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Abstract.

Abstract

Rocio Celeste Cozmar Quezada (2026). “Development of a production
strategy based on the modification of metabolic regulation processes in
Komagataella phaffii” (PhD dissertation in English). Gembloux, Belgium,
Gembloux Agro-Bio Tech, University of Liege. 183 pages, 54 figures, 22
tables.

Komagataella phaffii is one of the most widely used yeast cell factories for
recombinant protein (rProt) production in the industry. Its success has been largely
attributed to the strong alcohol oxidase 1 promoter (pAOXI), which is traditionally
induced by methanol. However, the toxicity and handling constraints of methanol
limit its industrial applicability. Recently, formate dehydrogenase (FDH) deficient
strain of K. phaffii has been reported that formate as a key metabolite for p4OX1
induction in sorbitol media. This doctoral research has been focused on developing
methanol-free induction strategies for pAOX]/ in this FDH-deficient strain, to improve
rProt production.

These results showed that sorbitol dehydrogenase (SOR1) overexpression gene,
based on the slow sorbitol uptake limitation, enhanced sorbitol metabolism and
growth rate. However, it also decreased intracellular formate accumulation, a key
metabolite involved in p4AOX/ induction in this strain. Thereby, this effect reduced
pAOXI induction and the synthesis of model rProt, such as enhanced green fluorescent
protein (eGFP) and Candida antarctica lipase (CalB). Oxygen transfer conditions
(OTC) were also found to play a critical role in pAOX!I regulation, formate
accumulation, and increased eGFP production.

Furthermore, engineering of the L-serine biosynthesis pathway through

overexpression of 3-phosphoglycerate dehydrogenase (SER3) gene, based on previous
results obtained in serine-sorbitol media, enhanced intracellular formate levels and
improved the balance between growth and rProt production, SER3 strains exhibited
up to 48% higher specific eGFP fluorescence and 30% higher glucose oxidase (Gox)
activity compared to the parental strain. These findings highlight serine metabolism
as a potential contributor to the link between central carbon metabolism and p4OX1
induction.
In addition, signal peptide engineering was investigated as an independent approach
to improve recombinant protein secretion efficiency based on different composition
of pre- and pro-regions of signal peptides (SPs) of Yarrowia lipolytica. Yps3Pre-
Lip2Pro construct yielded the highest laccase activity, highlighting the importance of
secretion signal composition and design in overall rProt production performance and
secretion efficiency.

These findings expand current knowledge on the molecular mechanisms underlying
pAOXI activation and provide a foundation for designing safer, more sustainable, and
efficient recombinant protein production systems in K. phaffii.

Keywords: Komagataella phaffii, recombinant proteins, AOXI promoter,
methanol, formate, sorbitol dehydrogenase, sorbitol, oxygen transfer conditions,
serine, 3-phosphoglycerate dehydrogenase, metabolic engineering, signal peptide.

5



Resumé.




Abstract.

Résumé

Rocio Celeste Cozmar Quezada (2026). “Développement d’une stratégie
de production basée sur la modification des processus de régulation
métabolique chez Komagataella phaffii” » (Thése de doctorat en anglais).
Gembloux, Belgique, Gembloux Agro-Bio Tech, Université de Licge. 183
pages, 54 figures, 22 tableaux.

Komagataella phaffii est I'une des plateformes cellulaires de levure les plus
largement utilisées dans 1’industrie pour la production de protéines recombinantes
(rProt). Son succes est principalement attribué au puissant promoteur de 1’alcool
oxydase 1 (pAOX1I), traditionnellement induit par le méthanol. Cependant, la toxicité
et les contraintes de manipulation du méthanol limitent son applicabilité industrielle.
Récemment, une souche déficiente en formiate déshydrogénase (FDH) de K. phaffii a
été décrite, utilisant le formiate comme métabolite clé pour ’induction de p4OXI en
milieu sorbitol. Cette recherche doctorale s’est concentrée sur le développement de
stratégies d’induction sans méthanol pour pAOXI dans cette souche déficiente en
FDH, afin d’améliorer la production de rProt.

Ces résultats ont montré que la surexpression du géne de la sorbitol déshydrogénase
(SORI), basée sur la limitation de 1’absorption lente du sorbitol, a amélioré le
métabolisme du sorbitol et le taux de croissance. Cependant, I'accumulation
intracellulaire de formiate, un métabolite clé impliqué dans I'induction de p4OX1 chez
cette souche, a diminué. Par conséquent, cet effet a diminué 1’induction de pAOX1T et
la syntheése de protéines recombinantes modeles, telles que la protéine fluorescente
verte améliorée (eGFP) et la lipase de Candida antarctica (CalB). Les conditions de
transfert d’oxygeéne (OTC) ont également joué un rdle critique dans la régulation de
pAOXI, ’accumulation de formiate et I’augmentation de la production d’eGFP. En
outre, I’ingénierie de la voie de biosynthése de la L-sérine via la surexpression du
géne de la 3-phosphoglycérate déshydrogénase (SER3), basée sur des résultats
précédents obtenus en milieu sérine-sorbitol, a augmenté les niveaux intracellulaires
de formiate et amélioré I’équilibre entre croissance et production de rProt. Les souches
SER3 ont présenté jusqu’a 48 % de fluorescence spécifique d’eGFP en plus et 30 %
d’activité supplémentaire de glucose oxydase (Gox) par rapport a la souche parentale.
Ces résultats mettent en évidence le role du métabolisme de la sérine comme facteur
susceptible de contribuer au lien entre le métabolisme central du carbone et I'induction
de pAOXI. De plus, la modification des peptides signaux a été étudiée comme
stratégie indépendante visant a améliorer l'efficacité de la sécrétion des protéines
recombinantes en fonction de leurs compositions des régions pré et pro des peptides
signal (SPs) de Yarrowia lipolytica. Le construct Yps3Pre-Lip2Pro a présenté la plus
forte activité de laccase, soulignant I’importance de la composition et de la conception
des signaux de sécrétion dans la performance globale de production de rProt et
I’efficacité de sécrétion. Ces résultats élargissent les connaissances actuelles sur les
mécanismes moléculaires sous-jacents a 1’activation de p4AOXI et fournissent une
base pour concevoir des systémes de production de protéines recombinantes plus sirs,
plus durables et plus efficaces chez K. phatffii.
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Mots-clés : Komagataella phaffii, Protéines recombinantes, Promoteur 40X],
Méthanol, Formate, Sorbitol déshydrogénase, Sorbitol, conditions de transfert
d'oxygéne, Sérine, 3-phosphoglycérate déshydrogénase, ingénieure métabolique,
peptides signal.



Abstract.

Resumen

Rocio Celeste Cozmar Quezada (2026). “Desarrollo de una estrategia de
produccion basada en la modificacion de los procesos de regulacion
metabdlica en Komagataella phaffii” (Tesis doctoral en inglés). Gembloux,
Bélgica, Gembloux Agro-Bio Tech, Universidad de Lieja. 183 paginas, 54
figuras, 22 tablas.

Komagataella phaffii es una de las fabricas celulares de levadura mas utilizadas en
la industria para la produccidén de proteinas recombinantes (rProt). Su éxito se ha
atribuido en gran medida al fuerte promotor alcohol oxidasa 1 (p4OXI), que
tradicionalmente se induce con metanol. Sin embargo, la toxicidad y las limitaciones
de manejo del metanol restringen su aplicabilidad industrial. Recientemente, se ha
descrito una cepa deficiente en formiato deshidrogenasa (FDH) de K. phaffii que
utiliza el formiato como metabolito clave para la induccion de pAOX! en medios con
sorbitol. Esta investigacion doctoral se ha centrado en el desarrollo de estrategias de
induccion libres de metanol para pAOXI en esta cepa deficiente en FDH, con el
objetivo de mejorar la produccion de rProt.

Estos resultados mostraron que la sobreexpresion del gen de sorbitol deshidrogenasa
(SORI), basada en la limitacion de la captacion lenta de sorbitol, aumentd el
metabolismo del sorbitol y la tasa de crecimiento. Sin embargo, disminuyo6 la
acumulacion intracelular de formiato, que es un metabolito clave relacionado con la
induccion de pAOXI en esta cepa. En consecuencia, este efecto redujo la induccion
de pAOXI y la sintesis de proteinas recombinantes modelo, como la proteina
fluorescente verde mejorada (eGFP) y la lipasa de Candida antarctica (CalB).
También se observdo que las condiciones de transferencia de oxigeno (OTC)
desempefian un papel critico en la regulacion de pAOX1I, la acumulacion de formiato
y el aumento de la produccion de eGFP. Por otra parte, la ingenieria de la via de
biosintesis de L-serina mediante la sobreexpresion del gen de la 3-fosfoglicerato
deshidrogenasa (SER3), basada en resultados previos obtenidos en medios serina-
sorbitol, aumento los niveles intracelulares de formiato y mejor6 el equilibrio entre
crecimiento y produccion de rProt. Las cepas SER3 mostraron hasta un 48% mas de
fluorescencia especifica de eGFP y un 30% mas de actividad de glucosa oxidasa (Gox)
en comparacion con la cepa parental. Estos hallazgos Estos hallazgos ponen de
relevancia el metabolismo de la serina como posible factor que contribuye a la
relacion entre el metabolismo central del carbono y la induccion de pAOX1. Ademas,
se estudio la ingenieria de péptidos sefial como estrategia independiente para mejorar
la eficiencia de la secrecién de proteinas recombinantes en funcidon de diferentes
composiciones de las regiones pre y pro de péptidos sefial (SPs) de Yarrowia
lipolytica. El constructo Yps3Pre-Lip2Pro mostré la mayor actividad de lacasa,
destacando la importancia de la composicion y el disefio de las sefales de secrecion
en el rendimiento global de produccion de rProt y la eficiencia de secrecion.

Estos hallazgos amplian el conocimiento actual sobre los mecanismos moleculares
subyacentes a la activacion de pAOX1 y proporcionan una base para disefiar sistemas



Resumé.

de produccion de proteinas recombinantes mas seguros, sostenibles y eficientes en K.
phaffii.

Palabras clave: Komagataella phaffii, Proteinas recombinantes, Promotor AOX1,
Metanol, Formato, sorbitol deshidrogenasa, Sorbitol, condiciones de transferencia de
oxigeno, Serina, 3-fosfoglicerato deshidrogenasa, Ingenieria metabdlica, péptidos
senal.
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deficient K. phaffii. Arrows in orange are related exclusively to THF-C1 metabolism.
AFDH: formate dehydrogenase gene deleted; THF, tetrahydrofolate; rProt:
recombinant protein. G6P, glucose-6-phosphate; FOP: fructose-6-phosphate; G3P, 3-
phosphoglycerate; Pyr, pyruvate; TCA: tricarboxylic acid cycle.

Figure 3-1. Strategy proposal overview focused on enhancing sorbitol metabolism
in FDH-deficient strain.

Figure 3-2. Scheme of plasmid construction to obtain RIE354 and RIE355 by
GoldenPiCS assembly of different gene fragments.

Figure 3-3. Scheme of plasmid construction to obtain RIE370 RIE372 RIE374 and
RIE378 by GoldenPiCS assembly of different gene fragments.

Figure 3-4. Sorbitol metabolism in K. phaffii: PpHxtl, a hexose transporter, is
evaluated in this investigation as a putative sorbitol transporter; Sdh refers to sorbitol
dehydrogenase.

Figure 3-5. Biomass (panels A and C) and specific fluorescence (panels B and D)
during the growth of FdhKO eGfp strain (blue colors) and FdhKO SdOE eGfp strain
(orange colors) in YNB minimal medium containing different mixtures of glycerol
and sorbitol (1:0, 1:1, 1:2; medium YNBGO, YNBGS2, and YNBGS4, respectively).
Cells were grown in a BioLector system, and data represent the mean and standard
deviation of triplicate cultures. sFU: specific fluorescence unit; a.u: arbitrary units.

Figure 3-6. Biomass (panel A and C) and specific enzyme activity (panel B and D)
during growth of FdhKO CalB (blue), FdhKO GOx (green), FAKO SdOE CalB
(orange) and FAKO SAOE GOx (red) strains on YNB minimal medium containing
sorbitol (YNBS). Data are the mean and standard deviation of triplicate cultures
conducted in shake flasks. Lipase and glucose oxidase assays were performed in
triplicates.

Figure 3-7. Biomass (panel A), Median FL1-A (panel B), induced population (panel
C) and specific eGFP fluorescence (panel D) for FdhKO eGfp and FdhKO-SdOE eGfp
strains cultured strains grown in YNBS2 under different OTC (low, Kia 10 h';
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medium, Kra 10 h”'; high, Kra 100 h™), in shake-flask cultures. Culture samples were
taken at the mid-exponential growth phase (i.e. after 22 h). eGFP fluorescence was
quantified by flow cytometry on 20,000 cells and expressed as TFU (total
fluorescence, see materials and method for calculation details). Data are means and
standard deviations of triplicate cultures.

Figure 3-8. Specific formate concentration (panel A), biomass-substrate yield
coefficient (Y s, panel B) and product-to-substrate yield coefficient (Y, panel C) for
FdhKO eGfp (blue bars) and FdhKO-SdOE eGfp (orange bars) strains grown under
different OTC, benchmarked by Kja, in shake-flask cultures. Culture samples were
taken at the mid-exponential growth phase (i.e. after 22 h). Data are means and
standard deviations of biological triplicate.

Figure A3-3. Methanol utilization pathway in Komagataella phaffii. Aox1, 2:
alcohol oxidasel and 2; Cat: catalase; Dasl, 2: dihydroxyacetone synthase; Fld:
formaldehyde dehydrogenase; Fgh: S-formylglutathione hydrolase; Fdh: formate
dehydrogenase; Dak: dihydroxyacetone kinase; Tpi: triose phosphate isomerase; Fba:
fructose-1,6-bisphosphate aldolase; Fbp: fructose-1,6-bisphosphatase;  GS(H):
glutathione; DHA: dihydroxyacetone; DHAP: dihydroxyacetone phosphate; GAP:
glyceraldehyde-3-phosphate; F1,6BP: fructose-1,6-bisphosphate; F6P: fructose-6-
phosphate; Xu5P: xylulose 5-phosphate.

Figure A3-4. Tetrahydrofolate (THF) mediated one-carbon (THF-C1) metabolism
in yeast. Fdh, formate dehydrogenase; Shml, mitochondrial serine
hydroxymethyltransferase; Shm2, cytosolic serine hydroxymethyltransferase; Misl-
2, formate-tetrahydrofolate ligase; Mis1-3, methylenetetrahydrofolate dehydrogenase
& methenyltetrahydrofolate cyclohydrolase; Mis1-1, trifunctional enzyme: formate-
tetrahydrofolate ligase, methenyltetrahydrofolate cyclohydrolase and
methylenetetrahydrofolate reductase; THF, tetrahydrofolate. Figure adapted from
(Bustos et al., 2024).

Figure A3-5. Sorbitol Dehydrogenase enzyme. Protein alignment.
XP_002489933.1 corresponds to (gene PAS chrl-1 0490) protein sequence
Komagataella phaffii, and XKU26523.1 corresponds to Saccharomyces cerevisiae.

Figure A3-6. Hexose transporter protein. Protein alignment. XP_002490706.1
corresponds to (gene PAS chrl-4 0570) protein sequence Komagataella phaffii, and

CAA98825.1 corresponds to Saccharomyces cerevisiae.

Figure A3-7. Schematic representation of the genotype of yeast strains used in 3™
chapter.

Figure A3-8. Glycerol and sorbitol concentration during the growth of FdhKO eGfp
strain (blue colors, Panel A) and FdhKO SdOE eGfp strain (orange colors, Panel B)
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in YNB minimal medium containing different mixtures of glycerol and sorbitol
(YNBGO, 1.75 g L™ glycerol; YNBGS2, 1.75 g L™ glycerol and 1.75 g L' sorbitol;
YNBGS4, 1.75 g L glycerol and 3.5 L™ sorbitol). The data show one representative
culture.

Figure A3-9. Sorbitol concentration after 22 h of growth of strains SdhKO eGfp
(blue) and SdhKO SdOE eGfp (orange) in the YNBS2 medium under different OTC
(low, Kra 10 h'; medium, Kra 10 h''; high, Kra 100 h'). Data are the mean and
standard deviation of triplicate cultures conducted in in shake flasks.

Figure A3-10. eGFP gene expression level for FdhKO eGfp and FdhKO-SdOE
eGfp strains cultured strains grown under different OTC (low, Kra 10 h''; high, K;a
100 h™"), in shake-flask cultures. Culture samples were taken at the mid-exponential
growth phase (i.e. after 22 h). Data are means and standard deviations of triplicate
cultures. Gene expression levels were normalized according to that of actin gene.

Figure 4-1. Schematic diagram illustrating the targeting serine biosynthesis
pathway in a formate dehydrogenase-deficient Komagataella phaffii. Formate from
THF-C1 metabolism induces the p4OX1 promoter.

Figure 4-2. Serine biosynthesis pathway in Komagataella phaffii. Abbreviation are
as follows: PGADH, 3-phophoglicerate dehydrogenase; PSATI, phosphoserine
aminotransferase encoded; PSPH, phosphoserine phosphatase; G6P, glucose-6-
phosphate; G3P, 3-phosphoglycerate; NAD', nicotinamide adenine dinucleotide
oxidized; NADH, nicotinamide adenine dinucleotide reduced; Glu, glutamate; aKG,
alfa-ketoglutarate; Pyr, pyruvate; P, phosphate.

Figure 4-3. Strategy proposal overview focused on enhancing serine pathway in
FDH-deficient strain.

Figure 4-4. General overview of plasmids construction by NEBuilder HiFi DNA
assembly kit of different gene fragments. Z: Zeocin selection marker; H: hygromycin
selection marker; N: Nourseothricin selection marker.

Figure 4-5. Specific eGFP fluorescence for eGfp strain (FdhKO p4OXI1-eGFP)
expressing gene SERI (panel A), SER2 (panel B), SER3 (panel C) and SERI-SER3
(panel D) under the control the pGAP (strains marked with g) and pMDH3 (strains
marked with m) during growth in sorbitol medium (YNBS). Cells were grown in
microbioreactors in batch mode as described in Materials and Methods. Specific
fluorescence is the mean value (coloured lines) and standard deviation (grey shades)
of biological triplicates. sFU: Specific fluorescence unit.
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Figure 4-6. Biomass for eGfp strain (FdhKO p4OX1-eGFP) expressing gene SER]
(panel A), SER2 (panel B), SER3 (panel C) and SERI-SER3 (panel D) under the
control the pGAP (strains marked with g) and pMDH3 (strains marked with m) during
growth in sorbitol medium (YNBS). Cells were grown in microbioreactors in batch
mode as described in Materials and Methods. Biomass is the mean value (colored
lines) and standard deviation (grey shades) of biological triplicates. Arb units:
arbitrary unit.

Figure 4-7. Biomass (panel A), specific eGFP (panel B) and extracellular formate
concentrations (Panel C) for eGfp (fdhlA, pAOXI-eGFP, blue color) and mSER3-
eGfp (fdhlA, pAOXI-eGFP, pMDH3-SER3, green color) strains grown in YNB
minimal media containing glycerol and sorbitol at a 1:2 ratio (YNBGS4). Cells were
grown in microbioreactors in batch mode as described in Materials and Methods in
glycerol-sorbitol media (YNBGS4). The data represent the mean and standard
deviation of triplicate cultures. sFU: specific fluorescence unit; a.u: arbitrary units.
uM: micromolar. In panel A and B, the dotted line highlights the point at which
glycerol was depleted from the medium.

Figure 4-8. Glucose oxidase activity (panel A), extracellular formate concentration
(panel B), biomass (panel C) and sorbitol concentration (panel D) during growth of
GOX (blue color) and GOX-SER3 (green color) strains in sorbitol media (YNBS).
Data are presented as the mean and standard deviation of triplicate cultures conducted
in shake flasks as described in Materials and Methods. Glucose oxidase assays were
performed in triplicates.

Figure 4-9. Biomass (panel A), glycerol (filled histograms) and sorbitol (empty
histograms) concentrations (panel B), dissolved oxygen (panel C), and glucose
oxidase-specific activity (panel D) during the growth of the GOX (blue colour) and
GOX-SER3 (green colour) strains in a stirred-tank bioreactor in batch mode as
described in Materials and Methods in glycerol-sorbitol media (YNBGS). Cultures
were performed in duplicate. In panels A and D, the dots represent all the
measurements, while the lines connect the mean values.

Figure A4-5. Codon optimized sequence of the alfa mating factor (aMF) from
Saccharomyces cerevisiae (NM_001184001.1). Modified codons are in red, Bsal
sequence is blue. Optimization was made using SnapGene software

Figure A4-6. Codon optimized sequence of the intron less glucose oxidase gene
from Aspergillus niger (x60601.1). Modified codons are in red. Bsal sequence is blue.

Sequence in purple corresponds to a histidine tag fuse to the Gox protein for
purification. Optimization was made using SnapGene software

Figure A4-7. Schematic representation of the strain genotype used in 4" chapter.
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Figure A4-8. Specific eGFP fluorescence of the different eGFP constructed strains.
Histogram color is specific for a constructed strain, each histogram bars representing
one of the three transformants tested. Data represents the mean and standard deviation
of triplicate cultures. sFU: specific fluorescence unit.

Figure A4-9. Specific glucose oxidase activity of the different GOX constructed
strains. Histogram color is specific for a constructed strain, each histogram bars
representing one of the three transformants tested. Data represents the mean and
standard deviation of triplicate cultures.

Figure A4-10. Biomass for eGfp strain (FdhKO p4OXI1-eGFP) expressing gene
SERI (panel A), SER2 (panel B), SER3 (panel C) and SERI-SER3 (panel D) under the
control the pGAP (strains marked with g) and pMDH3 (strains marked with m) during
growth in sorbitol medium (YNBS). Cells were grown in microbioreactors in batch
mode as described in Materials and Methods. Biomass is the mean value (colored
lines) and standard deviation (grey shades) of biological triplicates. Arb units:
arbitrary unit.

Figure 5-1. Schematic representation of the constructed expression systems
obtained by Golden Gate (GG) assembly (Supporting information A). Abbreviations
are as follow: pTEF, promoter pTEF-4UA (GGE146); Pre, presequence of a factor
(aPre); Yps3 protease, (Yps3Pre); LIP2 lipase, (Lip2Pre); SoAmy o-amylase
(SoAmyPre); Lacc, LacVader laccase encoding gene; LIP2tt; LIP2 transcriptional
terminator. All constructs were integrated at the LIP2 locus of Y. lipolytica strain
RIY146.

Figure 5-2. Laccase specific activity after 60 h and 72 h of growth in BMD1 medium
for K. phaffii and YNBG-Cu for Y. lipolytica strains. Data are for biological triplicate
cultures and technical duplicate of enzyme assays.

Figure 5-3. LacVader expression level for Y. lipolytica Yps3Pre, Yps3Pre-aPro and
Yps3Pre-Lip2Pro strains grown in YNBG-Cu after 24 h and 48 h. Data are means and
standard deviation of triplicate cultures. Expression levels were first normalized to that
of Actin (ACt) and to the mean expression level of Yps3Pre (AACY).

Figure AS5-1. Schematic representation of the constructed expression systems
obtained by Golden Gate (GG) assembly. Abbreviations are as follow: pTEF,
promoter pTEF-4UA (GGE146); Pre, presequence (aPre, Yps3Pre, Lip2Pre or
SoAmyPre); Lacc, LacVader laccase encoding gene; LIP2tt; LIP2 transcriptional
terminator.
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Figure A5-2. Assessment of gene integration consistency. For each construct, two
transformants were cultivated in biological triplicates for 48h. The laccase activity
was determined in ftriplicate and specific laccase activity calculated from the
corresponding biomass. For both transformants per constructed strain, nine values are
given.

Figure AS-3. Biomass after 72 of growth of the different Y. /ipolytica strains grown
in deepweel plate in YNBCu medium in triplicate. Box represents the minimal and
maximal value obtained. Black dots represent the obtained values.
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Chapter 1: General introduction.

Chapter 1: General introduction.
1. Outline.

In the 1% chapter, a general introduction of the thesis is given, focusing on the

research context and objectives.

In the 2™ chapter, the current knowledge on Komagataella phaffii is presented, and
its utilization as a cell factory to produce recombinant proteins. It also presents the
recent work performed in the yeast laboratory, particularly on the ability of the
benchmark expression system based on the pAOXI promoter to operate in a self-
induced manner in an FDH-deficient mutant strain cultivated on sorbitol as the main
carbon source.

In the 3™ chapter, a strategy to improve the sorbitol catabolism in the FDH-deficient
mutant and evaluate its impact on rProt productivity, exemplified for three proteins,
namely the intracellular eGFP and secretory proteins lipase CalB and glucose oxidase
(Gox), is presented.

The 4™ chapter is focused on metabolic engineering on the serine biosynthesis
pathway with the aim of enhancing formate accumulation of K. phaffii FDH-deficient
strain. The presented analysis in this chapter examines how genetic modifications
influence the formate accumulation and the production of two reporter proteins: the
intracellular eGFP and glucose oxidase (Gox).

As efficient protein secretion relies partly on the nature of the signal peptide used,
the 5™ chapter evaluates different signal peptides for laccase production in Yarrowia
lipolytica and compares them with K. phaffii. Signal peptide choice strongly
influences recombinant protein secretion, depending on the host and the target protein.
Although it does not involve engineered metabolic pathways, this study complements
the core chapters on improving yeast-based protein production. Signal peptide
optimization addresses secretion-level limitations, representing an interconnected
layer of the production process.

The 6™ chapter provides a general discussion of the research findings presented
throughout the thesis. It synthesizes key findings and integrates the insights from the
previous chapters to offer a cohesive understanding of the system. The implications
of these findings are discussed, highlighting the advancements achieved in the
development of a methanol-free expression system.

The 7" chapter summarizes the main conclusions and outlines future research
perspectives of this thesis. It emphasizes the scientific relevance and novelty of the
findings while proposing directions for further optimization of the methanol-free
system.

Appendix contains appendices, which include supplementary materials such as the
list of primers employed in this study, additional experimental data, and details on the
scientific contributions.
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Development of a production strategy based on the modification of metabolic regulation processes in
Komagataella phaffii.

2. Context and objectives.
2.1 Context.

In recent years, industrial biotechnology has been transformed by the development
of cell platforms capable of producing recombinant proteins with high efficiency and
scalability for both pharmaceutical and industrial applications, driving the
development of efficient cell platforms known as microbial cell factories (MCF).
These engineered microorganisms are capable of producing valuable compounds of
interest (Lv & Cai, 2025). Among these platforms, the yeast Komagataella phaffii
(formerly known as Pichia pastoris) has emerged as one of the most widely used
expression systems in biotechnology (Cereghino & Cregg, 2000; Gasser et al., 2013).
This host has enabled the development of therapeutic products, food enzymes, and
biomolecules of industrial and commercial interest. (Ahmad et al., 2014). The
relevance of these applications is reflected in the sustained growth of the global
markets for industrial enzymes and recombinant proteins, approximately projected to
exceed USD 24.6 billion in 2033 (Enzymes Market Size and Share, 2025) and USD
8.66 billion in 2034 (Recombinant Proteins Market, 2025) respectively. Its increasing
adoption highlights the need for continued optimization of safe, cost-effective, and
sustainable production processes.

Komagataella phaffii is a methylotrophic yeast capable of using methanol as a
carbon source. Reports related to this species using methanol as a carbon source were
obtained in the early 1970s (Ogata et al., 1969), which enabled Phillips Petroleum
Company to develop a system for high-density yeast fermentation using methanol as
a sole carbon source from methane for single-cell protein production at large scale.
However, the system was rendered economically unviable due to the high cost of
methanol caused by the oil crisis (Cereghino & Cregg, 2000) (Figure 1-1).

1 ""Eaﬂy reports of MeOH utilization

(Ogata et al., 1969) Reclassification into
Phillips Petroleum Company the genus Komagataella

based an phylogenetic and molecular analyses

Pichia Saccharomyces pastori
al. 1052
! (Kurtzman, 2005, 2009; Zhang et . 2020)

Definition of genus Renamed as
in honor of P. Pichi

develop Fermentation process
Oil crisis

- f .

as Pichia pastoris from system in P. pastoris for protein
a black oak tree in expression
USA Phillips Petroleum company to Ressarch
’ Corporation Technalogies

13t isolation by Marie
Antoine Alexandre as
Zygosaccharomyces pastori

Isolation by H. Phaff Patent of the expression
from a French chestnut tree.

Figure 1-1. Historical timeline of K. phaffi: from environmental isolate to industrial
expression platform.
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During the following years, different authors worked on the characterization of
metabolic pathways for methanol utilization in yeast. The methanol metabolism
pathway is highly conserved across species capable of using methanol (MeOH) as a
carbon source. It is initiated by the oxidation of methanol by alcohol oxidase (Aox) in
the peroxisome, generating formaldehyde (HCHO) and hydrogen peroxide (H20:),
which is subsequently converted by catalase into water (H,O) and_oxygen (O,). The
formaldehyde serves as a key metabolic intermediate at the branching point in the
pathway (Cregg et al., 1989). A portion of the formaldehyde enters the dissimilative
pathway (represented with brown arrows in Figure 1-2), where it is further oxidized
by two dehydrogenases (formaldehyde and formate dehydrogenase) to form carbon
dioxide (CO»), thereby reducing the formaldehyde's toxic effects on the cells (Berrios
et al., 2022). The fraction of formaldehyde not oxidized in the dissimilative route
follows the assimilative pathway (represented with light blue arrows in Figure 1-2),
which is condensed with a five-carbon sugar, xyulose-5-monophosphate (XuMP), to
yield two three-carbon molecules, glyceraldehyde-3-phosphate (G3P) and
dihydroxyacetone phosphate (DHAP), through the action of the enzyme
dihydroxyacetone synthase (Das). Subsequently, G3P exits the peroxisome and enters
glycolysis, which supplies the precursors required for all cellular constituents for cell
growth (Juturu & Wu, 2018) (Figure 1-2).

MeOH P \
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Figure 1-2. General overview of methanol metabolism and pAOX!/ induction on
Komagataella phaffii. Figure shows the involved pathways of methanol metabolism in K.
phaffii: Assimilative pathway (light blue arrows) and dissimilative pathway (brown arrows)
and the relation of methanol with pAOX! induction. MeOH: methanol; Aoxl1, 2: alcohol
oxidasel and 2; Cat: catalase; Dasl, 2: dihydroxyacetone synthase 1 and 2; Xu5P: xylulose-5-
phosphate; DHA: dihydroxyacetone; DHAP: dihydroxyacetone phosphate; G3P:
glyceraldehyde-3-phosphate; FOP: Fructose 1,6 biphosphate; Dak: dihydroxyacetone kinase;
Fba: fructose-1,6-bisphosphate aldolase; Fbp:Fructose 1,6 bisphosphatase; Fld: formaldehyde
dehydrogenase; Fgh: S-formylglutathione hydrolase; Fdh: formate dehydrogenase; GSH:
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Komagataella phaffii.

glutathione; GS-CH20H: S-(hydroxymethyl) glutathione; GS-CHO: S-formyl glutathione;
rProt: recombinant protein; p4OX1: alcohol axodase 1 promoter

In 1994, the patent for the protein expression system in P. pastoris was sold by
Phillips Petroleum to Research Corporation Technologies. This change made it
possible for the system to be used by any laboratory, allowing genes of interest to be
expressed for academic or commercial purposes (Cereghino & Cregg, 2000).

K. phaffii is characterized by several desirable features reaching approximately 100—
150 gDCW-L"!, while recombinant protein production levels ranging from mg-L™' to
gram-per-liter scale have been achieved under optimized conditions (Cereghino &
Cregg, 2000, Gu et al., 2015, Karbalaei et al., 2020). Few endogenous proteins are
secreted by K. phaffii, resulting in a predominant fraction of total extracellular proteins
being recombinant proteins, which simplifies downstream processing (Figure 1-
3).(Looser et al., 2015; Meng et al., 2014).

MCF K. phaffii

- - decne;:ty
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rProt ~ (&) ﬁT - | LA
= \\7// . =

Fewendogenous proteins Industrial scalability

Figure 1-3. Advantages of use of K. phaffii as microbial cell factory. rProt: recombinant
protein: MCF: Microbial cell factory.

These characteristics are largely due to K. phaffii’s ability to oxidize methanol to
integrate it into the methanol utilization pathway (MUT). In cells and in the presence
of methanol, AOXI gene is expressed at high level while this expression is repressed
when cells are grown of glucose and glycerol. Based on these features, promoter of
AOXI gene (pAOXI) has been used to develop efficient expression systems in K.
phaffii (Figure 1-2) (Juturu & Wu, 2018, Tiirkanoglu Ozgelik et al., 2019; Vogl &
Glieder, 2013). However, several limitations are associated with methanol use. It is
highly toxic and flammable; careful handling is required, complicating large-scale
industrial processes (Couderc & Baratti, 1980). Its metabolism leads to the generation
of reactive oxygen species (ROS), resulting in oxidative stress, which may negatively
affect protein folding, stability, and secretion efficiency (Jia et al., 2021; Vanz et al.,
2012). Large amounts of oxygen are consumed during methanol oxidation, and extra
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heat is generated by this process. These effects increase production costs and
complicate scale-up because methanol requires high oxygen transfer rates and strict
safety control during industrial fermentation processes (Cooney et al., 2000; Zavec et
al., 2020) (Figure 1-4).

Figure 1-4. Limitations associated with the Methanol use for the p4OX/ induction. MeOH:
methanol, ROS: Reactive oxygen species; O»: Oxygen; pAOXI: Acohol oxidase 1 promoter.

The limitations associated to the use of methanol for pAOXI induction have driven
the search for alternative methanol-free expression systems in K. phaffii. One
approach is the co-feeding of methanol with an additional carbon source, such as
glucose or glycerol (Berrios et al., 2017; Zitkus et al., 2025). This strategy is widely
used in industry to reduce methanol use. However, those carbon sources are known to
repress pAOXI (Inan & Meagher, 2001; Thorpe et al., 1999; J. Wang et al., 2018), and
reduce the induction level of pAOXI. In contrast, the co-feeding of methanol with
non-repressive carbon sources has emerged as an alternative strategy that does not
repress pAOX1 (Carly et al., 2016). such as mannitol (Inan & Meagher, 2001; Vogl et
al., 2016), sorbitol (Berrios et al., 2017) and lactate (Spohner et al., 2015) or formate
(Jayachandran et al., 2017b; Singh & Narang, 2020).

In addition, other approaches have been developed to reduce methanol dependency
for gene induction. These approaches are focused on the use of methanol-independent
promoters, such as the sorbitol dehydrogenase promoter. (pSDH) (B. Liu et al., 2023),
phosphoenolpyruvate carboxykinase promoter PEPCK (Rajak et al., 2024), pH-
responsive promoters such as thioredoxin peroxidase promoter p7S4/, small heat
shock protein promoter pHSP12, and sodium-coupled phosphate symporter promoter
pPHOGS9 (Albacar et al., 2024). Nevertheless, these methanol-free expression systems
are based on alternative promoters and do not rely on the pAOXI promoter, which
remains the most widely used system for recombinant protein production in industry.
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Therefore, developing strategies to improve pAOXI! induction without methanol
remains a major challenge and could significantly advance both fundamental research
and applied bioprocess technologies (Figure 1-5).

Co-feeding strategies Alternative promoters TFs engineering Autoinducible systems

e

C-source A C-source B

~

Figure 1-5. Summary of Methanol-free actual approaches. TF: transcription factor; pDAS:
dihydroxyacetone synthase promoter; pSDH: sorbitol dehydrogenase promoter; pFLD:
formaldehyde dehydrogenase promoter.

In this context, formate has emerged as an interesting option to induce pAOXI
(Singh & Narang, 2020) and some studies reported the utilization of formate as an
alternative inducer for pAOX! (Feng et al., 2022a; B. Liu, Zhao, et al., 2022).
Recently, we demonstrated in our laboratory that formate generated from one-carbon
metabolism mediated by tetrahydrofolate (THF-C1) can induce p4AOXI promoter in a
strain deficient in formate dehydrogenase (FDH) when grown on sorbitol as sole
carbon source (Bustos et al., 2024). Nevertheless, this new FDH-deficient strain grows
slowly in sorbitol compared to glycerol (0.02 g-gDCW “h"'and 0.9 g-gDCW "“h™',
respectively). Furthermore, it has been reported that supplementation of the culture
medium with serine increases specific fluorescence in the FDH-deficient mutant strain
grown on sorbitol media (Bustos et al., 2024). Since intracellular formate has been
associated with p4OX]I induction in this system, these results suggest a possible
connection between serine availability, formate metabolism, and p4OXI induction.
These limitations emphasize the potential for further improvement of the autoinducer
system.

Given the current approaches to minimize methanol use, this work investigates
strategies on FDH-deficient strain K. phaffii to improve pAOXI induction.
Additionally, it provides a detailed explanation of the underlying mechanisms
involved in these advancements.
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2.2 Objectives

The main objective of this thesis is developing strategies to enhance formate
accumulation in K. phaffii FDH-deficient strain, through metabolic engineering, using
sorbitol as a carbon source, in order to improve the AOXI promoter induction and the
recombinant protein production.

To achieve this objective, two main strategies were implemented: The first strategy
consisted of enhancing sorbitol assimilation, while the second strategy aimed to
enhance serine biosynthesis to increase intracellular formate and further enhance
AOXI promoter activity. The effects of these modifications were evaluated using
intracellular enhanced green fluorescence protein (eGFP) as a reporter for pAOX1
induction, and extracellular Candida antarctica lipase B (CalB), and secreted
Aspergillus niger glucose oxidase (Gox) as model secreted proteins.

The scheme followed in order to accomplish these objectives is illustrated in Figure
1-6: Based on the slow growth of the FDH-deficient strain on sorbitol reported by
Bustos et al. (2024), the strain was metabolically engineered to overexpress the
PpHXTI] and/or SORI genes. These modifications aimed to enhance sorbitol
metabolism. In addition, based on the serine supplementation, which has been shown
to improve fluorescence in this strain when grown on sorbitol media (Bustos et al.,
2024), the serine biosynthesis pathway flux was enhanced through the overexpression
of SER3, SERI, and SER2 under selected promoters. The resulting mutants were
evaluated in terms of specific fluorescence, biomass, growth rate, carbon source
consumption, formate accumulation, and recombinant protein production.

A side research project, we focused on the optimization of protein secretion in the
yeast Yarrowia lypolitica. For that purpose, protein secretion efficiency, using CalB
as a model protein, was determined for different combinations of pre- and pro-
sequence. The summary scheme of complete work is described in Figure 1-6 as
follows:

A: Description of Background and Conceptual framework of using methanol in
Komagataella phaffii for recombinant protein production and the developed methanol-free
system B: Develop of strategies for enhancement of sorbitol uptake through metabolic
engineering of the sorbitol pathway in FdhKO strain C: Evaluation of kinetics in cultures of
engineered strains decreases pAOX/ induction and low O, improves it D: Develop of strategies
for enhancement of formate accumulation through metabolic engineering of the biosynthesis
serine pathway E: Comparative analysis of overexpressed enzymes: SER3 bottleneck of
biosynthesis serine pathway F: Evaluation of constructed strains in operational conditions G:

Testing the increase of the synthesis of secreted protein in bioprocess conditions.

Abbreviations: rProt: specific recombinant protein ; s.r.prot: specific recombinant protein FdhKO: formate
dehydrogenase deficient strain; AFDH1: formate dehydrogenase gene deleted; p: growth rate; pAOXI: alcohol oxidase
1 promoter; pGAP; 3-phophoglicerate dehydrogenase promoter; pMDH3: peroxisomal malate dehydrogenase
promoter; PpHXTI: hexose transporter gene; SORI: sorbitol dehydrogenase gene; Sorl: sorbitol dehydrogenase;
FdhKO SdOE: formate dehydrogenase deficient overexpress SOR/ strain; K, a: oxygen transfer coefficient; Pgadh: 3-
phophoglicerate dehydrogenase; Psatl: phosphoserine aminotransferase; Psph: phosphoserine phosphatase; G6P:
glucose-6-phosphate; 3PG: 3-phosphoglycerate; NAD': nicotinamide adenine dinucleotide oxidized; NADH:
nicotinamide adenine dinucleotide reduced; Glu: glutamate; aKG: alfa-ketoglutarate; Pyr: pyruvate; P: phosphate
SER3: 3-phophoglicerate dehydrogenase gene; SERI: phosphoserine aminotransferase gene; SER2: phosphoserine
phosphatase gene; mSER3: formate dehydrogenase deficient strain overexpress SER3; GOX; formate dehydrogenase
deficient strain with Gox as model secreted protein SER3-GOX: formate dehydrogenase deficient strain overexpress
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SER3 with Gox as model secreted protein eGFP: enhanced green fluorescent protein; CalB: Candida antarctica lipase
B, Gox: glucose oxidase.

Overall, this doctoral project aimed to develop and optimize K. phaffii FDH-
deficient strain for recombinant protein production. Metabolic engineering strategies
were implemented to improve carbon utilization and intracellular metabolite
availability, while secretion efficiency was addressed through signal peptide
optimization. Together, these approaches were integrated to enhance recombinant
protein yield and to expand the performance of the K. phaffii expression system.
Figure 1-7 offers a schematic overview of the thesis framework integrating carbon
metabolism, metabolic engineering, and secretion optimization strategies for
improved recombinant protein production.

CalB eGFP
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Chapter 2

Komagataella phaffii as a Yeast Cell
Factory: Methylotrophic Metabolism,
Promoter Engineering, and Methanol-Free
Expression Strategies.
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Description of Chapter 2

This chapter provides a deep background on K. phaffii as a versatile yeast cell
factory, emphasizing its methylotrophic metabolism and inducible promoters,
particularly p4OXI. It reviews promoter regulation by key transcription factors and
strategies for methanol-free or autoinduced expression, including alternative carbon
sources, transcription factor engineering, and hybrid systems, especially focuced in
the formate as inducer to establish the foundational understanding necessary for FDH-
deficient strains of K. phaffii as an interesting model to enhance pAOXI induction.
Based on the results of this investigation in the subsequent chapters, the insights
present in this chapter will be discussed.
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Chapter 2: Advances in Komagataella phaffii as a
yeast cell factory: Methylotrophic metabolism,
inducible promoter engineering and methanol-free
expression Approaches.
1. Yeast-based cell factories and Komagataella phaffii.

In the last decades, the concept of cell factories has gained relevance in the
biotechnology industry, where microbial hosts are engineered to produce a wide array
of high-value compounds like biopharmaceuticals, biofuels, and fine chemicals
(Nielsen & Keasling, 2016). Well-studied examples of yeast hosts include
Saccharomyces cerevisiae, Yarrowia lipolytica and Komagataella phaffii (L. Liu et
al., 2013). K. phaffi, formerly known as Pichia pastoris, is a non-conventional yeast
that has emerged as a robust and versatile host for recombinant protein (rProt)
production and has become one of the most widely used yeast cell factories (Gasser
et al., 2013). Under controlled growth conditions, it can reach high cell densities, and
its post-translational modifications are simplified compared with higher eukaryotic
hosts, making this yeast an attractive expression system, which underpins its
widespread use in heterologous protein production (Ahmad et al., 2014; Veenhuis et
al., 2000).

2. Methylotrophic metabolism of K. phaffi.

K. phaffi is able to utilize methanol as a sole carbon and energy source (Cereghino
& Cregg, 2000; J. Lin-Cereghino et al., 2005) via a dual-pathway system known as
the methanol utilization pathway (MUT). The MUT pathway is regulated at the
transcriptional level through promoters of genes encoding enzymes involved in this
pathway, which are controlled by transcription factors (TFs). TFs are regulatory
proteins that control the rate of gene transcription by binding to specific DNA
sequences (Shen et al., 2023). The assimilative and dissimilative pathways are tightly
regulated at the transcriptional level largely by the transcription factor Mxr1, which
is the master regulator of methylotrophy in K. phaffii. Mxrl controls the expression
of AOXI, including other key genes: dihydroxyacetone synthase (DASI),
formaldehyde dehydrogenase gene (FLDI), and formate dehydrogenase gene
(FDH1I), in response to the presence of methanol and can be repressed by glucose and
glycerol (J. Lin-Cereghino et al., 2005; Zhan et al., 2017).

According to the methanol-utilization pathway, there are three phenotypes: The
wild-type methanol utilization phenotypes, known as methanol utilization plus (Mut")
strains of K. phaffi, both AOXI and AOX2 genes are active, supporting rapid methanol
metabolism and high alcohol oxidase activity. Under methanol-inducing conditions,
the alcohol oxidase 1 promoter (p4OX]T) is strongly induced, leading to high levels of
the enzyme alcohol oxidase (Aox) (Camara et al., 2017). In Mut® strains of K. phaffi,
AOXI i1s deleted while AOX2 remains functional. As a result of this modification,
methanol metabolism is slowed, Aox activity is reduced, and oxygen consumption
and heat generation are decreased, which can be advantageous under certain
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cultivation conditions (Krainer et al., 2012). Nonetheless, this disruption of AOXT in
Mut® introduces its own drawbacks. The methanol metabolism in Mut® is slowed,
leading to intracellular methanol accumulation. As a result, methanol is erroneously
used as a substrate by O-acetylhomoserine sulfhydrylase as a substrate instead of H,S
(Schotte et al., 2016). O-methyl-L-homoserine accumulation is triggered by this
phenomenon, leading to oxidative stress (Barone et al., 2023; Hausjell et al., 2020;
Schotte et al., 2016; Vanz et al., 2012).

Mut™ phenotype is characterized by deletion of AOX] and AOX2, resulting in the
inability to metabolize methanol while retaining inducibility of the pAOXI. rProt
production is therefore decoupled from growth and is associated with reduced oxygen
demand and heat generation. However, its application is constrained by the obligatory
need for co-substrates, increasing the complexity of cultivation strategies (Zavec et
al., 2020). Mut® and Mut™ drawbacks, such complicated production and oxidative
stress, underscoring the need for methanol-free or reduced-methanol induction
strategies (Figure 2-1).
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Figure 2-1. General overview of K. phaffii phenotypes. The Mut+ strains, both AOX7 and
AOX?2 genes are active, supporting high methanol (MeOH) assimilation. In MutS strains, 40X1
is deleted while AOX2 remains functional, with slow methanol assimilation, and Mut™ have
both AOX1 and AOX2 genes deleted, resulting in the inability to metabolize methanol.

3. Regulated promoters in K. phaffi expression system.
While constitutive promoters such as glyceraldehyde-3-phosphate dehydrogenase
promoter (pGAP) provide continuous expression of rProt and allow high levels of
gene expression, they offer limited control over timing and duration of gene
expression. In contrast, regulated promoters of K. phaffi allow precise temporal
control of recombinant protein gene expression. Multiple advantages are offered by
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this strategy: cell growth and protein production phases can be separated, metabolic
burden during growth phase is reduced, and premature expression of recombinant
proteins that may negatively affect cell growth or viability can be avoided (Cereghino
& Cregg, 2000; Vogl & Glieder, 2013).

The most studied regulated promoters, including the p4OXI, the formaldehyde
dehydrogenase promoter (pFLDI), and the dihydroxyacetone synthase promoter
(pDASI) are linked to the metabolism of specific carbon sources. The p40OXI
promoter is the most extensively studied and widely used in K. phaffii. It provides
robust transcriptional activation in the presence of methanol and strong repression in
the presence of non-inducing carbon sources such as glucose, glycerol, and ethanol.
This promoter enables high-level expression of heterologous proteins and is often the
preferred choice for industrial-scale processes (Cereghino & Cregg, 2000; Cregg et
al., 2000; Vogl & Glieder, 2013). In contrast, the pFLDI promoter is regulated by
methylamine and formaldehyde (Daly & Hearn, 2005), which provides methanol-free
expression under certain conditions (Resina, 2004). The methanol-regulated catalase
promoter (pCATI) has been shown to drive expression during peroxisomal
proliferation and oxidative stress (Baumann et al., 2008; Vogl et al., 2014). pDAS! is
regulated by methanol via methanol-specific transcriptional factors Mrx1 and Mitl.
Compared with pAOX]I, it exhibits a weaker response amplitude. This response to
methanol is considered advantageous in a controlled expression, reducing metabolic
burden, limiting oxidative stress associated with methanol metabolism. In this context,
Takagi et al., (2019) has identified a methanol-independent region in pDAS/, named
Enhancer Sequence of pDASI (ESPDASI). This sequence was shown to enhance the
activity of the transcription factor Prmlp. An engineered version of pDASI was
constructed using this regulatory element. Methanol-free phytase production was
increased by 25% compared with the constitutive glyceraldehyde-3-phosphate
dehydrogenase promoter (pGAP), known for its high response on gene expression,
which is largely unaffected by the carbon source used.

53



Development of a production strategy based on the modification of metabolic regulation processes in

Komagataella phaffii.
Table 2-1. Main regulated promoters in Komagataella phaffi.
Gene Gene description Regulation Ref
name
Induced by methanol (Cereghino & Cregg, 2000;
A0XI Alcohol oxidase 1 Repressed by glucose and  Ellis et al., 1985; Tschopp et
glycerol al., 1987)
Induced by methanol .
AOX2 Alcohol oxidase 2 Repressed by glucose and (Cregg etal., 1989; Koutz
et al., 1989)
glycerol
Dihvdroxvacetone (Ellis et al., 1985; Kiiberl et
DAS Y Y Induced by methanol al., 2011; Tschopp et al.,
synthase
1987)
Induced by methylamine .. (Duan et al.,.2009;
Formaldehyde derepressed mode in the Piillmann & Weissenborn,
FLDI dehydrogenase resence of glucose or 2021; Resina, 2004; Resina
ydrog p | cegrc:i et al., 2009; S. Shen et al.,
gy 1998)
Peroxisomal . .
PMP20 glutathione Induced by methanol . Li e;la 1’2(2)%;1 > Voglet
peroxidase ’
Formate
FDH1 dehydrogenase Induced by methanol (Vogl et al., 2016)
ICLI Isocitrate lyase 1 Desrepr.essmn.by cthanol (Menendez et al., 2003)
induction
PEXS Perox1soma] matrix Induced by methanol and (H. Liu et al., 1995)
protein methylamine or oleate
Sodium-coupled Induce.d l.)y phosp hate (Ahn et al., 2009; Albacar
PHOS89 hosphate symporter limitation. tal., 2024)
phosphate symporte Alkaline induction ctal
HS12 Small heat. shock Alkaline induction (Albacar et al., 2024)
protein
7541 Thioredoxin Alkaline induction (Albacar et al., 2024)
peroxidase
Protein involved in Repressed by thamin
THIII thiamine biosynthesis completely (Stadlmayr et al., 2010)
Alcohol Induced by methanol, ethanol (Erden-Karaoglan et al.,
ADH dehvdrogena Iveerol 2022; Karaoglan et al.,
chydrogenase glyeero 2016a, 2016b)
Glucose transporter Induced by limited glucose (Prielhofer et al., 2013,
GTHI1 ene P Induced by limited glucose 2018; Rebnegger et al.,
& FLOSA genotype 2024)
ALDH Aldchyde Induced by limited glucose (Priclhofer et al., 2013)
dehydrogenase
. . Induced by glucose, not on
AOD n Mltt.ocondrlal methanol (Kern et al., 2007)
afiernative oxygenase Carbon source dependent
Cooper ot (Koller et al., 2000;
CUPIa — etallothionein Induced by Cu Macreadie et al.. 1991
CAT Methanol- Induced by methanol (Huang et al., 2025; Vogl et

inducible catalase

al., 2016, 2018)
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Desrepressed by exhausted

glucose, glycerol, and ethanol
Abbreviations: 40X1: Alcohol oxidase 1; 40X2: Alcohol oxidase 2; DAS: dihydroxyacetone synthase; FLDI:
formaldehyde dehydrogenase 1; /CLI: Isocitrate synthase 1; PEX8: Proximal atrix protein; PHO89: Sodium-coupled
phosphate symporter; HS12:Small heat shock protein; TSA1: Thioredoxin peroxidase; THI11: Protein involved in
thiamine biosynthesis; ADH: alcohol dehydrogenase; GTHI: glucose transporter gen; ALDH: Aldehyde
dehydrogenase; AOD: Mitocondrial alternative oxzgenase; CUP1: Cooper metallothionein ; CAT: methanol-inducible

catalase

Other promoters, such as the peroxisomal glutathione peroxidase promoter
(pPMP20) and formate dehydrogenase promoter (pFDHI), have also been
characterized as methanol-regulated promoters (Vogl et al., 2016).

However, the exclusive use of methanol imposes regulatory and safety constraints.
Therefore, hybrid conditions involving non-repressing co-substrates such as sorbitol,
lactate, and ethanol have been characterized to optimize induction and minimize risks.
(Baumann et al., 2008; Spohner et al., 2015; Vogl & Glieder, 2013).

Unlike constitutive systems, where expression level is continuous, regulated
promoters allow fine-tuning of the timing, level, and duration of gene expression.
They are especially useful for producing toxic, unstable proteins, or proteins prone to
misfolding, aggregation, or endoplasmic reticulum (ER) stress. These promoters have
also been the subject of extensive engineering efforts to tune their regulatory behavior
to enhance versatility across diverse production environments (Vogl & Glieder,
2013). Among the main regulated promoters available in K. phaffi (Table 2-1), pAOX1
stands out as the most extensively characterized high-level expression of recombinant
proteins in this host. Its regulation is closely linked to the methanol utilization
pathways

3.1 The AOXI promoter regulation.

Methanol has been associated with the regulation of several transcription factors
(X. Wang, Wang, et al., 2016). In presence of methanol, p4OX1 is regulated by the
methanol expression regulator 1 (Mxr1), whereas repression of pAOX1 is observed in
the presence of glucose or glycerol (G. P. Lin-Cereghino et al., 2006). Derepression
of pAOXI is mediated by Mxrl, resulting in promoter induction. Subsequently,
expression of the positive regulator of methanol 1 (Prm1) is triggered, followed by
induction of methanol-induced transcription factor (Mitl) expression, which is
required for the regulation of p4AOX1 (Haghighi Poodeh et al., 2022) (Figure 2-2).

However, feedback inhibition of Prm1 expression by Mitl has been reported (Sahu
et al., 2014). Repression of pAOX] is mediated by the transcription factors Migl and
Mig2 (N. V. Kumar & Rangarajan, 2012; J. Wang et al., 2017). The ROP repressor,
known as phosphoenolpyruvate carboxykinase (PECK), has been described as a
repressor of methanol-inducible expression of pAOX1 (N. V. Kumar & Rangarajan,
2012). Additionally, repression of pAOX1 by competition for Mxr1 binding elements
under glucose and glycerol media is mediated by the transcription factor (Nrgl) (X.
Wang, Cai, et al.,, 2016). These studies have improved the understanding of
transcriptional regulatory mechanisms of p4OXI regulation of repression and
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induction (Figure 2-2) (Parua et al., 2012; J. Wang et al., 2017; X. Wang, Cai, et al.,
2016; X. Wang, Wang, et al., 2016).

Gly
metot
\ Gly
Me‘-OH
- ‘ Glu Glu

Figure 0-2. 40X promoter regulation by transcription factors under different carbon
sources reported in Komagataella phaffii. Mrx1: methanol expression regulator 1 transcription
factor; Mitl: methanol-induced transcription factor 1; Migl, 2: transcription factor repressors;
Nrgl: Transcription factor repressor; ROP: Repressor of phosphoenolpyruvate carboxykinase;
Prml: positive regulator of methanol 1; MetOH: methanol; Glu: Glucose; Gly: Glycerol.

3.2 Methanol-free A0XI induction approaches.

Methanol is the primary and most potent inducer, leading to rapid and strong
activation of 4OXI transcription. However, methanol is inherently toxic due to the
generation of formaldehyde and H»O,, which can cause cellular damage (Ahmad et
al., 2014; Cregg et al., 2009). Additionally, methanol oxidation is highly exothermic,
leading to substantial heat production that necessitates complex cooling systems to
maintain optimal fermentation temperatures(G. P. Lin-Cereghino et al., 2006). The
high oxygen demand during methanol metabolism also increases operational costs and
requires aeration supply and agitation equipment (Prielhofer et al., 2013).

In the search for methanol-free system strategies, a study done by J. Wang et al.
(2017), transcription factors were engineered to alter this natural pAOXI regulation,
enabling promoter induction without methanol. Specifically, three transcriptional
repressors were deleted (Migl, Mig2, and Nrgl) and one activator was overexpressed
(Mitl), resulting in a modified strain in which pAOXI can be derepressed in the
presence of glycerol instead of methanol. In this engineered strain, glucose still acts
as a strong repressor of pAOXI, whereas glycerol does not induce the promoter but
allows derepressed expression under the modified transcriptional regulation. The
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authors implemented a glucose-to-glycerol shift induction strategy, achieving
2.46 g/L insulin precursor production in a 5-L bioreactor, with substantially lower
oxygen consumption and heat production compared to the wild-type
methanol-induced process.

In other reports, deletion of the high-affinity hexose transporter (PpHXT1) gene was
found to permit glucose- or fructose-mediated derepression of pAOX] in a HXTI-
deficient strain background. (P. Zhang et al., 2010). In this mutant, initial Aox activity
was detected under repressible carbon sources, but its level declined sharply during
later growth phases due to peroxisome degradation by pexophagy.

Similarly, another strategy relies on transcriptional rewiring of the conventional
pAOXI-based expression platform through derepressed overexpression of single
transcription factors from the native regulatory network. In this approach,
overexpression of Mitl or Mxrl enabled methanol-independent regulation of pAOX1,
thereby converting the system into glucose- or glycerol-responsive expression
platforms (Vogl et al., 2018).

Rebnegger et al., (2024) reported a novel fed-batch system for recombinant protein
production using a FLOS-deficient strain under the GHT'I promoter under glucose-
limited conditions. Growth was reduced and unwanted morphological phenotypes
were suppressed by the flo84 mutation, while the transcriptional activity of glucose-
regulated promoters was enhanced. Under these conditions, recombinant protein
yields were significantly increased with up to ~4.8-fold higher secreted product
compared with the parental strain.

pAOXI is repressed by ethanol (Brierley et al., 1990), although the extent of
repression depends on ethanol concentration and growth conditions (Cereghino &
Cregg, 2000; Cregg et al., 2000). In recent years, investigations have been conducted
into engineering pAOXI, like inducible AOXI hybrid-promoter by ethanol,
specifically p4AOX1/Cat8-L3 variant (integrating a single synthetic Cat8 the cis-acting
element) and p4OX1/Adr1-L3/Cat8-L3 variant (made with single Cat8 and Adrl cis-
acting elements) were obtained by replacing specific cis-acting DNA motifs within
the native pAOXI sequence. Using these constructs, eGFP expression increased by
74% and 85%, respectively, compared to methanol-induced p4OX]I control. (Ergiin
et al., 2020).

From this perspective, sorbitol and lactate are considered as non-repressing carbon
sources, making them suitable for co-feeding strategies in industrial bioprocesses
(Spohner et al., 2015). In recent years, a methanol-independent expression system in
K. phaffii was developed using the sorbitol dehydrogenase promoter (pSDH) induced
by sorbitol. In this system, sorbitol was used to induce pSDH activity. The promoter
was engineered to control the expression of Mitl. As a result, Mitl was expressed
first, and the heterologous protein xylanase, placed under pAOXI, was produced.
Subsequently, xylanase production was enhanced by 1.7- to 2.1-fold higher activity
when Mitl expression was increased with this approach (B. Liu et al., 2023).
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indicuble promoters engineering and methanol-free expression strategies.

Similarly, glutamate-regulated promoters such as PEPCK (phosphoenolpyruvate
carboxykinase promoter) have been exploited for monosodium glutamate (MSG-
regulated), such as the expression of recombinant proteins, including RBD domains
of SARS-CoV-2 (Rajak et al., 2024). Mannitol has also been shown to provide
moderate expression levels useful for toxic or folding-sensitive proteins (Inan &
Meagher, 2001; Vogl et al., 2016).

In other reports, dihydroxyacetone (DHA) can induce pAOX1 in dihydroxyacetone
kinase Dak-deficient strain in the presence of DHA without methanol, a dakA-DHA
methanol-free system (W. Shen et al., 2016). This system can reach gene expression
levels that surpass those of the pGAP system, with values around 50-60% higher than
the traditional methanol-induced system. Other compounds from the dissimilative
pathway, such as formate, have been shown to induce the pAOX/ promoter in FDH-
deficient strains, enabling C1 metabolism-based induction without the use of
methanol in sorbitol-containing media (Bustos et al., 2024).

Synthetic biology has also enabled the development of hybrid promoters combining
engineered regulatory elements that respond to signals such as suitable carbon sources
(SCSs). These promoters were constructed based on a pADH?2 hybrid architecture,
and synthetic transcription factor binding sites (TFBS) were predicted and selected to
target transcription factors involved in carbon-source regulation, including Cat8 and
Hapl or Hap2/3/4/5 complexes to create dual-acting single-engineered promoters
(DASEPs) (Avci & Calik, 2025). Conditional transcriptional activation in response to
SCSs was enabled by these promoters. Two variants were tested: DASEPI,
constructed with the dual-acting Cat8- and Hapl-transcriptional switches, and (ii)
DASEP2, constructed with the dual-acting Cat8- and Hap2/3/4/5-transcriptional
switches. eGFP expression was measured under these promoters in ethanol, glycerol,
acetate, and methanol. Expression levels under DASEPs were increased compared to
single-acting single-engineered promoters (SASEPs), with fold-increases as follows:
8.2- and 6.5-fold on glycerol, 2.7- and 2.6-fold on 2 % (v/v) ethanol, 3.9- and 4.0-
fold on 1 % (v/v) ethanol, 3.6- and 4.2-fold on 1 % (v/v) methanol, and 3.7- and 2.8-
fold on acetate. These tunable promoters provide customizable control over
expression kinetics and improve product quality.

A methanol-free expression system was designed to co-express peroxygenases that
are difficult to produce recombinantly. Promoters were arranged so that two genes
were transcribed in opposite directions. This system is activated under derepressed
conditions, enabling controlled expression without methanol (Besleaga et al., 2024).
Their system is arranged in opposite directions: One direction is the protein disulfide
isomerase (PDI) under standard promoters (pHHT1, pDC or pDC19), and in the
opposite direction an unspecific peroxygenase (AnoUPO) under the desrrepresible
promoter pDF, which responds efficiently during carbon source shifts without
requiring methanol to produce peroxydases. This design offers a scalable, tightly
regulated solution for industrial biocatalysis, minimizing safety concerns and
simplifying downstream processing.
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In this context, focused on methanol-free strategies, xylose has been reported as a
non-utilizable carbon source for K. phaffii (Inan & Meagher, 2001). To enable xylose
metabolism, the wild-type K. phaffii strain was genetically modified. The xylose
isomerase gene from Orpinomyces spp. and the endogenous xylulokinase gene were
introduced. Sequential batch cultivation for approximately 50 generations was applied
to select strains with improved xylose utilization. In the resulting strains, f-mannanase
production was significantly enhanced in xylose-based media (P. Li et al., 2015).
Fructose can act similarly to glucose in repressing p4OXI through carbon catabolite
repression mechanisms (Cereghino & Cregg, 2000; Cregg et al., 2000). Moreover,
amino acids such as alanine and disaccharides like trehalose have been reported to
influence pAOX1I regulation, although their mechanisms are not fully understood and
may involve indirect effects on central carbon metabolism. Trehalose has no catabolite
repression effect on pAOXI, but methanol is required for expression (Inan & Meagher,
2001). Figure 2-3 presents a summary scheme of the different approaches presented
in this section.

4. Advances in autoinduced methanol-free expression
systems in K. phaffi.

Autoinduced systems in K. phaffii represent an important technological
development aimed at reducing dependency on methanol while maintaining high
expression levels of recombinant proteins. These systems increase the internal
metabolic or environmental cues of the host to regulate expression, thus eliminating
the need for external inducers, using metabolites present in the medium or generated
by the cells themselves, and simplifying process control.

In recent years, alkaline pH-responsive promoters (p7SA41, pHSP12, and pPHOS9)
have also been characterized for use in methanol-free fermentation environments,
providing tunable expression responsive to extracellular pH shifts (Albacar et al.,
2024). Based on transcriptional profiles, genes inducible under carbon-limited
conditions have been identified. A methanol-free alternative has been developed using
glycerol as the sole carbon source and a heat shock-associated promoter (pDH). The
promoter is induced under carbon starvation, when carbon availability is low, and
growth is slowed. In fed-batch cultivations with slow glycerol feeding, CalB gene
expression under pDH was increased 2.3-fold compared to control cultivations using
the constitutive pGAP promoter (Bernat-Camps et al., 2023).

Metabolite-responsive systems that detect the accumulation of specific intracellular
signals have been investigated. Recently, a hypoxia-responsive expression system has
been constructed (Zhou et al., 2023), which triggers induction under oxygen-limited
conditions, commonly encountered in high-cell-density bioreactors.

Further strategies involve responsive systems to stress signals, oxygen availability,
or metabolite accumulation (Figure 2-4), creating robust, self-regulating expression
platforms capable of adjusting to bioprocess conditions (Vogl et al., 2016).
Collectively, these advances underscore the diversity of metabolic and regulatory
contexts being harnessed to create robust, self-regulating expression platforms in K.
phatffii, relevant for regulatory standards (e.g., European Medicines Agency (EMA),
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US Food and Drug Administration (FDA), approving the development of industrial
microbial bioprocesses to mitigate use of volatile organic solvents (P. Kumar & Singh,
2024). In this context, autoinducible systems represent a key direction for developing
the next generation of safe, scalable, and efficient bioprocesses.
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- (Zhou et al., 2023)
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pGHT1 (Vogl et al.. 2016) (Vogl et al., 2016)
(Rebnegger et al., 2024) (Bustos et al., 2024)
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Figure 2-4. Main approaches in advances in autoinduced methanol-free expression
systems in K. phaffi.

4.1 Formate as an emerging inducer of p4A0XI.

Formate is a particularly interesting inducer. Early studies showed that co-fed with
methanol significantly induced p4OXI, even in wild-type strains, suggesting a
previously underexplored pathway of induction.(Jayachandran et al., 2017b). Years
after it was demonstrated that this metabolite may also induce p4OX! (Singh &
Narang, 2020).

The effect of ammonium formate concentration in glycerol media on p40OXI
induction was investigated. The optimal concentration was found to be 0.7%, which
produced 17.5% of the induction level observed with methanol. Under these
conditions, reduced energy availability has been reported, and ATP supplementation
in the culture media was shown to improve recombinant protein expression by
enhancing cellular energy status (Feng et al., 2022).

In other studies, different ammonium formate concentrations were tested using
formate as an inducer through Mitl overexpression to enhance pAOXI induction.
Xylanase was used as a model protein. The highest induction was achieved with 0.2%
ammonium formate, resulting in a 1.43-fold increase of xylanase activity compared
with only ammonium formate induction. Under these conditions, xylanase yield
increased by 42% when 0.05% sorbitol was added as a supplemental carbon source
(B. Liu, Li, et al., 2022a). Lately, this strategy was further improved by incorporating
additional genes: acetaldehyde dehydrogenase (ACDH) from the non-pathogenic
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Listeria innocua and acetyl-CoA synthase (ACS) from Escherichia coli, achieving
73% higher than the control strain in these conditions (B. Liu, Zhao, et al., 2022a).

The previously described formate-based systems rely on external supplementation,
as formate must be added to the culture medium to act as an inducer of pAOXI. In
contrast, autoinduction systems have been developed to overcome the need for
exogenous inducers. In these systems, intracellular metabolic states or environmental
cues are exploited to regulate gene expression, thereby eliminating the requirement
for external inducer addition and enabling the use of metabolites naturally present in
the medium or generated by the cells.

In this context, a methanol-regulated AOX1 expression system was re-engineered in
K. phaffii FDH-deficient strains to enable endogenous formate-driven induction
(Bustos et al., 2024). In this system, a metabolic engineering approach was
implemented to exploit p4AOX1 induction in FDH-deficient strains.

To establish the metabolic conditions supporting promoter induction, an initial
carbon source screening (sorbitol/formate, methanol, and sorbitol media) was
performed using enhanced green fluorescent protein (eGFP) as a reporter system for
pAOX1I induction. In this experiment, FDH wild-type and FDH-deficient strains were
compared to evaluate the eGFP expression level. Based on these results, sorbitol was
identified as a suitable non-repressive carbon source for subsequent experiments, and
all further analyses were therefore focused on sorbitol-based cultivation systems
(Figure 2-5).

Fdh eGfp AFDH FdhKO eGfp

pAOX1

24h

YNB Sorbitol media

AFDH modification to accumulate formate

62



Chapter 2: Advances in Komagataella phaffii as a yeast cell factory: Methylotrophic methabolism,
indicuble promoters engineering and methanol-free expression strategies.

Figure 2-5. Observation of Komagataella phaffii, Fdh eGfp strain, and FdhKO eGfp strain
(FDH-deficient strain) after 24h of growth in YNB-sorbitol by fluorescent microscopy
(Adapted from Bustos, 2024)

To elucidate the underlying mechanism, stepwise gene deletions were performed to
modify formate metabolism. Enzymes involved in THF-C1 pathway were selectively
disrupted, including mitochondrial serine hydroxymethyltransferase (SHM1) and
cytosolic serine hydroxymethyltransferase (SHM?2), both individually and in
combination. These results substantiate the hypothesis that intracellular formate is
higher in the FDH-deficient eGFP strain, accounting for p4OX/ induction under non-
repressive cultivation conditions.

Within this framework, serine metabolism was experimentally validated as a
functional contributor to one-carbon flux. A significant increase in AOX/-driven
specific fluorescence was observed compared to non-supplemented controls. The
specific fluorescence values for the FDH-deficient strain were 4.0- and 6.1-fold
increased on sorbitol and sorbitol-serine media, respectively, compared to the control
strain. This response confirmed enhanced availability of C1 units through the
tetrahydrofolate-linked network. Serine-derived carbon was therefore directly linked
to promoter induction output (Figure 2-6).

A YNB-Sorbitol B sFoH -
FDH

wr
0.064

“_M_M‘\ - CHOOH% ——

fic fluorescence (A U)

Spedi
°
3
S

Time (h)

B YNB-Sorbitol+ Serine

0.06

Serine Serine

1

0.024 +3% Serine

0.00
0

Figure 2-6. Specific eGFP fluorescence of Fdh strain (black); Fdh eGfp strain (green);
FdhKO eGfp strain (blue); during growth in YNB minimal medium containing sorbitol, panel
A, YNB minimal medium containing sorbitol and serine, panel B, THF-C1 metabolism
scheme with adding serine, red effect indicated in panel C. Cells were grown in BioLector,
and specific fluorescence values are means and standard deviation on four culture replicates.
sFU: Specific fluorescence unit. (Adapted from Bustos, 2024)
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The system was further evaluated using eGFP as a quantitative reporter to
characterize pAOX]! induction under FDH-deficient conditions. A 1.9-fold increase
was measured in the FDH-deficient eGFP strain compared to the control strain, with
absolute fluorescence values of 100,359 TFU and 51,724 TFU, respectively, in
sorbitol media. These results confirmed that promoter induction was strongly
dependent on intracellular metabolic rewiring under the selected carbon source.

Subsequently, recombinant protein production was assessed using Candida
antarctica lipase B (CalB) as a functional secretion model. The specific lipase activity
was significantly increased in the FDH-deficient CalB strain, reaching a 130-fold
higher activity compared to the control strain under sorbitol cultivation. This
transition from reporter-based analysis to secreted protein production validated the
scalability of the metabolic effect.

The observed phenotype was attributed to intracellular formate accumulation driven
by both reduced sorbitol consumption capacity and increased upstream C1 flux.
Formate was proposed as an indirect endogenous effector of pAOXI induction,
establishing a metabolically driven self-induction mechanism.

This finding demonstrates the expanded utility of endogenous C1 metabolism in
regulatory control on this system (Figure 2-7). Formate is positioned as a potential
indirect regulation, enabling an autonomous induction system without methanol or
formate supplementation.

|
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4 Methenyl- THF |5 Methenyl-THF
Sorbitol Sorbitol ~~~ —>F6P H
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Figure 2-7. Overview of the connection between sorbitol metabolism, serine pathway, and
Tetrahydrofolate (THF) mediated one-carbon (THF-C1) metabolism in FDH-deficient K.
phaffii. Arrows in orange are related exclusively to THF-C1 metabolism. AFDH: formate
dehydrogenase gene deleted; THF, tetrahydrofolate; rProt: recombinant protein. G6P, glucose-
6-phosphate; F6P: fructose-6-phosphate; G3P, 3-phosphoglycerate; Pyr, pyruvate; TCA:
tricarboxylic acid cycle.

Despite these advances, reduced growth performance was still observed in FDH-
deficient strains cultivated on sorbitol compared to glycerol, with specific growth
rates of 0.02g-gDCW'-h™' and 0.9 g:gDCW'-h!, respectively. This limitation
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indicated an underlying constraint in carbon assimilation and metabolic efficiency
under sorbitol-based conditions.

Serine supplementation was shown to increase intracellular formate accumulation
in the FDH-deficient mutant strain when grown on sorbitol media, confirming the
functional contribution of serine-derived carbon units to the THF-C1 pathway and
formate pool formation. However, despite its positive effect on formate accumulation,
serine addition was considered poorly scalable and economically impractical for
large-scale bioprocess applications.

Therefore, these observations highlighted a key metabolic bottleneck in endogenous
formate generation under sorbitol-based cultivation. In this framework, both carbon
assimilation capacity and C1 precursor availability were identified as limiting factors
for optimal formate accumulation and 40X promoter induction. Consequently, these
constraints directly support the rationale of this doctoral project. The following
chapters build progressively on this foundation through strategies aimed at increasing
endogenous formate availability in the FDH-deficient platform: Chapter 3 focuses on
improving sorbitol utilization, based on the hypothesis that enhancing sorbitol uptake
and metabolism would increase carbon flux towards formate formation, a key
metabolite known to accumulate in the FDH-deficient strain and to act as an auto-
inducer of the pAOXI promoter. Chapter 4 focuses on metabolic flux redirection
through the serine pathway, building on prior observations that serine
supplementation in sorbitol-based cultures enhances pAOX! induction in the FDH-
deficient strain, though to enhance endogenous formate accumulation. Finally,
chapter 5 addresses secretion as a downstream bottleneck, identifying improved signal
peptides using Y. lipolytica as a discovery platform to support future optimization of
methanol-free protein production in K. phaffii.
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Chapter 3

Sorbitol uptake and oxygen transfer shape
AOXI promoter induction under methanol-
free condition in Komagataella phaffi
lacking formate deshydrogenase
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Description of Chapter 3

In the previous chapter, recent advances in Komagataella phaffii as a yeast cell
factory were discussed, with particular emphasis on the pAOX/ promoter and
methanol-free expression systems, especially those based on formate as an
autoinducer.

Building on this context, the present chapter investigates the impact of carbon source
metabolism on the FAhKO strain through metabolic engineering approaches, with a
specific focus on sorbitol utilization and its influence on pAOXI promoter induction.

The work presented in this chapter constitutes an integral part of my doctoral
research and is based on a co-authored publication. The study was carried out in close
collaboration with PhD C. Bustos, with joint involvement throughout all stages of the
work.

The chapter reflects my direct scientific contribution to the conception and
development of the study within the framework of my doctoral project.

Within this framework, my contribution encompassed the experimental design,
execution of culture and molecular biology experiments, data analysis, interpretation
of results, and manuscript preparation. The study reflects a shared intellectual and
experimental contribution between both authors.

This work is an original contribution adapted from:
- Bustos, C., Cozmar, R., Berrios, J., & Fickers, P. (2025). “Sorbitol Uptake and
Oxygen Transfer Shape AOXI Promoter Induction in Formate Dehydrogenase-

Deficient. Komagataella phaffii”. Microbial Biotechnology, 18(11), €70263.
https://doi.org/10.1111/1751-7915.70263
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Chapter 3: Sorbitol uptake and oxygen transfer
shape AOXI promoter induction under methanol-
free conditions in Komagataella phaffi lacking
formate dehydrogenase.

1. Introduction.

Recently, we demonstrated that formate from THF-C1 metabolism is accumulated
in FDH-deficient K. phaffii strain (FdhKO) when grown in a sorbitol-based methanol-
free medium. This endogenous formate was shown to be sufficient to trigger pAOX1
induction without the need for external inducer supplementation, indirectly
influencing pA0OX1 induction. This finding is particularly significant because any
pAOXI-based expression system can be converted into a self-induced system in an
FdhKO strain. When cells are cultivated in a mixture of glycerol and sorbitol,
recombinant protein (rProt) synthesis is initiated at the end of the exponential growth
phase, upon glycerol depletion from the culture medium. Using the secreted lipase
CalB from Candida antarctica as a model protein, comparable productivities were
obtained with an FdhKO CalB strain grown on sorbitol and an Fdh-expressing CalB
strain grown on methanol (Bustos et al., 2024).

Within this context, the choice of carbon source becomes particularly relevant.
Unlike glucose or methanol, which strongly influence repression or induction
dynamics, alternative substrates such as sorbitol can offer a more balanced metabolic
input. Sorbitol is considered a non-repressing carbon source in K. phaffii. Sorbitol is
a six-carbon polyol that does not repress p4OXI induction and can, therefore, be used
as a co-substrate during methanol induction (Ergiin et al., 2022; Niu et al., 2013).
After being transported across the plasma membrane by a hexose transporter (Jordan
et al., 2016), sorbitol is converted into fructose by sorbitol dehydrogenase. Fructose
is subsequently phosphorylated by hexokinase before entering the glycolysis pathway
(Figure 3-4). The K. phaffii growth rate on sorbitol is low, 0.03 h™* (Niu et al., 2013;
Singh & Narang, 2023) with a substrate to biomass conversion yield (Ys) of 0.56 g-g
'(Singh & Narang, 2023). Recently, formate has emerged as a promising alternative
inducer of pAOXI-driven rProt production (Jayachandran et al., 2017b; Singh &
Narang, 2020; Tyurin & Kozlov, 2015). In the methanol dissimilation pathway
(Berrios et al., 2022), formate is generated from formaldehyde by formaldehyde
dehydrogenase (Fld) and further converted into carbon dioxide by formate
dehydrogenase (Fdh) (Hartner & Glieder, 2006; Figure 3-4). Additionally, formate is
an intermediate in the tetrahydrofolate-mediated one-carbon (THF-C1) metabolism,
which plays a role in several anabolic pathways, including de novo purine synthesis
(Christensen & MacKenzie, 2006; Figure A3-4).

However, in K. phaffii energy generation is a known bottleneck for rProt synthesis
in methanol-free pAOXI-based processes (Feng et al., 2022). Since the low sorbitol
consumption rate by K. phaffii could potentially limit rProt productivity in an FdhKO
strain, we aimed to enhance sorbitol metabolism in an FdhKO strain and assess the
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impact on rProt productivity. Limitations in uptake sorbitol and downstream
metabolic assimilation can restrict its effectiveness as a carbon backbone supporting
growth and rProt production. As oxygen availability to cells can also be a limiting
factor for rProt synthesis, this parameter was also considered for strains optimized for
sorbitol metabolism. Our results highlight that the combination of poor sorbitol
utilization and low oxygen transfer conditions (OTC) enhances formate accumulation
in K. phaffii FdhKO cells, thereby promoting higher rProt productivity.

Sorbitol == Sorbitol = = —

—<

Figure 3-1. Strategy proposal overview focused on enhancing sorbitol metabolism in FDH-
deficient strain.

Therefore, this chapter has been focused on the metabolic engineering of sorbitol
uptake and in FDH-deficient K. phaffii (Figure 3-1) by enhancing sorbitol entry and
assimilation at the level of transport and primary metabolism and test of OTC
conditions, we aim to establish a metabolic state that supports improved cellular
performance and indirectly enhances conditions favorable for AOXI-driven
expression systems.

2. Experimental procedures.

2.1 Strains, media and culture conditions.

The Escherichia coli and K. phaffii strains used in this study are listed in Table 3-1
and A3-1. E. coli was grown at 37°C in Luria-Bertani medium (LB), supplemented
with antibiotics as follows: 100 ug-mL" ampicillin, 50 ug-mL™" kanamycin, or 25
ugmL" zeocin. K. phaffii was grown at 30 °C either on YPD medium (20 g-L
glucose, 10 g-L"' Difco yeast extract, and 10g-L"' Difco bacto peptone) or in YNB
medium (1.7 g-'L"' Difco YNB w/o ammonium chloride and amino acids, 5 g-L"'
NH4Cl and, 0.4 mgL"' biotin, 100 mM potassium phosphate buffer, pH 6.0)
supplemented with 10 g-L™! sorbitol (YNBS), 1.75 g-L™!' glycerol (YNBGO), 1.75 g-L°
"glycerol and 1.75 g-L™! sorbitol (YNBGS?2), 1.75 g-L"! glycerol and 3.5 g-L"! sorbitol
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(YNBGS4) or 20 g-L™" sorbitol (YNBS2). K. Phaffii transformants were selected on
YPD agar plates, supplemented with 25 pg'mL™" zeocin (YPD-Zeo). Precultures were
operated as previously described (Bustos et al., 2024). Cultures were performed in
Erlenmeyer shake flasks (50 mL or 250 mL) or in microbioreactors (BioLector 2,
m2p-labs, Baesweiler, Germany) as previously described (Bustos et al., 2024).
Cultures under different oxygen transfer conditions (OTC) were carried out as
previously described in 250 mL Erlenmeyer flasks containing varying medium
volumes to benchmark oxygen transfer coefficients (Kra) of 10, 50, and 100 h™'
(Gorczyca et al., 2020).

2.2 Construction of plasmid and K. phaffii strains.

The general genetic techniques were as described elsewhere (Bustos et al., 2024).
The plasmids and primers used are listed in Tables A3-1 and A3-2. The SAOE and
StOE expression vectors were constructed using the GoldenPiCS (Prielhofer et al.,
2017).

Design and preparation of gene inserts.

The gene PAS chrl-1_0490 (SORI) was PCR-amplified using K. Phaffii GS115pro
genomic DNA as a template, and an internal Bpil recognition sequence in gene
PAS chrl-1 0490 (SORI) was removed by overlapping PCR with primers SOR1-
Fw/ SOR1-Rv.

In the gene PAS chrl-4 0570 (PpHXTI), internal Bpil and Bsal recognition
sequences were removed through in silico design by selecting alternative commonly
used synonymous codons, and the synthetic gene was designed with the addition of
external Bsal recognition sequences.

The corresponding synthetic DNA fragment was obtained from Eurofin Genomic
(Ebersberg, Germany).

Plasmid construction.

Both SOR1I and PpHXT1 inserts were cloned into plasmid A2 (BB1 23) at the Bsal
site, generating:

Table 3-1. Plasmids with SOR/ and PpHXT1 genes cloned.

Plasmid Construct
RIE341 (RIP341) A2 BB1 23 SORI
RIE343 (RIP343) A2 BB1 23 PpHXTI

Supporting information of plasmids in Table A3-1

Positive constructs were verified by colony and plasmid PCR with M13-Fw/M13-
Rv.

Construction of single expression cassettes.
Expression cassettes were assembled using GoldenGate with Bpil as restriction
enzyme from:
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A4 (pGAP promoter)
C1 (ScCYCI terminator)
D12 (BB3aZ backbone)
- RIP341 or RIP343 inserts
This yielded the plasmid described in Table 3-2:

Table 3-2. Plasmids with SORI and PpHXT expression vectors.

Plasmid Description
RIE354 (RIP354) pGAP-SORI-ScCYCItt
RIE355 (RIP355) pGAP-PpHXTI1-ScCYCltt

Supporting information of plasmids in Table A3-1

The correctness of the assembly constructs was verified by colony and plasmid PCR
with primers pair pGAPInt-Fw/ScCYCltt.Int-Rv. This procedure is illustrated in
Figure 3-2.

@ e \‘~7
N * & tR @

RIE354
or

RIE355

Plasmid
Assembled by GG
Bpil, Ty

Figure 3-2. Scheme of plasmid construction to obtain RIE354 and RIE355 by GoldenPiCS
assembly of different gene fragments. GG: GoldenPiCS assembly method; T4: Ligase Ta4; Z:
Zeocin selection marker.

Construction of multi-gene assembly platform.
The Loxp-Zeo-Loxp was released from plasmid D12 (BB3aZ 14) by HindIll and

Pstl restriction and cloned at the corresponding site of C12(BB3aK AC) to yield
plasmid RIE370 (BB3-AC-LoxP-Zeo-loxP, hereafter RIE370).

A three-step GoldenPiCS assembly strategy was used:
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Step 1 — SORI cassette
- Plasmid: RIE372 (RIP372)
- Construct: pGAP-SORI-ScCYCItt
- Assembly from: RIE341, A4, C1, D4 (Bsal)

Step 2 — PpHXT1 cassette
- Plasmid: RIE374
- Construct: pGAP-PpHXT1-RPS3tt
- Assembly from: RIE343, A4, C9, D5 (Bsal)

Step 3 — Final dual construct

- Plasmid: RIE378 (RIP378)

- Construct: dual cassette SORI + PpHXT]
Assembly from: RIE372 + RIE374 + RIE370 (Bpil)

Plasmid construct confirmation was performed with colony and plasmid PCR with
the couple of primers pGAP.Int-Fw/ScCYCltt.Int-Rv, and pGAP.Int-Fw/ Rps3tt.Int-
Rv respectively. This procedure is illustrated in Figure 3-3.

—~
—~ RIE

343 TS
PpHXT1 [«3

RIE374

RIE372 RIE370

Obtained by GG Obtained by cloning to
exchange K for Z in
D12 vector

Obtained by GG
Bsal, T4

RIE378

Obtained by GG
Bpil, T4

RIE
370

Figure 3-3. Scheme of plasmid construction to obtain RIE370, RIE372, RIE374, and
RIE378 by GoldenPiCS assembly of different gene fragments. GG: GoldenPiCS assembly
method; T4: Ligase T4; Z: Zeocin selection marker.
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Yeast strain construction.

The construction of yeast strains RI'Y230 (Fdh eGfp), RIY308 (Fdh CalB), RIY536
(FdhKO eGfp Z"), RIY537 (FdhKO CalB Z"), R1Y540 (FdhKO eGfp), and RIY 561
(FdhKO CalB) is described elsewhere (Bustos et al., 2024; Velastegui et al., 2019).
Strains of this study were obtained by transformation of RIY232, RIY540, and

RIY561 with 4scl-linearized plasmids described in Table 3-3:

Table 3-3. Yeast strains generated by transformation using plasmids constructed for this

study.
Strain Simplified genotype Plasmid Host strain
RIY529 (SAOE) pGAP-SOR1 RIP354 RIY232
RIY530 (StOE) pGAP-PpHXT] RIP355 RIY232
RIY532 (St&SdOE) pGAP-SORI + pGAP-PpHXTI RIP378 RIY232
RIY643 (FdhKO-SdOE eGFP) fdh1A, pGAP-SORI, pAOXI-eGFP RIP355 RIY540
RIY562 (FdhKO-SdOE CalB) fdhlA, pGAP-SORI, pAOXI-CalB RIP355 RIY561
Table 3-4. Komagataella phaffii strains used in the 3" chapter.
Number Names Parental strain, genotype Reference
RIY232  GSl1l15pro GS115, HIS4 (Theron et al., 2019)
RIY230 FdheGfp GS115, pAOX1-eGFP (Velastegui et al., 2019)
RIY308 Fdh CalB GS115, pAOXI-oMF-CalB (Velastegui et al., 2019)
RIY536 FdhKO eGfp Z+ RIY230, fdhIA, pAOXI-eGFP (Bustos et al., 2024)
Zeo+
RIY537 FdhKO CalB Z*  RIY308, fdhiA, pAOXI1-oMF- (Bustos et al., 2024)
CalB Zeo"
RIY540 FdhKO eGfp RIYS536, fdhIA, pAOXI1-eGFP (Bustos et al., 2024)
Zeo
RIY561 FdhKO CalB RIYS537, fdhiA, pAOXI-oMF- (Bustos et al., 2024)
CalB Zeo
RIY529 SdOE RIY232, pGAP-SORI This work
RIY530 StOE RIY232, pGAP-PpHXT]I This work
RIY532  St&SdOE RIY232, pGAP-SORI, pGAP- This work
PpHXTI
RIY643  FdhKO-SdOE RIY540, fdhIA, pAOXI1-eGFP, This work
eGfp pGAP-SORI
RIY562 FdhKO-SdOE RIYS561, fdhiA, pAOXI-oMF- This work
CalB CalB, pGAP-SOR1
RIY655 FdhKO GOx fdhIA, pAOXI-oMF-GOX Lab stock (unpublished)
RIY656 FdhKO SdOE fdhIA, pAOX1-aMF-GOX, Lab stock (unpublished)
GOx pGAP-SOR1
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The genotype of RIY529, RIY530, RIY532, RIY643, and RIY564 strains was
verified by PCR using the primers pGAP.Int-Fw/ScCYCltt.Int-Rv, pGAP.Int-Fw/
Rps3tt.Int-Rv, which annealed to the pGAP, ScCYCItt, and RPS3tt regions,
respectively. A schematic representation of the strain genotype is presented in Figure
A3-7, and the detailed strain genotype is in Table 3-1.

For clarity and readability, plasmids, primers used, and strains are listed in Tables
A3-1, A3-2, and Table 3-4, respectively, while only strain codes are used throughout
this chapter.

2.3 Analytical methods.

Cell growth was monitored either by optical density at 600nm (ODsoo) or dry cell
weight (DCW). An ODgg value of 1 was found to correspond to 0.65 gDCW-L.
Sorbitol and glycerol concentrations were determined using high-performance liquid
chromatography as described elsewhere (Bustos et al., 2024).

Intracellular eGFP fluorescence was quantified using a BD Accuri C6 Flow
Cytometer (BD Biosciences, San Jose, CA, USA), as described elsewhere (Bustos et
al., 2024; Sassi et al., 2016). To calculate the total value of fluorescence in the cell
population, the FL1-A median value (i.e., the eGFP fluorescence) was multiplied by
the fraction of cells with eGFP fluorescence (i.e., induced cells). It was expressed in
total fluorescence unit (TFU). During cultures in microbioreactor, the eGFP
fluorescence was quantified at 620 nm (excitation at 488) and expressed as specific
fluorescence (sFU). For that purpose, fluorescence values were divided by the
biomass values. The specific fluorescence value of the parental strain GS115pro was
subtracted from the specific fluorescence of eGFP-producing strains to normalize the
data.

Formate concentration in the culture supernatant were measured using the formic
acid assay kit (Megazyme Inc., Bray, Ireland) according to the manufacturer's
instructions. Lipase activity in the culture supernatant was determined by monitoring
the hydrolysis of p-nitrophenylbutyrate (p-NPB), following the protocols detailed
elsewhere(Fickers et al., 2003). Glucose oxidase activity was monitored using a
glucose oxidase assay kit (Megazyme Inc., Bray, Ireland) according to the
manufacturer's instructions. For formate and enzymatic assay absorbance at a specific
wavelength were monitored over time using a SpectraMax M2 (Molecular Devices,
San Jose, CA, USA). All assays were conducted in triplicate.

2.4 Calculations of Cultivation Kinetic Parameters.
The specific growth rate was calculated as:

1dX

X

Where X is the biomass (gDCW-L™") and t is the time (h)
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The specific sorbitol up-take rate (qSor) was calculated as:

d[sorbitol]

Sor =
asor dX.t

Where [sorbitol] is the sorbitol concentration, X is the biomass (gDCW-L™") and t is
the time (h).

3. Results and Discussion.

3.1 Overexpression of the sorbitol dehydrogenase encoding

gene increases the sorbitol uptake rate.

In K. phaffii, low energy generation is known as a limitation for rProt production in
methanol-free processes based on the pAOXI (Feng et al., 2022). During the rProt
production phase, sorbitol is one of the most widely used co-substrates (Carly et al.,
2016; Celik et al., 2009; Niu et al., 2013. Unfortunately, the ability of K. phaffii to
catabolize sorbitol is low, potentially limiting the energy and carbon provision
required for rProt synthesis. Sorbitol transport across the plasma membrane and its
conversion to fructose by sorbitol dehydrogenase (Figure 3-4) have been identified as
potential bottlenecks in sorbitol assimilation (Akentyev et al., 2023).

Sorbitol
Hexose transport

4

Sorbitol
NAD*
> Sorbitol dehydrogenase

NADH + H* <

Fructose

ATP
Hexokinase
ADP + Pi

Fructose-6P
]
]
]
v

Glycolysis

Figure 3-4. Sorbitol metabolism in K. phaffii: PpHxtl1, a hexose transporter, is evaluated in
this investigation as a putative sorbitol transporter; Sdh refers to sorbitol dehydrogenase.

The genes encoding these proteins have not yet been reported in K. phaffii. In

Saccharomyces cerevisiae, the hexose transporter Hxtl5 has been identified as a
versatile polyol transporter, including for sorbitol (Jordan et al., 2016). Additionally,
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the gene encoding sorbitol dehydrogenase (Sdh, SOR 1) has been characterized in both
S. cerevisiae and Komagataella kurtzmanii (Akentyev et al., 2023; Toivari et al.,
2004). A protein BLAST search using the translated SORI and HXT15 sequences
from §. cerevisiae as queries highlighted the genes PAS chrl-1 0490 (SORI, 55.6%
identity) and PAS chrl-4 0570 (PpHXTI, 51% identity) as putative Sdh and Hxt
candidates, respectively (Figure A3-5 and A3-6).

To increase the sorbitol uptake rate, these two genes were expressed under the
control of the constitutive pGAP promoter, either individually or in combination, in
the GS115pro strain, a prototrophic derivative of strain GS115 (Table 3-4). In the
resulting StOE strain, the sorbitol uptake rate and cell growth rate increased by 1.7
and 1.2-fold, respectively, compared to the parental GS115pro strain (Table 3-5). For
the SAOE strain, these rates were enhanced by 5.0 and 3.3-fold, respectively.
However, for the St&SdOE strain, which co-expressed both, the sorbitol uptake rate
and cell growth rate were not further enhanced compared to the SAOE strain (1.06 and
1.03-fold, respectively). These findings demonstrate that the expression of the SOR1
gene alone can overcome the limiting step of sorbitol assimilation in K. phaffii.

Table 3-5. Effects of SORI and PpHXT1 genes overexpression on specific growth rate and
the specific consumption rate of sorbitol.

Strains (genotypes) (E‘l) ?:g:) CW-hh)
GS115pro (GS115 prototroph) 0.036 0.03
StOE (pGAP-PpHXTI) 0.042 0.05
SdOE (pGAP-SORI) 0.119 0.15
St&SdOE (pGAP-SOR1, pGAP-PpHXTTI) 0.122 0.16

Abbreviations: y, specific growth rate; DCW, dry cell weight; qSor, specific sorbitol uptake rate. These
cultures were performed in triplicate 250 mL flasks containing 25 mL of medium. Standard deviations
were less than 10% of the presented mean values.

3.2 Enhancing sorbitol metabolism decreases pAOXI
induction in FdhKO strains on methanol-free medium

In many rProt production processes, glycerol is commonly used as a carbon source
for biomass formation, while a p4AOXI non-repressive carbon source, such as sorbitol,
is preferred during the rProt synthesis phase (Ergiin et al., 2022). Therefore, biomass
and eGFP fluorescence were monitored for strains FdhKO eGfp and FdhKO SdOE
eGfp grown in microbioreactors in media containing glycerol and sorbitol in different
ratios (1:0, 1:1, 1:2; YNBGO, YNBGS2, and YNBGS4 medium, respectively (Figure
3-5). Both strains exhibited diauxic growth, consuming glycerol within the first 8
hours of culture, followed by a sorbitol consumption phase (Figure A3-8). While both
strains grew similarly on glycerol, marked differences were observed during the
sorbitol consumption phase for the FdhKO eGfp and FdhKO SdOE eGfp strains (e.g.,
0.035 = 0.001 and 0.129 + 0.001 h™' on YNBGS4 medium, respectively). This
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confirms that the overexpression of SORI increases the carbon assimilation and
energy generation in K. phaffii grown on sorbitol.

Upon glycerol depletion in YNBGO medium (in the absence of sorbitol), the specific
fluorescence signals increased slightly within the same range for both the FdhKO
eGfp and FdhKO SdOE eGfp strains (i.e., between 0.015 and 0.014 sFU), likely due
to the derepression of p4OX]I following glycerol depletion. Conversely, in sorbitol-
containing media (YNBGS2 and YNBGS4), eGFP-specific fluorescence markedly
increased for the FdhKO eGFP strain, reaching maximal values of 0.060 and 0.065
sFU, respectively. In contrast, the increase was less pronounced in the FdhKO SdOE
eGfp strain, with maximal values of 0.032 and 0.028 sFU, respectively. These findings
highlight that pAOXI induction is lower at higher sorbitol uptake rates (i.e., upon
SOR] expression) and that sorbitol concentration does not significantly impact the
strength of p4OXI induction.
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Figure 3-5. Biomass (panels A and C) and specific fluorescence (panels B and D) during
the growth of FAhKO eGfp strain (blue colors) and FdhKO SAOE eGfp strain (orange colors)
in YNB minimal medium containing different mixtures of glycerol and sorbitol (1:0, 1:1, 1:2;
medium YNBGO, YNBGS2, and YNBGS4, respectively). Cells were grown in a BioLector
system, and data represent the mean and standard deviation of triplicate cultures. sFU: specific
fluorescence unit; a.u: arbitrary units.

Similar experiments were conducted using two secreted enzymes, lipase B (CalB)
from Candida antarctica and glucose oxidase (Gox) from Aspergillus niger, as model
proteins. Cell growth and respective enzyme activities, namely lipase or glucose
oxidase, were quantified for strains FdhKO CalB, FdhKO SdOE CalB, FdhKO GOx
and FdhKO SdOE GOx grown on sorbitol in shake flasks (Figure 3-6). After 36 hours
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of culture, both FdhKO SdOE strains showed higher biomass compared to their non-
SOR I-expressing counterparts, with increases of 4.8 and 6.7-fold observed for the
CalB and GOx expressing strains, respectively (Figure 3-6A, C). In contrast, these
strains exhibited a 3.5 and 3.6-fold decrease in specific lipase and glucose oxidase
activities, respectively, compared to their FdhKO counterparts (Figure 3-6B, D).
These results for the secreted proteins align with the trend observed in the eGFP
strains (i.e., FdhKO eGfp and FdhKO SdOE eGfp strains, Figure 3-5).
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Figure 3-6. Biomass (panel A and C) and specific enzyme activity (panel B and D) during
growth of FdhKO CalB (blue), FdhKO GOx (green), FAKO SdOE CalB (orange) and FdAKO
SdOE GOx (red) strains on YNB minimal medium containing sorbitol (YNBS). Data are the
mean and standard deviation of triplicate cultures conducted in shake flasks. Lipase and
glucose oxidase assays were performed in triplicates.

3.3 Low oxygen transfer conditions favor the induction of
PAOXI of FdhKO strains grown on sorbitol-based methanol-free
medium

Low oxygen availability has been reported to positively influence p4OXI induction
for cells grown on methanol (Velastegui et al., 2023). This has also been reported for
Fab-producing strains grown under carbon-limited conditions at different oxygen
supplies (Carnicer et al., 2009). To examine a similar effect on sorbitol media, FdhKO
eGfp and FdhKO SdOE eGfp strains were cultivated under different oxygen transfer
conditions (OTC). This was achieved by varying the ratio between volumes of the
culture medium and the culture flask, yielding culture systems characterized by
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different volumetric oxygen transfer coefficients Kia (Gorczyca et al., 2020) Kia
values of 10, 50, and 100 h™' were used as benchmarks for low, medium, and high
OTC levels, respectively.

The biomass values were measured at mid-exponential growth phase (i.e., after 22
h), and the average growth rate were calculated (Figure 3-7A). For the FdhKO eGfp
strain, the growth rate was within the same range for all culture conditions tested with
an average value of 0.028 mgDCW-mL'-h™! on average (Figure 3-7A). Conversely,
significant differences were observed for the FdhKO SAOE eGfp strain, with growth
rate values of 0.109, 0.285, and 0.337mgDCW-mL'-h™' on average under low,
medium, and high OTC. Therefore, oxygen transfer was most likely a limiting factor
for the growth of the FdhKO SdOE eGfp strain compared to the FdhKO eGfp strain.
Under all tested culture conditions, the higher growth rate observed in the FdhKO
SdOE eGfp strain compared to the FdhKO eGfp strain is due to the overexpression of
SOR1, which allows the FdhKO SdOE eGfp strain to metabolize sorbitol at a higher
rate. At the sampling time, cell growth was not limited by sorbitol availability, as it
remained in excess in the culture medium (i.e., at 22h, Figure A3-9).

Cells were also analyzed by flow cytometry to assess both the median eGFP
fluorescence and the distribution of the cell population according to eGFP
fluorescence signal, distinguishing between non-induced and induced cells (i.e., with
eGFP signal above a defined threshold (Theron et al., 2019). The eGFP signal
decreased as the oxygen transfer increased (i.e., 36% for FdhKO eGfp and 23% for
FdhKO SdOE eGfp strains, on average), although the values did not markedly
different between the two strains for a given OTC (with a maximum of 12%) (Figure
3-7B). The comparable reduction in specific eGFP fluorescence observed in the
FdhKO eGfp strain, despite its constant growth rate across all OTC conditions (0.028
+0.002 h™"), rules out protein dilution as the cause of the decreased eGFP fluorescence
signal in the FdhKO SdOE eGfp strain, where the growth rate increased threefold
between low and high OTC. Therefore, the observed reduction in eGFP fluorescence
reflects a decrease in pAOX] induction.

A significant difference was observed in the fraction of the cell population in an
induced state between the two strains and the culture conditions. The FdhKO SdOE
eGfp strain exhibited a significantly lower fraction of the population in an induced
state compared to the FdhKO eGfp strain, especially at low OTC, with a 7.8-fold
difference (i.e., 5.1% vs. 39.2%, respectively; Figure 3-7C). The fraction of the
population in an induced state also decreased significantly as oxygen transfer
increased, with a 7.6-fold decrease for the FdhKO eGfp strain (i.e., 39.2% vs. 5.2%,
respectively). Therefore, at low oxygen transfer, a greater portion of cells are in an
induced state. This observation aligns with our previous findings of elevated 40X1
expression levels under transient hypoxic conditions (Velastegui et al., 2023). In
experiments using a pAOXI-eGFP strain grown on methanol, phenotypic
diversification toward a highly fluorescent phenotype was observed under transient
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anoxic stress, with the fraction of the population in the highly fluorescent state
increasing as hypoxic stress intensified.

By combining the eGFP fluorescence and the percentage of induced cells, the total
fluorescence was calculated. It increased 12-fold for the FdhKO eGfp strain at low
OTC compared to high one (i.e., 105,267 and 8,939 TFU, respectively). A similar
trend was observed for the FdhKO SdOE eGfp strain, but to a lesser extent, with a 5-
fold decrease (i.e., 12,184 and 2,709 TFU, respectively). The total eGFP fluorescence
signal, and thus p4AOXI induction, was 39-fold higher for the FdhKO eGfp strain at
low OTC compared to the FdhKO SAdOE eGfp strain at high OTC (i.e., 105,267 and
2,709 TFU, respectively) (Figure 3-7D). At low OTC, the eGFP gene expression level
for the FdhKO eGfp strain was 5.4-fold higher than for the FdhKO SdOE eGfp strain
(Figure A3-10). According to these results, the fraction of the cell population in an
induced state is greatly affected by the level of oxygen transfer as compared to the
strength of induction. Strain behavior is also influenced by the cells ability to
metabolize sorbitol (i.e., SORI expression).
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Figure 3-7. Biomass (panel A), Median FL1-A (panel B), induced population (panel C) and
total eGFP fluorescence (panel D) for FdhKO eGfp and FdhKO-SdOE eGfp strains cultured
strains grown in YNBS2 under different OTC (low, Kia 10 h''; medium, Kra 50 h'!; high, K;a
100 h'!), in shake-flask cultures. Culture samples were taken at the mid-exponential growth
phase (i.c., after 22 h). eGFP fluorescence was quantified by flow cytometry on 20,000 cells

83



Development of a production strategy based on the modification of metabolic regulation processes in
Komagataella phaffii.

and expressed as TFU (total fluorescence, see materials and method for calculation details).
Data are means and standard deviations of triplicate cultures.

3.4 Understanding the differences in pAOXI induction levels

between FdhKO and FdhKO-SdOE strains grown on sorbitol-
based methanol-free medium.

In yeast, cytoplasmic formate serves as an intermediate in the THF-C1 pathway, the
primary source of C1 units for de novo purine synthesis and energy storage molecules
(e.g., adenosine triphosphate, ATP; (Christensen & MacKenzie, 2006; Figure A3-4).
Disruption of the Fdh encoding gene has been identified as a key factor in intracellular
formate accumulation in cells grown on sorbitol, thereby enhancing p4OXI induction
in a sorbitol-based methanol-free medium (Bustos et al., 2024). However, the reduced
eGFP-specific fluorescence, lipase CalB and Gox activities observed in FdhKO-SdOE
strains compared to their FdhKO counterparts (Figures 3-5 and 3-6) suggest that
additional factors may influence p4AOX/ induction.

Overexpression of SOR! in FdhKO strains led to an increased sorbitol uptake rate,
resulting in a higher growth rate (Table 3-2). This increased demand for anabolic
precursors, including C1 units, likely reduces formate accumulation. To test this
hypothesis, formate levels were quantified in the culture supernatants of FdhKO eGfp
and FdhKO SdOE eGfp strains grown on sorbitol at different OTC. For the FdhKO
SdOE eGfp strain, formate concentrations were markedly lower than for the FdhKO-
eGfp strain across all tested OTC (Figure 3-8A). Additionally, formate content
decreased for both strains as the oxygen transfer increased. For FdhKO eGfp strain,
formate concentration was 32.3 pmol-mgDCW™"' at low OTC, whereas it was nearly
undetectable for the FdAhKO SAOE eGfp strain at high OTC (0.33 pmol-mgDCW™").
Sorbitol metabolism differs between FdhKO-eGfp and FdhKO-SdOE-eGfp strains
due to SORI overexpression. The FdhKO eGfp strain exhibited a low conversion
efficiency of sorbitol into biomass, with a substrate-to-biomass yield coefficient (Y s)
ranging from 0.18 to 0.22 g-g™" across all tested OTC. At low OTC, the Yy of FAhKO
SAOE eGfp strain was 1.9-fold higher than FdhKO eGfp (0.36 g-g"), increasing
further to 0.7 g-g”' at medium and high OTC (Figure 3-8B). Conversely, when
considering eGFP as a product, the substrate-to-product yield coefficient (Y ) for the
FdhKO SdOE eGfp strain was 18-fold lower than that of the FdhKO eGfp strain at
low OTC (38,586 vs. 2,110 TFU-g"', respectively, Figure 4-8C). For both strains, Y s
decreased as oxygen transfer increased, with a 10.9-fold reduction between low and
high OTC for the FdhKO eGfp strain (38,586 vs. 3,521 TFU-g"', respectively).

Elevated formate concentrations were associated with low OTC, low Y, and high
Y. Under these conditions, eGFP gene expression for the FdhKO eGfp strain was
5.4-fold higher than under conditions of high Yys and low Y, (i.e., high OTC, Figure
A3- 10). This suggests that when less substrate energy is directed toward biomass
formation and instead allocated to secondary metabolism (e.g., eGFP synthesis),
fewer C1 units are used in anabolic pathways, resulting in greater formate
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accumulation. This observation highlights the role of low Yy, favored under low

OTC, in enhancing pAOX]I induction.
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Figure 3-8: Specific formate concentration (panel A), biomass-substrate yield coefficient
(Y s, panel B) and product-to-substrate yield coefficient (Y, panel C) for FdhKO eGfp (blue
bars) and FdhKO-SdOE eGfp (orange bars) strains grown under different OTC, benchmarked
by Kia, in shake-flask cultures. Culture samples were taken at the mid-exponential growth
phase (i.e., after 22 h). Data are means and standard deviations of biological triplicate.
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4. Conclusion

We recently demonstrated that Komagataella phaffii FdhKO strains exhibit self-
induction of the pAOXI-based expression system when grown on sorbitol. In this
study, we further show that these strains undergo diauxic growth in methanol-free
glycerol-sorbitol media, effectively decoupling cell growth from recombinant protein
production. Under these conditions, accumulated formate from the THF-CI
metabolism triggers pAOX! induction. To increase energy generation in FdhKO
strain, sorbitol catabolism was optimized by overexpression of SORI. Although
increased sorbitol metabolism enhances biomass formation, it simultaneously reduced
pAOXI induction, as evidenced by lower formate accumulation, decreased eGFP
fluorescence, and reduced secreted CalB and Gox activities in SOR/-overexpressing
strains. Oxygen transfer also modulates these dynamics, with lower oxygen
availability favoring higher p4OX]I induction due to increased formate accumulation.
Notably, the observed increase in pAOXI expression appears to result from
phenotypic diversification within the cell population, leading to a higher fraction of
induced cells rather than an overall increase in pAOX! induction per cell. These
findings underscore the metabolic trade-offs in sorbitol-based processes and highlight
the potential for optimizing carbon flux to balance recombinant protein production
and cell growth. Future studies should focus on fine-tuning metabolic pathways to
enhance energy efficiency while sustaining robust p4OX/ induction in methanol-free,
sorbitol-based media.
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Chapter 4

Engineering serine metabolism to
enhance AOXI promoter self-
induction in a formate dehydrogenase-
deficient Komagataella phaffii
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Description of Chapter 4

In the previous chapter, it was demonstrated that overexpression of the SOR!I gene
in the FdhKO strain alleviates the bottleneck in sorbitol uptake, improving growth rate
at the expense of increased formate accumulation and enhanced pAOX! induction
under non-repressive conditions. In addition, it was shown that low oxygen transfer
conditions (OTC) positively influence pAOXI induction, leading to improved
recombinant protein production in a methanol-free system.

Building on these findings, the present chapter investigates the enhancement of the
serine biosynthesis pathway in the FdhKO strain through metabolic engineering
approaches. For this purpose, key enzymes involved in serine biosynthesis were
overexpressed under both strong and weak promoters. Among these targets, the SER3
gene was selected for further analysis due to its central role in serine metabolism and
its potential impact on p4OX]I induction. The following sections provide a detailed
examination of these results.

This chapter is based on a first-author publication:

-llICozmar, R., Berrios, J. & Fickers, P. Engineering serine metabolism to enhance
AOXI promoter self-induction in formate dehydrogenase-deficient Komagataella
phaffii. Microb Cell Fact 25, 96 (2026). https://doi.org/10.1186/s12934-026-02968-1

91



92



Chapter 4: Engineering serine metabolism to enhance AOXI promoter self-induction in a formate
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Chapter 4: Engineering serine metabolism to
enhance A0XI promoter self-induction in a formate
dehydrogenase-deficient Komagataella phaffii.

1.Introduction.

Building upon the metabolic framework established in the previous chapter, where
carbon source utilization in FDH-deficient K. phaffii was enhanced through
engineering of sorbitol uptake and metabolism. As consequence of this modification
pAOXI induction, formate accumulation and recombinant protein (rProt) production
have been decreased. The next layer of metabolic limitation arises downstream in
central one-carbon metabolism.

In methylotrophic yeasts such as K. phaffii, one-carbon (C1) metabolism plays a
central role in integrating carbon flux with biosynthetic demand. The tetrahydrofolate
(THF)-dependent C1 network serves as a metabolic hub connecting carbon
metabolism with the synthesis of nucleotides, amino acids, and other essential
biomass precursors. Within this system, formate-derived units represent a key entry
point into cellular C1 metabolism. Recently, we demonstrated that FDH-deficient K.
phaffii (FdhKO) specifically generate formate through the THF—C1 pathway and that
this endogenous formate is capable of inducing p4OXI (Bustos et al., 2024). When
cultivated in sorbitol-based medium, the FdhKO mutant partially exported formate
into the culture supernatant, likely via carboxylate transporters (Casal et al., 2008),
leading to extracellular concentrations of up to 15 pM (0.7 mg-L™"). By contrast,
formate was not detected for the non-disrupted strain. The FdhKO mutant and the
non-disrupted strain exhibited comparable growth kinetics on sorbitol, indicating that
formate accumulation was not toxic under these conditions. Notably, the endogenous
formate produced by the FdhKO strain induced p4OX] to levels comparable to those
obtained with methanol induction (Bustos et al., 2024). This was demonstrated using
the secreted model protein lipase CalB, for which the maximal specific activities were
similar on sorbitol and sorbitol-methanol media [136 and 113 U-mgDCW,
respectively, (Bustos et al., 2024)]. Formate accumulation and p4OX1 induction were
further modulated by strain genotype and culture conditions. Enhancing sorbitol
uptake in the FdhKO eGFP strain through constitutive expression of sorbitol
dehydrogenase increased the specific growth rate from 0.036 h™ to 0.119 h™!, while
markedly reducing eGFP fluorescence and consequently p4OX1 induction. Likewise,
cultivation of the FdhKO eGFP strain under different oxygen transfer conditions (For
reference see section 3, 3rd chapter) resulted in significantly higher formate
accumulation and eGFP expression at Kra values of 10 and 50 h™ (Figure 3-7A). In
contrast, the growth rate remained unchanged across all OTCs (average value of 0.039
h™), indicating that oxygen availability did not limit cell growth under these
conditions (Bustos et al., 2025). Furthermore, when the FdhKO mutant was cultivated
on a glycerol-sorbitol mixture, pAOX! induction occurred only after glycerol
depletion and reached levels significantly higher than those observed during simple
de-repression on glycerol medium (Figure 3-5A) (Bustos et al., 2025). Collectively,
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these findings demonstrate that disruption of the Fdh-encoding gene enables K. phaffii
to autonomously generate formate, resulting in p4OX]I self-induction. This provides
a novel strategy for converting any p4OXI-based expression system into a fully self-
inducing platform in an FdhKO background. This modification reshapes the
availability and routing of C1 units within the THF cycle. Consequently, the balance
of C1 donor and acceptor reactions becomes a limiting factor for optimal metabolic
performance.

In FdhKO strains, the formate is accumulated due to the disruption of formaldehyde
dehydrogenase. Formate, an intermediate of the methanol catabolism, has been
identified previously as a putative pAOXI inducer in strains exhibiting different
methanol utilization phenotypes (Mut*, Mut’, and Mut") (Jayachandran et al., 2017b;
B. Liu, Li, et al., 2022a; Singh & Narang, 2020; Tyurin & Kozlov, 2015). As a C1
molecule with a low energy content, formate must be supplemented with a non-
repressive carbon source during the rProt production phase. Sorbitol has proven to be
an effective co-substrate in this context (Berrios et al., 2017; Niu et al., 2013; Singh
& Narang, 2023). Metabolically, formate is an intermediate in the methanol
dissimilative pathway, where it is oxidized to carbon dioxide by formate
dehydrogenase (FDH) (Bustos et al., 2022). Additionally, formate is a key
intermediate in the tetrahydrofolate-mediated one-carbon (THF-C1) metabolism,
which contributes to several anabolic processes, including de novo purine synthesis
(Christensen & MacKenzie, 2006; Figure 4-1). The THF-C1 pathway operates in both
the mitochondria and cytoplasm, with formate serving as a C1 shuttle between the two
compartments.

AFDH I S N
C()2 '* Formate+ +—— Formate
rProt gene I I
PAOX1 .
/ Purines «—--10-formyl-THF 10-formyl-THF

C] Methelfyl—THF ' Methenyl-THF ;
Methylene-THF fHetherne-THF &

Glycine *— | Glycine
THF

serine T Serine

wzlaP
@o
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3-PS A
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= 7
EIN e A.CoA
! L 7
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Figure 4-1. Schematic diagram illustrating the targeting serine biosynthesis pathway in a
formate dehydrogenase-deficient Komagataella phaffii. Formate from THF-C1 metabolism
induces the pAOX1 promoter.
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In THF-C1 metabolism, formate is derived from serine metabolism, a central node
within this network. Serine biosynthesis, particularly via the glycolytic intermediate
3-phosphoglycerate, is tightly coupled to THF-dependent reactions through serine
hydroxymethyltransferase. This reaction represents a major entry point for the
generation of 5,10-methylene-THF, directly linking purines pathway and amino acid
metabolism with the cellular C1 pool.

We previously showed that serine supplementation markedly increases pAOXI
induction and rProt productivity (Bustos et al., 2024). Serine is synthesized from the
glycolytic intermediate 3-phosphoglycerate through three enzymatic steps involving
3-phosphoglycerate dehydrogenase (Pgdh), phosphoserine aminotransferase (Psatl),
and phosphoserine phosphatase (Psph), encoded by SER3, SERI, and SER2,
respectively (Kobayashi et al., 2022; Pruneski et al., 2011; Figure 4-2). In
Saccharomyces cerevisiae, this pathway is tightly regulated as serine represses SER1
transcription (Delic et al., 2013), whereas SER3 expression is modulated by the non-
coding RNAi SRG! (Martens et al., 2005; Pruneski et al., 2011). In addition, serine
can be reversibly converted from glycine by serine hydroxymethyltransferases Shm1
and Shm2, which also participate in THF-C1 metabolism (Esch et al., 2020; Figure 4-

1.

| PGADH PSAT1 PSPH
(SER3) (SER1)

G3P Bv s 3- PHP?Y ? Serine

l NAD+ NADH 1KG
Pyr Glu (

Figure 4-2. Serine biosynthesis pathway in Komagataella phaffii. Abbreviations are as
follows: PGADH, 3-phophoglicerate = dehydrogenase; =~ PSATI,  phosphoserine
aminotransferase encoded; PSPH, phosphoserine phosphatase; G6P, glucose-6-phosphate;
G3P, 3-phosphoglycerate; NAD?, nicotinamide adenine dinucleotide oxidized; NADH,
nicotinamide adenine dinucleotide reduced; Glu, glutamate; aKG, alfa-ketoglutarate; Pyr,
pyruvate; P, phosphate.

Given that supplementation is not economically viable at an industrial scale, we

further engineered the FdhKO strain by overexpressing the SER genes individually or
in combination (Figure 4-3).
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SER pathway

Figure 4-3. Strategy proposal overview focused on enhancing serine pathway in FDH-
deficient strain.

Based on this framework, the strategy presented was designed to enhance
intracellular formate accumulation and thereby strengthen AOXI-driven gene
expression under methanol-free conditions.

2. Materials and methods.

2.1 Strain construction.

The Escherichia coli and Komagataella phaffii strains used in this study are listed
in Table A4-1 and supporting information Table 4-1. The general genetic techniques
were as described elsewhere (Bustos et al., 2024). The plasmids, GoldenPiCS genetic
parts and primers used are listed in Supporting Information Table A4-1 and A4-2.

Codon optimization and gene synthesis of aMF and GOX.
The following sequences were codon-optimized for K. phaffii using SnapGene
(GSL Biotech LLC):

- Signal peptide of the Saccharomyces cerevisiae a-mating factor (aMF;
NM_001184001.1)

- Intron-less coding sequence of Aspergillus niger glucose oxidase (GOX;
X60601.1)

Codons with a frequency below 10% were replaced with the most abundant one
coding for the same amino acid.

Recognition sequence for Bsal or Bpil were added as shown in Supporting
information Figures A4-5 and A4-6.
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The aMF and GOX synthetic DNA fragments obtained from IDT technologies
(Leuven, Belgium) were cloned into pUC57 and pPGEM®-T Easy vector, respectively,
to yield plasmids RIE457 and RIES8S5, hereafter RIP457 and RIP485:

Table 4-1. Cloned vectors containing aMF and GOX synthetic genes.

Fragment Cloning vector Resulting plasmid
oMF pUC57 RIE457

GOX pGEM®-T Easy RIE585
Supporting information of plasmids in Table A4-1

Construction of the aMFGOX plasmid gene: The aMF fragment from RIP457
was:
1. Digested with Bsal
2. Ligated into plasmid A2 (BB1 23)

yielding plasmid: RIE504 (A2 BB1 23 aMFGOX, hereafter RIP504)

Golden Gate assembly of the expression plasmid for aMFGOX: The final
expression plasmid for aMFGOX was assembled using the GoldenPiCS system
(Prielhofer et al., 2017). Golden Gate assembly (Bpil) was performed using:

Table 4-2. Components of GoldenGate assembly to obtain RIP507.

Component Plasmid

Promoter B8 (BB1 12 pAOXI)
Terminator C1 (BB1_34 ScCYClItt)
Backbone D12 (BB3aZ 14)

Insert RIP504

Supporting information of plasmids in Table A4-1

yielding plasmid RIE507 (BB3aZ 14-pAOXI1-aMFGOX-ScCYCItt; hereafter
RIP507)

The correctness of the assembly was verified by DNA sequencing using primers
pair CkBB3aZ14-Fw/CkBB3aZ1-Rv.

Construction of SER expression vectors.

Amplification and cloning of SER genes: The genes PAS chr3 0566 (SERI),
PAS chr4 0285 (SER2),and PAS chr2-1 0657 (SER3) were PCR-amplified from K.
Phaffii GS115pro genomic DNA used as a template using primer pairs SER1-
Fw/SER1-Rv; SER2-Fw/SER2-Rv and SER3-Fw/SER3-Rv, respectively.

PCR products were cloned into the Zero Blunt TOPO vector, generating plasmids:

- RIE508 (TOPO_SERI, hereafter RIP508)
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- RIE509 (TOPO_SER2, hereafter RIP509)
- RIE510 (TOPO_SER3, hereafter RIP510)

Positive constructs were verified by DNA sequencing with M13-Fw/M13-Rv

primers

Strategy for expression cassette assembly.

To construct the SER gene expression vectors, promoter, gene and terminator parts
were first PCR amplified using specific primer pairs designed to generate specific
overlaps for subsequent Gibson assembly using the NEBuilder HiFi DNA assembly

kit (NewEngland Biolabs).

To improve readability, the fragments are referred to as Parts 1-18 (primer details
for each fragment amplified in Table 4-3). PCR amplification of individual parts was

obtained as follows:

Promoter fragments.
pGAP promoter fragments (Parts 1-3). Amplified from plasmid
(BB1_12 pGAP):

- Part 1: primers 1. pGAP.SER1-Rv / 2.pGAP-Fw
- Part 2: primers 1.pGAP.SER2-Rv / 2.pGAP-Fw
- Part 3: primers 1.pGAP.SER3-Rv / 2.pGAP-Fw

pMDH3 promoter fragments (Parts 4-7): Amplified from plasmid
(BB1_12 pMDH3):

- Part4: 1.pMDH3.SER1-Rv / 2.pMDH3-Fw
- Part5: 1.pMDH3.SER2-Rv / 2.pMDH3-Fw
- Part 6: 1.pMDH3.SER3-Rv / 2.pMDH3-Fw
- Part 7: 1.pMDH3.SER3-Rv / 1.BB3rN14pMDH3-Fw

SER gene fragments.
Amplified from TOPO plasmids:

SER! (RIP508)
- Part8: 3.SERIRv/ 2.pGAP.SERIFw
- Part9: 3.SERIRv / 2.pMDH3.SERIFw

SER2 (RIP509)

- Part 10: 3.SER2Rv / 2.pGAP.SER2Fw
- Part 11: 3.SER2Rv / 2.pMDH3.SER2Fw

SER3 (RIP510)
- Part 12: 3.SER3Rv / 2.pGAP.SER3Fw
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- Part 13: 3.SER3Rv / 2.pMDH3.SER3Fw

Terminator fragments
ScCYCItt  terminator (Parts 14-18). Amplified from plasmid Cl1
(BB1_34 ScCYClItt):

- Part 14: 4.CYC1-Rv /4.SER1.C1-Fw
- Part 15: 4 BB3eH14.C1-Rv / 4.SER1.C1-Fw
- Part 16: 4.CYCI1-Rv/4.SER2.C1-Fw
- Part17: 4.CYCI1-Rv /4.SER3.C1-Fw
- Part 18: 4 BB3rN14.C1-Rv / 4.SER3.C1-Fw

All the obtained PCR fragments were gel purified and quantified with a nanodrop
(Thermo Fisher Scientific)

Table 4-3. Fragments described as parts to construct plasmid required using Gibson
assembly.

Part Fragment Template plasmid Gene/element Primer pair

1 Promoter A4 (BB1_12 pGAP) g \CI’::IZ p_SER] 1.pGAP.SER1-Rv/2.pGAP-Fw

2 Promoter A4 (BB1 12 pGAP) g gelif;p_ SER2 1.pGAP.SER2-Rv/2.pGAP-Fw

3 Promoter A4 (BB1 12 pGAP) pGAP —SER3 1.pGAP.SER3-Rv/2.pGAP-Fw

- overlap
4 promoter 9 pMDH3 — SERI  1.pMDH3.SER1-Rv/2.pMDH3-
oMo BB1 12 pMDH3)  overlap Fw

5 Promoter A9 pMDH3 — SER2  1.pMDH3.SER2-Rv/2.pMDH3-
(BB1 12 pMDH3)  overlap Fw

6 Promoter A9 pMDH3 — SER3  1.pMDH3.SER3-Rv/2.pMDH3-
(BB1 12 pMDH3)  overlap Fw

7 Promoter A9 pMDH3 —BB3rN 1.pMDH3.SER3-
(BB1_12 pMDH3) overlap Rv/1.BB3rN14pMDH3-Fw

8  CDS RIPSO8(TOPO_SER[) SERIMGAP 3 kR 1Ry /2.pGAP.SER IFw

overlap)

RIP508 SERI(pMDH3

9 CDS (TOPO_SERI) overlap) 3.SER1Rv /2.pMDH3.SER1Fw
RIP509 SER2(pGAP

10 CDS (TOPO_SER2) overlap) 3.SER2Rv / 2.pGAP.SER2Fw
RIP509 SER2(pMDH3

11 CDS (TOPO_SER?) overlap) 3.SER2Rv / 2.pMDH3.SER2Fw
RIP510 SER3(pGAP

12 CDS (TOPO_SER3) overlap) 3.SER3Rv/2.pGAP.SER3Fw
RIP510 SER3(pMDH3

13 CDS (TOPO_SER3) overlap) 3.SER3Rv/2.pMDH3.SER3Fw

14 Terminator ¢l ScCYCItt—SERI 4.CYCI-Rv/4.SER1.C1-Fw

(BB1_34_ScCYCItt)
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Komagataella phaffii.
Part Fragment Template plasmid Gene/element Primer pair
15 Terminator C1 ScCYCltt— 4.BB3eH14.C1-Rv/4.SER1.C1-
(BB1 34 ScCYCItt) BB3eH Fw

. Cl1
16 Terminator (BBI 34 ScCYCItt) ScCYCItt— SER2 4.CYCI1-Rv/4.SER2.C1-Fw

. Cl
17 Terminator (BBI 34 ScCYClit) ScCYClItt— SER3 4.CYCI1-Rv/4.SER3.C1-Fw

. Cl 4.BB3rN14.C1-Rv/4.SER3.C1-
18 Terminator (BBI 34 ScCYCItt) ScCYCItt—BB3rN Fw

Supporting information of parts in Table A4-1 and primers in Table A4-2

Gibson assembly of expression plasmids

Final plasmids were assembled by Gibson assembly using the parts listed below and
Bpil-digested destination vectors.

BB3aZ backbone
- RIE511 (RIP511): Parts 1 + 8 + 14 + D12 — pGAP-SERI-ScCYCltt
- RIE512 (RIP512): Parts 4 + 9 + 14 + D12 — pMDH3-SERI-ScCYCItt
- RIE513 (RIP513): Parts 2 + 10 + 16 + D12 — pGAP-SER2-ScCYCItt
- RIE514 (RIP514): Parts 5+ 11 + 16 + D12 — pMDH3-SER2-ScCYCItt
- RIE515 (RIP515): Parts 1 + 12 + 17 + D12 — pGAP-SER3-ScCYCItt
- RIE516 (RIP516): Parts 6 + 13 + 17 + D12 — pMDH3-SER3-ScCYCItt

BB3eH backbone
- RIE517 (RIP517): Parts 1 + 8 + 15 + E1 — pGAP-SERI-ScCYClItt
- RIES18 (RIP518): Parts 4 + 9+ 15+ E1 — pMDH3-SERI-ScCYCItt

BB3rN backbone
- RIE519 (RIP519): Parts 7 + 4 + 18 + E8 — pMDH3-SER3-ScCYCItt

Assembly correctness was verified by diagnostic PCR:
- RIP511-RIP516 — primers CkBB3aZ14-Fw / CkBB3aZ1-Rv
- RIP517-RIP518 — primers 1BB3aZ14-Rv / 4.BB3eH14-Fw
- RIP519 — primers 1.BB3rN14-Rv / 4. BB3rN14-Fw

Final plasmid sequences were confirmed by DNA sequencing. This Strategy for
expression cassette assembly is illustrated in Figure 4-4.
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Figure 4-4. General overview of plasmids construction by NEBuilder HiFi DNA assembly
kit of different gene fragments. Z: Zeocin selection marker; H: hygromycin selection marker;

N: Nourseothricin selection marker

Construction of SER-expressing strains
The construction of yeast strains RIY230 (Fdh eGfp), RIY536 (FdhKO eGfp Z),

RIY540 (eGfp) is described elsewhere (Bustos et al., 2024).

A series of strains expressing SERI-SER3 under pGAP or pMDH3 promoters were
generated by transformation of strain RIY540 with Ascl-linearized plasmids (Table 4-

4). All integrations were targeted to the AOXItt locus.
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Table 4-4. K. phaffi strains generated by transformation of RIY540.

Strain Genotype (simplified) Plasmid
RIY657(gSER1-eGfp) fdhIA, pGAP-SERI, pAOX1-eGFP RIP511
RIY658(mSER1-eGfp) fdhIA, pMDH3-SERI, pAOX1-eGFP RIP512
RIY659(gSER2-eGfp) fdhIA, pGAP-SER2, pAOX1-eGFP RIP513
RIY660(mSER2-eGfp) fdhIA, pMDH3-SER2, pAOX1-eGFP RIP514
RIY661(gSER3-eGfp) fdhIA, pGAP-SER3, pAOX1-eGFP RIP515
RIY662(mSER3-eGfp) fdhIA, pMDH3-SER3, pAOX1-eGFP RIP516

Additional strains expressing multiple SER cassettes were obtained by
transformation of RIY662 with Pmel-linearized plasmids (Table 4-5) for integration
targeted to the ENO/ locus.

Table 4-5. K. phaffi strains generated by transformation of RI1662.
Strain Genotype (simplified) Plasmid

RIY663 (mSER3-gSER1- fdhiA, pMDH3-SER3 + pGAP-SER1, pAOXI-
eGfp) eGFP

RIY664 (mSER3-mSER1- fdhlA, pMDH3-SER3 + pMDH3-SER1, pAOXI-
eGfp) eGFP

RIP517

RIP518

For GOX strain and SER-GOX strain construction the strategy is presented as
follows:

For marker rescue, RIY538 (FdhKO Z") strain was transformed with the replicative
vector RIP396 (pKTAC-Cre) and transformants were selected on YPD-Genet. The
resulting strain was RIY539 (FdhKO).

RIY655 (fdhiA, pAOXI-aMF-GOX, hereafter GOX) strain was obtained by
transformation of strain RIY539 with Ascl linearized plasmid RIP507 for the
integration of the expression cassette at the AOXItt locus (Table 4-6).

RIY665 strain (fdhiIA, pAOXI-aMF-GOX, pMDH3-SER3, hereafter SER3-GOX
strain) was obtained by transformation of strain RIY 655 with Ascl linearized plasmids
RIP519 for the integration of the expression cassette at the R/IG2 locus (Table 4-6).

Table 4-6. K. phaffi strains with GOX as recombinant protein.

Strain Genotype (simplified) Plasmid
RIY539(GOX) fdhlA, pAOXI-aMF-GOX, RIP507
RIY655(GOX-SER3) fadniA, pAOXI1-aMF-GOX, pMDH3-SER3 RIP519
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Correct integration of constructs was verified by PCR using locus-specific primers:

- RIY655, RIY657-RIY662: CkBB3aZ14-Fw / CkBB3aZ1-Rv
- RIY663, RIY664: 1BB3aZ14-Rv / 4.BB3eH14-Fw
- RIY665: 1.BB3rN14-Rv / 4.BB3rN14-Fw

Table 4-7. Komagataella phaffii strains used in the 4" chapter.

Number  Names Parental strain, relevant genotype Reference
RIY232  GSl115pro GS115, HIS4 (Theron et al., 2019)
RIY230 FdheGfp RIY232, pAOX1-eGFP, Zeo* (Bustos et al., 2024)
RIY536  FdhKO eGfp Z"  RIY230, fdhIA, pAOXI1-eGFP, Zeo®  (Bustos et al., 2024)
Y538 FdhKO Z* RIY232, fdhIA, Zeo* This work
RIY539 FdhKO RIYS538, fdhiA This work
RIY540  eGfp RIYS536, fdhIA, pAOXI-eGFP, Zeo  (Bustos et al., 2024)
RIY657  gSER1-eGfp RIY540, fdhiA, pGAP-SERI, This work
pAOXI-eGFP, Zeo*

RIY658  mSERI1-eGfp RIY540, fdhiA, pMDH3-SERI, This work
pAOXI-eGFP, Zeo*

RIY659  gSER2-eGfp RIY540, fdhiA, pGAP-SER2, This work
pAOXI-eGFP, Zeo*

RIY660  mSER2-eGfp RIY540, fdhiA, pMDH3-SER2, This work
pAOXI-eGFP, Zeo*

RIY661  gSER3-eGfp RIY540 fdhiA, pGAP-SER3, This work
pAOXI-eGFP, Zeo*

RIY662  mSER3-eGfp RIY540, fdhiA, pMDH3-SER3, This work
pAOXI-eGFP, Zeo*

RIY663  mSER3-gSER1-  RIY662, fdhiA, pMDH3-SER3, This work

eGfp pGAP-SERI, pAOXI-eGFP, Zeo",

Hyg"

RIY664  mSER3-mSERI- RIY662, fdhiA, pMDH3-SER3, This work

eGfp pMDH3-SERI, pAOXI-eGFP, Zeo™,

Hyg"

RIY655 GOX RIY539, fdhiA, pAOXI1-aMF-GOX,  This work
Zeo"

RIY665 GOX-SER3 RIY655, fdhiA, pAOX1-aMF-GOX,  This work

pPMDH3-SER3, Zeo',NAT*

Each primer pair annealed to the 5’ and 3’ regions of the integrated cassette,
confirming correct integration.
A schematic representation of the strain genotype is presented in Supplementary
Information Figure A4-7. Monocopy integration of the SER and GOX gene
expression cassettes in the yeast genome was assessed for the different constructed
strains (Figures A4-7 and A4-8). For clarity and readability, plasmids, primers used
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and strains are listed in Tables A4-1, A4-2 and Table 4-7, respectively, while only
strain codes are used throughout the 4th chapter.

2.2 Medium composition and cultures conditions.

E. coli was grown at 37°C in Luria-Bertani medium (LB), supplemented with
antibiotics as follows: 100 ug-mL™" ampicillin, 50 ug-mL" kanamycin, 25 pg-mL"’
zeocin, or 50 pg-mL"' nourseothricin. K. phaffii was grown at 30 °C either on YPD
medium (20 g'L"' glucose, 10 g-L"' Difco yeast extract, and 10g-L™" Difco bacto
peptone) or in YNB medium (1.7 g-L" Difco YNB w/o ammonium chloride and
amino acids, 5 g'L' NH4Cl and, 0.4 mg L' biotin, 100 mM sodium/potassium
phosphate buffer, pH 6.0) supplemented 1.75 g-L™' glycerol and 3.5 gL' sorbitol
(YNBGS4), 20 gL sorbitol (YNBS) or 20 g'L" glycerol and 20 g-L"' sorbitol
(YNBGS). K. Phaffii transformants were selected on YPD agar plates, supplemented
with 25 pg'mL"' zeocin (YPD-Zeo), 200 pg-mL"' Hygromycin (YPD-Hyg), 500
ug'mL" geneticin (YPD-Genet) or 100 ug-mL™" nourseothricin (YPD-NAT).

All K. phaffii cultures were performed at 30 °C. Precultures were operated as
previously described (Bustos et al., 2024)(Bustos et al., 2024). Shake flask cultures
were performed either in a 250 ml Erlenmeyer flask containing 25 ml of YNBS with
agitation of 150 rpm. Cultures in microbioreactors (BioLector 2, m2p-labs,
Baesweiler, Germany), were operated at 1000 rpm with relative humidity of 85 %
using 48-well Flower plates (M2P-MTP-48B, Beckman Coulter) containing 1 ml of
YNBS or YNBGS4 medium. Stirred tank bioreactor cultivations were performed in
155 ml YNBGS medium in 200-ml DASGIP bioreactors (DASGIP DASbox Mini
Bioreactors SR02500DLS, Eppendorf, Hamburg, Germany at 30°C) as described
previously (Theron et al., 2019). Operating parameters were as follows: aeration at
0.5 vvm, stirring at 900 rpm and pH automatically controlled at 6 by addition of 3N
KOH.

2.3 Calculations.
The specific growth rate was calculated as

_1dX
T X @t
Where X is the biomass (gDCW-L™") and t is the time (h)

The specific sorbitol up-take rate (qSor) was calculated as:

d[sorbitol]

980T = X
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Where [sorbitol] is the sorbitol concentration, X the biomass (gDCW-L™") and t is
the time (h).
The oxygen transfer rate was calculated as

OTR= KLa (Co-CL)

Where Kia is the volumetric oxygen transfer coefficient determined using the
dynamic method of desroption-absorpion of oxygen (Garcia-Ochoa & Gomez, 2009),
Co is the oxygen concentration at equilibrium, which according to Henry’s law equals
7.6 mg-L"' (Berrios et al., 2017) and Cp is the measured dissolved oxygen
concentration (DO-Co mg L)

The specific oxygen consumption rate (qO,) was calculated as:

0,= OTR_ KLa (CO'CL)
=X T X

Where Cy is the oxygen concentration at equilibrium, Cy is the measured dissolved
oxygen concentration (mg-L™') and X is the biomass (gDCW-L™).

2.4 Analytical methods.

The cell growth was monitored either by optical density at 600nm (OD600) or dry
cell weight (DCW) as previously described (Carly et al., 2016). Sorbitol and glycerol
concentrations were determined using high-performance liquid chromatography
(Agilent 1100 series equipped with UV (210 nm) and RID detector (Agilent
Technologies, Santa Clara, CA, USA) using an Aminex HPX-87H column (300 x 7.8
mm Bio-Rad, Hercules, CA, USA). Compounds were eluted from the column at 65
°C with a flow rate of 0.5 mL min~' and using a 5 mM H,SO; solution as the mobile
phase. During cultures in microbioreactors, biomass was monitored by light scattering
at 600 nm (gain set at 2) while fluorescence was quantified at 520 nm (excitation 488
nm, gain set at 4) every 10 min. The eGFP fluorescence was expressed as specific
fluorescence (sFU). For that purpose, fluorescence values were divided by the
biomass values. The specific fluorescence value of the parental strain GS115pro
(RIY232) was subtracted from the specific fluorescence of eGFP-producing strains to
normalize the data.

Formate concentration in the culture supernatant were measured using the formic
acid assay kit (Megazyme Inc., Bray, Ireland) according to the manufacturer's
instructions. Briefly, formate is converted into carbon dioxide by formate
dehydrogenase with the formation of NADPH which is quantified at 340 nm. Formate
concentration is deduced from a calibration curve.

Glucose oxidase activity was monitored using a glucose oxidase assay kit
(Megazyme Inc., Bray, Ireland) according to the manufacturer's instructions. Briefly,
Gox catalyzes the oxidation of B-D-glucose to D-glucono-d-lactone with the
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concurrent release of hydrogen peroxide. In the presence of peroxidase, the H>O;
generated is converted, in the presence of p-hydroxybenzoic acid, into quinoneimine,
which is measured at 510 nm. Gox activity is calculated based on a standard curve.
For the formate and enzymatic assay, absorbances at specific wavelength were
monitored over time using a SpectraMax M2 (Molecular Devices, San Jose, CA,
USA). All assays were conducted in triplicates.

3. Results and discussion.
3.1 Overexpression of the 3-phosphoglycerate dehydrogenase-
encoding gene in a FdhKO strain increases formate

accumulation and pAOXI induction.

Serine is a metabolic precursor in various anabolic pathways and serves as a donor
of one-carbon units in the THF-C1 pathway, where formate is a key metabolite. We
previously demonstrated that endogenous formate induces the pAOX1 promoter in an
FdhKO strain, and that supplementing the culture medium with serine positively
influences pAOXI induction and, consequently, rProt (Bustos et al., 2024). We
hypothesized that enhancing serine biosynthesis could increase intracellular formate
levels in a FdhKO strain and thereby further potentiate p4OX/ induction. To test this,
genes involved in serine synthesis from 3-phosphoglycerate, namely SER! (PSatl),
SER2 (Psph), and SER3 (Pgadh) (Supplementary information Table A4-3), were
overexpressed in a FdhKO strain expressing eGFP under the control of the p4OXI
promoter (fdhiA, pAOXI-eGFP, hereafter eGfp strains for simplicity; Table 4-7).
Each gene was expressed under the control of constitutive promoters, either the strong
pGAP (glyceraldehyde-3-phosphate dehydrogenase) promoter or the weak pMDH3
(peroxisomal malate dehydrogenase 3 promoter) promoter. The resulting strains were
designated as follows: gSERI1-eGfp, mSER1-eGfp, gSER2-eGfp, mSER2-eGfp,
gSER3-eGfp, mSER3-eGfp (Table 4-1). Monocopy integration of the SER gene
expression cassettes in the yeast genome was assessed for the different constructed
strains (see supplementary material and Figure A4-8 for details). They were cultivated
in microbioreactors in sorbitol medium (YNBS), and specific eGFP fluorescence (i.e.
normalized to biomass) was monitored as a proxy to estimate p4OXI induction.

For strains overexpressing SERI (Psatl) and SER2 (Psph), no marked difference in
cell growth was observed compared with the parental strain (Figure 4-6), whereas the
specific fluorescence was lower than that of the parental eGFP strain, regardless of
the promoter strength used (Figure 4-5A, B). In contrast, overexpression of SER3
encoding 3-phosphoglycerate dehydrogenase (Pgadh) resulted in an increase in
specific fluorescence and consequently pAOXI induction, particularly when
expressed under the pMDH3 (1.28-fold vs. 1.18-fold for pGAP after 48 h; Figure 4-
5C). This strain also presented reduced growth ability, with a 38 % lower biomass at
48 h, (Figure 4-6). Pgadh catalyzes the first reaction of the serine biosynthesis
pathway, which has been identified as the rate-limiting step of serine synthesis in S.

106



Chapter 4: Engineering serine metabolism to enhance AOXI promoter self-induction in a formate
deshydrogenase-deficient Komagataella phaffii.

cerevisiae (Esch et al., 2020). Based on our observation, this step is also the rate
limiting for serine anabolism in K. phaffii.
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Figure 4-5: Specific eGFP fluorescence for eGfp strain (FdhKO p4OXI-eGFP) expressing
gene SERI (panel A), SER2 (panel B), SER3 (panel C) and SERI-SER3 (panel D) under the
control the pGAP (strains marked with g) and pMDH3 (strains marked with m) during growth
in sorbitol medium (YNBS). The cells were grown in microbioreactors in batch mode as
described in Materials and Methods. Specific fluorescence is the mean value (coloured lines)
and standard deviation (grey shades) of biological triplicates. sFU: Specific fluorescence unit.

As SERI expression is downregulated by serine in K. phaffii (Delic et al., 2013), the
gene was co-expressed in the mSER3-eGfp background using both pGAP and pMDH3
promoters. The resulting strains, namely mSER3-gSER1-eGfp and mSER3-mSER1-
eGfp were cultivated in microbioreactor under the same experimental conditions
(YNBS medium). Compared to the parental mSER3-eGfp strain, the specific
fluorescence signal decreased when SERI was expressed under the pGAP promoter
(i.e., in the mSER3-gSER1-eGfp strain), whereas no significant change was observed
when the pMDH3-driven expression (Figure 4-5D). The strain overexpressing SER/
and SER3 exhibited comparable growth to that of the parental strain, indicating that
the expression of these genes does not cause any apparent metabolic imbalance. Taken
together, these results suggest that the overexpression of SER3 exerts a positive
indirect effect on p4OX1 induction while overexpression of SER [ in the mSER3—eGfp
background does not further enhance p4AOX/ induction.
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Figure 4-6: Biomass for eGfp strain (FdhKO p4OX7-eGFP) expressing gene SER! (panel
A), SER2 (panel B), SER3 (panel C) and SERI-SER3 (panel D) under the control the pGAP
(strains marked with g) and pMDH3 (strains marked with m) during growth in sorbitol medium
(YNBS). Cells were grown in microbioreactors in batch mode as described in Materials and
Methods. Biomass is the mean value (colored lines) and standard deviation (grey shades) of
biological triplicates. Arb units: arbitrary unit.

In industrial rProt production processes based on pAOXI-driven expression
systems, glycerol is commonly used during the cell growth phase, while a pAOXI
non-repressive carbon source, such as sorbitol, is preferred during the rProt production
stage (Carly et al., 2016; Ergiin et al., 2022; Niu et al., 2013). Biomass and eGFP
fluorescence were therefore monitored for the eGfp mSER3-eGfp grown in
microbioreactors on glycerol and sorbitol at a 1:2 ratio (YNBGS4). Both strains
exhibited diauxic growth, consuming glycerol within the first 8 hours of culture,
followed by a sorbitol consumption phase (Figure 4-7A). However, marked
differences were observed between the two strains regarding the specific fluorescence
levels and thus pAOXI induction. Upon glycerol depletion, eGFP-specific
fluorescence markedly increased for both strains. The strain overexpressing SER3
(i.e., mSER3-eGfp) exhibited a 1.5-fold increase in specific fluorescence on average
between 18 h and 48 h compared to eGfp strain (0.106 vs. 0.072 sFU, respectively).
The fluorescence level then tended to decrease slightly as the biomass value reached
a plateau (i.e., after 40 h) (Figure 4-7B). Although not regulated, the pH of the culture
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medium only slightly decreased from 6 to 5.7 at the end of the culture (data not
shown).

During those cultures, secreted formate in the culture supernatant was monitored
over time as a proxy for intracellular accumulation (Bustos et al., 2024, 2025). It
increased for both strains after glycerol depletion and peaked at 10 h of culture.
Thereafter, the formate concentration gradually decreased for both strains and became
nearly undetectable in the culture supernatant by 48 h for the eGFP strain (Figure 4-
7C). At any time point, the formate content was consistently higher for the mSER3-
eGFP strain compared to the eGFP strain, with the greatest difference observed at 10
h (2-fold, 29 pM vs 14 pM, respectively). As both strains grew similarly, the
accumulation of formate did not affect cell fitness. Furthermore, the formate
concentration in the mSER3-eGfp strain remained nearly an order of magnitude lower
than the concentration reported as cell toxic (20 mM (Singh & Narang, 2020))
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Figure 4-7: Biomass (panel A), specific eGFP (panel B) and extracellular formate
concentration (Panel C) for eGfp (fdh1A, pAOXI-eGFP, blue color) and mSER3-eGfp (fdhlA,
pAOXI1-eGFP, pMDH3-SER3, green color) strains grown in YNB minimal media containing
glycerol and sorbitol at a 1:2 ratio (YNBGS4). The cells were grown in microbioreactors in
batch mode as described in Materials and Methods in glycerol-sorbitol media (YNBGS4), and
data represent the mean and standard deviation of triplicate cultures. sFU: specific
fluorescence unit; a.u: arbitrary units. uM: micromolar. In panel A and B, the dotted line
highlights the point at which glycerol was depleted from the medium.
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3.2 Enhancing serine metabolism in FdhKO strains increases
the synthesis of secreted proteins.

The FdhKO pMDH3-SER3 strain (hereafter mSER3) was further considered for its
ability to produce a secretory protein, namely glucose oxidase (Gox) from A. niger.
Gox is an industrially relevant enzyme widely used in food processing, biosensing,
and biocatalysis (Bankar et al., 2009). It is also a well-established model for secretory
protein (Ahmad et al., 2014; Celik & Calik, 2012; Yu et al., 2020). The corresponding
codon optimized sequence transcriptionally fused with the signal peptide from the a-
mating factor from S. cerevisiae was cloned under the control of the pAOXI and
expressed in a FdhKO and in the SER3 strain (Figure A4-5 and A4-6). As a first
characterisation, the resulting GOX and GOX-SER3 strains were characterized for
monocopy integration (see supplementary material for details, Figure A4-9) and were
grown in shake flasks on sorbitol medium (YNBS) at medium OTC (Kra 50 h™'") based
on previous results (Bustos et al., 2025). Cell growth, Gox activity and extracellular
formate concentration were measured at various time points for 72h. At the end point
of cultivation, the GOX-SER3 strain exhibited a 1.4-fold increased Gox activity
compared to the GOX strain, with respective values of 450 U-L™" and 316 U-L"". Both
strains showed similar growth kinetics (Figure 4-8A). Both strains exhibited similar
growth kinetics, confirming that SER3 overexpression does not impair cell growth in
those experimental conditions (Figure 4-8C). As observed for the eGFP-expressing
strains (Figure 4-8), formate accumulated in both the GOX and GOX-SER3 strains
(Figure 4-8B), with higher levels detected in the SER3-overexpressing strain. After 12
h of cultivation, formate concentrations reached 55 pM and 62 uM in the GOX and
GOX-SERS3 strains, respectively. Subsequently, formate levels gradually decreased
for both strains and became nearly undetectable after 72 h, despite continued cell
growth and the presence of approximately 70% of the initial sorbitol in the culture
medium (Figure 4-8D). These results for secreted proteins production are consistent
with the trend observed with the eGFP strains (i.e., eGfp and mSER3-eGfp strains,
Figure 4-7).

The GOX and GOX-SER3 strains were further cultivated in batch mode in stirred-
tank bioreactors with pH control using YNBGS medium containing glycerol and
sorbitol at a 1:2 ratio. Biomass, GOX-specific activity, dissolved oxygen (DO) and
carbon source concentrations were measured over 62h. Culture conditions were set at
800 rpm agitation and 1 vvm aeration, corresponding to an experimentally determined
Kia of 48 h' (see supplementary material for details, table A4-4). Both strains
exhibited diauxic growth, consuming glycerol during the first 15 h, followed by
sorbitol over the subsequent 35 h (Figure 4-9A, 4-9B). Glycerol depletion was
indicated by a sharp increase in DO at 15 h (Figure 4-9C). At this time point, glycerol
was no longer detectable in the culture supernatant, whereas sorbitol consumption had
not yet started (Figure 4-9B). During the sorbitol consumption phase (i.e., between
25h and 50 h), DO levels remained stable at approximately 85% air saturation,
particularly for the GOX-SER3 strain (Figure 4-9C). Under these conditions, a
pseudo-steady state with respect to DO can be assumed, such that the oxygen uptake
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rate (OUR) equals the oxygen transfer rate (OTR) (J. Liang & Yuan, 2007). This
assumption allowed calculation of the cell-specific oxygen consumption rate (qOz) by
normalizing OTR values to the corresponding biomass. Based on biomass
measurements obtained at multiple time points between 25 and 50 h of culture, the
average qO: for the GOX-SER3 strain was 3.4 mg O gDCW™-h™'. Upon sorbitol
depletion, DO increased to 100% saturation (Figure 4-9C). Throughout the sorbitol
consumption phase, both strains exhibited continuous growth with an average specific
growth rate of 0.016 h™! and a sorbitol uptake rate (qSor) of 0.025 g-gDCW'-h™",
Since oxygen was not limiting during rProt production on sorbitol, the calculated qO:
and gSor values can be considered reference parameters for future process design. In
particular, they can be used to estimate qO: at high cell densities (typically 60-100
gDCW-L™) and to define the operational conditions required to meet OTR demands
and to establish appropriate sorbitol feeding strategies.
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Figure 4-8: Glucose oxidase activity (panel A), extracellular formate concentration (panel
B), biomass (panel C) and sorbitol concentration (panel D) during growth of GOX (blue color)
and GOX-SER3 (green color) strains in sorbitol media (YNBS). The data are presented as the
means and standard deviations of triplicate cultures conducted in shake flasks as described in
Materials and Methods. Glucose oxidase assays were performed in triplicate, sorbitol and
formate assays were performed in duplicate.
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Most importantly, no Gox activity was detected in the culture supernatant during
the glycerol consumption phase, confirming that the pAOXI promoter is tightly
repressed by glycerol. Upon glycerol depletion, Gox-specific activity increased
almost linearly in both strains, reaching a plateau after 40 h. At the end of the culture,
the Gox-specific activity of the GOX-SER3 strain was 1.3-fold higher than that of the
GOX strain (Figure 4-9D). The enzymatic productivities calculated over a 47-h
production period were 0.31 and 0.39 U-gDCW-1-h-1 for strains GOX and GOX-

SER3, respectively.
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Figure 4-9: Biomass (panel A), glycerol (filled histograms) and sorbitol (empty histograms)
concentrations (panel B), dissolved oxygen (panel C) glucose oxidase specific activity (panel
D) during growth of GOX (blue colour) and GOX-SER3 (green colour) strains in a stirred-
tank bioreactor in batch mode as described in Materials and Methods in glycerol-sorbitol
media (YNBGS). In panel A and D, the dots represent all the measurements while the lines
connect the mean values.

These observations have important implications for future process development. In
most processes, rProt production is temporally separated from biomass formation.
Typically, cells are first grown in batch or fed-batch under conditions that repress
pAOXI1, with glycerol as the primary carbon source. The rProt production phase is
then initiated by shifting to permissive culture conditions, most commonly through
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methanol supplementation. The main technical challenge lies in determining the
optimal timing and methodology for transitioning from repressive to inducible
conditions. In addition, cells must adapt to methanol, a process that requires extensive
metabolic reorganization. Formate has been proposed and successfully tested, in
combination with an FdhKO strain, as an alternative inducer to methanol (Bustos et
al., 2024). Using CalB as a model secreted protein, a maximum specific activity of
136 U-mgDCW~! was achieved on sorbitol with a FdhKO CalB strain, compared to
113 U-mgDCW! obtained with a Fdh CalB strain using methanol as the inducer. In
addition, this maximum specific activity was reached 2.4-fold faster with the FdhKO
CalB strain on sorbitol medium.

Therefore, the limitations associated with methanol-based induction can be
overcome by cultivating FdhKO strains in media containing both glycerol and
sorbitol, with the glycerol supply adjusted to reach the desired biomass. Upon glycerol
depletion, pAOX] repression is relived, and sorbitol becomes the primary carbon and
energy source. In contrast to methanol, sorbitol catabolism requires only minor
metabolic adaptation. Under these conditions, formate generated via THF-C1 pathway
accumulates intracellularly in FdhKO strains, inducing p4OX/ and initiating the rProt
production phase. In such a way, no external inducer is requested as the pAOX]I is
auto-induced by endogenous formate. Overexpression of SER3 further enhance this
autoinduction effect. Importantly, compared to methanol-based processes, optimal
culture performance can be achieved at lower OTR, a highly advantageous feature for
large-scale bioprocess development, where oxygen transfer is often a key limitation.
Consistently, the qO: values determined in this study for sorbitol (=4
mg02-gDCW™"-h™") are substantially lower than those reported for methanol-based
processes [120-170 mgO2-gDCW™-h™!;(Berrios et al., 2017; Velastegui et al., 2023)].

4. Conclusion.

In K. phaffii, AOXI promoter—based expression systems have proven highly
effective for rProt production. However, the use of methanol at industrial scale is
associated with several challenges that increase process complexity and cost.
Consequently, methanol-free induction strategies have been actively explored. These
include the use of derepressed promoters, such as the recently reported pDH, which
is induced under the so-called pseudo-starvation conditions (Bernat-Camps et al.,
2023; Ebner et al., 2025), as well as the use of alternative inducers for pAOX1, notably
formate (Singh & Narang, 2020). Nevertheless, due to the low energy content of
formate, its use as an inducer requires the presence of a permissive carbon source,
such as sorbitol. In addition, formate-based induction presents further challenges, as
formate becomes toxic to cells at concentrations above approximately 20 mM (Singh
& Narang, 2020).

Recently, we reported that disruption of the formate dehydrogenase gene in K.
phaffii leads to formate accumulation when FdhKO cells are grown on sorbitol, but
not on glycerol. This enables AOXI promoter—based expression systems to operate in
a self-inducible manner, thereby eliminating the need for methanol as an external
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inducer and its associated issues. Specifically, for FdhKO cells cultivated in a
glycerol—sorbitol mixture, pAOX1 induction is triggered only after glycerol depletion.
The low growth rate of the FdhKO strain on sorbitol favors the accumulation of
endogenous formate required for pAOXI activation, while sorbitol provides the
necessary energy supply for rProt synthesis.

In the present study, we aimed to further enhance endogenous formate accumulation
by engineering serine metabolism. Overexpression of the gene encoding 3-
phosphoglycerate dehydrogenase in a formate dehydrogenase-deficient K. phaffii
strain significantly increased formate accumulation without compromising cell fitness
and markedly enhanced p4OXI induction under derepressed culture conditions. This
strategy further improved recombinant protein productivity, as exemplified by a 30%
increase in Gox secretion under bioreactor process conditions.
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Chapter 5

Yarrowia lipolytica, Komagataella phaffii
and secretory proteins: recombinant
laccase as a case study
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Description of Chapter 5.

Previous studies have shown that signal peptide selection is a key determinant of
secretion efficiency and that optimal performance depends on both the host
organism and the target protein.(Gasser & Mattanovich, 2018; Puxbaum et al.,
2015). In Komagataella phaffii, protein secretion has been widely reported as an
additional limiting step in this host. (Zahrl et al., 2018).

The present chapter addresses a complementary aspect of recombinant protein
(rProt) production by evaluating the effect of different signal peptide regions
combination on laccase secretion in Yarrowia lipolytica compared with
Komagataella phaffii.

This chapter complements the general objective of the doctoral project. While
the main chapters investigate how methanol-free metabolic engineering strategies
performed on FDH-deficient strain affecting pAOX! induction and protein
production, this study addresses the secretion step, representing an additional layer
of optimization within the same production pipeline.

In this context, this work contributes to understanding secretion-level
determinants that influence overall production efficiency.

This work represents a complementary extension of my doctoral research and is
based on a co-authored publication. The study was carried out in close collaboration
with Contance Keller, with joint involvement throughout all stages of the work.

Within this framework, my contribution encompassed the experimental design,
execution of molecular biology related to qPCR measurements and secretion
experiments, data analysis, and interpretation of results. The study reflects a shared
intellectual and experimental contribution between both authors.

This work is an original contribution adapted from:

- Keller, C., Cozmar, R., Alcalde, M., & Fickers, P. (2026). Yarrowia lipolytica,
Komagatoella phaffii and secretory proteins: recombinant laccase as a case study.
Journal of Biotechnology, 412, 1-4. https://doi.org/10.1016/j.jbiotec.2026.01.015

119



120



Chapter 5: Yarrowia lipolytica, Komagataella phaffii and secretory proteins: recombinant laccase as
a case study.

Chapter 5: Yarrowia lipolytica, Komagataella phaffii
and secretory proteins: recombinant laccase as a
case study.

1. Short communication.

For more than three decades, the methylotrophic yeast Komagataella phaffii
has been a workhorse to produce recombinant secretory proteins (rsProt). The
classical expression system, combining the tightly regulated promoter from
alcohol oxidase 1 (pAOXI) with the Saccharomyces cerevisiae o-factor signal
peptide, remains a benchmark in industrial biotechnology (Bustos et al., 2022).
Despite its advantages, including high cell density cultivation and the possibility
to express recombinant genes under the control of pAOX/ at high level upon
methanol induction, K. phaffii faces limitations in protein folding and secretion
machinery. Under conditions of high rsProt synthesis, the endoplasmic reticulum
(ER) becomes saturated, leading to protein misfolding, ER stress, and reduced
secretion efficiency (Zahrl et al., 2018).

Secretion efficiency depends critically on N-terminal signal peptides (SP),
which typically consist of a pre-sequence (Pre) that directs proteins into the ER
and a pro-sequence (Pro) that increases protein solubility in the ER, assists
protein folding, maturation, and trafficking to the Golgi compartment. The pre-
sequence is cleaved in the ER by a signal peptidase, whereas the pro-sequence is
removed later in the Golgi by Kex-like proteases. While the presence of a pro-
sequence is not essential for protein secretion, the specific amino acid sequence
of the pre- sequence is a critical determinant of rsProt productivity (Celinska et
al., 2018; Celinska & Nicaud, 2019). We previously compared the production of
lipase B from Candida antarctica (CalB), Yarrowia lipolytica, and K. phaffii
hosts and found that, despite a seven-fold higher mRNA level in K. phatffii,
enzyme production was significantly higher in Y. lipolytica, a discrepancy
attributed to the CalB protein proteasomal degradation before secretion in K.
phaffii due to a strong endoplasmic reticulum (ER) stress response during rsProt
production, leading to substantial protein loss through ER-associated degradation
(ERAD) (Theron et al., 2020).

In contrast, Y. lipolytica naturally secretes large amounts of hydrolytic enzymes
(lipases, proteases, laccases) and exhibits a filamentous fungi-like secretory
pathway, which provides superior protein export (Celinska & Nicaud, 2019;
Darvishi et al., 2018; Nicaud, 2012).

To extend these findings, we evaluated herein the engineered laccase LacVader
(Mateljak & Alcalde, 2021) as a model rsProt. Large-scale fermentation of
laccases remains challenging due to low secretion efficiency, improper folding,
proteolytic degradation, variability in post-translational modifications (Bannach-
Machado et al., 2026), their size (60—100 kDa), extensive glycosylation, and the
requirement for copper incorporation into multiple active sites (Mateljak &
Alcalde, 2021). Unlike commonly used model proteins such as eGFP or Gox
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used in the previous chapter, which are relatively robust and are often efficiently
secreted in K. phaffii (Bankar et al., 2009; Tsien, 1998). Laccases are particularly
sensitive to limitations in protein folding, trafficking, and secretion efficiency,
making them well-suited to reveal subtle but functionally relevant differences in
signal peptide performance (Bannach-Machado et al., 2026; Sodhi et al., 2024).

Nevertheless, laccases have diverse industrial applications, including organic
synthesis, pulp bleaching, dye decolorization, beverage stabilization, flavor
enhancement, and baking additives (Mateljak & Alcalde, 2021).

In K. phaffii strain RIY667 (Table 5.1), the LacVader coding sequence under
the control of the pAOX1 promoter was transcriptionally fused to an evolved pre-
pro-sequence from S. cerevisiae a-factor and integrated at the AOX1 locus (Mate
et al.,, 2013). In the different constructed Y. lipolytica strains, the LacVader
expression cassettes were driven by the constitutive p7EF promoter and targeted
to the LIP2 locus. Four pre-sequences were tested, namely oPre from S.
cerevisiae o-factor, Yps3Pre from the Y. lipolytica GPI-anchored protease Yps3,
Lip2Pre from the extracellular lipase Lip2, and SoAmyPre, a codon-optimized
pre-sequence from the insect Sitophilus oryzae o-amylase SoAmy. These pre-
sequences were selected based on their demonstrated secretory potential for
heterologous proteins, namely a-amylase from S. oryzae and a glucoamylase
from the fungus Thermomyces lanuginosus (Celinska et al., 2018). Two pro-
sequences were also evaluated, namely the aPro from the S. cerevisiae a-factor
and the Lip2Pro from the highly secreted Y. lipolytica Lip2 lipase (Celinska et
al., 2018). A total of nine combinations of pre- and pro-sequences
transcriptionally fused to the LacVader coding sequence were assembled using
Golden Gate cloning and integrated into the Y. lipolytica genome at the LIP2
locus (Fig. 5.1, Table 5.1). Biomass and laccase activity based on ABTS
oxidation were measured at 60 h and 72 h, and specific activity was calculated.
The methods related to plasmids and strains construction; cultures conditions and
enzyme assay are detailed in Appendix 21-24; Table 5A-1, Table 5A-2, Figure
5A-3 and Appendix 28-33. Integration consistency check among the constructed
strains led to the selection of those carrying a single copy of the LacVader
expression cassette (Appendix 31, Figure 5A-4). Since all constructs were driven
by the constitutive p7EF promoter and integrated at the same L/P2 locus, it was
assumed that LacVader expression levels were comparable across the different
Y. lipolytica strains. Cultivations were performed in 24-square deepwell plates
under oxygen transfer conditions comparable to those of stirred tank reactors
(i.e., 30-40 mmol O, L' h'!, (Duetz et al., 2000; Duetz & Witholt, 2001).
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Table 5-1. Yeast strains used in 5" chapter
Strain Parental strain, plasmid, genotype Reference
RIY146 Y. lipolytica, Pold, eykl::Leu2ex, Ura® (;(;a;r;;lerm]es ctal,
RIY667 K. phaffii, (pJRoC30), pPDF-afactor-LacVader (215/[; SIJ ak & Alcalde,
RIY668 RIY146, (RIP534), pTEF-aPre-LacVader-LIP2tt This work
RIY670 ?};;;16, (RIP535), pTEF -Yps3Pre-LacVader- This work
RIY672 RIY 146, (RIP536), pTEF-Lip2Pre-LacVader-LIP2tt  This work
RIY674 Ellrj(zlt:%, (RIP537), pTEF-SoAmyPre-LacVader- This work
RIY676 RIY146, (RIP538), pTEF-oPre-aPro-LacVader- This work
LIP2tt
RIY678 Iéllrj{21tt46, (RIP539), pTEF-Yps3Pre-oPro-LacVader- This work
RIY680 RIY 146, (RIP540), pTEF-Lip2Pre-aPro-LacVader- This work
LIP2tt
RIY146, (RIP541), pTEF-SoAmyPre-oPro- .
RIY682 LacVader-LIP2tt This work
RIY684 RIY146, (RIP542), pTEF-a.Pre-Lip2Pro-LacVader- This work
LIP2tt
RIY146, (RIP543), pTEF-Yps3Pre-Lip2Pro- .
RIY686 LacVader-LIP2tt This work
RIY 146, (RIP544), pTEF- Lip2Pre-Lip2Pro- .
RIVOSS 1 acvader-LiP2tt This work
RIY 146, (RIP545), pTEF-SoAmy-Lip2Pro- .
RIY690 LacVader-LIP2tt This work
BB Pre Lacc _LIP2tt
P pre  NGEGEN Lacc _ LiP2tt
- Pre Lip2Pro Lacc _

[T

[ apro | VossPre | wipzere | soAmypre

Figure 5-1. Schematic representation of the constructed expression systems obtained by
Golden Gate (GG) assembly (Supporting information A). Abbreviations are as follow: pTEF,
promoter pTEF-4UA (GGE146); Pre, presequence of o factor (aPre); Yps3 protease, (Yps3Pre)
LIP2 lipase, (Lip2Pre); SoAmy a-amylase (SoAmyPre); Lacc, LacVader laccase encoding
gene; LIP2tt; LIP2 transcriptional terminator. All constructs were integrated at the L/P2 locus
of Y. lipolytica strain RIY 146.

At both sampling times, most Y. lipolytica constructs outperformed K. phaffii (Fig.
5.2). Only aPre, aPre-aPro, and Yps3Pre-aPro yielded lower laccase specific

123

B



Development of a production strategy based on the modification of metabolic regulation processes in
Komagataella phaffii.

activities. These findings confirm our earlier observations with CalB (Theron et al.,
2020) on the superior secretion capacity of Y. lipolytica. In Y. lipolytica, both pre- and
pro-sequences modulated laccase specific activity, with clear evidence of synergistic
effects. Specifically, laccase specific activity was minimal when the aPre sequence
was used alone without a pro-sequence (NoPro, 0.3 + 0.2 U-gCDW™!, data at 72h).
Specific activity increased eight-fold upon combination with the aPro sequence (2.5
+0.7 U-gCDW™), and more than 110-fold when combined with the Lip2Pro sequence
(349 + 3.5 U-gCDW™). In contrast, the Yps3Pre sequence displayed a distinct
behavior. Laccase specific activity was markedly reduced when Yps3Pre was
combined with the aPro sequence compared with Yps3Pre alone (NoPro. 4.7 + 2.2
U-gCDW-!and 18.2 £3.1 U-gCDW-1 at 72h, respectively). Conversely, a significant
enhancement of laccase specific activity was observed when the Yps3Pre sequence
was combined with the Lip2Pro sequence. At 72h, the Yps3Pre-Lip2Pro construct
yielded the highest laccase specific activity (58 = 4 U-gCDW~1) that is eight-fold
higher than the specific laccase activity obtained for K. phaffii (7.3+ 0.8 U-gCDW™1).
To further investigate the differences in laccase specific activities observed for
constructs based on the Yps3Pre with or without a Pro-sequence, the LacVader
expression levels were quantified in strains Yps3Pre, Yps3Pre-oPro and Yps3Pre-
Lip2Pro during both the exponential growth and stationary phases (i.e. at 24h and 48
h, Fig. 5.3). Although the LacVader gene was expressed under the constitutive pTEF
promoter, the modest variations in transcript abundance observed among the strains
are most likely attributable to post- transcriptional effects rather than differences in
promoter activity. In particular, the nucleotide sequence encoding the Pre- and Pro-
sequence can influence mRNA secondary structure, translation efficiency, and
ribosome dynamics, thereby modulating transcript stability independently of
transcriptional control (Harigaya & Parker, 2016; Presnyak et al., 2015). However, the
difference in LacVader mRNA relative quantification cannot support the differences
observed in laccase specific activity. SoAmyPre and Lip2Pre based constructs showed
no increase of laccase specific activity when combined with aPro, but it significantly
increases with Lip2Pro. Across all pre-sequences, Lip2Pro consistently outperformed
oPro, with improvements ranging from 1.7-fold for Lip2Pre to 14-fold for aPre at 72
h.

Surprisingly, the dynamics of laccase specific activity between 60 h and 72 h were
not consistent across all pre- and pro-sequence combinations. For most tested strains,
the specific laccase activity increased during this interval; however, for certain
constructs, namely SoAmyPre-aPro and oPre-Lip2Pro, the increase was less
pronounced. In contrast, the combination of pre- and pro-sequences had no significant
effect on cell growth with an average biomass of 4.6 = 0.6 gDCW-L" at 72 h across
all Y. lipolytica strains tested (Fig.5A-5).
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Figure 5-2. Laccase specific activity after 60 h and 72 h of growth in BMD1 medium for K.
phaffii and YNBG-Cu for Y. lipolytica strains. Data are for biological triplicate cultures and
technical duplicate of enzyme assays.
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Figure 5-3. LacVader expression level for Y. lipolytica Yps3Pre, Yps3Pre-oPro and Yps3Pre-
Lip2Pro strains grown in YNBG-Cu after 24 h and 48 h. Data are means and standard deviation
of triplicate cultures. Expression levels were first normalized to that of Actin (ACt) and to the

mean expression level of Yps3Pre (AACY).
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Therefore, the nature of the pre- and pro-sequences did not appear to impose a
differential metabolic burden. These findings demonstrate that the appropriate
combination of pre- and pro-sequences is critical for efficient secretion, with the
nature of the pro-sequence playing a decisive role in either enhancing or impairing
enzyme production. Notably, the best- performing strain, Yps3Pre—Lip2Pro, achieved
an eightfold higher specific activity than the K. phaffii reference strain. The
synergistic effect of Yps3Pre-Lip2Pro highlights the potential of rational signal
peptide optimization to overcome long-standing challenges in rsProt production

The present work reinforces the central role of signal peptide engineering as a key
determinant of recombinant protein secretion efficiency. In K. phaffii, secretion
performance is strongly dependent on the nature of the signal peptide, and optimal
secretion is known to be highly protein-specific rather than universally transferable.
While the S. cerevisiae a-mating factor remains the most widely used secretion signal,
numerous studies have demonstrated that alternative heterologous and endogenous
signal peptides can significantly enhance secretion yields in K. phaffii. For example,
systematic screening approaches have shown that signal peptides derived from
different yeast species (L. Wang et al., 2024; Xu et al., 2025) and endogenous signals
peptides (G. Duan et al., 2019; Q. Shen et al., 2022; Zou et al., 2022). Likewise, K.
phaffii secretory proteins can outperform the classical a-MF leader sequence in the
secretion of heterologous proteins and industrial enzymes, sometimes achieving
several-fold improvements in extracellular production, engineered or non-
conventional signal peptides have been reported to improve secretion efficiency in a
protein-dependent manner, highlighting the modular and transferable nature of signal
peptide design in this host (Celinska et al., 2018; Celinska & Nicaud, 2019)..

Collectively, these findings support the concept that K. phaffii is not limited to a
single optimal secretion signal, but rather represents a flexible platform where
heterologous signal peptides from diverse biological origins can be systematically
exploited to enhance rsProt production. In this context, the results presented in this
chapter are consistent with and extend the established literature, further supporting
signal peptide optimization as a transferable strategy for improving secretion
efficiency in K. phaffii.
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Chapter 6: General discussion.

The background presented in Chapters 1 and 2 establishes Komagataella phaffii as
a methylotrophic expression platform with biotechnological relevance (Lv & Cai,
2025), which is fundamentally linked to the methanol utilization pathway (MUT) and
its tight transcriptional regulation via the AOX1 promoter (J. Wang et al., 2017). This
system has been extensively exploited for recombinant protein (rProt) production due
to its strong inducibility and high expression capacity under methanol-based
cultivation conditions.

However, the same chapters also highlight that MUT is not an isolated linear
pathway but rather a highly interconnected metabolic network in which carbon
assimilation, peroxisomal oxidation, and cytosolic detoxification are tightly coupled.
In this context, methanol metabolism generates formaldehyde as a central
intermediate, which is partitioned between assimilatory and dissimilatory routes,
ultimately converging on formate and CO: production (Cregg et al., 1989; Berrios et
al., 2022). This metabolic architecture implies that p4OX]I regulation is not solely
dependent on methanol presence but is embedded in a broader metabolic network
integrating carbon flux distribution, peroxisomal activity, and cellular redox balance,
as mediated by transcriptional regulators such as Mxr1 and Mitl (G. P. Lin-Cereghino
et al., 2006; Zhan et al., 2017). This context provides the conceptual framework for
interpreting alternative induction mechanisms based on endogenous C1 metabolite
formate in FDH-deficient strain of K. phaffii.

Recent studies have proposed formate as an alternative inducer of pAOXI (Feng et
al., 2022; B. Liu, Zhao, et al., 2022a; Singh & Narang, 2020). In agreement with this
concept, the present work and previous results from our group Bustos et al., (2024)
demonstrate that formate can induce pAOX! in FDH-deficient K. phaffii strains
cultivated on sorbitol as sole carbon source (Figure 2-7, Figure 3-7D and Figure 4-
5B). In chapter 3, enhanced sorbitol assimilation through SORI overexpression
increased carbon flux through the THF-C1 cycle in the FdhKO SdOE strain, and
therefore increased the growth rate (Figure 3-5A). Nevertheless, an opposite trend is
observed for formate accumulation and rProt production, and p4AOXI induction
(Figure 3-5 and 3-6B and Figure 3-6D). In chapter 3, enhanced sorbitol assimilation
through SOR1 overexpression increased carbon flux through the THF—C1 cycle in the
FdhKO SdOE strain, and therefore increased the growth rate (Figure 3-5A).
Nevertheless, an opposite trend is observed for formate accumulation and rProt
production, and pAOX1 induction (Figure 3-5 and 3-6B and Figure 3-6D). This result
contrasts with the baseline FDH-deficient phenotype (FdhKO) reported by Bustos et
al., (2024), highlighting a general principle in metabolic engineering: whereby
increased substrate uptake does not necessarily translate into flux toward the desired
product but depends on intracellular flux partitioning.

This observation suggests that intracellular formate accumulation emerges as a
consequence of carbon flux redistribution, respiratory capacity, and redox balance.
When sorbitol is used as the sole carbon source, carbon enters central metabolism
through glycolysis and is channelled toward biomass formation via the 3-
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phosphoglycerate node. His intermediate connects sorbitol assimilation with one-
carbon metabolism through the serine biosynthesis pathway, which supplies C1 units
to the tetrahydrofolate (THF) cycle (Figure 2-8). In this way, additional carbon
generated by SORI overexpression may have been redistributed within the THF-
dependent C1 network through this node, potentially favouring biomass-associated
metabolic routes such as 10-formyl-THF formation, such as purine pathway, during
exponential growth (22h) of FdhKO SAOE eGfp strain (Figure 3-5A). Consequently,
the flux toward serine-derived C1 metabolism in this strain is reduced, limiting
intracellular formate accumulation. In contrast, FdhKO strains under limited carbon
flux appear to favour induction-associated metabolic states.

In both strains, formate oxidation to CO: is blocked. This process is tightly coupled
to redox metabolism, as oxidation of CI units generates reducing equivalents that
must be re-oxidized via the respiratory chain. Coordinated shifts in respiratory
capacity, fermentative fluxes, and cofactor handling under low oxygen conditions
have been demonstrated by transcriptional and proteomic analyses, which have been
associated with increased intracellular NADH (Jouhten et al., 2008; Rintala et al.,
2009).

The initial values established for low and high oxygen transfer coefficient (OTC)
should be interpreted as initial benchmark conditions rather than constant
physiological parameters throughout cultivation. In shake flask cultures, O- transfer
changes during cultivation as a consequence of metabolism, which alters the liquid—
gas interfacial area and oxygen demand (Maier & Biichs, 2001; Meier et al., 2016).
This effect is particularly relevant for the FdhKO SdOE strain, which exhibited the
highest growth rate (Figure 3-7A), suggesting a larger increase in oxygen demand and
the most pronounced shift in effective oxygen availability over time. Considering that
K. phaffii is a Crabtree-negative yeast and thus relies strictly on respiratory
metabolism, oxygen availability becomes a primary determinant of growth
performance (Bernauer et al., 2021). Accordingly, the condition with the highest OTC
provides the greatest oxygen supply, which is consistent with the higher growth rates
observed under these conditions (Figure 3-7A).

Across shake flask experiments, reduced oxygen transfer conditions (OTC)
consistently increased pAOX! induction in both control and engineered strains.
Improved pAOXI induction under low oxygen availability has been reported
Velastegui et al., (2023), in agreement with improved recombinant protein yields
under oxygen-limited conditions (Vogl et al., 2018). Under these conditions of low
OTC, the electron transport chain becomes the main limiting NADH sink, increasing
the intracellular NADH/NAD" ratio and creating a respiratory bottleneck. (Figure 3-
7D and 3-8A). In methylotrophic and related yeasts, elevations in the NADH/NAD*
ratio and alterations in NAD-dependent enzyme activities have been documented
under oxygen limitation, conditions under which accumulation of reduced Cl1
intermediates or overflow metabolites implicated in promoter regulation has been
observed (Jayachandran et al., 2017a; Vemuri et al., 2007). Cellular redox
homeostasis can be perturbed by this condition, limiting respiratory reoxidation of
NADH at the electron transport chain, thereby increasing the cellular NADH/NAD~*
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ratio; this alteration in redox cofactor balance has immediate consequences for
dehydrogenase activities, glycolytic flux, and one-carbon metabolism (Tomas-
Gamisans et al., 2020). This redox imbalance reduces respiratory ATP generation,
slows growth, and forces metabolic rerouting toward alternative oxidative pathways,
including THF-linked C1 metabolism, thereby explaining the simultaneous increase
in intracellular formate and p4OX! induction observed under oxygen limitation.
Alterations in redox potential across multiple organelles (cytosol, ER, mitochondria,
peroxisomes) under hypoxic conditions have been measured using glutathione
GS(H)/GSSG redox sensors, and increased rProt secretion has been observed under
these conditions (Kostopoulou et al., 2025). Altogether, these findings support that, in
methanol-free induction, oxygen limitation increases pAOXI induction via redox
cofactor shifts (e.g., higher NADH/NAD") and altered GS(H)/GSSG ratio, which
favors formate accumulation. Hypoxia creates a physiological state analogous to
respiratory overflow metabolism, where reduced energy yield and redox imbalance
promote carbon redistribution away from biomass formation toward C1 oxidation.

In contrast to sorbitol assimilation engineering, in chapter 4, serine metabolism is
closely connected to the C1 «cycle, as serine catabolism via serine
hydroxymethyltransferase generates glycine and 5,10-methylene-THF, thereby
directly contributing to one-carbon units and formate. Serine metabolism therefore
feeds the tetrahydrofolate (THF)-dependent C1 cycle and plays a central role in
supplying one-carbon units. Consequently, SER3 overexpression enhances the
upstream supply of serine-derived C1 units and increases flux through the THF—C1
network without compromising central carbon metabolism. This explains the
simultaneous increase in formate levels and the maintenance of robust growth. Bustos
et al., (2024) demonstrated that exogenous serine supplementation increased pAOX]
induction compared to sorbitol alone, strongly implicating serine metabolism in C1-
driven induction. SER3, which encodes the phosphoglycerate dehydrogenase
catalysing the first and limiting step of serine biosynthesis. This modification
produced the strongest performance among tested strains (Figure 4-5C). This
observation is correlated with previous reports in Saccharomyces cerevisiae for SER3
and the paralog gene SER33, which has been reported as a critical step for the serine
biosynthesis pathway (Kobayashi et al., 2022) The mSER3 strain showed a strong
increase in induction and rProt production relative to the parent strain, achieving 86%
of fold-increase eGFP obtained with the reported in minimal media with sorbitol and
added serine (Bustos et al., 2024). Moreover, mSER3 strain grown in mixed glycerol—
sorbitol cultures achieved 100% of this value without adding serine to the culture
medium (Figure 4-7B).

The observed correlation between intracellular formate accumulation and pAOX]
induction suggests that formate contributes to promoter activation through regulatory
pathways that may involve transcription factors acting on the pAOXI upstream
activating sequences (UAS). The presence of formate is an indicator of the
dissimilatory pathway; therefore, some of the MUT pathway signals would be active,
which may be related to the regulation of transcription factors that regulate pAOX1I,
such as Mrxl or Mitl transcriptional network toward a methylotrophic-like
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expression state. Instead, the current evidence supports an indirect mechanism in
which formate reflects the global metabolic state of the cell, integrating carbon flux
distribution, redox balance, and one-carbon (C1) availability. Furthermore, to date, no
transcription factor has been identified in this organism.

Most strikingly, in this strategy, the growth rate remained essentially unchanged,
maintaining the same cell growth throughout cultivation (Figure 4-7A and 4-8C).
SER3 overexpression also increased formate levels in mSER3 and GOX-SER3 strains
(Figure 4-3C and 4-4B), indicating enhanced flux through the serine pathway. This
increase suggests higher flux of the serine-THF-C1 cycle than the FdhKO strains,
which increases 5,10-methylene-THF and formate pools without draining central
metabolism. C1 flux is tightly connected to cellular redox homeostasis, since
interconversion of Cl intermediates is coupled to NAD(P)H-dependent reactions.
However, the relationship between formate accumulation, redox balance, and p4AOX1
induction remains to be elucidated. In S. cerevisiae, SER3 overexpression has been
associated with a 1.8-fold increase in glutathione content (Kobayashi et al., 2022). In
agreement with this, increased serine biosynthesis is suggested to expand the pool of
C1 units without depleting carbon skeletons or cofactors required for biomass
formation, contributing to improved redox buffering capacity in the engineered
strains, enhancing resistance to oxidative stress associated with increased metabolic
activity. Enhanced serine biosynthesis is expected to increase the availability of
glycine and subsequently feed the methionine cycle, thereby supporting S-
adenosylmethionine (SAM)-dependent reactions and contributing to glutathione
biosynthesis. Glutathione acts as an antioxidant (lanshina et al., 2023; Kostopoulou
et al., 2025), which may contribute to the improved phenomenon observed. Based on
this premise, serine metabolism is closely linked to glycine synthesis and one-carbon
metabolism, increased flux through this pathway could potentially influence
glutathione biosynthesis. Although glutathione levels were not measured in the
present study, these observations suggest that SER3 overexpression may have broader
metabolic consequences beyond formate accumulation. Further studies would be
required to determine the possible contribution of glutathione metabolism to pAOX]
induction in K. phaffii and whether they contribute to the observed phenotype, which
remains unclear.

Regarding formate accumulation, although no evidence suggests acute toxicity
under the tested conditions. The formate concentration in the mSER3 strains
background were low (29 uM, Figure 4-7C and 62 uM, Figure 4-8B), which are well
below the concentration considered toxic to cells (20 mM (Singh & Narang, 2020)).

The absence of growth impairment in the mSER3 strains suggests that the increased
intracellular formate levels did not reach concentrations that adversely affected
growth under the conditions tested. However, a quantitative limit for tolerance
remains undefined in K. phaffii strains tests in this study. In this context, future studies
should systematically evaluate formate-dependent stress responses, including
intracellular pH regulation, NADH/NAD" ratios, reactive oxygen species formation,
glutathione redox state (GSH/GSSG), and mitochondrial performance, in order to
define the physiological boundaries of FDH-deficient systems. Although pAOXI
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regulation was not directly engineered in this work, the observed association between
enhanced serine metabolism, increased formate accumulation, and improved p4AOX1
induction indicates a functional link between these processes. The molecular
mechanisms underlying this relationship remain unknown and warrant further
investigation. This interaction is most likely indirect. The C1 metabolite availability
rather than by direct sensing of formate itself, providing a mechanistic basis for
methanol-free modulation of p4OXI/ induction. This interpretation aligns with
observations of (Bustos et al., 2024) and provides a mechanistic basis for future
investigation of methanol-free induction systems.

Compared with other methanol-free strategies, the FDH-deficient/mSER3 strain
occupies a distinct conceptual space. As mentioned earlier in Chapter 2, constitutive
promoters such as pGAP enable continuous expression but generally show lower
induction compared to pAOX1, lacking tight regulatory control desirable for industrial
applications (Prielhofer et al., 2017). Alternative inducible promoters such as pFLD]
(induced by methylamine) (S. Shen et al., 1998) and pPEXS (induced by methylamine
or oleate) (H. Liu et al., 1995) have been investigated; however, they remain less
widely used than pAOX] in the industry. Co-feeding strategies combining glycerol or
sorbitol with small amounts of methanol provide partial solutions (Berrios et al., 2022;
Carly et al., 2016; Niu et al., 2013) do not fully eliminate methanol. In contrast, this
work maintains p4OXI regulation while decoupling it from methanol dependence,
exploiting endogenous C1 metabolism to achieve methanol-free p4OX/-driven
expression.

Beyond metabolic effects, the SER3 overexpression provides strain-specific
physiological parameters that can be directly translated into process design criteria. In
high-cell-density cultivations of K. phaffii, oxygen transfer and carbon feeding
represent key operational constraints, particularly at high biomass concentrations (60—
100 gDCW-L™), where volumetric oxygen demand increases significantly (Cos et al.,
2006; Potvin et al., 2012; Stratton et al., 1998). Particularly in SER3-strain, dissolved
oxygen remained non-limiting during sorbitol consumption under the conditions
tested. The experimentally determined specific oxygen uptake rate (qO2: 3.4 mg
02:gDCW™-h™") and sorbitol uptake rate (qSor: 0.025 g-gDCW™'-h™') can be
condition-dependent physiological parameters of the SER3-GOX strain. These
relatively low consumption rates are favorable from a process economics perspective,
as they reduce oxygen demand at industrial scale. A theoretical extrapolation to 80
gDCW-L predicts an OUR value of approximately 270 mg O2-L™'-h™?' (~8.5
mmol-L'-h™'), which can be used to estimate the required oxygen transfer capacity
according to classical bioreactor design relationships (OUR = OTR =kLa-(C* — CL))
(Garcia-Ochoa & Gomez, 2009). In parallel, the projected sorbitol consumption rate
(~2 g'L*h! at 80 gDCW-L™) provides a quantitative basis for implementing a
biomass-proportional, carbon-limited feeding strategy, a condition known to support
metabolic stability and prevent substrate accumulation in high-cell-density K. phaffii
processes (Cos et al., 2006; Potvin et al., 2012; Stratton et al., 1998). Thus, the
physiological characterization of the SER3-GOX strain enables rational definition of
aeration capacity, agitation regime, and feeding profile under realistic industrial
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operating conditions, bridging metabolic engineering outcomes with scalable
bioprocess design.

However, rProt production in yeast is inherently complex. Multi-step processes
depend not only on transcriptional control and metabolism but also other factors such
as protein folding, processing, and secretion (Gasser et al., 2008; Delic et al., 2013).
Among these factors, signal peptides play a critical role by directing proteins into the
secretory pathway, thereby influencing secretion efficiency and final product yield
(Puxbaum et al., 2015; Spohner et al., 2015). From an integrated bioprocess
engineering perspective, optimal protein production requires coordination of promoter
regulation, metabolic flux, and secretory capacity (Gasser et al., 2008). The combined
consideration of these factors enables the rational design of improved expression
systems. The selection of nine combinations of pre- and pro-sequences of signal
peptides (SPs) in Chapter 5 was guided by a systematic design-of-variations strategy
rather than a single-target optimization. The rationale was to capture the combinatorial
nature of secretory efficiency, where SPs influence multiple sequential steps including
endoplasmic reticulum (ER) targeting, translocation, pro-peptide processing, and
secretion kinetics (Delic et al., 2013; Gasser et al., 2008). Because these processes are
highly context-dependent and protein-specific, the goal was not only to identify a
“best performer” but to map functional compatibility between secretion signals and
heterologous proteins under the engineered K. phaffii FDH-deficient.

In this regard, the superior performance observed with Yarrowia lipolytica-derived
SPs for laccase secretion does not undermine the relevance of the methanol-free K.
phaffii platform; rather, it highlights that secretion bottlenecks remain protein- and
host-dependent even in optimized expression systems. While Y. lipolytica is a well-
established industrial microorganism, K. phaffii remains more established as a
platform for recombinant protein production due to its highly standardized expression
and fermentation systems, such as pAOXI use, and well-established regulatory and
safety frameworks for recombinant protein manufacturing, particularly for secreted
enzymes and pharmaceutical proteins, where process robustness and genetic
tractability are critical (Cregg et al., 2000; Delic et al., 2013; Gasser et al., 2013; Vogl
& Glieder, 2013).

Conversely, Y. lipolytica may outperform in specific secretion-heavy cases such as
oxidoreductases or native-like folding-dependent enzymes (Madzak, 2018) _but lacks
the same level of industrial standardization and promoter engineering depth available
in K. phaffii (Cereghino & Cregg, 2000; Gasser et al., 2013; Prielhofer et al., 2013).
Therefore, rather than weakening the conclusions of the previous chapters, these
results reinforce the concept that optimal recombinant protein production cannot be
attributed to a single engineering layer (metabolic, transcriptional, or secretory),
emerging from their integration.

Regarding the absence pre- and pro-peptide testing on K. phaffi was a deliberate
scope decision: the study aimed to evaluate whether heterologous secretion signals
could expand the secretion landscape beyond the canonical K. phaffii toolkit, rather
than performing an exhaustive re-optimization of endogenous signal peptides already
extensively characterized in the literature (G. Duan et al., 2019; Zou et al., 2022).
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Nonetheless, the results strongly suggest that incorporating systematic pre/pro-peptide
engineering within K. phaffii itself would be a logical extension to further close the
gap between metabolic engineering and secretion efficiency in future work.

Overall, exploring signal peptides derived from Y. lipolytica in K. phaffi FDH-
deficient, such as the SPs tested for laccase production in Chapter 5, may expand the
scope of the strategy developed by addressing a key downstream bottleneck in
recombinant protein production. Together with the methanol-free induction approach
developed through metabolic engineering, signal peptide optimization contributes to
the establishment of more efficient and industrially relevant yeast expression
platforms

The implications of these findings are relevant for economic investment. The global

enzyme market is projected to surpass USD 20.4 billion by 2029, driven by
applications in food, feed, textiles, detergents, and bioenergy (MarketsandMarkets,
2024). In therapeutic and industrial protein production, there is increasing interest in
avoiding methanol-based induction systems due to safety, handling, and regulatory
considerations, creating demand for methanol-free systems. The developed approach
in this work offers advantages in safety and regulatory compliance, as facilities would
no longer require methanol storage or handling infrastructure. Methanol-free systems,
therefore, represent a valuable alternative for simplifying process infrastructure.
Furthermore, such systems may broaden the applicability of K. phaffii-based
production platforms. The increased induction levels achieved through serine pathway
engineering, without compromising cellular fitness, are particularly relevant for large-
scale implementation, as they suggest improved scalability without metabolic burden
trade-offs.
To summarize, this study provides a promising framework for methanol-free
induction of pAOX1I in K. phaffii. The SORI overexpression highlighted the sensitivity
of induction to metabolic flux redistribution, whereas the SER3 overexpression
demonstrated that changes in serine metabolic fluxes can enhance induction without
fitness penalties. Oxygen transfer conditions further emphasize the importance of
integrating metabolic and process engineering perspectives. Compared with other
methanol-free systems, this approach preserves the regulatory advantages of pAOX]
while eliminating methanol feeding, positioning it as a potentially valuable strategy
for industrial applications. Expressing outcomes in terms of fold-changes facilitates
generalization beyond specific recombinant proteins. Collectively, these findings
contribute to a deeper understanding of C1 metabolism in K. phaffii and support the
development of methanol-free bioprocess strategies.
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Chapter 7: Conclusions and Perspectives.

1. Conclusions.

This research has focused on the use of an FDH-deficient Komagataella phaffii
yeast strain to develop strategies aimed at enhancing AOX! promoter (pAOXI)
induction as a means of reducing the risks associated to methanol use. The proposed
strategies have led to the development of new strains with noteworthy features for
recombinant protein (rProt) production, which has allowed it to continue exploring
and deepening our understanding of pAOX1 induction. The following conclusions can
be drawn from this study:

Formate accumulation correlates with p4AOX! induction in FDH-deficient strains,
yet formate itself likely does not function as a directly sensed inducer. Instead, it
behaves as a metabolic state indicator reflecting the activity of the dissimilatory C1
pathway and the global redox configuration of the cell. This supports an indirect
regulatory model in which C1 flux, NADH/NAD" balance, and respiratory capacity
converge to shape pAOX]I regulation.

Increased substrate uptake does not necessarily enhance induction. Overexpression
of SORI improved sorbitol assimilation and growth rate but reduced formate
accumulation and rProt production and p4AOX!/ induction. This demonstrates that
carbon flux redistribution toward biomass-associated pathways can dilute induction-
associated metabolic states. Thus, intracellular flux partitioning, rather than absolute
carbon uptake, determines induction efficiency.

The oxygen transfer conditions (OTC) play a decisive role in modulating induction.
Reduced OTC consistently enhanced p4OX/ induction and rProt production. Oxygen
limitation appears to reinforce Cl-associated metabolic states that favor formate
accumulation and pAOX1I induction.

Engineering of the serine biosynthesis pathway represents a more effective strategy
than carbon assimilation enhancement. Overexpression of SER3 increased flux
through the serine—THF—-C1 cycle, elevated intracellular formate levels, and enhanced
rProt production without impairing growth, reinforcing induction-associated
metabolic states. The results position serine metabolism as a metabolic control node
linking central carbon metabolism, redox balance, and C1 flux.

Formate accumulation in the tested range was not toxic and remained within
physiological tolerance limits. The absence of growth impairment indicates that the
engineered system operates within a buffered metabolic regime, supporting its
potential scalability.

The physiological characterization of the SER3-GOX strain demonstrates that the
methanol-free platform is compatible with industrial bioprocess requirements. The
g0, and gSor rates provide realistic parameters for estimating aeration capacity and
biomass-proportional feeding strategies at high cell density, directly linking strain
engineering with scalable process design. This strain enables a clear decoupling of the
growth and induction phases, allowing biomass accumulation on glycerol followed by
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controlled pAOXI induction without methanol. This preserves the classical process
architecture of K. phaffii while improving safety and process sustainability.

Signal Peptides (SPs) engineering demonstrated that secretion efficiency is protein-
and host-dependent. Although Yarrowia lipolytica-derived SPs outperformed native
configurations in specific cases, methanol-free K. phaffii retains strategic industrial
advantages, including established high-cell-density fermentation processes,
regulatory familiarity, and well-characterized promoter systems. The secretory
pathway optimization can be considered a complementary strategy.

2. Perspectives.

This work has provided valuable insights into the development of new methanol-
free pAOXI induction systems. The mechanism underlying formate-mediated
induction on non-repressive carbon sources in an FDH-deficient strain was elucidated,
highlighting sorbitol as an optimal carbon source for this newly proposed system.
Nevertheless, several research directions could further enhance this platform:

The FAhKO SdOE strain, despite accumulating less formate than FdhK O, represents
an interesting system for further study. The strategy developed in chapter 4 (SER3
overexpression) can complement this strain to accumulate formate to improve p4OX]
induction.

It has been experimentally documented by various authors that formate can act as
an inducer of the pAOXI in K. phaffi (Bustos et al.,, 2024; Feng et al., 2022;
Jayachandran et al., 2017b; B. Liu, Li, et al., 2022b; B. Liu, Zhao, et al., 2022b; Singh
& Narang, 2020). Until today, the molecular mechanisms involved in these related
elements have not been reported yet. Although formate accumulation correlates with
pAOXI induction, the molecular sensing mechanism remains undefined. Future
studies should: Characterize transcription factor dynamics (Mxrl, Mitl) under
varying C1 fluxes and perform transcriptomic and metabolomic analyses to identify
regulatory signatures associated with induction. Elucidation of these mechanisms
represents a key step toward rational improvement of this system.

SER3 strains showed a 48% increase in specific eGFP fluorescence in microreactor
cultivations and a 30% increase in specific Gox activity in bioreactor cultivations
compared with the parental strain. These improvements highlight the potential for
further strategies to enhance recombinant protein yields under methanol-free
conditions to define oxygen transfer thresholds for optimal induction, establish
scalable feeding strategies, and quantify volumetric productivity under high-cell-
density conditions focused on bioreactor optimization and subsequent scale-up to
industrial operating conditions. Integration of metabolic and process engineering will
be critical for industrial translation. This approach will aim to identify optimal
parameters for recombinant protein production and evaluate their applicability for the
industrial production of valuable compounds.

Future work should incorporate systematic pre- and pro- SPs investigated in chapter
5 to use directly in the FDH-deficient K. phaffii background optimized with the
strategies developed in this project to enable host-consistent comparisons and
eliminate secretion as a potential bottleneck.
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Table A3-1. Escherichia coli strains list used in the 3" chapter.

Strain name Plasmid - genotype Source/Reference
(plasmid)

A2 BBI1 23 (Prielhofer et al., 2017)
D12 BB3azZ 14 (Prielhofer et al., 2017)
A4 BB1 12 pG4P (Prielhofer et al., 2017)
Cl1 BB1 34 ScCYCltt (Prielhofer et al., 2017)
C9 BB1 34 RPS3tt (Prielhofer et al., 2017)
C12 BB3aK AC (Prielhofer et al., 2017)
D4 BB2 _AB (Prielhofer et al., 2017)
D5 BB2 BC (Prielhofer et al., 2017)
RIE341 A2 BB1 23 SORI This work

(RIP341)

RIE343 A2 BBI1 23 PpHXTI This work

(RIP343)

RIE354 BB3-pGAP- PpHXTI-ScCYCItt This work

(RIP354)

RIE355 BB3-pGAP-SORI-ScCYCltt This work

(RIP355)

RIE370 BB3-AC-LoxP-Zeo-loxP This work

(RIP370)

RIE372 BB2(AB)-pGAP-SORI- ScCYCltt This work

(RIP372)

RIE374 BB2(BC1)-pGAP-PpHXTI-RPS3tt This work

(RIP374)

RIE378 BB3a-pGAP-SORI-ScCYCItt, pGAP- This work

(RIP378) PpHXTI-RPS3tt
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Appendix 2.

Table A3-2. Primer list used in the 3" chapter.

Name Sequence 5°to 3° Restriction site/gene
M13-Fw gtaaaacgacggccagt

M13-RV aacagctatgaccatg

pGAP.Int-Fw cgtcgetggcaataatagegg

ScCYCltt.Int-Rv
Rps3tt.Int-Rv

gggacctagacttcaggttgte
gacgagtccagggctatcttaag

SOR1-Fw cggtctcacatgtccgataacccaagtgttatcttaaaaggattaatgagatt Bsal
gtcatagaagatagaccaattccagccattgaggatcctcactatgtgaaa
atagcaatcaaaagaccggaatttg

SOR1-Rv cggtctecaagcetttactctgggecgtcaatgatag Bsal

qAct-F agatggctccgagaagttca ACTI

qAct-R gttgctcagagggcttcaac ACTI
qeGFP-F atcatggccgacaagcagaa eGFP
qeGFP-R tetegttggggtctttgcte eGFP

ST gqPCR Fo ccaggtgttttcgtcgttgt PpHXTI

ST qPCR_Rev aggcgaacagagtacatccc PpHXTI

SDH_gPCR_Fo cccgtetegttacageaatg SORI

SDH gPCR Rev  gcatggacagcaacactcaa SORI

Bsal site is in bold.

Appendix 3.

CH30H
=

%02 + H20

GSH

—>—<T ™ HCHO
02 H202

' " pas12 stisp
Cat th
GAP

DHA

PEE;
rearrangements

DHA

25 Jbak GAP
ADP+ Pt Tpi Fba
DHAP At

b
F16BP ——P, F6P

h

<+ CO2

NAD*  NADH

/ Fid Fgh Fd
/ GSCH20H ¢ GS-CHO——+ HCOOH
7\\\‘\ Aox1,2 NAD* NADH
/CD‘-T;OH . ~

Cell

1/3GAP ——— constituents

Figure A3-3. Methanol utilization pathway in Komagataella phaffii. Aox1, 2: alcohol
oxidasel and 2; Cat: catalase; Dasl, 2: dihydroxyacetone synthase; Fld: formaldehyde
dehydrogenase; Fgh: S-formylglutathione hydrolase; Fdh: formate dehydrogenase; Dak:
dihydroxyacetone kinase; Tpi: triose phosphate isomerase; Fba: fructose-1,6-bisphosphate

aldolase; Fbp: fructose-1,6-bisphosphatase;

GS(H): glutathione; DHA: dihydroxyacetone;

DHAP: dihydroxyacetone phosphate; GAP: glyceraldehyde-3-phosphate; F1,6BP: fructose-

1,6-bisphosphate; F6P: fructose-6-phosphate; XuSP: xylulose 5-phosphate.
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Formate Formate
Mis1-2 I Mis1-1
Purines <~~~ 10-Formyl-THF 10-Formyl-THF
IMisl-3 I Mis1-1
Methenyl-THF Methenyl-THF
IMi51‘3 Mis1-1
Methylene-THF * Methylene-THF
Shm2 Glycine <« Glycine *Lshml
THF > THF
Serine

Serine ~———

Mitochondrion 4

Cytosol

Figure A3-4. Tetrahydrofolate (THF) mediated one-carbon (THF-C1) metabolism in yeast.
Fdh, formate dehydrogenase; Shm1, mitochondrial serine hydroxymethyltransferase; Shm2,
cytosolic serine hydroxymethyltransferase; Mis1-2, formate-tetrahydrofolate ligase; Mis1-3,
methylenetetrahydrofolate dehydrogenase & methenyltetrahydrofolate cyclohydrolase; Mis1-
1, trifunctional enzyme: formate-tetrahydrofolate ligase, methenyltetrahydrofolate
cyclohydrolase and methylenetetrahydrofolate reductase; THF, tetrahydrofolate. Figure
adapted from (Bustos, et al.2024).
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XP_002489933 - K. phaffii GS115 1 MS--DNPSVILKRINEIVIEDRPIPAIEDPHYVKIAIKKTGICGSDVHFYTDGCCGSFKL 58

Ms NP+V+L+++ +I IE RPIP I+DPHYVK+AIK TGICGSD+H+Y G G + L

XKU26523.1 - S. cerevisiae

XP_002489933 - K. phaffii GS115

XKU26523.1 - S. cerevisiae

XP_002489933 - K. phaffii GS115

XKU26523.1 - S. cerevisiae

XP_002489933 - K. phaffii GS115

XKU26523.1 - S. cerevisiae

XP_002489933 - K. phaffii GS115

XKU26523.1 - S. cerevisiae

XP_002489933 - K. phaffii GS115

XKU26523.1 - S. cerevisiae

MSQNSNPAVVLEKVGDIAIEQRPIPTIKDPHYVKLAIKATGICGSDIHYYRSGGIGKYIL

ESPMVLGHESAGIVVEVGSEVKSLRVGDKVACEPGIPSRYSNAYKSGHYNLCPEMAFAAT
++PMVLGHES+G VVEVG V ++VGD+VA EPG+PSRYS+ K G YNLCP MAFAAT
KAPMVLGHESSGQVVEVGDAVTRVKVGDRVAIEPGVPSRYSDETKEGRYNLCPHMAFAAT

PPIDGTLCRYFLLPEDFCVKLPEHVSLEEGALVEPLSVAVHAARLAKITFGDSVVVFGAG
PPIDGTL +Y+L PEDF VKLPE VS EEGA VEPLSV VH+ +LA + FG VVVFGAG
PPIDGTLVKYYLSPEDFLVKLPEGVSYEEGACVEPLSVGVHSNKLAGVRFGTKVVVFGAG

PVGLLVAATARAYGATNVLIVDIFDDKLTLAKDTLQVATHSFNS- - - - - - - - KNGMDNLL
PVGLL A ARA+GAT+V+ VD+FD+KL AKD AT++FNS ++ D +
PVGLLTGAVARAFGATDVIFVDVFDNKLQRAKDF--GATNTFNSSQFSTDKAQDLADGVQ

ESFEGKHPNVSIDCTGVESCIAAGINALAPRGVHVQVGMGKSEYNNFPLGLICEKECIVK
+ G H +V  +C+G + CI A + G  VQVGMGK+ Y NFP+ + KE +
KLLGGNHADVVFECSGADVCIDAAVKTTKVGGTMVQVGMGKN-YTNFPIAEVSGKEMKLT

GVFRYCYNDYNLAVELTIASGKVEVKGLVTHRFKFTEAVDAYD--TVRQGKAIKATIDGPE
G FRY + DY AV L+A+GKV VK L+TH+FKF +A AYD G+ +K II GPE
GCFRYSFGDYRDAVNLVATGKVNVKPLITHKFKFEDAAKAYDYNIAHGGEVVKTIIFGPE

118

120

178

180

Figure A3-5. Sorbitol Dehydrogenase enzyme. Protein alignment. XP 002489933.1
corresponds to (gene PAS chrl-1 0490) protein sequence K. phaffii, and XKU26523.1
corresponds to Saccharomyces cerevisiae.
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XP_002490706 - K. phaffi GS115 1 M----SSTDIQGDQGDNEKIYAIESSPSNEQIKD-IHEAPADNKSELDIPVKPKGSYILV 55

L} $S +1 I} e P -+ D -+ N + D P + Ytes
CAASB825 S.ceravisiae 1 MASEQSSPEINADNLNSSAADVHVQPPGEKEWSDGFYDKEVINGNTPDAPKRGFLGYLII 60
XP_002490706 - K. phaffi GS115 56 SVLCLLVAFGGFVFGWDTGTISGFVNMSDFTRRFGQFNGET--YYLSKVRVGLIVSIFNI 113

+LC  V+FGGF+ GWD+G +GF+NM +F FG + T YYLS VR+GL+V++F++
CAASB825 S.cerevisiae 61 YLLCYPVSFGGFLPGWDSGITAGFINMDNFKMNFGSYKHSTGEYYLSNVRMGLLVAMFSY 120
XP_002430706 - K. phaffi GS115 114 GCAIGGVTLGKLGDIWGRKKALMFVMVIYMVGILIQIASIDKWYQYFIGRITAGLAVGAV 173

GC+IGGV +L D GR+ A++ V+++YMVG +IQI+S KWYQYF+G+II GL G
CAAS8825 S.cerevisiae 121 GCSIGGVAFARLADTLGRRLAIVIVVLVYMVGAIIQISSNHKWYQYFVGKIIYGLGAGGC 180
XP_002430706 - K. phaffi GS115 174 SVLSPMFISETSPKHIRGSLVSCYQLMITAGIFLGYCTTYGTKTYTDSTQWRVPLGLCFA 233

SVL PM +SE +P +RG LVS YQL +T GIFLGYC+ YGT+ Y+++ QWR+P+GLCF
CAASB825 S.cerevisiae 181 SVLCPMLLSEIAPTOLRGGLVSLYQLNMTFGIFLGYCSVYGTRKYSNTAQWRIPVGLCFL 240
XP_002490706 - K. phaffii GS115 234 WAILMIVGMTFMPESPRFLVEVNRVDEAMKSIARVNKVSIDDPSVYNEMRLISDGIEKEK 293

WA+++IVGM +PESPR+L+E R +EA SIA++NKVS +DP V + I+ G+ ++
CAASB825 S.cerevisiae 241 WALTIIVGMLLVPESPRYLIECERHEEACVSIAKINKVSPEDPWVLKQADEINAGVLAQR 300
XP_002490706 - K. phaffi GS115 294 EAGSVSWGELFTGKPKIFYRLLIGIFMQSLQQLTGNNYFFYYGTTIFKAVGLDDSFQTSI 353

E G SW ELF+ K K+ RL+ GI +Q+ QLTG NYFF+YGTTIFK+VGL D F+TSI
CAASB825 S.cerevisiae 301 ELGEASWKELFSVKTKVLQRLITGILVQTFLQLTGENYFFFYGTTIFKSVGLTDGFETSI 360
XP_002490706 - K. phaffi GS115 354 ILGVVNFASTFLGIYTMDKFGRRRTLLGGSGAMVVCLVIFSSVGVKSLYENGKDDP-SKP 412

+LG VNF ST + + +DK GRR+ LL G+ +M+ C+VIF+S+GVK LY +G+D P SK
CAAS8825 S.ceravisiae 361 VLGTVNFFSTITAVMVVDKIGRRKCLLFGAASMMACMVIFASIGVKCLYPHGQDGPSSKG 420
XP_002490706 - K. phaffi GS115 413 AGNAMIVFTCLFIFFFACTWAPGVFVVVSETYPLRIRSKGMATAQGSNWLWGFLIAFFTP 472

AGNAMIVFTC +IF FA TWAP ++VV+E++P +++S5K M+I+ NWLW FLI FFTP
CAASB82S S.cerevisiae 421 AGNAMIVFTCFYIFCFATTWAPVAYIVVAESFPSKVKSKAMSISTAFNWLWQFLIGFFTP 480
XP_002490706 - K. phaffi GS115 473 FISGAIDFAYGYVFMGCTLFAFFFVYFFVPETKGLSLEDVDEVYE--------------- 517

FI+G+I F YGYVF+GC + F +V+FF+PET GLSLE++ +YE
CAASE825 S.cerevisiae 481 FITGSIHFYYGYVFVGCLVAMFLYVFFFLPETIGLSLEEIQLLYEEGIKPWKSASWVPPS 540
XP_002490706 - K. phaffi GS115 [ NLTFGRAYAYSHTIK-DKGAL 537

T + ++ +K K

CAASB825 S.cerevisiae 541 RRGASSRETEAKKKSWKEVLKFPKSFN 567

Figure A3-6. Hexose transporter protein. Protein alignment. XP_002490706.1 corresponds
to (gene PAS chrl-4 0570) protein sequence K. phaffii, and CAA98825.1 corresponds to
Saccharomyces cerevisiae.

150



Appendix.

Appendix 7.

SAOE (RIY529)
StOE [RIY530)

St&SAOE (RIY532)

Fdh eGfp (RIY230)

FdhKO eGfp (RIYS540)

FAhKO-SAOE eGfp (RIY643)

Fdh CalB (RIY308)

FdhKO CalB (RIY561)

FdKO-SdOE CalB (RIY562)

FdhKO GOx (RIYE55)

FAKO-SAOE Gox (RIYG56)

Figure A3-7. Schematic representation of the genotype of yeast strains used in 3™ chapter.

Appendix 8.
A =% YNBGO. (Glycero) —k- YNBGO. (Sorbitol) B -+ YNBGO. (Glycerol) == YNBGO. (Sorbilol)
4 + YNBGS2. (Glycerol) -i"- YNBGS2. (Sorbitol) a= - YNBGS2.(Glycercl) 4l YNBGS2. (Sorbitol)
-&- YNBGS4. (Glycerol) - YNBGSA. (Sorbitol) —_— -k YNBGS4. (Glycerol) —i— YNBGSA. (Sorbitol)

Sorbitol, Glycerol g/L
Sorbitol, Glycerol g/L

0 10 20 30 40 ) 10 20 10 40
Time (h) Time (h)

Figure A3-8. Glycerol and sorbitol concentration during the growth of FdhKO eGfp strain
(blue colors, Panel A) and FdhKO SAOE eGfp strain (orange colors, Panel B) in YNB minimal
medium containing different mixtures of glycerol and sorbitol (YNBGO, 1.75 g-L! glycerol;
YNBGS2, 1.75 g-L! glycerol and 1.75 g-L"! sorbitol; YNBGS4, 1.75 g-L! glycerol and 3.5
gL' sorbitol). The data show one representative culture.
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20

m FdhKOeGfp B FdhKO- SAOE eGfp

154

Sorbitol (g/L)
g

0-
10 50 100

Kia(h™)

Figure A3-9. Sorbitol concentration after 22 h of growth of strains SdhKO eGfp (blue) and
SdhKO SdOE eGfp (orange) in the YNBS2 medium under different OTC (low, Kya 10 h';
medium, Kya 10 h'!; high, Kpa 100 h'!). Data are the mean and standard deviation of triplicate
cultures conducted in in shake flasks.

Appendix 10.

m FdhKO eGfp BT FAKO-SAOE eGfp

100

2*(-AACt) eGFP

Kiath™)

Figure A3-10. eGFP gene expression level for FdhKO eGfp and FdhKO-SdOE eGfp strains
cultured strains grown under different OTC (low, Kpa 10 h'; high, Kya 100 h'"), in shake-flask
cultures. Culture samples were taken at the mid-exponential growth phase (i.e. after 22 h).
Data are means and standard deviations of triplicate cultures. Gene expression levels were
normalized according to that of actin gene.
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Table A4-1. Escherichia coli strains list used in the 4™ chapter.

Strain name (plasmid)

Plasmid, genotype, (integration locus)

Source/Reference

A2, GoldenPiCS kit
D12, GoldenPiCS kit

E1, GoldenPiCS kit
E8, GoldenPiCS kit

A4, GoldenPiCS kit
A9, GoldenPiCS kit

B8, GoldenPiCS kit
C1, GoldenPiCS kit
RIE396 (RIP396)
RIE457 (RIP457)
RIE485 (RIP485)
RIE504 (RIP504)
RIE507 (RIP507)

RIE508 (RIP508)
RIE509 (RIP509)
RIE510 (RIP510)
RIY511 (RIP511)
RIE512 (RIP512)
RIE513 (RIP513)
RIE514 (RIP514)
RIE515 (RIP515)
RIE516 (RIP516)
RIE517 (RIP517)

RIE518 (RIP518)

RIE519 (RIP519)

BBI1 23

BB3aZ 14 (40XItt, AOX]I terminator
PP7435 Chr4-013)

BB3eH 14 (ENOI, PP7435 Chr3-1154)
BB3rN_14 (RGI2, PP7435 _Chr1-0725)
BB1 12 pGAP

BBI1 12 pMDH3

BB1_12 pAOXI

BBI1_34 ScCYCItt

pKTAC-Cre

pUC57-aMF (codon optimized)
pGEM®-T-GOX (codon optimized)
A2 BB1 23 aMFGOX

BB3aZ 14-pAOX1-aMFGOX-ScCYCItt,
integration at A OX1tt locus
TOPO_SERI

TOPO_SER2

TOPO_SER3

BB3aZ 14-pGAP-SERI-ScCYCItt,
assembly of parts 1, 8,14, D12

BB3aZ 14-pMDH3-SERI-ScCYCItt,
assembly of parts 4, 9, 14, D12
BB3aZ 14-pGAP-SER2-ScCYCl1tt,
assembly of parts 2, 10, 16, D12
BB3aZ 14-pMDH3-SER2-ScCYCItt,
assembly of parts 5, 11, 16, D12
BB3aZ 14-pGAP-SER3-ScCYCItt,
assembly of parts 1, 12, 17, D12
BB3aZ 14-pMDH3-SER3-ScCYCIHtt,
assembly of parts 6, 13, 17, D12
BB3eH_14-pGAP-SERI-ScCYClItt,
assembly of parts 1, 8, 15, E1

BB3eH_ 14-pMDH3-SERI1-ScCYClIstt,
assembly of parts 4, 9, 15, E1
BB3rN_14-pMDH3-SER3-ScCYC11tt,
assembly of parts 7, 4, 18, E8

(Prielhofer et al., 2017)
(Prielhofer et al., 2017)

(Prielhofer et al., 2017)
(Prielhofer et al., 2017)
(Prielhofer et al., 2017)
(Prielhofer et al., 2017)
(Prielhofer et al., 2017)
(Prielhofer et al., 2017)
(Bustos et al., 2024)
This work

This work

This work

This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

This work
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Appendix 12.

Table A4-2. Primer list used in the 4" chapter.

Name Sequence 5'to 3°
M13-Fw Gtaaaacgacggccagt
M13-Rv Aacagctatgaccatg
SERI1-Fw Atggcaaaaactttggaaagagaa
SER1-Rv Tcaagaatgagcttcagcaa
SER2-Fw Atgagttatcgtttaactge
SER2-Rv Ctattcgttaagaaatccct
SER3-Fw Atggcttctecccaagatat
SER3-Rv Ctagtatagcagacgggtga

1.pGAP.SERI1-Rv
2.pGAP.SERI1-Fw
1.pMDH3.SER1-Rv
2.pMDH3.SER1-Fw
3.SERI1.C1-Rv
4.SER1.C1-Fw
1.pGAP.SER2-Rv
2.pGAP.SER2-Fw
1.PMDH3.SER2-Rv
2.pMDH3.SER2-Fw
3.SER2.C1-Rv
4.SER2.C1-Fw
1.pGAP.SER3-Rv
2.pGAP.SER3-Fw
1.pMDH3.SER3-Rv
2.pMDH3.SER3-Fw
3.SER3.C1-Rv
4.SER3.C1-Fw
4.BB3rN14.C1-Rv
1.BB3rN14pMDH3-Fw
4.BB3eH14.C1-Rv
2.pGAP-Fw
2.pMDH3-Fw
4.CYC1-Rv
CkBB3aZ14-Fw
CkBB3aZ14-Rv
1.BB3rN14-Rv
4.BB3rN14-Fw
1BB3aZ14-Rv
4.BB3eH14-Fw

Caaagtttttgccatggtgttttgatagttgttcaattgatt
ctatcaaaacaccatggcaaaaactttggaaagagaagaacca
caaagtttttgccatgttgttattgttcgttggttgtaactctaaagtct
gaacaataacaacatggcaaaaactttggaaagagaagaacca
aaaaggggcctgaagctcaagaatgagcettcageaaattcgatg
gaagctcattcttgagcttcaggecccttttectttgtcgatatca
taaacgataactcatggtgttttgatagttgttcaattgatt
ctatcaaaacaccatgagttatcgtttaactgctatttcaaag
taaacgataactcatgttgttattgttcgttggttataactctaaagtct
gaacaataacaacatgagttatcgtttaactgctatttcaaag
aaaaggggcctgaagctctattcgttaagaaatccctcaatttcg
cttaacgaatagagcttcaggccccttttectttgtcgatatcat
tggggagaagccatggtgttttgatagttgttcaattgatt
ctatcaaaacaccatggcttctccccaagatattaageagtta
ttggggagaagccatgttgttattgttegttggtigtaactctaaagtet
gaacaataacaacatggcttctccccaagatattaageagtta
aaaaggggcctgaagcetctagtatagecagacgggtga
tctgctatactagagcttcaggcecccttttcctttgtcgatatcat
cattatacgaagttatggcatgecggagegagcgagcettgcaaattaaagee
cagggcggggttttttcgegateggaggtagettgggtaggacttgacaagt
attctgggcctecatgtecatgecggagegagegagcttgeaaattaaagee
gggceggggttttttcgegateggaggatccttttttgtagaaatgtctt
gggceggggttttttcgegateggagtagettgggtaggacttgacaagt
tegacctgcagegtaccatgecggagegagcttgcaaattaaagecttc
tgacagggcggggttttttcgcgatcggag
tcgacctgeagegtaccatgecggageg
ctecgategegaaaaaaccccgecctgtea
cgctceggeatgecataacttcgtataat
ctcecgatcgegaaaaaaccecgecctgtcaggggeggggtttttte
cgcteecggeatggacatggaggeccagaataccctecttgaca

Overlap sequence for hifi assembly is in bold.
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Table A4-3: Enzymes involved in serine biosynthesis pathway in GSI115
Komagataella phaffi strain of 4" chapter.

Enzyme Gene name uniProtID GS115 Gene ID
PGADH SER3 C4R1C8_KOMPG PAS_chr2-1_0657
PSATI SERI F2QSD3_KOMPC PAS_chr3_0566
PSPH SER?2 C4R7E7_KOMPG PAS_chr4_0285
Appendix 14.

Table A4-4: Values of experimental Kia obtained for DASGIP system determined
by the dynamic method of desroption-absorpion of oxygen in 4th chapter.

vvm rpm Kta (h) R? vvm rpm Kia (h) R?
800 48.72 0.996 800 85.28 0.993
1 400 17.56 0.998 05 400 12.87 0.999
200 12.71 0.999 200 8.36 0.999
100 4.91 0.997 100 2.17 0.997
Appendix 15.
) aMF NM_001184001.1 1 ATGAGATTTCCTTCAATTTTTACTGCAGTTTTATTCBCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGA 80
¥ optimized aMF 1 GBTCTCATGCGTTTTCCTAGTATTTTCACAGCTGTACTCTTCGCAGCATCTTCTGCCCTTGCABCTCCCGTCAATACCACGACTGA 80
b aMF NM_001184001.1 81 AGATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGETTACTTAGATTTAGAAGGGGATTTCBATEGTTGCTETTTTGC 160
¥ optimized aMF 81 ABATGAAACCGCCCAAATACCGGCGBAAGCCETTATCGETTACTCCGACTTAGAGGGAGATTTCBACGTTGCAGTGCTEC 160
b aMF NM_001184001.1 161 CATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGC - -CAGCATTGCTGCTAAAGAAGAAGGGG 238
» optimized aMF 161 CATTTAGCAACTCCACAAATAATGGGCTCTTGTTTATTAACACGACTATCBCTTCA- -ATAGCAGCCAAGGAGGBAGGGCG 238
) aMF NM_001184001.1 239 TATCTTTGGATAAAAGAGAGGCTGAAGCT 267
P optimized aMF 239 TGTCGCTAGAGAAACGBAGAAGCGGAAGCTGAGACT 275

Figure A4-5. Codon optimized sequence of the alfa mating factor (aMF) from
Saccharomyces cerevisiae (NM_001184001.1). Modified codons are in red, Bsal sequence is
blue. Optimization was made using SnapGene software.
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Appendix 16.

b GOXMP - X16061.1 (88 .. 1857) 2 TGCCACACTACATCAGGAGE -AATGGCATTGAAGCCAGCCTCCTGACTGATCCCAAGBATGTCTCEGGEE 70

b optimized GOXMP 17 GGGGTCTCTTGOCGCTTGCCACATTACATC - CGATCAAATGEAATTGAAGCCTOCTTGTTGACTGATCCAAAAGATGTCTCAGGAC 85

b GOXMP - X16061.1 (88 .. 1857) 71 GCACOGTCGACTACATCATCGCTGGTGOAGGTCTOACTGGACTCOACCACCGETGETCGTCTGACGGAGAA 140
» optimized GOxMP. 86 BAACTGTAGACTACATAATCGCTGGTGACBATCTAACAGGGCTTACGACTGCTGCTAGATTAACCGAGAA 155
b GOXMP - X16061.1 (88 .. 1857) 141 CCCCAACATCAGTGTGCTCOTCATCOAAAGT--GOCTCCTACGAG T CUGACAGAGGTECCTATCAT I GAGG 208
b optimized GOXMP 156 TCGGAACATATCTOTGOTGOTAATGG - AGTOAGGGTCTTACGAGAGTGACAGAGGTCCTATGATAGAAG 223
» GOXMP - X16061.1 (88 .. 1857) 209 ACCTGAACGCCTACGGCGACATCTTTGG  CAGCAGTGTAGACCACGCCTACGAGAGCETGGAGCTCGET 276
b optimized GOxMP 224 ATTTGAACGCTTATGGAGACATCTTCGGTTCA- -AGCGTTGATCACGCTTATGAAACCETCGAATTAGED 291
b GOXMP - X16061.1 (88 .. 1857) 277 ACCAACAATCAAAGCGEGCTGATCCBCTCCGOAAATBGTCTCOOTOOCTCTACTCTAGTGAATOGTGGCA 346
b optimized GOxMP 292 ACGAATAATCAGACGGEATTAATCAGGTCTGGCAATGGATTAGGTGGAAGTACC I TAGTGAATGGAGGTA 361
b GOXMP - X16061.1 (88 ., 1857) 347 COTBGACTCGOCCOCACAAGGCACAGGTTGACTCTTGGGAGACTGTCTTTGOAAATGAGGGCOTGGAACTG 416
» optimized GOxMP. 362 CTTGGACCAGACCACACAAAGCCCAAGTABAETCTTGGGAAACCBTCTTTGGAAATGAAGETTGBAATTG 431
P GOxMP - X16061.1 (88 .. 1857) 417 GGACAATGTGBCCGCCTACTCCCTCCAGGCTBAGCGTGCTCGCGCACCAAATGCCAAACAGATCGCTGET 486
» optimized GOxMP. 432 GGACAATGTTBCTGCATAGAGGCTTCAAGCAGAAAGAGCTAGAGCACCAAATGGTAAACAGATTGETGGE 501
P GOXMP - X16061.1 (88 .. 1857) 87 GGCCACTACTTCAACGCATECTGCCATGETGTTAATGGTACTGTCCATECCGGACCCCGEGACACCEGGEG 556
b optimized GOxMP s02 GGTCACTACTTTAACGCCTCATGCCATEGCGTTAATGGAACTGTCOATGCAGGACCAAGGGATACTGGTG 571
b GOXMP - X16061.1 (88 .. 1857) 557 ATGACTATTCTCCCATCGTCAABBCTCTCATGAGCGETBTCBAAGACCGGGECETTCCCACCAAGAAAGA 626
b optimized GOxMP 572 ACGATTACTCACCAATCGTUAAGGCTITUATGICOGCAGT I GAGGACABAGEUGTTCCAACTAAGAAGGA 641
P GOXMP - X16061.1 (88 .. 1857) 627 CTTCOGATGCGBTBAGECCCATOOTAGTOTCCATOTTCCCCAACAGCTTGCACGAAGACCAAGTGCOCTCE 696
b optimized GOxMP 642 TTTIGGCTGTGETGATCCACATGGGGTATCTATGTTICCARACACATTGCATGAGGACCARGTICGTTCT 711
P GOxMP - X16061.1 (88 ., 1857) 697 GATGCCGOTCGOGAATGGCTACTTCCCAACTACCAACGTCCCAAGOTGCAAGTCCTGACCGBACAGTATG 766
» optimized GOXMP. 712 GATGCTGECAGABAATGECTTCTGCCCAACTACCAACGTCCAAAGCTACAGBTTCTGACTGET CAATACG 781
P GOxMP - X16061.1 (86 .. 1857) 767 TTOGTAAGGTOCTCCT-TAGCCAGAACGGCACCACCCCTCGTECCGTTGOCOTOGAATTCGGCACCCACA 835
b optimized GOXMP. 782 TTGGCAAAGTCCTATTGTCG CAGAATBGCACAACACCTAGABCTGTGOGAGTCGAGTTTGGCACTCAGA 850
b GOXMP - X16061.1 (88 .. 1857) 836 AGGGCAACACCCACAACGTTTACGCTAAGCACGAGGTCCTCCTGGECGCGGGCTCCGCTGTCTCTCCCAC 905
b optimized GOxMP 851 AGGGAAACAGECATAACGTTTATGCAAAACACGAAGTACTTTTAGEAGETGGTAGCGETGTGTCACCTAC 920
P GOxMP - X16061.1 (86 .. 1857) 905 AATCCTCGAATATTCCGGTATCGBAATGAAGTCCATCCTGBAGCCCCTTGGTATCGACACCGTCGTTGAC 975
» optimized GOXMP. 521 AATCCTTGAGTATTCTGGTATIGOTATGAABTCCATTCTGOAAGCT TTGGGAATTGATACTGTCGTTGAC 990
b GOxMP - X16061.1 (88 .. 1857) 576 CTGCCCGTCGE-CTTGAACCTGCAGGACCABACCACCGETACCGTCCGETCECGCATCACCTCTGCTGGT 1044
b optimized GOxMP 991 CTAGCTGTAGGAGTT - AACTTGCAAGATCAGACAACCGGAAGCGTTAGATCTAGGATTACCAGTGOTGGA 1059
» GOxMP - X16061.1 (88 .. 1857) 1045 BCAGGACAGGGACAGBECGETTGETTCHCCACCTTCAACGAGACCTTTGGTGACTATTCCGAAAAGGCAC 1114
b optimized GOxMP 1060 GCTOOTCAAGGTCAAGCAGCCTOGTTCOCTACTTTCAACGAAACATTTGGUOATTATTCCGAAAAGGCAC 1129
b GOXMP - X16061.1 (88 .. 1857) 1115 ACGAGCTGCTCAACACCAAGCTGGAGCAGTGEGCCBAAGAGGCCGTCGCCCGTGGOGOATTCCACAACAL 1184
} optimized GOXMP 1130 ATGAACTGCTGAACACAAABCTEBAACAATGGGCCGAGBAAGCTGTTGCAABABBTGGTTTTCATAATAC 1199
b GOXMP - X16061.1 (88 .. 1857) 1185 CACCGCCTTGETCATCCAGTACGAGAACTACCGCGACTGGATTGTCAACCACAACGTCGCGTACTCUGAA 1254
b optimized GOxMP. 1200 GAGAGCCTTGTTGATTCAGTAGGAAAAGTATAGAGACTGGATTGTCAACCAGAATGTAGGOTACTGTGAA 1269
P GOXMP - X16061.1 (88 .. 1857) 1255 CTCTTCCTCGACACTGECGGAGTAGCCAGCTTCEATATGTGABACCTTCTAECCTTCACCEGAGGATACG 1324

b optimized GOxMP 1270 TTGTTCTITUGATACTGETGETGTUGCCTCCTTCOATOT I TOGOACCTTITGCCATTTACGCGTGOATATG 1339

P GOXMP - X16061.1 (88 .. 1857) 1325 TTCACATGETCGACAAGGACCCCTAGCTTCACGAGTTCBCCTAGBACCCTCAGTACTTCCTCAACGAGET 1394

b optimized GOxMP 1340 TTCACATICTAGACAAAGACCCCTACTTUCATCACTT IGCCTATGATCCTCAGTACTTCCTAAATGAGTT 1408

P GOXMP - X16061.1 (88 .. 1857) 1395 GOACCTOCTCOGTCAGGCTOCCOCTACTCAACTGOCCCGUAACATCTCCAACTCCGGTGCCATGCAGACT 1464

b optimized GOxMP 1410 AGATCTTTTGEGTCAABETGCTGCTACTCAACTOGCCAGAAACATTTCCAATAGTGBTGGAATGCAGAGA 1470

P GOXMP - X16061.1 (88 .. 1857) 1465 TACTTCOCTGOUOAGACTATCCCCGETGATAACCTCGCUTATGATGCCGATTTOAGCOCCTGOACTOAGT 153

b optimized GOxMP 1480 TACTTCOCTBOAGABACTATACCCOBTAGACAACTTGBCTTATGATOCCGATTTATCCOCTTGOACTGAGT 1548

P GOXMP - X16061.1 (88 .. 1857) 1535 ACATCCCGTACCACTTCCGTCCTAACTACCATGOCOTOGOTACTTGLTCCATGATGCCUAAGGAGATOGE 1604

» optimized GOxMP 1550 ACATTCCCTATCATTTTAGGCCTAACTATCATGOCOT TBGAACCTETAGTATGATGCCTAAABAGATGGE 1619

b GOXMP - X16061.1 (88 .. 1857) 1605 COGTOTTGTTGATAATGCTOCCCOTOTOTATOGTGTUCAUGGACTOUGTOTCATTOATGOTTCTATTCET 1674

» optimized GOXMP 1620 T6GTGTTGTCOACAACGCTOCTCOTGTTTATGGAGTCCAAGGTTTBAGAGTOATTGATGGOTCTATTCCT 1689

P GOXMP - X16061.1 (88 .. 1857) 1675 CCTACUCAAATGICUTCCCATOTCATGACUGTGTTCTATGCCATOGCUCTAAAAATTTCUOATOCTATCT 1744

b optimized GOxMP 1890 GCGAGTGAGATGAGTTGGCATGTTATGACTGTGTTCTAGGGTATGGGATTGAAGATTTGTGATGCCATAT 1750

P GOXMP - X16061.1 (88 .. 1857) 1745 TOGGAAGATTATGCTTCCATGCA 1766

b optimized GOxMP 1760 TGBAGGATTATGCTTCCATGCACATCACCATCACCACCATTAATAGGETTCOAGACCAACEC 1781

Figure A4-6. Codon optimized sequence of the intron less glucose oxidase gene from
Aspergillus niger (x60601.1). Modified codons are in red. Bsal sequence is blue. Sequence in
purple corresponds to a histidine tag fuse to the Gox protein for purification. Optimization was
made using SnapGene software.
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eGFP (RIY540)
gSER1-eGFP (RIY657) 7+
mSER1-eGFP (RIY658) Z"
gSER2-eGFP (RIY659) 7+
mSER2-eGFP (RIY660) z*
gSER3-eGFP (RIY661) z*
mSER3-eGFP (RIY662) z
mSER3-eGFP-gSER1-eGFP (RIY663) Z*H*
mSER3-eGFP-mSER1-eGFP (RIY664) H*
FdhKO (RIY539)

GOX (RIYE55) z
GOX-SER3 (RIY656) Prews oH”

Figure A4-7. Schematic representation of the strain genotype used in 4™ chapter.
Appendix 18.

Assessment of Single-Copy Integration of Recombinant Gene Expression
Cassettes in the Yeast Genome of 4™ chapter.

The occurrence of a single-copy integration of the GOX and the three SER genes
expression cassette in the yeast genome was inferred indirectly, based on the
assumption that variation in copy number among three randomly selected clones
would result in different phenotypes, reflected by differences in eGFP fluorescence or
GOX-specific activity, depending on the strain genotype. To test this, the relevant
proxy was measured in three randomly selected transformants of a given strain after
48 h of growth in a microbioreactor in YNBS medium. The consistency of these
signals indicates an identical number of insertion events across the transformants,
most likely a single integration, since the probability of multiple independent
integration events producing identical results in three randomly chosen clones is very
low.

In practice, three randomly selected transformants of strains gSER1-eGfp (fdhiA,
pAOX1-eGFP, pGAP-SER1), mSER1-eGfp (fdhlA, pAOXI1-eGFP, pMDH3-SER]I),
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gSER2-eGfp (fdhiIA, pAOXI1-eGFP, pGAP-SER2), mSER2-eGfp (fdhiIA, pAOXI-
eGFP, pMDH3-SER?2), gSER3-eGfp (fdhiA, pAOXI-eGFP, pGAP-SER3), mSER3-
eGfp (fdhlA, pAOX1-eGFP, pMDH3-SER3), mSER3-gSER1 eGfp (fdhiA, pAOXI-
eGFP, pMDH3-SER3, pGAP-SERI), and mSER3-mSER1-eGfp (fdhlIA, pAOXI-
eGFP, pMDH3-SER3, pMDH3-SER1) were cultivated for 48 h in a microbioreactor
in YNBS medium, and their eGFP-specific fluorescence was measured. As shown in
Figure A4-8, the consistent eGFP signals observed suggest monocopy integration of
the SER gene expression cassettes. Similarly, GOX-specific activity was used as a
proxy instead of eGFP fluorescence for strains RIY655 and RIY665 to evaluate GOX
or SER3 monocopy integration. As shown in Figure A4-9, the GOX expression
cassette integrated as a single copy in the GOX strain, while one copy of the SER3
expression cassette integrated in the GOX-SER3 strain. Based on this, one
transformant of each strain was selected.

Appendix 19.
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Figure A4-8. Specific eGFP fluorescence of the different eGFP constructed strains.
Histogram color is specific for a constructed strain, each histogram bars representing one of
the three transformants tested. Data represents the mean and standard deviation of triplicate
cultures. sFU: specific fluorescence unit.
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Figure A4-9. Specific glucose oxidase activity of the different GOX constructed strains.
Histogram color is specific for a constructed strain, each histogram bars representing one of
the three transformants tested. Data represents the mean and standard deviation of triplicate

cultures.

Appendix 21.

Molecular biology techniques of 5™ chapter.

E. coli was grown at 37°C in Luria-Bertani medium (LB), supplemented with
antibiotics as follows: 100 pg-mL™" ampicillin, 50 pg-mL™" kanamycin. Golden gate
assembly was as described elsewhere (Celinska et al., 2018). Vector TOPO Blunt II
was from Invitrogen (Waltham, Massachusetts, United States). Q5 High-Fidelity
DNA polymerase (New England Biolabs, Ipswich, Massachusetts, United States) was
used for PCR amplification with annealing temperature of 65 °C and elongation time
of 2 min. Restriction enzymes (Notl, Bsal) and DNA ligase were from New England
Biolabs. DNA fragments were purified from agarose gels using a NucleoSpin Gel and
a PCR clean-up kit (Machery-Nagel, Diiren, Germany). Plasmid purification was
made using the NucleoSpin Plasmid EasyPure kit (Macherey-Nagel). Quantitative
PCR (gqPCR) were performed as described elsewhere (Bustos et al., 2024). Primer
pairs LacqPCR-F/LacqPCR-R that hybridized withing the LacVader coding sequence,
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and ACT-F/ACT-R specific for actin gene used as a reference were used (Table A5-
1). Total RNA was extracted using the NucleoSpin RNA Plus kit (Machery-Nagel).
qPCR was performed using the Luna Universal qPCR Master Mix and the Step
OnePlus Real-Time PCR system (Thermo Scientific). SanpGene software
(Dotmatics) was used for in silico plasmid construction and primer design.

Appendix 22.
Culture media of 5™ chapter.

BMDI1 medium contained 100 mM potassium phosphate buffer pH 6.0, 3.5 g-L"!
yeast nitrogen base without amino acids, 400 pg-L" biotin and 10 g-L™' D-glucose.
BMM2 medium contained 100 mM potassium phosphate buffer pH 6.0, 3.5 g-L"!
yeast nitrogen base without amino acids, 400 pug-L™" biotin and 2% methanol (v: v).
BMM10 medium contained 100 mM potassium phosphate buffer pH 6.0, 3.5 g-L"!
yeast nitrogen base without amino acids, 400 pg-L™"' biotin and 10% methanol (v: v).
YNBDCu medium contained 50 mM potassium phosphate buffer pH 6.8, 1.7 g-L"
yeast nitrogen base w/o NH4SO4 and amino acid, 20 g-L" glucose, 5 g-L™' NH4Cl 5
gL', 2 g-L"! casamino acids, 0.1 mM CuSOs.

Appendix 23.
Yeast culture of 5™ chapter.

Cultures were performed in 24-square deepwell plates (Enzyscreen, Bennebrroek,
The Netherland) at an oxygen transfer rate in the range of 30-40 mmol O,-L"-h’,
which is similar to that typically achieved in stirred tank reactors (Duetz et al., 2000;
Duetz & Witholt, 2001). Culture of Y. lipolytica strains were performed in 1.5 ml of
medium YNBDCu. K. phaffii was first grown in 550 uL of BMDI1. Ater 36h of
growth, the first induction was carried out with 700 uL. of BMM2. Second and third
inductions were performed at 48 and 60h by adding 215 pL. of BMM10. All cultures
were inoculated at an initial OD 600 nm of 0.5 from a 24h precultures in the same
media. Sampling volume was equal to 150 pL.

Appendix 24.
Plasmid construction of 5™ chapter.

The primers sequences used for PCR are listed in Table A5-1. The fusion constructs
containing the pre-pro-a peptide and the LacVader mature DNA sequence was
generated by overlap extension PCR in two steps to eliminate the internal Bsal site
present in the laccase coding sequence. In the first step, two PCR reactions were
performed using primer pairs LacOlb/Lac04 and Lac03/Lac02, with plasmid
pJRoC30 as the template. The resulting 0.6-kb and 1.1-kb fragments were purified
and used as templates in a second PCR with primers LacO1b/Lac02. The resulting
1.75-kb fragment was cloned into a TOPO Blunt II vector and sequence-verified using
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M13 primers. This construct was designated RIP528 (aPre-Pro-Lacc, Fig. AS-1).
Primers LacO1b and Lac02 were designed to introduce D (AATG) and E (TCTA)-
type overhangs, respectively.

The LacVader mature sequence was amplified from plasmid RIE528 using primers
Lac05/Lac02. The resulting 1.5-kb fragment was cloned into a TOPO Blunt II vector
and sequence-verified. This construct was designated RIE529 (Lacc biobrick, Fig.
AS5-1). Primer Lac05 was designed to introduce an X (TGCC)-type overhang.

The oPro-LacVader fusion was amplified from plasmid RIE528 using primers
Lac06/Lac02. The resulting 1.75-kb fragment was cloned into a TOPO Blunt II vector
and sequence-verified. This construct was designated RIE530 (aPro-Lacc biobrick,
Fig. A5-1). Primer Lac06 was designed to introduce an X-type overhang.

The Lip2Pro-LacVader fusion was amplified from plasmid RIE528 using primers
Lac07/Lac02. The resulting 1.75-kb fragment was cloned into a TOPO Blunt II vector
and sequence-verified. This construct was designated RIE531 (Lip2Pro-Lacc
biobrick, Fig. A5-1). Primer Lac07 was designed to introduce an X-type overhang and
the Lip2Pro sequence.

For Golden Gate assemblies, the following vectors were used: GGE146 (promoter
pTEF- 4UAS), GGE020 (LIP2 transcriptional terminator, L/P2tt), GGE083 (URA3
marker), GGE029 (backbone vector GB3), GGE255 (Lip2-Notl-up), and GGE254
(Lip2-Notl-down). These were combined with GGV0063 (Yps3Pre), GGV0069
(Lip2Pre), GGV0071 (SoAmyPre), RIP532 (aPre), RIE529 (Lacc biobrick), RIE530
(aPro-Lacc biobrick), or RIE532 (Lip2Pro- Lacc biobrick). The detailed assembly
protocol was described previously (Celinska et al., 2018; Celinska & Nicaud, 2019).
The resulting constructs are summarized in Table AS5-2. The integrity of all constructs
was confirmed by DNA sequencing (Whole plasmid sequencing, EuroFins,
Germany).

Appendix 25.

Table A5-1. Primers used in 5" chapter.

Name Sequence 5’to 3’

Lac01B gggggtctctaatgagatttccttcaatttttactgatgttttattcge

Lac02 cccggtetettagatcagaggtegetgggg

Lac03 ctgtgacggactcaggggtecg

Lac04 cggacccctgagtccgtcacag

Lac05 gggggtcetettgecgaattcageattgggccagteg

Lac06 gggggtetettgecgetccageaacactacaacagaag

Lac07 ggtctettgececteccttcecccateactectictgaggecgeagttctccagaagegagaatt
cagcattgggccagtcg

pTEF-Fo gegtagggtactgcagtctg

Lac-Rev gaagggcacggatccagtag

LacqPCR-F atgcgacccgaattacacgt

LAcqPCR-R gaagggcacggatccagtag

ACT-F tccaggecgtccteteee

ACT R ggccagecatatcgagtcgea
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Bsal site is in bold, Lip2Pro sequence is underline
Appendix 26.
Table A5-2. Escherichia coli strains used in 5" chapter.
Strain name (plasmid)  Plasmid, genotype, (integration locus) Source/Reference

Al (GGE029)
A3 (GGE083)
B1(GGE146)

D12 (GGE020)
E12 (GGE254)

E11(GGE255)

GGE0063 (GGV0063)
GGEO0069 (GGV0069)
GGE0071 (GGV0071)

RIE528 (RIP528)
RIE529 (RIP529)
RIE530 (RIP530)
RIE531 (RIP531)
RIE532 (RIP532)

RIE535 (RIP535)
RIE536 (RIP536)
RIE537 (RIP537)
RIE538 (RIP538)
RIE539 (RIP539)
RIE540 (RIP540)
RIE541 (RIP541)
RIE542 (RIP542)
RIE543 (RIP543)
RIE544 (RIP544)
RIE545 (RIP545)
RIE546 (RIP546)
Al (GGE029)

A3 (GGEO083)

B1(GGE146)

backbone vector GB3, overhang A:M
(GCCT-TGCG)

URA3 marker, overhangs B:C (AGGT-
ACGG)

Promoter pTEF-4UAS, overhangs C:D
(ACGG-AATG)

LIP2tt, overhangs E: L (TCTA: GAGT)
Lip2-Notl-down, overhangs L:M (GAGT-
TGCG)

Lip2-Notl-up, overhangs A: B (GCCT-
AGGT)

Yps3Pre, overhangs D:X (AATG-TGCC)
Lip2Pre, overhangs D:X (AATG-TGCC)
SoAmy, overhangs D:X (AATG-TGCC)
TOPO Blunt II vector, apre-apro-LacVader,
overhangs D: E (AATG-TCTA)

TOPO Blunt II vector, LacVader, overhangs X:
E (TGCC- TCTA)

TOPO Blunt II vector, aPro-LacVader,
overhangs X: E (TGCC- TCTA)

TOPO Blunt II vector, Lip2Pro-LacVader,
overhangs X: E (TGCC- TCTA)
pEX-K168-aPre from S. cerevisiae, synthetic
DNA, overhangs D:X (AATG-TGCC)

GG assembly, Yps3Pre-LacVader

GG assembly, Lip2Pre-LacVader

GG assembly, SoAmyPre-LacVader

GG assembly, aPre-aPro-LacVader

GG assembly, Yps3Pre-oPro-LacVader
GG assembly, Lip2Pre-aPro-LacVader

GG assembly, SoAmyPre-aPro-LacVader
GG assembly, aPre-Lip2Pro-LacVader
GG assembly, Yps3Pre-Lip2Pro-LacVader
GG assembly, Lip2Pre-Lip2Pro-LacVader
GG assembly, SoAmyPre-Lip2Pro-LacVader
pJRoC30, pPDF-aPre-aPro-LacVader.
backbone vector GB3, overhang A:M
(GCCT-TGCG)

URA3 marker, overhangs B:C (AGGT-
ACGG)

Promoter pTEF-4UAS, overhangs C:D
(ACGG-AATG)

(Celinska et al., 2018)
(Celinska et al., 2018)
(Celinska et al., 2018)

(Celinska et al., 2018)
(Celinska et al., 2018)

(Celinska et al., 2018)

(Celinska & Nicaud, 2019)
(Celinska & Nicaud, 2019)
(Celinska & Nicaud, 2019)
This work

This work
This work
This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
(Celinska et al., 2018)

(Celinska et al., 2018)

(Celinska et al., 2018)
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All Golden Gate constructs contained in addition to the Pre-(Pro)-LacVader fusion the following
biobricks Al, A3, B1, D12, E11 and E12.

Appendix 27.
pﬂro LaiU‘L LB‘EiE\' Lac03 LacO2
I LacOd
LacO5 Lach2
- Pre Lacc -
Laclb Lech2
P P NGREEN Lacc _Lip2tt
Lecdd Lac02
- Pre Lip2Pro Lacc -

Figure AS5-3. Schematic representation of the constructed expression systems obtained by
Golden Gate (GG) assembly. Abbreviations are as follow: p7EF, promoter pTEF-4UA
(GGE146); Pre, presequence (aPre, Yps3Pre, Lip2Pre or SoAmyPre); Lacc, LacVader laccase
encoding gene; LIP2tt; LIP2 transcriptional terminator LIP2tt.

Appendix 28.

Y. lipolytica strain construction and verification.

Y. lipolytica RIY 146 strain was transformed by the lithium acetate method (Barth
& Gaillardin, 1996). The LacVader expression cassettes were released from the
corresponding plasmids by Notl digestion and gel purified. Transformants were
selected on YNBG plates after 48 h incubation at 28 °C. To verify the genotype of the
yeast transformants, colony PCR were performed using Phire Plant Direct PCR
Master Mix (Thermo Scientific) with primers pTEF-Fo and LacRev that anneal in the
pTEF and Lacc region, respectively.

Appendix 29.
K. phaffii strain construction and verification.

For the expression of LacVader in K. phaffii, the strain BG11 and the plasmid
pBSYS5Z, containing the expression cassette under the control of the PDF promoter,
were kindly provided by Bisy (Graz, Austria). An initial screening to select the best-
performing transformants was conducted in deep-well plates. Individual colonies
were used to inoculate 250 uL. BMD medium per well. These cultures were grown for
60 hours at 28°C with shaking at 340 rpm and 80% humidity. Following this growth
phase, protein expression was induced by the addition of 250 pL of BMM2. To sustain
expression, cultures were further fed with 50 uL. of BMM10 at 70, 82, and 106 hours
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post-inoculation. All media used for induction in the deep-well plates were
supplemented with 0.1 mM CuSOa.
Appendix 30.

Laccase activity.

Laccase activity was determined as described elsewhere (Mate et al., 2013) using
ABTS as a substrate (0.5 mM in 100 mM sodium acetate buffer pH 4.5; molar
extinction coefficient of ABTS at 420 nm of 36 000 M! cm™).

Appendix 31.
Integration consistency check among constructed strain

To assess the consistency of the copy number of the LacVader cassette integration at
the LIP2 locus, two randomly selected transformants per construct were cultivated in
triplicates in deep-well plates containing YNBCu medium, and the laccase activity
was measured in triplicate after 48 h of growth. Specific laccase activity was then
calculated from the corresponding biomass values and expressed as units per gram of
cell dry weight (U-gDCW™). When the nine activity values obtained for each
transformant were within a comparable range (i.e., without significant differences) for
both transformants, it was assumed that the LacVadder cassette copy number was
identical and most likely equal to one. Indeed, the probability of independent
multicopy integration at the same copy number in two randomly chosen transformants
is low, especially when transformant selection is based on auxotrophy (here for uracil
with URA3 marker). As shown in Fig. A5-2, the specific laccase activities were
consistent for both transformant across all tested strains, except for the Lip2Pre-
LacVader construct. In this case, activities of 6.8 + 4.1 U-gDCW™ and 26.1 £ 7.3
U-gDCW ! were obtained, suggesting that one transformant carried two copies of the
LacVadder expression cassette. For subsequent experiments, the Lip2Pre-LacVader
transformant with the lower laccase activity was selected, while for all other
constructed strains, one transformant was selected at random.
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Appendix 32.
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Figure A5-4. Assessment of gene integration consistency. For each construct, two
transformants were cultivated in biological triplicates for 48h. The laccase activity was
determined in triplicate and specific laccase activity calculated from the corresponding
biomass. For both transformants per constructed strain, nine values are given.

Appendix 33.

.l::l

Beomass (gCDWIL)
i

aPre -
YpsiPre —
Lip2Fre -
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SaAmyPre —

Mo Pro aPro Lip2Pro

Figure AS5-5. Biomass after 72 of growth of the different Y. [lipolytica strains grown in
deepweel plate in YNBCu medium in triplicate. Box represents the minimal and maximal
value obtained. Black dots represent the obtained values.
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