myo-inositol
1-phosphate is generated from glucose-6-phosphate by L-myo-inositol 1phosphate
synthase (Inol) [211]. Subsequently, myo-inositol is generated by dephosphorylation
of L-myo-inositol 1-phosphate by the heterodimeric enzyme inositol 3-phosphate
monophosphatase (Inm1/Inm2) [212].

Lipid metabolism in eukaryotic cells, including yeasts, is rigorously regulated. Yeast cells
continuously monitor lipid status and quickly respond to alterations by a dual regulatory
control. Many insights into how the yeast cells regulate their phospholipid metabolism
derive from research on regulatory responses to variations in the inositol content of growth
media [213]. Analysis of inositol-auxotrophic S. cerevisiae strains enabled discovery of
INO2 and INO4, which encode positive transcriptional regulators for INOI and a large
number of other genes involved in phospholipid synthesis [214]. A key negative feedback
mechanism for transcriptional regulation was discovered by the characterization of
mutants able to secrete inositol, a phenotype also referred to as the Opi phenotype [215].
The transcriptional factor Opil was shown to act as a negative regulator in the presence
of inositol, with some and mutations in OPII resulting in constitutive INO1 expression.
The Opi- phenotype has also been in identifying other S. cerevisiae genes involved in
phospholipid biosynthesis, transcription, protein processing, and trafficking [216].

Systematic search for components of the class B vitamin
biosynthesis pathways in Saccharomyces species.

Although strain-to-strain differences occur, the S. cerevisiae pangenome harbours all
necessary genetic information to synthesize inositol, biotin, thiamine, nicotinic acid,
pantothenate, pyridoxine and pABA. Since the work of Burkholder, McVeigh and Moyer
in 1944, no systematic analysis has been performed to assess growth factor requirements
of different species within the Saccharomyces genus. To explore this issue, we screened
the genomes of the type strains of Saccharomyces species for annotated sequences
homologous to the structural genes encoding enzymes involved in biosynthesis of class B
vitamins in S. cerevisiae [217]. Based on this screen, the genomes of most Saccharomyces
type species encode complete biosynthetic pathways for these compounds (Figure 7). Two
notable exceptions are S. arboricola, which misses key genes required for biosynthesis of
pyridoxine, thiamine, and biotin (SNO2/3, SNZ2/3, THI5-13, BIO1) and S. kudriavzevii
which lacks genes involved in biosynthesis of pyridoxine, pantothenate, pABA and
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inositol (SNOI, FMSI1, PAN6, ABZ1/2, INOI). Absence of SNO2/3 in S. paradoxus should
not compromise its pyridoxine prototrophy as its genome does harbour the main paralog
SNOL1.

Some Saccharomyces species show higher copy numbers for individual vitamin
biosynthesis genes than S. cerevisiae. In particular, S. jurei harbours additional copies of
SNO2/3, SNZ2/3, THI5 and THI11-13, while S. paradoxus carries two copies of BIO1 and
BIO6. These genes are all located in subtelomeric regions in S. cerevisiae. Subtelomeric
regions are known hotspots for genetic plasticity that contain many gene families
involved in interaction between the cell and its environment [219]. Assuming conserved
syntheny within the Saccharomyces genus, these gene amplifications may therefore reflect
evolutionary adaptations to the environmental conditions these different species were
exposed to.

Figure 7: Occurrence of vitamin biosynthesis genes in Saccharomyces species. A homology
search was conducted using HMMER v3 [218] with S. cerevisiae S288C proteins as queries (left
side row names) against a database of annotated proteins from the Saccharomyces species listed in
the column headers. For Biol and Bio6, S. cerevisiae K7 proteins were used as queries (indicated
with *) because S288C is known to lack such proteins. Available genome annotations from species
in the monophyletic Saccharomyces clade (formely known as sensu stricto; Table 3) were used to
build a protein sequence database. Besides S. cerevisiae S288C and CEN.PK113-7D, sequences in
the database belong to type strains. This database was then searched for sequence homologs using
the queries listed on the left-hand side. Queries are grouped and labeled on the right-hand side and
depending on the biosynthetic pathway they are involved in. Boxes are colored depending on the
number of hits (e-value > le-5, percentage of alignment > 75%) obtained by each query on each
strain. The color code is shown at the bottom. Hits from queries belonging to the same biosynthetic
pathway were ranked according to lowest e-value, then highest percentage of alignment and best
hits were uniquely assigned to each query (i.e., a sequence considered as best hit is never used more
than once and best hits with a count > 1 are all identical). This last step accounts for the presence of
paralogs and the high level of similarity between proteins in the same pathway, especially in the pyr-
idoxine and thiamine pathways (see Thi5 and Thi20 for instance). Code for this search is available in
https://gitlab.tudelft.nl/rortizmerino/sacch vitamins and sequences are deposited under BioProject
accession PRJNA578688 as indicated in Table 3.
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Systematic search for components of the class B vitamin biosynthesis pathways in Saccharomyces species.
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Table 3: Saccharomyces species involved in a comparative analysis of the presence of annotated
vitamin biosynthesis genes.

TaxID  Species Strain githel: Reference Biosample
entifiers

1080349 S. eubayanus ~ CBS123577 NBRC111513"  [220] NA

226127  S. uvarum CBS7001" MCYC623" [221] SAMN13069661
1160507  S. arboricola CBS10644" H-67 [222] SAMN13069660
226230 . kudriavzevii CBS8840" IFO1802T [221] NA

226126  S. mikatae CBS8839T IFO1815" [221] SAMN13069662
1987369 S. jurei CBS14759" NCYC3947" [223] SAMN13069663
226125  S. paradoxus CBS432" NRRLY-17217"  [224] SAMN13069659
559292 8. cerevisiae $288C CBS8803 [150] NA

889517  S. cerevisiae CEN.PK113-7D  CBS8340 [25] SAMN13069664

Note. Biosamples can be accessed under bioproject accession PRINA578688
(https://www.ncbi.nlm.nih.gov/bioproject)

Engineering of non-native cofactors in yeast

Cofactors are defined as non-protein organic molecules or inorganic compounds (mainly
in the form of metal ions) that are essential for catalytic activity of an enzyme [226]. As
many enzymes are dependent on the presence of one or more essential cofactors in order
to be active, the introduction of a new pathway in a microbial host through metabolic
engineering can impose additional nutritional or genetic requirements for cofactor supply.
In particular, the successful implementation of new heterologous pathways may require
the parallel broadening of the cofactor repertoire of the host cell, either by engineering de
novo cofactor biosynthesis or by enabling import of cofactors or their precursors from the
growth medium.

In nature, two types of cofactor are found: inorganic cofactors and organic cofactors
(Table 4). Inorganic cofactors include metal ions such as Fe?*/Fe**, Mg?* and Mn?* and
metal-containing structures such as iron-sulfur clusters. The range of transition metal ions
required for growth of a microorganism under defined growth conditions reflects their
involvement in key metabolic enzymes. Expression of a new biocatalyst whose activity
requires a metal ion that is not used in the native proteome often needs to be accompanied
by an adaptation of the metal ion transport systems. Although native ion transport systems
may exhibit promiscuous activities and enable intake of novel ion species, they often
exhibit low transport affinity. The resulting requirement for supplementation of media
with high concentrations of a metal ion may then lead to toxicity.

Several examples have shown that toxicity can be prevented by the expression of a high-
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Engineering of non-native cofactors in yeast

Table 4: Overview of the main inorganic and organic (vitamin derived and non-vitamin de-
rived) cofactors present in nature, example of cofactor-dependent enzymes and information
about the presence of a de novo biosynthesis pathway in S. cerevisiae. FeMoco, iron molybdenum
cofactor; TDP, thiamine diphosphate; NAD*, nicotinamide adenine dinucleotide; NADP*, nicotina-
mide adenine dinucleotide phosphate; PLP, pyrodoxal-5-phosphate; CoA; THFA, tetrahydrofolic
acid; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; ATP, adenine triphosphate;
SAM, S-adenosyl methionine; CTP, cytidine triphosphate; Mo-MPT, molybdenum cofactor; Mo-
MCD, Mo-molybdopterin cytosine dinucleotide; Mo(bis-MGD), Mo-bis(molybdopterin guanine
dinucleotide); PAPS, 3-phosphoadenosine-5-phosphosulfate; PQQ, pyrroloquinoline quinone;
THB, tetrahydrobiopterin; THMPT, tetrahydromethanopterin.

De novo
Cofactor synthesized
type Cofactor Example of dependent enzyme and/orused  Reference
by
S. cerevisiae
Cu** Superoxide dismutase Yes [228]
Fe?*/Fe’* Thiamine thiazole synthase Yes [121]
Mg* Hexokinase Yes [229]
Mn?* Arginase Yes [230]
Inorganic ~ Ni** Urease Yes* [227]
Zn* Alcohol dehydrogenase Yes [231]
[Fe-S]
[2Fe-2S] Biotin synthase Yes [232]
[4Fe-4S]
FeMoco Nitrogenase No [233]
TDP Pyruvate decarboxylase Yes [76]
NAD*/NADP* Glucose-6-phosphate dehydrogenase Yes [234]
PLP Cysteine desulfurase Yes [47]
Cobalamine Methionine synthase No [235]
Biotin Pyruvate carboxylase Yes (87]
Organic Coenzyme A Fatty acid synthase Yes [236]
(vitamins )
and THFA Serine hydroxymethyltransferase Yes [237]
derivatives) Menaquinone Osteocalcin No [238]
Ascorbic acid Prolyl 3-hydroxylase Yes* [239]
FAD Squalene monooxygenase Yes [240]
FMN Dihydroorotate dehydrogenase Yes [241]
CoenzymeF,, methenyl-H4-tetrahydromethanop- No [242]

terin reductase
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ATP Hexokinase Yes [243]
SAM Cysteine methyltransferase Yes [244]
Coenzyme B Methyl-coenzyme M reductase No [245]
Coenzyme M Methyl-coenzyme M reductase No [245]
Coenzyme Q NADH:ubiquinone oxidoreductase  Yes [246]
CTP Diacylglycerol kinase Yes [247]
Glutathione Glutaredoxin Yes [248]
Heme Catalase Yes [249]
Organic Lipoamide a-ketoglutarate dehydrogenase Yes [250]
(r}on ' Methanofuran Formylmethanofuran dehydrogenase No [251]
vitamins) Moco/Mo-MPT  Nitrate reductase Yes* [252]
Mo-MCD Aldehyde oxidoreductase No [253]
Mo-bis(MGD) Formate dehydrogenase No [254]
Nucleotide sugars Glycosyltransferase Yes [255]
PAPS Sulfotransferase Yes [256]
PQQ Glucose dehydrogenase No [257]
THB Tyrosine hydroxylase Yes* [258]
THMPT Il\)/lee}tl};zlre:;ee-;ztsreahydromethanopterin No [259]

* engineered in S. cerevisiae

affinity transporter that can efficiently import a metal ion at low extracellular level. For
instance, S. cerevisiae does not express native nickel-dependent enzymes. To functionally
express a nickel-dependent, ATP-independent urease from Schizosaccharomyces pombe,
the presence of a high-affinity Ni** transporter from Sch. pombe sufficed to enable growth
on urea, even when no Ni** was added to growth media. This observation demonstrated
the efficiency of the heterologously expressed transporter at extremely low Ni*
concentrations that probably arose from leaching from glassware. In contrast, strains in
which this nicl transporter was not expressed needed a 20 pM Ni** to support growth on
urea [227]. A similar approach is followed in Chapter 5 of this thesis, in which the impact
co-expression of a high-affinity molybdate (MoO,*) transporter affects molybdenum
cofactor-dependent nitrate assimilation pathway in an engineered S. cerevisiae strain.

Organic cofactors are structurally more complex and are often divided in compounds
that in human nutrition are qualified as vitamins and other organic compounds that are
essential for activity of specific (sets of) enzymes in an organism. Some of the vitamin-
type cofactors have been discussed above and can natively be synthesized by S. cerevisiae.
Ascorbic acid (vitamin C) is an example of a non-native vitamin in S. cerevisiae for which
a heterologous vitamin synthesis pathway was engineered into baker’s yeast. Although
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it was not used as cofactor, intracellular synthesis of ascorbic acid yielded a strain with
increased resistance to reactive oxygen species [239]. Biosynthesis of other vitamins such
as cobalamine (B,,) and menaquinone (K)) in S. cerevisiae has not yet been achieved
and holds great potential for future research in food and pharmaceutical industry [260-

262]. Moreover, the riboflavin-derived (B,) coenzyme F,, (8-hydroxy-5-deazaflavin)

420
that is typically found in methanogens, is considered an under-explored resource for
asymmetric redox biocatalysis and engineering of an efficient production strain for this
compound could be beneficial for the fields of biocatalysis and bioremediation [263,
264]. Of the non-vitamin organic cofactors, Molybdenum cofactor (Moco or Mo-MPT),
which is composed by a molybdate oxyanion coordinated by a molybdopterin scaffold, is
a particularly interesting target for engineering in S. cerevisiae. To date, over 35 different
catalytic activities have been described to depend on Moco-derived cofactors and enabling
their functional expression in the industrial workhorse S. cerevisiae could enable the use
of industrially relevant enzymes such as the metal-dependent formate dehydrogenase,

nitrate reductase, and molybdoprotein furoyl-CoA dehydrogenase [265].

Scope and outline of this thesis

As discussed above, the optimization of native vitamin and cofactor biosynthesis and the
engineering of heterologous non native cofactor biosynthesis pathway are crucial steps
required for increasing process robustness, reducing costs and expanding metabolic
network of a microorganism. Inspired by previous research demonstrating how adaptive
laboratory evolution and metabolic engineering could successfully eliminate vitamin
B, dependency [154] and enable biosynthesis of tetrahydrobiopterin to functionally
expressed opioids in S. cerevisiae [258], the goals of the present study were two-fold: i)
investigating whether vitamin prototrophy of S. cerevisiae for all seven class-B vitamins
could be achieved, and ii) whether S. cerevisiae could be engineered for synthesis of
Molybdenum cofactor, a coenzyme new to S. cerevisiae, whose production in this yeast
could potentially enable expression of new enzyme families.

In Chapter 2, the specific vitamin requirements of the popular S. cerevisiae laboratory
strain CEN.PK113-7D were assessed by studying growth in CDMY lacking one vitamin
at the time. By performing an adaptive laboratory evolution experiment in single-vitamin
depleted media, mutants that were able to grow fast in the absence of either pABA,
pantothenic acid, thiamine, or pyridoxine were identified. The genomes of evolved single
colony isolates were re-sequenced and non-synonymous mutations that had arisen during
the evolution experiment were identified. Subsequently, a subset of mutations was selected
and introduced in the unevolved background strain to study the effect of each modification
on the strain growth rate in single-vitamin depleted media.

As previously described, de novo biosynthesis of thiamine, NAD*, and pantothenate in
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S. cerevisiae requires the presence of oxygen. As a result, these compounds have to be
supplemented to CDMY when growing yeast under anaerobic conditions. Engineering
yeast strains that are vitamin-independent in anaerobic laboratory cultures and industrial
processes requires introduction of alternative oxygen-independent pathways for de
novo synthesis of these compounds. In Chapter 3, alternative pathways for the oxygen-
independent synthesis of pantothenate and NAD* were studied. First, the pathway
responsible for oxygen independent synthesis of CoA (derived from pantothenate) in
anaerobic gut fungi (Neocallimastigomycetes) was identified by genome analysis. Then,
a candidate l-aspartate decarboxylase (Adc) gene was studied by phylogenetic analysis to
determine its evolutionary origin. In a second step, the Adc gene, as well as the previously
identified genes for the oxygen-independent synthesis of NAD* were introduced, together
with previously characterized plant and insect-derived homologs, in S. cerevisiae knock-
out strains that were devoid of critical steps in the native vitamin synthesis pathways.
Physiological characterization of the engineered strains was performed in anaerobic lab-
scale bioreactors and under strictly anaerobic conditions in an anaerobic chamber.
Chapter 4 describes research aimed at expansion of the cofactor repertoire of
S. cerevisiae by introduction of a heterologous pathway de novo synthesis of Molybdenum
cofactor (Moco). Genes involved in Moco biosynthesis were identified and functionally
characterized in the nitrate-assimilating yeast Ogataea parapolymorpha by Cas9-
mediated mutational analysis. The thus identified Moco biosynthesis gene-set, together
with a previously characterized high-affinity molydbate importer, were introduced in
S. cerevisiae. To couple Moco formation to growth, the strain was also equipped with a
nitrate assimilation pathway from O. parapolymorpha including a Moco-dependent nitrate
reductase. Engineered strains were tested in both in the presence or absence of oxygen
and cultures were evolved in the laboratory for the ability to use nitrate as sole nitrogen
source. Whole-genome sequencing on evolved single-colony isolates was performed to
provide insights in the underlying evolutionary mechanism. In addition, the ability of
strains to co-consume ammonium and nitrate, and their ability to assimilate nitrate at nM
concentrations of molybdate were investigated. Finally, a possible industrial advantage
of nitrate-assimilating S. cerevisiae was tested by performing co-cultivation experiments
with the nitrate-assimilating spoilage yeast B. bruxellensis.

Only 27 % of the over 300 recently sequenced yeast species have been shown to carry
Moco biosynthesis genes [266]. In Chapter 5, we studied whether Moco synthesis and
Moco-dependent nitrate assimilation pathways from O. parapolymorpha could also be
engineered into the evolutionarily distant and industrially relevant, lipid-accumulating
Yarrowia lipolytica. No fewer than 11 genes, including 7 genes for Moco biosynthesis,
3 genes for nitrate assimilation, and 1 gene for high-affinity molybdate transport were
introduced into Yarrowia lipolytica by CRISPR/Cas9-gene editing. The resulting strain
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Scope and outline of this thesis

was subjected to adaptive laboratory evolution on nitrate-containing media. Subsequently,

single-cell lines were isolated, phenotyped and their genome was re-sequenced to provide
insights in the underlying genetic adaptations.
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Abstract

Quantitative physiological studies on Saccharomyces cerevisiae commonly use synthetic
media (SM) that contain a set of water-soluble growth factors that, based on their roles
in human nutrition, are referred to as B-vitamins. Previous work demonstrated that in
S. cerevisiae CEN.PK113-7D, requirements for biotin could be eliminated by laboratory
evolution. In the present study, this laboratory strain was shown to exhibit suboptimal
specific growth rates when either inositol, nicotinic acid, pyridoxine, pantothenic acid,
para-aminobenzoic acid (pABA) or thiamine were omitted from SM. Subsequently,
this strain was evolved in parallel serial-transfer experiments for fast aerobic growth on
glucose in the absence of individual B-vitamins. In all evolution lines, specific growth
rates reached at least 90 % of the growth rate observed in SM supplemented with a
complete B-vitamin mixture. Fast growth was already observed after a few transfers on
SM without myo-inositol, nicotinic acid or pABA. Reaching similar results in SM lacking
thiamine, pyridoxine or pantothenate required over 300 generations of selective growth.
The genomes of evolved single-colony isolates were re-sequenced and, for each B-vitamin,
a subset of non-synonymous mutations associated with fast vitamin-independent growth
were selected. These mutations were introduced in a non-evolved reference strain using
CRISPR/Cas9-based genome editing. For each B-vitamin, introduction of a small number
of mutations sufficed to achieve a substantially increased specific growth rate in non-
supplemented SM that represented at least 87% of the specific growth rate observed in
tully supplemented complete SM.

Importance

Many strains of Saccharomyces cerevisiae, a popular platform organism in industrial
biotechnology, carry the genetic information required for synthesis of biotin, thiamine,
pyridoxine, para-aminobenzoic acid, pantothenic acid, nicotinic acid and inositol.
However, omission of these B-vitamins typically leads to suboptimal growth. This study
demonstrates that, for each individual B-vitamin, it is possible to achieve fast vitamin-
independent growth by adaptive laboratory evolution (ALE). Identification of mutations
responsible for these fast-growing phenotype by whole-genome sequencing and reverse
engineering showed that, for each compound, a small number of mutations sufficed to
achieve fast growth in its absence. These results form an important first step towards
development of S. cerevisiae strains that exhibit fast growth on cheap, fully mineral
media that only require complementation with a carbon source, thereby reducing costs,
complexity and contamination risks in industrial yeast fermentation processes.



Introduction

Introduction

Chemically defined media for cultivation of yeasts (CDMY) are essential for fundamental
and applied research. In contrast to complex media, which contain non-defined
components such as yeast extract and/or peptone, defined media enable generation
of highly reproducible data, independent variation of the concentrations of individual
nutrients and, in applied settings, design of balanced media for high-biomass-density
cultivation and application of defined nutrient limitation regimes [12, 13]. CDMY such
as Yeast Nitrogen Base (YNB) and Verduyn medium are widely used in research on
Saccharomyces yeasts [10, 13]. In addition to carbon, nitrogen, phosphorous and sulfur
sources and metal salts, these media contain a set of seven growth factors: biotin (B,),
nicotinic acid (B,), inositol (B,), pantothenic acid (B,), para-aminobenzoic acid (pABA)
(formerly known as B, ), pyridoxine (B,) and thiamine (B, ). Based on their water solubility
and roles in the human diet, these compounds are all referred to as B-vitamins, but their
chemical structures and cellular functions are very different [3]. Taking into account
their roles in metabolism, they can be divided into three groups i) enzyme co-factors
(biotin, pyridoxine, thiamine), ii) precursors for co-factor biosynthesis (nicotinic acid,
PABA, pantothenic acid) and iii) inositol, which is a precursor for phosphoinositol and
glycosylphosphoinositol anchor proteins [267].

Previous studies demonstrated that Saccharomyces species are bradytroph; growth does
not strictly depend on addition of all of these B-vitamins, but omission of individual
compounds from CDMY typically results in reduced specific growth rates [19-21]. These
observations imply that the term ‘vitamin, which implies a strict nutritional requirement,
is in many cases formally incorrect when referring to the role of these compounds in
S. cerevisiae metabolism [267]. In view of its widespread use in yeast physiology, we will
nevertheless use it in this paper.

The observation that Saccharomyces yeasts can de novo synthesize some or all of the
‘B-vitamins’ included in CDMY is consistent with the presence of structural genes encoding
the enzymes required for their biosynthesis (Fig. 1, [267]). However, as illustrated by recent
studies on biotin requirements of S. cerevisiae CEN.PK113-7D [7, 267], a full complement
of biosynthetic genes is not necessarily sufficient for fast growth in the absence of an
individual vitamin. In the absence of biotin, this strain grew extremely slowly (u < 0.01
h'), but fast biotin-independent growth could be obtained through prolonged adaptive
laboratory evolution (ALE) in a biotin-free CDMY. Reverse engineering of mutations
acquired by evolved strains showed that, along with mutations in the plasma-membrane-
transporter genes TPOI1 and PDRI2, a massive amplification of BIOI was crucial for fast
biotin-independent growth of evolved strains [154]. These results illustrated the power of
ALE in optimizing microbial strain performance without a priori knowledge of criticial
genes or proteins and in unravelling the genetic basis for industrially relevant phenotypes
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by subsequent whole-genome sequencing and reverse engineering [268, 269].
Elimination of vitamin requirements could enable cost reduction in the preparation
of defined industrial media and fully prototrophic strains could provide advantages in
processes based on feedstocks whose preparation requires heating and/or acid-treatment
steps (e.g. lignocellulosic hydrolysates; [270, 271]) that inactivate specific vitamins. In
addition, processes based on vitamin-independent yeast strains may be less susceptible
to contamination by vitamin-auxotrophic microorganisms such as lactic acid bacteria)
[272]. Thus, chassis strains able to grow fast in the absence of single or multiple vitamins
would therefore be of interest for industrial application. Moreover, engineering strategies
aimed at enabling fast growth and product formation in the absence of single or multiple
vitamins may be relevant for large-scale industrial application of Saccharomyces yeasts.
The goals of the present study were to investigate whether full single-vitamin prototrophy
of S. cerevisiae for inositol, nicotinic acid, pantothenic acid, pABA, pyridoxine or thiamine
could be achieved by ALE and to identify mutations that support fast growth in the absence
of each of these vitamins. To this end, the laboratory strain S. cerevisiae CEN.PK113-7D
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Fig. 1: Schematic representation of the de novo biosynthetic pathways for the B-vitamins biotin
(A), nicotinic acid (B), myo-inositol (C), pantothenate (D), pABA (E), pyridoxine and thiamine
(F) in S. cerevisiae [267]. Vitamins that are usually added to the chemical defined media for culti-
vation of yeasts are shown in blue.
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was subjected to parallel aerobic ALE experiments that encompassed serial transfer in
different synthetic media, which each lacked a single B-vitamin. Independently evolved
strains from each medium type were then characterized by whole-genome resequencing
and the relevance of selected identified mutations was assessed by their reverse engineering
in the parental non-evolved strain.

Results
Assessment of CEN.PK113-7D specific B-vitamin requirements

S. cerevisiae strains belonging to the CEN.PK lineage, which was developed in an
interdisciplinary project supported by the German Volkswagen Stiftung between 1993
and 1994 [273], exhibit properties that make them good laboratory models for yeast
biotechnology [274]. To provide a baseline for ALE experiments, specific growth rates of
the haploid strain CEN.PK113-7D were analysed in aerobic batch cultures on complete
SMD and on seven ‘SMDA’ media from which either biotin, inositol, nicotinic acid,
pantothenic acid, pABA, pyridoxine or thiamine was omitted. To limit interference by
carry-over of vitamins from precultures, specific growth rates were measured after a third
consecutive transfer on each medium (Fig. 2A).

Consistent with the presence in its genome of genes predicted to encode all enzymes
involved in biosynthetic pathways for all seven vitamins (Fig. 1, [267]), strain CEN.
PK113-7D grew on all SMDA versions. On complete SMD, a specific growth rate of 0.38 +
0.02 h™' was observed, while specific growth rates on SMDA lacking biotin, pantothenate,
pyridoxine, thiamine or inositol were 95%, 57%, 32%, 22% and 19% lower, respectively.
After three transfers, specific growth rates on SMDA lacking pABA or nicotinic acid did
not differ significantly from the specific growth rate on complete SMD (Fig. 2A). However,
in SMDA lacking pABA, growth in the first transfer was slower than in the first transfer on
complete SMD (Fig. 2B). Extending the number of transfers to five, which corresponded
to approximately 33 generations of selective growth, led to higher specific growth rates on
several SMDA versions (Fig. 2A), suggesting that serial transfer selected for spontaneous
faster-growing mutants.

Adaptive laboratory evolution of CEN.PK113-7D for fast growth in the
absence of single vitamins.

Serial transfer in independent triplicate aerobic shake-flask cultures on each SMDA
version was used to select mutants that grew fast in the absence of individual vitamins.
Specific growth rates of evolving populations were measured after 5, 10, 23, 38 and 50
transfers and compared to the specific growth rate of strain CEN.PK113-7D grown in
complete SMD.

ALE experiments were stopped once the population reached a specific growth rate equal
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Fig. 2: Specific growth rates of S. cerevisiae CEN.PK113-7D in aerobic batch cultures on com-
plete SMD and on SMD lacking single vitamins. Growth rate measurements were performed after
3 (light grey) and 5 (dark grey) consecutive transfers in the same medium. (A). Growth curve of
CEN.PK113-7D in complete SMD (black square) and at transfer 1 (white upward triangle) and 3
(white downward triangle) in SMD lacking para-aminobenzoic acid (pABA). In the latter medium a
lower specific growth rate was observed at transfer 1 but upon the third transfer, the growth rate was
the same as in complete SMD (B). Error bars represent the standard deviation (n = 9 for complete
SMD. n = 3 for all other media).

to or higher than 0.35 h*!, which represents 90-95% of the specific growth rate of strain
CEN.PK113-7D on complete SMD (Fig. 2A) [275-278]. As already indicated by the
specific growth rates observed after 3 and 5 transfers in SMDA (Fig. 2A), few transfers
were required for reaching this target in SMDA lacking inositol, nicotinic acid or pABA.
Conversely, over 330 generations of selective growth were required to reach a specific
growth rate of 0.35 h'! on SMDA lacking either pantothenic acid, pyridoxine or thiamine
(Fig. 3A). At least two single-cell lines were isolated from each of the three independent
ALE experiments on each SMDA version and the fastest growing single-cell line from each
experiment was selected (strains IMS0724-6 from SMDA lacking nicotinic acid; IMS0727-
9 from SMDA lacking pABA; IMS0730-2 from SMDA lacking inositol; IMS0733-5 from
SMDA lacking pantothenate; IMS0736-8 from SMDA lacking pyridoxine and IMS0747-
9 from SMDA lacking thiamine). The specific growth rates of isolates that had been
independently evolved in each SMDA version did not differ by more than 6% (Table 1).
The largest difference (5.3%) was observed for isolates IMS0733-5 evolved on SMDA
lacking pantothenate (Fig. 3B).
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Fig. 3: Heat-map showing specific growth rates during ALE of S. cerevisiae CEN.PK113-7D on
SMD lacking single vitamins. Aerobic serial-transfer experiments on each medium composition
were performed in triplicate (rows). The specific growth rate of each evolving population was meas-
ured after a specific number of sequential transfers (columns). Yellow colour indicates slow growth
while cyan indicates a specific growth rate statistically undistinguishable from the positive control
(strain CEN.PK113-7D grown on SMD medium with all vitamins) (A). Specific growth rates of
single colony isolates from each independent biological replicate evolution line. The fastest-growing
isolates, whose genomes were resequenced, are indicated in blue (B).

Whole-genome sequencing of evolved strains and targets identification

To identify mutations contributing to vitamin independence, the genomes of the sets
of three independently evolved isolates for each SMDA version were sequenced with
[lumina short-read technology. After aligning reads to the reference CEN.PK113-7D
genome sequence [225], mapped data were analysed for the presence of copy number
variations (CNV) and single nucleotide variations (SNVs) that occurred in annotated
coding sequences.

A segmental amplification of 34 kb (from nucleotide 802500 to 837000) on chromosome
VII, which harbours THI4, was observed in strain IMS0749 (Fig. 4A) which had been
evolved in SMDA lacking thiamine. THI4 encodes a thiazole synthase, a suicide enzyme
that can only perform a single catalytic turnover [121]. Segmental amplifications on
chromosomes III and VIII were observed in strain IMS0725, which had been evolved
in SMDA lacking nicotinic acid (Fig. 4B.). Since these regions are known to be prone to
recombination in the parental strain CEN.PK113-7D [225, 279], their amplification is not
necessarily related to nicotinic acid independence.
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Table 1: Specific growth rates of best performing single colony isolates obtained from seri-
al-transfer evolution experiments with S. cerevisiae CEN.PK113-7D on SMD and on SMD var-
iants lacking individual B-vitamins. Percentage improvement over the specific growth rate of the
parental strain after three transfers in the same medium is also shown (n=1 for each strain).

Strain ID Evolution condition Evolution Growth rate (h™) % improvement
replicate
IMS0721 Complete SMD 1 0.443 17
IMS0722 Complete SMD 2 0.423 11
IMS0723 Complete SMD 3 0.419 10
IMS0747 No thiamine 1 0.383 35
IMS0748 No thiamine 2 0.379 30
IMS0749 No thiamine 3 0.379 38
IMS0736 No pyridoxine 1 0.383 45
IMS0737 No pyridoxine 2 0.379 44
IMS0738 No pyridoxine 3 0.376 48
IMS0733 No pantothenate 1 0.346 149
IMS0734 No pantothenate 2 0.384 155
IMS0735 No pantothenate 3 0.359 159
IMS0724 No nicotinic acid 1 0.423 4
IMS0725 No nicotinic acid 2 0.434
IMS0726 No nicotinic acid 3 0.441 2
IMS0730 No inositol 1 0.392 12
IMS0731 No inositol 2 0.389 24
IMS0732 No inositol 3 0.399 16
IMS0727 No pABA 1 0.405 6
IMS0728 No pABA 2 0.389
IMS0729 No pABA 3 0.414 4

SNV analysis was systematically performed and data from the three sequenced isolates
were compared. To eliminate false positives caused by mapping artifacts, reads of the
CEN.PK113-7D strains were mapped back on its own reference assembly. Identified SN'V's
found were systematically subtracted. SNV analysis was restricted to non-synonymous
mutations in coding sequences (Table 2).

In three out of the six isolates from ALE experiments in SMDA lacking nicotinic acid or
inositol, no non-synonymous SNVs were detected (Fig. 5). One strain (IMS0724) from
a serial transfer experiment on SMDA lacking nicotinic acid showed SNVs in RPGI and
PMRI, while a second strain (IMS0725) showed SNVs in MTOI and VTH2. A mutation
in YFR054W was identified in a single strain (IMS0730) evolved for inositol-independent
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Fig. 4: Read coverages across the chromosomes of evolved isolates IMS0725 evolved for nicotin-
ic acid prototrophy (A) and IMS0749 evolved for thiamine prototrophy (B) (in red) compared
to read coverage across the chromosomes of CEN.PK113-7D (in blue). Annotated genes found in
the amplified region of IMS0749 are indicated.

growth. The absence of mutations in several strains subjected to serial transfer in SMDA
lacking nicotinic acid or inositol, is consistent with the fast growth of the parental strain
CEN.PK113-7D in these media (Fig. 2A).

Sequencing of the three isolates evolved in SMDA lacking pABA revealed only five SNVs,
of which two were in ABZ1 (strains IMS0727 and 0729) and one in ARO7 (IMS0728), while
SNVs in NUP57 and HTS2 were found in strains IMS0728 and IMS0729 respectively (Fig.
5). NUP57 and HTS2 could not be directly linked to pABA metabolism. Conversely, Abzl
is an aminodeoxychorismate synthase that directs chorismate towards pABA synthesis
and Aro7 is a chorismate mutase that catalyses the first committed reaction towards
phenylalanine and tyrosine and thereby diverts chorismate from pABA synthesis (Fig.1
)[280, 281]. These two SNV therefore represented clear targets for reverse engineering.
In line with the much longer ALE experiments (approximately 332 generations), strains

51




Chapter 2: Adapted laboratory evolution and reverse engineering of single-vitamin prototrophies
in Saccharomyces cerevisiae

Table 2: Non-conservative mutations found in single colony isolates obtained from serial trans-
fer evolution experiments with S. cerevisiae CEN.PK113-7D on SMD variants lacking individ-
ual B-vitamins. Mutations that were chosen for subsequent reverse engineering experiments are
shown in blue. S. cerevisiae strains IMS0731 and IMS0726 evolved for fast myo-inositol and nicotin-
ic acid-independent growth, respectively, did not reveal non-conservative mutations and were not
included in the table.

Gene Codon Amino Gene annotation
mutated change acid
change

Panthotenate

IMS0733

AMN1 agC-agG  S67R Antagonist of mitotic exit network protein 1

DAN4 aTc-aCc 1353T Cell wall protein, Delayed ANaerobic 4

ERG3 Get-Cct Al145P Delta(7)-sterol 5(6)-desaturase, ERGosterol biosyn-
thesis 3

ERR3 ttG-ttT L344F Enolase-related protein 3

ISW2 tCa-tGa S181Stop  ISWI chromatin-remodeling complex ATPase, Imita-
tion SWitch subfamily 2

IMS0734

CDCI5 Aca-Gca  T262A Cell division control protein 15

RPSI4A Cca-Tca P94S 40S ribosomal protein S14-A

TUPI gTg-gCg  V374A General transcriptional corepressor

RRT6 gCg-gTg  A267V Regulator of rDNA transcription protein 6

CEGI gCa-gTa A4V mRNA-capping enzyme subunit alpha

SCY1 Cct-Tet P42S Protein kinase-like protein SCY1

PDX1 gCa-gTa  A208V Pyruvate dehydrogenase complex protein X compo-
nent

TRM5 gCg-gTg  Al06V tRNA (guanine(37)-N1)-methyltransferase

GEF1 aGa-aTa  R637I Anion/proton exchange transporter, Glycerol Etha-
nol, Ferric requiring 1

LIP2 gGc-gAc  G235D Octanoyltransferase

HFAI Aag-Gag  KI1021E Acetyl-CoA carboxylase, mitochondrial

UBPS8 aGt-aCt S149T Ubiquitin carboxyl-terminal hydrolase 8

MGS1 Cca-Aca  P392T DNA-dependent ATPase

CPT1 Gtg-Atg ~ V255M Cholinephosphotransferase 1

SPE2 Gca-Aca  A278T S-adenosylmethionine decarboxylase proenzyme

GALI1 aTt-aAt I541N Mediator of RNA polymerase II transcription subunit
15

CUE5 Cca-Tca  P377S Ubiquitin-binding protein

MIPI Gca-Aca  A630T DNA polymerase gamma
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POC4 aGc-aTc S71 Proteasome chaperone 4

KAPI120 tTg-tCg L5828 Importin beta-like protein

KAPI120 gAc-gGc  D850G Importin beta-like protein

SECI6 Gca-Aca  A1015T COPII coat assembly protein

IMS0735

TUPI Cag-Tag Q99Stop General transcriptional corepressor

FMS1 Caa-Aaa  Q-33K Polyamine oxidase

GALII Caa-Taa Q383Stop  Mediator of RNA polymerase IT transcription subunit
15

Pyridoxine

IMS0736

BASI cAa-cGa  QI52R Myb-like DNA-binding protein, Basal 1

ERG5 Aga-Gga  R529G C-22 sterol desaturase, ERGosterol biosynthesis 5

IMS0737

BASI Gat-Aat DI10IN Myb-like DNA-binding protein, Basal 1

ERG5 Ggt-Tgt  G472C C-22 sterol desaturase, ERGosterol biosynthesis 5

IMS0738

GIP4 Tec-Cec 5464P GLC7-interacting protein 4

AOS1 Gtg-Atg ~ V286M DNA damage tolerance protein RHC31

ORC4 aGt-aAt S160N Origin recognition complex subunit 4

MSBI Att-Ttt 1180F Morphogenesis-related protein, Multicopy Suppres-
sion of a Budding defect 1

GCR2 Gga-Aga  G5R Glycolytic genes transcriptional activator, GlyColysis
Regulation 2

VNX1 aCa-aTa T4901 Low affinity vacuolar monovalent cation/H(+) anti-
porter

MMT]I gCt-gAt A175D Mitochondrial Metal Transporter 1

ISF1 Tat-Gat Y220D Increasing Suppression Factor 1

RPM2 Gee-Acc A1020T Ribonuclease P protein component, mitochondrial

BAS1 Tca-Cca S41P Myb-like DNA-binding protein, Basal 1

AADI14 agC-agA  S322R Putative Aryl-Alcohol Dehydrogenase AAD14

FAS1 gaA-gaT  E1829D Fatty Acid Synthase subunit beta

BEM?2 Aac-Cac N792H GTPase-activating protein, Bud Emergence 2/IPL2

APLI gGt-gTt G6V AP-2 complex subunit beta

DPBI11 agG-agT  R699S DNA replication regulator, DNA Polymerase B (II) 11

LSB6 Aca-Gca  T458A Phosphatidylinositol 4-kinase, Las Seventeen Binding
protein 6

EFGI aAa-aGa  KI88R rRNA-processing protein, Exit From G1 1
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CCHI atG-atA M3828I Calcium-Channel protein 1

RNR4 Gea-Tca  A210S Ribonucleoside-diphosphate reductase small chain 2

GCD2 tTa-tCa L4728 Translation initiation factor eIF-2B subunit delta

YHR219W aAt-aGt N61S Putative uncharacterized protein YHR219W

CDC37 Gee-Tec A2758 Hsp90 co-chaperone, Cell Division Cycle 37

SRP101 Gca-Aca  A75T Signal recognition particle receptor subunit alpha ho-
molog

ADES Gea-Aca  Al142T Phosphoribosylglycinamide formyltransferase

AIM9 gCa-gTa  A23V Altered inheritance of mitochondria protein 9, mito-
chondrial

UTP20 tAt-tGt Y1492C U3 small nucleolar RNA-associated protein 20

RIF1 aGc-aTc  S1516l Telomere length regulator protein, RAP1-Interacting
Factor 1

PHO87 Gtc-Atc V4821 Inorganic phosphate transporter

MAK21 tTg-tCg L4138 Ribosome biogenesis protein, MAintenance of Killer
21

YDL176W tCa-tAa S186-Stop  Uncharacterized protein YDL176W

Thiamine

IMS0747

MALI2 Gtt-Ctt V305L Alpha-glucosidase, MALtose fermentation 12

CNBI ttA-ttT L82F Calcineurin subunit B

PRPI6 aAa-aGa  KI112R Pre-mRNA-splicing factor ATP-dependent RNA hel-
icase

ERR3 ttG-ttT L447F Enolase-related protein 3

IMS0748

PMR1 tCc-tAc S104Y Calcium-transporting ATPase 1

FRE2 aCt-aGt T110S Ferric/cupric reductase transmembrane component 2

IMS0749

YEL074W cAc-cCc He66P Putative UPF0320 protein YEL074W

CNBI ttA-ttC L82F Calcineurin subunit B

MSC1 Gtt-Att V3091 Meiotic sister chromatid recombination protein 1

ERR3 ttG-ttT L447F Enolase-related protein 3

PABA

IMS0727

ABZ1 cGt-cAt R593H Aminodeoxychorismate synthase

IMS0728

ARO7 tTa-tCa L2058 Chorismate mutase
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NUP57 tCec-tTc S396F Nucleoporin 57

IMS0729

ABZ1 cGt-cAt R593H Aminodeoxychorismate synthase

HST2 tG-ttT L102F NAD-dependent protein deacetylase, Homolog of
SIR Two 2

Inositol

IMS0730

YFR045W Gee-Acc A65T Putative mitochondrial transport protein

IMS0732

YFR045W Gee-Acc A65T Uncharacterized mitochondrial carrier

Nicotinic acid

IMS0724

RPGI Ggt-Tgt G294C Eukaryotic translation initiation factor 3 subunit A

PMRI Ggt-Agt  G694S Calcium-transporting ATPase 1

IMS0725

MTO1 atG-atT M3561 Mitochondrial translation optimization protein 1

VTH2 Cca-Tca  P708S Putative membrane glycoprotein, VPS10 homolog 2

VTH2 gTT-gCC V478A Putative membrane glycoprotein, VPS10 homolog 2

VTH2 TtT-GtG ~ F477V Putative membrane glycoprotein, VPS10 homolog 2

evolved in SMDA lacking thiamine, pantothenate or pyridoxine showed larger numbers
of SNVs, with a maximum number of 30 SNVs in the isolate IMS0738 evolved SMDA
lacking pyridoxine (Table 2 and Fig. 5).

Evolution on SMDA lacking thiamine did not yield mutations that affected the same
gene in all three independently evolved isolates. However, strains IMS0747 and IMS0749
shared SNVs in CNBI and ERR3. A third isolate, strain IMS0748, contained two SNVs in
PMRI and FRE2. CNB1, PMRI and FRE2 all encode proteins that have been implicated in
divalent cation homeostasis [282-286].

Isolates IMS0736 and IMS0737, which had been evolved in SMDA lacking pyridoxine
harboured only two and three mutations, respectively, while strain IMS0738 harboured
30 mutations. All three strains carried different mutated alleles of BASI, which encodes
a transcription factor involved in regulation of histidine and purine biosynthesis [99,
100]. IMS0736 harboured a non- synonymous mutation causing an amino acid change
position 152 (Q152R), while SNVs in strains IMS0737 and IMS0738 affected amino acids
101 (D101N) and 41 (S41P), respectively. Based on these results, BASI was identified as
priority target for reverse engineering.

Isolates IMS0733 and IMS0735, evolved on SMDA lacking pantothenic acid, carried three
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and five SNV, respectively, while isolate IMS0734 carried 21 mutations. Isolates IMS0734
and IMS0735 both carried mutations in TUPI and GALI11, resulting in different single-
amino acid changes (Tup1Y¥** Gall11**N and Tup1¥*P Gall1¥#p, respectively). TUPI
codes for a general transcriptional corepressor [287] while GALI11 codes for a subunit
of the tail of the mediator complex that regulates activity of RNA polymerase II [288].
One of the mutations in strain IMS0733 affected ISW2, which encodes a subunit of the
chromatin remodeling complex [289]. These three genes involved in regulatory processes
were selected for reverse engineering, along with SPE2 and FMSI. The latter two genes,
encoding S-adenosylmethionine decarboxylase [290] and polyamine oxidase [291], are
directly involved in pantothenate biosynthesis and were found to be mutated in isolates
IMS0734 and IMS0735, respectively.

In summary, based on mutations in the same gene in independently evolved isolates and/or
existing information on involvement of affected genes in vitamin biosynthesis, mutations
in twelve genes were selected for reconstruction in the parental strain CEN.PK113-7D.
These were mutated alleles of ISW2, GAL11, TUP1, FMSI and SPE2 for panthotenate,
in BASI for pyridoxine, mutations in CNB1, PMRI and FRE2 as well as overexpression

IMS0724 IMS0725 IMS0727 IMS0728 IMS0730 IMS0731
RPG1
PMR1 YFR045
ABZ1
HST2
IMS0726 IMS0729 IMS0732
Anicotinic acid ApABA Ainositol

UTP20 AOS1

GIP4  RNR4
IMS0733 IMS0734 IMS0736 IMSO737 | oo ras:  IMSO747 IMS0748
POC4 LSB6  MSB1
MGS1 RIF1 VNX1
ERG3 5 CuEs MAK21 ADES PRP16
/mi HFA1 PHO87 MMT1 MAL12
Scy1 EFG1 BEM2
sw2 uBP8 RPM2 ORC4 CNBl
ERR3 cpcis GCR2  YDL176W ERR3
RPS14A 29 ISF1 GCD2
TRMS5 CCH1 AAD14 Msc1
AMS CDC37 YELO74W

DPB11 YHR219W

APLT IMS0749
Apantothenic acid Apyridoxine Athiamine

IMS0735 IMS0738

Fig. 5: Venn diagrams showing non-synonymous mutations found in coding regions of isolat-
ed strains from the different evolution experiments. Each evolution experiment was performed
in triplicate. The Venn diagrams show genes that acquired nonsynonymous mutations in multiple
independent evolution experiments for a specific medium as well as genes that were affected in a
single replicate. Apparent mutations also found in the genome of the parent strain CEN.PK113-7D
were subtracted and not shown. Target genes that were selected for reverse engineering are shown
in red.

56



Results

of THI4 for thiamine and mutations in ABZI and ARO? for pABA. Since serial transfer
on SMDA lacking nicotinic acid or inositol did not consistently yield mutations and the
parental strain CEN.PK113-7D already grew fast on these media, no reverse engineering
of observed mutations was observed in isolates from those experiments.

Reverse engineering of target genes mutations and overexpression

To investigate whether the selected targets contributed to the phenotypes of the evolved
strains, single point mutations or single-gene overexpression cassettes were introduced in
a non-evolved reference strain, followed by analysis of specific growth rate in the relevant
SMDA variant. For most target genes, a two-step strategy was adopted, so that a single-
gene knock-out mutant was constructed in the process (Fig. 6AB). For the SPE2 mutant
strains IMX2308 and IMX2289, point mutations were introduced in a single step (Fig. 6C).
The THI4-overexpressing strains IMX2290 and IMX2291 were constructed by integrating
the overexpression cassette at the YPRcTau3 locus [292] (Fig. 6D). Subsequently, multiple
mutations that were found in strains evolved in the same SMDA version were combined
into single engineered strains to test for additive or synergistic effects.

Thiamine

The specific growth rate of S. cerevisiae CEN.PK113-7D was only 27% lower in SMDA
lacking thiamin than in complete SMD (Fig. 2A and 6A). Nevertheless, it took over
300 generations of selective growth to obtain evolved isolates that compensated for this
difference (Fig.3 and 6A). The role of mutations in CNB1, FRE2 and PMRI in this evolved
phenotype was first investigated in the single knock-out strains IMX1721, IMX1722
and IMX1723, respectively. While deletion of PMRI deletion negatively affected specific
growth rate on SMDA lacking thiamine, deletion of either CNBI or FRE2 resulted
in a 17% increase of the specific growth rate on this medium relative to CEN.PK113-
7D. However, strains IMX1721 (cnbIA) and IMX1722 (fre2A) still grew significantly
slower than the evolved isolates (Fig.6). Subsequently, the mutated alleles found in the
evolved isolates were introduced at the native chromosomal locus, resulting in strains
IMX1985 (CNBI“®), IMX1986 (PMRI®'*Y) and IMX1987 (FRE2™'%). In addition, THI4
was overexpressed (strain IMX2290) to simulate the copy number increase observed in
IMS0749. Strains IMX1987 (FRE2™'%) and IMX2290 (THI41T") grew as fast as the evolved
isolates on SMDA lacking thiamine (0.35-0.36 h™'; Fig. 5A). Combination of these mutated
alleles of PMR1 and FRE2, which occurred together in isolate IMS0748, as well as of the
two mutations resulting in growth improvement (FRE2™ and THI41*) was also tested.
None of these combinations yielded a higher specific growth rate than observed in the
evolved strains and in the reversed engineered FRE2™'% and THI4" strains.
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Fig. 6: Strain construction strategy for reverse engineering. Most of the single mutation strains
were generated in two steps. First the gene of interest (GOI) was replaced by a synthetic 20 bp target
sequence and 3 bp PAM sequence (SynPAM). In a second step, the SynPAM was targeted by Cas9
and substituted with the GOI mutant allele (A). The SynPAM approach was not successful in target-
ing BASI. For this reason, the BASI mutant strains (IMX2135-7) were constructed by first knocking
out the gene by replacing it with the antibiotic marker hphNT1 that confers resistance to hygromy-
cin. Then, in a second step, the selection marker was targeted with Cas9 and substituted with a BASI
mutant allele (B). In the case of SPE2 mutant strains (IMX2289 and IMX2308), the mutant allele
was swapped with the WT allele in a single step (C). The THI4 overexpressing strains IMX2290 and
IMX2291 were constructed by integrating a THI4 overexpression cassette at the YPRcTau3 locus
(D). SNVs are represented by yellow boxes.

para-Aminobenzoic acid

In SMDA lacking pABA, strain CEN.PK113-7D grew 50% slower than in complete SMD.
However, it took only a few transfers to achieve fast pABA-independent growth. The
independently evolved isolates IMX2057 and IMX1989 harboured mutations affecting
genes that encode chorismate-utilizing enzymes, the precursor of pABA (ABZI1™* and
ARO7'%55, respectively; Fig. 1). As these strains were able to grow in SMD without amino
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acid supplementation, these mutations affecting did not cause a complete loss of function.
However, they might well affect distribution of chorismate over pABA and aromatic-
amino-acid biosynthesis [280, 281]. Introduction of either ABZI™** or ARO7"**S, while
replacing the corresponding wild-type allele, eliminated the slower growth observed in
strain CEN.PK113-7D during the first transfer on SMDA lacking pABA. Specific growth
rates of these reverse engineered strains IMX2057 (ABZ1%**") and IMX1989 (ARO7'%%5)
were not statistically different from those of the corresponding evolved isolates (Fig. 6B).

Pantothenic acid

Omission of pantothenic acid from SMD led to a 57% lower specific growth rate of strain
CEN.PK113-7D than observed in complete SMD (Fig. 2 and Fig 6C). Out of a total
number of 29 mutations found in three independently evolved isolates that showed fast
growth in SMDA lacking pantothenate, SNVs in ISW2, GALI1, TUPI, SPE2, and FMSI
were analysed by reverse engineering. Single deletion of SPE2, FMSI and GALI11 resulted
in an inability to grow on SMDA lacking pantothenate. This result was anticipated for the
spe2A and fms1A mutants, in view of the roles of these genes in pantothenate biosynthesis.
However, GALII has not previously been implicated in pantothenate biosynthesis. The
galllA strain was conditional as the mutant did grow on complex YPD and SMD media.
Of the remaining two deletion mutants, the tup1A strain IMX1817 showed a 68 % higher
specific growth rate on SMDA than strain CEN.PK113-7D (Fig. 6C), while deletion of
ISW2 did not result in faster growth on this medium (Fig. 6C). Of seven SNV that were
individually expressed in the non-evolved strain background, only the GALII @%tp
mutation found in IMS0735 supported a specific growth rate of 0.33 h™* on SMDA lacking
pantothenate that was only 8% lower to that of the evolved isolates.

Combination of the GALI11¥*S° mutation with TUPIV*"**, TUP1¥*", and SPE2 or
TUPI with FMS1 did not lead to additional improvement, indicating that the GALI ] 3$3op
mutation was predominantly responsible for the improved growth of evolved strains
IMS0734 and IMS0735 in the absence of pantothenate.

Pyridoxine

Strain CEN.PK113-7D grew 35% slower on SMDA lacking pyridoxine than on complete
SMD. Three different mutated alleles of BASI were identified in strains that had been
independently evolved for fast growth on the former medium (Table 2). Deletion, in a
non-evolved reference strain, of BASI (IMX2128) did not result in faster pyridoxine-
independent growth (Fig. 6D). Individual expression of the evolved BASI alleles in strain
IMX2128 vyielded strains IMX2135 (BASI¥*), IMX2136 (BASIP'™N) and IMX2137
(BASI%™). All three BASI mutant strains grew faster on SMDA lacking pyridoxine than
strain CEN.PK113-7D, reaching specific growth rates on this medium that were not
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Fig. 7: Specific growth rates of engineered S. cerevisiae strains carrying one or multiple gene
deletions or reverse engineered mutations in SMD media lacking thiamine (A), pABA (B), pan-
tothenic acid (C) and pyridoxine (D). Specific growth rates of S. cerevisiae CEN.PK113-7D grown
in complete SMD and evolved CEN.PK113-7D in SMD medium lacking the relevant vitamin are
shown as references. The specific growth rate of strain CEN.PK113-7D in SMD medium lacking the
relevant vitamin is shown and highlighted by a vertical line to help to visualize improved perfor-
mance of engineered strains. Error bars represent the standard deviation (n = 9 for complete SMD,
n = 6 for strain IMX1721, otherwise n=3). A Student t-test was performed to compare the wild-type
and evolved CEN.PK113-7D growth rate to the engineered strains growth rate and non-significant
differences are indicated with white letters (p-value > 0.05).

significantly different from the average of those of evolved strains IMS736, IMS737, and
IMS738 (Figure 5D). These results suggest that BASI, which has previously been shown
to be involved in regulation of purine and histidine biosynthesis [99, 100], may also be
involved in regulation of pyridoxine biosynthesis in S. cerevisiae.

Discussion

Vitamin requirements of S. cerevisiae

Most S. cerevisiae genomes harbor the full complement of genes required for synthesis of
the seven B-vitamins that are commonly included in chemically defined media for yeast
cultivation (CDMY, for a recent review see [154, 267]). Previous studies indicated that
presence of a complete set of biotin biosynthesis genes supported only slow growth on
CDMY. The present study shows that, similarly, none of the other six B-vitamins included
in CDMY (inositol, nicotinic acid, pantothenic acid, pABA, pyridoxine and thiamine) are
strictly required for growth. Remarkably, the impact of individually eliminating these six
vitamins from a glucose-containing CDMY differently affected specific growth rates in
aerobic, glucose-grown cultures, with growth-rate reductions varying from 0 to 57 %. It
should, however, be noted that requirements for these growth factors, which for aerobic
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yeast cultivation cannot be formally defined as vitamins and that their absolute and
relative requirements may well be condition- and strain dependent. For example, it is well
documented that synthesis of nicotinic acid by S. cerevisiae is strictly oxygen dependent
[54]. The dataset compiled in the present study will, hopefully, serve as reference for
investigating vitamin requirements of diverse natural isolates, laboratory and industrial
strains and thereby help to obtain a deeper understanding of the genetics and ecology of
vitamin prototrophy and vitamin biosynthesis in S. cerevisiae.

ALE and reverse engineering for identifying genes involved in fast B-vitamin
independent growth

A serial transfer strategy was applied to select for spontaneous mutants that grew as fast
in aerobic batch cultures on CDMY lacking either inositol, nicotinic acid, pyridoxine,
thiamine, pantothenic acid, or para-aminobenzoic acid as in CDMY containing all these
six vitamins as well as biotin. In the ALE experiments on media lacking nicotinic acid
or inositol, fast growth was observed within a few cycles of batch cultivation and not
all fast-growing strains were found to contain mutations. These observations indicated
that, under the experimental conditions, the native metabolic and regulatory network of
S. cerevisiae was able to meet cellular requirements for fast growth in the absence of these
‘vitamins.

As demonstrated in other ALE studies, performing independent replicate evolution
experiments helped in identifying biologically relevant mutations upon subsequent
whole-genome sequencing [268, 269]. The power of this approach is illustrated by the ALE
experiments that selected for pyridoxine-independent growth, in which the independently
evolved mutants IMS0736 and IMS0738 harboured 2 and 30 mutated genes, respectively,
of which only BASI also carried a mutation in a third, independently sequenced isolate
(Fig. 5).

In total, the role of 12 genes that were found to be mutated in the ALE experiments were
selected for further analysis by reverse engineering of the evolved alleles and/or deletion
mutations in the parental, non-evolved genetic background (Fig. 5 and Table 2). These
genes comprised three groups; i) genes encoding enzymes known or inferred to be
involved in the relevant vitamin synthesis pathway (SPE2 and FMSI for pantothenate,
THI4 for thiamine, ABZI and ARO7 for pABA), ii) genes encoding transcriptional
regulator proteins (TUPI and GALII for pantothenate and BASI for pyridoxine) and
iii) non-transcriptional-regulator proteins whose functions have not previously been
associated with vitamin biosynthesis (ISW2 for pantothenate and CNB1, PMRI and FRE2
for thiamine).

Of the first group of mutations defined above, only those in SPE2 and FMSI were
not found to contribute to faster growth in the absence of the relevant vitamin. The
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second group yielded interesting information on regulation of vitamin biosynthesis in
S. cerevisiae. In particular, the key role of mutations in BASI in enabling fast pyridoxine-
independent growth and the role of GALI1 mutations in fast pantothenate-independent
growth dependency provided interesting insights and leads for further research.

The S. cerevisiae transcriptional activator Basl is involved in regulation of purine and
histidine [99, 100]. Interestingly, Basl is also involved in repression of genes involved
in C1 metabolism and of SNZI [102]. Snzl is a subunit of a two-component pyridoxal-
5’-phosphate synthase, which catalyses the first step of the synthesis of pyridoxal-5-
phosphate, the active form of pyridoxine in S. cerevisiae [92]. Interrogation of the Yeastract
database [293] for occurrence of transcription binding sites in promoter regions of
pyridoxine-biosynthesis genes confirmed the link already established between BASI and
SNZ1 [101, 102]. Moreover, this analysis revealed that all pyridoxine biosynthesis genes
in S. cerevisiae contain a consensus Basl cis-regulatory binding motif (Fig. 8). Consistent
with the regulatory role of Basl on SNZI expression, Bas1 has been experimentally shown
to repress transcription of genes involved in pyridoxine biosynthesis [294]. The mutations
found in BASI may, therefore, have attenuated Basl-mediated repression of pyridoxine
biosynthetic genes and, thereby, enabled increased pyridoxine biosynthesis.

ALE experiments in pantothenate-free medium yielded different mutations in TUPI and
GAL11, two major components of the yeast regulatory machinery. TUPI encodes a general
transcriptional repressor that, in a complex with Cyc8, modifies chromatin structure such
that genes are repressed [296-298]. GALI11 (also known as MED15) encodes a subunit of
the mediator complex required for initiation by RNA polymerase-II and consequently
plays a critical role in transcription of a large number of RNA polymerase-II dependent
genes [299, 300]. Despite its involvement in general cellular transcriptional regulation,
GAL11 is not an essential gene for growth in complete medium [301]. The inability of
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Fig. 8: Schematic representation of Basl binding sites in promoter regions of genes involved in
pyridoxal-5-phosphate biosynthesis. The two Basl consensus binding sequences MAMaGAGT
and KTGAGAKA (Fordyce et al., 2010) are shown in green and blue respectively. Scale bar indicates
200 bp.
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a galllA strain to grow on glucose synthetic medium without pantothenate represents
the first indication for a possible involvement of Galll in regulation of pantothenate
metabolism. Galll interacts with transcriptional activators through various peptidic
segments including an N-terminal KIX domain . This region shows homology with
the B-box motif found in the mammalian activating protein SRC-1 and is essential for
recruitment of the mediator complex by other regulatory proteins (e.g. Gen4) [302]. Of
two mutations found in GAL11, the most potent was a nonsense mutation at nucleotide
383. In contrast to a gallIA strain, a reverse engineered strain carrying this premature
stop codon grew on SMDA pantothenate, which indicates that the GALI1®5 a]lele
encodes a functional peptide. Such a functional, truncated Galll version has not been
previously described, and is sufficiently long to include a complete KIX domain (AA,-
AA,) for recruitment of the RNA polymerase-II machinery by an as yet unidentified
transcription factor involved in regulation of pantothenate biosynthesis. Further research
is required to resolve and understand the role of the wild-type and evolved alleles of
GALI1I in regulation of pantothenate metabolism.

A third group of non-transcription factor genes had not yet been associated with the
biosynthesis of vitamins. Reverse engineering of a mutation in ISW2, which encodes an
ATP-dependent DNA translocase involved in chromatin remodeling [303] identified in
the pantothenate evolution did not yield a growth improvement, but we cannot exclude
that this mutation in association with ERG3, AMNI, DAN4, and ERR3 identified in
IMS0733 (Fig. 5 and 6C) could have a significant impact but systematic combinatorial
analysis of the mutations was not performed.

Mutations in CNBI, PMRI and FRE2 identified in evolved isolates all improved growth
of S. cerevisiae in the absence of thiamine (Fig. 7A). These three genes all encode
proteins involved in metal homeostasis, Fre2 is a ferric or cupric reductase [304], Cnbl
is the regulatory B-subunit of calcineurin, a Ca®*/calmodulin-regulated type 2B protein
phosphatase which regulates the nuclear localization of Crz1. This transcription factor
influences expression of a large number of genes. Its targets include PMRI, which encodes
a high-affinity Ca’>*/Mn?** P-type ATPase involved in Ca®>* and Mn** transport into the
Golgi [284, 305]. Neither of these three genes have hitherto been directly associated with
thiamine. However, thiamine pyrophosphokinase (Thi80), thiamin phosphate synthase
(Thi6) and hydroxymethylpyrimidine phosphate (Thi21 and Thi20) all require Mg** or
Mn** as co-factors [306, 307]. At low concentration, Mn** was shown to be a stronger
activator of Thi80 than Mg**[308]. In an ALE experiment with engineered xylose-
fermenting assimilating S. cerevisige, a non-sense mutation or deletion of PMRI caused
selectively and strongly increased intracellular concentrations of Mn*, which was the
preferred metal ion for the heterologously expressed Piromyces xylose isomerase [309].
Although intracellular metal ion concentrations were not measured in the current study,
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the different phenotypes of a pmrIA deletion strain (IMX1722) and a PMRI®'® strain
(IMX1986) (Fig. 7A) indicate that the latter mutation does not act through a massive
increase of the intracellular Mn** concentration.

In S. cerevisiae, synthesis of the thiazole moiety of thiamine biosynthesis involves sulfide
transfer from an active-site cysteine (Cys205) residue of the thiazole synthase Thi4. This
sulfur transfer reaction is iron-dependent and generates inactive enzyme by formation
of a dehydroalanine. Fe(II) plays an essential role in this sulfide transfer, which remains
poorly understood [121]. Further research is needed to investigate if the FRE2 mutation
in strain IMS0749 in some way increases the efficiency of the reaction catalyzed by the
energetically single-turnover enzyme Thi4 and to resolve the role of metal homeostasis in
vitamin biosynthesis.

Towards mineral media for cultivation of S. cerevisiae

With the exception of the carbon and energy source for growth, B-vitamins are the
sole organic ingredients in standard CDMY recipes for aerobic cultivation of wild-
type and industrial S. cerevisiae strains. In view of the chemical instability of some of
these compounds, vitamin solutions cannot be autoclaved along with other medium
components but are usually filter sterilized. In research laboratories and in particular in
industrial processes, the costs, complexity and contamination risks associated with the
use of vitamins is significant. Complete elimination of vitamins from CDMY, without
compromising on specific growth rate, yield or productivity, could therefore result in
consideral cost and time savings as well as in improved standardization and robustness of
cultivation procedures.

The present study demonstrates that, by ALE as well as introduction of small sets of
defined mutations into S. cerevisiae, it is possible to achieve specific growth rates in single-
vitamin depleted CDMY that are close or identical to those found in CDMY supplemented
with a complete vitamin mixture. While these results represent a first step towards the
construction of completely prototrophic growth of S. cerevisiae and related yeasts, further
research is required which trade-offs are incurred upon simultaneous introduction of the
genetic interventions identified in this study and how they can be mitigated. This issue
may be particularly relevant for mutations that affect genes involved in global regulation
processes [300, 310], which may interfere with other cellular processes. In addition,
simultaneous high-level expression of multiple enzymes with low-catalytic turn-over
numbers, with the suicide enzyme Thi4 [119-121] as an extreme example, may affect cell
physiology due to the required resource allocation [311, 312].

In such cases, it may be necessary to expand metabolic engineering strategies beyond the
native metabolic and regulatory capabilities of S. cerevisiae by expression of heterologous
proteins and/or pathways with more favourable characteristics [157].
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Materials and Methods

Strains, media and maintenance

The S. cerevisiae strains used and constructed in this study are shown in Table 3 and they
all derive from the CEN.PK lineage [151, 273]. Yeast strains were grown on synthetic
medium with ammonium sulfate as a nitrogen source (SM) or YP medium (10 g/L Bacto
yeast extract, 20 g/L Bacto peptone) as previously described [13]. SM and YP media were
autoclaved at 121°C for 20 min. Then, SM medium was supplemented with 1 ml/L of filter-
sterilized vitamin solution (0.05 g/L D-(+)-biotin, 1.0 g/L D-calcium pantothenate, 1.0 g/L
nicotinic acid, 25 g/L myo-inositol, 1.0 g/L thiamine hydrochloride, 1.0 g/L pyridoxol
hydrochloride, 0.20 g/L 4-aminobenzoic acid). Vitamin drop-out media were prepared
using vitamin solutions lacking either thiamine, pyridoxine, pantothenic acid, inositol,
nicotinic acid or para-aminobenzoic acid, yielding SMAthiamine, SMApyridoxine,
SMApantothenic acid, SMAinositol, SMAnicotinic acid, SMApABA respectively. A
concentrated glucose solution was autoclaved at 110 °C for 20 min and then added to the
SM and YP medium at a final concentration of 20 g/L, yielding SMD and YPD, respectively.
500 ml shake flasks containing 100 ml medium and 100 ml shake flasks containing 20 ml
medium were incubated at 30 °C and at 200 rpm in an Innova Incubator (Brunswick
Scientific, Edison, NJ). Solid media were prepared by adding 1.5% Bacto agar and, when
indicated, 200 mg/L G418 or 200 mg/L hygromycin. Escherichia coli strains were grown in
LB (10 g/L Bacto tryptone, 5 g/L Bacto yeast extract, 5 g/L NaCl) supplemented with 100
mg/L ampicillin or kanamycin. S. cerevisiae and E. coli cultures were stored at -80 °C after
the addition of 30% v/v glycerol.

Molecular biology techniques

PCR amplification of DNA fragments with Phusion Hot Start IT High Fidelity Polymerase
(Thermo Scientific, Waltham, MA) and desalted or PAGE-purified oligonucleotide primers
(Sigma-Aldrich, St Louis, MO) was performed according to manufacturers’ instructions.
DreamTaq polymerase (Thermo Scientific) was used for diagnostic PCR. Primers used
in this study are shown in Table 5. PCR products were separated by gel electrophoresis
using 1 % (w/v) agarose gels (Thermo Scientific) in TAE buffer (Thermo Scientific) at
100 V for 25 min and purified with either GenElutePCR Clean-Up Kit (Sigma-Aldrich)
or with Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Plasmids were
purified from E. coli using a Sigma GenElute Plasmid Kit (Sigma Aldrich). Plasmids used
in this study are shown in Table 4. Yeast genomic DNA was isolated with the SDS/LiAc
protocol [314]. Yeast strains were transformed with the lithium acetate method [315].
Four to eight single colonies were re-streaked three consecutive times on selective media
and diagnostic PCR were performed in order to verify their genotype. E. coli XL1-blue was
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Strain ID Relevant genotype Parental strain  Reference
CEN.PK113-7D MATa [273]
CEN.PK113-5D MATa ura3-52 [273]
IMX585 MATa canlA::cas9-natNT2 U CEN.PK113-7D [313]
IMS0721 MATa evolved in SMD colony 1 CEN.PK113-7D This study
IMS0722 MATa evolved in SMD colony 2 CEN.PK113-7D This study
IMS0723 MATa evolved in SMD colony 3 CEN.PK113-7D This study
IMS0724 MATa evolved in Anicotinic acidSMD colony 1 ~ CEN.PK113-7D This study
IMS0725 MATa evolved in Anicotinic acidSMD colony 2 CEN.PK113-7D  This study
IMS0726 MATa evolved in Anicotinic acidSMD colony 3 CEN.PK113-7D This study
IMS0727 MATa evolved in ApabaSMD colony 1 CEN.PK113-7D This study
IMS0728 MATa evolved in ApabaSMD colony 2 CEN.PK113-7D This study
IMS0729 MATa evolved in ApabaSMD colony 3 CEN.PK113-7D This study
IMS0730 MATa evolved in AinositolSMD colony 1 CEN.PK113-7D This study
IMS0731 MATa evolved in AinositolSMD colony 2 CEN.PK113-7D This study
IMS0732 MATa evolved in AinositolSMD colony 3 CEN.PK113-7D This study
IMS0733 MATa evolved in Apantothenic acidSMD CEN.PK113-7D This study
colony 1
IMS0734 MATa evolved in Apantothenic acidSMD CEN.PK113-7D This study
colony 2
IMS0735 MATa evolved in Apantothenic acidSMD CEN.PK113-7D This study
colony 3
IMS0736 MATa evolved in ApyridoxineSMD colony 1 CEN.PK113-7D This study
IMS0737 MATa evolved in ApyridoxineSMD colony 2 CEN.PK113-7D This study
IMS0738 MATa evolved in ApyridoxineSMD colony 3 CEN.PK113-7D This study
IMS0747 MATa evolved in AthiamineSMD colony 1 CEN.PK113-7D This study
IMS0748 MATa evolved in AthiamineSMD colony 2 CEN.PK113-7D This study
IMS0749 MATa evolved in AthiamineSMD colony 3 CEN.PK113-7D This study
IMX1721 MATa canlA::cas9-natNT2 IMX585 This study
cnblA:SynPAM
IMX1722 MATa canlA::cas9-natNT2 pmrlA:SynPAM IMX585 This study
IMX1723 MATa canlA::cas9-natNT?2 fre2A::SynPAM IMX585 This study
IMX1817 MATa canlA::cas9-natNT2 tuplA::SynPAM IMX585 This study
IMX1818 MATa canlA::cas9-natNT2 isw2A:SynPAM IMX585 This study
IMX1819 MATa canlA::cas9-natNT2 gall1A::SynPAM IMX585 This study
IMX1920 MATa canlA::cas9-natNT2 IMX585 This study

aro7A:SynPAM
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IMX1985 MATa canlA::cas9-natNT2 IMX1721 This study
SynPAMA::CNB1"%*

IMX1986 MATa canlA::cas9-natNT2 IMX1722 This study
SynPAMA:PMRIS*Y

IMX1987 MATa canlA::cas9-natNT2 IMX1723 This study
SynPAMA::FRE2™%

IMX1988 MATa canlA::cas9-natNT2 abzlA:SynPAM IMX585 This study

IMX1989 MATa canlA::cas9-natNT2 IMX1920 This study
SynPAMA::ARO7"2%%

IMX1990 MATa canlA::cas9-natNT2 IMX1818 This study
SynPAMA::ISW2s1s15p

IMX1991 MATa canlA::cas9-natNT2 IMX1819 This study
SynPAMA:GALI 1N

IMX1992 MATa canlA::cas9-natNT2 IMX1819 This study
SynPAMA:GAL1]¥8tp

IMX2002 MATa canlA::cas9-natNT2 IMX1817 This study
SynPAMA:TUP]V¥"*4

IMX2003 MATa canlA::cas9-natNT2 IMX1817 This study
SynPAMA: TUP]¥*Stop

IMX2043 MATa canlA::cas9-natNT2 IMX1986 This study
SynPAMA::FRE2™% pnr] A::PMRIS

IMX2057 MATa canlA::cas9-natNT2 IMX1988 This study
SynPAMA::ABZ®*H

IMX2066 MATa canlA:cas9-natNT2 IMX2002 This study
SynPAMA: TUPIY*"* gal11A::SynPAM

IMX2110 MATa canlA::cas9-natNT2 IMX1992 This study
SynPAMA::GALII¥5 typ]A::SynPAM

IMX2127 MATa canlA::cas9-natNT2 IMX2110 This study

SynPAMA:GAL1]¥8tp
SynPAMA: TUP]¥*Stop

IMX2128 MATa canlA::cas9-natNT2 baslA:hphNT1 IMX585 This study

IMX2087 MATa canlA::cas9-natNT2 IMX2066 This study
SynPAMA: TUPIY*"** SynPAMA::GAL1 1N

IMX2135 MATa canlA::cas9-natNT2 IMX2128 This study
hphNT1A::BASIQ5R

IMX2136 MATa canlA::cas9-natNT2 IMX2128 This study
hphNT1A:BASIPION

IMX2137 MATa canlA:cas9-natNT2 hphNT1A:BASI*'*  IMX2128 This study

IMX2290 MATa canlA::cas9-natNT2 IMX585 This study

YPRcTau3::pTDH3-THI4-tTDH1
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IMX2291 MATa canlA::cas9-natNT2 IMX1985 This study
SynPAMA::CNB1"%*
YPRcTau3::pTDH3-THI4-tTDH1

IMX2289 MATa canlA:cas9-natNT2 SPE24275T IMX585 This study

IMX2292 MATa canlA:cas9-natNT2 fmslA:SynPAM IMX585 This study

IMX2306 MATa canlA::cas9-natNT2 IMX2292 This study
SynPAMA:FMS]1 ¥

IMX2308 MATa canlA::cas9-natNT2 IMX2127 This study

SynPAMA::GAL1]¥#*wp
SynPAMA:: TUP]V3"*4 SPE2A¥78T

IMX2294 MATa canlA:cas9-natNT2 SynPAMA: TUP- IMX2087 This study
1V374A
SynPAMA:GAL11"*N FMS1¥%::SynPAM

IMX2307 MATa canlA::cas9-natNT2 IMX2294 This study

SynPAMA:TUPI"74
SynPAMA:GALI '
SynPAMA:FMS]¥¥

used for chemical transformation [316]. Plasmids were then isolated and verified by either
restriction analysis or by diagnostic PCR.

Laboratory evolution

Laboratory evolution of S. cerevisiae CEN.PK113-7D for fast growth in SMD medium
lacking a single vitamin was performed by sequential transfer in aerobic shake-flask
batch cultures. A frozen aliquot of strain CEN.PK113-7D was inoculated in a pre-culture
shake flask containing SMD medium supplemented with all vitamins. Cells were then
spun down, washed twice with sterile water and used to inoculate a second shake flask
containing SMD lacking one of the vitamins. The culture was then grown until stationary
phase and transferred in a third shake flask containing the same fresh medium. At each
transfer, 0.2 ml culture broth were transferred to 20 ml fresh medium, corresponding
to about 6.7 generations in each growth cycle. The evolution experiment was performed
in SMAthiamine, SMApyridoxine, SMApantothenic acid, SMAinositol, SMAnicotinic
acid, SMApABA media. Each evolution experiment was performed in triplicate. After
a defined number of transfers, intermediate strains were stocked and characterized for
the growth rate. The experiment was stopped once the target specific growth rate of 0.35
h! was reached. From each evolved population, three single colonies were then isolated
and stored. The specific growth rate of these single cell lines was measured to verify that
they were representative of the evolved population. The best performing isolate from each
evolution line was selected for whole-genome sequencing.
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Table 4: Plasmids used in this study.

Plasmid  Relevant characteristics References
pROS12  colE1° 2um bla hphNT1 gRNA-CAN1.Y gRNA-ADE2.Y [268]
pROS13  colE1°" 2um bla aph gRNA-CANI1.Y gRNA-ADE2.Y [268]
pUDR412  colE1°" 2um bla hphNT1 gRNA-ARO7 gRNA-ARO7 [275]
pYTKO009  colE1° cat pTDH3 [317]
pYTKO056 colE1°" cat tTDHI [317]
pYTK096 colE1°" aph URA3 5 homology sfGFP URA3 URA3 3’ homology [317]
pUDR388  colE1°" 2um bla aph gRNA-CNBI gRNA-CNBI This study
pUDR389  colE1° 2um bla aph gRNA-PMR1 gRNA-PMR1 This study
pUDR390  colE1°" 2um bla aph gRNA-FRE2 gRNA-FRE2 This study
pUDR438  colE1° 2um bla aph gRNA-ABZ1 gRNA-ABZ1 This study
pUDR441  colE1° 2um bla hphNT1 gRNA-GAL11 gRNA-GALI11 This study
pUDR471  colE1°" 2um bla aph gRNA-SynPAM gRNA-SynPAM This study
pUDR472  colE1°" 2um bla aph gRNA-TUP1 gRNA-TUP1 This study
pUDR473  colE1°" 2um bla aph gRNA-ISW2 gRNA-ISW2 This study
pUDR566  colE1° 2um bla aph gRNA-BAS1 gRNA-BAS1 This study
pUDR592  colE1° 2um bla aph gRNA-hphNT1 This study
gRNA- hphNT1
pUDR652  colE1* 2um bla aph MX gRNA-FMS1 This study
gRNA-FMS1
pUDR651  colE1° 2um bla aph gRNA-SPE2 gRNA-SPE2 This study
pUDR514  colE1°" 2um bla aph gRNA-YPRcTau3 This study
gRNA-YPRcTau3
pUDI180  colE1° aph pTDH3-ScTHI4-tTDH1 This study

Shake flask growth experiments

For specific growth rate measurements of strains (evolved populations as well as single cell

lines), an aliquot was used to inoculate a shake flask containing 100 ml of fresh medium.

For specific growth rate measurements of the engineered strains, a frozen aliquot was

thawed and used to inoculate a 20 ml starter culture that was then used to inoculate the

100 ml flask. An initial OD, of 0.1 or 0.2 was used as a starting point. The flasks were then

incubated, and growth was monitored using a 7200 Jenway Spectrometer (Jenway, Stone,

United Kingdom). Specific growth rates were calculated from at least four time-points in

the exponential growth phase of each culture.
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Table 5: Oligonucleotide primers used in this study.

Primer Sequence Product(s)
ID
6005 GATCATTTATCTTTCACTGCGGAGAAG gRNA pROS plasmid

backbone amplification
6006 GTTTTAGAGCTAGAAATAGCAAGTTARAATAAGGCTAGTC gRNA pROS plasmid
backbone amplification
14229  TGCGCATGITTCGGCGITCGAAACTTCTCCGCAGTGAAA- 2um fragment
GATAAATGATCAGTAGAATTTCACCTAGACGGTITTA- for SynPAM gRNA plasmid
GAGCTAGAAATAGCAAGTTAAAATAAG
13686 ~ TGCGCATGTTICGGCGITCGAARCTTCTCCGCAGTGAAA-  um fragment for ABZI
GATAAATGATCCTGCGGTGATAGAACCCTGGGTITTA- gRNA plasmid
GAGCTAGAAATAGCAAGTTAAAATAAG
14988 ~ CTTTTACACGATGACCTTTCGAGATTTCACAAGGGGGATAAA-  ABZ] KO repair oligo
GGAAGTAGAATTTCACCTAGACGTGGATATTTGTATATTATT -
AGATATGTATGCAAACATTTTCTTTAGAA
14989 ~ TTCTAAAGAARATGITTGCATACATATCTAATAATAT- ABZ] KO repair oligo
ACAAATATCCACGTCTAGGTGAAATTCTACTTCCT-
TTATCCCCCTTGTGAAATCTCGAAAGGTCATCGTGTAAAAG

13693  AAACCGCGAATATATAAAAACAAGC ABZ1 mutant allele
amplification

13694 ~ GGCACARARCGICATTTICC ABZI mutant allele
amplification

15075 ~ TAATCACTCGGCAATGTGGAATTGTTACCGTGATAGCCT-  ARQZ KO repair oligo
TCATGCAGTAGAATTTCACCTAGACGTGGATCTTATACCAAT -
TTTATGCAGGATGCTGAGTGCTATTTGTTAGC

15076 ~ GCTAACARATAGCACTCAGCATCCTGCATAAARATTGGTATAA-  AR(Q7 KO repair oligo
GATCCACGTCTAGGTGAAATTCTACTGCATGAAGGCTAT-
CACGGTAACAATTCCACATTGCCGAGTGATTA

12052 CAGGAGTCTCTGAGCAAGGC ARO7 mutant allele
amplification

12053 ACCATGCTAAGAGCTGCTCC ARO7 mutant allele
amplification

15037 ~ TGCGCATGITTCGGCGITCGARACTTCTCCGCAGTGARA-  2um fragment for BASI
GATAAATGATCAGCATCAGAAGTAATAACAAGTTTTA- gRNA plasmid
GAGCTAGAAATAGCAAGTTAAAATAAG

15584 AAACTTTTGTTGTAGCGTTTTTGCTTTTTTTTTTTTATCG- RepairfragmentwitthhNTl
CAGAATACATTTTATCGAGATAGGTCTAGAGATCIGT- for BASI KO

TTAGCTTGC
15585 ~ ATTACAAAACTAATATGTTAAACAATTGAAAGATTIGIGT- Repair fragment with HphNT1
TTTTTTTCGGCCTTGCCTTCAGCTCCAGCTTTTGTTCCC for BASI KO
13687  CCTTTGACGATGTGCAACGG Amplification BASI mutant allele
13688  AACGCCCTTTGTGTTTGTGG Amplification BASI mutant allele
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13520 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAA- 2}1111 fragment for CNBI gRNA
GATAAATGATCTCTTGCTGGACGTATAATGGGTTTTA- plasmld

GAGCTAGAAATAGCAAGTTAAAATAAG

13612  ACTCAATGGTGATCAGAATCCATAGAAGCATTTTTATTTCT-  CNB] KO repair oligo
TAAAAGTAGAATTTCACCTAGACGTGGGACTAGGGGACACT -
TCATTCATTTATGGTATGCCAATATTTTTAA

13613 TTAAAAATATTGGCATACCATAAATGAATGAAGT- (CNBI KO repair oligo
GTCCCCTAGTCCCACGTCTAGGTGAAATTCTACTTTTAA-
GAAATAAARATGCTTCTATGGATTCTGATCACCATTGAGT

13523 ~ GCATCAGCACTGCAGAATCG CNBI mutant allele amplification
13524 ~ GATCCCCCTTTGTGCATTGC CNBI mutant allele amplification

13521 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAA- 2}1111 fragment for PMRI1 gRNA
GATAAATGATCCATAAAAAGAGAGACCACTGGTTTTA- pbsnﬁd

GAGCTAGAAATAGCAAGTTAAAATAAG

13541  CCAGCACAGACGTAAGCTTAAGTGTAAGTAAAAGATAAGA-  PMR] KO repair oligo
TAATTAGTAGAATTTCACCTAGACGTGGTATGTCACAT -
TTTGTGCTTTTATCGTTTTTCCTTCCTTCCCTTTA

13542 TAAAGGGAAGGAAGGAAAAACGATAAAAGCACAAAATGTGA- PMR] KO repair OligO
CATACCACGTCTAGGTGAAATTCTACTAATTATCTTATCT -
TTTACTTACACTTAAGCTTACGTCTGTGCTGG

11292  TCGCCCCGTTCTTTCCATTC PMR1I mutant allele amplification
11293  GGGCGARAAGGTAAGAACGC PMRI mutant allele amplification

13522 TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGARA- 2um fragment for FRE2 gRNA
GATAAATGATCCATAAAAGAACATTGCACCAGTTTTA- plasmid

GAGCTAGAAATAGCAAGTTAAAATAAG

13539 AATAAAGTCTTTTTTATCCAAAGCTTAT- PFRE2KO repair oligo
GAAACCCAACGAATATAAGTAGAATTTCACCTAGACGTG-

GTCATTTTTTACTTAAAACTAGTCATTTCATTAATAAT -
ACCTATCC

13540 GGATAGGTATTATTAATGAAATGACTAGTTTTAAG- FRE2KO repair oligo
TAAAAAATGACCACGTCTAGGTGAAATTCTACTTATAT-
TCGTTGGGTTTCATAAGCTTTGGATAAAAAAGACTTTATT

13524 ~ GATCCCCCTTTGTGCATTGC FRE2 mutant allele amplification

13525  TGGCTCAATGATGCTAGTGGG FRE2 mutant allele amplification

12174  GCATCGICTCATCGGTCTCATATGICTGCTACCTCTACTGC-  THI4 with YTK part 3
TACTTCC compatible overhangs

12175 ~ ATGCCGTCTCAGGTCTCAGGATCTAAGCAGCAAAGTGT- THI4 with YTK part 3
TTCAAAATTTG compatible overhangs

14586 ~ ACAGTTTTGACAACTGGITACTTCCCTAAGACTGITTATATT- THI4/N cassette repair for inte-
AGGATTGTCAAGACACTCCAGTTCGAGTTTATCATTATCAAT-  gration
Ac

14587 ~ ATAATTATAATATCCTGGACACTTTACTTATCTAGCGTATGT- THI4/Mcassette repair for inte-
TATTACTCGATAAGTGCTCGTTCAGGGTAATATATITTAACC  gration
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13518  TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGARA- 2um fragment for GALII
GATAAATGATCTGAATCTGGTGATAGCACCGGTTTTA- oRNA plasmid
GAGCTAGARATAGCAAGTTARAATAAG

13533 TACTCAAAGATCAAGGATTAAAACGCTATTTCT- GALII KO repair oligo
TTTAAATCTGCTAGTAGAATTTCACCTAGACGTGGACATTT-
GAAGTTTCCATACTTTTGATACTTTTGAAGTTACTTCGT

13534  ACGAAGTAACTTCAAAAGTATCAAAAGTATGGAAACT-  GALII KO repair oligo
TCAAATGTCCACGTCTAGGTGAAATTCTACTAGCAGAT -
TTAAAAGAAATAGCGTTTTAATCCTTGATCTTTGAGTA

13498 TTCGAATCGGGCCTTCCTTC GAL11 mutant allele
amplification

13499 TGCTTGAAGTGGCACTTTGC GALI1 mutant allele
amplification

13517  TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAA- 2um fragment for TUPI
GATAAATGATCTGGAAGGGTAGACCATGACAGTTTTA- gRNA plasmid
GAGCTAGARATAGCAAGTTAAAATAAG

13531  TGATAAGCAGGGGAAGAAAGAAATCAGCTTTCCATCCARAC- TUP] KO repair oligo
CAATAGTAGAATTTCACCTAGACGTGGGAACAGAACACAAAA-
GGAACACTTTACAAATGTAACTAACTAAAC

13532  GTTTAGTTAGTTACATTTGTAAAGTGTTCCTTTTGTGTTCT- TUP] KO repair oligo
GTTCCCACGTCTAGGTGAAATTCTACTATTGGTTTGGATG-
GARAGCTGATTTCTTTCTTCCCCTGCTTATCA

15077  CACGCCAAGTTACCTTTCGC TUPI mutant allele amplification
15078  GGAAGGGATGAATGGTGAGG TUPI mutant allele amplification

13519 ~ TGCGCATGITTCGGCGITCGARACTTCTCCGCAGTGARA- 2um fragment for ISW2 gRNA
GATAAATGATCGAAAAAGAGAAGGCAARACGGTITTTA- plasmid

GAGCTAGAAATAGCAAGTTAAAATAAG

13535  CTTGITGGITTAAGTCGTAACAAAAGGARAACTTACAAT-  [SW2 KO repair oligo
CAGATCAGTAGAATTTCACCTAGACGTGGATCATGTATTGTG-
CATTAARATAAGTGACGTGAGAGATATAATTT

13536~ ARATTATATCICTCACGICACTTATTTTAATGCACAATACAT-  [SW2 KO repair oligo
GATCCACGTCTAGGTGARATTCTACTGATCTGATTGTAAGT -
TTTCCTTTTGTTACGACTTAAACCAACAAG

13496  TCACCCAGAGGCARAAGGTG ISW2 mutant allele amplification

13497  TAGTTARAGCGGCTCGACCC ISW2 mutant allele amplification

16598 ~ TGCGCATGTTICGGCGITCGAARCTTCTCCGCAGTGAAR- 2um fragment for FMSI gRNA
GATAAATGATCTCAAGATTGTCTTGTTCTTGGTTTTA- plagmid
GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT-
CAAC

13527 ~ AACAAGAAGTGAGTTARTAAAGGCAAARACAGIGGTCGT-  EMS] KO repair oligo
GTGAGAAGTAGAATTTCACCTAGACGTGGAATCTAT-
TTTTTCGAAATTACTTACACTTTTGACGGCTAGAAAAG

13528 ~ CTTTTCTAGCCGICAAAAGTGTAAGTAATTTCGAAAARATA- EMS] KO repair oligo
GATTCCACGTCTAGGTGAAATTCTACTTCTCACACGACCACT -
GTTTTTGCCTTTATTAACTCACTTCTTGTT
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13525  TGGCTCAATGATGCTAGTGGG FMSI mutant allele amplification

13526 ~ AGCCARRTTGCCAAGAAAGGG FMSI mutant allele amplification

16601 ~ TGCGCATGTTTCGGCGTTCGARACTTCTCCGCAGTGAAA-  2um fragment for SPE2
GATAAATGATCGCGTGAACGCAAATGCATCGGTTTTA- oRNA plasmid
GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT-

CAAC

16602 ~ AATAGTATTTTTCAGCGAGAATCATATTGGATGAGTATCCA-  SPE2 mutation-carrying
CATGGCGTGAACGCAAATGTATCGTGATGAAATGATARATCG-  repair oligo
GAGTCTTGGGCCGAGTTGACATATATTTCGTCAAG

16603 ~ CTTGACGAAATATATGTCAACTCGGCCCAAGACTCCGAT-  SPE2 mutation-carrying
TTATCATTTCATCACGATACATTTGCGTTCACGCCATGTGGA-  repair oligo
TACTCATCCAATATGATTCTCGCTGAAAAATACTATT

12174  GCATCGTCTCATCGGTCTCATATGTCTGCTACCTCTACTGC-  YTK-compatible end addition to

TACTTCC THI4 CDS

12175  ATGCCGTCTCAGGTCTCAGGATCTAAGCAGCAAAGTGT-  YTK-compatible end addition to
TTCAAAATTTG THI4 CDS

12985  TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAA- 2um  fragment for YPRcTau3
GATAAATGATCAAACATTCAAATATATTCCAGTTTTA- oRNA plasmid
GAGCTAGARATAGCAAGTTAAAATAAG

13261 AATACGAGGCGAATGTCTAGG THI4 integration check
13262  GCCTCCCCTAGCTGRACAAC THI4 integration check
13492  TACAGCTCGCTCCTTGCATC SPE2 mutation check
13493 GCTTGCTTGGAGGGCTTTTC SPE2 mutation check

DNA sequencing

Genomic DNA of strains IMS0721, IMS0722, IMS0723, IMS0724, IMS0725, IMS0726,
IMS0727, IMS0728, IMS0729, IMS0730, IMS0731, IMS0732, IMS0733, IMS0734,
IMS0735, IMS0736, IMS0737, IMS0738, IMS0747, IMS0748, IMS0749, IMX2128,
IMX2135, IMX2136, and IMX2137 was isolated with a Blood & Cell Culture DNA Kit
with 100/G Genomics-tips (QIAGEN, Hilden, Germany) according to the manufacturers’
protocol. Illumina-based paired-end sequencing with 150-bp reads was performed on
300-bp insert libraries Novogene (Novogene (HK) Company Limited, Hong Kong) with
a minimum resulting coverage of 50x. Data mapping was performed against the CEN.
PK113-7D genome [225] where an extra chromosome containing the relative integration
cassette was previously added. Data processing and chromosome copy number variation
determinations were done as previously described [309, 318].
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Plasmids cloning

Plasmids carrying two copies of the same gRNA were cloned by in vitro Gibson assembly
as previously described [319]. In brief, an oligo carrying the 20 bp target sequence and
homology to the backbone plasmid was used to amplify the fragment carrying the
2um origin of replication sequence by using pROS13 as template. The backbone linear
fragment was amplified by using primer 6005 and either pROS12 or pROS13 as template
[313]. The two fragments were then gel purified, combined and assembled in vitro
using the NEBuilder HiFi DNA Assembly Master Mix (New England BioLabs, Ipswich,
MA) following manufacturer’s instructions. Transformants were selected on LB plates
supplemented with 100 mg/L ampicillin.

Primers 13520, 13521, 13522, 13686, 13518, 14229, 14271, 14272, 14848, 15037, 15728,
12985, 16598, 16601 were used to amplify the 2um fragments targeting CNBI, PMRI,
FRE2,ABZ1, GALI11,SynPAM, TUP1,ISW2, BAS1,hphNT1, YPRcTau3, FMS1, and SPE2,
respectively. The fragment targeting GAL11 was cloned in a pROS12 backbone yielding
plasmid pUDR441. The fragment targeting CNBI, PMR1, FRE2, ABZ1, SynPAM, TUPI,
ISW2, BAS1, hphNT1, YPRcTau3, FMSI, and SPE2 were cloned in a pROS13 backbone
yielding plasmids pUDR388, pUDR389, pUDR390, pUDR438, pUDR471, pUDR472,
pUDR473, pUDR566, pUDR650, pUDR571, pUDR514, pUDR652, and pUDR651,
respectively.

The plasmid carrying the expression cassette for THI4 was cloned by golden gate assembly
using the yeast toolkit parts [317]. The THI4 coding sequence was amplified using the
primer pair 12174/12175 and CEN.PK113-7D genomic DNA as a template in order to
add YTK compatible ends to the gene. The PCR product was then purified and combined
together with plasmids pYTK009, pYTK056, and pYTK096 in a Bsal golden gate reaction
that yielded plasmid pUDI180.

Strain construction

Strains carrying the target mutations were all constructed starting from IMX585
expressing the Cas9 protein [313]. For all strain except for IMX2290, IMX2291, IMX2289
and IMX2308, a two-steps strategy was adopted where first the target gene to be mutated
was removed and replaced with a synthetic and unique 20 bp target sequence + 3 bp PAM
sequence (SynPAM) and then, the synthetic target sequence was targeted and replaced
with the mutant gene. In the second step where the SynPAM sequence was targeted, the
mutant gene flanked by about 400 bp upstream and downstream sequences was amplified
by using the evolved strain genomic DNA as template. The PCR product was then gel
purified and used as repair-fragment in the transformation. This strategy yielded both
intermediate strains lacking the targeted gene and final strains carrying the desired
mutant gene.
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In the first step, IMX585 was targeted at the gene of interest by transforming the strain with
the relative pUDR plasmid. The double-strand break was then repaired by co-transforming
the strain with two complementary DNA oligos carrying the SynPAM sequence flanked
by 60 bp homology sequences to the targeted locus that were previously combined at 1:1
molar ratio, boiled for 5 minutes and annealed by cooling down the solution at room
temperature on the bench.

500 ng of annealed primers pair 13612/13613, 13541/13542, 13539/13540, 14988/14989,
15075/15076,13533/13534,13531/13532,13535/13536, 13527/13528 were co-transformed
with 500 ng pUDR388, pUDR389, pUDR390, pUDR438, pUDR412, pUDR441, pUDR472,
pUDR473, pUDR652 respectively yielding IMX1721, IMX1722, IMX1723, IMX1988,
IMX1820, IMX1819, IMX1817, IMX1818, IMX2292 respectively. IMX1819 and IMX1820
transformants were selected on YPD plates with 200 mg/L hygromycin while IMX1721,
IMX1722, IMX1723, IMX1988, IMX1817, IMX1818, and IMX2292 transformants were
selected on YPD plates with 200 mg/L G418.

The BASI knock-out strain could not be obtained with the marker-free SynPAM strategy.
Therefore, the hphNT1 marker cassette was amplified by using primers 15584/15585 to add
60 bp homology flanks and pROS12 as a template. The PCR fragment was then gel purified
and 500 ng were co-transformed with 500 ng pUDR592 to yield IMX2128. Transformants
were selected on YPD plates with 200 mg/L G418 and 200 mg/L hygromycin.

In the second step, the SynPAM target sequence in each knockout strain was targeted for
the insertion of the mutant allele. The mutant gene flanked by about 400 bp upstream
and downstream sequences was amplified using the evolved strain genomic DNA as
template. The PCR product was then gel purified and 500 ng were co-transformed with
500 ng of pUDR471. Primer pairs 13523/13524, 11292/11293, 13525/13526, 12052/12053,
11725/11726, 13498/13499, 13498/13499, 15077/15078, 15077/15078, 13496/13497,
13527/13528 were used to amplify the mutant alleles of CNBI**, PMRI5'%4Y, FRE2™'!%,
ARO7Y95 ABZIM®H GALII™IN, GALI1¥30p TUPIV¥4A, TUPI®%tp, [SW2518150p and
FMSI1¥ respectively using IMS0747, IMSO748), IMS0748, IMS0728, IMS0727, IMS0734,
IMS0735, IMS0734, IMS0735, IMS0733, IMS0736, IMS0735 genomic DNA as template,
respectively. Transformants were selected on YPD plates with 200 mg/L G418, yielding
IMX1985, IMX1986, IMX1987, IMX1989, IMX2057, IMX1991, IMX1992, IMX2002,
IMX2003, IMX1990, and IMX2292, respectively. The BASIU>®, BASIP'O'N, BASIS*?
mutant alleles were amplified from IMS737, IMS738, and IMS739 genomic DNA
respectively using the primer pair 13687/13688. After gel purification, 500 ng of each PCR
product was co-transformed in IMX2128, together with the hphNT1 targeting plasmid
pUDRG650, yielding IMX2135, IMX2136, and IMX2137, respectively. The strain IMX2289
carrying the SPE24%*T mutant allele was constructed by transforming IMX585 with the
SPE2 targeting plasmid pUDR651 together with the annealed primer pair 16602/16603
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containing the desired single base change plus a synonymous mutation causing the removal
of the PAM sequence. After transformation, strains IMX2135, IMX2136, IMX2137, and
IMX2289 were plated on YPD plates with 200 mg/L G418 for selection.

Mutant alleles found in the same evolved strains were combined in a single strain by
repeating the strategy described above but this time using a mutant strain as a starting
point instead of IMX585. In this way, GAL11, TUPI1, and FMSI were deleted in IMX2002,
IMX2003, and IMX2127 respectively by co-transforming the relative gRNA plasmid
and the relative dsDNA oligo pair as done for the single knock out strains, yielding the
intermediate strains IMX2066, IMX2110, and IMX2294 respectively. Then, the SynPAM
sequence was targeted in IMX2066, IMX2110, and IMX2294 as previously described
for the single mutant strains, yielding IMX2087, IMX2127, and IMX2307 respectively.
IMX2043 carrying the PMRIS'™-FRE2"'% double mutation was constructed by co-
transforming IMX1987 with pUDR390 and the linear fragment containing the FRE2™11%
mutant allele that was previously amplified as described above. The SPE24%”*T mutant
allele was combined with the GALII™*N TUPIY?7** mutant alleles present in IMX2127 by
co-transforming the strain with the SPE2 targeting plasmid pUDR651 together with the
annealed primer pair 16602/16603, yielding IMX2308. The THI4 overexpression cassette
was amplified by using pUDI180 as a template and primers 12174/12175. 500ng of gel-
purified PCR product was co-transformed together with the YPRcTau3 targeting plasmid
pUDR514 in IMX585 and IMX1985 yielding IMX2290 and IMX2291 respectively.

To verify the correct gene editing, single colonies were picked from each transformation
plate and genomic DNA was extracted as previously described [314]. The targeted locus was
amplified by PCR and run on a 1% agarose gel. Primers pair 13523/13524, 13541/13542,
13539/13540, 15077/15078, 13496/13497, 13498/13499, 12052/12053, 13523/13524,
13541/13542, 13539/13540, 13693/13694, 12052/12053, 13496/13497, 13498/13499,
13498/13499, 15077/15078, 15077/15078, 13524/13525, 13693/13694, 13498/13499,
15077/15078, 15077/15078, 13687/13688, 13498/13499, 13687/13688, 13687/13688,
13687/13688, 13261/13262, 13261/13262, 13492/13493, 13525/13526, 13525/13526,
13492/13493, 13525/13526 were used to verify the correct gene editing in IMX1721,
IMX1722, IMX1723, IMX1817, IMX1818, IMX1819, IMX1920, IMX1985, IMX1986,
IMX1987, IMX1988, IMX1989, IMX1990, IMX1991, IMX1992, IMX2002, IMX2003,
IMX2043, IMX2057, IMX2066, IMX2110, IMX2127, IMX2128, IMX2087, IMX2135,
IMX2136, IMX2137 IMX2290, IMX2291, IMX2289, IMX2292, IMX2306, IMX2308,
and IMX2307 respectively. To verify the presence if the single point mutations, each PCR
product was purified and Sanger sequenced (Baseclear, The Netherlands). Mutations
in BASI could not be verified by Sanger sequencing and therefore whole-genome re-
sequencing of IMX2135, IMX2136, IMX2137 was performed as explained above for the
evolved single colony isolates.
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After genotyping of the transformants, correct isolates were grown in 20 ml YPD in a 50
ml vented Greiner tube at 30 °C overnight by inoculating a single colony. The next day, 1
ul was transferred to a new tube containing the same amount of medium and the sample
was grown overnight. The day after, each liquid culture was restreaked to single colony
by plating on YPD agar plates. Plates were incubated at 30 °C overnight and the next day
single colonies were patched on both YPD and YPD plus the relative antibiotic (either
G428 or hygromycin) to assess which clones have lost the gRNA plasmid. One clone for
each strain that had lost the plasmid was then grown in YPD and 30 %v/v glycerol was
added prior to stocking samples at -80 °C.

Data availability

The sequencing data of the evolved and of the BASI deletion Saccharomyces cerevisiae
strains were deposited at NCBI (https://www.ncbi.nlm.nih.gov/) under BioProject
accession number PRJNA603441. All measurement data used to prepare the figures of
the manuscript are available at the data.4TU.nl repository under the URL: https://doi.
o0rg/10.4121/uuid:53¢9992f-d004-4d26-a3cd-789c524fe35¢
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Abstract

Neocallimastigomycetes are unique examples of strictly anaerobic eukaryotes. This
study investigates how these anaerobic fungi bypass reactions involved in synthesis of
pyridine nucleotide cofactors and coenzyme A that, in canonical fungal pathways, require
molecular oxygen. Analysis of Neocallimastigomycete proteomes identified a candidate
L-aspartate-decarboxylase (AdcA), and L-aspartate oxidase (NadB) and quinolinate
synthase (NadA), constituting putative oxygen-independent bypasses for coenzyme A
synthesis and pyridine nucleotide cofactor synthesis. The corresponding gene sequences
indicated acquisition by ancient horizontal gene transfer (HGT') events involving bacterial
donors. To test whether these enzymes suffice to bypass corresponding oxygen-requiring
reactions, they were introduced into fmsIA and bna2A Sacharomyces cerevisiae strains.
Expression of nadA and nadB from Piromyces finnis, and adcA from Neocallimastix
californiae conferred cofactor prototrophy under aerobic and anaerobic conditions. This
study simulates how HGT can drive eukaryotic adaptation to anaerobiosis, and provides
a basis for elimination of auxotrophic requirements in anaerobic industrial applications

of yeasts and fungi.

Importance

Nicotinamide adenine dinucleotide (NAD*) and Coenzyme A (CoA) are central metabolic
cofactors, whose canonical biosynthesis pathways in fungi require oxygen. Anaerobic
gut fungi of the Neocallimastigomycota phylum are unique eukaryotic organisms that
adapted to anoxic environments. Analysis of Neocallimastigomycota genomes revealed
that these fungi might have developed oxygen-independent biosynthetic pathways for
NAD* and CoA biosynthesis, likely acquired through horizontal gene transfer (HGT)
from prokaryotic donors. We confirmed functionality of these putative pathways under
anaerobic conditions by heterologous expression in the yeast Saccharomyces cerevisiae. This
approach, combined with sequence comparison, offers experimental insight on whether
HGT events were required and/or sufficient for acquiring new traits. Moreover, our results
demonstrate an engineering strategy for enabling S. cerevisiae to grow anaerobically in the
absence of the precursor molecules pantothenate and nicotinate, thereby contributing to
alleviate oxygen requirements and to move closer to prototrophic anaerobic growth of this
industrially relevant yeast.



Introduction

Introduction

Neocallimastigomycetes are obligately anaerobic fungi with specialised metabolic
adaptations that allow them to play a key role in the degradation of recalcitrant plant
biomass in herbivore guts [320]. Despite complicated cultivation techniques and lack of
genetic-modification tools [321], several evolutionary adaptations of these eukaryotes to
an anaerobic lifestyle have been inferred from biochemical studies [322-324]. Sequence
analysis implicated extensive horizontal gene transfer (HGT) as a key mechanism in
these adaptations [325-327]. For example, instead of sterols, which occur in membranes
of virtually all other eukaryotes [328] and whose biosynthesis involve multiple oxygen-
dependent reactions [329], Neocallimastigomycetes contain tetrahymanol [322, 325]. This
sterol surrogate [330] can be formed from squalene by a squalene:tetrahymanol cyclase
(STC), whose structural gene in Neocallimastigomycetes showed evidence of acquisition
by HGT from prokaryotes [325, 331]. Expression of an STC gene was recently shown
to enable sterol-independent anaerobic growth of the model eukaryote Saccharomyces
cerevisiae [332].

Further exploration of oxygen-independent bypasses in Neocallimastigomycetes for
intracellular reactions that in other eukaryotes require oxygen is relevant for a fundamental
understanding of the requirements for anaerobic growth of eukaryotes. In addition, it
may contribute to the elimination of nutritional requirements in industrial anaerobic
applications of yeasts and fungi.

Most fungi are capable of de novo synthesis of pyridine-nucleotide cofactors (NAD*
and NADP*) and Coenzyme A (CoA) when grown aerobically. As exemplified by
the facultatively anaerobic yeast S. cerevisiae [54], canonical fungal pathways for
synthesis of these cofactors are oxygen dependent. In S. cerevisiae, biosynthesis of CoA
involves formation of P-alanine by the oxygen-requiring polyamine oxidase Fmsl
[333]. This intermediate is then condensed with pantoate to yield the CoA precursor
pantothenate [162, 334] (Fig. 1, left). Similarly, the yeast kynurenine pathway for de
novo synthesis of NAD* involves three oxygen-dependent reactions, catalyzed by
indoleamine 2,3-dioxygenase (Bna2; EC 1.13.11.52), kynurenine 3-monooxygenase
(Bna4; EC 1.14.13.9), and 3-hydroxyanthranilic-acid dioxygenase (Bnal; EC 1.13.11.6)
[54] (Fig. 1, right). The Neocallimastigomycete Neocallimastix patricianum has been
shown to grow in synthetic media lacking precursors for pyridine-nucleotide and CoA
synthesis [335]. This observation indicates that at least some anaerobic fungi harbour
oxygen-independent pathways for synthesizing these essential cofactors. Genomes of
Neocallimastigomycetes lack clear homologs of genes encoding the oxygen-requiring
enzymes of the kynurenine pathway. Instead, their genomes were reported to harbour
genes encoding an L-aspartate oxidase (NadB) and quinolinate synthase (NadA),
two enzymes active in the bacterial pathway for NAD* synthesis [325] (Fig. 1, right).
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Fig. 1: CoA and NAD" biosynthetic pathways in S. cerevisiae and oxygen-independent alter-
natives. CoA synthesis includes the condensation of pantoate and -alanine. (Left) In S. cerevisiae
B-alanine is formed from spermine in two steps using the oxygen-dependent poly-amine oxidase
Fmsl . Other organisms, including Archaea, Bacteria, and insects, can by-pass this oxygen require-
ment by synthesizing B-alanine from aspartate using L-aspartate decarboxylase (AdcA/PanD).
(Right) NAD* is synthesized via the kynurenine pathway in 9 reactions starting from tryptophan,
3 of which require oxygen. Other organisms that include plants and bacteria are able to bypass this
oxygen requirement by synthesizing quinolinate from aspartate using l-aspartate oxidase and quin-
olinate synthase (NadB and NadA, respectively).

Since bacterial and plant aspartate oxidases can, in addition to oxygen, also use fumarate as
electron acceptor [336, 337], it is conceivable that NadA and NadB may allow for oxygen-
independent NAD* synthesis in anaerobic fungi. No hypothesis has yet been forwarded
on how these fungi may bypass the oxygen requirement for the canonical fungal CoA
biosynthesis route.

The goals of this study were to identify the pathway responsible for oxygen-independent
synthesis of CoA in Neocallimastigomycetes and to investigate a possible role of NadA
and NadB in oxygen-independent synthesis of pyridine-nucleotide cofactors. A candidate
L-aspartate decarboxylase (Adc) encoding gene was identified by genome analysis of
Neocallimastigomycetes and its phylogeny investigated. Candidate Neocallimastigomycete
genes for L-aspartate oxidase and quinolinate synthase, previously reported to have
been acquired by HGT [325], as well as the candidate Adc gene, were then functionally
analysed by expression in S. cerevisiae strains devoid of essential steps in the native
cofactor synthesis pathways. As controls, previously characterized genes involved in
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oxygen-independent NAD* biosynthesis by Arabidopsis thaliana [338], and a previously
characterized Adc encoding gene from the red flour beetle Tribolium castaneum (TcPAND)
[339] were also expressed in the same S. cerevisiae strains. The results demonstrate how
heterologous expression studies in yeast can provide insight into evolutionary adaptations
to anaerobic growth and selective advantages conferred by proposed HGT events in
Neocallimastigomycetes. In addition, they identify metabolic engineering strategies
for eliminating oxygen requirements for cofactor biosynthesis in anaerobic industrial
applications of S. cerevisiae.

Results

Identification of a candidate oxygen-independent r-aspartate decarboxylase
involved in CoA synthesis in anaerobic fungi

Decarboxylation of L-aspartate to P-alanine by L-aspartate decarboxylase (Adc), an
enzyme that occurs in many species across all domains of life [340], enables an oxygen-
independent alternative for the canonical fungal pathway for CoA synthesis (Fig. 1).
To explore its occurrence in anaerobic fungi, a set of 51 amino acid sequences of Adc
homologs listed by Tomita et al. [340] were used as queries against all proteins from 5
Neocallimastigomycete species deposited in the TrEMBL section of the UNIPROT
database. This search yielded 16 Neocallimastigomycete hits (e-value < 10°%, Supplementary
Table S1), 6 of which originated from N. californiae. Only one of these hits, AOA1Y1ZL74,
did not reveal annotation errors upon RNAseq read mapping, showed the highest read
coverage (Supplementary Fig. S1), and was selected as best Neocallimastigomycete Adc
candidate.

The amino acid sequence AOA1Y1ZL74 (hereafter refered to as NcAdcA) was used for
a second round of homology search to obtain a broad set of Adc-like sequences, with
a similar sequence representation of taxa across the 3 domains of life (104 sequences
from Bacteria, 101 from Eukarya, and 120 from Archaea; Dataset S1). The complete
set of NcAdcA homologs (together with the set defined by Tomita et al. (2015) [340]
and their Neocallimastigomycete homologs; Dataset S2) were subjected to multiple
sequence alignment. A subsequent phylogenetic tree (Fig. 2; Dataset S3) showed
that NcAdc sequences are closely related to those of chytrid fungi (e.g AOA1S8W5A4
from Batrachochytrium salamandrivorans) and from anaerobic bacteria (e.g. B8I983
from Clostridium cellulolyticum, currently known as Ruminiclostridium cellulolyticum
[341] we used the former name for consistency with Uniprot identifiers). These
Neocallimastigomycete, chytrid, and bacterial Adc homologs were more closely related
to each other than to characterized eukaryotic Adc and bacterial PanD sequences.
Furthermore, HMMER e-values obtained from using NcAdcA as query against the bacterial
database were most significant than when using the eukaryotic or archaeal databases
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Fig. 2: Unrooted maximum likelihood phylogenetic tree of aspartate decarboxylase and glu-
tamate decarboxylase homologs. Sequences of proteins with demonstrated enzyme activity are
marked with white triangles (L-aspartate decarboxylases) or black triangles (glutamate decarbox-
ylases). Interactive visualizations with all sequence identifiers, branch distances and bootstrap val-

ues, can be accessed in https://itol.embl.de/tree/838448017961605604402 and https://itol.embl.de/
tree/8384480476641615985323.
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(Supplementary Fig. S2; Dataset S1). These results suggest that a bacterial ancestor donated
an Adc-encoding sequence to a common ancestor of chytrids and Neocallimastigomycetes.
To further investigate the potential bacterium-to-chytrid HGT event, a refined ortholog search and
phylogenetic analysis were performed. Full proteomes of all species showing an NcAdcA homolog,
in addition to predicted proteomes from 6 chytrids used in a previous phylogenomic analysis
[327], were retrieved and used to obtain all possible co-ortholog groups. From a total number of
103 NcAdcA orthologs obtained, 85 were bacterial, 5 archaeal, and 13 eukaryotic (Table 1; Dataset
S$4). Eukaryotic NcAdcA orthologs were only found in fungi, and 12 out of 13 were found in
species from the Chytridiomycota phylum. The latter included 5 out of the 6 chytrids analysed in
the phylogenomic study of Wang et al. [327], and all Neocallimastigomycetes considered in this
study. Further phylogenetic analysis of the 103 NcAdcA orthologs indicated a common origin for
bacterial and chytrid NcAdcA (Figure 3; Dataset S5). The closest bacterial relatives to NcAdcA
were found in the facultative anaerobe and waterborne bacterium Aeromonas hydrophila subsp.
hydrophila ATCC 7966"(342], and the ruminal anaerobe C. cellulolyticum strain H10 [341, 343].
Additional close bacterial relatives were also strict anaerobes, such as the syntrophic bacterium
Syntrophus aciditrophicus [344] and members of the Desulfobacteraceae family [345].

The Adc bacterium-to-chytrid HGT event was futher confirmed by using Abaccus, an automated
phylogeny-aware and topology-based algorithm [346]. Abaccus uses the topology of a given tree
to determine taxonomic level jumps’ (J) and ‘loses’ (L) between a seed sequence (NcAdcA) and
every other node in the tree. The tree of NcAdcA orthologs resulted in J=4 and L=3, meaning
that the node comprising NcAdcA ‘jumps’ 4 taxonomic levels which could only be explained
by complete loses in 3 of these taxonomic levels. These ] and L values obtained for the tree of
NcAdcA orthologs are higher than Abaccus’ default HGT cutoff values (J > 2 and L > 3), and are
independent of the evolutionary model used to infer the tree (PROTGTR [347, 348], JTT [349],
and LG [350]).

Comparison of bacterial PanDs (QOTLK2 from E. coli and POWIL2 from Mycobacterium
tuberculosis) against Adcs from other bacteria (B81983 from C. cellulolyticum), and eukaryotes
(including A7U8C7 from Tribolium castaneum) showed only little sequence homology between
NcAdcs, known bacterial PanDs, and eukaryotic Adcs (Dataset S6). The only conserved region
encompassed the full length of PanDs (126-139 amino acids), which represents less than 60
% of the full length of other Adc sequences (e.g. NcAdcA is 625 amino acids long). These
sequence comparisons, together with the intron-exon structures verified with RNAseq
data (Supplementary Fig. S1) show NcadcA has acquired eukaryotic features while
retaining homology to its bacterial ancestor, as is typical for prokaryotic genes acquired
by fungal genomes [351].
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Table 1: Summary of NcAdc homology search results across domains of life.

Taxonomic rank Species analyzed Homologs Orthologs
Eukarya 749 101 13
Fungi 404 48 13
Dikarya 372 36 1
Ascomycota 280 36 1
Basidiomycota 92 0 0
Fungi incertae sedis 32 12 12
Blastocladiomycota 0 0 0
Chytridiomycota 11 12 12
Cryptomycota 1 0 0
Microsporidia 7 0 0
Mucoromycota 11 0 0
Zoopagomycota 2 0 0
Bacteria 1807 101 85
Archaea 765 104 5

Neocallimastigomycete PfnadB, PfnadA and NcadcA genes support aerobic
pyridine-nucleotide and CoA synthesis in yeast.

Neocallimastigomycetes were previously reported to have acquired an L-aspartate oxidase
(nadB) and a quinolinate synthase gene (nadA) by HGT [325]. Hence, UNIPROT entries
AOA1Y1V2PI and AOA1Y1VATI from Piromyces finnis were functionally reassigned as
NadA and NadB candidates and the corresponding genes were tentatively named PfnadB
and PfnadA. These sequences, together with NcadcA, were codon-optimised and tested to
bypass the corresponding oxygen-requiring reactions in S. cerevisiae.

The BNA2 and FMSI genes of S. cerevisiae were deleted by Cas9-mediated genome
editing. The inability of strain IMK877 (bna2A) to synthesize quinolinic acid and of strain
IMX2292 (fms1A) to synthesize B-alanine was evident from their inability to grow on
glucose synthetic medium (SMD) lacking nicotinic acid or pantothenate, respectively
(Table 2). Strain IMK877 was used for heterologous complementation studies with codon-
optimized expression cassettes for PfnadB and PfnadA, while an expression cassette for
N. californiae NcadcA (A0OA1Y1ZL74) was introduced into strain IMX2292. Congenic
strains expressing previously characterized NADB and NADA genes from Arabidopsis
thaliana (AtNadB and AtNadA, Q94AY1and Q9FGS4)[338],and a previously characterized
gene from Tribolium castaneum encoding an aspartate decarboxylase (TcPanD, A7U8C7)
[339] were tested in parallel.

Aerobic growth of the engineered S. cerevisiae strains was characterized in shake-flask
cultures on SMD or on either SMDAnic or SMDApan (Table 2). In contrast to the
reference strain IMK877 (bna2A), S. cerevisiae IMX2301 (bna2A PfnadB PfnadA) grew in
SMDAnic, indicating complementation of the bna2A-induced nicotinate auxotrophy by
PfnadB and PfnadA. However, the specific growth rate of the engineered strain in these
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search from which these sequences were obtained is presented in Table 1. An interactive visualiza-

tion with all sequence identifiers, branch support, distances and bootstrap values, can be accessed in

https://itol.embl.de/tree/8384480267191615280152.
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aerobic cultures was approximately 3-fold lower than that of the reference strain IMX585
(BNA2, Table 2). Strain IMX2302 (bna2A AtNADB AtNADA) did not grow in SMDAnic,
suggesting that the plant NadB and/or NadA proteins were either not functionally
expressed or not able to complement the nicotinate auxotrophy in these aerobic yeast
cultures.

Strain IMX2300 (fmsIA NcadcA) grew in SMDApan, indicating complementation of
the panthotenate auxotrophy. However, this strain reproducibly showed a lag phase of
approximately 48 h upon its first transfer from SMD to SMDApan, and grew exponentially
thereafter at a rate of 0.34 £ 0.01h™. To explore whether the lag phase of strain IMX2300
reflected selection of a spontaneous mutant, it was subjected to three sequential transfers
in SMDApan. A single-colony isolate, IMX2300-1 from the adapted population showed a
specific growth rate of 0.34 £0.01 h™! in both SMD and SMDApan (Table 2). Whole-genome
sequencing of IMX2300-1 did not reveal any mutations in coding DNA sequences that were
considered physiologically relevant in this context when compared to the non-adapted
strain IMX2300 (Supplementary File 4, Bioproject accession number: PRINA634013).
This observation indicated that the lag phase of strain IMX2300 most likely reflected a
physiological adaptation or culture heterogeneity rather than a mutational event [352].
The specific growth rate of S. cerevisiae IMX2305 (fins1A TcPAND) on SMDApan did
not significantly differ from that of the reference strain IMX585 on SMD, and it was
almost four-fold higher than the specific growth rate of the reference strain on SMDApan.
These results are consistent with a previous study on functional expression of TcPAND in
S. cerevisiae [353].

Table 2: Aerobic characterization of engineered strains. Specific growth rates of S. cerevisiae
strains grown in SMD, SMDAnic and SMDApan media. The values are average and mean deviation
of data from at least two independent cultures of each strain.

Strain SMD SMDAnic SMDApan
IMX585 (FMS1 BNA2) 0.40 +0.01 0.40 = 0.02 0.11 +0.01
IMX2292(fms1A) 0.39 £ 0.01 <0.01
IMX2305 (fms1A TcPAND) 0.39 £ 0.01 0.39 +0.01
IMX2300-1 (fms1A NcadcA) 0.34 £0.01 0.34 £0.01
IMK877 (bna2A) 0.40 £ 0.01 <0.01

IMX2301 (bna2A PfnadB PfnadA) 0.37 £0.01 0.14 £ 0.01

IMX2302 (bna2A AtNADB AtNADA) 0.40 £ 0.01 <0.01

90



Results

Expression of Neocallimastigomycete PfnadB, PfnadA, and NcadcA suffice to
enable anaerobic pyridine-nucleotide and CoA synthesis in yeast

To investigate whether expression of heterologous PfnadB, PfnadA, and NcadcA was
sufficient to enable anaerobic growth in the absence of nicotinate and pantothenate,
respectively, growth of the engineered S. cerevisiae strains on SMD, SMDAnic and/or
SMDApan was monitored in an anaerobic chamber (Fig. 4).

Growth experiments on SMDAnic or SMDApan were preceded by a cultivation cycle on
the same medium, supplemented with 50 g L' instead of 20 g L of glucose to ensure
complete depletion of any surplus cellular contents of pyridine nucleotides, CoA, or
relevant intermediates. Indeed, upon a subsequent transfer to SMDAnic or SMDApan,
the reference strain IMX585 (BNA2 FMSI), expressing the native oxygen-dependent
pathways for nicotinate and {-alanine synthesis, showed no growth (Fig. 3 panels A, B
and C).

Both engineered strains IMX2301 (bna2A PfnadB PfnadA) and IMX2302 (bna2A AtNADB
AtNADA) grew anaerobically on SMDAnic. This provided a marked contrast with the
aerobic growth studies on this medium, in which strain IMX2302 did not grow. Strains
IMX2305 (fms1A TcPAND) and the aerobically pre-adapted IMX2300-1 (fmsIA NcadcA)
both grew on SMDApan under anaerobic conditions (Fig. 3 panels D, E and F).

Characterization of engineered yeast strains in anaerobic batch bioreactors

The anaerobic chamber experiments did not allow quantitative analysis of growth
and product formation. Therefore, growth of the S. cerevisiae strains expressing the
Neocallimastigomycetes genes, IMX2301 (bna2A PfnadB PfnadA) and IMX2300-1 (fms1A
NcadcA) was studied in anaerobic bioreactor batch cultures on SMDAnic or SMDApan
and compared with growth of S. cerevisiae IMX585 (BNA2 FMS1) on the same media.
The reference strain IMX585, which typically grows fast and exponentially in anaerobic
bioreactors when using complete SMD [354], exhibited extremely slow, linear growth
on SMDAnic and SMDApan (Fig. 5). Similar growth kinetics in ‘anaerobic’ bioreactor
cultures of S. cerevisiae on synthetic medium lacking the anaerobic growth factors Tween
80 and ergosterol were previously attributed to slow leakage of oxygen into laboratory
bioreactors [355-357].

In contrast to the reference strain IMX585, the engineered strains IMX2301 and IMX2300-
1 exhibited exponential anaerobic growth on SMDAnic and SMDApan, respectively
(Fig. 4; Table 3). The specific growth rate of strain IMX2301 (bna2A PfnadB PfnadA) on
SMDAnic was not significantly different from that of the reference strain on complete
SMD [354], indicating full complementation of the anaerobic nicotinate auxotrophy of
S. cerevisiae. The specific growth rate of strain IMX2300-1 (fins1A NcadcA) on SMDApan
was only 20 % lower than this benchmark (Table 3). Biomass and ethanol yields of strain
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Fig. 4: Anaerobic growth of S. cerevisiae strains dependent or independent on supplementation of nicotinic acid (NA) or pantothenic acid (PA)
in SMD medium containing Tween 80 and ergosterol. Strains IMX585 (A), IMX2301 (bna2A PfnadB PfnadA) (B), and IMX2302 (bna2A AtNADB
AtNADA) (C) transferred to medium with 2 % glucose with (A ) or without () nicotinate after a carry-over phase in SMDAnic containing 4 % glucose
(e in grey box). Strains IMX585 (D), IMX2300-1 (fms1D NcadcA) (E), and IMX2305 (fmsID TcPAND)(F) transferred to medium with (A) or without
(O) pantothenate after a carry-over phase in SMDApan containing 4 % glucose (o in grey box). Anaerobic condition in the chamber were maintained
using a palladium catalyst and a 5 % hydrogen concentration. Error bars represent the mean deviation of independent cultures (n=2).
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Fig. 5: Anaerobic batch cultivation of IMX585 in SMDAnic (A) and SMDApan (B), IMX2301 in
SMDAnic (C) and IMX2300-1 in SMDApan (D). All strains were pre-grown in the corresponding
medium lacking one vitamin prior to inoculation in the bioreactor to avoid carry-over effects. Val-
ues for glucose (@), ethanol (0), glycerol (=), acetate (0) and biomass (a) are shown over time. Error
bars represent the mean deviation of independent cultures (n=2).

Table 3: Maximum specific growth rate (u__ ) and yields of glycerol, biomass and ethanol on
glucose in anaerobic bioreactor batch cultures of S. cerevisiae strains IMX585, IMX2301 and
IMX2300-1. Cultures were grown on SMD, SMDAnic, or SMDApan, respectively, with 20 g L
glucose as carbon source (pH = 5). Growth rates and yields were calculated from the exponential
growth phase. The ethanol yield was corrected for evaporation. Values represent average and mean
deviation of data from independent cultures (n = 2). Carbon recovery in all fermentations was be-
tween 95 and 100%.

Strain IMX585° IMX2301 IMX2300-1
(FMS1 BNA2) (bna2A PfnadB PfnadA) (fmslA NcadcA)

Medium SMD SMDAnic SMDApan

w (b 0.32+0.00 0.31+0.01 0.25 + 0.00

Y glycerol/glucose (g g™) 0.105+0.000  0.103 +0.003 0.104 £ 0.000

Y biomass/glucose (g _g™) 0.094 + 0.004 0.090 + 0.002 0.081 + 0.001

Y EtOH/glucose (g g™) 0.372 £ 0.001 0.372 £ 0.002 0.364 = 0.003

* data from [354]
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IMX2301 grown in anaerobic batch cultures on SMDAnic and strain IMX2300-1 grown
on SMDApan were not significantly different from those of the reference strain IMX585
grown on complete SMD (p-value > 0.05, Table 3).

Discussion

This study shows how oxygen-independent panthotenate and nicotinate prototrophy can
be conferred to the facultatively anaerobic yeast S. cerevisiae by heterologous expression of
NcadcA, PfnadB and PfnadA genes from Neocallimastigomycetes, as well as corresponding
orthologs from other species (TcPAND, AINADB and AtNADA). These results also provide
insights into how acquisition of these genes by HGT conferred selective advantage to
Neocallimastigomycete ancestors under anaerobic conditions.

Results from phylogenetic analysis of Adc sequences (Fig. 2) were consistent with an earlier
report on multiple evolutionary origins and variable evolutionary rates of pyridoxal-5-
phosphate-dependent enzymes, including Adc and glutamate decarboxylases [358, 359].
A separate clade of Neocallimastigomycete sequences show homology with characterised
glutamate decarboxylases (e.g. Q04792 from S. cerevisiae and K4HXK6 from Lactobacillus
brevis; Fig 2. These results further support acquisition of an Adc encoding DNA sequence
by HGT rather than by neofunctionalization of a glutamate decarboxylase gene.

The characterised NcAdcA (A0A1Y1ZL74) yielded the highest homology with orthologous
sequences from chytrid fungi and anaerobic bacteria. This observation is in agreement with
previous research showing that HGT events played a major role in shaping the genomes of
Neocallimastigomycetes [323, 325, 326], with Firmicutes and Proteobacteria as prominent
sequence donors [325]. Specifically, closer bacterial orthologs to NcAdcA were found in
genome sequences of A. hydrophila (Proteobacteria) and C. cellulolyticum (Firmicutes).
These bacterial species are anaerobic and, considering their ecological niches (waterborne
and decayed grass / ruminal fluid, respectively [341-343]) agrees with current hypotheses
of these types of bacteria donating genes to anaerobic gut fungi and subsequently driving
a mammalian transition to herbivory [325, 327]. Since NcAdcA orthologs were found in
5 out of the 6 chytrids analysed, the Adc HGT transfer event appears to have preceded the
66 (£10) My-ago estimate for divergence of Neocallimastigomycetes from other chytrids
[327], although this estimate may be contended by more recent phylogenomic analyses for
the whole fungal kingdom [360].

NcAdcA orthology and phylogenetic analyses revealed Phialocephala subalpina as
the only other non-chytrid, non-Neocallimastigomycete eukaryote to have a separate
Adc-like protein. This fungus is a root endophyte and was previously proposed have
obtained multiple genes by HGT from bacterial donors [361]. However, AOAIL7WVG4
(PAC_06602), here identified as Adc ortholog, was not among the 21 genes of P. subalpina
listed as likely acquired by HGT from non-fungal species. Since the phylogenetic placement
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of the putative P, subalpina Adc was close to bacterial as well as archaeal sequences, further
studies are needed to reveal its evolutionary history.

Whereas an alternative to the kynurenine pathway for NAD* synthesis was previously
inferred from genome sequence analysis, the pathway by which Neocallimastigomycetes
synthesize Coenzyme A had not previously been explored. Six pathways for synthesis
of the essential CoA precursor 3-alanine are known: (A) decarboxylation of L-aspartate
[362], (B) transamination of malonate semialdehyde with L-glutamate as aminodonor
[363] or L-alanine [364], (C) by reduction of uracil followed by hydrolysis of the resulting
dihydrouracil [365], (D) oxidative cleavage of spermine to 3-aminopropanal followed
by oxidation of the aldehyde group [162], (E) 2,3-aminomutase of alanine [366], and
(F) addition of ammonia to acryloyl-CoA, followed by hydrolysis of the resulting CoA
thioester [366]. Of these pathways, canal but option (D), in principle, can occur in the
absence of oxygen. Yeasts and other filamentous fungi typically form (-alanine from
spermine (pathway D), but in some species the use of pathway C was also reported [367].
While the aspartate decarboxylation route (A) has not previously been demonstrated in
wild-type fungi, functional expression of bacterial and T. castaneum TcPanD was used
in metabolic engineering of S. cerevisiae to boost supply of B-alanine as a precursor for
3-hydroxypropionate production [339, 353]. Wild-type S. cerevisiae strains cannot grow
in anaerobic environments unless supplemented with pantothenate. Expression of either
NcadcA or TcPAND in an fmslA S. cerevisiae strain, which lacks the native oxygen-
dependent pantothenate biosynthesis pathway, enabled growth in panthothenate-free
medium under aerobic and anaerobic conditions. Although the different specific growth
rates of S. cerevisiae strains expressing NcadcA or TcPAND indicate that changing expression
levels and/or origin of ADC encoding genes may be required to achieve optimal growth,
these results provide a proof of principle for a simple metabolic engineering strategy to
eliminate oxygen requirements for pantothenate synthesis.

Genomic analyses previously suggested that genomes of Neocallimastigomycetes encode
a putative L-aspartate oxidase (NadB) and quinolinate synthase (NadA) as alternatives
to the canonical kynurenine pathway found in other fungi [325]. Additionally,
Neocallimastigomycetes appear to have acquired both nadB and nadA through HGT
[325]. Until now, functionality of these Neocallimastigomycete proteins in an oxygen-
independent pathway for synthesis of quinolinate from L-aspartate had not been
demonstrated.

Our results demonstrate that expression of nadB and nadA homologs, either from the
Neocallimastigomycete P. finnis or from the plant A. thaliana [338], suffice to allow
anaerobic synthesis of NAD* of S. cerevisiae. Due to the involvement of the Bna2 and Bna4
oxygenases in NAD* synthesis by S. cerevisiae, nicotinate is an essential growth factor
for this yeast under anaerobic conditions [54, 368, 369]. A similar strategy was recently
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successfully applied to enable oxygen-independent synthesis of pyridine nucleotides in the
bacterium Pseudomonas putida [370]. The present study represents the first demonstration
of a metabolic engineering strategy to eliminate oxygen requirements for NAD* synthesis
in a yeast.

Functional expression of heterologous NadA quinolinate synthases in S. cerevisiae was
observed despite the fact that these enzymes are 4Fe-4S iron-sulfur cluster proteins [371,
372], which are notoriously difficult to functionally express in the yeast cytosol [373-
376]. However, earlier studies on functional expression of the 4Fe-4S activating protein of
bacterial pyruvate-formate lyase [377, 378] demonstrated that low-levels of expression can
occur without modification of the yeast machinery for cytosolic assembly of Fe-S clusters.
The inability of AfNadB and AfNadA to support NAD* synthesis in aerobic cultures may
be due to oxygen-sensitivity of the 4Fe-4S cluster in the AfNadA quinolinate synthase
domain [379]. In contrast to PNadA, AtNadA carries an N-terminal SufE domain which,
in other organisms, has been demonstrated to allow this oxygen sensitive enzyme to
remain active under aerobic conditions by reconstituting its Fe-S cluster [379].

This work contributes to the understanding of how Neocallimastigomycetes adapted to
their anaerobic lifestyle by acquiring genes that enable oxygen-independent synthesis of
central metabolic cofactors. Experiments with engineered S. cerevisige strains showed
that contribution of the heterologous genes to in vivo oxygen-independent cofactor
synthesis did not require additional mutations in the host genome. These results indicate
how acquisition of functional genes by HGT, even if their expression was initially
suboptimal, could have conferred an immediate advantage to ancestors of anaerobic
fungi living in cofactor-limited anoxic environments. A similar approach was recently
applied to study the physiological impact on S. cerevisiae of expressing a heterologous
gene encoding squalene-tetrahymanol cyclase, which in Neocallimastigomycetes
produces the sterol surrogate tetrahymanol [332]. Functional analysis by heterologous
expression in S. cerevisiae circumvents the current lack of tools for genetic modification of
Neocallimastigomycetes [321] , and can complement biochemical studies [322-324] and
genome sequence analyses [325, 326].

Pantothenate and nicotinate, together with the other compounds belonging to the B-group
of water-soluble vitamins, are standard ingredients of chemically defined media for aerobic
and anaerobic cultivation of yeasts [267]. Further studies of the unique evolutionary
adaptations of Neocallimastigomycetes may well provide additional inspiration for
engineering robust fungal cell factories that operate under anaerobic conditions.
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Material and Methods
Homology and phylogenetic analyses

A set of 51 amino acid sequences previously used to discriminate between L-aspartate
decarboxylases (Adc) and glutamate decarboxylases [340] was re-used to identify
candidate Neocallimastigomycete Adc sequences. These sequences were used as queries
against a database containing all 58109 Neocallimastigomycete proteins deposited
in Uniprot trembl (Release 2019_02), which represented 5 species (Neocallimastix
californiae, Anaeromyces robustus, Piromyces sp E2, Piromyces finnis, and Pecoramyces
ruminatum), and extracted according to the NCBI taxid 451455. Sequence homology
was analysed using BLASTP 2.6.0+ [381] with 10 as e-value cut-off resulting in 16
Neocallimastigomycete sequences as shared hits from all 51 queries (Supplementary Table
S1). Four of these sequences showing homology to experimentally characterised Adc
proteins originated from N. californiae, and were checked for RNAseq read coverage and
splicing junction support revealing AOA1Y1ZL74 as best candidate (Supplementary Fig.
S1). For this purpose, Illumina libraries were obtained from the Sequence Read Archive
using accession SRR7140690 [382] which were then mapped using STAR 2.6.1a_08-27
[383] against genome assembly GCA_002104975. Alignments were processed using
samtools 1.3.1 [384] and visualized using Artemis [385].

AOA1Y1ZL74, also referred to as NcAdcA, was used for a second round of homology
search using HMMER 3.2 [386] against 3 different databases built from Uniprot Release
2019_02 to include all refseq sequences from Bacteria (taxid 2), Eukarya (taxid 2759), and
Archaea (taxid 2157; TrEMBL and Swiss-Prot categories were also included in this case).
Selection for hits with more than 60% alignment length over the query sequence and
evalue < 10°resulted in a total of 325 sequences (103 from Bacteria, 101 from Eukaryotes,
and 121 from Archaea; Dataset S1).

The set of 325 AOA1Y1ZL74 homologous sequences, together with those from Tomita et.
al. (2015) [340], and the 16 Neocallimastigomycete sequences from above were used for
further phylogenetic analyses. A total number of 387 sequences (Dataset S2) were aligned
with MAFFT v7.402 [387] in “einsi” mode, alignments were trimmed with trimAl v1.2
[388] in “gappyout” mode, and then used to build a maximum likelihood phylogenetic
tree with RAXML-NG 0.8.1 [347] using default parameters with the exception of the use
of the PROTGTR+FO model and 100 bootstrap replicates. The resulting phylogenetic tree
drawn with iTOL [389] is shown in Fig. 2, corresponding sequences and the unannotated
tree are provided in Datasets S2 and S3.

Proteomes from species showing an Adc homolog were extracted into individual fasta
files and used for (co-)orthology search with ProteinOrtho6 [390]. AOA1Y1ZL74
ortholog groups were then extracted and subjected to alignment, trimming, and
phylogenetic analysis as described above. The resulting phylogenetic tree is shown in
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Fig. 3, corresponding sequences and the unannotated tree are provided in Datasets S4 and
S5.

Abaccus v1.1 [346] (https://github.com/Gabaldonlab/Abaccus) was used to search the
three presented in Fig. 3 (Dataset S5) for evidence of HGT. For this purpose, the taxonomy
table provided as default was supplemented with definitions for the additional chytrids
considered in this study.

Multiple sequence alignment was also performed with Clustal omega 1.2.4 [391] to compare
selected aminoacid sequences showing candidate and experimentally characterised Adcs,
against bacterial PanDs. These sequences and alignments are shown in Dataset S6.

Strains, media and maintenance

S. cerevisiae strains used and constructed in this study (Table 4) were derived from the
CEN.PK lineage [273]. Yeast cultures were routinely propagated in YP (10 g L' Bacto
yeast extract [Becton, Dickinson and Co., Sparks, MD], 20 g L' Bacto peptone [Becton,
Dickinson and Co]) or synthetic medium (SM) [13]. YP and SM were autoclaved at 121 °C
for 20 min. SM was then supplemented with 1 mL L of filter-sterilized vitamin solution
(0.05 g L' D-(+)-biotin, 1.0 g L' D-calcium pantothenate, 1.0 g L'! nicotinic acid, 25 g L™!
myo-inositol, 1.0 g L' thiamine hydrochloride, 1.0 g L' pyridoxol hydrochloride, 0.20 g L™
4-aminobenzoic acid). Where indicated, nicotinic acid or pantothenic acid were omitted
from the vitamin solution, yielding SM without nicotinic acid (SMAnic) and SM without
pantothenic acid (SMApan), respectively. A concentrated glucose solution was autoclaved
separately for 15 min at 110 °C and added to SM and YP to a concentration of 20 g L™
or 50 g L', yielding SMD and YPD, respectively. SMD with urea or acetamide instead of
ammonium sulfate (SMD-urea and SMD-Ac, respectively) were prepared as described
previously [392, 393]. For anaerobic growth experiments, sterile media were supplemented
with Tween 80 (polyethylene glycol sorbate monooleate, Merck, Darmstadt, Germany)
and ergosterol (295 % pure, Sigma-Aldrich, St. Louis, MO) as described previously [357].
Yeast strains were grown in 500-mL shake flasks containing 100 mL medium or in 100-
mL shake flasks containing 20 mL medium. Shake-flask cultures were incubated at 30 °C
and shaken at 200 rpm in an Innova Incubator (Brunswick Scientific, Edison, NJ). Solid
media were prepared by adding 15 g L' Bacto Agar (Becton, Dickinson and Co) and,
when indicated, 200 mg L' G418 (Thermo Scientific, Waltham, MA). After genotyping,
engineered strains were restreaked twice to select single clones. Removal of the gRNA
carrying plasmid was done as previously described [313]. Stock cultures were prepared by
adding glycerol to a final concentration of 33 % (v/v), frozen and stored at -80°C.
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Molecular biology techniques

DNA was PCR amplified with Phusion Hot Start II High Fidelity Polymerase (Thermo
Scientific) and desalted or PAGE-purified oligonucleotide primers (Sigma Aldrich)
by following manufacturers’ instructions. DreamTaq polymerase (Thermo Scientific)
was used for diagnostic PCR. Oligonucleotide primers used in this study are listed in
Supplementary Table S1. PCR products were separated by gel electrophoresis using 1 %
(w/v) agarose gel (Thermo Scientific) in TAE buffer (Thermo Scientific) at 100 V for 25 min
and purified with either GenElute PCR Clean-Up Kit (Sigma Aldrich) or with Zymoclean
Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Plasmids were purified from E. coli
using a Sigma GenElute Plasmid Kit (Sigma Aldrich). Yeast genomic DNA was isolated
with the SDS/LiAc protocol [314]. Yeast strains were transformed with the lithium acetate

Table 4: S. cerevisiae strains used in this study.

Name Relevant genotype Parental strain Reference

CEN.PK113-7D MATa URA3 - [273]

CEN.PK113-5D MATa ura3-52 - [273]

IMX585 MATa canlA:Spycas9-natNT2 CEN.PK113- [313]
URA3 7D

IMX581 MATa ura3-52 CEN.PK113- [313]
canlA:Spycas9-natNT2 5D

IMX2292 MATa canlA:Spycas9-natNT2 IMX585 [394]
URA3 fms1A

IMK877 MATa canlA::Spycas9-natNT2 IMX585 This study
URA3 bna2A

IMX2301 MATa canlA:Spycas9-natNT2 IMK877 This study

URA3 bna2A sgal:pTDH3-PfnadA-tENOI
pCCWI12-PfnadB-tENO2

IMX2302 MATa canlA:Spycas9-natN'T2 URA3 bna2A IMK877 This study
sgal:pTDH3-AtNADA-tENOI
pCCW12-AtNADB-tENO2

IMX2293 MATa ura3-52 canlA:Spycas9-natNT2 fmsIA  IMX581 This study

IMX2300 MATa URA3 ura3-52::pTDH3-NcadcA-tENO2  IMX2293 This study
canlA:Spycas9-natNT2 fimsIA

IMX2300-1 MATa URA3 ura3-52::pTDH3-NcadcA-tENO2  IMX2300 This study

canlA:Spycas9-natNT?2 fmsIA
Colony isolate 1

IMX2305 MATa fims1A URA3 ura3-52::pRPL12b- IMX2293 This study
TcPAND-tTDHI canlA:Spycas9-natNT2

Spy: Streptococcus pyogenes; Pf. Piromyces finnis; Nc: Neocallimastix californiae; At: Arabidopsis
thaliana; Tc: Tribolium castaneum.
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method [315]. Four to eight single colonies were re-streaked three consecutive times on
selective media and diagnostic PCR were performed to verify their genotype. Escherichia
coli XL1-blue was used for chemical transformation [316]. Plasmids were then isolated
and verified by either restriction analysis or by diagnostic PCR. Lysogeny Broth (LB; 10
g L Bacto Tryptone, 5 g L, Bacto Yeast Extract with 5 g L"' NaCl) was used to propagate
E. coli XL1-Blue. LB medium was supplemented with 100 mg L ampicillin for selection
of transformants. The overnight grown bacterial cultures were stocked by adding sterile
glycerol at a final concentration of 33 % (v/v) after which samples were frozen and stored
at -80 °C.

Plasmid construction

Plasmids used and cloned in this study are shown in Table 5. Plasmids carrying two copies
of the same gRNA were cloned by Gibson assembly [313, 395]. In brief, an oligo carrying
the gene-specific 20 bp target sequence and a homology flank to the plasmid backbone
was used to amplify the fragment carrying the 2um origin of replication sequence by using
pROS13 as template. The backbone linear fragment was amplified using primer 6005
and pROS11 as template [319]. The two fragments were then gel purified and assembled
in vitro using the NEBuilder HiFi DNA Assembly Master Mix (New England BioLabs,
Ipswich, MA) following manufacturer’s instructions. Transformants were selected on
LB plates supplemented with 100 mg L' ampicillin or 50 mg L' kanamycin. Primer
11861 was used to amplify the 2um fragment containing two identical gRNA sequences
for targeting BNA2. The PCR product was then cloned in a pROS11 backbone yielding
plasmid pUDR315.

The coding sequences for AtNADA, AtNADB, PfnadA, PfnadB, and NcadcA were
codon-optimized for expression in S. cerevisiae and ordered as synthetic DNA through
GeneArt (Thermo Fisher Scientific). The plasmids carrying the expression cassettes for
TcPAND, AtNADA, AtNADB, PfnadA and PfnadB were cloned by Golden Gate assembly
using the Yeast Toolkit (YTK) DNA parts [397]. These plasmids were cloned using the
pYTKO096 integrative backbone that carries long homology arms to the URA3 locus and
a URA3 expression cassette allowing for selection on SM lacking uracil. The TcPAND
coding sequence was amplified using the primer pair 11877/11878 and pCfB-361 as
template. Then, the linear TcPAND gene and plasmids pUD1096, pUD1097, pUD652,
and pUD653 carrying the coding sequence for AtNADA, AtNADB, PfnadA, and PfnadB,
respectively, were combined together with YTK-compatible part plasmids in Bsal (New
England BioLabs) golden gate reactions to yield plasmid pUDI168, pUDI245, pUDE931,
pUDI243, and pUDI244, respectively. A detailed list of the YTK-compatible parts used for
constructing each plasmid can be found in Supplementary Table S2.

The plasmid carrying the expression cassette for NcadcA was cloned by Gibson
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assembly. The pTDH3 promoter, the NcadcA coding sequence, the tENO2 terminator
and the pYTK0096 backbone were amplified by PCR using primer pairs 16721/16722,
16723/16724, 16725/16726, and 16727/16728 respectively, using pYTKO009, pUD1095,
pYTKO55, and pYTK096 as template, respectively. Each PCR product was then gel
purified and combined in equimolar amounts in a Gibson reaction that yielded pUDI242.

Table 2: Plasmids used in this study.

Name Characteristics Reference

pROS10 2um bla ori URA3 gRNA-CAN1.Y gRNA-ADE2.Y [313]

pROSI1 2um bla ori amdSYM gRNA-CAN1.Y gRNA-ADE2.Y [313]

pROS13 2pum bla ori kanMX gRNA-CAN1.Y gRNA-ADE2.Y [313]

pUDRI119  2um bla ori amdSYM gRNA-SGAI gRNA-SGAI [396]

pYTKO009  pTDH3 cat ColE1 [317]

pYTK010  pCCWI2 cat ColE1 [317]

pYTKO17  pRPLI8B cat ColEl [317]

pYTKO051  tENOI cat ColEl [317]

pYTK055  tENO2 cat ColE1 [317]

pYTK056  tTDHI cat ColE1l [317]

pYTK096  ConLS gfp ConRE’URA3 ntpIl ColE1 5’URA3 [317]

pGGKd017 ConLS gfp ConRE’ URA3 2 pum bla ColE1 [157]

pCfB-361  2um bla ori pTEF1-TcPAND*-tCYCI HIS3 [353]

pUDR652  bla 2pm amdSYM gRNA-FMSI gRNA-FMSI [394]

pUD652 bla PfnadA* GeneArt, this study
pUD653 bla PfnadB* GeneArt, this study
pUD1095  bla NcadcA* GeneArt, this study
pUD1096  bla AtNADA* GeneArt, this study
pUD1097  nptIl AtNADB* GeneArt, this study
pUDR315  bla 2um amdSYM gRNA-BNA2 gRNA-BNA2 This study
pUDI168  pRPLISB-TcPAND*-tTDHI URA3 ntpIl ColE1 5’ URA3 This study
pUDI242  pTDH3-NcadcA*-tENO2 URA3 ntpll ColE1 5’URA3 This study
pUDI243  pTDH3-PINADA*-tENOI URA3 ntpII ColE1 5’ URA3 This study
pUDI244  pCCWI12-PfnadB*-tENO2 URA3 ntpII ColE1 5’URA3 This study
pUDI245 pTDH3-AtNADA*-tENO1 URA3 ntpIl ColE1 5’URA3 This study
pUDE931  pCCWI12-AtNADB*-tENO2 URA3 2um bla ColE1 This study

Spy: Streptococcus pyogenes; Pf. Piromyces finnis; Nc: Neocallimastix californiae; At: Arabidopsis
thaliana; Tc: Tribolium castaneum.*Codon-optimized for expression in S. cerevisiae.
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Strain construction

S. cerevisiae strains were transformed using the LiAc/SS-DNA/PEG and CRISPR/Cas9
method [313, 315, 398]. For deletion of the BNA2 gene, IMX585 (canlA:Spycas9-
natNT2) was transformed with 500 ng of the BNA2 targeting gRNA plasmid pUDR315
together with 500 ng of the annealed primer pair 11862/11863 as repair dsDNA oligo,
yielding strain IMK877. The resulting strain was then used for the integration of the two
heterologous NADB-A pathways. Expression cassettes for AtNADA, AtNADB, PfnadA,
PfnadB, were amplified from plasmids pUDI245, pUDE931, pUDI243, pUDI244,
respectively, using primer pairs 13123/13124, 13125/10710, 13123/13124, 13125/10710,
respectively. Then, 500 ng of each pair of gel purified repair cassettes were co-transformed
in IMK877 together with 500 ng the SGAI targeting gRNA plasmid, yielding IMX2302
(sgal::AtNADA AtNADB) and IMX2301 (sgal::PfnadA PfnadB).

For deletion of the FMSI gene, IMX581 (canlA::Spycas9-natNT2 ura3-52) was transformed
with 500 ng of the FMSI targeting gRNA plasmid pUDR652 together with 500 ng of the
annealed primer pair 13527/13528 as repair dsDNA oligo, resulting in IMX2293. Then,
500 ng of plasmids pUDI168 and pUDI242 carrying the expression cassettes for TcPAND
and NcadcA, respectively, were NotI (Thermo Fisher) digested and separately transformed
in IMX2293, yielding IMX2305, and IMX2300, respectively. Selection of IMX2305 and
IMX2300 was done on SMD agar plate since the integration of each Adc encoding cassette
also restored the URA3 phenotype. In contrast, selection of IMK877 was done on SMD-
Ac agar plates while selection of IMX2302, IMX2301, and IMX2293 was done YPD-G418
agar plates. Strains IMK877, IMX2300, IMX2302, and IMX2301 were stocked in SMD,
while IMX2305 and IMX2293 were stocked in SMDApan and YPD, respectively.

Aerobic growth studies in shake flasks

For the determination of the specific growth rate of the engineered strains under aerobic
conditions, a frozen aliquot was thawed and used to inoculate a 20 mL wake-up culture
that was then used to inoculate a pre-culture in a 100 mL flask. The exponentially growing
pre-culture was then used to inoculate a third flask to an initial OD, of 0.2. The flasks
were then incubated, and growth was monitored using a 7200 Jenway Spectrometer
(Jenway, Stone, United Kingdom). Specific growth rates were calculated from at least five
time-points in the exponential growth phase of each culture. Wake-up and pre-cultures of
IMX2301 and IMX2302 were grown in SMDAnic. Wake-up and pre-cultures of IMX2300
and IMX2305 were grown in SMDApan while wake-up and pre-cultures of IMK877 and
IMX2292 were grown in SMD.
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Anaerobic growth studies in shake flasks

Anaerobic shake-flask based experiments were performed in Lab Bactron 300 anaerobic
workstation (Sheldon Manufacturing Inc., Cornelius, OR) containing an atmosphere of
85 % N, 10 % CO,, and 5 % H.. Flat-bottom shake flasks of 50 mL were filled with 40
mL SMD-urea media containing 50 g L glucose as carbon source, to ensure depletion
of the vitamin/growth factor of interest, and 20 g L'! glucose for the first transfer. Media
were supplemented with vitamins, with and without pantothenic acid or nicotinic acid as
indicated, and in all cases supplemented with Tween 80 and ergosterol. Sterile medium
was placed inside the anaerobic chamber 24 h prior to inoculation for removal of oxygen.
Traces of oxygen were continuously removed with a regularly regenerated Pd catalyst for
H,-dependent oxygen removal placed inside the anaerobic chamber. Aerobic overnight
shake-flask cultures on SMD-urea were used to inoculate the anaerobic shake flask
without pantothenic acid or without nicotinic acid at an initial OD_ of 0.2. Cultures
were cultivated at 30 °C with continuous stirring at 240 rpm on IKA KS 260 Basic orbital
shaker platform (Dijkstra Verenigde BV, Lelystad, the Netherlands). Periodic optical
density measurements at a wavelength of 600 nm using an Ultrospec 10 cell density meter
(Biochrom, Cambridge, United Kingdom) inside the anaerobic environment were used to
follow the growth over time. After growth had ceased and the OD_ no longer increased
the cultures were transferred to SMD-urea with 20 g L glucose at an OD, of 0.2 [357].

Anaerobic bioreactor cultivation

Anaerobic bioreactor batch cultivation was performed in 2-L laboratory bioreactors
(Applikon, Schiedam, the Netherlands) with a working volume of 1.2 L. Bioreactors were
tested for gas leakage by applying 0.3 bar overpressure while completely submerging
them in water before autoclaving. Anaerobic conditions were maintained by continuous
sparging of the bioreactor cultures with 500 mL N, min™' (<0.5 ppm O,, HiQ Nitrogen
6.0, Linde Gas Benelux, Schiedam, the Netherlands). Oxygen diffusion was minimized
by using Fluran tubing (14 Barrer O2, F-5500-A, Saint-Gobain, Courbevoie, France) and
Viton O-rings (Eriks, Alkmaar, the Netherlands). Bioreactor cultures were grown on either
SMDApan or SMDAnic with ammonium sulfate as nitrogen source. pH was controlled at
5 using 2 M KOH. The autoclaved mineral salts solution was supplemented with 0.2 g
L' sterile antifoam emulsion C (Sigma-Aldrich). Bioreactors were continuously stirred
at 800 rpm and temperature was controlled at 30 °C. Evaporation of water and volatile
metabolites was minimized by cooling the outlet gas of bioreactors to 4 °C in a condenser.
The outlet gas was then dried with a PermaPure PD-50T-12MPP dryer (Permapure,
Lakewood, NJ) prior to analysis. CO, concentrations in the outlet gas were measured with
an NGA 2000 Rosemount gas analyser (Emerson, St. Louis, MO). The gas analyser was
calibrated with reference gas containing 3.03 % CO, and N6-grade N, (Linde Gas Benelux,
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Schiedam, The Netherlands).

Frozen glycerol stock cultures were used to inoculate aerobic 100 mL shake flask cultures
on either SMDApan or SMDAnic. Once the cultures reached OD, > 5, a second 100
mL aerobic shake-flask pre-culture on the same medium was inoculated. When this
second pre-culture reached the exponential growth phase, biomass was harvested by
centrifugation at 3000 g for 5 min and washed with sterile demineralized water. The
resulting cell suspension was used to inoculate anaerobic bioreactors at an OD of 0.2.

Analytical methods

Biomass dry weight measurements of the bioreactor batch experiments were performed
using pre-weighed nitrocellulose filters (0.45 pm, Gelman Laboratory, Ann Arbor, MI).
10 mL culture samples were filtrated and then the filters were washed with demineralized
water prior to drying in a microwave oven (20 min at 360 W) and weight measurement.
Metabolite concentrations in culture supernatants were analysed by high-performance
liquid chromatography (HPLC). In brief, culture supernatants were loaded on an Agilent
1260 HPLC (Agilent Technologies, Santa Clara, CA) fitted with a Bio-Rad HPX 87H
column (Bio-Rad, Hercules, CA). The flow rate was set at 0.6 mL min” and 0.5 g L" H,SO,
was used as eluent. An Agilent refractive-index detector and an Agilent 1260 VWD
detector were used to detect culture metabolites [309]. An evaporation constant of 0.008
divided by the volume in liters, was used to correct HPLC measurements of ethanol in the
culture supernatants, taking into account changes in volume caused by sampling [399].
Statistical analysis on product yields was performed by means of an unpaired two-tailed
Welch’s t-test.

Whole-genome sequencing and analysis.

Genomic DNA of strains IMX2300 and IMX2300-1 was isolated with a Blood & Cell
Culture DNA Kit with 100/G Genomics-tips (QIAGEN, Hilden, Germany) according to
the manufacturers’ instructions. The Miseq Reagent Kit v3 (Illumina, San Diego, CA),
was used to obtain 300 bp reads for paired-end sequencing. Genomic DNA was sheared
to an average of 550 bp fragments using an M220 ultrasonicator (Covaris, Wolburn,
MA). Libraries were prepared by using a TruSeq DNA PCR-Free Library Preparation kit
(Illumina) following manufacturer’s instructions. The samples were quantified by qPCR
on a Rotor-Gene Q PCR cycler (QIAGEN) using the Collibri Library quantification kit
(Invitrogen Carlsbad, CA). Finally, the library was sequenced using an Illumina MiSeq
sequencer (Illumina, San Diego, CA) resulting in a minimum 50-fold read coverage.
Sequenced reads were mapped using BWA 0.7.15-r1142-dirty [400] against the CEN.
PK113-7D genome [225] containing an extra contig with the relevant integration cassette.
Alignments were processed using SAMtools 1.3.1 [384], and sequence variants were called
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using Pilon 1.18 [401], processed with ReduceVCF 12 (https://github.com/AbeelLab/
genometools/blob/master/scala/abeel/genometools/reducevcf/ReduceVCEscala), and

annotated using VCFannotator (http://vcfannotator.sourceforge.net/) against GenBank
accession GCA_002571405.2 [267].

Data availability

DNA sequencing data of the Saccharomyces cerevisiae strains IMX2300 and IMX2300-
1 were deposited at NCBI (https://www.ncbi.nlm.nih.gov/) under BioProject accession
number PRJNA634013. All measurement data and calculations used to prepare Fig.
4-5 and Tables 4-5 of the manuscript are available at the 4TU.Centre for research data
repository (https://researchdata.4tu.nl/) under doi: 10.4121/uuid:c3d2326d-9ddb-469a-
b889-d05a09be7d97.
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Abstract

Metabolic capabilities of cells are not only defined by their repertoire of enzymes and
metabolites, but also by availability of enzyme cofactors. The molybdenum cofactor (Moco)
is widespread among eukaryotes but absent from the industrial yeast Saccharomyces
cerevisiae. No less than 50 Moco-dependent enzymes covering over 30 catalytic activities
have been described to date, introduction of a functional Moco synthesis pathway offers
interesting options to further broaden the biocatalytic repertoire of S. cerevisiae. In this
study, we identified seven Moco biosynthesis genes in the non-conventional yeast Ogataea
parapolymorpha by SpyCas9-mediated mutational analysis and expressed them in S.
cerevisige. Functionality of the heterologously expressed Moco biosynthesis pathway in S.
cerevisiae was assessed by co-expressing O. parapolymorpha nitrate-assimilation enzymes,
including the Moco-dependent nitrate reductase. Following two-weeks of incubation,
growth of the engineered S. cerevisiae was observed on nitrate as sole nitrogen source.
Relative to the rationally engineered strain, the evolved derivatives showed increased copy
numbers of the heterologous genes, increased levels of the encoded proteins and a 5-fold
higher nitrate-reductase activity in cell extracts. Growth at nM molybdate concentrations
was enabled by co-expression of a Chlamydomonas reinhardtii high-affinity molybdate
transporter. In serial batch cultures on nitrate-containing medium, a non-engineered
S. cerevisiae was rapidly outcompeted by the spoilage yeast Brettanomyces bruxellensis.
In contrast, an engineered and evolved nitrate-assimilating S. cerevisiae strain persisted
during 35 generations of co-cultivation. This result indicates that the ability of engineered
strains to use nitrate may be applicable to improve competitiveness of baker’s yeast in
industrial processes upon contamination with spoilage yeasts.



Introduction

Introduction

Catalytic activities of many enzymes strictly depend on cofactors, which comprise a
chemically diverse collection of non-protein organic compounds (coenzymes) and metal
ions [226, 402, 403]. In wild-type micro-organisms, cofactor requirements can strongly
influence their catalytic capabilities and/or nutritional requirements. Many vitamins,
which are essential organic molecules that cannot be synthesized by the organism itself
and therefore have to be supplemented to growth media [3], are in fact cofactors or
precursors of them. For example, in the yeast Saccharomyces cerevisiae, the vitamin biotin
is an essential cofactor for three carboxylases (pyruvate carboxylase Pycl and Pyc2, urea
carboxylase Durl,2 or acetyl-CoA carboxylase Accl) and can be taken up from growth
media by the native biotin transporter Vhtl [146, 267]. S. cerevisiae strains belonging to
the widely used S288c¢ lineage completely lack two genes (BIO1 and BIO6) required for
synthesis of biotin, while many other strains of this industrially relevant yeast grow poorly
in biotin-free media [7, 34, 152, 154].

When the enzyme repertoire of cells is expanded by metabolic engineering, new cofactor
requirements can be introduced. However, nutritional supplementation of these new
requirements in culture media may not always be possible due to either lack of supply,
high costs and/or absence of membrane transporters for such compounds. In such cases,
strain design should include introduction of heterologous cofactor uptake systems and/
or pathways for de novo cofactor biosynthesis. For example, since S. cerevisiae lacks Ni-
dependent enzymes and a Ni transporter, replacement of its ATP-dependent urease
(Durl,2) by a heterologous nickel-dependent, ATP-independent enzyme required co-
expression of a Ni transporter [227]. Expansion of the organic cofactor repertoire of S.
cerevisiae is exemplified by studies on de novo biosynthesis of opioids in this yeast, which
required biosynthesis of tetrahydrobiopterin, the cofactor of the tyrosine hydroxylase that
catalyses the first committed step of the (S)-reticuline pathway [258, 404].

The transition metal molybdenum (Mo, typically bioavailable as molybdate MoO,*) is an
essential trace element for many organisms across the three domains of life. Molybdate
is typically incorporated in a tricyclic pterin-based scaffold called molybdopterin to
form a molybdenum cofactor (Moco). With the notable exception of nitrogenases,
which contain an FeMo cofactor, all known molybdoenzymes harbour Moco variants in
their active sites [405-407]. Moco biosynthesis is conserved and extensively studied in
prokaryotes and eukaryotes [405, 408, 409]. Nitrate-assimilating yeasts such as Ogataea
parapolymorpha and Brettanomyces bruxellensis synthesize a Moco that is required for
activity of nitrate reductase [252]. In contrast, the industrial yeast and eukaryotic model
S. cerevisiae is devoid of Mo-dependent enzymes and cannot synthesize Moco nor
assimilate nitrate [410, 411].

In eukaryotes, the first step of Moco synthesis (Fig. 1), which converts GTP onto cyclic
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pyranopterin monophosphate (cPMP), takes place in mitochondria. After export of cPMP
to the cytosol, it is first sulfurated to form molybdopterin (MPT). The MPT synthase that
catalyses this sulfuration is then regenerated by a sulfur mobilization route involving the
Fe-S cluster protein IscS (Nfsl in eukaryotes), which is shared with the tRNA thiolation
pathway [412]. Finally, MPT is adenylated to form MPT-AMP and, after hydrolysis of the
adenylate group, molybdate is inserted into the MPT dithiolene group to form the Moco
Mo-MPT [409]. Mo-MPT can be further modified in prokaryotes by addition of either
cytosine or guanosine to form the Moco variants MPT-cytosine dinucleotide (MCD) or
MPT-guanine dinucleotide (MGD), respectively. Prokaryotes as well as eukaryotes can
further modify Moco variants by replacing one oxo ligand on the Mo atom by a sulfido
ligand to form the mono-oxo Moco variant (Moco-S).

Molybdoenzymes typically use the versatile redox chemistry of MoO,* to catalyse redox
reactions, often involving oxygen transfer [413]. Based on the ligands at the Mo atom of
their Moco, molybdoenzymes are divided in three families: the xanthine oxidase (XO)
family, the sulfite oxidase (SO) family and the dimethyl sulfoxide reductase (DMSOR)
family [414]. The XO family requires MCD or Moco-S at the catalytic site while the SO
family contains Mo-MPT. Members of the DMSOR family instead require the bis-MGD
cofactor, which is formed from MoMPT by first forming a bis-Mo-MPT intermediate
followed by addition of GMP moieties to its two C-4 phosphates [415, 416]. Recently, bis-
Mo-MPT itself has been shown to act as cofactor for the Escherichia coli oxidoreductase
YdhV [417]. To date, over 50 Mo-containing enzymes have been purified and characterized
while many genes have been predicted to encode additional, as yet uncharacterized
molybdoproteins [414, 418].

Its excellent accessibility to genome editing and availability of cost-effective procedures
for large-scale industrial fermentation have made S. cerevisiae a popular platform for
production non-native low-molecular weight compounds [419, 420]. Introduction of a
functional Moco biosynthesis pathway into S. cerevisiae would constitute an important
step towards further expansion of the versatility of this yeast as a metabolic engineering

Fig. 1: Schematic representation of the molybdenum-cofactor biosynthesis pathway. GTP is first
converted to cPMP by the heterodimer MoaA/MoaC, this step takes place in the mitochondria in
eukaryotic cells. Then, MoaD transfers its sulfur moiety to cPMP to yield MPT. MoaD is recycled
by sulfur transfer from MoeB, which is itself sulfurated by IscS. MPT is then first adenylated after
which the MoO,* oxyanion is inserted by the heterodimer MogA/MoeA. In eukaryotes, the latter
reaction is catalysed by a single protein (Gephyrin). Moco can be sulfurated at the Mo site by a Moco
sulfurase (MocoS) to form sulfurated Moco (Moco-S). Moreover, Moco can be further modified in
prokaryotic cells by addition of either cytosine (MocA) or guanosine (MobA) to form Mo-molyb-
dopterin cytosine dinucleotide (MCD) and bis(molybdopterin guanine dinucleotide)molybdenum
(bis-MGD), respectively. E. coli proteins, fungal homologs, O. parapolymorpha homologs and Moco
modifications are shown in light blue, yellow, magenta, and red, respectively. Mitochondrial proteins
are indicated by an asterisk.
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platform, for example by enabling the expression of industrially relevant molybdoproteins
such as nitrate reductase and/or metal-dependent formate dehydrogenases. A nitrate-
assimilating S. cerevisiae strain could increase the robustness of industrial biotechnology
processes relying on nitrate containing feedstocks. Nitrate is for instance, often found
in sugarcane juice and nitrate levels have been shown to correlate with the fraction of
spoilage yeast B. bruxellensis found in the fermented must. The inability of S. cerevisiae
to utilize this nitrogen source has been considered as a critical factor for B. bruxellensis
contamination in Brazilian ethanol plants [421, 422].

To explore introduction of Moco biosynthesis in S. cerevisiae, we first functionally
analysed structural genes involved in this process in the nitrate-assimilating yeast
O. parapolymorpha by Cas9-mediated mutational analysis [423, 424]. The identified
O. parapolymorpha genes were expressed in S. cerevisiae. To enable in vivo analysis of the
functionality of the heterologous Moco pathway, we co-expressed the O. parapolymorpha
nitrate assimilation pathway, which includes a Moco-dependent nitrate reductase. As
S. cerevisiae is not known to harbour a specific molybdate transporter [425], a high-
affinity molybdate transporter from Chlamydomonas reinhardtii (CrMotl) was also
included in strain designs. Aerobic and anaerobic cultures of engineered S. cerevisiae
strains were tested and evolved in the laboratory for the ability to use nitrate as sole
nitrogen source, followed by whole-genome sequencing of evolved strains to identify
relevant mutations. In addition, co-consumption of nitrate and ammonium, as well as
the ability to assimilate nitrate at nM concentrations of molybdate were investigated. A
possible industrial advantage of nitrate-assimilating S. cerevisiae was investigated in co-
cultivation experiments with the nitrate-assimilating spoilage yeast B. bruxellensis.

Material and Methods

Strains, media and maintenance

Yeast strains used and constructed in this study are shown in Table 1. O. parapolymorpha
strains were derived from the DL-1 strain [426]. B. bruxellensis strain CBS 2499 [427]
was obtained from the Westerdijk Institute (Utrecht, The Netherlands). All S. cerevisiae
strains were derived from the CEN.PK lineage [225, 273]. Yeast strains were grown on
either YP (10 g/L Bacto yeast extract, 20 g/L Bacto peptone) or SM medium [13] with
either 5 g/L KNO,, 5 g/L (NH4),SO4, 0.6 g/L acetamide, 0.8 g/L NH NO,, or 2.3 g/L
urea (SM,,,SM, ., SM, , SM, , and SM__, respectively) as sole nitrogen source. For
O. parapolymorpha cultures grown on SMD, ., KNO, was substituted with 4.25 g/L
NaNO,. In all SM media variants, with the exception of SM, ., 6.6 g/L K SO, was
added as a source of sulfate [428]. YP or SM media were autoclaved at 121 °C for 20
min prior to addition of 1 ml/L of filter-sterilized vitamin solution [13]. For anaerobic
growth experiments, sterile media were supplemented with Tween 80 (polyethylene
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glycol sorbate monooleate, Merck, Darmstadt, Germany) and ergosterol (=95 % pure,
Sigma-Aldrich, St. Louis, MO) as described previously [357]. A concentrated glucose
solution was autoclaved at 110 °C for 20 min and then added to the YP and SM medium
at a final concentration of 20 g/L, yielding SMD and YPD, respectively. For testing the
essentiality of a heterologously expressed high-affinity molybdenum transporter, the Mo
concentration in the medium was lowered from 1.6 uM to 16 nM, yielding SMD . .
500-ml Shake flasks containing 100 mL medium and 100-mL shake flasks containing 20
mL medium were incubated at 30 °C and 200 rpm in an Innova Incubator (Brunswick
Scientific, Edison, NJ). Solid media were prepared by adding 1.5 % (w/v) Bacto agar and,
where indicated, 200 mg/L G418 or 200 mg/L hygromycin. Escherichia coli strains were
grown in LB (10 g/L Bacto tryptone, 5 g/L Bacto yeast extract, 5 g/L NaCl) supplemented
with 100 mg/L ampicillin or kanamycin. To discriminate between S. cerevisiae and B.
bruxellensis in competition experiments [429], filter-sterilized bromocresol green (Sigma-
Aldrich) at a final concentration of 88 mg/L was added to either SMD
medium (SMD and SMD

NO3-blue Amm-blue

stored at -80 °C after the addition of 30 % v/v glycerol.

or SMD,  agar

NO3
, respectively). S. cerevisiae and E. coli cultures were

Molecular biology techniques

Primers used in this study are shown in Table 2. DNA was amplified using Phusion Hot
Start II High Fidelity Polymerase (Thermo Scientific, Waltham, MA) and desalted or
PAGE-purified oligonucleotide primers (Sigma-Aldrich) according to manufacturers’
instructions. Diagnostic PCR reactions were performed with DreamTaq polymerase
(Thermo Scientific). PCR products were separated by gel electrophoresis on a 1 %
(w/v) agarose gel (Thermo Scientific) in TAE buffer (40 mM Tris, 20 mM acetic acid, 1
mM EDTA; Thermo Scientific) and purified with either a GenElutePCR Clean-Up Kit
(Sigma-Aldrich) or a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA).
Plasmids were isolated from E. coli and S. cerevisiae using a Sigma GenElute HP plasmid
miniprep kit (Sigma-Aldrich) or a Zymoprep Yeast Plasmid Miniprep II (Zymo Research),
respectively, and verified by either restriction digestion or diagnostic PCR. E. coli XL1-
blue was used for transformation [316]. Yeast genomic DNA used for diagnostic PCR
reactions was isolated by using the SDS/LiAc protocol [314]. S. cerevisiae transformation
was performed with the LiAc method [315] while O. parapolymorpha transformation
was performed by electroporation [423, 431]. Four to eight colonies were re-streaked on
selective medium to select for single clones and diagnostic PCRs were performed to verify
the correct genotypes.
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Table 2: Primers used in this study

Material and Methods

Primer — er sequence Product(s)
number
12251 TGCGCCTTGATACGTGC HPODL_02673_InDelCheck_fwd
12252 AAATAAGAAGGAGAAACATGCAGG HPODL_02674_InDelCheck_fwd
> And internal junction 1 check
12253 ACATCCTCCCTCAAGTAGTAGCC HPODL_00948_InDelCheck_fwd
12254 GACTGGTGTTAGACAAACCGG HPODL_00195_InDelCheck_fwd
12255 TGCTCGACCATCTCGAGC HPODL_03424_InDelCheck_fwd
12257 CACCATGGTCGGAAGAACC YNRI_InDelCheck_fwd
12259 GCGTAAACAACATGTCCACC HPODL_01640_InDelCheck_fwd
12260 GTATGTCCTCGTATGAGACCAGC HPODL_02673_InDelCheck_rev
12261 CGATTGAGAGAGCTTTTTGGC HPODL_02674_InDelCheck_rev
12262 CCTGTTCAGAGAAAGAGAAGCC HPODL_00948_InDelCheck_rev
12263 GGACGTACTGCGAAATCTGG HPODL_00195_InDelCheck_rev
12264 GATTACTTCTGGAGCTGGCG HPODL_03424 InDelCheck_rev
12266 ATGTAATTCCTCACGAACTTTGG YNRI_InDelCheck_rev
12268 AAGCCGGGTCTTCTTTCC HPODL_01640_InDelCheck_rev
12863 GGTCACCCATGTATGCTGGAAATCTGCTCGTCA PYTKO096_backbone_gibson_
pUDI189_FWD
GATAATGATAARACTCGAACTGCGTTGTATTG- pYTKO096_backbone_gibson_
12864 CGACGAATTG pUDI189_REV
12865 TCGTCGCAATACAACGCAGTTCGAGTTTATCATTATC PYTKO009_promoter_gibson_
pUDI189_FWD
CAGCAGTAATGAGGATATCATAGATCTTITTGTTTGT - pYTKOO9_pr0moter_gibson_
12866 TTATGTGTGTTTATTC pUDI189_REV
CATAAACAAACAAAAGATCTATGATATCCTCAT- HPODL_02673_insert_gibson_
12867 TACTGCTGAGGC pUDI189_FWD
AAAGCTCTCGAGTTAGGATTCATCCTCCAATTARAAT- HPODL_02673_insert_gibson_
12868 CATCG pUDI189_REV
TGATTTTAATTGGAGGATGAATCCTAACTCGAGAGCT- pYTKO51_terminator_gibson_
12869 TTTGATTAAG pUDI189_FWD
12870 CGAGCAGATTTCCAGCATACATGGGTGACCAA PYTKO51_terminator_gibson_
pUDI189_FWD _REV
GCATCGTCTCATCGGTCTCATATGGTTGCAATTCAT- HPODL_02674_Insert_golden-
12871 GAAAAAGA gate_pUDI190_FWD
TGCCGTCTCAGGTCTCAGGATCTATTTGAAGATGGTTGA- HPODL_02674_Insert_golden-
12872 TAGATCTATGTC gate_pUDI190_REV
12873 GCATCGTCTCATCGGTCTCATATGTCCATCTTTGTAGA- HPODL_00195_Insert_golden-

TATTACTGATAAGC

gate_pUDI191_FWD
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12874

12875

12876

12879

12880

12881

12882

12883

12884

12885

12886

12887

12888

12889

12890

12891

12892

12893

12894

12895

12896

TGCCGTCTCAGGTCTCAGGATTTAGGTGCGACTAAG-
CACGTTAG

GCATCGTCTCATCGGTCTCATATGGTCGCAGTTGCTATC-
GA

TGCCGTCTCAGGTCTCAGGATTTATCCACTTGAAACTGG-
CGG

GCATCGTCTCATCGGTCTCATATGACTGTTGGTATCTTG—
GTTGTATCA

TGCCGTCTCAGGTCTCAGGATTCACACATAGATCTG-
GTCGATGAGA

GCATCGTCTCATCGGTCTC

TGCCGTCTCAGGTCTCAGGATTTAAGCTCTAC-
CACCTCTAGCAAAAAC

GGATGGCGAAAGGATACGCTGGAAATCTGCTCGTCAG

CCTGTCAAAGTATCACCGTTGTATTGCGACGAATTGC

TCGTCGCAATACAACGGTGATACTTTGACAGGAGC
CTCATTTAAGGACAAAGACATATATTGTAATATGTGTGT -
TTGTTTGGATT

ACAAACACACATATTACAATATATGTCTTTGTCCT-
TAAATGAGTACCTTCG

AATCATGATTCTTTTTGGATTTAGTAAATAGGGAAGT -
TTGGGTCTATCTG

CCAAACTTCCCTATTTACTAAATCCAAAAAGAATCAT-
GATTGAATG

ACGAGCAGATTTCCAGCGTATCCTTTCGCCA

GAGTTCGCGGCTGGAAATCTGCTCGTCAG

GTAAGGCCCCAAGACGTTGTATTGCGACGAATTG

GCAATTCGTCGCAATACAACGTCTTGGGGCCTTACCACC

CGATCCTGAACCTGTACATAGATCTATTTTACTATAT-
TATATTTGTTGCTTGT

CAACAAATATAATATAGTAAAATAGATCTATGTACAGGT -
TCAGGATCGGA

CAATTAATTTGAATTAACGGATTCAATGTCCTGCCCAT-
TCG

118

HPODL_00195_Insert_golden-
gate_pUDI191_REV

HPODL_01640_Insert_golden-
gate_pUDI192_FWD

HPODL_01640_Insert_golden-
gate_pUDI192_REV

HPODL_03424_Insert_golden-
gate_pUDI194_FWD

HPODL_03424_Insert_golden-
gate_pUDI194_REV

CrMOT1_insert_goldengate_
pUDI195_FWD

CrMOT1I_insert_goldengate_
pUDI195_REV

pGGK d017_backbone_in vivo
assembly_pUDE796_FWD

pGGKdO017_backbone_in vivo
assembly_pUDE796_REV

pGGKp116_promoter_in vivo
assembly_pUDE796_FWD

pGGKp116_promoter_in vivo
assembly_pUDE796_REV

HPODL_00948_insert_in vivo
assembly_pUDE796_FWD

HPODL_00948_insert_in vivo
assembly_pUDE796_REV

pGGKp038_terminator_in vivo
assembly_pUDE796_FWD

pGGKp038_terminator_in vivo
assembly_pUDE796_REV

pYTK096_backbone_gibson_
pUDI197_FWD

pYTKO096_backbone_gibson_
pUDI197_REV

pYTKO15_promoter_gibson_
pUDI197_FWD

pYTKO015_promoter_gibson_
pUDI197_REV

HPODL_02128_Insert_gibson_
FWD

HPODL_02128_Insert_gibson_
REV
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TGGGCAGGACATTGARTCCGTTAATTCARATTAATTGA- pGGKp040_terminator_gibson_

12
897 TATAGTTTT pUDI197_FWD

12898 ACGAGCAGATTTCCAGCCGCGAACTCCAA PGGKp040_terminator_gibson_

pUDI197_REV

12899 GCATCGTCTCATCGGTCTCATATGCGACTTTCTACCT- YNTI_insert_goldengate_FWD_
TATGGGA pUDI198

12900 TGCCGTCTCAGGTCTCAGGATTCAAATTTCCGCT- YNTI_insert_goldengate_REV_ 4
TTCCTAGG pUDI198

12501 GCATCGTCTCATCGGTCTCATATGGACTCTGTTGTCACT- YNRI_insert _goldengate_FWD_
GAGGTG pUDI199

12902 TGCCGTCTCAGGTCTCAGGATTCAGAAGTACACTACAT-  YNRI_insert _goldengate REV_
ACTGTTTATCCAAA pUDI199

12903 AGAAGTGTACCGGCTGGAAATCTGCTCGTCAG PGGKd017_backbone_in vivo

assembly_pUDE797_FWD

12904 ATCTCTGGGTCTTCGTTGTATTGCGACGAATTG PGGKd017_backbone_in vivo

assembly_pUDE797_REV

12905 CGTCGCAATACAACGAAGACCCAGAGATGTTGT PGGKp114_promoter_in vivo

assembly_pUDE797_FWD

12906 GAGGAACAGAACAAGTCATATTTTAGTTTATGTATGTGT - pGGKpl 14_promoter_in vivo
TTTTTGTAGTTATAG assembly_pUDE797_REV

1507 CAAAAAACACATACATAAACTAARATATGACTTGTTCT- YNII_insert_in vivo assembly_
GTTCCTCCCTT pUDE797_FWD

12908 TTTTTATATAATTATATTAATCGGATTTAC- YNII_insert_in vivo assembly_
CAGTCGAACGATATTGCTTTG pUDE797_REV

12909 CGTTCGACTGGTAAATCCGATTAATATAAT - pGGKpO42_terminator_in Vvivo_as-
TATATAAARAATATTATCTTCTTTTC sembly_pUDE797_FWD

12910 CACTGACGAGCAGATTTCCAGCCGGTACACTTCTGAG- pGGKp042_terminator_in vivo
TAAC assembly_pUDE797_REV
TTTACAATATAGTGATAATCGTGGACTAGAGCAAGAT- SGAI h ] UDI1

13123 TTCAAATAAGTAACAGCAGCAAACAGTTCGAGTTTAT- - OIl’.IO 08y_P 89_casset-

te_integration_fwd
CATTATCAATACTG
ATAGCATAGGTGCAAGGCTCTCGCCGCTTGTCGAGC- SHRI h ] UDI189

13124 TATTGGCATGGATGTGCTCCCTAAATACATGGGTGAC— — omo. 0gy-P —cas-
CARAAGAGC sette_integration_rev

15125 TTAGGGAGCACATCCATGCCAATAGCTCGACAAGCGGC-  SHRI1__homology_pUDI190_cas-
GAGAGCCTTGCACCTATGCTATCACCCATGAACCACACGG  sette_integration_fwd
TCAGCGTGTTGTAATGATGCGCCATGAATTAGAATGCGT - h )

13126 GATGATGTGCAAAGTGCCGTCATAAAATTAAAGTAGCAG- SHR2._ omo .ogy_p UDI190_cas-
CACTTCAACCATTAG sette_integration_rev
GACGGCACTTTGCACATCATCACGCATTCTAATTCATGG- HR2 h ) UDI

13127 CGCATCATTACAACACGCTGAGTGAGTAAGGAAAGAGT- SHR2__homology_p 191_cas-

sette_integration_fwd
GAGGAACT
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GCTACATCTTCCGTACTATGCTGTAGTCTCATGGTC-
13128 GAGTTCTATTGCTGTTCGGCGGCAGAAATGGGGAGCGAT -
TTG

SHR3_homology_pUDI191_cas-
sette_integration_rev

TGCCGCCGAACAGCAATAGAACTCGACCATGAGAC-
13129 TACAGCATAGTACGGAAGATGTAGCTGTGGAGTGT -
TTGCTTGGATTCT

SHR3_homology_pUDI192_cas-
sette_integration_fwd

CTCCACTGTACTGCATGTAGCATTCGCCGATCTG-
13130 CATGATGTGTGACATTCTGCTATCGGACATA-
GAAATATCGAATGGGAAAAAAAAAC

SHR4_homology_pUDI192_cas-
sette_integration_rev

CCGATAGCAGAATGTCACACATCATGCAGATCGG-
13131 CGAATGCTACATGCAGTACAGTGGAGTTGATAGGTCAA-
GATCAATGTAAACAAT

SHR4_homology_pUDI194_cas-
sette_integration _fwd

TGAGAGCTTGTGATAACTGCTCGCCAGTTGTGGT -
13132 GATCTCCCAGTCGGTGTAGCAGCAATCGTTCAGGG—
TAATATATTTTAACCG

SHR6_homology_pUDI194_cas-
sette_integration _rev

ATTGCTGCTACACCGACTGGGAGATCACCACAACTGGC-
13133 GAGCAGTTATCACAAGCTCTCAGTGATACTTTGACAG—
GAGCTATATCATG

SHR6_homology_pUDE796_cas-
sette_integration_fwd

GGTGAATTGAGAGCTATCCTATATTATAGCAGATGCCGG—
13134 GTATGCAGCTTGGTAGAATGCGTATCCTTTCGCCATCCT -
GATA

SHR7_homology_pUDE796_cas-
sette_integration _rev

GCATTCTACCAAGCTGCATACCCGGCATCTGC-
13135 TATAATATAGGATAGCTCTCAATTCACCTCTTGGGGCCT -
TACCACC

SHR7_homology_pUDI197_cas-
sette_integration_fwd

CTCAGCCTTAGCCAATATGATCATGTCGTTGCGTCTCG—
13136 GACCATCTAGTCTACTCTGAAGCGCGAACTCCAAAAT-
GAGC

SHR8_homology_pUDI197_cas-
sette_integration_rev

TATATTTGATGTAAATATCTAGGAAATACACTTGTGTAT- SG Al_homology_pUDIl97_cas—

13570
ACTTCTCGCTTTTCTTTTATTCGCGAACTCCAAAATGAGC seﬁe_hﬁegraﬁon_}ev
13573 CAGTGACGTGAGTGCCATCTGCAGGTCATGTGATGCTAT— SHR9_h0mology_pUDI197_cas-
CAGCTACACTGCCAGCAATGACGCGAACTCCAAAATGAGC seﬁe_hﬁegraﬁon_rev
TTTACAATATAGTGATAATCGTGGACTAGAGCAAGAT— SGAL h ) UDIL9
m -
13138 TTCAAATAAGTAACAGCAGCAAATGAACAACAATAC- o o ‘oogy_p _casset
te_integration_fwd
CAGCCTTCC
CTTCAGAGTAGACTAGATGGTCCGAGACGCAACGACAT-
SHR8_homology_pUDI196_cas-
13139 GATCATATTGGCTAAGGCTGAGTGAACAACAATAC- - )
sette_integration__fwd
CAGCCTTCC
TATATTTGATGTAAATATCTAGGAAATACACTTGTGTAT -
SGA1_homology_pUDI196_cas-
13571 ACTTCTCGCTTTTCTTTTATTAGGAAACGTARATTACAA- - .
sette_integration_rev
GGTATATACATACG
CAGTGACGTGAGTGCCATCTGCAGGTCATGTGATGCTAT-
SHR9_homology_pUDI196_cas-
13141 CAGCTACACTGCCAGCAATGAAGGAAACGTAAATTACAA-

sette_integration_rev
GGTATATACATACG
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13142

13143

13144

13145

13146

13147

13572

3372

13727
13728
13729
13730
13731
13732
13733
13734
13735
13736
13737
13738
13739
13740
13741
13742
13743
13744

TTTACAATATAGTGATAATCGTGGACTAGAGCAAGAT-
TTCAAATAAGTAACAGCAGCAAACCTTGCCAACAGG-
GAGTTC

TCATTGCTGGCAGTGTAGCTGATAGCATCACATGACCTG—
CAGATGGCACTCACGTCACTGCCTTGCCAACAGGGAGTTC

ACGCAATATCGGCCATCGTGCGAGTGTCTCAAACTATCT -
GTATGCAAATTCGTGCGTGTGCAGTGTTCCTTAATCAAG—
GATACCTC
CACACGCACGAATTTGCATACAGATAGTTTGAGA-
CACTCGCACGATGGCCGATATTGCGTAAGAGGATGTC-
CAATATTTTTTTTAAG
TCAGACAATTCTATACGCGGACTGATATGG-
CAGAAGCTAGGAGACGTTATGCGATCTTAGCATTAAAC-
TACGATGTAAACATCAAGG

CTAAGATCGCATAACGTCTCCTAGCTTCTGCCATAT-
CAGTCCGCGTATAGAATTGTCTGAAAGACCCAGAGAT-
GTTGTTGTC

TATATTTGATGTAAATATCTAGGAAATACACTTGTGTAT -
ACTTCTCGCTTTTCTTTTATTCGGTACACTTCTGAG—
TAACCCATATAG

GCCCAAATCGGCATCTTTAAATG
CCAATTGGTGCGGCAATTG
AAACAAATCACGAGCGACGG
GTTGCTTTCTCAGGTATAGCATGAGG
GCGAAACTCTCGGTCTAGTACC
CTTTTCTCTTTCCCCATCCTTTACG
CGCCGTCACAAACAACC
GTTATGGCGAGAACGTCGG
GCATCACTGCATGTGTTAACCG
TCCAATTGTCGTCATAACGATGAGG
GATCCTGGCCGTAATATCTCTCC
GTCGGCTCTTTTCTTCTGAAGG
TTAGGGCTTGCGTCAGC
ATGTCCTCCAACTCGGC
CGGAGTCCGAGAAAATCTGG
GAATTGGCTTAAGTCTGGGTCC
CGTTCTCAAGACGTGGTCC
TTTTCAGCCTGTCGTGGTAGC

AGGGAATAAGTAGGGTGATACCGC
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SGAI1_homology_pUDI198_casset-

te_integration_fwd

SHR9_homology_pUDI198_cas-
sette_integration_fwd

SHR10_homology_pUDI198_cas-
sette_integration rev

SHR10_homology_pUDI199_cas-
sette_integration_fwd

SHR11_homology_pUDI199_cas-
sette_integration _rev

SHR11_homology_pUDE797_cas-
sette_integration_fwd

SGA1_homology_pUDE797_cas-
sette_integration_rev
Internal_junction_1_check_REV
Internal_junction_2_check_FWD
Internal_junction_2_check_REV
Internal_junction_3_check_FWD
Internal_junction_3_check_REV
Internal_junction_4_check_ FWD
Internal_junction_4_check_REV
Internal_junction_5_check_FWD
Internal_junction_5_check_REV
Internal_junction_6_check FWD
Internal_junction_6_check_REV
Internal_junction_7_check_FWD
Internal_junction_7_check_REV
Internal_junction_8_check_FWD
Internal_junction_8_check_REV
Internal_junction_9_check FWD
Internal_junction_9_check_REV
Internal_junction_10_check_FWD
Internal_junction_10_check_REV
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5" External_junction_1_2_3_

ACTCGAAGCAGTTCAGAACG
7806 check_ FWD
4369 GAGGCACATCTGCGTTTCAGG 5" External_junction_1_check_REV
5026 CGTATTACGATAATCCTGCTGTC 5" External_junction_2_check_REV
8410 CGACGAAGAAAAAGAAACGAGG 5 External_junction_3_check_REV
3’ External_junction_1_check_
2372 TATTGGTCGGCTCTTTTCTTCTG
FWD
3’ External_junction_2_check_
5389 GTTCTTCCTTGCGTTATTCTTCTG
FWD
2375 TGAGCCACTTAAATTTCGTGAATG 3 External_junction_3_check_
FWD
3’ External_junction_1_2_3_
7331 GAGACTCGCATGAGAACATC
check_ REV
AAGCATCGTCTCATCGGTCTCAATCCAAAAAGAATCAT-
10886 ScPYK1t_YTK_fwd
GATTGAATGAAGATATT
TTATGCCGTCTCAGGTCTCACAGCGTATCCTTTCGC-
10887 ScPYKI1t_ YTK rev

CATCCTG

AAGCATCGTCTCATCGGTCTCAATCCGATTAATATAAT -

10765 ScTPIIt_ YTK_fwd
TATATAAAAATATTATCTTCTTTTC

TTATGCCGTCTCAGGTCTCACAGCCGGTACACTTCTGAG—

10766 ScTPI1t YTK rev
TAAC

AAGCATCGTCTCATCGGTCTCAATCCGTTAATTCAAAT -

10757 ScFBAIt_YTK_fwd
TAATTGATATAGTTTTTTAATG

TTATGCCGTCTCAGGTCTCACAGCCGCGAACTCCAAAAT -

10758 ScFBAIt_YTK rev
GAGC

AAGCATCGTCTCATCGGTCTCAATCCGCGAT -

10773 ScPDCIt_YTK_fwd
TTAATCTCTAATTATTAGTTAAAG

TTATGCCGTCTCAGGTCTCACAGCCAGTGTTCCTTAAT -

10774 ScPDCI1t_YTK rev
CAAGGATACC
AAGCATCGTCTCATCGGTCTCAATCCGTCTGAAGAAT -

10759 ScGPM1t_YTK_fwd
GAATGATTTGATG
TTATGCCGTCTCAGGTCTCACAGCCATTAAACTACGATG—

10760 ScGPMIt_YTK rev
TAAACATC

Identification of Moco biosynthetic genes

tBLASTn (BLOSUMS62 scoring matrix, gap costs of 11 for existence and 1 for extension)
analysis was performed to identify putative Moco biosynthetic genes in O. parapolymorpha
DL-1 [432]. The protein sequences of the E. coli molybdopterin-cofactor biosynthesis
enzymes MoaA (P30745; GTP 3’8-cyclase), MoaC (POA738; cyclic pyranopterin
monophosphate synthase), MoeB (P12282; molybdopterin-synthase adenylyltransferase),
IscS (POA6B7; cysteine desulfurase), MoaD (P30748; molybdopterin synthase sulfur
carrier subunit), MoaE (P30749; molybdopterin synthase catalytic subunit), MogA

122



Material and Methods

(POAF03; molybdopterin adenylyltransferase) and MoeA (P12281; molybdopterin
molybdenumtransferase) were used as query against the O. parapolymorpha
transcriptome dataset with accession number SRX365635 (https://www.ncbi.nlm.nih.
gov//sra?term=SRX365635) [426]. Identified coding sequences were manually annotated
in the O. parapolymorpha genome sequence (PRJNA60503) and checked for the presence
of alternative in-frame start codons upstream of the annotated region. Protein identity
was calculated using the Clustal Omega protein alignment tool [433].

Plasmid construction

Plasmids used in this study are shown in Table 3. Plasmids carrying two copies of the
same gRNA targeting one of the putative Moco biosynthetic genes in O. parapolymorpha
were cloned by Bsal Golden Gate assembly as previously described [423, 434]. In brief,
synthetic dsDNA strings including a Bsal and ribozyme-flanked 20 bp target sequence
were de novo synthesized and cloned in plasmids by GeneArt (Thermo Scientific). Then,
each of the plasmids pUD697, pUD698, pUD699, pUD700, pUD701, pUD703, pUD704,
and pUD705 carrying the gRNA sequence targeting HPODL_02673, HPODL_02674,
HPODL_00948, HPODL 00195, HPODL 03424, OpYNRI, HPODL 02128, and
HPODL_01640, respectively, was combined in a ‘one pot’ Bsal Golden Gate reaction
[435] together with the backbone carrying plasmid pUDP002 (Addgene plasmid number
#103872) [423] to yield plasmids pUDP093 (gRNA pUDP094 (gRNA
pUDPO095 (gRNA,, 1, 10ss)» PUDP096 (gRNA,, ) pUDP097 (gRNA
pUDP099 (gRNA ), pUDP100 (gRNA ), and pUDP101 (gRNA
respectively.

HPODL_02673) HPODL_02674) ’
HPODL703424) >
HPODL701640)’

OpYNRI HPODL_02128

In order to assemble plasmids with promoter-gene-terminator expression modules, new
promoters and terminator parts compatible with the Golden Gate based yeast toolkit (Y TK)
were cloned [317]. For this purpose, terminator parts from S. cerevisiae were amplified with
primers having YTK-compatible ends and S. cerevisiae CEN.PK113-7D genomic DNA
as template. Primer pairs 10886/10887, 10765/10766, 10757/10758, 10773/10774, and
10759/10760 were used to amplify ScPYKIt, ScTPIIt, ScFBAIt, ScPDCIt, and ScGPM1It,
respectively and purified PCR products were used in a BsmBI Golden Gate reaction
together with the pUD565 entry vector to yield pGGKp040, pGGKp042, pGGKp046, and
pGGKp048, respectively. Plasmids carrying ScFBA1p, ScTPI1p, ScGPM1p flanked by YTK
compatible ends, were de novo synthesized by GeneArt (Thermo Scientific) and named
pGGKp104, pGGKpl14, and pGGKp116, respectively. Promoter fragments of glycolytic
genes were selected to be 800 bp long while terminator length was selected to be 300 bp.

Plasmids carrying a transcriptional unit for expression in S. cerevisiae were cloned by
either Golden Gate assembly, Gibson assembly or in vivo homologous recombination
in yeast. All coding sequences were amplified from O. parapolymorpha DL-1 genomic
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Table 3: Plasmids used in this study.

Name Characteristics Reference
pUDP002  ori bla panARS(OPT) A¢TEF1p-hph-AgTEF1t SCTDH3p®"  [423]
BaIScCYCIt AaTEF1p-Spycas9P7Y PUT-ScPHOS¢t
pYTK096  3'URA3 ConLS$’ gfp ConRE URA3 ntpII ColE1 5’ URA3 [317]
pGGKd017 ConLS’ gfp ConRE URA3 2 pm bla ColE1 [157]
pYTKO009  cat ColE1 B*-ScTDH3p-5 [317]
pYTK010  cat ColE1 B-ScCCW12p-! [317]
pYTKOI1l  cat ColE1 B*-ScPGKIp-5 [317]
pYTKO012  cat ColEl *-ScHHF2p-5! [317]
pYTKO13  cat ColE1 B-ScTEFIp-® [317]
pYTKO014  cat ColE1 B#-ScTEF2p-5! [317]
pYTKO015  cat ColE1 »-ScHHFIp-* [317]
pYTKO17  cat ColE1 ®*-ScRPL18bp- [317]
pYTKO051  cat ColE1 B*-ScENOIt-Bs! [317]
pYTKO052  cat ColE1 Bl-ScSSA 1t-B! [317]
pYTKO053  cat ColE1 -ScADH It-B! [317]
pYTKO054  cat ColE1 B#-ScPGK1t-B! [317]
pYTKO055  cat ColE1 B-ScENO2t- [317]
pYTKO056  cat ColEl *!-ScTDHIt-* [317]
pUDRII9  2um amdSYM SNR52p-gRNA.SGA1.Y-SUP4t [437]
pROS13 2um bla kanMX gRNA-CANI1.Y gRNA-ADE2.Y [313]
pUDS565 cat ColE1 [438]
pUD697 bla ColE1 **'HH-gRNA 1.1 s HDV* GeneArt, this study
pUD698 bla ColE1 **'HH-gRNA .01 g7, HDV™ GeneArt, this study
pUD699 bla ColE1 *"HH-gRNA_ 1.1 gpes HDV™ GeneArt, this study
pUD700 bla ColE1 *'HH-gRNA | 0 005" HDVH GeneArt, this study
pUD701 bla ColE1 **'HH-gRNA .1, 50, HDV® GeneArt, this study
pUD703 bla ColE1 *'HH-gRNA ., -HDV™ GeneArt, this study
pUD704 bla ColE1 **'HH-gRNA .1 105" HDV® GeneArt, this study
pUD705 bla ColE1 *'HH-gRNA .1, 160" HDV™ GeneArt, this study
pUD728 bla ColE1 *-CrMOTI1-" GeneArt, this study
pUDP093  bla ColE1 panARS(OPT) AgTEFIp-hph-AgTEFIt This study
ScTDH3p-HH- gRNAOpHPODL702673_HDV_SCCYCIt
AaTEFI1p-Spycas9°H7Y FUIT_ScPHOS5t
pUDP094  bla ColE1l panARS(OPT) AgTEFIp-hph-AgTEFIt This study

ScTDH3p-HH- gRNA -HDV-ScCYC1t

OpHPODL_02674

AaTEFI1p-Spycas9PH7Y FIT_§cPHOS5t
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pUDP095

pUDP096

pUDP097

pUDP099

pUDP100

pUDP101

pGGKp040
pGGKp042
pGGKp045
pGGKp046
pGGKp048
pGGKp104
pGGKpl114
pGGKpl16
pUDI189

pUDI190

pUDI191

pUDI192

pUDI193

pUDI194

pUDI195

bla ColE1 panARS(OPT) AgTEFIp-hph-AgTEFIt
ScTDH3p-HH- gRNA o1 gg0is-HDV-ScCYCt
AaTEFI1p-Spycas9PM7Y PIT_§cPHOS5t

bla ColE1 panARS(OPT) AgTEFIp-hph-AgTEFIt
ScTDH3p-HH- gRNA 01 g00s-HDV-ScCYCt
AaTEFIp-Spycas9°+7Y PIT_§cPHOS5t

bla ColE1 panARS(OPT) AgTEFIp-hph-AgTEFIt
ScTDH3p-HH- gRNA 001 450, HDV-ScCYCIt
AaTEFIp-Spycas9°7 PIT_§cPHOS5t

bla ColE1 panARS(OPT) AgTEFIp-hph-AgTEFIt
ScTDH3p-HH- gRNA,, . -HDV-ScCYCIt
AQTEFIp-Spycas9®™ PIIT_cPHOSt

bla ColE1 panARS(OPT) AgTEF1p-hph-AgTEFIt
ScTDH3p-HH-gRNA o1 .1, -HDV-ScCYCIt
AaTEFIp-Spycas9° MT_§cPHOS5t

bla ColE1 panARS(OPT) AgTEFIp-hph-AgTEFIt
ScTDH3p-HH-gRNA -HDV-ScCYCIt

OpHPODL_01640

AaTEFIp-Spcas9°'+7Y PIT_ScPHOS5t
cat ColE1 B#-ScPYK1t-Bs!

cat ColE1 B2l-ScTPI1t-Bs!

cat ColE1 Bl-ScPDC1t-Bs!

cat ColE1 B-ScFBA I**al

cat ColE1 Bl-ScGPM 1t-Bs!

cat ColE1 B-ScFBA Ip-B+!

cat ColE1 B-ScTPI1p-B

cat ColE1 B-ScGPM1p-5

3’URA3 ConLS’ ScTDH3p-HPODL_02673-ScENOIt

ConRE’'URA3 ntpII ColE1 5’URA3

3’URA3 ConLS’ ScCCWI12p-HPODL_02674-ScSSA It

ConRE’'URA3 ntpll ColE1 5’URA3

3’URA3 ConLS ScPGKI1p-HPODL_00195-ScADHIt

ConRE'URA3 ntpll ColE1 5’URA3

3’URA3 ConLS’ ScHHF2p-HPODL_01640-ScPGKIt

ConRE’'URA3 ntpll ColE1 5’URA3

3’URA3 ConLS ScTEFI1p-HPODL_00337-ScENO2t
ConRE’URA3 ntpII ColEl 5’URA3

3’URA3 ConLS’ ScTEF2p-HPODL_03424-ScTDHIt
ConRE’'URA3 ntpll ColE1 5’URA3

3’URA3 ConLS’ ScFBA1p-CrMOTI1-ScTEF2t
ConRE’URA3 ntpII ColE1 5’URA3
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pUDE796  ConLS ScGPMIp-HPODL_00948-ScPYKIt This study
ConRE’ URA3 2 um bla ColE1

pUDI197  3’URA3 ConLS ScHHFI1p-HPODL_02128-ScFBAIt This study
ConRE’'URA3 ntpll ColE1 5’URA3

pUDII98  3'URA3 ConLS ScTEFIp-OpYNTI-ScPDCIt This study
ConRE’'URA3 ntpll ColE1 5’URA3

pUDI199  3’URA3 ConLS’ ScRPL18bp-OpYNRI-ScGPMIt This study
ConRE’'URA3 ntpll ColE1 5’URA3

pUDE797  ConLS’ ScTPIIp-OpYNII-ScTPIIt This study
ConRE’ URA3 2 um bla ColE1

pUDR653 2 pum bla kanMX gRNA-OpYNRIY gRNA-OpYNRLY This study

DNA (gDNA) as template, except for the Chlamydomonas reinhardtii MOTI gene,
which was codon optimized for expression in S. cerevisiae and de novo synthesized by
GeneArt (Thermo Scientific) resulting in plasmid pUD728. Expression cassettes for
HPODL_02674, HPODL_00195, HPODL_01640, HPODL_03424, CrMOT1, OpYNT1,
and OpYNR1 were constructed in vitro by Golden Gate assembly [317]. First, primer pairs
12871/12872, 12873/12874, 12875/12876, 12879/12880, 12881/12882, 12899/12900, and
12901/12902 were used to amplify the HPODL_02674, HPODL_00195, HPODL_01640,
HPODL_03424, CrMOT1, OpYNT1I, and OpYNRI coding sequence, respectively, to add
the YTK part 3 compatible ends. Then, each linear DNA carrying the coding sequence for
HPODL_02674, HPODL_00195, HPODL_01640, HPODL_03424, CrMOT1, OpYNT1,
and OpYNRI was combined together with the backbone plasmid pYTK096 and the
respective promoter/terminator part plasmid pair pYTKO010/pYTKO052, pYTKO011/
pYTKO055, pYTK012/pYTKO054, pY TK014/pYTK056, pGGKp104/pGGKp038, pY TK013/
pGGKp045, and pYTK017/pGGKp048, in a Bsal Golden gate reaction to yield pUDI190,
pUDI191, pUDI192, pUDI194, pUDI195, pUDI198, and pUDI199, respectively. The
expression cassettes for HPODL_02673 and HPODL_02128 were constructed using in vitro
Gibson assembly [395]. ScTDH3p promoter, HPODL_02673 coding sequence, ScSSA 1t
terminator and backbone were amplified using primer pairs 12865/12866, 12867/12868,
12869/12870, 12863/12864 and pYTKO009, O. parapolymorpha DL-1 gDNA, pYTKO055
and pYTKO096 as template, respectively. PCR products were then combined in equimolar
amounts in an in vitro Gibson assembly reaction with NEBuilder HiFi DNA Assembly
Master Mix (New England Biolabs, Ipswich, MA) that yielded plasmid pUDI189. Similarly,
ScHHF1p promoter, HPODL_02128 coding sequence, ScFBA It terminator and backbone
fragments were amplified with primer pairs 12893/12894, 12895/12896, 12897/12898,
12891/12892 and pYTKO15, O. parapolymorpha DL-1 gDNA, pGGKp040 and pYTK096
as template, respectively. Equimolar amounts of these PCR products were then combined
in an in vitro Gibson assembly reaction that yielded plasmid pUDI197. The expression
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cassettes for HPODL_00948 and OpYNI1 (HPODL_02386) were constructed using in
vivo assembly in S. cerevisiae [436]. SSGPMIp promoter, HPODL_00948 coding sequence,
ScPYKIt terminator and backbone were amplified using primer pairs 12885/12886,
12887/12888,12889/12890, 12883/12884 and O. parapolymorpha DL-1 gDNA, pGGKp038,
and pGGKdO17 as template, respectively. S. cerevisiae CEN.PK113-5D (MATa ura3-52)
was then co-transformed with equimolar amounts of PCR products to yield pUDE796.
Similarly, ScTPIlp promoter, HPODL 02386 (OpYNII1) coding sequence, ScTPIIt
terminator and backbone were amplified using primer pairs 12893/12894, 12895/12896,
12897/12898, 12891/12892 and pGGKp114, O. parapolymorpha DL-1 gDNA, pGGKp040,
and pGGKdO017 as template, respectively. S. cerevisiae CEN.PK113-5D (MATa ura3-52)
was then transformed with equimolar amounts of PCR products to yield pUDE797.

Strain construction

O. parapolymorphastrainscarryingasingle genedisruption were obtained by transformation
with the gRNA- and Cas9-carrying plasmid followed by prolonged incubation in selective
media as previously described [423]. O. parapolymorpha DL-1 strain (CBS 11895) was
individually transformed with plasmids pUDP093, pUDP094, pUDP095, pUDP096,
pUDP097, pUDP099, and pUDP101 to yield strains IMD019 (HPODL_02673<%°¢4),
IMD020 (HPODL_02674517264), IMDO021 (HPODL_00948623GA), IMD022
(HPODL_00195%2¢¢4T) IMD023 (HPODL_03424%¢T), IMD025 (OpYNRI1%*75%), and
IMDO027 (HPODL_01640<'124), respectively. Editing at HPODL_02673, HPODL_02674,
HPODL_00948, HPODL_00195, HPODL_03424, OpYNR1, HPODL_01640 was verified
by PCR amplification of each locus using primer pairs 12251/12260, 12252/12261,
12253/12262, 12254/12263, 12255/12264, 12257/12266, and 12258/12268, respectively.
Resulting DNA fragments were purified, and Sanger sequenced (Baseclear, Leiden, The
Netherlands) to check for the presence of INDELSs.

S. cerevisiae strains carrying different combinations of the Moco, Mo-transport, and
nitrate modules were obtained by co-transforming strain IMX585 (MATa Cas9) with the
gRNAS! targeting plasmid pUDRI119 together equimolar amounts of each expression
cassette that was previously amplified by PCR to add unique 60 bp homology flanks.
Transformants were selected by plating on SMD, solid medium [428]. Correct integration
of expression cassettes was assessed by PCR amplification of each recombination junction.
Primers used for integration fragments and junction-check PCR reactions are given in
Supplementary Figures S1-6. Following genotyping of transformants, gRNA-carrying
plasmids were cured [313]. For each transformation, one correctly genotyped clone was
stocked at -80 °C and named IMX1777 (Moco), IMX1778 (Moco, Mo importer), IMX1779
(Mo importer), IMX1780 (nitrate), IMX1781 (Moco, Mo importer, nitrate), IMX1782
(Moco, nitrate).
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O. parapolymorpha spot-plate assay

Frozen aliquots of O. parapolymorpha strains IMD019-23, IMDO025 and IMDO027, as well
as of reference strains S. cerevisiae CEN.PK113-7D and O. parapolymorpha DL-1 were
thawed and used to inoculate 20 mL SMD, __ flask cultures. Once OD, reached a value
above 5, cultures were spun down at 3000 g for 5 min. Cell pellets were washed thrice

with sterile demineralized water and resuspended to an OD__ of 1. For each strain, 10 pL

660

aliquots of the resulting suspension was spotted on either SMD, SMD_ . agar plates.

NO3

Photographs were taken after 48 h incubation at 30 °C.

Aerobic shake flask experiments

To adapt engineered S. cerevisiae strains IMX1777-1782 for growth on nitrate, they were
inoculated in triplicate in 20 mL SMD, . in 100 mL flasks until, after approximately
2 weeks, OD_|
cultures were discarded. Each grown culture was restreaked on an SMD_ . agar plate to

reached a value above 5. If no growth was observed after two weeks,

yield single colonies. One single colony from each independent adaptation experiment
was inoculated in 100 mL SMD_, and stored at -80 °C. Adaptation of strain IMX1781
resulted in independently evolved isolates IMS815, IMS816, and IMS819 while adaptation
of IMX1782 resulted in evolved isolates IMS817, IMS818, and IMS821.

For the determination of the specific growth rates of evolved strains IMS815-819, IMS821,
and of O. parapolymorpha DL-1 and B. bruxellensis CBS 2499, frozen stock cultures were
used to inoculate 20 mL starter cultures. These were subsequently used to inoculate 100
mL SMD_ flask cultures to initial OD, , values between 0.1 and 0.2. Growth of these
cultures was monitored with a 7200 Jenway Spectrophotometer (Jenway, Stone, United
Kingdom). Specific growth rates were calculated from at least five time points in the
exponential growth phase of each culture.

Anaerobic growth experiments

Anaerobic growth of the engineered S. cerevisiae strain IMS816 and the wild-type B.
bruxellensis strain CBS 2499 was studied in a Lab Bactron 300 anaerobic workstation
(Sheldon Manufacturing Inc., Cornelius, OR) containing an atmosphere of 85 % N_, 10%
CO, and 5% H,. Exponentially growing aerobic cultures were used to inoculate anaerobic
starter cultures at a OD_, of about 0.2. These starter cultures were grown in 50-mL
shake flasks containing 40 mL of SMD, .
inoculate a second anaerobic culture on SMD, . with 20 g/L glucose. Anaerobic cultures
were incubated at 30 °C and shaken at 240 rpm on an IKA KS 260 Basic orbital platform
(Dijkstra Verenigde BV, Lelystad, The Netherlands). A regularly regenerated Pd catalyst for
H,-dependent oxygen removal was placed inside the anaerobic chamber. Optical density

supplemented with 40 g/L glucose and used

at 600 nm was periodically measured using a Ultrospec 10 spectrophotometer (Biochrom,
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Cambridge, United Kingdom). Sterile media was placed inside the anaerobic chamber
at least 24 h prior to inoculation to ensure removal of residual oxygen. When indicated,
SMD, ., media were supplemented with 1 ml/L of a concentrated hemin solution that was
prepared by adding 0.05% (w/v) hemin (Sigma Aldrich) to a 1:1 ethanol:water solution
with 50 mM NaOH. As a negative control for oxygen leaks, a parallel culture of S. cerevisiae
CEN.PK113-7D strain on SMD,,  without the anaerobic growth factors Tween 80 and
ergosterol was included in all anaerobic growth experiments [357].

Competitive cultivation

Frozen stock cultures of S. cerevisiae strains IMX585 (MATa SpyCas9), IMS816 (Moco
- Mo importer - Nitrate) and of B. bruxellensis CBS 2499 were used to inoculate 20 mL
starter cultures, which were subsequently used to inoculate 100 mL flask cultures on
SMD, .. Upon reaching mid-exponential phase (1 < OD, < 5), these cultures were
centrifuged at 3000 ¢ for 5 min and washed three times in demineralized water. Cells were
then resuspended in SMD
flask cultures on SMD .. Triplicate co-cultures were prepared for strain pairs IMX585/
CBS 2499 and IMS816/CBS 2499. Flasks were incubated for 48 h prior to plating diluted
NO3-blue and SMD
and then two weeks at 4 °C to develop bromocresol green staining prior to imaging and

and co-inoculated at an initial OD_ of 0.1 in 100 mL shake-

samples on SMD plates. Plates were incubated for 4 days at 30 °C

Amm-blue

colony counting (Supplementary Figure S7).

Whole-genome sequencing

Genomic DNA of strains IMX1781, IMX1782, IMS815, IMS816, IMS817, IMS818, and
IMS821 was isolated with a Blood & Cell Culture DNA Kit with 100/G Genomics-tips
(QIAGEN, Hilden, Germany) following manufacturer’s instructions. Illumina-based
paired-end sequencing with 150-bp reads was performed on 300-bp insert libraries
(Novogene Company Limited, Hong Kong, China) with a minimum resulting coverage of
50 x. Data mapping was performed using bwa 0.7.15-r1142-dirty against the CEN.PK113-
7D genome [225] to which an extra contig containing the relevant integration cassette
had been previously added. Data processing and chromosome copy number variation
determinations were done as previously described [318, 439].

In vitro nitrate reductase activity measurements from cell extract

Frozen stock cultures of S. cerevisiae strains IMX1780, IMX1781 and IMS816 were used
to inoculate 20 mL starter cultures on SMD__, which were then used to inoculate 100-
mL shake flask cultures on the same medium, to an initial OD_ of 0.2. Shake flasks were
incubated for 24 or 48 h, until the OD,
3000 g for 5 min and supernatant was discarded. Lysis buffer was prepared by dissolving

exceeded 30. Cultures were then centrifuged at
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1 tablet of complete ULTRA EDTA-free protease inhibitor cocktail (Roche, Basel,
Switzerland) in 10 mL ice-cold 100 mM potassium phosphate buffer (pH 7). Cell pellets
were resuspended in 1.5 ml lysis buffer and transferred to 1.5 ml bead-beating tubes along
with 0.75 g of 400-600 pm acid-washed glass beads (Sigma Aldrich) per tube. Cells were
disrupted by six 1-min cycles at 5 m/s speed in a Fast-Prep 24 cell homogenizer (MP
Biomedicals, Santa Ana, CA), with 5-min cooling on ice between cycles. Samples were
then centrifuged at 14000 g and at 4 °C for 10 min. Supernatant was collected in 10 mL
centrifuge tubes, diluted by adding 2 mL ice-cold lysis buffer and centrifuged at 20000 g
and at 4 °C for 1 h. Clear supernatant were then transferred in clean 15 mL plastic tubes
and kept on ice prior to analysis. Nitrate-reductase activity was measured by monitoring
either NADH or NADPH consumption at 340 nm using a spectrophotometer (Jasco,
Easton, MA). Reactions were performed at 30 °C, in 100 mM phosphate buffer pH7.
Reaction mixtures included 20 uM FAD, and either 50 or 100 pl of clarified cell extract.
After addition of 200 uM NADH or NADPH, background activity was monitored, after
which 0.005, 0.05, 1 or 2 mM KNO, was added to initiate the reaction. Reaction rates were
corrected based on an extinction coefficient of NADH and NADPH of 6.22 mM™* cm™
at 340 nm and corrected for the background activity in the absence of nitrate. Protein
contents of cell extracts were quantified with a Quick Start Bradford Assay (Bio-Rad
Laboratories, Hercules, CA) following manufacturer’s instructions. Specific activities of
nitrate reductase in cell extracts were expressed in pumol NAD(P)H min™ (mg protein)™.

Proteome analysis

Starter cultures on 20 mL SMD__ were inoculated with frozen stock cultures of strains
IMX1781 and IMS816 and used to inoculate two independent 100 mL flask cultures
for each strain at an initial OD,; of 0.2. Once these cultures reached and OD_ of 4, 1
ml broth was collected and centrifuged at 3000 g for 5 min. The cell pellet, which had a
volume approximately 60 pl was then subjected to protein extraction and trypsin digestion
[440]. Prior to analysis, peptides were resuspended in 30 pl of 3 % acetonitrile/0.01
% trifluoroacetic acid and peptide concentrations were measured with a Nanodrop
spectrophotometer (Thermo Scientific) set at 280 nm. One ug of sample was injected
into a CapLC system (Thermo Scientific) coupled to an Orbitrap Q-exactive HF-X mass
spectrometer (Thermo Scientific). After capture of samples, at a flow rate of 10 pl/min
on a precolumn (u-precolumn C18 PepMap 100, 5um, 100A), peptides were separated
on a 15-cm Cl18 easy spray column (PepMap RSLC C18 2um, 1004, 150 pmx15cm)
at a flow rate of 1.2 pL/min and with a 60-min continuous gradient from 4 % to 76 %
acetonitrile in water . Data analysis was performed using Proteome discover 2.4 (Thermo
Scientific) with fixed modifications set to carbamidomethyl (C), variable modifications
set to oxidation of methionine residues, search mass tolerance set to 20 ppm, MS/MS
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tolerance set to 20 ppm, trypsin selected as hydrolytic enzyme and allowing one missed
cleavage. False discovery rate was set at 0.1% and the match between runs window was set
to 0.7 min. Quantification was exclusively based on unique peptides and normalization
between samples was based on total peptide amount. A protein database consisting of
the S. cerevisiae S288c proteome amino-acid sequences together with sequences of the
heterologously expressed proteins was used for protein searches. For each strain analyses
were performed on independent biological duplicate samples.

Analytical methods

Metabolite concentrations in culture supernatants were analysed by high-performance
liquid chromatography (HPLC) on an Agilent 1260 HPLC (Agilent Technologies, Santa
Clara, CA) fitted with a Bio-Rad HPX 87 H column (Bio-Rad). The flow rate was set at
0.6 mL min™, 0.5 g L' H,SO, was used as eluent and the column temperature was 65 °C.
An Agilent refractive-index detector and an Agilent 1260 VWD detector were used for
metabolite quantification [309]. Nitrate, nitrite and ammonium concentrations culture
supernatants were measured with a Hach DR3900 spectrophotometer and Hach kits
LCK 339, LCK 341, and LCK 304 (Hach Lange, Diisseldorf, Germany), according to the
manufacturer’s instructions.

Statistical analysis

Statistical significance of differences between measurements from replicate cultures were
calculated by using a two-tailed t-test assuming unequal variances (Welch’s correction).

Data availability

All measurement data and calculations used to prepare Fig. 2-7 and Supplementary
figure S7-8 of the manuscript are available at the 4TU.Centre for research data
repository (https://researchdata.4tu.nl/) under doi: 10.4121/13194518. DNA sequencing
data of Saccharomyces cerevisiae strains IMX1781-2, IMS815-19, and IMS821 were
deposited at NCBI (https://www.ncbinlm.nih.gov/) under BioProject accession
number PRJNA658462. Mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (http://www.proteomexchange.org/) via the PRIDE
partner repository with the dataset identifier PXD020472.
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Results

Identification of Moco biosynthesis genes in O. parapolymorpha

As a nitrate-assimilating yeast, O. parapolymorpha DL-1 can express a functional
nitrate reductase (NR). Its genome should therefore carry a full complement of Moco
biosynthesis genes, but these have not yet been annotated or characterized. A tBLASTn
search of O. parapolymorpha DL-1 transcriptome data [426] for orthologs of seven E. coli
Moco biosynthesis genes yielded strong hits (E value < 1.0e'*) with six queries (Figure 1,
Table 4). A seventh, MoaD, yielded only a weak hit (E-value score 1.4 and 23.5 % sequence
identity; Supplementary Table S1) with transcript HPODL_03424 (CnxE). However,
EcMogA and EcMoeA showed strong similarities with the 5 and 3’ ends, respectively,
of the same coding sequence. This observation indicated that, similar to the situation in
other eukaryotes, a single O. parapolymorpha protein carries MPT adenylyltransferase
and molybdenumtransferase domains [441, 442].

The six identified coding sequences were manually annotated in the O. parapolymorpha
genome sequence (PRJNA60503) and checked for presence of alternative in-frame start
codons. EcMoaA (GTP 3’8-cyclase) orthologs such as human MOCS1A and Arabidopsis
thaliana Cnx2 are known to be iron-sulfur cluster proteins thatlocalize to the mitochondria

Table 4: tBLASTn analysis of E. coli Moco-biosynthesis-related proteins versus
O. parapolymorpha transcriptome.

Query Protein annotation Filamentous Gene name of first hit Proposed

protein fungi in O. parapolymorpha yeast

(Uniprot ID) ortholog (E value - % query gene
gene name  cover) name

E. coli MoaA GTP 3’,8-cyclase cnxA HPODL_02673 OpCNX1

(P30745) (5% - 93)

E. coli MoaC Cyclic pyranopterin cnxB HPODL_02674 OpCNX2

(POA738) monophosphate (1% - 87)

synthase

E. coli MoeB Molybdopterin-synthase cnxF HPODL_00948 OpCNX4

(P12282) adenylyltransferase (7¢*°-97)

E. coli IscS Cysteine desulfurase NFS1 HPODL_02128 OpNFS1

(POA6B?) (37 - 99)

E. coli MoaD Molybdopterin synthase cnxG HPODL_01640 OpCNX5

(P30748) sulfur carrier subunit (1.4 -95)

E. coli MoaE Molybdopterin synthase cnxH HPODL_00195 OpCNX6

(P30749) catalytic subunit (4e>-72)

E. coli MogA Molybdopterin cnxE (E) HPODL_03424 OpCNX3

(POAF03) adenylyltransferase (4e?' - 76)
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[443, 444]. Sequence analysis of the EcMoaA ortholog HPODL_02673 (CnxA) indicated
that an N-terminal mitochondrial signal peptide sequence had been missed in the original
annotation.

Individual disruption mutants of six of the O. parapolymorpha candidate genes
(HPODL_02673, HPODL_02674, HPODL_ 00948, HPODL_01640, HPODL_00195,

A B Yy, Y,

AN

HPODL_02673 CAGAGCACATGCTTAC-AACAGAGGAGAT S. cerevisiae CEN.PK113-7D
IMD019 CAGAGCACATGCTTACAAACAGAGGAGAT

O. parapolymorpha DL-1
HPODL_O 2674 AAGACCGCAG-AGTTGATTCCTCTCTGTC
IMD020 AAGRCCGCAGAAGTTGATTCCTCTCTGTC

IMD025 YNR16235GA

HPODL_O 2948 TCTTGCACACATCAG-AAACAGTGGAGAT
IMDO21 TCTTGCACACATCAGAAAACAGTGGAGAT

IMD019 HPODL_02673¢155¢A

HPODL_00195 GAAATACGTTTGAAGGC--AAGGAGGTTGT

IMD022 GARATACGTTTGAAGGCARAAGGAGGTTGT IMD020 HPODL_02674617264
HPODL 03424 CCAAGACTGACATCACAC-CAGAGGCCAT IMD021 HPODL_00948623564
IMD023 CCAAGACTGACATCACACTCAGAGGCCAT

IMD022 HPODL_00195¢126CAT
OPYNRI ACAACCCCAG-TTACTATGGTCTGTGCTG
IMD025 ACAACCCCAGCTTACTATGGTCTGTGCTG IMDO023 HPODL_03424¢225CT
HPODL 01684 TAACACGCTAATTCAGC-ACGTCGGTCGC
IMD027 TAACACGCTAATTCAGCAACGTCGGTCGC IMD027 HPODL_01640¢12#

extracellular intracellular Moco biosynthesis

&

OpYnrl OpYnil
NO; == OpYntl —>NO3'/ » NO, / » NH,* == == ==» amino acids
1 NAD(P)H 3 NAD(P)H

Fig. 2: Frameshift mutations in putative Moco biosynthesis genes impair nitrate assimilation in
O. parapolymorpha. (A) Sanger-sequencing results showing the presence of -frameshift mutations
in O. parapolymorpha strains after targeted Spycas9-directed double-strand breaks in candidate
Moco biosynthesis genes. The 20 bp gRNA targeting sequences are shown in bold, PAM sequences
are underlined. (B) Spot plate of the wild-type O. parapolymorpha and mutant strains on SMD
with either ammonium (SMD_,,,) or nitrate (SMD_.) as sole nitrogen source. As a control, the
NR OpYNRI gene encoding nitrate reductase was also targeted and mutated. Pictures were taken
after 24 h incubation at 30 °C. All strains were spotted on the same agar plate and then re-arranged
in the photograph. (C) Schematic representation of the nitrate assimilation pathway including a
high-affinity nitrate transporter (OpYntl), a Moco-dependent NR (OpYnr1), and a nitrite reductase
(OpYnil). The dashed line represents multiple enzyme-catalysed reactions.
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and HPODL_03424) were successfully constructed by introducing frameshifts within
the first 30 % of each coding sequence with SpyCas9 (Fig. 2A). Attempts to disrupt of
HPODL_02128 (OpNFS1) were not successful, suggesting that, as in S. cerevisiae, OpNfsl
is essential due its roles in iron-sulfur cluster biosynthesis and tRNA thiolation [301].
The ability of disruption mutants to use nitrate as sole nitrogen source was tested by
spot-plate assays (Fig. 2B). The S. cerevisiae reference strain CEN.PK113-7D and the
O. parapolymorpha DL-1 reference strains, as well as the NR-deficient O. parapolymorpha
strain IMDO025 (OpYNR1%%G4) were included as controls. As expected, the DL-1 strain,
but not strains CEN.PK113-7D and IMD025 grew on SMD, ..

Consistent with involvement of the six candidate genes in Moco synthesis, the
corresponding O. parapolymorpha disruption mutants (IMDO019, IMD020, IMDO021,
IMD022, IMDO023, and IMD027) did not grow on SMD_ . (Fig. 2C).

NO3

Design of Moco biosynthesis and nitrate assimilation in S. cerevisiae

Since S. cerevisiae does not naturally express molybdenum-dependent enzymes, Moco
synthesis by this yeast may not only require functional expression of Moco biosynthesis
genes, but also of a molybdate transporter. Heterologous genes required for Moco
biosynthesis and nitrate assimilation were therefore grouped in three functional modules
(1) Moco biosynthesis (Moco) comprising HPODL_02128 (OpNFS1), HPODL_02673
(OpCNX1), HPODL_02674 (OpCNX2), HPODL_00948 (OpCNX4), HPODL_01640
(OpCNX5), HPODL_00195 (OpCNX6), and HPODL_03424 (OpCNX3), (2) Molybdate
high-affinity transport (Mo-transport) consisting of CrMOT1 from the unicellular green
alga Chlamydomonas reinhardtii [425] and (3) Nitrate assimilation (nitrate) comprising
of O. parapolymorpha genes encoding a high-affinity nitrate transporter (OpYNT1I),
nitrate reductase (OpYNR1), and nitrite reductase (OpYNII). Theoretically, an engineered
S. cerevisiae strain expressing these three modules should be able to grow with nitrate as the
sole nitrogen source. Although S. cerevisiae has a native NFSI gene, ScNfs1 predominantly
localizes to the mitochondria [445]. In contrast, human Nfsl contributes to Moco
biosynthesis in the cytosol [446]. To ensure a sufficient activity of Nfsl in the cytosol of
S. cerevisiae, OpNFS1 was included in the Moco module. Each module was integrated
individually or in combination with other modules at the SGA1 locus on chromosome IX
in one single transformation (Figure 3A). This genomic locus has been previously shown
to be a suitable integration site for single or multiple genes expression modules [277, 313].
Growth of S. cerevisiae on nitrate required amplification of the Moco biosynthesis and
nitrate assimilation pathway genes

Transformation of the different modules resulted in S. cerevisiae strains IMX1777 (Moco),
IMX1778 (Moco, Mo-transport), IMX1779 (Mo-transport), IMX1780 (nitrate), IMX1781
(Moco, Mo-transport, nitrate) and IMX1782 (Moco, nitrate) (Figure 3B, Figure S1-6).
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Fig.3: Schematic overview of S. cerevisiae strain construction. All genes were integrated by CRIS-
PR/Cas9 in one step at the SGAI locus on chromosome IX (A). One or more of the moco, Mo-trans-
port, and nitrate modules were integrated, resulting in strains IMX1177, IMX1178, IMX1179,
IMX1180, IMX1181, and IMX1182 (B).

After a short adaptive laboratory evolution of two weeks, only strains IMX1781 (Moco,
Mo-transport, nitrate) and IMX1782 (Moco, nitrate) grew on synthetic medium with
nitrate, indicating that next to adaptation, expression of the Moco and nitrate modules
was essential for nitrate assimilation, while, under these conditions, high-affinity Mo-
transport was dispensable.

To further investigate the genetic basis of this adaptation, evolved populations derived
from IMX1781 and IMX1782 were each inoculated in triplicate shake-flask cultures on
SM, . After reaching stationary phase, single-colony isolates were obtained from these
cultures and named IMS815-6, and IMS819 (derived from IMX1781), and IMS817-8,
and IMS821 (derived from IMX1782). Whole-genome sequencing showed a disomy or
trisomy of chromosome IX, which harboured the SGAI locus at which the heterologous
genes were integrated (Fig. 4), in five of these six isolates. This change in chromosomal
copy number was not observed in a culture of the parental strains IMX1781 and IMX1782
grown on complex YPD medium. Strain IMS819, which did not show aneuploidy, but had
lost mitochondrial DNA and was therefore not used in further experiments because of its
inability to respire.

To assess the impact of the observed changes in copy number of chromosome IX on
expression levels of the heterologous proteins, strain IMX1781, which contains all three
modules (Moco, Mo-transport, nitrate) and the derived isolate IMS816 were analysed by
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Fig. 4: Chromosomal copy
number variations in engi-
neered S. cerevisiae strains
evolved for growth in SMD
with 50 mM KNO, as sole nitro-
gen source. S. cerevisiae strains
IMS815 (A), IMS816 (B) and
IMS819 (C) were evolved start-
ing from strain IMX1781 (Moco,
Mo-transport, nitrate) while
strains IMS817 (D), IMS818 (E)
and IMS821 (F) were evolved
starting from strain IMX1782
(Moco, nitrate). Copy numbers
of chromosomes and chromo-
somal regions were calculated
from sequence data with the
Magnolya algorithm [318]. Re-
sults for the parental unevolved
strain and the evolved isolate are
shown in blue and red, respec-
tively. Individual chromosomes
are indicated by Roman nu-
merals and separated by dashed
lines.
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untargeted proteomics (Fig. 5A). The heterologously expressed proteins were all detected
in both strains, except for OpNfs1 which was not detected in the unevolved strain IMX1781
(Moco, Mo-transport, nitrate). Statistical analysis of normalized peptide counts showed
that levels of five Moco biosynthetic proteins (OpCnx2, OpCnx3, OpCnx4, OpCnx6, and
OpNfs1) were significantly higher (P-value < 0.05) in the evolved isolate IMS816 than in
the parental strain IMX1781.

NADPH- and NADH-dependent NR activity was assayed in cell extracts of strains
IMX1780 (nitrate), IMX1781 (Moco, Mo-transport, nitrate), and IMS816 (evolved
IMX1781) (Fig. 5B). Cell extracts of strain IMX1780, which lacks the Moco module,
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Fig. 5: Evolved nitrate-assimilating S. cerevisiae strains show increased Moco biosynthesis and
nitrate-assimilation protein expression levels and higher in vitro nitrate-reductase activity. (A)
Normalized abundances of heterologously expressed proteins in strains IMX1781(Moco, nitrate,
Mo-transport, light blue) and IMS816 (Evolved IMX1781, x3 Moco, x3 nitrate, x3 Mo-transport,
yellow) measured by LC-MS. P-values from a two-tailed Welch’s t-test are shown above each tested
pair and highlighted in yellow when P-value < 0.05. (B) Nitrate reductase activity in cell extracts
derived from overnight cultures of IMX1780 (nitrate), IMX1781 (Moco, nitrate, Mo-transport), and
IMS816 (Evolved IMX1781, x3 Moco, x3 nitrate, x3 Mo-transport) grown on SMD__ . Statistical
analysis was based on a two-tailed Welch’s t-test and P-values are reported for tested pairs. Error bars
represent the standard error of the mean of biological replicates (n=2 for panel A, n=3 for panel B).
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showed no significant NR activity with either redox cofactor. In contrast, extracts from
strains IMX1781 and IMS816 both showed NR activity, with a ca. 5-fold increased activity
in the latter strain. Activities observed with NADPH as electron donor were approximately
four-fold higher than with NADH. These results indicate that strain IMX1781 already
expressed a functional nitrate assimilation pathway and that its cultivation SM, , provided
a strong selective pressure for amplification of the heterologous gene cassettes, leading to
increased protein expression and enzyme capacity.

Growth characteristics of engineered nitrate-assimilating S. cerevisiae

Specific growth rates of the evolved S. cerevisiae isolates IMS815-8 and IMS821 measured
in shake-flask cultures on SMD, . ranged from 0.10 to 0.17 h* (Fig. 6A). These specific
growth rates are two- to three-fold lower than that of a congenic reference strain on SMD
with ammonijum as nitrogen source [394]. Compared to natural nitrate-assimilating yeasts,
S. cerevisiae strains IMS816 and 817 grew faster than B. bruxellensis CBS 2499 (specific
growth rate of 0.1 h" on SMD, ) but up to 2.5-fold slower than O. parapolymorpha
CBS 11895 (specific growth rate of 0.25 h"' on SMD, |
SMD, ., nitrate consumption by fastest growing nitrate-assimilating S. cerevisiae strains
IMS816 (evolved IMX1781, Moco, Mo-transport, nitrate) IMS817 (evolved IMX1782,

Moco, nitrate) occurred without detectable accumulation of either nitrite or ammonium

). During exponential growth on

(Fig. 6B-C). Release of small amounts of ammonium in late stationary phase cultures was
tentatively attributed to protein turnover and/or cell lysis.

To test whether expression of a high-affinity Mo-transporter was essential at low
extracellular molybdate concentrations, strains IMS816 and IMS817 were inoculated
in SMD_, with a 100-fold lower MoO,> concentration than the reference medium
(16 nM instead of 1.6 pM, Fig.6D). After two weeks of incubation, only strain IMS816
started growing on the low-molybate medium and, upon transfer to the same medium,
instantaneously grew exponentially at a rate of 0.11 + 0.01 h™'. This observation indicated
that, after an adaptation period, the Mo-transport module was required for growth at low
molybdate concentrations.

The ability of strain IMS817 (Moco, nitrate) to co-consume nitrate and ammonium was
tested in shake-flask cultures on SMD, , which contained 10 mM NH NO, as nitrogen
source (Fig. 6E). Although ammonium and nitrate were consumed at different rates,
nitrate and ammonium were consumed simultaneously. Nitrate was completely consumed
(residual concentration < 0.1 mM) and a high specific growth rate (0.30 £ 0.01 h™'") was
observed throughout the exponential growth phase.

In addition to Moco, NR requires a flavin adenine dinucleotide and heme b as cofactors
[447, 448]. In S. cerevisiae, heme b is synthesised via an oxygen-dependent pathway [449,
450]. To test whether the nitrate-assimilating S. cerevisige strain IMS816 (Moco, Mo-
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Fig. 6: Aerobic characterization of engineered and evolved nitrate-assimilating S. cerevisiae
strains. (A) Specific growth rates in aerobic shake-flask cultures of evolved S. cerevisiae strains
IMS815, IMS816, IMS817, IMS818, IMS821, B. bruxellensis CBS 2499, and O. parapolymorpha CBS
11895 on SMD, .. Growth curves of aerobic shake-flask cultures of S. cerevisiae strains IMS816
(Evolved IMX1781, x3 Moco, x3 nitrate, x3 Mo-transport, B) and IMS817 (Evolved IMX1782, x2
Moco, x2 nitrate, C) in SMD_ .. Symbols indicate biomass (®) and nitrate (0), nitrite (0) and am-
monium (A). (D) Growth curves of IMS816 (Evolved IMX1781, x3 Moco, X3 nitrate, x3 Mo-trans-
port, 0) and IMS817 (Evolved IMX1782, x2 Moco, X2 nitrate, ®) in SMD ., | . CONtaining 16 nM
MoO,”. (E) Growth curve in aerobic shake-flask cultures of S. cerevisiae IMS817 (Evolved IMX1782,
x2 Moco, x2 nitrate) on SMD, & containing 10 mM NH,NO, as nitrogen source. Symbols indicate
OD,, (), glucose (m), ethanol (), ammonium (0), and nitrate (0). Statistical analysis was based
on a two-tailed Welch’s t-test and P-values are reported for tested pairs. Error bars represent the
standard error of the mean of independent cultures (n=3 except for panel D and CBS 2499, and CBS

11895 in panel A where n=2).
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Fig. 7: Anaerobic growth of the engineered and evolved nitrate-assimilating S. cerevisiae strain
IMS816 and B. bruxellensis CBS2499 on glucose synthetic medium with nitrate as sole nitrogen
source. Strain CBS 2499 (A) and IMS816 (Evolved IMX1781, x3 Moco, x3 nitrate, x3 Mo-transport,
B-C) were sequentially transferred in SMD,, supplemented with Tween 80 and ergosterol with (e)
or without (0) addition of hemin. A first anaerobic batch-cultivation cycle to deplete possible heme
b introduced with the aerobically pre-grown inoculum is highlighted by a grey box. The absence
of oxygen leaks in the anaerobic chamber was verified by near-absence of growth of S. cerevisiae
CEN.PK113-7D on SMD_  without supplementation of the anaerobic growth factors Tween 80
and ergosterol (Supplementary Figure S7). Error bars represent the standard error of the mean of
independent cultures (n=2).
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transport, nitrate, evolved) was nevertheless able to assimilate nitrate under anaerobic
condition, its growth on SMD_ = was studied in an anaerobic chamber. The wild-type
B. bruxellensis strain CBS 2499, which was previously reported to grow anaerobically on
nitrate [451] was included as a reference. Although B. bruxellensis CBS 2499 reproducibly

showed anaerobic growth after three consecutive transfers in SMD_,, the cultures

NO3’
reached only low OD values. S. cerevisiae strain IMS816 grew slower and reached final
OD values that were over two-fold lower than those observed in anaerobic cultures of
B. bruxellensis CBS 2499 (Fig. 7A-B). Supplementation of 32 mg/L of hemin (Fe**-
containing protoporphyrin IX) , which can be imported by S. cerevisiae when grown
anaerobically [452], did not result in faster anaerobic growth of strain IMS816 on SMD,,
(Fig. 7C). This result indicates that the heme b is not the only limiting factor in the tested

conditions and time frames [452].

Competition of nitrate-assimilating S. cerevisiae and the spoilage yeast
B. bruxellensis in nitrate-containing media

B. bruxellensis strains are common yeast contaminants in bioethanol plants [422, 453, 454].
Their spoilage phenotype has been related to utilization of nutrients in industrial media
that cannot be metabolized by S. cerevisiae [455, 456]. Plant biomass-derived substrates,
such as the sugarcane juice used in Brazilian bioethanol processes, contains nitrate [421]. In
such settings, the ability to (co-)consume nitrate may confer a competitive advantage with
S. cerevisiae [421]. To evaluate the relative fitness of the engineered nitrate-assimilating
S. cerevisiae strain IMS816 and B. bruxellensis CBS 2499, they were co-cultured in serial
aerobic batch cultures on SMD, .. After inoculation at a S. cerevisiae:B. bruxellensis ratio
of at least 6:4, based on the colonies ratios at time 0, cultures were sequentially transferred
to fresh medium at 72 h intervals. As a control, a similar experiment was performed
starting with a 9:1 mixture of the nitrate-non-assimilating reference strain S. cerevisiae
IMX585 and B. bruxellensis CBS 2499. At the onset of each cultivation cycle, samples were
plated on SMD with either ammonium or nitrate as nitrogen source, using Bromocresol
Green for differential staining of the two species (Figure 8A). In the control cultures, the
relative abundance of S. cerevisiae IMX585 dropped below 10 % after the first cultivation
cycle and below detection level after the second transfer. In contrast, in a co-culture of
the nitrate-assimilating S. cerevisiae strain IMS816 and B. bruxellensis CBS 2499, the
S. cerevisiae strain persisted in the co-culture for about 35 generations (Fig. 8B).



Chapter 4: Engineering heterologous molybdenum cofactor biosynthesis and nitrate assimilation pathways
enables nitrate utilization by Saccharomyces cerevisiae

A Fig. 8: The engineered nitrogen-as-
72h30°C 72h30°C similating S. cerevisiae strain IMS816

2N shows increased competitiveness in

! \ co-cultures with the spoilage yeast

/ B. bruxellensis. (A) Schematic rep-

IMX585 resentation of the co-cultivation ex-
Or % \

periment. Either the reference strain
S. cerevisiae IMX585 (light blue) or strain

IMS816

Moco, IMS816 (Evolved IMX1781, x3 Moco, x3
Mo-transport, B- bruxellensis nitrate, x3 Mo-transport, yellow) was

nitrate CBS 2499

co-inoculated with B. bruxellensis CBS
2499 (grey) and grown in serial batch
cultures. Before each transfer, cells were
plated on both SMD_ .~ and SM-
D, ... agar plates. After 48 h at 30 °C,
followed by 2 weeks at 4 °C to selective-
ly stain CBS 2499 colonies, S. cerevisiae
(white) and B. bruxellensis (blue) colo-
nies were counted. (B) Development over
blue/white time of the percentage of IMX585 (light
colony count blue) or IMS816 (Evolved IMX1781,

P |

x3 Moco, x3 nitrate, x3 Mo-transport,
B yellow) S. cerevisiae cells relative to to-

tal cell count (grey) of co-cultures with

c 01 B. bruxellensis CBS 2499. Error bars rep-

2 8 resent the standard error of the mean of

g 60 = - independent co-cultures (n=3).

S 40

< -

R 20 =

0 = =
0(0) 1(7) 2(14) 3(21) 4(28) 5(35)
Batch number (estimated generations)
Discussion

Over 50 molybdenum-cofactor (Moco) containing enzymes, mostly from prokaryotes,
have been characterized and catalyse redox reactions in the global cycles of nitrogen
(e.g. nitrate reductase, nitrite oxidase), sulfur (e.g. sulfite oxidase, DMSO-reductase)
and carbon (e.g. CO dehydrogenase, aldehyde oxidases, formate dehydrogenase) [265].
More molybdo-enzymes are likely to be discovered as part of the ongoing exploration
of microbial diversity. Synthesis of a functional Moco in S. cerevisiae represents an
essential step towards accessing this diverse group of enzymes for metabolic engineering
strategies in this platform organism. In addition to the use of nitrate as a nitrogen
source, such strategies could, for example, involve high-k molybdoprotein formate
dehydrogenase [457] as alternative for the low-k_ native fungal formate dehydrogenases
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and molyboprotein furoyl-CoA dehydrogenase, which can contribute to conversion of
furanic compounds found in lignocellulosic hydrolysates [458]. Full exploration of these
possibilities will require expansion of the range of Moco variants that can be expressed by
S. cerevisiae.

Recent genome sequence based phylogeny studies showed that fewer than 27 % of the 329
sequenced Saccharomycotina yeast species genomes harbour Moco biosynthesis genes
and that only 13 % harbour nitrate-reductase genes [266]. The exact gene complement
required for Moco synthesis in yeasts and other organisms has not previously been defined.
The gene set identified in this study, based on a combination of mutational analysis in
O. parapolymorpha and heterologous expression in S. cerevisiae, provides a basis for further
investigation and engineering of fungal Moco biosynthesis. In this context, subcellular
compartmentation of Moco synthesis deserves special attention. In eukaryotes, the
molybdopterin biosynthesis intermediate cyclic pyranopterin monophosphate (cPMP)
is synthesized in the mitochondrial matrix [412] (Fig. 1) and subsequently translocated
to the cytosol for further processing. In Arabidopsis thaliana, AtAtm3, a mitochondrial
transporter involved in Fe-S cluster translocation [459], has been proposed to also
transport cPMP [444]. In vitro and in vivo functionality of nitrate reductase in engineered
strains suggests that S. cerevisiae can export cPMP from mitochondria. By analogy to
the situation in A. thaliana, the mitochondrial ATP-binding cassette (ABC) transporter
ScAtm1, which is involved in transport of iron-sulfur (Fe/S) clusters precursors to the
cytosol and essential for aerobic growth [460, 461], is a promising candidate for this role.
Despite the use of strong promoters to drive expression of O. parapolymorpha nitrate-
assimilation and Moco-biosynthesis genes, growth of engineered S. cerevisiae strains
on nitrate as sole nitrogen source reproducibly selected for mutants in which single-
chromosome disomy or trisomy caused increased copy numbers of these genes. These
increased copy numbers coincided with higher abundances of all encoded heterologous
proteins (Fig. 4). Consequently, it is not possible to unequivocally identify which
protein(s) exerted the strongest control on in vivo rates of nitrate reduction. However,
only HPODL_02128 (OpNfs1) was not detected prior to gene amplification and may
therefore be a priority target in follow-up research. Nfsl1 is a cysteine desulfurase involved
in iron-sulfur cluster (Fe-S) biogenesis and, in S. cerevisiae, is almost exclusively located in
the mitochondria [445]. In O. parapolymorpha, cytosolic Nfsl is also required to re-load
sulfur on the molybdopterin-synthase adenylyltransferase OpCnx4 (HPODL_00948) via
a sulfur mobilization route shared with tRNA thiolation [412, 443, 446].

Earlier reports proposed S. cerevisiae as a platform for molybdate import studies due
to absence of native high-affinity molybdate transporters [425]. Our results show that,
although it does not naturally express molybdoproteins, S. cerevisiae can take up MoO >
at micromolar concentrations. A hypothesis that molybdate is transported by the sulfate

143



Chapter 4: Engineering heterologous molybdenum cofactor biosynthesis and nitrate assimilation pathways
enables nitrate utilization by Saccharomyces cerevisiae

transporters Sull and Sul2 was supported by the observation that expression of the plant
sulfate transporter SHST1 enabled high-affinity molybdate import in S. cerevisiae [462,
463]. The demonstration that expression of a heterologous high-affinity transporter is
required for growth at nM concentrations of molybdate may be relevant for application
of Moco-expressing strains in feedstocks that contain extremely low molybdate
concentrations.

After an earlier unsuccessful attempt to express a Nicotiana tabacum nitrate reductase
[464], this study is the first to demonstrate nitrate assimilation by an engineered
S. cerevisiae strain. In contrast to most naturally nitrate-assimilating fungi [465-467], the
engineered nitrate-assimilating S. cerevisiae strains did not exhibit ammonium repression
of nitrate assimilation and co-consumed both nitrogen sources during fast aerobic growth
on an ammonium-nitrate mixture. Hydrolysates of corn, corn stover and switchgrass used
as feedstocks for yeast-based bioethanol production contain low but significant amounts
of nitrate, whose discharge can have negative environmental consequences [468]. The
low rates of nitrate consumption by anaerobic cultures of nitrate-assimilating S. cerevisiae
strains described in this study may already suffice to eliminate small amounts of nitrate and
thereby contribute process sustainability. For more extensive use of nitrate as a nitrogen
source in anaerobic bioethanol production processes, for instance to reoxidize cytosolic
NADH and thus reduce formation of glycerol as a byproduct [469], further research is
needed to improve anaerobic nitrate reduction by engineered strains.

The ability of the spoilage yeast B. bruxellensis to assimilate nitrate is frequently cited as
explanation for contamination S. cerevisiae sugar-cane juice fermentations [421, 422]. Our
experiments with laboratory co-cultures demonstrate that, indeed, engineering of nitrate
assimilation into S. cerevisiae can positively influence competition with B. bruxellensis.
However, despite a slightly higher growth rate on nitrate of the engineered S. cerevisiae
strain as compared to B. bruxellensis CBS 2499 (0.14 + 0.01 h*! versus 0.10 + 0.01 h'), it
was eventually still outcompeted by the spoilage yeast. Although there is a small difference
in growth rates when only nitrate is provided, it is worth noticing that the similar evolved
isolate IMS817 grew with a growth rate of 0.30 £ 0.01 in SMD,  where both ammoninum
and nitrate were present. This value is much higher than what reported for B. bruxellensis
in a similar medium (0.077 + 0.004 h') [470] and indicates that a nitrate assimilating
S. cerevisiae strain may persist even longer in a co-culture experiment where a media
with both nitrogen sources is used. It was previously reported that dominance of B.
bruxellensis seems not only related to its ability to assimilate nitrate but also to its higher
affinity glucose importers [471, 472]. This suggests that additional engineering is required
to further increase S. cerevisiae competitiveness.

Further optimization of the kinetics of nitrate uptake and assimilation under the anaerobic
conditions prevalent in industrial bioethanol production, combined with growth
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Abstract

Engineering a new metabolic function in a microbial host can be limited by the availability
of the relevant co-factor. For instance, in Yarrowia lipolytica, the expression of a functional
nitrate reductase is precluded by the absence of molybdenum cofactor (Moco) biosynthesis.
In this study, we demonstrated that the core Moco biosynthesis pathway from Ogataea
parapolymorpha associated with the expression of a high affinity molybdate transporter
could lead to the synthesis of Moco in Y. lipolytica. This was achieved by coupling Moco
biosynthesis to the Moco-dependent nitrate assimilation pathway of the same donor
O. parapolymorpha. In addition to 11 heterologous genes, fast growth on nitrate required
adaptive laboratory evolution which, resulted in up to 100-fold increase in nitrate
reductase activity and in up to 4-fold increase in growth rate. Genome sequencing of
evolved isolates revealed the presence of a limited number of non-synonymous mutations
or small insertions/deletions in annotated coding sequences. This study that builds up on
a previous work establishing Moco synthesis in S. cerevisiae demonstrated that the Moco
pathway could be successfully transferred in very distant yeasts and, potentially, to any
other genera, which would enable the expression of new enzyme families and expand the
nutrients range used by industrial yeasts.
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Introduction

The Dipodascaceae yeast Yarrowia lipolytica presents as with S. cerevisiae a double interest
as amodel yeast for dimorphism studies and as an industrial work horse [473]. This strictly
aerobic oleaginous Saccharomycetales yeast has been traditionally exploited for its ability
to efficiently degrade a wide variety of abundant and cheap hydrophobic substrates such
as n-alkanes, fatty acids and oils that was coupled to its remarkable high enzyme secretion
capacity and production of organic acids such as citric acid and a-ketoglutarate [474].
The fast development of dedicated molecular tools including the addition of CRISPR
technology, enabled to propel Y. lipolytica as a potential contender of S. cerevisiae for the
biosynthesis of commodity and specialities chemicals. Y. lipolytica has become a reliable
platform for metabolic engineering as illustrated by the synthesis of flavour compounds
(e.g. y-Decalactone and y-Dodecalactone) [475], insect sex pheromones (e.g. (Z)-
hexadec-11-en-1-ol) as pest biocontrol [476] and rebaudioside A, a steviol glycoside used
as a non-caloric sweetener [477], as most prominent examples.

Engineering of Y. lipolytica with increasingly more complex pathway will require the
expression of an even broader range of enzymes as its attractiveness as metabolic
engineering platform grows. Many enzyme activities require the presence of one or more
essential cofactors [226, 403]. Therefore, the successful expansion of the enzyme repertoire
in a microbial host may require the parallel broadening of its cofactor set. Whenever a
cofactor requirement cannot be met by media supplementation because either (1) the
cofactor is not commercially available, (2) is too unstable, or (3) cannot be imported by
the organism, metabolic engineering is required to enable its de novo biosynthesis or its
transport. This approach was successful in the model yeast Saccharomyces cerevisiae as
exemplified with the implementation of high affinity Ni**transport, an inorganic cofactor
of Ni-dependent urease [227], or with the engineering of tetrahydrobiopterin pathway,
that was instrumental in the implementation of de novo biosynthesis of opioids [258, 404].
More recently, the molybdenum co-factor biosynthesis pathway from the methylotrophic
yeast Ogataea parapolymorpha was introduced in S. cerevisiae allowing expression of
a functional Moco dependent nitrate reductase that could support growth on media
containing nitrate as sole nitrogen source [478]. Although these pioneering studies
demonstrated how metabolic landscape could be expanded beyond the natural ability of
a microorganism, these approaches have not yet been transposed in other industrially
relevant yeast species.

As S. cerevisiae and more than 75% of the Saccharomycotina yeast species, Y. lipolytica
is not able to synthesise molybdopterin cofactor [266] which preclude the possibility to
harness enzyme families of biotechnological relevance.

Moco-dependent enzymes encompass more than 30 different catalytic activities, that have
been divided in three main families based on the Moco variant they require [414, 418].
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In a large majority, Moco-dependent enzymes catalyse oxido/reduction reactions, often
involving oxygen, and are implicated in nutrient e.g. carbon, nitrogen and sulfur cycles
or in detoxification of growth inhibiting compounds thanks to the redox versatility of the
Mo atom [413].

Moco is composed of a molybdate (MoO,*) oxyanion coordinated by two sulfur atoms
on a tricyclic pterin scaffold called molybdopterin (MPT). Moco cannot be supplemented
in the media since the molecule is too unstable due to its oxygen sensitivity [479]. For
this reason, Moco is, in the majority of cases, de novo synthesized intracellularly. The
Moco biosynthetic pathway is very well conserved and it has been extensively studied
in both prokaryotes and eukaryotes [405, 408, 409]. The first step, which takes place in
the mitochondria of eukaryotic cells, is catalysed by the heterodimer Cnx1/Cnx2, that
circularises GTP onto cyclic pyranopterin monophosphate (cPMP). The molecule is then
exported to the cytosol through a yet uncharacterized transporter, and it is converted to
MPT by action of the MPT synthase complex (Cnx5,/Cnx6,) which donates two sulfur
atoms present on a conserved Cysteine residue in the Cnx5 protein. Cnx5 is then reloaded
with sulfur via a sulfur mobilization route that includes the adenyltransferase Cnx4 and a
cysteine desulfurase that is typically involved in iron-sulfur cluster biosynthesis and tRNA
thiolation, Nfs1 [412]. In the final step, molybdate is inserted in a two-steps reaction
catalysed by the multi-domain protein Cnx3 [409]. Previous studies showed that the yeast
S. cerevisiae lacks a high-affinity molybdate transport system and that it is able to import
the oxyanion only with low affinity, unless a high affinity transporter such as CrMotl
from Chlamydomonas reinhardtii is expressed [425, 478]. Moco can be further modified
by either sulfuration of the molybdate ion or, in prokaryotes, by the covalent attachment
of either GDP or CDP to MPT.

The goals of this study were to investigate whether the heterologous Moco biosynthetic
pathway from the nitrate assimilating yeast O. parapolymorpha could be functionally
engineered in Y. lipolytica, together with a Moco-dependent nitrate assimilation pathway.
To this end, not fewer than 11 genes encompassing Moco biosynthesis, molybdate transport
and nitrate reduction functions were introduced in the oleaginous yeast Y. lipolytica using
CRISPR/Cas9 gene-editing technology. The engineered strain was then subjected to
adaptive laboratory evolution in synthetic media with nitrate as the nitrogen source to
evolve a fast-growing population. After that, single cell lines were isolated, phenotyped on
nitrate containing medium and characterized by whole-genome resequencing.
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Strains, media and maintenance

All strains used and constructed in this study are shown in Table 1. All Y. lipolytica strains
were derived from the strain ST6512 (W29, MATa ku70A::Spycas9-EcDsdAMX4; [475].
Yeast strains were grown on either YP (10 g/L Bacto yeast extract, 20 g/L Bacto peptone) or
SM medium [13] with either 5 g/L KNO,, or 2.3 g/L urea (SM, ,and SM__, respectively)
as sole nitrogen source. In all SM media variants, 6.6 g/L K,SO, was added as a source of
sulfate [428]. YP or SM media were autoclaved at 121 °C for 20 min. After sterilization, SM
was supplemented with 1 ml/L of filter-sterilized vitamin solution as previously described
{Verduyn, 1992 #793}. A concentrated glucose solution was autoclaved at 110 °C for 20
min and then added to the YP and SM medium at a final concentration of 20 g/L, yielding
SMD and YPD, respectively. 500-ml Shake flasks containing 100 mL medium and 100-mL
shake flasks containing 20 mL medium were incubated at 30 °C and 200 rpm in an Innova
Incubator (Brunswick Scientific, Edison, NJ). Solid media were prepared by adding 1.5 %
(w/v) Bacto agar and, where indicated, 250 mg/L nourseothricin or 250 mg/L hygromycin
B. Escherichia coli strains were grown in LB (10 g/L Bacto tryptone, 5 g/L Bacto yeast
extract, 5 g/L NaCl) supplemented with 100 mg/L ampicillin. Y. lipolytica and E. coli
cultures were stored at -80 °C after the addition of 30 % v/v glycerol.

Molecular biology techniques

Primers used in this study are shown in Table 2. DNA was amplified using either Phusion
Hot Start IT High Fidelity Polymerase (Thermo Fisher Scientific, Waltham, MA) or Phusion
U (Thermo Fisher Scientific) and desalted or PAGE-purified oligonucleotide primers
(Sigma-Aldrich) according to manufacturers’ instructions. Diagnostic PCR reactions
were performed with DreamTaq polymerase (Thermo Fisher Scientific). PCR products
were separated by gel electrophoresis on a 1 % (w/v) agarose gel (Thermo Scientific) in
TAE buffer (40 mM Tris, 20 mM acetic acid, ] mM EDTA; Thermo Scientific) and purified
with a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Plasmids were
isolated from E. coli using a NucleoSpin Plasmid kit (Macherey-Nagel, Diiren, Germany),
and verified by either restriction digestion or diagnostic PCR. E. coli DH5-a (New England
BioLabs, Ipswich, MA) was used for transformation [316]. Yeast genomic DNA used for
diagnostic PCR reactions was isolated by using the SDS/LiAc protocol [314]. Y. lipolytica
transformation was performed with the LiAc method as previously described [480]. Four
to eight colonies were re-streaked on selective medium to select for single clones and
diagnostic PCRs were performed to verify the correct genotypes.
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Table 2: Primers used in this study.

Material and Methods

E:Ii:nnl::r Primer sequence Product(s)

22956 AGTACTGCAAAAAGUGCTGGTCGG PrTEFin-PrGPD_USER_Biobrick
24013 ATCAGTAGCUAGAGACCGGGTTGGCGGCG PrTEFin-PrGPD_USER_Biobrick
15529 AGCTACTGAUGACGCAGTAGGATGTCCTGCACGG PrTEFin-PrGPD_USER_Biobrick
15528 ATGACAGAUTGTTGATGTGTGTTTAATTCAAGAATG PrTEFin-PrGPD_USER_Biobrick
27208 ACACGCGAUAGAGACCGGGTTGGCGG PrTEFin_USER_Biobrick

22956 AGTACTGCAAAAAGUGCTGGTCGG PrTEFin_USER_Biobrick

24479 ACTTTTTGCAGTACUAACCGCAGCCCGTGCGACACCTG OpCNXl_USER_BiobriCk

24480 CGTGCGAUTTAGCCGCCGATCAGG OpCNXl_USER_Biobrick

24481 ATCTGTCAUGCCACAATGGTGGCCATCCACG OpCNX2_USER_Biobrick

24482 CACGCGAUTTACTTGAAGATGGTAGACAGGTCG OpCNX2_USER_Biobrick

24483 ACTTTTTGCAGTACUAACCGCAGTACCGATTCCGAATTG- OpNFS1_USER_Biobrick

GAGC

24484 CGTGCGAUTTAGTGTCCGGCCCACTC OpNFS1 _USER_Biobrick

24485 ATCTGTCAUGCCACAATGTCTCTGTCTCTGAACGAGTAC OpCNX4_USER_Biobrick

24486 CACGCGAUTTAGTAGATGGGGAAGTTAGGGTC OpCNX4_USER_Biobrick

24487 ACTTTTTGCAGTACUAACCGCAGTCTATCTTCGTGGACAT - OpCNX6_USER_Biobrick

CACC

24488 CGTGCGAUTTAGGTTCGAGACAGCACG OpCNX6_USER_Biobrick

24489 ATCTGTCAUGCCACAATGGTGGCCGTGGC OpCNX5_USER_Biobrick

24490 CACGCGAUTTAGCCAGAGGACACAGGAG OpCNX5_USER_Biobrick

24491 ACTTTTTGCAGTACUAACCGCAGGCCCTGCAGAACGCC CrMoT1_USER_Biobrick

24492 CGTGCGAUTTAGGCTCGGCCGC CrMoT1_USER_Biobrick

24493 ATCTGTCAUGCCACAATGACCGTGGGCATCC OpCNX3_USER_Biobrick

24494 CACGCGAUTTACACGTAGATCTGGTCGATC OpCNX3_USER_Biobrick

24495 22TTTTTGCAGTACUAACCGCAGGACTCTGTGGTGAc— OpYNRI_USER_Biobrick

AGGT

24496 CGTGCGAUTTAGAAGTAGACCACGTACTGCTTGTC OpYNRI_USER_Biobrick

24497 ATCTGTCAUGCCACAATGCGACTGTCTACCCTGTG OpYNTI_USER_Biobrick

24498 CACGCGAUTTAGATCTCGGCCTTTCGG OpYNTI_USER_Biobrick

24499 ACTTTTTGCAGTACUAACCGCAGACCTGCTCTGTGCCTC OpYNII1_USER_Biobrick

24500 CGTGCGAUTTACCAGTCGARAGAGATGGC OpYNI 1_USER_Biobrick
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pCfB9006-7_backbone

24517 TAGATAAATTTACACTCCCTCAGATGCATTCTTGGGCGGT  Gibson_fragment
pCfB9006-7_2-genes_insert
24518 TCATGGGCCTTCCTTTCACTCAGATGCATTCTTGGGCGGT  Gibson_fragment
24520 ACCGCCCAAGAATGCATCTGAGGGAGTGTARATTTATC  p]774 GFPmut3b_spacer
TATACAGAGGTARA Gibson_fragment
24521 ACCGCCCAAGAATGCATCTGAGTGARAGGAAGGCCCATGA  p[774_GFPmut3b_spacer
Gibson_fragmen
24522 TTCATTCATGTTAGTTGCGTTCTGCGTCTGCTGTTIGIGIC  phCfBY006_backbone
Gibson_fragment
24523 ACACARACAGCAGACGCAGAACGCAACTAACATGAAT-  pCfB9I006_2-genes_insert
GAATACGATATACA Gibson_fragment
24524 TTCATTCATGTTAGTTGCGTGCCATAGCACTATTGTA- pCfB9007_backbone
GAGTGGCC Gibson_fragment
24525 CTCTACAATAGTGCTATGGCACGCAACTAACATGAAT-  pCfB9007_2-genes
GARTACGATATACA insert_Gibson_fragment
pUDI264_insert
17887 TCACTTCCCCATCCACACTTTTAGGTTCGAGACAGCACGT  Gibson_fragment
pUDI264_insert
17888 AGGTTGATTCCGAACAGAAGTTAGCCAGAGGACACAGGAG  Gibson_fragment
pUDI264_backbone
17889 CTCCTGTGTCCTCTGGCTAACTTCTGTTCGGAATCAACCTC — Gibson_fragment
pUDI264_backbone
17890 ACGTGCTGTCTCGAACCTAARAGTGTGGATGGGGAAGTGA  Gibson_fragment

Plasmid construction

Plasmids used in this study are shown in Table 3. Gene sequences coding for proteins
involved in Moco biosynthesis (OpCNX1, OpCNX2, OpCNX3, OpCNX4, OpCNXS5,
OpCNXe6, and OpNFS1) nitrate assimilation (OpYNTI1, OpYNRI, OpYNII) were retrieved
from O. parapolymorpha DL-1 genome sequence [426, 478] BioProject PRINA60503).
A gene coding for a previously characterized high-affinity molybdenum transporter,
CrMoT1, from Chlamydomonas reinhardtii was also included in the gene-set [425].
Each gene was codon-optimized for expression in Y. lipolytica using the GeneOptimizer
tool (Thermo Fisher Scientific) and ordered as synthetic DNA from GeneArt (Thermo
Fisher Scientific) resulting in plasmid pUD1057 (OpCNX6), pUD1058 (OpCNX4),
pUD1059 (OpCNX5), pUD1060 (OpNESI), pUD1061 (OpCNX1), pUD1062 (OpCNX2),
pUD1063 (CrMoT1) pUD1064 (OpCNX3), pUD1065 (OpYNRI), pUD1066 (OpYNII),
and pUD1067 (OpYNT1). Single-gene Biobricks compatible with USER cloning (New
England BioLabs) were amplified from pUDI1057, pUD1058, pUD1059, pUD1060,
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Table 3: Plasmids used in this study.

Name Characteristics Reference
pCfB6371  bla ColE1 ™'C_3-3’homology tPEX20-tLIP2 C_3-5homology™"" [482]
pCfB6677 bla ColE1 ™UE_1-3’homology tPEX20-tLIP2 E_1-5"homology™! [482]
pCfB6679  bla ColE1 'E_4-3’homology tPEX20-tLIP2 E_4-5homology™" [482]
pCfB6681  bla ColE1 M"E_3-3’homology tPEX20-tLIP2 E_3-5"homology™" [482]
pCfB6682 bla ColE1 M!C_2-3’homology tPEX20-tLIP2 C_2-5"homology™! [482]
pCfB6684  bla ColE1 M"D_1-3’homology tPEX20-tLIP2 D_1-5homology™°" [482]
pCfB6627 bla ColE1 NAT gRNA_C_2 [482]
pCfB6630 bla ColE1 NAT gRNA_C_3 [482]
pCfB6631  bla ColE1 NAT gRNA_D_1 [482]
pCfB6633  bla ColE1 NAT gRNA_E_1 [482]
pCfB6637 bla ColE1 NAT gRNA_E_3 (482]
pCfB6638 bla ColE1 NAT gRNA_E_4 [482]
pl774 bla ColE1 Gfpmut3 Unpublished
pUDI1057 bla ColE1 OpCNX6* GeneArt
pUDI1058 bla ColE1 OpCNX4* GeneArt
pUD1059 bla ColE1 OpCNX5* GeneArt
pUD1060 bla ColE1 OpNFSI* GeneArt
pUDI1061 bla ColE1 OpCNXI* GeneArt
pUD1062 bla ColE1 OpCNX2* GeneArt
pUD1063 bla ColE1 CrMoTI* GeneArt
pUD1064 bla ColE1 OpCNX3* GeneArt
pUD1065 bla ColE1 OpYNRI* GeneArt
pUD1066 bla ColE1 OpYNII* GeneArt
pUD1067 bla ColE1 OpYNTI* GeneArt
pCfB8966 bla ColE1 M'E_4-3’homology tPEX20-OpCNXI*-pTEFlin This study
pGPD-OpCNX2*-tLIP2 E_4-5homology™°"
pCtB8967  bla ColE1 NC_2-3’homology tPEX20-OpNFS1*-pTEFlin This study
PpGPD-OpCNX4*-tLIP2 C_2-5"homology™"
pCfB8968 bla ColE1 M'E_1-3’homology tPEX20-OpCNX6*-pTEFlin This study
pGPD-OpCNX5*-tLIP2 E_1-5homology™°"
pCfB8969 bla ColE1 M'E_3-3’homology tPEX20-CrMoT1*-pTEFIin This study
pGPD-OpCNX3*-tLIP2 E_3-5’homology™*"
pCfB8970 bla ColE1 MC_3-3’homology tPEX20-OpYNRI*-pTEFlin This study
pGPD-OpYNTI1*-tLIP2 C_3-5homology™"
pCfB8971 bla ColEl NUD_I-3’homology tPEX20-OpYNII*-pTEFlin-tLIP2 This study

Notl

D_1-5’homology
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pCfB9006 bla ColE1 MUE_1-3’homology tPEX20-OpCNX6*-pTEFlin This study
pGPD-OpCNX5*-tLIP2 Gfpmut3 tPEX20-CrMoT1*-pTEFlin
pGPD-OpCNX3*-tLIP2 E_1-5"homology™"

pCfB9007 bla ColE1 M'C_3-3’homology tPEX20-OpYNRI*-pTEFIin This study
pGPD-OpYNTI1*-tLIP2 Gfpmut3 tPEX20-OpYNII*-pTEFlin- tLIP2
C_3-5’homology™!

pUDI264  bla ColE1 ™UE_3-3’homology tPEX20-OpCNX6*-pTEFlin This study
pGPD-OpCNX5*-tLIP2 E_3-5’homology™"

*Codon optimized for expression in Y. lipolytica.

pUD1061, pUD1062, pUD1063, pUD1064, pUD1065, pUD1066, and pUD1067 using
primer pair 24487/24488, 24485/24486, 24489/24490, 24483/24484, 24479/24480,
24481/24482, 24491/24492, 24493/24494, 24495/24496, 24499/24500, and 24497/24498,
respectively. Single promoter Biobricks PrTEFin and PrGPD were amplified from ST6512
genomic DNA and primer pairs 22956/24013 and 15529/15528, respectively. Then, a
Biobrick carrying the back-to-back promoter pair Pr'TEFin-PrGPD was cloned by USER
cloning [481] fusion of the two single-promoter Biobricks and primer pair 22956/15528.
A single promoter PrTEFin Biobrick was amplified using ST6512 genomic DNA and
primer pair 27208/22956. Backbone Biobricks for the integration at the E_4, C_2, E_1,
E_3, C_3, and D_1 integration sites were prepared by digestion and nicking of plasmids
pCfB6679, pCfB6682, pCfB6677, pCfB6681, pCiB6371, and pCfB6684, respectively, using
endonuclease FastDigest AsiSI (Life Technologies, Carlsbad, CA) and Nb.BsmI (New
England BioLabs) followed by gel purification as previously described [482]. A backbone
E_4 Biobrick was combined with biobricks PrTEFin-PrGPD, OpCNX1, and OpCNX2in a
USER cloning reactions as previously described [482] to yield plasmid CfB8966. Similarly,
plasmids pCfB8967, pC{B8968, pCfB8969, and pCfB8970 were cloned by combining a
PrTEFin-PrGPD promoter biobrick with a C_2, E_1, E_3, or C_3 backbone, respectively,
and gene Biobricks OpNFS1/OPCNX4, OpCNX6/OpCNX5, CrMOTI1/OpCNX3, and
OpYNRI1/OpYNT]I, respectively.

Plasmid pCfB8971 was cloned by combining a D_1 backbone Biobrick with a PrTEFin
promoter and OpYNII gene Biobricks. Gibson assembly [395] was used to construct
the integration plasmid pCfB9006 that carries overexpression cassettes for OpCNX3,
CrMoT1, OpCNX5, and OpCNXe6. First, the plasmid pCfB8968 carrying the OpCNX5-
OpCNX6 cassette was linearized with primers 24522/24517 and the OpCNX3-CrMoT1
cassette was amplified using primers 24518/24523 and pCfB8969 as template. Secondly,
the GFPmut3 spacer cassette [483] was amplified from plasmid pI774 (Unpublished, doi:
10.4121/14230238) with primer pairs 24520/24521. Each fragment was gel-purified and

combined in equimolar amountsin a Gibson reaction following manufacturer’sinstructions

to form pCfB9006. In a similar way, the integration plasmid pCfB9007, carrying nitrate
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assimilation pathway was cloned by combining a OpYNTI1-OpYNRI cassette with an
OpYNII cassette and a GFPmut3 spacer. Plasmid pCfB8970 was linearized with primers
24524/24517 while the OpYNII cassette was amplified with primers 24525/24518 and
pCfB8971 as template. Plasmid pUDI264 for the integration of OpCNX5-OpCNX6 at the
E_3 integration site was cloned by Gibson assembly by combining a backbone fragment
amplified with primers 17889/17890 and pCfB6681 as template and a fragment carrying
the OpCNX5-OpCNX6 cassette amplified with primers 17887/17888 and pCfB8968 as
template. Correct plasmid assembly was verified by Sanger sequencing.

Strain construction

CRISPR/Cas9-mediated marker-free gene integration in Y. lipolytica was performed
following the EASYcloneYali method as previously described [482]. In brief, 1 pg of Notl
(Thermo Fisher Scientific) digested integrative plasmid carrying two or more genes flanked
by long-homology arms to the integration locus was co-transformed together with 500 ng
of a plasmid for the expression of a gRNA targeting the locus of interest. After selection
and correct genotyping of transformants via diagnostic PCR, one colony of correct clone
was inoculated in a 50 ml Greiner tube containing 20 ml YPD and incubated overnight at
30 °C, 200 rpm to allow the gRNA plasmid loss. The next day, cells were streaked to single
colonies on a YPD plate and then, after incubation at 30 °C overnight, single colonies were
patched on both selective and non-selective media. One plasmid-free colony was then
picked and grown overnight in a YPD flask prior stocking at -80°C.

First, strain ST6512 was transformed with NotI digested pCfB8966 and the E_4 targeting
gRNA expression plasmid pCfB6638 to yield IMX2264. Then, IMX2264 was transformed
with NotI digested pCfB8967 and the C_2 targeting gRNA expression plasmid pC{B6628
to yield IMX2265. IMX2266 was obtained by transforming IMX2265 with NotI digested
pCfB9006 and the E_1 targeting gRNA expression plasmid pCfB6633. IMX2264 was
transformed with NotI digested pCfB9007 and the C_3 targeting gRNA expression
plasmid pCfB6630 to yield IMX2267. Whole genome re-sequencing of IMX2267 revealed
that OpCNX5 and OpCNX5 were not integrated but instead CrMoT1 and OpCNX3 were
present twice (PRJNA704845). To correct this absence, IMX2267 was subsequently
transformed with NotI digested pUDI264 together with the E_3 targeting gRNA expression
plasmid pCfB6637, to yield the final strain IMX2565. The presence of all integrated genes
in IMX2565 was confirmed by whole genome re-sequencing (PRJNA704845).

Adaptive laboratory evolution

To evolve IMX2565 for fast growth in nitrate-containing media, the strain was inoculated
in triplicate in 100 ml flasks containing 20 ml SMDNO3. Flasks were incubated at 30
°C, 200 rpm until OD660 reached a value above 5. Then, 0.2 ml of each culture was
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transferred in a new shake flask containing the same medium and incubated again. This
process was repeated for 50 times, corresponding to approximately 335 generations, after
which the evolved population were stocked and named IMS1183 (line 1), IMS1184 (line
2), and IMS1185 (line 3). Glycerol stocks for each evolution line were also prepared at
intermediate steps after 3, 6, 9, 12, 21, 27, 38 and 50 transfers. Before transferring the
cultures from batch 21, single colonies were isolated by restreaking each culture on
SMDNO3 agar plates. After incubation of the plates at 30 °C in a static incubator for 48 h,
three single colonies for each evolution line were picked and inoculated in 100 ml shake
flasks containing 20 ml SMD, .. Flasks were incubated for 48 h at 30 °C, 200 rpm and
the grown biomass was then stocked at -80 °C by the addition of 30% v/v glycerol and
named IMS1174 (line 2, colony 1), IMS1175 (line 2, colony2), IMS1176 (line 2, colony
3), IMS1177 (line 3, colony 1), IMS1178 (line 3, colony 2), IMS1179 (line 3, colony 3),
IMS1180 (line 1, colony 1), IMS1181 (line 1, colony 2), and IMS1182 (line 1, colony 3).

High-throughput strain cultivation and growth rate estimation

The growth rate of strains IMS1174, IMS1175, IMS1176, IMS1177, IMS1178, IMS1179,
IMS1180, IMS1181, and IMS1182, together with the three evolved populations evolved
populations IMX1183, IMS1184, and IMS1185 at batch number 3, 6, 9, 15, 21, 38, and 50,
were estimated by cultivation in 96 deep-well plates in a Growth Profiler 960 instrument
(Enzyscreen, Heemstede, The Netherlands). A glycerol stock for each strain was inoculated
in a 100 ml shake flask containing 20 ml SMD,, and incubated overnight at 30 °C, 200
rpm. The next day, each culture was centrifuged at 3000 g for 5 minutes, supernatant was
discarded, and cell pellets were resuspended in SMD,, to and OD_ of 5. Then, two 96
deep-well plates were filled with 250 ul of SMD, . medium and each well was inoculated
with 5 ul of one of the tested strains. Each strain was inoculated in triplicate with the
exception of IMS1174, IMS1176, IMS1178, IMS1179, IMS1181, and IMS1182 that
were inoculated in duplicate. Plates were incubated at 30 °C, 250 rpm until the cultures
reached stationary phase. To convert the measured “green” cell density values into OD |
equivalent, a calibration curve was prepared by correlating the “green” value of a IMS2565
cultures in SMD_,_ at eight different OD_ values that were measured externally with
a 7200 Jenway Spectrophotometer (Jenway, Stone, United Kingdom). Moreover, values
measured for each position in the plate were normalized by a factor that was calculated by
measuring the green value of a IMS2565 culture in SMD__ of OD, = 5 and by dividing
that value by the average value measured across the whole plate (position normalization).
After normalizing each green value time point by its own position normalization factor,
OD660
Growth rate of each culture was calculated by fitting the exponential growth function
with points of OD

equivalent values were calculated by fitting values with the calibration curve.

s €quivalent values between 0.5 and 2.
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Aerobic cultivation in shake flasks

For the determination of the growth rate of IMS1174, IMS1175, IMS1176, IMS1177,
IMS1178, IMS1179, IMS1180, IMS1181, and IMS1182, IMX1183, IMS1184, and
IMS1185, frozen stock cultures were used to inoculate 20 mL SMD, . starter cultures.
These were subsequently used to inoculate 100 mL SMD . flask cultures to initial OD,
values between 0.1 and 0.2. Growth of these cultures was monitored with a 7200 Jenway
Spectrophotometer (Jenway). Specific growth rates were calculated from at least five time
points in the exponential growth phase of each culture. At each time point, 2 ml of liquid
culture was centrifuged for 5 minutes at 14000 g, and supernatant was collected for HPLC

and nitrate, nitrite, and ammonia analysis.

Whole-genome sequencing

Genomic DNA of strains ST6512, IMX2267, IMX2565, IMS1175, IMS1177, and IMS1180
was isolated with a Blood & Cell Culture DNA Kit with 100/G Genomics-tips (QIAGEN,
Hilden, Germany) following manufacturer’s instructions. Illumina-based paired-end
sequencing with 150-bp reads was performed on 550-bp TruSeq DNA PCR-free insert
libraries with a minimum resulting coverage of 50 x (Macrogen-Europe, Amsterdam, The
Netherlands). Data mapping was performed using bwa 0.7.15-r1142-dirty against the Y.
lipolytica CLIB122 genome [484, 485] to which 5 extra contigs containing the relevant
integration cassettes had been previously added. Data processing and chromosome copy
number variation determinations were done as previously described [318, 439] except for
VCF file intersection and annotation that was performed with VCFtools_0.1.13 (vcf-isec
command) and SnpEf], respectively [486, 487].

In vitro nitrate reductase activity measurements from cell extract

Nitrate reductase activity was measured from cell extract of strain ST6512, IMX2565,
IMS1175 IMS1177, IMS1180, and IMX2565 evolution lines 1, 2, and 3. Cell extract
preparation and activity measurements were performed as previously described [478].
In brief, frozen stock cultures of each tested strain and evolved populations were used
to inoculate 20 mL starter cultures, which were then used to inoculate 100 mL shake
flask cultures on the same medium, to an initial OD, of 0.2. Shake flasks were incubated
until the OD exceeded 40. All strains were grown on SMD___with the exception of the
evolution lines 1, 2, and 3 that were grown on SMD .. Cultures were then centrifuged
at 3000 g for 5 min, supernatant was discarded, and cell pellets were resuspended in 2
ml lysis buffer (100 mM KPO, pH 7 supplemented with complete ULTRA EDTA-free
protease inhibitor cocktail, Roche, Basel, Switzerland). Cell resuspensions were aliquoted
in 1.5 ml bead-beating tubes along with 0.75 g of 400-600 pm acid-washed glass beads
(Sigma Aldrich) per tube. Cells were disrupted by six 1-min cycles at 5 m/s speed in a
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Fast-Prep 24 cell homogenizer (MP Biomedicals, Santa Ana, CA), with 5-min cooling on
ice between cycles. Glass beads were separated from the cell extract by centrifuging the
tubes for 10 min at 4 °C and 15000 g on a tabletop centrifuge. Supernatant was recovered in
a fresh tube and clarified by centrifuging for 1 h at 4 °C, 20000 rpm. Clarified cell extracts
were recovered and diluted 10 times in lysis buffer and kept on ice prior to analysis.
Nitrate reductase activity was measured by monitoring substrate dependent NADPH
consumption at 340 nm using a spectrophotometer (Jasco, Easton, MA). Reactions were
performed in 1 ml final volume of 100 mM KPO, buffer pH 7 supplemented with 200 uM
NADPH, 20 FAD, 1 mM KNO, as substrate, and either 50 or 25 ul of clarified cell extract.
Protein contents of cell extracts were quantified with a Quick Start Bradford Assay (Bio-
Rad Laboratories, Hercules, CA) following manufacturer’s instructions. Specific activities
of nitrate reductase in cell extracts were expressed in pmol NADP* min™ (mg protein).

In silico mitochondrial targeting prediction

The likelihood of mitochondrial targeting for the wild-type and mutated OpCnx1 and
OpCnx2 sequences were calculated using five different web-based tools: TargetP 2.0 [488],
DeepLoc 1.0 [489], MitoFates [490], Predotar [491], and PredSL [492]. When possible,
non-plant or fungal database was selected as option.

Analytical methods

Metabolite concentrations in culture supernatants were analysed by high-performance
liquid chromatography (HPLC) on an Agilent 1260 HPLC (Agilent Technologies, Santa
Clara, CA) fitted with a Bio-Rad HPX 87 H column (Bio-Rad). The flow rate was set at
0.6 mL min”, 0.5 g L' H,SO, was used as eluent and the column temperature was set
at 65 °C. An Agilent refractive-index detector and an Agilent 1260 VWD detector were
used for metabolite quantification [309]. Nitrate, nitrite and ammonium concentrations
culture supernatants were measured with a Hach DR3900 spectrophotometer and Hach
kits LCK 339, LCK 341, and LCK 304 (Hach Lange, Diisseldorf, Germany), according to
the manufacturer’s instructions.

Statistical analysis

Statistical significance of differences between measurements from replicate samples were
calculated by using a two-tailed t-test assuming unequal variances (Welch’s correction).

162



Results

Data availability

All measurement data and calculations used for each figure in the manuscript are available
at the 4TU.Centre for research data repository (https://researchdata.4tu.nl/) under doi:
10.4121/14230238. DNA sequencing data of Yarrowia lipolytica strains ST6512, IMX2267,
IMX2565, IMS1175, IMS11777, and IMS1180 were deposited at NCBI (https://www.ncbi.
nlm.nih.gov/) under BioProject accession number PRJNA704845.

Results

Design and engineering of Moco biosynthesis and nitrate assimilation in
Yarrowia lipolytica

The absence of molybdenum-dependent enzymes in Yarrowia metabolism strongly
suggested that the engineering of Moco biosynthesis may not only require functional
expression of Moco biosynthesis genes, but also of a high-affinity Molybdate transporter.
(Figure 1). Based on a previous work in S. cerevisiae [478], it is not fewer than 11 genes
from the yeast O. parapolymorpha and the algae Chlamydomonas reinhardtii that would be
required to introduce Moco biosynthesis and nitrate assimilation in Y. lipolytica. The gene-
set comprises seven genes coding for Moco biosynthesis proteins (OpCNX1, OpCNX2,
OpCNX3, OpCNX4, OpCNX5, OpCNX6, and OpNFSI) and three genes coding for the
nitrate assimilation pathway (OpYNT1, OpYNRI, and OpYNI1I) from O. parapolymorpha,
one gene coding for the high-affinity molybdate transporter (CrMoT1) from C. reinhardtii
(Figure 1). The codon optimised genes were integrated in the chromosome of the Yarrowia
strain ST6512 (W29, ku70A::pTEF1-Cas9-tTEF12::pGPD-DsdA-tLIP2) by using CRISPR/
Cas9 gene-editing and the EASYcloneYali promoter parts and integrative plasmids [482].
Genes were sequentially integrated in five different integration sites (E_4, C_2,E_1,C_3,
and E_3) that were previously tested for heterologous gene expression [482]. At each
transformation, two genes were integrated, with the exception of the last transformation
in which all three genes encoding for nitrate assimilation pathway were all integrated in
one step. After five consecutive transformation rounds, the successful construction of the
final strain IMX2565 was confirmed by Illumina short-read sequencing (PRJNA704845)
(Figure 2).

Adaptive laboratory evolution on nitrate containing media

Similarly to what was observed in S. cerevisiae, adaptation was required to observe growth
of the Y. lipolytica strain IMX2565 on nitrate containing medium [478]. We inoculated
strain IMX2565 in SMD_, and incubated the flasks at 30 °C in triplicate. Reproducibly,
w0 ADove 20) in all flasks. To
improve the strain growth rate, IMX2565 was subjected to adaptive laboratory evolution

after two weeks the Yarrowia strain showed full growth (OD
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Figure 1: Schematic representation of the Moco biosynthesis pathway coupled to the nitrate
assimilation pathway. GTP is converted to cyclic pyranopterin phosphate (cPMP) in the yeast mi-
tochondria by OpCnx1 and OpCnx2. In the cytosol, cPMP is converted to molybdopterin (MPT)
by OpCnx5 and OpCnx6. The sulfur moiety on OpCnxb5 is restored by OpCnx4 that transfers the
sulfur atom obtained by action of the cysteine desulfurase OpNfs1. Molybdate (MoO,*) is imported
through the high affinity transporter CrMotl and is inserted in MPT by OpCnx3 to form Moco.
Nitrate is imported via OpYntl and reduced by the Moco-dependent nitrate reductase OpYnrl
to nitrite. OpYnil converts nitrite to ammonia that finally enters the native nitrogen assimilation
pathway. OpCnx4, OpCnx5, and OpCnx6 are shown in light blue, teal and magenta, respectively.
A question mark indicates a yet unknown cPMP transporter and a dashed line indicates multiple
enzymatic steps.
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Figure 2: Schematic representation of strain construction. Strain ST6512, which constitutively
expresses a Spcas9, was sequentially transformed 5 times with a gRNA expression plasmid and a
Notl-linearized plasmid carrying the integration cassettes as repair fragment, yielding IMX2565.
Intermediate strains and the final strain IMX2565 are shown in light-blue and purple, respectively.

(ALE) by sequential transfers in flasks containing SMD_ . for 335 generations (50

NO3
consecutive batches). Evolving cultures were periodically stocked and used to monitor the
growth rate of the evolving populations (Figure 3A). At the onset of the ALE experiment,
the initial batches exhibited growth rates ranged from 0.04 to 0.05 h'. Throughout the first
21+ transfers the specific growth rate of the yeast populations increased and levelled off to
0.11-0.12 h'. At that time-point, corresponding to a about 140 generations, three single
colonies were isolated from each evolving culture and named IMS1180 (line 1, colony
1), IMS1181 (line 1, colony 2), and IMS1182 (line 1, colony 3), IMS1174 (line 2, colony
1), IMS1175 (line 2, colony2), IMS1176 (line 2, colony 3), IMS1177 (line 3, colony 1),
IMS1178 (line 3, colony 2), IMS1179 (line 3, colony 3). The specific growth rates of the
single colony isolates on SMD, . were ranged from 0.03 to 0.09 h™' (Figure 3B).

The evolution experiment was prolonged for 29 additional sequential batches, summing
up to a total of 50 batches (335 generations) to further probe evolvability of the phenotype.
However, the growth rate of evolving populations stabilized to a value of about 0.13 h' and
did not further increase (Figure 3A).

Whole-genome sequencing of evolved strains and mutations identification

To identify mutations responsible for the increase in growth rate, the genomes of
clones derived from each evolution line (IMS1175, IMS1177, and IMS1180) and well as
those of parental strains (ST6512 and IMX2565) were re-sequenced by Illumina short-
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Figure 3: Overview of IMX2565 evolution on nitrate containing media. Growth rate values of
IMX2565 throughout the adaptive laboratory evolution experiment (A), growth rates of single col-
ony isolates (B) on SMD,, and Venn diagram highlighting genes affected by non-synonymous
mutations and/or INDELs in independently evolved isolates IMS1175, IMS1177, and IMS1180 (C).
An arrow indicates the time-point when single colonies were isolated from the three independent
evolving populations while an asterisk indicates single colony isolates selected for whole-genome
re-sequencing and further characterization. Evolution line 1, 2 and 3 are shown in black, magenta,
and teal, respectively. Error bars represent the standard error of the mean for replicate cultures (n=4
with the exception of IMS1181, IMS1182, IMS1174, IMS1176, IMS1178, and IMS1179 where n=2).
The Venn diagrams shows genes that acquired one or more non-synonymous mutations or INDELs
in multiple independent evolution experiments as well as genes that were affected in a single rep-
licate. Apparent mutations also found in the genome of the parent strain ST6512 and/or IMX2565
were subtracted and not shown.

read technology. After aligning the reads to the Y. lipolytica W29 reference genome
(PRJNA601425) [484, 485], mapped data were analysed for the presence of either copy
numbervariations (CNVs), singlenucleotide variations (SNVs),and/orinsertions/deletions
(INDELSs) that occurred in the annotated coding sequences. As opposed to what happened
in S. cerevisiae [478], no gene or chromosome CNV's were observed between the parental
strain IMX2565 and evolved isolates IMS1175, IMS1177, and IMS1180. SNV and INDELSs
analysis was systematically performed and data from the three sequenced colony isolates
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were then compared. To minimize the number of miscalls caused by mapping artefacts,
SNV and INDELs that were also detected in the two sequenced parental strains ST6512
and IMX2565, mapped to the same reference sequence, were systematically removed.
After curation of SNVs and INDELSs miscalls, a total of five, two, and four mutations were
found in evolved isolates IMS1175, IMS1177, and IMS1180, respectively (Figure 3C, Table
4). While no genes were found mutated in all three independently evolved isolates, three
genes (Spycas9, OpCNXI and YALIO_E24167g) were found differently mutated in two
sequenced isolates. The mutations identified in OpCNX1I that were found in IMS1175 and
IMS1177, were identical and located in the 5’ end of the coding sequence (G22A). Since
the evolution lines were started independently and that the mutation was not present
in the engineered strain IMX2565, the recurrence of this mutation in OpCNX1 might
be critical in the acquisition of faster growth of Y. lipolytica on nitrate as N-source. The
second gene (YALIO_E24167g) mutated in two different isolates IMS1180 and IMS1177
encoded a putative sulphite transporter that shared similarity to the S. cerevisiae sulfite
efflux pump Ssul [493]. The nature of the mutations found in YALIO_E24167g would
suggest a loss of function. In IMS1177 the mutation G743A resulted in the introduction of
a stop at position 248. The mutated protein was truncated of 45% of the original sequence
which should prevent functionality.

The last gene found mutated in two different isolates was Spycas9. Although different these
two mutations occurred in a section of the gene encoding amino acids located in the
same functional domain. The Spycas9 mutation in IMS1175 (G2959A) and in IMS1180
(C3020A) led to amino acids change in the RuvC-III domain of SpyCas9 [494]. Whereas
IMS1175 and IMS1177 both harboured mutations in OpCNX1, interestingly IMS1180
had a mutation in OpCNX2. As observed for OpCNX1, the OpCNX2 mutation was located
in the 5" end the gene (G4A). On top of that, four more mutations were identified in
only one isolates, it included YALIO_D25784g encoding a hypothetical protein, YALIO_
A04697g a gene encoding a putative serine/threonine protein kinase, YALIO_E00638g a
gene encoding a putative methyl citrate synthase in IMS1175 and YALIO_F05346g a gene
encoding a protein exhibiting similarity with a cutinase from Fusarium solani cutinase.

Adaptive Laboratory Evolution for fast growth on nitrate was associated with
an increased Moco-dependent nitrate reductase activity.

To investigate the effects of the adaptive laboratory evolution experiment, NADPH
Moco-dependent nitrate reductase activity was assayed from cell-extracts of single colony
isolates IMS1180, IMS1175, and IMS1177, evolved populations 1-2-3 after 50 transfers
in SMD,,, the parental un-evolved engineered strain IMX2565 and the Cas9-expressing
parental strain ST6512 (Figure 4). While as expected, cell extract from ST6512 which does
not carry any of the heterologous genes for Moco biosynthesis and nitrate assimilation,
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Table 4: SNVs and INDELSs found in single colony isolates IMS1775, IMS1177, and IMS1180 obtained from the serial transfer evolution experi-
ment of strain IMX2565 in SMD ...

Mutated gene Mutation  Base Amino acid Gene annotation
8 type change  change

IMS1175
YALIO_A04697g INDEL  T970TG Gln324Frameshife S 1ar (0 uniprot|O42626 Neurospora crassa

- Serine/threonine-protein kinase nrc-2 (Nonrepressible conidiation protein 2)

weakly similar to uniprot|074782 Schizosaccharomyces pombe

YALIO_D25784g SNV T457C Ser151Pro Hypothetical protein
YALIO E00638 SNV GS68T  Glv290Cys similar to uniprot|Q9TEM3 Emericella nidulans MCSA Methylcitrate synthase

- & 4 ¥ precursor
OpCNX1 SNV G22A Glu8Lys GTP 3’8-cyclase
Spycas9 SNV G2959A  Ala987Thr CRISPR-associated endonuclease Cas9
IMS1177

weakly similar to uniprot|Q2VQ77 Saccharomyces cerevisiae YPLO92w
YALIO_E24167g SNV G743A - Trp248Stop SSUI Plasma membrane sulfite pump and required for efficient sulfite efflux
OpCNX1 SNV G22A Glu8Lys GTP 3’8-cyclase
IMS1180
. weakly similar to uniprot|Q2VQ?77 Saccharomyces cerevisiae YPLO92w

YALIO_E24167g SNV A440G - Hisl47Arg SSUI Plasma membrane sulfite pump and required for efficient sulfite efflux
YALIO F05346 SNV G337A  Alall3Thr weakly similar to uniprot|Q00858 Fusarium solani

- J cutinase gene palindrome-binding protein
OpCNX2 SNV G4A Val2Met cyclic pyranopterin monophosphate synthase
Spycas9 SNV C3020A  Alal007Asp CRISPR-associated endonuclease Cas9
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showed no significant nitrate reductase activity, the engineered strain IMX2565 showed
an activity of 0.004 + 0.001 uM NADP* min mg total protein™. Although significant, this
activity was up to 55-fold lower than the one observed for the evolved single colony isolates
IMS1180, IMS1175, and IMS1177 that reached up to 0.22 + 0.01 pM NADP* min"' mg
total protein™. Finally, cell extracts from the evolved populations showed activity values
that were comparable for the 335 generations old, prolonged evolution line 1 and within
2-fold for the 335 generations old, prolonged evolution 2 and 3 with those measured for
the single colony isolates, reaching up to 0.41 + 0.03 pM NADP* min™ mg total protein™.
To see whether the increase in nitrate reductase activity was associated with improved
growth performance on nitrate, the strains ST6512, IMS11780, IMS1175, IMS1177, as
well as the prolonged evolved populations at T50 1-2-3 were cultivated in chemically

defined medium with nitrate as N-source (SMD__."). The strains were grown in aerobic

NO3
shake flasks and OD,, glucose, nitrate, nitrite, and ammonium levels were monitored
over time (Figure 5). As expected, the parental strain ST6512 did not show any growth
and/or glucose/nitrate consumption (Figure 5B).

All the other strains and evolved populations showed a growth rate ranging between 0.07
+0.01 and 0.16 + 0.01 h''. Although slightly different in absolute values when compared
to the growth rates measured in 96-wells format (Figure 3B), the ones measured in
100 ml shake flasks followed the same trend with IMS1180 and IMS1175 being the
slowest and being the fastest growing isolates, respectively. Growth rate of the evolved
populations, that were kept evolving for about 195 generations after single colonies were
isolated, was significantly higher when compared to the respective single clones, with up
to 2-folds increase (Figure 5A). Notably, although moderated both evolved isolates and
further evolved populations excreted the intermediates nitrite and ammonia during the
exponential phase of growth, suggesting that nitrate assimilation was not growth limiting
(Figure 5CDEFGH). Similarly to what happened to engineered nitrate assimilating
S. cerevisiae strains [478], ammonia and nitrite were also excreted toward the end of the
batch fermentation, resulting from continuous conversion or possible cell lysis.
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Figure 4: NADPH-dependent nitrate reductase activity measured from cell extracts. ST6512,
IMX2565, evolution line 1 and isolate IMS1180, evolution line 2 and isolate IMS1175, and evolution
line 3 and isolate IMS1177 are shown in light blue, purple, black, magenta, and teal, respectively. Cell
extract was prepared from 100 ml of stationary phase cell cultures in SMD ___for ST6512, IMX2565,
IMS1180, IMS1175, and 1177 and in SMD_, for evolution lines T50 1, 2, and 3. P-values for two-
tailed Welch’s t-test are shown above the tested pairs. Error bars represent the standard error of the
mean of technical replicates (n=3).

Figure 5: Growth rates (A) and growth curves of ST6512 (B), evolution line 1 T50 (C), IMS1180
(D), evolution line 2 T50 (E), IMS1175 (F), evolution line 3 T50 (G), and IMS1177 (H) on SMD-
Nos» Symbols indicate biomass (black circle), glucose (white diamond), nitrate (white circle), ni-
trite (white square) and ammonium (white triangle). Statistical analysis was based on a two-tailed
Welch’s t-test and P-values are reported for tested pairs. Error bars represent the standard error of
the mean for replicate cultures (n=3).
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Discussion

Moco-dependent enzymes catalyse many redox reactions involved in the carbon, nitrogen
and sulfur cycles [265] and might be harnessed to expand substrates range for microbial
growth. This study firmly established that although Moco pathway is predominantly absent
in Saccharomycotina yeasts, this function can be implemented by metabolic engineering.
This study is, after introduction in S. cerevisiae, the second successful engineering of the
pathway in yeasts. The large phylogenetic distance between the two tested hosts would also
suggest that this pathway engineering could be extrapolated to an even larger set of budding
yeasts [266]. While in both biological systems functionality through growth coupling with
nitrate assimilation required an evolution step, the resulting mutations identified were
different. In the precedent example in S. cerevisiae, adaptation to fast utilization of nitrate
involved segmental aneuploidy of the whole heterologous cluster, accompanied with a
strong increase of nitrate reductase activity. However, since the increase in copy number
affected both genes of the Moco biosynthesis and the nitrate assimilation pathways it
was not really possible to discriminate which metabolic branch was the most limiting. In
Yarrowia lipolytica instead, the results would indicate that Moco synthesis is most limiting.
This was supported by the absence of gene dosage but instead by recurrent mutations in
the mitochondrial enzymes OpCnx1 andOpCnx2 that catalyse the formation of cPMP in
the very first step of Moco biosynthesis (Figure 1). Evolved isolates IMS1175 and IMS1177
carried a mutation in the OpCnx1 whereas the third isolate IMS1180 carried a mutation in
OpCnx2. But more specifically, the non-synonymous mutations led to amino acid change
in N-terminus of both proteins changing the sequence of the mitochondrial targeting
signal. Although theoretical, the presence of the mutation systematically improved the in
silico prediction of mitochondrial targeting likelihood using five different algorithms [488-
492]; Table 5). These mutations could contribute to improve OpCnx1 and 2 translocations
into the organelle and optimise the supply of cPMP for Moco biosynthesis. The higher
Moco availability would then be at the origin of the massive increase by 1 to 2 order
of magnitude of nitrate reductase activity (Figure 4). These results seem to indicate that
although the Ogataea parapolymorpha biosynthetic genes are sufficient to implement the
synthesis of the new cofactor in other yeast species, the adaptation required to tune its
supply optimally might be species dependent.

Among the three genes that were mutated in at least two isolates we found YALIO_E24167g
(mutated in IMS1177 and IMS1180), a protein containing a predicted SLAC1 domain
characteristic of voltage-dependent anion transporters such as nitrate and sulfite [495]
and has similarity to the S. cerevisiae sulfite transporter Ssul which has been previously
shown to be able to also export nitrate and nitrite [496]. While the IMS1180 mutation
in YALIO_E24167g led to an His to Arg change, the mutation found in strain IMS1177
introduced a stop codon (Trp248Stop), creating a truncation of the translation product
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Table 5: Likelihood of mitochondrial targeting in WT and mutated OpCnx1-OpCnx2 protein
sequences across different prediction tools.

Prediction OpCnx1 0pCnx2
tool WT Mutated WT Mutated

TargetP 2.0 0.000208 0.000649 0.000525 0.001879

DeepLoc 1.0 0.0875 0.1946 0.1252 0.1261
MitoFates 0.080 0.280 0.000 0.000
Predotar 0.01 0.14 0.00 0.00
PredSL 0.006826 0.097417 0.004088 0.004091

by 180 amino acids, representing 42% of the protein length, that included not fewer than
four transmembrane domains that undoubtedly caused a loss of function. Assuming that
YALIO_E24167g shared function with its S. cerevisiae ortholog, the loss of function might
represent a mechanism to avoid nitrogen loss through excessive nitrite export; it is worth
noticing that this transport system would not be the only one as moderate extracellular
nitrite concentration could still be measured. Maintenance of a higher intracellular nitrite
could also partially explain the increase in nitrate reductase activity and growth rate after
strain evolution in nitrate containing medium.

Interestingly, the third gene that was affected by non-synonymous mutations in at least
two isolates (IMS1175 and IMS1180), was Spycas9. Although resulting in amino acid
changes, it is not obvious to predict the impact of the mutations on the endonuclease
activity. However, both mutations (Ala987Thr and Alal1007Asp) were found in the RuvC-
I nuclease domain of Cas9 protein that extends from 925 to 1101. Several other mutations
in RuvC-III at position 982, 983 and 986 have been described [497] and all yielded in
either a decrease or an alteration of the endonuclease activity resulting in mutants able
to only cleave one strand instead of two [494, 498]. This was confirmed experimentally,
attempts further engineered the evolved isolates systematically failed. We cannot exclude
that recurrent mutagenesis of Cas9 might take place to counteract potential endonuclease
toxicity.

The Moco platform strain constructed and characterized in this study represents a
steppingstone towards the exploitation of a new class of enzymes that might contribute
to expand the metabolic capabilities of yeast microbial cell factories by enabling new

metabolic engineering strategies.
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Immense progress has been made in the last decade in the industrial biotechnology field,
also thanks to the parallel development of key technologies.

Design and build

The advent of CRISPR/Cas9 gene-editing technology enabled precise, high-efficiency,
and multiplexed DNA modifications, not only in model microorganisms, but also in less-
conventional and less genetically amenable microbes [499, 500]. Chapter 4 of this thesis
showcases how standardised CRISPR/Cas9-based protocols [313] contribute to improving
the efficiency of pathway engineering in baker’s yeast. The application of these tools allows
for targeted and marker-free integration of entire pathways of up to 11 genes in one
single transformation step. Chapters 4 and 5 illustrate the critical impact of these genome
editing tools on functional analysis in Ogataea parapolymorpha and on engineering new
metabolic pathways in Yarrowia lipolytica [423, 482]. Democratization of these editing
tools will allow the future exploitation of microbial hosts with complex, multigene
phenotypic characteristics that are typically hard to engineer (e.g. thermotolerance, low-
pH resistance). While Cas9 technology already contributed to a significant reduction of
the time required for strain construction, it may also help to accelerate strain optimisation
process through application of deactivated Cas9 which, once fused to an activating or
repressing domain, can be used to collectively deregulate sets of target genes [501-503].
Such technologies could be used in future work to design synthetic feedback regulation
mechanisms to uncouple growth from production formation, to optimally control vitamin
supply in vitamin prototrophic strains (chapters 2 and 3) to adapt synthesis to anabolic
needs.

Costs of DNA reading and writing have exponentially decreased and will probably
continue to decrease in the next decade [504]. Next generation genome sequencing
technologies are becoming a routine in metabolic and evolutionary engineering studies.
Mainly motivated by the cost, short read sequencing methods are almost standard, not
only for detecting gene dosage and mutations in evolutionary engineering studies, but also
for validating genotypes of heavily genetically engineered strains derived from multiple
rounds of transformation and selection (chapters 2, 3, 4). Reuse of non-coding sequences
such as promoters and terminators in such strains complicates genome data analysis. This
problem is partly solved by the emergence of single-molecule sequencing technologies,
which generate sequencing reads with lengths of up to dozens of kilobases. Among them,
Oxford Nanopore technology and the associated pocket size MinION device will further
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drive implementation of genome sequencing in metabolic engineering cycles [505-507].
Long-read sequencing technologies will contribute to accurately assemble complex and
repetitive genomic regions and allow researchers to explore the genetic information until
the very end of each chromosome [225, 508]. Nanopore sequencing is not restricted to
long-read DNA sequencing but can also be applied to direct RNA sequencing, thus allowing
RNA detection in field applications. The next challenge is the sequencing of peptides.
Development of accurate techniques for this purpose could have a significant impact on
metabolic engineering, as they will provide a direct access to protein abundance, a cellular
measurement that today is only accessible through mass spectrometry. Cheap and easy
access to protein concentration therefore has the potential to transform modelling and
metabolic engineering approaches in the future [509-511].

Enzymatic DNA synthesis will probably be one of the hot topics in the coming years
[512, 513]. Although the cost of DNA synthesis drastically decreased due to the advent
of silicon-powered and semiconductor-based DNA manufacturing [514], it remains
expensive. The current costs of DNA synthesis prohibit direct synthesis of numerous
coding sequences for screening purposes for academic research. Although the pathway
for Moco biosynthesis and nitrate assimilation presented in chapters 4 and 5 comprised
the same protein set, the coding genes were different. The genes used in Y. lipolytica were
specifically codon optimised for this yeast, whose genome is characterised by higher GC
content that that of S. cerevisiae (49% vs 39%, respectively). While codon optimization
algorithms are designed with the objective to optimise the translation of the encoded
mRNAs, different algorithms yield different nucleotide sequences without accurately
predicting translation efficiency [515]. Further cost reduction of DNA synthesis could
contribute to screen gene sequences derived from multiple optimisation algorithms.
This will be even more critical with increased pathway complexity. For instance, further
expansion of the yeast co-factor set by expression of a de novo B, synthesis pathway,
which would require expression of over 30 genes [516], would require an even higher
investment in synthetic DNA, especially if multiple pathway configuration implicating
multiple homologs for each catalytic step are to be considered. Enzymatic DNA synthesis
is a technology that promises to change this scenario, allowing cheaper and rapid DNA
synthesis, maybe even on a small benchtop instrument that could stand right next to the
nanopore sequencer [517]. Such a technology could lower the DNA synthesis costs to
a point where reverse engineering of mutant alleles, as performed in chapter 2, could
be achieved by directly synthesizing the mutated gene, allowing for multiplexed reverse
engineering of multiple mutant alleles in a single step.

Cost reductions in DNA reading and writing translates into more accessible high-
throughput methodologies in the strain construction process. As result, process
automation started to take place in different academic environments, with a number of
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biofoundries opening their services to both academic and private laboratories [518], and
with the increase popularity of open-source [519, 520] and alternative liquid handling
solutions [521].

Test

While it is obvious that our capacity to construct strains faster and combinatorial cloning
techniques allow for multiparallel strain construction, the throughput of strain testing
has to improve proportionally. Traditional high-throughput screening strategies have
relied on micro-titer-plate-based cultivation with a spectroscopic readout for product
titer. However, this approach has limitations in terms of library size and in terms of the
range of products that can be adequately quantified (e.g., because they contain conjugated
double-bonds or are fluorescent). Advances on both fronts have been made in the last
decade but challenges still need to be overcome. Cultivation in pico-liter sized droplets
using microfluidic devices, enabled ultra-high throughput (~10® samples/day) screening
[522, 523]. However, improvements observed in such miniaturized experiments are
usually hard to directly translate to production scale and development of cost-models
is key to maximize the correlation to at-scale strain performance [524-526]. Although a
more expensive option, micro-fermentation systems can be a good bridge between ability
to control cultivation parameters (e.g. substrate feed, pH etc.) and throughput [527]. Such
high-throughput cultivation methods are key to enable faster strain optimization through
combinatorial approach. Coupling a selection pressure to study complex characters or to
improve strain performance can be a very powerful tool to unravel yet uncharacterized
cellular mechanisms [268, 269]. However, adapted laboratory evolution experiments are
typically time consuming and low throughput. Automated control of conditions during
high-throughput cultivation by the use of setups like the eVOLVER, a cheap and scalable
do-it-yourself framework which can be configured to carry out high-throughput growth
experiments, can be a very powerful and efficient approach to study the strain adaptation
across different conditions [528]. For instance, evolution for efficient nitrate assimilation
by the engineered Y. lipolytica strain presented in chapter 5 could be performed using
different carbon sources or by varying the concentration of nitrate and/or Mo in the
media, while monitoring how these different contexts affect evolutionary adaptation.

Product detection techniques have also been greatly improved over the last years. One
prominent example concerns the recently developed modular bio-sensors for coupling
product titer to a fluorescent readout, enabling ultra-high-throughput screening pipelines
for a wide range of products [529]. Moreover, mass spectrometry-based analytical assays,
which allow highly-applicable, quantitative, and selective molecule detection, have gone
high-throughput thanks to the development of platforms such as the RapidFire (~350
samples/day) [530] and the acoustic MIST ionization mass spectrometer (~10¢ samples/
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day) [531], which enable fast detection while keeping a good linear response and signal-
to-noise ratio.

Learn

The learning process represents the final step of the microbial strain engineering cycle.
Machine learning approaches are taking a prominent role in different areas of strain and
enzyme engineering, together with genome scale and kinetic metabolic models, they enable
data-driven decision making in the strain metabolic engineering cycle [532]. Artificial
intelligence and machine learning techniques have already been applied to solve complex
problems and to predict biological behaviour such as protein folding and dynamics,
and the properties and strength of promoter sequences [533-535]. The development of
complex predictive models may in the future be applied to predict the effect of mutations
found in evolutionary engineering studies and thereby help in prioritizing which of these
mutations should be reverse engineered first by generating ranking tables of potentially
causal mutations. High-throughput screening methods with high signal to noise ratio and
accuracy coupled to data standardization are of crucial importance to successfully train
such algorithms.

Future applications for yeasts with engineered vitamin
and cofactor synthesis pathways

While efforts in strain engineering in industry mainly focus on the optimization stages
and scale-up of established production hosts, academic laboratories in the industrial
microbiology field have more freedom to explore and test new proof of concepts and
provide innovative solutions. In the presented thesis, the work was focused at studying
different approaches that ultimately yielded improved chassis yeast strains able to grow in
the absence of vitamins and able to functionally express a new enzyme family that requires
a non-native cofactor. Minimization costs of bioprocesses while achieving a minimal
environmental impact is key for a transition to a viable bioeconomy. Simplification of
industrial media by eliminating the need for addition of vitamin mixtures, thanks to the
availability of a vitamin prototrophic production strain, can contribute to reducing the
process costs. Additionally, it can result in increased medium shelflife and reproducibility,
for example, in processes where feedstock preparation requires heating and/or acid-
treatment steps [270, 536]. Another fraction of process cost is typically allocated to
sterilization of the fermentation equipment. In fact, keeping the processes aseptic,
especially at industrial scale, is a huge challenge and open and non-aseptic operation of
fermentation processes should, when possible, be preferred in order to make biobased
alternatives more economically attractive [537]. However, the successful implementation
of such processes requires the use of microbial strains and cultivation conditions that are
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more robust and that minimize the likelihood of contaminations within the process time
frames. Open bioethanol fermentation processes are often found to be contaminated by
the spoilage yeast Brettanomyces bruxellensis. These contaminations have been proposed
to be partially caused by this yeast’s ability to utilize nitrate as nitrogen source [421].
Equipping S. cerevisiae with a molybdenum-cofactor-dependent nitrate assimilation
pathway as described in chapter 4, resulted in a strain with increased competitiveness
against such spoilage yeast, showcasing how engineering of new cofactor biosynthesis can
also result in strains that can improve the overall process robustness. Moreover, enabling
the use of an engineered yeast that is able to grow in vitamin-free media can also minimize
the chance of contaminations by, for instance, vitamin auxotrophic bacteria. On top of
that, a vitamin producing strain could also be applied in the future as a food supplement,
providing a cheap and low impact source of vitamins for human consumption. For such
application, engineering of a heterologous vitamin biosynthetic pathway (e.g., vitamin B )
in yeast holds great potential to further expand the yeast vitamin-set. In the presented
work in chapter 2 and 3, we provide solutions for removal of many of the vitamins that
typically present in the chemically defined media for yeast, but more work may be needed
to combine these solutions in one single strain, therefore enabling fast growth of yeasts in
a vitamin-free mineral media.

Another advantage of engineering heterologous cofactor biosynthetic pathway in yeast
is connected to the expansion of the host metabolic capabilities, therefore enabling
the functional expression of new enzyme families. Such a technological advantage is
exemplified by studies on de novo biosynthesis of opioids in yeast, which required the
parallel engineering of a tetrahydrobiopterin cofactor biosynthetic pathway [258, 404]. In
chapter 4 and 5, we describe the expansion of the enzymatic repertoire of two industrially
relevant yeast species by enabling the functional expression of molybdenum-cofactor-
dependent enzymes. The presented results can be considered an essential step toward
enabling expressing of the full set of over 35 Mo-cofactor-dependent enzymes described
to date [265]. In addition to the use of nitrate as a nitrogen source, such strategies could,
for example, enable the expression of high-k  molybdoprotein formate dehydrogenase
[457] as alternative for the low-k_ native fungal formate dehydrogenases, and of the
molybdoprotein furoyl-CoA dehydrogenase, which can contribute to conversion of toxic
furanic compounds found in lignocellulosic hydrolysates [458].

Overall, the presented work contributes to our understanding of the yeast cofactor
metabolism, provides new insights and a solid basis for further research in this as yet
underexplored field of application-inspired yeast research.
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