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ANNOTATION

Mingxing ZUQ. Regulation of B-galactosidase degradation and metabolic
engineering of xylose fermentation in the methylotrophic yeasts Komagataella
phaffii and Ogataea polymorpha — Qualifying scientific work on the rights of the
manuscript.

Thesis for PhD degree in specialty 091 - Biology. — Institute of Cell Biology of
the National Academy of Sciences of Ukraine, Lviv, 2025.

This dissertation primarily focuses on three topics: the first involves isolating
mutants with defects in cytosolic B-galactosidase degradation in the methylotrophic
yeast Komagataella phaffii through the use of the chemical mutagen N-methyl-N’-
nitro-N-nitrosoguanidine (MNNG); The second is to develop new dominant selectable
markers for future applications in metabolic engineering of the yeast O. polymorpha;
the third addresses the development and implementation of metabolic engineering
strategies to produce Ogataea polymorpha strains with enhanced efficiency of ethanol
production from xylose.

Komagataella phaffii (previously known as Pichia pastoris) is an obligate aerobic,
methylotrophic yeast capable of using methanol as sole carbon and energy source
(Mastropietro et al., 2021). Its traits — such as respiratory growth to very high cell
densities, efficient protein secretion, and robust expression of recombinant proteins
driven by strong inducible promoters — make K. phaffii highly valuable in the
pharmaceutical and biotechnology sectors.

However, when K. phaffii is transferred from methanol to glucose medium, most
of the enzymes involved in methanol utilization and already present in the cell undergo
rapid degradation and proteolysis (Kirkin et al., 2009). Although K. phaffii is a robust
industrial species known for high-level protein overproduction, effective minimizing
cytosolic degradation of recombinant proteins remains challenging. This rapid
degradation significantly limits potential of this yeast for large-scale industrial

applications. Currently, two primary pathways of protein degradation are recognized.
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The first is proteasomal degradation, a cytoplasmic process that predominantly targets
ubiquitinated, short-lived proteins for breakdown (Pohl & Dikic, 2019). The second
pathway, known as autophagy, is lysosome- (or vacuole-) dependent and involves not
only the degradation of proteins but also the breakdown of intracellular organelles and
other macromolecular complexes within lysosomes (vacuoles), where the resulting
small molecules can be recycled for cellular use (Mizushima & Komatsu, 2011; Sibirny,
2016).

Previous research has shown that formaldehyde dehydrogenase, formate
dehydrogenase, and fructose-1,6-bisphosphatase in K. phaffii are selectively degraded
through the autophagy pathway (Dmytruk et al., 2021; Dmytruk et al., 2020). Therefore,
modifying and optimizing the autophagy pathway has the potential to enhance the
production of heterologous proteins in this yeast. Moreover, methylotrophic yeasts are
regarded as exemplary model organisms for elucidating the mechanisms underlying
autophagy, with a number of genes implicated in autophagy and pexophagy, such as
ATG26, ATG28, ATG35, TRS85, GCRI, HXSI and GSS1, identified in O. polymorpha
and K. phaffii by the group of A. Sibirny at Institute of Cell Biology NAS of Ukraine.
However, despite extensive knowledge of the degradation mechanisms for proteins and
cellular organelles, the processes underlying the degradation of intrinsic cytosolic
proteins and recombinant heterologous proteins in the cytosol of methylotrophic yeast
remain poorly characterized. To investigate the autophagic degradation mechanisms of
cytosolic proteins in K. phaffii, it is essential to isolate mutants that are specifically
involved in this process.

In our previous work, we developed a vector for expressing the B-galactosidase
gene LAC4 from Kluyveromyces lactis, fused with the fluorescent tag green fluorescent
protein (GFP) and regulated by the methanol-inducible promoter of the FLDI gene.
This vector was transformed into K. phaffii and subsequently employed to directly
assay P-galactosidase activity on YPD plates using X-gal staining, thereby providing
an opportunity to isolate of mutants that are defective in the degradation of cytosolic
proteins in K. phaffii ( Dmytruk et al., 2020). Besides, using this transformant, the

insertion mutant with defects in B-galactosidase inactivation due to a mutation in a
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novel gene, designated ACGI, which is involved in the autophagy of cytosolic and
peroxisomal proteins was isolated (Zazulya et al., 2023).

In this dissertation, the chemical mutagen N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG) was utilized to select new mutant strains exhibiting impaired degradation of
B-galactosidase. The impairment of this enzyme’s degradation in the selected mutants
was assessed based on their blue color on YPD with X-gal plates following the shift
from methanol to glucose. Four mutants displaying elevated -galactosidase activity
on glucose compared to the parental strain were identified. Viability assays and
phloxine B assays conducted under nitrogen starvation conditions revealed growth
defects in these mutants. Furthermore, the biomass of the mutant strains was
significantly diminished relative to that of the parental strain, indicating an impairment
in autophagy. These findings suggest that the selected mutants possess defects in
autophagy. Additionally, to investigate pexophagy, residual activity of the key
peroxisomal matrix protein alcohol oxidase (AOX) was measured in the selected
mutants after shifting cells from methanol to glucose. The results demonstrated that
mutants MNNG-1 and MNNG-3 exhibited defects in both selective autophagy and
pexophagy, while mutants MNNG-2 and MNNG-4 were characterized exclusively by
defects in selective autophagy of cytosolic B-galactosidase. In the future, sequencing
of the mutant strains is anticipated to uncover specific genes associated with autophagy
defects, which could provide critical insights into the molecular mechanisms governing
autophagy. Identifying these genes may reveal novel regulatory pathways and targets
for modulating autophagy in methylotrophic yeast, with potential applications in
enhancing protein production, engineering metabolic pathways, and understanding
cellular homeostasis. This study thus establishes a foundational basis for further
investigations into autophagy and protein degradation, paving the way for advances in
biotechnology and pharmaceutical applications where precise control of autophagic
processes is essential.

In another topic of this dissertation, novel dominant selectable markers were
developed for the nonconventional yeast Ogataea polymorpha. O. polymorpha is a

methylotrophic, thermotolerant yeast capable of xylose alcoholic fermentation, and
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serves as both an important model eukaryotic microorganism for studying molecular
mechanisms of life processes and a promising cell factory. Genetic engineering
techniques are now commonly employed to create novel strains with altered metabolic
pathways and investigate fundamental aspects of eukaryotic cellular biology. The
expanding applications of these techniques necessitate new selection markers to
identify recombinant strains exhibiting desired physiological traits. For commercial
applications, yeast vectors containing only native genes (self-cloning vectors) are
particularly advantageous (Akada et al., 2002). These self-marker systems are
particularly effective for transforming prototrophic industrial yeast strains (Hashida-
Okado et al., 1996; Hashida-Okado, Ogawa, et al., 1998). However, despite significant
advancements in molecular tools for O. polymorpha, self-cloning selection markers for
this organism are still unavailable. Therefore, in this study, we evaluated two potential
dominant selective markers for O. polymorpha: the mutated AURI gene and the native
IMH3 gene, which confer resistance to aureobasidin and mycophenolic acid,
respectively. These markers were tested for their potential application in metabolic
engineering of O. polymorpha.

Two mutant versions of the AURI gene were created to develop aureobasidin-
resistant O. polymorpha strains. The first variant contained two amino acid
substitutions: leucine to phenylalanine at position 53 (L53 CTT—F53 TTT) and
histidine to tyrosine at position 72 (H72 CAT—Y72 TAT). The second variant carried
a single substitution of alanine to cysteine at position 156 (A156 GCA — C156 TGT).
The two AURI variants were separately transformed into wild-type O. polymorpha and
selected on YPD medium containing aureobasidin (0.3 mg/L). Only transformants
carrying the A156C mutation formed colonies, while no growth was observed for
strains containing the L53F/H72Y mutations. These results demonstrate that the AUR1
gene variant with the A156C substitution is effective as a selection marker for
aureobasidin-resistant O. polymorpha transformants.

Additionally, we constructed a plasmid containing the O. polymorpha IMH3 gene,
which confers resistance to mycophenolic acid. The Ndel-linearized plasmid was

transformed into wild-type O. polymorpha. Transformants appeared on YNB medium
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containing mycophenolic acid (40 mg/L) after five days of cultivation, with a
transformation frequency of 20 transformants per microgram of DNA. The results
demonstrated that introducing an additional copy of the /MH3 gene into the wild-type
O. polymorpha genome was sufficient to generate mycophenolic acid-resistant
transformants, establishing /MH3 as an effective selection marker.

To demonstrate the utility of the IMH3 selection marker, a plasmid was
constructed for simultaneous overexpression of three genes under the GAP promoter:
TALI (cytosolic transaldolase), TKLI (cytosolic transketolase), and AOXI
(peroxisomal alcohol oxidase). This plasmid was transformed into the advanced
ethanol producer strain O. polymorpha BEP/Acat8. Transformants were selected on
YNB medium containing mycophenolic acid (40 mg/L) after five days of cultivation.
We evaluated ethanol production during xylose fermentation in the resulting strain
BEP/Acat8/TAL1/TKL1/A0XI compared to its parental strain. The engineered strain
showed enhanced ethanol production during xylose fermentation, accumulating 39%
more ethanol than the parental BEP/Acat8 strain at 43 hours, with continued
fermentation observed up to 67 hours. These results demonstrated that both the mutated
AURI gene (conferring aureobasidin resistance) and the native IMH3 gene (conferring
mycophenolic acid resistance) as effective dominant selection markers for O.
polymorpha strain engineering.

In the third topic in this dissertation, we primarily focus on elevated bioethanol
production from xylose in O. polymorpha. To tackle the escalating challenge of
diminishing oil resources, there is an urgent global demand for green and clean energy
solutions. In this context, bioethanol has emerged as an ideal renewable clean energy
source, attracting significant attention and interest from global researchers.

Currently, commercial bioethanol production primarily relies on first-generation
ethanol, which is derived from raw materials such as corn in the United States, sugar
cane and sweet potatoes in Brazil, and wheat and sugar beets in Europe. However, this
production method, which relies on food crops, has sparked widespread discussions
about the competition between food and fuel in the world. This competition can not

only destabilize the food supply but also drive up food prices, potentially impacting



7

vulnerable groups in society. Therefore, the production of second-generation ethanol
using agricultural waste, such as lignocellulose biomass, has gradually garnered
increasing attention. This production method has significant advantages as it does not
compete with food resources for human consumption, effectively utilizes existing
agricultural by-products, reduces dependence on food crops, and promotes sustainable
development. With advancements in technology and supportive policies, second-
generation ethanol is expected to become an important direction for future bioenergy
development.

The hydrolysis of lignocellulosic biomass mainly produces hexoses and pentoses,
with glucose as the predominant hexose and xylose as the principal pentose, accounting
for approximately one-third of the total sugar content, second only to glucose.
Currently, the main microorganism used for ethanol production is Saccharomyces
cerevisiae; however, this yeast cannot naturally utilize xylose to produce ethanol. The
lack of robust microbial strains capable of efficiently fermenting both pentose and
hexose sugars to ethanol has created a significant technical barrier to achieving high
yields and productivities (Lu, 2021). Therefore, the microorganism with efficient
xylose fermentation is a critical prerequisite for the development of a viable process
for converting lignocellulose into fuel ethanol.

The natural xylose-metabolizing yeast O. polymorpha can tolerate high
temperatures (up to 50°C) during fermentation, making it suitable for simultaneous
saccharification and fermentation (SSF) of lignocellulosic hydrolysates (Zaldivar et al.,
2001). However, wild-type O. polymorpha produces only minimal ethanol, with
production levels around 0.5 g/L in xylose medium (Ruchala et al., 2020). In our
previous study, various metabolic engineering and classical random selection
techniques were applied to develop recombinant O. polymorpha strains. These strains
achieved up to a 40-fold increase in ethanol production from xylose at high temperature.
(Ruchala et al., 2017; O. Kurylenko et al., 2018). Nonetheless, the rate of xylose uptake
remains notably lower than that of glucose, especially during mixed-sugar
fermentations, where xylose utilization typically initiates only after glucose is

completely consumed. This sequential consumption leads to a prolonged fermentation
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cycle, as the slower uptake of xylose delays the overall process. To further enhance the
efficiency of ethanol production from xylose, additional strategies should be
investigated. Previous studies have demonstrated that transcription factors and sugar
transporters play key roles in regulating ethanol fermentation from xylose (Semkiv et
al., 2022). However, the role of sugar sensors in xylose fermentation remains
unexplored. Investigating sugar sensors could provide crucial insights into how cells
detect and respond to xylose, potentially leading to strategies that improve xylose
uptake and utilization.

Therefore, this dissertation focuses on investigating the roles of the hexose sensor
gene HXSI and the AZF1 gene, which encodes the O. polymorpha homolog of the S.
cerevisiae transcription factor with sensing properties, in the alcoholic fermentation of
xylose and glucose by O. polymorpha.

First, the gene HXS/, which encodes a hexose transporter-like sensor and is a
close homolog of the S. cerevisiae sensors SNF3 and RGT2, was overexpressed in the
advanced ethanol producer O. polymorpha BEP/Acat8 and wild-type strains. The role
of this gene in xylose utilization and fermentation had not been previously elucidated.
The recombinant strain obtained showed a 10% increase in ethanol production from
glucose and 40% increase in ethanol production from xylose compared to the
BEP/Acat8 strain. When HXS1 was overexpressed in the WT background, both glucose
and xylose fermentation were activated, and ethanol production from xylose increased
relative to the WT (0.83 g/L of ethanol against 0.49 g/l by WT strain at 72 h of
fermentation). At the same time, strains with overexpression of the gene AZF 1, which
encodes a transcription activator involved in carbohydrate sensing, were also
constructed on the background of the WT and the advance ethanol producer strains,
respectively. These transformants demonstrated 10% more ethanol in glucose medium
and 2.4 times more ethanol in xylose medium than wild-type strain. Additionally, it
resulted in a nearly 10% increase in ethanol accumulation on glucose and in the xylose
medium, there was an above 30% increase than the advanced ethanol producer O.
polymorpha BEP/Acat8. The data suggest that overexpressing the AZF1 and HXSI

genes has a positive impact on ethanol production from xylose in O. polymorpha strains.
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Given that efficient xylose fermentation is essential for optimizing bioethanol
production from lignocellulosic biomass, understanding these mechanisms is necessary
for advancing industrial applications and enhancing the economic viability of biofuels.
Besides, the strains developed in this study can be further utilized to establish stable

ethanol superproducers.

Keywords: -galactosidase, MNNG, Autophagy deficient, Komagataella phaffii,
Selective-marker; Lignocellulose, Xylose, Alcoholic fermentation, Sensors, Ogataea

polymorpha.
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AHOTAIIA
Mincin 3YO. Peryasinis aerpagaumii fB-ranakro3uaasm ta MeTadoJivyHA
iHKeHepis (pepmenTauii KCHJIO3H y MeTHJIOTPO(pHMX APLKIKIB
Komagataella phaffii ta Ogataea polymorpha. — KanidikamiitHa HaykoBa mparis Ha
paBax pyKOIUCY.
Hucepramisi Ha 3100yTTS HAYKOBOTO CTYNEHs JokTopa (dimocodii 3a
cnemianbHicTiO 091 — Bionoris. — [HctutyT 61onorii kiuituau HAH VYkpainu, JIbBiB,

2025.

Jucepraiiisi TOJOBHHUM YHMHOM 30CEpPEIKEHA Ha TPHOX pO3JiIax: MepIInui
nepeadavyae BUJAUICHHS MYTaHTIB 3 Je(exkTamMu UUTO30JbHOI jAerpajamii f-
rajakTo3ugasu y MetuioTpopHux ApikaxiB Komagataella phaffii 3a n1onomororo
xiMigHOro wmytareny N-metui-N’-HiTpo-N-HiTpo3oryaniguny (MNNG); mertoro
JIPYroro € po3poOKka HOBUX TOMIHAHTHUX CEJIEKTUBHUX MAPKEPIB JIJISl 3aCTOCYBaHHS Y
MalOyTHHOMY B MeETaOONIuHIA 1HXeHepli ApukIkiB  O. polymorpha; Tperiit
CTOCYETHCSI PO3POOKM Ta BIIPOBAIKEHHS CTpaTerii MeTaboJIyHOI 1HXKEHepli s
oTpuMmaHHs mTamiB Ogataea polymorpha 3 MiABUIIEHOI €(PEKTUBHICTIO MPOIYKIIii
€TaHOJIY 3 KCUJIO3H.

Komagataella phaffii (panime Bigomi sik Pichia pastoris) € o00JIraTHUMU
aepOOHUMU METUIIOTPOHUMHU IPIKIKAMU, 3TATHUMH BUKOPUCTOBYBATH METAHOJI SIK
€IMHe JKepeno ByTIielro Ta eneprii (Mastropietro et al., 2021). Ix BmactuBocri, Taki
K 3JaTHICTh JI0 PECHipaTOPHOrO0 POCTY A0 Jy»€ BHCOKOI KOHIICHTpAIlli KJIITHH,
edeKkTHBHA ceKkpelis Oimka Ta craliibHAa eKchpecis PEeKOMOIHAHTHHUX OUIKIB,
KOHTPOJIbOBAaHA CHJIbHUMU 1HAYIHOCIbHUMU IPOMOTOpaMHU, poOsTh K. phaffii myxe
HIHHUMHU y (apMaleBTUYHOMY Ta O10TEXHOJIOTTYHOMY CEKTOPAX.

Opnak, sxmo K. phaffii mepeHecTd 3 METaHOIY y CEPEIOBUIIE 3 TIIFOKO3010,
OUIBIIICTh (PEPMEHTIB, SIKI OEpyTh y4acTh B yTHII3allli METAHOIY 1 BXKE MPUCYTHI B
KIITHHI, 3a3HalOTh MMBUAKOI Aerpagarii Ta mporteonizy (Kirkin et al., 2009).
HesBaxatouu Ha te, mo K. phaffii € HagliHUM TPOMHUCIOBUM BHUJIOM, JJIS SIKOTO

XapaKTepHUM BUCOKUM PIBEHb CHHTE3Yy Ol7Ka, MiHIMI3allls IUTO30JIbHOI Jerpaaarii
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peKOMOIHAaHTHUX TMPOTETHIB  3aNHUIIAEThCS MpoOieMaTnyHow. Taka IIBHIKA
Jerpajaris 3Ha4HO OOMEXYy€e IMOTEHINaNl IUX IPLKIKIB Ul BEIUKOMACIITAOHOTO
IIPOMHUCIIOBOTO 3acTOoCyBaHHSA. Ha choroH1 BiIOMi 1Ba OCHOBHHUX IIJISIXH Jerpajartii
npoteiniB. [lepmmii — e mpoTeacoMHa erpaaiisi, MATOTUIa3MaTHIHUH MTPOIIEC, KU
MEePEBAXHO CTOCYEThCS YOIKBITUHOBaHUX, KopoTkoxkuByuux OunkiB (Pohl & Dikic,
2019). dpyruii nuisx, BiIOMHI K aBTodaris, BiI0yBaeTbCs y J130COMax Ta BaKyoJsiX,
3a SIKOTO JErpajyloTh HE JIMIIE OKpeMi MPOTEiHHU, aje TaKOXK 1 OpraHesd Ta 1HII
MaKpOMOJIEKYJIIPHI KOMIUIEKCH, 3aBJSIKA YOMY MPOAYKTH PO3MICTUICHHS - HEBEJHUKI
MOJICKYJI MOXXYTh OyTH MOBTOPHO BHKOPHCTaHI KIITHHOK [JIsi BJIACHUX IMOTPeO
(Mizushima & Komatsu, 2011; Sibirny, 2016).

[Tonmepenni  gOCHIIKEHHS — MOKazaid, 10  (GopMaibIeriieriiporeHasa,
dbopmiataerigporenaza Tta (Qpykro3o-1,6-6ichocdaraza B K. phaffii BUOIpKOBO
po3uierioThes nuisixoM aBTodarii (Dmytruk et al., 2021; Dmytruk et al., 2020).
Takum urHOM, Moudikallis Ta onTUMIZAIl HUIXY aBTodarii Mae MOTEHIAN i
MOCWJICHHSI CHHTE3Y I'eTepOJIOTIUHUX OLIKIB y KIIITHUHAX IILOTO BUIY APLKIKIB. Kpim
TOTO, METWJIOTPO(DHI APKIKI BBAXKAIOTHCS 3Pa3KOBUMU MOJICTLHUMU OpraHi3MaMH
JUIs 3°SICyBaHHS MEXaHI3MiB, IO JeXaTh B OCHOBI aBToarii, 3 HHU3KOI TCHIB,
3aimydeHux 10 aBtodarii Ta mekcodarii, Takux sk A7G26, ATG28, ATG35, TRSSS,
GCRI, HXS1 ta GSS1, inentudikoBanux y O. polymorpha ta K. phaffii rpynoio A.
Cubipuoro B Incturyti 6iomorii kmituan HAH VYkpaian. Opnak, He3BaKkar4u Ha
3HAHHS MPO MEXaHI3MHU Jierpajalii O17KiB 1 KIIITHHHUX OpraHed, MPOIECH, 1110 JIeKaTh
B OCHOBI JIerpajiallli BIaCHUX LUTO30JIbHUX OIKIB 1 PEKOMOIHAHTHUX TETEPOIOTHHUX
OUIKIB 'y IMTO30JIi METWIOTPOPHUX APLKIKIB, € Ha CHOTOJHI IOTAHO
oxapaktepuzoBanumu. Illo6 mocmiguTu MexaHizMu aBTO(dariyHoi aerpajaiii
UTO30JIbHUX OUIKIB y K. phaffii, BaXXIMBO BUIUIMTH MYTAHTH, Y SKUX LEH Mpoliec
Bi10YBa€ThCS CHEM(PIUHO.

VY namiii nmonepeAHiii poOOTI MU PO3pOOMIM BEKTOp JUIsl €Kcrpecii reHa [3-
ranakto3unasu LAC4 3 Kluyveromyces lactis, 3mutoro 3 (IyOpecleHTHOIO MITKOIO
3eneHoro ¢uryopecuentaoro Oinka (GFP), mig xkoHTpoieM MeTaHOJI-1HAYKOBaHOTO

npomoTopa rena FLD1. el Bextop OyB TpanchopmoBanuil y K. phaffii Ta BiIOBITHO
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BUKOPUCTAaHUN Ui O€3MOCepeHhOr0 aHali3y aKTUBHOCTI [-rajakTo3uaa3d Ha
yamkax 13 cepenoBuiieM YPD 3 GapBHukom X-gal, TakuM YHUHOM JIO3BOJIUBIIH
BUJUIMTA MYTaHTH 3 J€(PEKTHOIO B JETpajalli€lo MUTO30JdbHUX OUNKIB y K. phaffii
(Dmytruk Ta in., 2020). KpiMm TOro, Ha OCHOBI IBOTO TpaHCHOPMAHTA OTPUMAHO
1HCepIIMHOrO MyTaHTa 3 JedeKTaM1 1HaKTUBAIli B-TaJlakTO31 1a31 BHACIIIIOK MYyTaIlii
B HOBOMY TeHi, mo3HaueHomy sk ACG1, sikuit 6epe ydacTb B ayTodarii IUTO30JbHUX 1
nepokcucoMHUX OUIKIB (Zazulya et al., 2023).

VY i guceptanii xiMidHMM MyTareH N-MeTwii-N’-HIiTpo-N-HITpO30TryaHiIuH
(MNNG) OyB BuUKOpHUCTAaHUH [UJIsI BiZOOPY HOBHUX MYTAHTHUX IITaMiB, IO
JEMOHCTPYIOTh MOpPYIIEHHS nAerpaaaiii P-ramakrosunaszu. [lopymieHHs nerpanaiii
bOT0 (PepMEHTY Y BUOPAaHUX MYTaHTIB OL[IHIOBAJIM Ha OCHOBI iX CHUHBOT'O KOJIbOPY Ha
yamkax 13 YPD 3 X-gal micns 3MiHM METaHOJY Ha TJIIOKO3Y y SIKOCTI POCTOBOTO
cyocrtpaty. byno i1eHTH()IKOBAaHO YOTUPU MYTaHTH, 110 JEMOHCTPYIOThH ITiIBUIICHY
aKTUBHICTh [-raJlakTO3WAa3W Ha TJIOKO31 IMOPIBHAHO 3 OAaTbKIBCHBKUM IITaAMOM.
Kpanensuuii Tect Ta BU3HAYCHHS KOHIIEHTpallli ¢iaokcuHy B, mpoBeneHi B ymMoBax
rojonyBanHs 3a HitporeHom, BusSiBUIU AepekTd pocTy Iux MmyTaHTiB. Kpim Toro,
Olomaca MyTaHTHHUX INTaMiB Oyja 3HAYHO MEHILOK TMOPIBHSIHO 3 OaThKIBCHKUM
mramoM. L1 naHi cBig9aTh Mpo Te, 10 BUOpaHi MyTaHTH MalOTh JAeQeKTu aBTodarii.
Takox, m00 JoCHiIuTH Nekcodarito, y BIAIOpaHUX MyTaHTax MICIS MEpPEBEICHHS
KIITAH 3 METAHOJy Ha TJIOKO3y BHMIPIOBAIU 3aJMIIKOBY aKTUBHICTH KJIFOYOBOIO
MPOTEIHY MAaTPUKCY TMepokcucoMu — ankorojbokcuaazun (AOX). Pesynbratu
npoaemMoHcTpyBaiv, mo MyTaHTd MNNG-1 1 MNNG-3 Mawote gedextu sx
CEeJICKTUBHOI ayTodarii, Tak 1 mekcodarii, Toal gk mytaHtd MNNG-2 1 MNNG-4
XapaKkTepu3yBaIuCs BUKIIOUYHO JAedeKTaMUu CeNeKTUBHOI ayTodarii UTO30JbHOI [3-
rajiaktTo3uaasu. OUiKyeThCs, 1110 B MAHOYTHHOMY CEKBEHYBaHHS MYTAaHTHHX LITaMIB
JI03BOJIUTh BCTAHOBUTH KOHKPETHI T'eHH, MOB’s3aHl 3 nedexramu aBrodarii. lle
JO3BOJIUTH AOCATTH KPUTUYHOTO PO3YMIHHS MOJIEKYJISIPHUX MEXaH13MiB, IO € B OCHOBI
perymsamii aBrodarii. [neHTudikamis MuxX TeHIB MOXE BUSBUTH HOBI PETyJSTOPHI
NUISIXY Ta MIMIEH] I8 MOIYJISIIT aBTodarii B KJIITUHAX METUIOTPOGHUX IPIKIIKIB 3

NOTEHI[IHUM BHUCOKPUCTAHHAM [JJIs TOKpAIIeHHS NpoayKulii Oiuka, po3poOKu
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MeTabOMUYHUX HUIAXIB 1 PO3YMIHHA KIITHHHOTO TOMEOocCTasy. TakuM 4YHMHOM, L€
JOCIIIJIKEHHSI CTBOPIOE OCHOBY JUIsl TTOAANIBIIOTO BUBYEHHS aBTO(arii Ta aerpaaapiii
OUIKIB, MPOKJIAAAI0YM NUISIX IO Mporpecy B OioTexHosorii Ta dapmariii, 1e TOUHUH
KOHTPOJIb aBTO(ArYHUX MPOIIECIB € BAXKIINBHM.

Takox y 111 gucepTarii 0yJs0 po3po0JIeHO HOBI IOMIHAHTHI CEJIEKTUBHI MapKepu
UL  HEKOHBEHIIMHWX JpLKIKIB  Ogataea polymorpha. O. polymorpha — 1e
METWJIOTPO(HI TEPMOTOJEPAHTHI IPIKIKI, 3/1aTHI JO0 aJIKOTOJBHOI (pepmeHTarii
KCHUJIO3H, 1 € BAXJIMBUM MOJICJIbBHUM €YKapIOTUYHUM MIKpOOPTaHi3MOM Jisl BUBYEHHS
MOJICKYJISIPHUX MEXaHI3MIB KIITHUHHUX MPOIECIB Ta B TOM kK€ 4Yac MEPCHEKTUBHUM
MPOIYIIEHTOM OUIKIB Ta 1HIIUX KOPUCHHUX CIOJIYK. METOIM TeHEeTUYHOI 1HXKEeHepii
ChOTOJIHI IIIMPOKO 3aCTOCOBYIOTHCS JIJI1 CTBOPEHHSI HOBUX IIITaMiB 13 BUJO3MIHEHUMHU
METa0OJIYHUMU NUIIXaMUd Ta JJs JOCHIDKEHHS (YHIaMEHTaJbHUX ACIIEKTIB
CYKaplOTUYHOI KIITHHHOI Oloyorii. Po3mupeHHs MexX BHKOPUCTaHHS ITUX METOIB
noTpedye HOBUX CEIEKTUBHUX MAapKepIB JUIs 1IeHTU(]iKaLli peKOMOTHAHTHUX LITaMIB,
10 BUSBIIAIOTH OaxaHi izionoriydi pucu. Oco0aMBO BUTITHUMU JIJIST KOMEPLIHHOTO
3aCTOCYBaHHS € JPDKDKOBI BEKTOPU, IO MICTSITh TUIbKA HATUBHI TEHU
(camoxsionoBani BektopH) (Akada et al.,2002). [1i aBTOMapKkepH1 CUCTEMH € OCOOJIUBO
edeKTUBHUMU 1Ji TpaHchopMallii MPOTOTPOPHUX MPOMHUCIOBUX IITaMIB APHKIHKIB
(Hashida-Okado et al.,1996; Hashida-Okado,Ogawa,et al.,1998). Onnak, He3Baxarouu
Ha CYTTEBI JOCATHEHHS y PO3pOOI MOJEKYJspHUX MeToniB st O. polymorpha,
MapKepH I CaMOKJIOHYBaHHS € JI0CI HEAOCTYITHUMHU. TakuM 4UHOM, y IIili poOoOTi,
MU OLIIHUJIM JIBa IOTEHIIIMHI JOMIHAHTHI Mapkepu 1t O. polymorpha: MyTOBaHH TeH
AURI Ta HatuBHMI TeH IMH3, mo 3a0e3MmeuyoTh CTIMKICTh J0 aBpeo0a3uIuHy Ta
MIKO(EHOJIOBOI KHCIIOTH, BiamoBinHo. L1 mapkepu Oynu mnporecToBaHl s ix
MOTEHIIMHOTO BUKOPUCTAHHS y MeTa0oiuHii iHxkeHepii O. polymorpha.

JIBi mytanTHI Bepcii reny AURI Oyno CTBOpEHO il pO3pOOKH IIITaMiB
O. polymorpha, ctiiikux 110 aBpeoOazuauny. [lepmuii BapiaHT MICTUTh JIBa 3aMiIIIEHHS
aMIHOKHMCIIOTHUX 3aJIMIIKIB: JIeWMH Ha (eninananid y no3uuii 53 (L53 CTT — F53
TTT) ta rictunun Ha Tupo3uH y nosuiii 72 (H72 CAT — Y72 TAT). Y apyromy

BapilaHTI MPOBOAMIACS OJHOPA30Ba 3aMiHA alaHiHy Ha LUCTEIH y no3uiii 156 (A156
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GCA — CI156 TGT). HBa Bapiantu AURI Oynu okpemMo TpaHC(POpPMOBaHI B
O. polymorpha nuxoro Ttumy Ta BifiOpaHi Ha cepenoBuli YPD, mo MicTuTh
aBpeobazuaua (0,3 mr/m). Jlume tpanchopmanTu, mo HecyTh MyTarito A156C,
YTBOPIOBAJIM KOJIOHII, TOAL SIK JIJIs IITaMiB, 0 MicTtath myTamii L5S3F/H72Y, pict He
cnoctepiraBcd. Lli pesynbrat 1eMOHCTpPYIOTh, 10 BapianT reHa AURI 13 3amiHOIO
A156C edextuBHMI K Mapkep cenekmii mis TpancpopmantiB O. polymorpha,
CTIMKHUX 10 aypeobasuauHy. KpiM TOro, MU CKOHCTPYIOBAJIM IUIa3Miay, IO MICTUTh
red IMH3 O. polymorpha, sxuii HaJlae CTIMKICTb 10 MiKO(deHo10BOi kucaoTH. Ndel-
JiHeapu30BaHy IwiasMmigy TpanchopmyBanun B O. polymorpha nIUKOTO THITY.
Tpanchopmantu BigOupanu Ha cepefoBuinl YNB, 1mo MicTuTh MiKO(EHOJIOBY
kucioty (40 mr/i), micis m’SaTH JHIB KyJIBTUBYBaHHS 3 4acTOTOI0 TpaHchopmaiiii 20
TpancopmanTiB Ha mikporpam JIHK. PesynbTatu npogeMoHCTpyBaiu, 10 BBEICHHS
nonatkoBoi korii reHa IMH3 B redom O. polymorpha nuxoro tuiy O0yJo JOCTaTHIM
JJIs. OTpUMaHHSI TpaHC(OPMAHTIB, CTIMKUX JO MIKO(EHOIOBOI KUCIIOTH, IO CBIAYUTH
npo edextuBHicTh [MH3 sk wmapkepa cenekuii. I[lo6 mnpomemoncTpyBatu
edeKTUBHICTh MapKepa cenekilii /IMH3, My CKOHCTPYIOBAJIH TJ1a3Mily JUIsl OJTHOYACHOT
HaJEKCIIpecli TpbOX TEHIB MmiJg KOHTpojem mnpomoropa GAP: TALI (uuTo30JibHA
TpaHcanbaonasa), 7KLI (umurto3oinbHa TpaHckeTonaza) 1 AOXI (mepokcucomHa
ankorojibokcuaasa). Ll mnasmiga Oyna TpancopMoBaHa B HaWKpamuil MPOIyLEHT
eraHony 1mram O. polymorpha BEP/Acat8. Tpanchopmantu BigOupanu Ha
cepenoBuiili YNB, 1m0 MicTuTh MikoeHOI0BY KUCHOTY (40 MT/i1), miCHs AT AHIB
KyJbTUBYBaHHA. MU OLIHWIIM BUPOOHHULITBO €TAHOIIY MiJ] Yac pepMeHTallil KCUI03U B
orpumanomy 1mTami BEP/Acat8/TALI/TKL1/AOXI] ToOpiBHAHO 3 HOro BUXITHUM
mraMoM. CKOHCTpYHOBaHUMN 1ITaM MPOAEMOHCTPYBAB MOCUIICHY TTPOYKIIIIO €TAaHOTY
i yac QepmeHTalii KCWIO3W, akyMmyJordu Ha 39% Oulbllie eTaHoy, HiX
OaTtpkiBchbkuid mTaM BEP/Acat8 uepes 43 roawHu, 13 IpOIOBXKEHHAM (DEPMEHTINT 10
67 roaun. L1 pe3ynbratu NpoAEeMOHCTPYBaH, O sIK MyToBaHul reH AURI (Hagae
CTIHKICTh 70 aBpeoOa3uaAuHy), Tak 1 HaTUBHUUA TeH [IMH3 (Hamae CTIHKICTH 0
MIKO()EHOJIOBOT KUCIIOTH) € €(hEeKTUBHUMHU TOMIHAHTHUMU MapKepamH CEeNeKIlli s

po3pobku mtamy O. polymorpha.
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B TperboMy po3mimi wi€i gucepraiii MU B OCHOBHOMY 30CEPEKYyEMOCS Ha
MIJBUINCHIA Tpoaykiii 6ioetaHony 3 kcwio3u B O. polymorpha. 11lo6 momonatu
3pocTarody mpobaemMy 3MEHITICHHSI HAaTOBUX PECYPCiB, ICHY€ HaraabHUHN TII00aTbHAN
MOTUT HA €KOJIOTIYHI Ta YUCTI EHEePreTUYHI pillieHHs. Y bOMY KOHTEKCTiI 610€TaHOI
CTaB 1/I€aJIbHUM BIJHOBJIIOBAHUM YHUCTUM JIKEPEJIOM €Heprii, MPUBEPTAIOUN 3HAUHY
yBary Ta 3aIiKaBJICHICTh CBITOBUX JIOCJIiTHUKIB.

B nanuit yac komepiiiiiHe BUpOOHUIITBO 010€TaHOIy B OCHOBHOMY TOKJIa/1a€ThCS
Ha €TaHOJI MEePUIOTO MOKOJIIHHS, SIKUA OTPUMYIOTh 3 TAKO1 CUPOBHMHH, SIK KYKYpy/A3a B
Crnonyuenux IlTaTax, mykpoBa TpOCTHHA 1 COJIOJIKAa KapToIuist B bpasuiii, a Takox
MIIEeHUIST 1 MyKpoBi Oypsku B €Bpomi. OpHak el MeToa BHPOOHHUIITBA, SKHMA
0a3yeTbcsi Ha TMPOMOBOJIBYMX KyJIbTypax, BHUKJIMKAB MIMPOKI JHUCKYCIi PO
KOHKYPEHI1I0 MK IPOJOBOJILCTBOM 1 MaJIMBOM y CBITI. LlsI KOHKypeHLIsI MOXe He
TUIBKK JIecTalbuIi3yBaTH TMOCTA4YaHHS IPOJAOBOJIbCTBA, ajieé W MIABUINUTH IIIHU Ha
MPOIYKTH Xap4dyBaHHs, MOTCHIIHHO BIUIMHYBIIM HA BPA3JIMBI TPYMH CYCIIBCTBA.
Tomy  BUPOOHHUIITBO  €TaHOJY  JPYTrOro TMOKOJIHHA 3  BUKOPUCTaHHSIM
CUTBCHKOTOCTIONAPCHKUX BITXOJIB, TAKUX SIK JITHOIIGNIOJIO3HA OioMaca, MOCTYIOBO
npuBepTae Bce Oublly yBary. Lleli meTon BHpOOHHMIITBA Mae 3HauyHI NEpeBard,
OCKIJIbKM BIH HE KOHKYpPYE 3 Xap4OBHUMH pecypcaMu [JIsi CIIOKHBAHHS JIFOJIUHOIO,
e(EeKTUBHO BUKOPUCTOBYE HasiBHI NOOIYHI CLIIbCHKOTOCIIOAAPCHKI MPOYKTH, 3MEHIITY€E
3aJIEKHICTh B MPOJOBOJIBYMX KYJIBTYp 1 CHPHUSIE CTAJIOMY PO3BUTKY. 3aBISKU
MPOrpecy B TEXHOJOTISAX 1 MIATPUMII MOJITUKHU, OUYIKYETHCSA, 110 €TAHOJ JAPYTOro
MOKOJIIHHSI CTaHE BXKJIMBUM HAIPSMKOM MailOyTHBOTO PO3BUTKY 010€HEPIETHUKH.

[lim 4ac rigposi3y JITHOLENIONIO03HOT 0loMach B OCHOBHOMY YTBOPIOIOTHCS
TeKCO3M Ta TMEHTO3H, MPUYOMY TJIOKO3a € TEPEeBaKHOIO TEKCO30l0, a KCUio3a —
OCHOBHOIO TIEHTO3010, 10 CTAHOBUTHh MPUOJIU3ZHO OJHY TPETUHY 3arajibHOrO BMICTY
IIyKpiB, MOCTYNAIOYUCH JIUIIE TIIOKO31. B maHwii yac OCHOBHMM MIKPOOPTaHI3MOM,
SKUU BUKOPHUCTOBYETHCS Il BUPOOHMIITBA €TaHONy, € Saccharomyces cerevisiae;
OJIHAK Il APDKIKI HE MOXKYTh MPUPOIHO BUKOPUCTOBYBATH KCUIJIO3Y JJIS MPOIYKIIii
eTaHosy. BiACyTHICT CTIMKMX MIKpOOHHMX IITamiB, 3JaTHUX €(EKTUBHO

(dbepMeHTYBaTH AK MEHTO3Y, TaK 1 TeKCO3y JO0 €TaHOJIy, CTBOPHJIA 3HAYHY TEXHIUYHY
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MEPENKONy IS DOCATHEHHST BHCOKOi mpoaykTuBHOCTI (Lu, 2021). Takum dmHOM,
MIKpPOOpPraHi3Mu 3 e(PeKTUBHOIO (DEpMEHTAIIIEI0 KCUITO3U € KPUTUYHOIO MEPETYMOBOIO
JUISL PO3BUTKY >KUTTE3AATHOTO MPOILECY MEPETBOPEHHS JITHOLEIION03U B MAMBHUN
€TaHOo.

[Tpupoani apixmki O. polymorpha, mo MeTabOI3yIOTh KCUII03Y, MOXYTh
BUTPUMYBaTU BUCOKI Temmeparypu (mo 50°C) mig yac OpoaiHHSA, IO POOUTH iX
MPUAATHUMH JJI OJTHOYACHOI caxapudikarilii Ta pepmenTarii (SSF) nirnonentono3Hux
rigpomizatiB (Zaldivar et al., 2001). Ognak O. polymorpha nuxoro Tuiy BUpPOOJISIE
JWIlle MiHIMabHY KIJIBKICTh €TaHoNly 3 piBHeM Oim3pko 0,5 /1 y KCuiio3Homy
cepenoBuili (Ruchala Ta in., 2020). [lo6 migBUIMTH €PEKTUBHICTH MPOMYKIIIT
€TAaHOJIY 3 KCHWJIO3HM, PI3HI METOAM METa0OJIYHOI 1HXEHepli Ta KJIACU4YHI METOJHU
ceseKIlii OyJii 3aCTOCOBaH1 JiJIsi PO3pOOKU peKOMOIHaHTHUX wmTaMmiB O. polymorpha,
K1 IEMOHCTPYIOTh 40-KpaTHe 301IbIICHHS TPOIYKIIIi €TaHOJTY 3 KCHIJIO3U IIPU BUCOKIM
TeMIlepaTypl B Hamomy mnornepeaHboMmy nociimkeHHi (Ruchala ta 1w, ., 2017;
Kypunenko Ta iH., 2018). Tum He MeHII, MIBUAKICTh MOTJIMHAHHS KCHUJIO3M
3JIMIIAETHCS TTOMITHO HMXKUOIO HIJK IIBHJIKICTh MOTJIMHAHHS TIFOKO3HM, 0COOJIUBO i1
yac OpOJIIHHS 3MIIIAHOTO IIYKPY, /1€ YTHIIi3allisl KCUI031 3a3BUYail MOYMHAETHCS JIUIIE
TICTIsl TOBHOTO CHOKMBAHHS TTIOKO3U. Take mociiIoBHE CIIOKUBAHHS TPU3BOIUTH J10
MOJIOBXKEHHA IMKIY (epMeHTalli, OCKUIbKM T[OBUIbHIIIE MOIIMHAHHSA KCHJIO3H
3aTpUMYE 3arajbHUN mporec. JJIs momanbmoro miaBUieHHs eeKTUBHOCTI POyl
€TAHOIY 3 KCHJIO3HM CIIiJI BUBYHUTH J0JATKOB1 ctparerii. Ilomepenni mociimKeHHS
MOKa3aJid, 10 (aKTOpu TPAHCKPHUIILII Ta TPAHCIIOPTEPU MOHOCAXAPUIIB BiAIrPalOTh
KIIFOUOBY POJIb Yy peryitoBaHH1 (hepMeHTallli eranoy 3 keuio3u (Semkiv et al., 2022).
Opnak posib OUIKIB-CEHCOPIB Yy (pepMEHTAllll KCUJIO3M 3aMILAETHCS HEBUBYEHOIO.
JocnixeHHs: OUIKIB-CEHCOPIB MOXK€ HaJaTh BAXIUBY 1HGOpMAIl0 TpOo Te, SK
KJIITUHU PO3MI3HAIOTh KCHJIO3y 1 pearyloTh Ha Hel, 1[0 MOTEHILINHO NpuBene A0
CTpaTerii, SKi MOKPAaITyIOTh OTJUHAHHS Ta BUKOPUCTAHHS KCHJIO3H.

Takum dYwHOM, TII JUCEpTaIlis 30Cepe/KEHAa Ha JOCTIPKEHHI pOoJil TeHa

reKco3Horo cencopa HXSI ta rena AZF1, skuil KOAy€e TOMOJIOT TPAHCKPHUIIIIHHOTO
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dakTopa 3 S. cerevisiae 13 CEHCOPHHMHU BIIACTUBOCTSIMH, Y CIUPTOBOMY OpOJiHHI
KCHJIO3H Ta TIoKo3u O. polymorpha.

[To-nepme, ren HXS1, sikuit Koaye ceHCOp, MOMIOHUH 0 TpaHCTIOpTEPa T'eKCO3H,
1 € OJIM3BKUM FOMOJIOTOM ceHCOpiB S. cerevisiae SNF3 1 RGT2, 6yB HaJleKCTIPECOBAHUN
y MOKpallleHOMY MpoAyleHTi eranony O. polymorpha BEP/Acat8 1 mTamax aukoro
turty (WT). Ponb 1ip0r0 TeHa B yTuimizalii kcuito3u Ta hepMeHTanii pasimne He Oyia
3’gacoBaHa. OTpuMaHUil PEKOMOIHAHTHUN IITaM MPOJEMOHCTPYBAB 301JIbIIEHHS
MPOIYKIIi eTaHouTy 3 r1toKo3u Ha 10% 1 30UTbIIEHHS TPOAYKIllT €TaHOTY 3 KCHUJIO3H Ha
40% mopiBusHO 31 mTamoM BEP/Acat8. Konmu HXS! O6yB HagekcnpecoBanuii Ha (oHi
WT, pepmenTaliis sik TIOKO3H, TaK 1 KCUII03U OyJIM aKTUBOBAHI, 1 MPOAYKIIiSl €TAaHOTY
3 Kcujio3u 30inbimiacs BigHocHo Tiei y WT (0,83 r/n eranony mpotu 0,49 r/n 3
mramoM WT 3a 72 ronunu OponiHHs). Y TOM e Yac MTaMH 3 HaJIEKCIPECI€0 TeHa
AZF 1, sxuii KoJly€e aKTUBATOP TPAHCKPUIILi, 1110 Oepe y4acTh Y CEHCUHTY BYTJIEBO/IIB,
TaKoX OyJIM CKOHCTpyioBaHi Ha ocHOBI WT 1 mokpareHoro npoayieHTa etanoy (O.
polymorpha BEP/Acat8), BignoBigHo. Oxeprxkani TpancpopmanTu npoaykysaiu Ha 10%
OUIbIlIe €TAaHOJYy Ha CEpPEJOBUII 3 TIIIOKO30I0 Ta B 2,4 pa3u OLIbIIEe €TaHOJy Ha
CEpPENOBUIIl 3 KCUJI03010, HDK IITaM AWKOro Tumy. KpiM Toro, me mpu3BeNO 0
30UTBIIIEHHST aKyMyJIsiilii eTaHoiy Maike Ha 10% Ha rimokos3i Ta Ha 30% Oinbine B
KCWJIO3HOMY CEpEeIOBUILI, HI’K Y TOKPAIEHOTo MpoaylieHTa eranony O. polymorpha
BEP/Acat8. [lani cBiguath npo Te, 110 Hajekcnpecis reHiB AZF1 1 HXS] no3uTuBHO
BILJINBA€E HA BUPOOHUIITBO €TAHOY 3 KCHJI03H B mtaMax O. polymorpha. BpaxoBytoun,
1m0 edeKTUBHE OpOAIHHA KCUJIO3M Ma€ BaXJIMBE 3HAYEHHS [JIs ONTUMI3allii
BUPOOHMIITBA O10€TAHOY 3 JITHOIETIOI03HOT O10MacH, pO3YMIHHS IIMX MEXaHI3MIB €
HEOOXITHUM 1T BIOCKOHAJICHHSI IPOMHKCIIOBOTO 3aCTOCYBaHHS Ta IIiIBUIICHHS
eKOHOMIYHOI edexTuBHOCTI OlomanuBa. Kpim Toro, mramu, po3poOieHi B I[bOMY
JOCIIJKEHH], MOXYTh OYTH BUKOPUCTaHI JyIi  CTBOPEHHS  CTa0lIbHUX
HAJIPIIPOIYIIEHTIB €TAHOTY.

KarouoBi caoBa: P-ramakrosugaza, N-meTwi-N’-HITpo-N-HITpO30TyaHIHH
(MNNG), nedimut aBrodarii, Komagataella phaffii, nirHonenrono3a, KCUI03a,

CriupTOBE OpOJIIHHSA, ceHcopu, Ogataea polymorpha.
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INTRODUCTION

Relevance of the topic

Methylotrophic yeasts (organisms which can metabolize methanol as the sole
carbon and energy source) are regarded as one of the most efficient producers of
intrinsic and recombinant proteins with industrial significance, such as insulin,
hepatitis B virus surface antigen, interferons, alcohol oxidase enzymes, nitrilases and
others (Krasovska et al., 2007; Grabek-Lejko et al., 2013). As a representative of
methylotrophic yeasts, Komagataella phaffii (formerly known as Pichia pastoris) has
the following characteristics: respiratory growth to extremely high cell densities,
effective protein secretion and high-level expression of recombinant proteins from
strong inducible promoters. These characteristics make it widely applied in the
pharmaceutical and biotechnological industries. Therefore, it is also called the “biotech

yeast” (Heistinger et al., 2020).

As a robust industrial species, it not only overproduces proteins at high levels but
also requires minimizing the degradation of recombinant proteins in the cytosol.
However, the stability of heterologous proteins during over-synthesis in
methylotrophic yeasts, especially when it transferred from methanol to glucose-
containing medium, the formation of most of the enzymes involved in methanol
utilization is repressed at the transcriptional level, and the enzymes already present in
the cell undergo degradation and proteolysis, and the cell’s carbon metabolism
switches to a glycolytic pathway. This process is called catabolic degradation
(Dmytruk et al., 2021). There are two types pathways of protein degradation: one is
proteasomal degradation occurring in the cytoplasm. This system typically recognizes
and degrades ubiquitinated individual proteins, predominantly short-lived ones (Pohl
& Dikic, 2019). The second pathway is lysosome-(vacuole) dependent and is known
as autophagy. This process involves not only proteins but also intracellular organelles
or other macromolecular compounds. Subsequently, these compounds are degraded
and recycled within lysosomes (vacuoles) (Mizushima & Komatsu, 2011; Sibirny,

2016).
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Previous research has demonstrated that the secretion of heterologous proteins in
yeast are closely associated with the level of autophagy. Modifying and transforming
the autophagy pathway can enhance the production of heterologous proteins. Y.Liu et
al utilized Kluyveromyces marxianus to express the heterologous protein feruloyl
esterase. Through radiation mutagenesis, a novel mutant named T1 was obtained. The
protein yield of this mutant is approximately ten-fold higher than that of the parent
strain. Transcriptomic analysis revealed enhanced intracellular vesicle trafficking and
diminished autophagy in the T1 mutant strain. Further investigation identified a single
cytosine deletion in the Mtc6p protein, which contributed to the decrease in autophagy.
Additional experiments demonstrated that attenuating or fully inhibiting autophagy led
to increased yields of heterologous proteins. These results suggest inhibiting autophagy
significantly enhances the production of secreted proteins in K. marxianus (Y. Liu et
al., 2018). This study is currently the only research that links autophagy with
heterologous protein expression in yeast, suggesting a potential connection between
autophagy deficiency and improved efficiency in heterologous protein production.
Although the precise mechanism of how attenuated autophagy regulates yeast protein
secretion remains unelucidated, this study offers a novel perspective for promoting the
secretion of heterologous proteins in yeast by modulating the autophagy pathway. It
triggers in-depth investigations into the relationship between autophagy and protein
secretion, and lays a theoretical foundation for the production of industrialized proteins

using yeast.

Furthermore, it has also been reported that the expression of recombinant proteins
in K. phaffii can be increased by inhibiting proteolytic degradation. Mutants with
damaged proteases in K. phaffii such as SMD1163 (his4 Pep4 Prbl) and SMD1168
(his4 pep4), have been developed to reduce protein degradation. However, the
disadvantages of such strains were reduced growth rate and low transformation
efficiency, which will be unfavorable for large-scale industrial applications (Dmytruk

et al,, 2020). Consequently, these limitations highlight the need for alternative
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approaches to address protein degradation without compromising growth and

productivity, ensuring strains are viable for efficient, large-scale production processes.

Up to date, despite a large array of information on the mechanisms of degradation
of proteins and cellular organelles, the mechanisms of selective degradation of intrinsic
cytosolic proteins, as well as recombinant heterologous proteins with cytosolic
localization in methylotrophic yeast, remain poorly understand (Mizushima &
Komatsu, 2011). That is why the study into the mechanisms of degradation of cytosolic
proteins in methylotrophic yeast is an extremely important task. To explore the
relationship and mechanisms between cytosolic proteins and autophagic defects in K.
phaffii, isolating mutants that are specifically defective in autophagic degradation
processes will be vital for enhancing our understanding of how cytosolic proteins are
degraded in K. phaffii, thereby shedding light on the underlying mechanisms involved

and facilitating future advancements in biotechnological applications.

In this study, the chemical mutagen N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG) was used to select mutant strains with impaired degradation of heterologous
B-galactosidase expressed under control of methanol-induced FLDI promoter. It was
observed that the increased activity of B-galactosidase, relative to the parental strain,
when the cells were transferred from methanol to glucose medium was due to defects
in selective autophagy pathways in the mutant strains. These obtained mutants are
conducive to exploring the relationship between autophagy and protein secretion. By
utilizing the regulation of autophagy to optimize the yeast expression system and
enhance the production of target proteins, it will favorably drive forward the process

of industrialized protein production by yeast in the future.

Additionally, another research topic in this thesis is to develop the new dominant
selective markers for O. polymorpha usable in metabolic engineering experiments.
Methylotrophic yeast O. polymorpha is the model organism for studying the
mechanisms of thermotolerance, peroxisome homeostasis, methanol metabolism and
of high temperature alcoholic fermentation (O. O. Kurylenko et al., 2018; Manfrao-
Netto et al., 2019; Ryabova et al., 2003). Currently, genetically engineered approaches
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are widely used for construction of new strains with modified metabolic pathways and
for studying basic aspects of eukaryotic cell biology. The growing potential of such
approaches requires additional suitable markers for selection of recombinant strains
with desired physiological characteristics. The ADEI1, LEU2, MET6 and URA3 genes
have been developed as selective markers in combination with the corresponding
auxotrophic O. polymorpha recipient strains. Various counter-selection systems have
been succeeded for elimination of drug-resistance markers from genome of different
yeast species. However, the most desired for commercial application appeared to be
the self-cloning yeast vectors carrying no heterologous genes (Akada et al., 2002).
Such markers have not been developed yet for O. polymorpha. Therefore, in this study,
the mutated AURI and native IMH3 genes from O. polymorpha conferring resistance
to aureobasidin and mycophenolic acid were tested as potential selectable markers.
Aureobasidin inhibits Aurl, an enzyme -catalyzing the synthesis of inositol
phosphorylceramide, and induces a strong growth defect in yeast. Resistance of yeast
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kluyveromyces marxianus,
and Candida glabrata to aureobasidin was conferred by mutation of AURI gene
(Hashida-Okado, Ogawa, et al., 1998; Hashida-Okado, Yasumoto, et al., 1998).
Besides, mycophenolic acid is produced by several species of the genus Penicillium. It
1s a specific inhibitor of /IMH3 gene, which encodes IMP dehydrogenase. Resistance
of the yeasts Candida albicans and C. famata to mycophenolic acid was conferred by

overexpression of the native IMH3 gene (Dmytruk et al., 2011).

In this dissertation, the mutant forms of the AUR! gene from O. polymorpha were
created by substitution of alanine for cysteine at position 156. This mutant form of the
AURI gene with replacement A156C can be used as a marker for selection of
aureobasidin-resistant transformants in O. polymorpha. Additionally, a plasmid with
IMH3 gene conferring resistance to mycophenolic acid from O. polymorpha was
constructed. The transformants resistant to mycophenolic acid were obtained by
introduction of an additional copy of IMH3 gene into the genome of O. polymorpha
wild-type strain. These results indicated that the mutated AUR! gene and the native
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IMH3 gene can be successful applied as new dominant selectable markers in the yeast
O. polymorpha. Besides, the IMH3 gene was used as a selectable marker for
constructing a plasmid to overexpress the TALI, TKL1, and AOXI genes. Recombinant
O. polymorpha strains overexpressing these genes demonstrated significantly higher
ethanol production from xylose fermentation compared to the parental strain. This
successful application indicates that the /MH3 gene is an efficient selective marker.
This is the first information on the use of O. polymorpha engineered AURI and native
IMH3 genes as dominant markers for selection of recombinant strains of O.

polymorpha.

Furthermore, the third research topic in this dissertation is the production of
ethanol from lignocellulosic biomass by enhancing xylose utilization. Energy supply
issues in any country are regarded as a matter of national security and thus receive
considerable attention. Traditional fossil fuels, being limited in supply and primarily
located in geopolitically unstable regions, present high uncertainties in terms of supply.
Therefore, the search for alternative energy sources has become a major global
challenge. Bioethanol, also known as fuel ethanol, is a renewable energy source that
offers the potential to reduce dependence on fossil fuels, thereby enhancing energy
autonomy and security. Furthermore, it can be derived from the bioconversion of
renewable plant materials, demonstrating substantial potential in bioenergy
development, efficient utilization of agricultural waste resources, reduction of waste

disposal pressures, and the promoting the sustainable use of biomass resources.

Biofuel ethanol can be utilized in vehicles through ethanol-gasoline blends (such
as E10 or E85) or pure ethanol (such as E100). Low-concentration ethanol blends are
compatible with standard gasoline engines, while high-concentration ethanol blends
and pure ethanol necessitate the use of flexible fuel vehicles or specially designed
ethanol fuel vehicles. The adoption of ethanol fuel can decrease reliance on fossil fuels,

reduce carbon emissions, and enhance air quality (Wang et al., 2022).

Currently, nearly all ethanol is produced through microbial fermentation (such as

S. cerevisiae) from food raw materials, typically sucrose or starch. This creates
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competition with food resources for human consumption. To avoid such resource
conflicts, the development of efficient technologies for producing fuel ethanol from
inexpensive renewable resources, such as lignocellulosic residues from the agricultural
and woodworking industries, is of significant economic and environmental importance.
However, the cost of fuel ethanol derived from lignocellulosic waste is currently too
high, and there is a lack of strains capable of simultaneously converting glucose and
xylose into ethanol at elevated temperatures, which hinders industrial-scale
implementation. Consequently, enhancing and optimizing microbial producers of

ethanol from non-food raw materials is an urgent priority.

Previous studies in our lab successfully obtained recombinant strains of the

naturally xylose-fermenting yeast species O. polymorpha BEP/Acat8, significantly

enhancing the efficiency of high-temperature alcoholic fermentation from xylose
compared to the wild-type strain (Ruchala et al., 2017). However, some limiting factors
in the metabolism of this pentose remain unclear and the role of transcription factors
in xylose (and glucose) alcoholic fermentation is poorly understood (Alper &
Stephanopoulos, 2007). Previous research found that transcription factors and sugar
transporters play an important role in regulation of xylose alcoholic fermentation.
While investigations into xylose alcoholic fermentation have been performed using
Scheffersomyces stipitis and Spathaspora passalidarum, the specific sensing proteins
responsible for this process remain unidentified (Jeffries & Van Vleet, 2009; Ribeiro
etal., 2021). Therefore, in this work we focus on investigating the role of sugar sensors,
including transcription factors and not transporting sugar sensors, in the process of
xylose fermentation to shed light on their function in the O. polymorpha yeast. These
observations could be of biotechnological importance for construction of more

efficient ethanol producers from lignocellulosic hydrolysates.

Connection of work with scientific programs, plans, topics
The presented work was carried out as one of the parts of fundamental research

in the Department of Molecular Genetics and Biotechnology of the Institute of Cell
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Biology of the National Academy of Sciences of Ukraine on the topics: “Presidential
Discretionary-Ukraine Support Grants” from Simons Foundation, Award No 1030281
and No 1290613. China-Ukraine Intergovernmental Exchange Project (8). National
Natural Science Foundation of China (NSFC; No0.32060034/No0.32460051). China
Scholarship Council for financial support (No. 201908520075).

The aim and objectives of the research

Aim

The objective of this work is to employ mutagenesis approaches to obtain K.
phaffii mutant strains defective in cytosolic B-galactosidase degradation. Subsequently,
the correlation between intracellular protein degradation and the autophagy pathway in
selected mutants was investigated, providing a material foundation for uncovering

autophagy defects and protein degradation mechanisms.

To achieve the goal, the following tasks were expected to be fulfilled in the

dissertation work:

1) The parental strain GS200/LAC4 was subjected to mutagenesis using the
mutagen MNNG, and transformants exhibiting a blue color on YPD with X-gal plates
after methanol pre-cultivation were screened.

2) By analyzing -galactosidase and alcohol oxidase (AOX) activities in selected
mutants, we can determine whether their protein degradation occurs through the
selective autophagy pathway or the pexophagy pathway.

3) The viability of selected mutants was determined by calculating the percentage
of living cells and Phloxine B-stained dead cells after nitrogen starvation cultivation,
confirming autophagy impairment. Additionally, biomass accumulation in different
media was analyzed to assess the occurrence of growth defects.

Another aim of this dissertation is to develop new dominant selectable markers
for future applications in metabolic engineering of the yeast O. polymorpha.

To achieve the goal, the following tasks were expected to be fulfilled in the

dissertation work:
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1) Two plasmids were constructed with two mutant forms of the AUR/ gene from
O. polymorpha by replacing the leucine residue with phenylalanine at position 53 along
with replacement of histidine residue by tyrosine at position 72 or substitution of
alanine for cysteine at position 156.

2) A plasmid was constructed with the /MH3 gene from O. polymorpha conferring
resistance to mycophenolic acid.

3) These plasmids were respectively transformed into the Ogataea polymorpha
NCYC495 strain, and transformant growth was observed on plates containing
aureobasidin and mycophenolic acid as antibiotics. Growth on the corresponding
antibiotic plates indicated successful selection marker function, while absence of
growth indicated ineffective selection markers.

4) Constructed O. polymorpha recombinant strains overexpressing the TALI,
TKL1, and AOXI genes, using the IMH3 gene as a selectable marker, and studied their
ethanol production during xylose alcoholic fermentation compared to the parental
strain.

The third aim of this dissertation is to utilize metabolic engineering methods to
construct high-yield O. polymorpha recombinant strains capable of enhancing the
efficiency of ethanol fermentation from xylose.

To achieve the goal, the following tasks were expected to be fulfilled in the
dissertation work:

1) Engineered O. polymorpha strains with enhanced expression of AZF[—a
transcription factor homologous to S. cerevisiae AZFI involved in carbohydrate-

responsive gene regulation—were constructed in wild-type and BEP/Acat8 genetic

backgrounds.

2) O. polymorpha strains with overexpression of the hexose transporter-like
sensor gene HXS/—a close homologue of S. cerevisiae sensors SNF3 and RGT2—
were developed in wild-type and BEP/Acat8 genetic backgrounds.

3) The ethanol production, sugar consumption, cell biomass, and activities of

relevant enzymes related to xylose metabolism of the recombinant strains in both
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xylose and glucose media were measured to identify the efficiency of ethanol

production from glucose and, in particular, from xylose.

The object of research: 1. Mutant strains after MNNG mutagenesis in the
methylotrophic yeast K. phaffii; 2. Engineered strain with mutated AUR1 gene and the
native IMH3 gene as selective markers in O. polymorpha yeast; 3. Utilization of xylose

for ethanol production in O. polymorpha yeast.

The subject of research: 1. Isolation of mutants defective in cytosolic f-
galactosidase degradation in the methylotrophic yeast K. phaffii; 2. Development of
new dominant selectable markers for the non-conventional yeasts O. polymorpha; 3.
Construction of recombinant strains of O. polymorpha yeast capable of advanced

fermenting xylose and glucose to ethanol.

Research methods

Several genetic, biochemical, and microbiological research methods were used to
perform the work. The construction of recombinant vectors was carried out using
methods of molecular biology, such as hydrolysis of DNA by restriction
endonucleases, elution of DNA fragments from agarose gel, dephosphorylation of
linearized vectors, ligation of the vector with an insert. To introduce recombinant
plasmids into recipient cells (bacterial or yeast cells), transformation was performed
by electroporation. Previously, to check the transformants, plasmid or genomic DNA
of bacteria or yeast was isolated, respectively. Further, the obtained material was used
to analyze the obtained transformants by PCR (polymerase chain reaction) methods.
Biochemical characterization of recombinant and mutant strains was carried out by
determining the activity of a number of enzymes in cell-free extracts. Also, the
parameters of alcoholic fermentation of yeast strains on various substrates and sugar
consumption were determined by HPLC. For simulating genome modification
cassettes, processing results, etc. computer analysis methods, bioinformatics internet

resources and software, electronic databases of known genes were used. Growth
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characteristics of yeast cultures were analyzed by spectrophotometry. The mutagenesis
method described by An et al. was modified (An et al., 1989). The viability assay
methods to monitor autophagy were described by Noda (Noda, 2008). Images were
taken using a fluorescence microscope in conjunction with a monochrome digital

camera. AxioVision 4.5 and ImageJ software were used for photo processing.

Scientific novelty

Based on a transformant K. phaffii containing a vector for expressing the -
galactosidase gene LAC4 from Kluyveromyces lactis fused to the fluorescent tag green
fluorescent protein (GFP) under the control of the methanol-regulated promoter of gene
FLDI, the chemical mutagen N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) was
used to select the mutant strains with impaired degradation of -galactosidase under
X-gal staining. Multiple analyses confirmed the impairment of autophagy in the
obtained B-galactosidase degradation deficient mutants. The results are important for
exploring the impaired mechanisms of cytosolic protein degradation resulting from
autophagy deficiency in the selected mutant K. phaffii strains, offering new insights for

enhancing recombinant protein yields in future applications.

Genetically engineered approaches require suitable markers for the selection of
recombinant strains with desired physiological characteristics. Among these, self-
marker genes are particularly useful for transforming prototrophic industrial yeast
strains. However, such markers have not yet been developed for O. polymorpha,
despite substantial progress in molecular tools for this organism. This study provides
the first evidence of the use of O. polymorpha-engineered AURI and native IMH3

genes as dominant markers for selecting recombinant strains of O. polymorpha.

Previous research reveals that transcription factors and sugar transporters play an
important role in the regulation of xylose alcoholic fermentation. However, the role of
sugar sensors in the process of xylose fermentation has not yet been studied in O.
polymorpha. Therefore, the role of hexose sensor HXS/ and transcription factor with

sensing properties AZF1 on xylose and glucose fermentation in the native xylose-
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metabolizing yeast, O. polymorpha, were analyzed in this dissertation. The results
indicated that overexpression of the HXS/ and AZFI genes in both wild-type and

advanced etahanol producer BEP/ A cat8 strains can elevate ethanol production from

glucose, and especially from xylose. These findings are important for the construction

of more efficient ethanol producers from lignocellulosic hydrolysates in the future.

Practical significance of scientific results

K. phaffii transferred from methanol to glucose medium, most of the enzymes
involved in methanol utilization and already present in the cell undergo degradation
and proteolysis. This is one of the main bottlenecks in the production of recombinant
proteins using K. phaffii in industrial application. In this study, four -galactosidase
degradation-deficient mutant strains were obtained through MNNG mutagenesis. It
was found that their impairment of protein degradation is indeed associated with the
autophagy-deficient pathway, providing a new perspective for elucidating the protein
degradation mechanism in methylotrophic yeast. The mutagenesis methods developed
in this study can also be extended to obtain other mutant strains.

Additionally, the results indicated that the mutated AURI gene and the native
IMH3 gene can be applied as new dominant selectable markers in the yeast O.
polymorpha. Besides, the IMH3 gene was successfully used to construct an improved
ethanol producer from xylose in O. polymorpha. These findings may be suitable for
commercial applications of metabolically engineered strains with desired
characteristics, as they prevent the transfer of genes conferring antibiotic resistance to
pathogens and avoid the production of toxic or allergenic proteins by recombinant
strains.

Furthermore, recombinant strains of O. polymorpha overexpressing the HXS! and
AZF1 genes (encoding hexose transporters and transcription factors, respectively),
were constructed. These strains exhibited enhanced ethanol production capability
during the alcoholic fermentation of glucose, especially xylose. The results indicate

that the expression of relevant glucose and xylose sensing or transporter protein genes
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helps improve the efficiency of converting xylose to ethanol. This aids in the further
study of xylose metabolism-related genes. At the same time, the recombinant strains
obtained in this study can serve as starter strains to improve the efficiency of ethanol

fermentation from sugars derived from lignocellulosic hydrolysates.

Personal contribution of the acquirer

The postgraduate student developed a research plan for the fulfillment of specified
tasks with the help of a scientific supervisor. The Ph.D. student and the scientific
supervisor analyzed the experimental research results. The acquirer was engaged in the
research work of methods and techniques to select the best of them in order to achieve
the set goal of the experiment. However, the scientific supervisor was involved in this
process if necessary. The preparation of scientific publications was carried out by a
graduate student with the advisory support of a scientific supervisor, and the selection
of a journal was carried out by a scientific supervisor. The results presented in the
dissertation were obtained by conducting scientific research by a graduate student in

cooperation with the co-authors of the publications.

The author of the dissertation expresses sincere gratitude to the scientific director,
co-authors of the publications and all employees of the Institute of Cell Biology who

participated in obtaining the research results presented in the dissertation.

Approbation of the results of the dissertation

The main provisions of the dissertation work are published in the form of
scientific articles in specialized journals and presented in the form of abstracts of oral
or poster presentations.

Among the conferences at which the obtained results were presented-1st
International conference of young scientists of the Institute of Cell Biology and the
University of Rzeszéw “Current Issues in Cell Biology and Biotechnology” (Lviv,
Ukraine, 2021), Conference of Young Scientists of Institute of Cell Biology (Lviv,
Ukraine, 2022), Conference of Young Scientists of Institute of Cell Biology (Lviv,
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Ukraine, 2024), 7 Congress of the All-Ukrainian public organization “Ukrainian
Society of Cell Biology” with international representation (Lviv, Ukraine, 2024).

In total, 7 scientific works were published on the topic of the dissertation,
including three articles in international editions indexed in the Scopus and Web of
Science Core Collection databases, and four abstracts of reports in the materials of

conferences, scientific symposia, and congresses.

The structure and scope of the dissertation

The dissertation contains the following sections: “Introduction”, “Literature
review”’, “Materials and research methods™, “Research results and their discussion”,
“Analysis and generalization of the results”, “Conclusions” and ‘“References”,
“Appendix 1”. The dissertation is presented on 160 pages of printed text, of which the
main part occupies 93 pages. The work contains 22 figures, five tables and one formula.
The list of used literature includes 229 literature sources. One appendix is attached at

the end of the work.
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CHAPTER 1

LITERATURE REVIEW

1.1. Recombinant protein production in K.phaffii
K. phaffii is a methylotrophic yeast from the order Saccharomycetales and is
classified as a non-traditional production host when compared to conventional,
historically established hosts such as E. coli and S. cerevisiae. (Ata et al., 2021). It was
described in the 1960s as Pichia pastoris by Ogata, capable of utilizing methanol as a
sole carbon source and energy source (Ogata et al., 1969). In 1995, P. pastoris was
reclassified as a member of the genus Komagataella (Yamada et al., 1995). The

original name (P. pastoris) remains widely used in scientific literature.

K. phaffii has gained prominence as the most favored host cell due to its ability to
produce recombinant proteins with glycosylation patterns similar to those found in
mammalian cells (Pan et al., 2022). Furthermore, its remarkable capacity to achieve
high cell densities in fermentation facilitates protein production yields. Thus, in this
dissertation, our research is primarily focused on K. phaffii, which is a representative

strain of methylotrophic yeast.

Its ability to utilize methanol stems from the fact that methanol can induce the
expression of genes encoding alcohol oxidase (AOX), which is part of the first
enzymatic step of the methanol utilization (MUT) pathway, catalyzing the oxidation of
methanol to formaldehyde in K. phaffii (Cos et al., 2006). The enzyme encoded by
AOX belongs to the group of glucose-methanol-choline oxidoreductases. Whereas,
when glucose, glycerol, or ethanol is utilized as the carbon source, AOX is barely
expressed. Further investigations have indicated that the expression of AOX is
regulated at the transcriptional level. Importantly, its strong inducible promoter
PAOX1 exhibits remarkable efficiency in controlling the expression of heterologous
genes (Bustos et al., 2022). Currently, two AOX genes (A0X1 and A0X2) have been
identified in K. phaffii. The protein encoded by 40X2 exhibits 97% homology to and
nearly identical specific catalytic activity as the protein encoded by AOXI.
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Nevertheless, the promoter of the AOXI gene (PAOX1) is strongly induced by
methanol, whereas PAOX2 is extremely weak (Cereghino & Cregg, 2000).

Three types of K. phaffii host strains have been mainly exploited during the last
decades, varying in their ability to exploit methanol: Type I: The Mut" (methanol
utilization plus) phenotype, characterized by intact AOX7 and AOX2 genes, enables K.
phaffii strains to grow in methanol at wild-type rates. The vast majority of K. phaffii
strains belong to the Mut" phenotype, as they can efficiently utilize methanol as their
sole carbon source. This makes them suitable for large-scale production and typically
results in high levels of recombinant protein expression; Type II: The MutS (methanol
utilization slow) strains, such as KM71 (arg4 his4 aox1::ARG4), the AOXI gene is
knocked out and replaced by the S. cerevisiae ARG4 gene. The cells can rely on a small
amount of alcohol oxidase encoded by the A4O0X2 gene to complete methanol
metabolism. Therefore, these cells grow slowly in methanol medium and their
recombinant protein expression levels are generally lower than those of Mut*; Type III:
The Mut— (methanol utilization minus) phenotype, both the AOX7 and AOX2 genes are
knocked out. These strains, such as MC100-3 (arg4 his4 aox1::ARG4 aox2::his4),
cannot perform methanol metabolism and thus cannot grow in methanol medium (Cos
et al., 2005). Although its application in expression systems requiring methanol as an
inducing carbon source is limited and the recombinant protein expression efficiency is
relatively low, this phenotype is advantageous for long-term cultivation and selection.
Therefore, the selection of appropriate strain types based on specific experimental
requirements is crucial for optimizing recombinant protein production. In this study,

the wild-type strain K. phaffii GS200 was used which belongs to the Mut* phenotype.

1.2. Relationship between autophagy and cytosolic protein degradation in K.
phaffii
Degradation of cytosolic proteins, triggered by glucose in K. phaffii, can occur by

proteasomal degradation or autophagy, which significantly affects the yield of

recombinant proteins. There are two types pathways of protein degradation: one is
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proteasomal degradation occurring in the cytoplasm. Proteasomes mainly hydrolyze
short-lived proteins, such as transcription factors, cell cycle regulators, and defective
proteins. However, the vast majority of all cellular proteins are long-lived proteins that
are degraded in vacuoles via autophagy-mediated degradation, which is the second
pathway (Nazarko et al., 2008). These protein degradation mechanisms are highly
conserved among yeast species. For instance, studies in S. cerevisiae have
demonstrated that selective degradation of the cytosolic enzymes fructose
bisphosphatase and malate dehydrogenase occurs through similar pathways, involving
proteasomal degradation, autophagy, and endocytosis (Menssen et al., 2012; Giardina
& Chiang, 2013). Furthermore, K. phaffii has emerged as an exceptional model
organism for studying autophagy mechanisms, owing to its distinctive methanol
metabolism pathway. When transferred from methanol to glucose medium, it
demonstrates pexophagy-the selective autophagy of peroxisomes. Researchers have
extensively exploited this unique characteristic to unravel fundamental autophagy
mechanisms, particularly in identifying and characterizing essential autophagy-related
(ATG) genes and their functions (Bernauer et al., 2020). A notable example is the
discovery of ATG11 and ATG30 genes through peroxisome degradation studies in K.
phaffii, which revealed their critical roles as selective autophagy receptors (Kirkin,
2020). Combined with its amenability to genetic manipulation and rapid growth
characteristics, K. phaffii has established itself as an invaluable model system that

bridges fundamental autophagy research and biotechnology applications.

Increased expression of recombinant proteins in K. phaffii can be achieved
through the inhibition of proteolytic degradation. To achieve this goal, several
protease-deficient K. phaffii strains have been constructed through genetic
modification. Notable examples include SMD1163 (his4 pep4 prbl), SMD1165 (his4
prbl), and SMD1168 (his4 pep4), which can effectively reduce the enzymatic
degradation of recombinant proteins by eliminating key protease genes. During large-
scale fermentation cultivation, these protease-deficient strains have proven particularly

valuable for obtaining functional heterologous proteins with reduced degradation
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(Sreekrishna et al., 1997). The effectiveness of protease gene deletion has been
demonstrated in various studies. For instance, Wu et al. constructed a K. phaffii strain
with double knockout of YPSI and PEP4 genes, which significantly improved protein
yield. This modification increased the proportion of the complete fragment of human
serum albumin and human parathyroid hormone tandem protein in the total protein
from 30% to 80%, highlighting the potential of protease engineering (Wu et al., 2013).
Nevertheless, these protease-deficient strains come with significant limitations. They
typically exhibit compromised cellular functions, including poor viability, reduced
transformation efficiency, decreased growth rates. These drawbacks are attributed to
the essential roles that some proteases play in normal cellular processes, such as
cellular homeostasis. While this approach can reduce protein degradation, it must be
carefully balanced against potential negative impacts on host cell physiology.
Consequently, protease-deficient strains are generally employed only when other
strategies for enhancing protein production prove ineffective. These limitations have
prompted researchers to investigate another major protein degradation pathway-

cellular autophagy pathway.

Additionally, in K. phaffii, the autophagic degradation pathway has been
identified as one of the predominant mechanisms for eliminating recombinant proteins;
many heterologous proteins, such as human insulin precursors and antibody fragments,
are degraded via this pathway. (Marsalek et al., 2019). Due to this fact, the autophagy-
mediated vacuolar degradation significantly impacts recombinant protein production
yields in K. phaffii. The mechanism of autophagy pathways and their related genes
have received increasing attention. Such as key autophagy-related genes—including
ATG1,ATGS, PEP4, ATGS, and ATG7——control the formation of autophagosomes and
the proteolytic activity within vacuoles, where this degradation takes place, thus
affecting the stability and yield of recombinant proteins (Bernauer et al., 2020). Up to
now, some genes involved in autophagy and pexophagy, such as ATGS, ATG30,
ATG11, ATG24, VPS15, VPS47, YPT7, PEX3, PEX14, PEX14, HXS1, GCNI, GCN2
and GSS1, have been identified in Ogataea polymorpha and K. phaffii (Klionsky et al.,
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2003; Geng & Klionsky, 2008; Farré et al., 2008; Polupanov & Sibirny, 2014; Sakai et
al., 2006). Recent studies have demonstrated that disrupting these autophagy-related
genes has the potential to enhance recombinant protein production. For example, Liu
et al. investigated heterologous protein production in Kluyveromyces marxianus
through radiation-induced mutagenesis. The engineered mutant T1 exhibited
remarkable protein secretion efficiency, demonstrating a substantial ten-fold increase
in yield compared to the parental strain. Comprehensive transcriptomic profiling
revealed significant alterations in cellular processes, specifically characterized by
enhanced intracellular vesicle trafficking and pronounced autophagy suppression.
Molecular characterization identified a critical single cytosine deletion within the
Mtc6p protein, which as a key factor contributing to autophagy reduction. Additional
experiments confirmed that attenuating or deleting MTC6P consistently improved
protein yields, suggesting that modulating autophagy-related genes could be an
effective strategy for enhancing recombinant protein expression in yeast systems (Y.

Liu et al., 2018).

To enhance protein production, it is essential to understand protein degradation
mechanisms, particularly the autophagy-related pathways. However, the mechanisms
of degradation of these and other intrinsic cytosolic proteins, as well as recombinant
heterologous proteins with cytosolic localization in methylotrophic yeast, remain
unclear. The complexity is further increased by the interconnected nature of various
degradation pathways and their roles in cellular homeostasis. Therefore, the analysis
of the mechanisms of degradation of cytosolic proteins in methylotrophic yeast, the
selection of mutants with damage to the relevant mechanisms such as autophagy
pathways, and the study of the productivity of cytosolic protein synthesis in such
mutants has significant scientific interest and application potential (Dmytruk et al.,
2020). Understanding these pathways and their regulation provides opportunities for
enhancing recombinant protein productivity through selective disruption of autophagy-

related genes. Therefore, autophagy-related genes and their regulatory mechanisms,
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which are essential for developing effective strategies to improve recombinant protein

yields, are introduced in this review.
1.3. Autophagy and Autophagy-related genes (ATG)

The growth status of cells is of great significance for the production of secreted
proteins in bioreactors. In many instances, the concentration of the product in the
extracellular fermentation broth is proportional to the cell biomass density in the
culture. Autophagy, as a key regulatory pathway for cell growth, has a complex and
intimate connection with cell metabolism, growth status, survival rate, and homeostasis
(Ryter et al., 2013). Autophagy is a highly conserved subcellular degradation pathway
in eukaryotes. It is a process in which cells degrade their own components through
lysosomes or vacuoles to provide energy for the cells (Klionsky, 2007). The formation
of autophagosomes with autophagy-related genes (ATG proteins) as the core
component is a hallmark feature that distinguishes autophagy from other vesicle
transport processes (Inoue & Klionsky, 2010). Along with apoptosis, autophagy has
become another prominent research focus in the field of life sciences. Under normal
physiological conditions, autophagy is maintained at a relatively low level. However,
under stress conditions such as ultraviolet irradiation, low oxygen levels, and energy
and nutrient metabolism challenges, cells can activate autophagy to ensure their
survival. Therefore, this process is of great significance for maintaining cellular

physiological metabolism and internal homeostasis.

Yeast, as an excellent model organism for studying autophagy, holds significant
biological importance for further exploring autophagy in higher organisms. The
commonly used yeast model strains mainly include S. cerevisiae, K. phaffii, and
Ogataea (Hansenula) polymorpha. Among them, S. cerevisiae has been the most
extensively studied model organism for autophagy research. In 1992, Yoshinori
Ohsumi discovered the first yeast autophagy-related gene A7G1 in autophagy-deficient
strains of S. cerevisiae. This gene encodes a serine/threonine kinase that is essential for
autophagy (Tsukada & Ohsumi, 1993). Subsequently, he and his team screened and

identified 15 key autophagy genes by constructing S. cerevisiae deletion strains and
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named them ATGI to ATG15 (Ohsumi, 1999). Currently, 42 autophagy-related genes

have been identified in yeast, and the majority of them are highly conserved in
eukaryotes (Parzych et al., 2018). Among the numerous autophagy-related genes, yeast
possesses 19 core autophagy genes known as “core Atg proteins”, which are comprised
of the following genes: ATG1-10, ATG12-14,ATG16-18, ATG29, ATG31,and ATG3S.
(Suzuki et al., 2007). According to their functions, they can be divided into five major
categories: the ATGI kinase complex (ATG1, ATGI3, ATG17, ATG29, and ATG31);
the PI3K kinase complex (ATG6, ATG14, ATG3S, VPS15, and VPS34); the ATG2-
ATGI18 complex (ATG2, ATGI1S); the ubiquitin-protease coupling system (A7G3,
ATG4, ATGS5, ATG7, ATGS, ATGI0, ATGI2, and ATG16); and the ATGY
transmembrane protein transport system (A7GY9) (Farré & Subramani, 2016). The
discovery of the ATG gene family and the identification of their protein functions have
brought significant convenience to autophagy research. These pioneering findings have
revolutionized our understanding of autophagy by revealing the molecular components
essential for autophagosome formation and regulation. The characterization of ATG
genes has not only provided powerful genetic tools for studying autophagy but also
enabled the identification of homologous genes in higher organisms. This provides an
essential foundation for exploring the molecular mechanisms and signaling pathways
of autophagy, advancing both fundamental studies in cellular processes (including

heterologous protein production and metabolism) and therapeutic applications.

1.3.1. Classification of yeast autophagy pathway

Autophagy can be classified into selective and non-selective autophagy based on
the specificity of degradation substrates (Wilfling et al., 2020). Selective autophagy is
mainly induced by specific intracellular substrates, such as mitophagy, endoplasmic
reticulum autophagy, and peroxisome autophagy and so on (Parzych & Klionsky,
2014). Non-selective autophagy is predominantly triggered by extracellular stimuli.
For instance, it serves as a self-protection mechanism for yeast cells when they are

subjected to starvation or nutrient deficiency (Ohsumi, 2013).
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According to the way degraded substances enter vacuoles or lysosomes, cellular
autophagy can be classified into three forms: microautophagy, macroautophagy and
chaperone-mediated autophagy (CMA) (Glick et al., 2010). Among them,
microautophagy is defined as the process in which lysosomes directly engulf
macromolecular proteins and damaged organelles, which are then degraded into small
molecular substances by lysosomal enzymes (Schuck, 2020). Macroautophagy is a
process where organelles and proteins targeted for degradation are enclosed within
double-membrane  structures called autophagosomes. Subsequently, these
autophagosomes fuse with lysosomes/vacuoles for degradation (Feng et al., 2014).
Chaperone-mediated autophagy mainly degrades proteins containing the KFERQ
sequence. HSC70, as a chaperone protein, recognizes proteins with the KFERQ
sequence and transports them to the lysosomal membrane. Subsequently, the target
protein is transferred into the lysosome by the membrane receptor LAMP-2A and
degraded within the lysosomal lumen. This process is highly specific, and degradation
1s only applicable to proteins with this specific sequence (Yao & Shen, 2023; Kaushik
& Cuervo, 2018). Both microautophagy and macroautophagy can be selective or non-
selective, while CMA i1s considered a form of selective autophagy (L1 et al., 2021). At
present, macroautophagy is the most extensively studied and thoroughly explored type
of autophagy. It serves as the primary metabolic pathway for degrading accumulated
proteins and damaged or redundant organelles, and it is also the predominant form of
autophagy in yeast cells. In this dissertation, the term ‘“autophagy”, unless otherwise

specified, refers to macroautophagy.

1.3.2. The mechanism of the non-selective (general) macroautophagy

pathway

Generally, non-selective autophagy is often referred to as macroautophagy, but
they are not entirely equivalent. The concept of macroautophagy is broader,
encompassing both non-selective and selective autophagic processes. Specifically,

macroautophagy is characterized by the formation of double-membrane vesicles called
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autophagosomes that engulf cellular components. When this process occurs randomly
to degrade bulk cytoplasmic contents during starvation or stress, it is considered non-
selective autophagy. However, macroautophagy can also be highly selective, targeting
specific cellular components such as damaged organelles, protein aggregates, or
pathogens through specialized receptor proteins and adaptor molecules. Therefore,
while non-selective autophagy represents a major form of macroautophagy, it is more
accurate to view macroautophagy as an umbrella term that includes both non-selective

bulk degradation and various forms of selective autophagy.

For the purposes of this dissertation, subsequent discussions will focus on
macroautophagy in its non-selective form, and the progression of this process will be
describe. Generally, the process of non-selective autophagy in yeast is divided into the
following steps: initiation of autophagy; elongation of autophagosome; formation of
autophagosome; docking and fusion of autophagosome with vacuole; and degradation
and recycling of substrates. As shown in Figure 1.1. These specific steps and their

molecular mechanisms will be described in detail in the following sections.
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Fig. 1.1 The process of macroautophagy (Pena-Oyarzan et al., 2022)

The first step of autophagy involves the initiation of signaling cascades that trigger
the autophagic response. The initiation of autophagy is induced by multiple pathways,
including the TOR (Target of rapamycin) pathway, PI3K (Phosphatidylinositol-3-
kinase) pathway, AMPK (AMP-activated protein kinase) pathway, and PKA (Protein
kinase A system) pathway (Wang & Zhang, 2019). The TOR pathway is a key
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regulatory pathway for cells in response to adverse environmental stimuli such as
starvation and hypoxia. When yeast cells are nutrient-rich, the TOR protein is in an
activated state. The rapamycin-targeted kinase complex 1 (TORCI1) and its target
recognition cofactor, the regulatory-associated protein of TOR (RAPTOP), hyper-
phosphorylate Atgl3 (Wang & Zhang, 2019; Noda, 2017). Atgl3 is a serine-rich
protein that contains phosphorylation sites and other key regions, and serves as a direct
substrate of TORCI1. The hyper-phosphorylation of Atgl3 prevents its association with
other autophagy-initiating proteins, thereby inhibiting the occurrence of autophagy.

(Alers et al., 2014).

Coversely, when yeast cells are starved or stimulated by rapamycin, TORCI1
becomes inactive and Atgl3 is rapidly dephosphorylated, thus inducing the occurrence
of autophagy (Dossou & Basu, 2019). This process 1s associated with the activation of
protein phosphatase 2A (PP2A)-Cdc55 and PP2A-Rts1. Their synergistic effect leads
to the full dephosphorylation of Atgl3, promoting the occurrence of autophagy
(Banretietal., 2012; Yeasmin et al., 2016). Dephosphorylated Atg13 exhibits enhanced
interaction capability with Atgl and Atgl7. Under all circumstances, Atgl7 forms a
stable complex with Atg29 and Atg31 in a 1:1:1 ratio, known as the Atgl7-Atg29-
Atg31 complex (Liu & Klionsky, 2016). Ultimately, a pentameric complex centered
around Atgl i1s formed, comprising Atgl-Atgl3-Atgl7-Atg29-Atg31, known as the
Atgl kinase complex (Noda & Fujioka, 2015). Atgl, as a conserved kinase, serves as
an upstream key initiator of autophagy induction and plays a crucial role in initiating

the autophagy process (Noda & Fujioka, 2015).

Following the formation of Atgl kinase complex, the next crucial step in
autophagy is the assembly of autophagosome at a specific site called the phagophore
assembly site (PAS). Located near the vacuole, PAS recruits a large number of proteins
required for autophagy in a hierarchical manner, obtains lipids, and continuously
extends to form a ring structure. Eventually, it closes to form an autophagosome with
a double-layer membrane (Hollenstein & Kraft, 2020). The localization of PAS to the

vacuole is mediated by the vacuolar membrane protein Vac8. Vac8 interacts with
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Atgl3 at the PAS site and anchors PAS to the vacuole during autophagosome
formation (Hollenstein et al., 2019). Once PAS is localized to the vacuole, it undergoes
assembly in a hierarchical fashion, where Atg proteins are sequentially recruited to

promote autophagosome formation (Lorin et al., 2013).

In yeast, the Atgl kinase complex is the first factor recruited to PAS. The
formation of autophagosomes is stringently regulated by this complex. In the complex,
Atgl, as the core protein, facilitates the recruitment of other downstream proteins.
Atgl3 is linked to the vacuolar membrane protein Vac8 to localize PAS to the vacuole.
Atgl7 functions as a scaffold protein and plays a crucial role in the assembly of
autophagy-related proteins (Shibutani et al., 2015). Subsequently, the transmembrane
protein Atg9 is recruited to PAS, aiding in autophagosome nucleation and serving as a
“membrane carrier” to participate in the formation of the autophagosome membrane.
Atg9 is the sole fully characterized membrane protein, possessing six transmembrane
domains. It shuttles between the PAS site, mitochondria, endoplasmic reticulum (ER),
and Golgi apparatus, and plays a crucial role in autophagosome precursor nucleation
and autophagosome membrane formation (Shirahama-Noda et al., 2013). The
circulation of Atg9 requires PI3K to form PI3P. The existence of this lipid triggers
Atg9 to depart from the PAS site and enables the sequential recruitment of Atg2 and
Atgl8 (Hitomi et al., 2023; Nascimbeni et al., 2017). Thereafter, the class 111 PI3K
complex I containing Atgl4 is recruited, inducing autophagosome precursor
nucleation. PI3K accumulates abundantly at PAS and phosphorylates the 3-OH on the
PI inositol ring to generate PI3P. The accumulation of a significant amount of PI3P can
recruit its binding proteins Atg2 and Atgl8. Atg2, Atg4, and Atgl8 are all associated

with the extension and expansion of autophagosomes (Nascimbeni et al., 2017).

With the recruitment and coordination of these proteins, autophagosome assembly
initiates at the PAS site. Subsequently, the autophagosomes undergo expansion and
elongation. The elongation of yeast autophagosomes is reliant on two ubiquitin-like
(UBL) binding systems: the Atg8 ubiquitin-like protein binding system and the Atgl2
ubiquitin-like protein binding system (Yin et al., 2020).
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Atgl2 is the first ubiquitin-like protein identified in yeast. The Atgl2 binding
system includes Atg5, Atg7, Atgl0, Atgl2, and Atgl6 (Karow et al., 2020). Among
them, Atg7 and AtglO serve as E1 ubiquitin-activating and E2 ubiquitin-conjugating
enzymes respectively, and are implicated in the modification of the substrate Atgl2
protein (Karow et al., 2020). The Atgl2 binding system plays a crucial role in recruiting
other factors and facilitating the extension of autophagosomes (Mizushima, 2020).
Subsequently, Atg5-Atgl2 combines with Atgl6 to generate the AtgS-Atgl2-Atgl6
complex. This complex catalyzes the binding of ubiquitin-like protein Atg8 to PE,
thereby forming a complex that participates in the expansion of the autophagosome

membrane (Xiong et al., 2018).

The Atg8 binding system consists of Atg3, Atg4, Atg7, and Atg8 (Roberto et al.,
2020). The Atg4 cysteine protease can cleave Atg8 to expose glycine, which then binds
to the E1 ubiquitin-activating enzyme Atg7 and the E2 ubiquitin-conjugating enzyme
Atg3. Ultimately, under the action of the E3 ubiquitin ligase, the cleaved Atg8 binds
to PE to form the Atg8-PE complex (Roberto et al., 2020). The Atg8-PE complex is
localized on the inner and outer membranes of autophagosomes and exerts a crucial

role in both the extension and closure of autophagosome membranes (Nieto-Torres et

al., 2021).

The final step of autophagy involves the fusion of autophagosomes with vacuolar
membrane and degradation of substrates. Autophagosomes undergo expansion and
extension and ultimately close to form a complete double-membrane structure
enclosing substances awaiting degradation. However, the constituent elements of the
autophagosome membrane have not been precisely confirmed (Lérincz & Juhasz,
2020). Subsequently, driven by SNARE proteins, the outer membrane of the
autophagosome double membrane fuses with the vacuolar membrane, further giving
rise to an autophagic body with a single-membrane structure. Following
autophagosome fusion with the vacuolar membrane, the inner vesicle (autophagic body)
is released into the vacuolar lumen. Here, Atgl5, the only known vacuolar

phospholipase, plays a critical role in the late-stage autophagy process. Transported to
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the vacuole via the multivesicular body (MVB) pathway, Atgl5 becomes activated by
Pep4 and Prbl, whereupon it functions as a phospholipase B to degrade autophagic
body membranes (Kagohashi et al., 2023). This membrane degradation is essential, as
it exposes the autophagic cargo to vacuolar hydrolases for complete breakdown. In the
absence of Atgl5, autophagic bodies accumulate within the vacuole, significantly
impeding both autophagic flux and cargo degradation. Eventually, under the action of
hydrolases within the vacuole, the autophagic body and its contents are digested and
degraded into small molecular substances and released (Adnan et al., 2019). The
degraded substances are further converted to generate basic metabolites, which are
transported to the cytoplasm and act as new proteins and lipids to protect cells under
stress conditions and maintain the internal homeostasis of cells in an adverse

environment.

Through systematic investigation of the autophagy pathway, from the initiation of
PAS formation to the final degradation of autophagic bodies in vacuoles, we can
identify key regulatory points and genes involved in protein degradation. This
knowledge provides valuable insights for genetic engineering strategies aimed at
reducing target protein degradation and improving protein yield in industrial
production. By manipulating autophagy-related genes and pathways, it becomes
possible to optimize cellular protein homeostasis, potentially leading to enhanced
protein production efficiency while maintaining cell viability under production
conditions. In addition to general autophagy, selective autophagy participates in the
degradation of specific organelles and together with general autophagy forms a
complete system for intracellular material degradation, thus playing an important role

in improving protein production.

1.4. The mechanism of the selective autophagy pathway

Selective and non-selective autophagy share the same core molecular machanism,;
however, selective autophagy is distinguished by its requirement for specific receptors,

which are dispensable in non-selective autophagy (Jin et al., 2013). Selective
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autophagy is a highly specific process that recognizes and degrades distinct substrates,
including protein complexes, damaged organelles, and invading microorganisms.
Depending on the type of organelle involved, different types of selective autophagy are
distinguished, with representative examples including pexophagy (peroxisomal
autophagy), mitophagy (mitochondrial autophagy) and ribophagy (ribosome
autophagy).

1.4.1. Pexophagy (peroxisomal autophagy) pathway

The main function of peroxisomes is to metabolize methanol through alcohol
oxidase, catalase, and formaldehyde dehydrogenase. Additionally, peroxisomes can
break down fatty acids, formamide, and hydrogen peroxide. Therefore, the primary
role of peroxisomes is to remove toxic substances from cells. Due to the important role
of peroxisomes in cells, cells strictly control the number of peroxisomes based on
environmental factors (Gabaldon, 2010). When K. phaffii grows on methanol, oleic
acid, or organic amines, peroxisomes can occupy up to 80% of the cell volume. During
this time, when the carbon source for K. phaffii changes to glucose or ethanol, the
peroxisomes are engulfed by vacuoles. This process is called pexophagy. After

pexophagy occurs, peroxisomes occupy less than 5% of the cell volume.

K. phatffii is the only species that can undergo different modes of pexophagy in
response to varying culture media composition (Tuttle & Dunn, 1995). It has rapid
rates of peroxisome production and degradation, and well-characterized genome
making it an ideal model orgainsm for investigating selective peroxisome autophagy
mechanisms (De Schutter et al., 2009). Moreover, K. phaffii is also a commonly used
host for heterologous protein expression, primarily due to the strong transcriptional
activity of the alcohol oxidase promoter (pAOX) of the alcohol oxidase localized
within peroxisomes (Cregg, 2007). The induction of pexophagy downregulates AOX
promoter activity, consequently attenuating heterologous protein expression (Potvin et

al., 2012). Thus, elucidating the molecular mechanisms of pexophagy provides critical
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insights into the regulation of recombinant protein production and its inhibitory

pathways.

K. phaffii exhibits two different modes of peroxisome autophagy:
micropexophagy and macropexophagy (Tuttle & Dunn, 1995). Micropexophagy is
triggered when the carbon source shifts from methanol to glucose. During
micropexophagy, peroxisomes initially move in close proximity to the vacuole, after
which the vacuole flattens and develops arm-like extensions of new vacuolar
membrane components. The vacuole, newly formed membrane components, and a
specialized structure called the micropexophagy apparatus (MIPA) work collectively
to engulf the peroxisomes. Finally, vacuolar proteases degrade the peroxisomes (Sakai
et al., 1998). Micropexophagy is characterized by the simultaneous vacuolar
engulfment of multiple peroxisomes (Manjithaya et al., 2010). Macropexophagy is
induced when the carbon source shift from methanol to ethanol. The process is
characterized by the sequential assembly of autophagosomal components around
individual peroxisomes (Dunn et al., 2005; Till et al., 2012), culminating in the
formation of a double-membrane autophagosomal structure. Upon completion of
sequestration, the autophagosome undergoes fusion with the vacuole, facilitating the
delivery of its peroxisomal for hydrolytic degradation. In contrast to micropexophagy,
macropexophagy processes peroxisomes individually, with each autophagosome

sequestering a single peroxisome.

At the beginning of this process, since K. phaffii metabolizes glucose or ethanol
faster than methanol, more energy is generated when its carbon source changes from
methanol to glucose or ethanol. This excess energy increases the phosphorylation level
of a specific receptor, Atg30, in K. phaffii. Subsequently, Atg30 localizes to the
peroxisome membrane proteins Pex3 and Pex14, and recruits Atgl 1 and Atgl7 to form
the phagophore assembly site (PAS). This structure gradually expands into either the
sequestering arm of micropexophagy or the autophagosomes of macropexophagy.
During micropexophagy, a specific membrane structure called MIPA forms with the

participation of Atg8, Atg9, and Atg26 (Farré et al., 2013). After the vacuolar
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sequestering arm and newly formed MIPA surround the peroxisome, fusion with the
vacuole occurs under the action of Atgl, Atg24, and Vac8, initiating the degradation
phase. In the macrophagy process, Atg6 first localizes to the vacuolar region, and when
Atg8 binds to one of the Atg6 proteins, it links to PAS, which then grows into the
autophagosomal membrane. These components extend the autophagosomal membrane
under the action of Atg9, ultimately forming the autophagosome. Subsequently, Atg24
binds to Atgl7 to fuse with the vacuole, similarly undergoing degradation under the

action of Atgl, Atg24, and Vac8 (Oku et al., 2006).

Both macro- and microphagy of peroxisomes are accomplished through the
coordinated action of multiple autophagy-related proteins, and elucidating the
quantitative relationships of these proteins’ cooperative actions has become a new
research focus. Preventing peroxisome autophagy in K. phaffii under high-energy
conditions can maintain the expression of foreign genes driven by the alcohol oxidase
promoter while also providing energy for heterologous protein expression and
accumulation of high-value chemicals. At the same time, in mutants with defects in
pexophagy-related genes, the degradation of peroxisomes (and, accordingly,
peroxisomal proteins) is impaired, which may benefits the elevation of protein yield.
Zhang et al. prevented peroxisome autophagy in K. phaffii under high-energy
conditions by adding oxygen carriers such as hexane (J. G. Zhang et al., 2008) and
controlling cellular maintenance energy (J. Zhang et al., 2008), which increased the
accumulation of S-adenosyl methionine and the expression of calf intestinal alkaline
phosphatase light chain in recombinant K. phaffii (Zhang et al., 2009). These studies
provide valuable guidance for this thesis demonstrating that protein yield can be

regulated through the control of pexophagy process.

1.4.2. Mitophagy (mitochondrial autophagy) pathway

Mitochondrial autophagy was first proposed by Lemasters in 2005, which mainly
refers to the process where under stimuli such as ROS, nutrient deficiency, and cellular

aging, mitochondria in cells undergo depolarization damage. The damaged
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mitochondria are specifically engulfed by autophagosomes and fuse with lysosomes
(or vacuoles in yeast), thereby completing the degradation of damaged mitochondria

and maintaining cellular homeostasis (Lemasters, 2005).

In yeast, mitochondria may be transported to the vacuole in different ways. The
first way 1s the classic starvation / rapamycin-induced pathway which mediated by
TOR and results in macroautophagy. Atg32, one of the first discovered receptor
proteins capable of mediating mitochondrial autophagy, localizes to the outer
mitochondrial membrane and contains a WxxL motif for direct interaction with Atg8.
This protein also interacts with Atgl1 at the peri-vacuolar phagophore assembly site
(PAS), where autophagosomes form to engulf and deliver mitochondria to the vacuole
for degradation (Okamoto et al., 2009; Kanki et al., 2009). The second way which
induced autophagy in the stationary phase. This pathway relies on the autophagosomal
identification of mitochondria via the mitochondrial Aupl protein and results in
macroautophagic disposal. Tal et al. discovered and defined Aupl (ancient ubiquitous
protein 1), a protein phosphatase homolog in yeast that interacts with the autophagy-
related protein kinase Atglp. While the deletion of Aupl does not affect starvation-
induced non-selective macroautophagy, it is essential for stationary phase
mitochondrial autophagy when lactate is used as a carbon source. In cells with Aupl
gene mutations, both mitochondrial autophagy levels and cell viability significantly
decrease, indicating that AUP1 plays a pro-survival role in Aupl-mediated

mitochondrial autophagy (Tal et al., 2007).

Additionally, starvation/rapamycin can also induce microautophagy of
mitochondria, a process in which recognition of the mitochondrial protein Uthl results
in the direct engulfment of mitochondria by the vacuole. Kissova et al. made the first
discovery of genetic regulation of mitochondrial autophagy through their research on
the Uthl gene. The Uthl molecule contains a “SUN” (Simlp, Uthlp, Nca3p, and
Sundp) domain and localizes to the outer mitochondrial membrane. Under normal
conditions, the effects of starvation and rapamycin lead to autophagic clearance and

mitochondrial degradation, while the deletion or mutation of the Uthl gene results in
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ineffective clearance of damaged mitochondria (Kissova et al., 2004). A characteristic
of Uthl protein-mediated mitochondrial autophagy is the direct contact and possible

fusion between mitochondria and vacuoles, similar to non-selective microautophagy.

Although the direct relationship between mitophagy and protein yield has not
been as extensively studied as processes like pexophagy, emerging evidence suggests
that mitophagy may regulate protein biosynthesis through indirect mechanisms
(Ashrafi and Schwarz, 2013). Specifically, mitophagy maintains mitochondrial
homeostasis and functional integrity through selective degradation of damaged
mitochondria. A well-functioning mitochondrial network can provide sufficient ATP
supply (Herzig and Shaw, 2018), thereby furnishing the essential energy required for
protein translation. This optimization of energy metabolism may influence total protein

yield under specific physiological or pathological conditions.

1.4.3. Ribophagy (ribosome autophagy) pathway

Kraft et al. (Kraft et al., 2008) demonstrated that under starvation conditions,
ribosomes are degraded in the vacuole via different pathways (Fig.1.2). One pathway
involves the non-selective uptake of ribosomes, which are engulfed and transported to
the vacuole. The other pathway is a specific autophagy process known as ribophagy,
which selectively degrades the 40S and 60S ribosomal subunits. Additionally, due to
the close structural association between ribosomes and the endoplasmic reticulum (ER)
or mitochondria, ribosomes can also be degraded via a bypass autophagy pathway
during ER-phagy or mitophagy. Screening of yeast mutants revealed that ribophagy
relies on the catalytic activity of the ubiquitin-specific protease Ubp3 and its cofactor
Bre5 (Kraft et al., 2008). However, the regulation of the large ribosomal subunit (60S)
is dependent on the Ubp3/Bre5 ubiquitin protease, whereas the 40S small subunit is
not, suggesting that the large and small ribosomal subunits are subjected to distinct
degradation pathways, although the exact mechanisms remain unclear. Further studies
have shown that efficient ribophagy depends on the Ubp3-Bre5-Ufd3-Cdc48 complex,

which eliminates specific ubiquitinated targets through deubiquitination (Ossareh-



55

Nazari et al., 2010). The Ubp3 complex induces the deubiquitination of the lysine 74
residue on Rpl25, which can also be ubiquitinated by the ribosome-associated E3 ligase
Ltnl. There exists an antagonistic effect between Ltnl and the Ubp3 complex, which
dynamically regulates the activity of ribophagy by competing for the same site on
Rpl25, further supporting the specificity of this mechanism (Kraft et al., 2008; Ossareh-
Nazari et al., 2010). Therefore, the balance between ubiquitination and
deubiquitination of Rpl25 serves as the primary molecular basis for ribophagy,

although its precise regulatory mechanism remains unclear (Beese et al., 2019).

In their study on starvation-induced ribophagy, Wyant et al. (Wyant et al., 2018)
discovered that nuclear fragile X mental retardation-interacting protein 1 (NUFIP1) is
closely associated with the initiation of ribophagy and serves as a key receptor
mediating this process. NUFIP1 forms a heterodimer with zinc finger HIT domain-
containing protein 3 (ZNHIT3) (Quinternet et al., 2016), and promotes the binding of
early autophagosomes, facilitating the transfer of ribosome-containing
autophagosomes to the lysosome (Wyant et al., 2018). Ribosome transport to the
vacuole depends on the involvement of ATG1 and ATG7 in yeast (Cebollero et al.,
2012). Further analysis confirmed that NUFIP1 contains four LC3B-interacting
regions (LC3-interacting regions, LIRs), and based on the interaction between NUFIP1
and LC3B, Wyant et al. (Wyant et al., 2018) hypothesized that NUFIP1 could be a
selective autophagy receptor for an unknown substrate in the cytoplasm. It has been
established that NUFIP1 is a critical protein in starvation-induced ribosome
degradation. NUFIP1 translocates from the nucleus to the cytoplasm, where it directly
interacts with LC3B to transport ribosomes into autophagosomes, a process that may

be independent of direct regulation by nutrients and mTORC1 (Wyant et al., 2018).

Ribophagy, a selective autophagy pathway targeting ribosomes, fundamentally
influences protein yield through multiple regulatory mechanisms. At the molecular
level, this process enhances protein synthesis efficiency by selectively eliminating
damaged or non-functional ribosomes that could otherwise impair translational

accuracy and output. The quality control function of ribophagy maintains an optimal
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ribosomal pool composition, directly contributing to maximal protein production
capacity. Moreover, under stress conditions, ribophagy-mediated ribosome turnover
serves as a critical determinant of protein synthesis rates by modulating the availability
of functional ribosomes and recycling ribosomal components for the assembly of new
translation machinery (Mathis et al., 2017). During cellular growth and proliferation,
the dynamic regulation of ribosome abundance through ribophagy creates a
homeostatic balance that optimizes protein synthesis efficiency relative to cellular
energy status and metabolic demands (An et al., 2019). Notably, recent evidence
suggests that perturbations in ribophagy-dependent ribosome quality control can lead
to significant reductions in protein yield, highlighting the direct relationship between
ribophagy function and protein production capacity (Gretzmeier et al., 2017). However,
many questions remain unresolved, such as whether changes in ribosome homeostasis
under mTORCI inhibition promote its interaction with NUFIP1-ZNHIT3, and whether
these changes involve post-translational modifications, protein ubiquitination, or the
interaction between proteins and ribosomes, which still require further clarification.
Therefore, a deep understanding of the specific molecular mechanisms of ribophagy is
of significant scientific value for identifying effective therapeutic targets based on

ribosomal cell homeostasis.
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Fig. 1.2. The process of ribophagy (Zhao et al., 2022)

In addition to the mentioned above, other forms of selective autophagy include
lipophagy (autophagy of lipids), nucleophagy (autophagy of the nucleus), glycophagy
(autophagy of glycogen granules), zymophagy (autophagy of zymogen granules), and
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ER-phagy (endoplasmic reticulum autophagy) pathway and so on. Selective-
autophagy represents a sophisticated cellular quality control mechanism that
specifically targets and degrades distinct cellular components. These processes are
mediated by specific receptor proteins that recognize designated substances and
connect them to the core autophagy machinery. Unlike macroautophagy, selective
autophagy maintains cellular homeostasis through precise recognition and elimination
of specific substrates, thereby playing crucial roles in stress response, organelle quality

control, and cellular adaptation to environmental changes.

1.4.4. Cytoplasm to vacuole targeting (Cvt) pathway

The Cytoplasm-to-Vacuole Targeting (Cvt) pathway represents a specialized
form of selective autophagy that shares core molecular machinery with general
autophagy while exhibiting distinct characteristics and functions. Unlike bulk
autophagy, which functions as a non-selective, starvation-induced degradative process,
the Cvt pathway operates constitutively under nutrient-rich conditions as a biosynthetic
trafficking route. This pathway demonstrates remarkable cargo selectivity, specifically
transporting certain vacuolar hydrolases, such as precursor aminopeptidase I (prApel),
to the vacuole while excluding bulk cytoplasm (Shintani et al., 2002).

The Cvt pathway proceeds through four sequential and highly coordinated stages.
First, during cargo recognition and complex assembly, precursor Apel (prApel)
oligomerizes into dodecamers that further aggregate to form a higher-order Apel
complex. The receptor protein Atgl9 specifically recognizes this complex through the
prApel pro-peptide. Other vacuolar hydrolases, including a-mannosidase (Ams1) and
aminopeptidase IV (Ape4d), are recruited through their interaction with distinct binding
domains of Atgl9 to form the complete Cvt complex. Next, the scaffold protein Atgl1
facilitates targeting of this complex to the Pre-autophagosomal Structure (PAS). The
third stage involves vesicle formation, where Atgl9 binds Atg8-PE, enabling the
sequestration of the Cvt complex within a double-membrane phagophore. Finally, the

completed Cvt vesicle fuses with the vacuole, releasing a single-membrane Cvt body
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into the vacuolar lumen. Following fusion, the Atgl5 lipase degrades the Cvt body
membrane, exposing the cargo to vacuolar hydrolases. This leads to the degradation of
Atgl9 and Atg8, removal of the prApel pro-peptide, and subsequent enzyme activation.
Through this sophisticated trafficking mechanism, the Cvt pathway selectively delivers
and activates multiple specific cargo proteins including prApel, Amsl, and Ape4 to
maintain vacuolar function (Umekawa & Klionsky, 2012). This process represents one
of the key mechanisms for maintaining cellular functionality and protein homeostasis
in yeast cells.

Understanding these pathways is particularly significant for biotechnology
applications, as modulation of selective autophagy could potentially enhance protein
production in industrial strains by preventing unnecessary degradation of cellular
components and optimizing cellular resources.

Beyond the previously described autophagy pathway, cytoplasmic enzyme and
protein stability are regulated by multiple complementary mechanisms. For
example, redox homeostasis is maintained through thioredoxin (Trx1/Trx2)-mediated
repair, which reverses oxidative modifications caused by reactive oxygen species
(ROS). This mechanism not only preserves protein function but also significantly
impacts structural stability. While ROS-mediated cysteine oxidation leads to protein
destabilization, thioredoxin-mediated repair effectively mitigates this oxidative
damage (Bao et al., 2007). Furthermore, allosteric regulation through metabolites
(such as ATP, NAD") and cofactors (such as Fe-S clusters, heme) stabilizes tertiary
structure via long-range conformational effects, as exemplified by NAD*-dependent
Adhl and iron-sulfur cluster-containing Acol (Talib & Outten, 2021). Additionally,
signal transduction networks dynamically regulate the proteostasis network in response
to environmental changes, including stress signaling pathways such as heat-activated
Hsfl (inducing HSP expression) and the TOR pathway (sensing nutrient stress).
Cytoplasmic pH changes mediated through structural modifications or lysosomal
enzyme leakage also contribute to this regulation (Pincus, 2020). These mechanisms

operate synergistically within an integrated network, enabling cells to dynamically
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adapt to fluctuating environmental conditions and metabolic demands while

maintaining protein homeostasis in yeast.

1.5. Ethanol production from lignocellulose biomass

Bioethanol is considered as a clean and renewable fuel derived from biomass,
mainly sourced from plant materials. It is a widely accepted alternative for meeting the
growing demand for green fuels in the transportation sector, helping to reduce carbon
emissions (Sirajunnisa & Surendhiran, 2016). The production process generally
includes the conversion of starch-rich plant materials into monosaccharides, which are
subsequently fermented into ethanol by microorganisms such as yeast. Based on
feedstocks types, bioethanol is classified into 1G, 2G, 3G, and 4G biofuels (Alvira et
al., 2010). First-generation bioethanol feedstock is mainly edible food crops such as
rice, wheat, barley, potato, corn, sugarcane etc. The second-generation bioethanol
feedstocks contain lignocellulose biomass or residues that are abundant in nature. The
third and fourth generation of biofuel sources are microalgae, which are converted into

biofuel by algae-to-biofuels technology (Lamichhane et al., 2021).

Current bioethanol production mainly comes from first-generation sources, with
Brazil utilizing vast amounts of sugarcane and the USA relying predominantly (95%)
on corn for bioethanol production. However, this route is often referred to as the “food
versus fuel” debate due to directly competing with food consumption, thus
necessitating an increase in food prices (Islam et al., 2019; Amerit et al., 2023)
Consequently, there is an increasing focus on sustainable biofuel production that
utilizes raw materials (lignocellulosic biomass) for bioethanol, which does not compete

with food sources-specifically, second-generation biofuels.

Plant biomass, also known as lignocellulosic biomass, is the most abundant
biomass resource on Earth and is primarily composed of three key components:
cellulose, accounting for 30-50% of the dry weight; hemicellulose, making up 20-40%;
and lignin, comprising 15-25% of the dry weight, along with small amounts of acids,

salts, and minerals (Nishiyama et al., 2002). Cellulose is a homogeneous polymer
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formed by the linear linkage of glucose units through B-1,4-glycosidic bonds.
Interactions between cellulose fibers occur via hydrogen bonding, resulting in the
formation of both crystalline and amorphous regions. Hemicellulose, on the other hand,
is a heteropolymer composed of various monosaccharides, including pentoses and
hexoses. Lignin is an amorphous aromatic polymer characterized by a molecular
structure that is rich in oxygenated phenylpropane units and their derivatives (Saha,

2003; Olofsson et al., 2008).

Generally, the process of converting complex lignocellulosic substrates into
ethanol is performed in four steps: the first is physical and chemical pretreatment of
biomass; the second is enzyme hydrolysis and saccharification; the third is
fermentation of both pentoses and hexoses using microorganisms; the last step is
recovery of the product (Lamichhane et al., 2021). However, the main barrier in this
process for bioethanol production lies in the pretreatment with enzymatic hydrolysis
and simultaneous fermentation of both hexose and pentose sugars. In this dissertation,
we focus on addressing the latter issue of exploring
microorganisms capable of utilizing both hexose and pentose to produce ethanol, which

would benefit the industrial application of second-generation ethanol.

Currently, S. cerevisiae is one of the most commonly used microorganisms for
industrial ethanol production from hexoses, due to its ability to withstand extreme
industrial conditions, such as high osmotic pressure, high alcohol concentration, and
low pH (Hong & Nielsen, 2012). Unfortunately, it cannot utilize xylose, which is the
second most abundant sugar after glucose in lignocellulose biomass, due to lacking the
enzymes that catalyze the initial stages of the pentose catabolism. In the last decades,
metabolic engineering approaches for introducing heterologous xylose utilization
pathways and optimizing internal metabolisms have been carried out to develop
efficient xylose-fermenting S. cerevisiae strains. However, the best engineered strains
of S. cerevisiae are still inferior to glucose fermentation in certain parameters of xylose
fermentation, and typically initiate xylose utilization after glucose depletion, leading

to incomplete xylose consumption (Sibirny, 2023; Dmytruk et al., 2017). As a result,
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researchers have shifted their focus to microorganisms that can naturally ferment

xylose.

Among the yeasts capable of naturally fermenting xylose, attention has primarily
been focused on the Scheffersomyces (Pichia) stipitis and the most thermotolerant yeast
known, Ogataea polymorpha. S. stipitis can effectively ferment both glucose and
xylose; however, it has much lower ethanol tolerance than S. cerevisiae and requires
oxygen for growth. O. polymorpha, which can grow and ferment glucose and xylose
at temperatures of up to 50°C, shows relatively high ethanol tolerance. However, the
wild-type strains of O. polymorpha produce very low amounts of ethanol from xylose.
Even though several methods of metabolic engineering and classical selection have
been carried out, the ethanol production from xylose by recombinant strains of O.
polymorpha is still lower than that from glucose fermentation (Ruchala et al., 2017,

Dmytruk et al., 2017).

Consequently, no microorganisms have been obtained that completely fulfill the
diverse requirements for the industrial production of second-generation ethanol. As
industrially feasible lignocellulose biorefinery requires a microbe that not only can
withstand the harsh conditions in the lignocellulosic hydrolysate (e.g. low pH, osmotic
stress and inhibitory compounds) but also is able to process all the sugars in the
feedstock, such as hexose (C6) and pentose (C5) sugars (Hahn-Héagerdal et al., 2007,
Buschke et al., 2013). To achieve this goal, it is essential to enhance xylose metabolism,
one of its primary bottlenecks. Therefore, a comprehensive understanding of xylose
metabolic mechanisms and pathways is crucial for developing efficient xylose-utilizing
strains. This knowledge would enable targeted metabolic engineering strategies to
overcome current limitations, optimize xylose utilization efficiency, and ultimately
improve ethanol production from lignocellulosic biomass. Such improvements are
particularly significant for advancing second-generation bioethanol production

towards industrial viability and sustainability.
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1.6. Xylose metabolism to produce ethanol in yeast

Hydrolysis is used to release sugars from lignocellulosic biomass. In the resulting
monosaccharide mixture, glucose constitutes 60%-70% of the total sugars. Xylose, as
the second most abundant sugar, varied in content depending on the type of feedstock,
averaging approximately 30% (Brigham et al., 2018). Converting the two most
abundant sugars can increase both the environmental and economic benefits of
lignocellulose as a source for biofuels. Therefore, to enhance the efficiency of ethanol
production from xylose and achieve efficient co-utilization of glucose and xylose, it is
crucial to understand the metabolic pathways of xylose and their regulatory

mechanisms (Kwak et al., 2019; Jansen et al., 2017).

During the last decades, two different initial xylose metabolism pathways have
been successfully introduced into S. cerevisiae by heterologous expression. These are
the xylose isomerase (XI) pathway of bacteria and fungi which catalyzes the
isomerization of D-xylose to D-xylulose directly, and the XR/XDH pathway consisting
of a xylose reductase (XR) and a xylitol dehydrogenase (XDH) enzyme (Fig.1.3).

The XR/XDH pathway is a two-step reaction, commonly found in yeasts and
fungi, where D-xylose is first reduced to D-xylitol, which is then oxidized to D-
xylulose. The exogenous genes associated with the XR-XDH pathway are primarily
derived from the yeast Pichia stipitis. However, the differing coenzyme preferences of
XR and XDH result in either a deficiency of NAD" or an excess of NADPH, leading
to an imbalance in redox metabolism. This imbalance causes the accumulation of
intermediate products such as xylitol, thereby hindering the conversion efficiency of
sugar to alcohols. Although extensive coenzyme engineering research has been
conducted, including adjustments to the XR/XDH activity ratio, modifications of
cofactor preferences, and regulation of the intracellular NADH/NADPH ratio, this
deficiency has not been effectively resolved (Broach, 2012; Rolland et al., 2000;
Colombo et al., 1998; Osiro et al., 2018; Ozcan et al., 1998; Vanhalewyn et al., 1999).

The XI pathway, which facilitates the conversion of xylose to xylulose in a single

step without the involvement of coenzymes, has been established in S. cerevisiae
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significantly later than the XR-XDH pathway. This delay is largely attributed to the
considerable challenges associated with the screening process for the xylose isomerase
(XI) gene, which requires high-level expression for optimal activity in the yeast.
Currently, the XI pathway has become the primary xylose metabolic pathway used in
S. cerevisiae strains for second-generation ethanol production. This pathway is mainly
derived from the cow rumen metagenome, the anaerobic fungus Piromyces sp., the
bacterium Clostridium phytofermentans, and the rumen fungus Orpinomyces.
Following directed evolution techniques to enhance its activity, the optimized gene can
be expressed in yeast for adaptive evolution. Additionally, increasing the copy number
of XYLA has been shown to further enhance the xylose metabolic capacity of S.
cerevisiae (Broach, 2012; Peeters et al., 2006; Osiro et al., 2019; Longo et al., 2012;
Yan Liu et al., 2018). In the previous decade, numerous researchers have attempted to
enhance ethanol production in S. cerevisiae by introducing xylose metabolism
pathways. For example, Jo et al. engineered a novel strain based on S. cerevisiae
containing xylose-metabolic genes (XYL, XYL2, and XYL3) from Scheffersomyces
stipitis. They developed a synthetic isozyme system of xylose reductase (XR), creating
a DXS strain that coexpresses both wild-type and mutant XR. When evaluated through
batch fermentations using a glucose/xylose mixture, this strain demonstrated
impressive performance, achieving an ethanol productivity of 1.85 g/L-h and a yield
of 0.427 g/g.(Jo et al., 2017). Coimbar et al. initially constructed strain CAT-1-XIT
by introducing D-xylose isomerase (xylA gene, XI) from Streptomyces coelicolor. The
recombinant strain was further enhanced with additional copies of homologous genes
encoding xylulose kinase (XK) and transaldolase (TAL1). Subsequently, a plasmid
(pRS42K::XTI) containing xylA from Piromyces sp. was transferred to CAT-1-XIT,
followed by adaptive evolution. After 10 subcultures, the evolved CAT-1-XIT
(pRS42K::XIT) strain demonstrated efficient xylose utilization, consuming 74% of the
available D-xylose and producing 12.6 g/L ethanol with a yield of 0.31 g ethanol/g D-
xylose (Coimbra et al., 2023).
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However, the attempts of metabolic engineering mentioned above are far from
meeting industrial demands. Therefore, natural xylose-metabolizing yeasts like
Spathaspora passalidarum, Scheffersomyces stipites, Kluyveromyces marxianus and
Ogataea polymorpha attract interest of many researchers (Long et al., 2012; Su et al.,
2015). Among native xylose-fermenting yeasts, the thermotolerant species O.

polymorpha (growth up to 50°C) is of special interest as it is suitable for simultaneous

saccharification and fermentation (SSF) process. Wild-type strains of O.polymorpha
show robust growth on both glucose and xylose; however, it accumulate nearly 200
times less ethanol from xylose than from glucose (Voronovsky et al., 2005). The
advanced O. polymorpha ethanol producers from xylose were obtained using methods
of metabolic engineering and classical selection before (Ruchala et al., 2017; O.
Kurylenko et al., 2018; Dmytruk et al., 2008; Kurylenko et al., 2021). Although such
recombinant strains were characterized by 40-fold improved ethanol production from

xylose as compared to the wild-type strain, xylose uptake was slow and incomplete.
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It is known that for xylose-utilizing yeasts, glucose appeared to be the preferred
sugar, being consumed first during mixed sugar fermentation (Saloheimo et al., 2007;
Hua et al., 2019). Many researchers have endeavored to reveal the differences in the
“omics” between the evolved strains (with high xylose utilization capacity) and their
parents (with low xylose utilization capacity), as well as the differences between the
strains cultured in xylose and in glucose (Shen et al., 2012; Hou et al., 2016; Sato et
al., 2016; Myers et al., 2019). The results suggested that limited xylose fermentation
rate is due to lack of a signaling pathway to recognize xylose as a carbon source and

regulate the cells to convert to a state that promotes xylose utilization.

When biosensors were applied to S. cerevisiae strains engineered for xylose uptake
with the XR/XDH pathway and a xylose transporter, high xylose concentrations
triggered the same signal as low glucose concentrations did. This indicated that xylose
resulted in the opposite signal to that of glucose and may trigger a starvation response
rather than a fermentation response (Osiro et al., 2019). Extensive studies on glucose
signaling pathways and their controls of glucose metabolism showed that efficient
hexose transporters and glycolysis, which are factors for efficient xylose metabolism,
depend on activation of glucose signaling pathways (Wu et al., 2020). Positive effects
of activating the glucose sensing system in xylose-fermenting strains by upregulating
the cAMP-PKA and Rgt2/Snf3-Rgt1 pathways were also found in recent work (Wu et
al., 2020), suggesting that extracellular glucose signals can promote xylose utilization
(Wang et al., 2015). In other words, glucose signaling pathways are not only
fundamental to glucose metabolism but are also crucial for enabling the efficient
metabolism of other sugars, such as xylose. Consequently, the activation of glucose
signaling pathways is essential for optimizing xylose utilization. Therefore,
understanding the regulation mechanisms of sugar sensing and signaling pathways,
particularly their roles in xylose utilization, is crucial for developing efficient xylose-

utilizing strains.
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1.7. Sugar sensing and regulation in yeast for improved xylose fermentation

In the presence of glucose, metabolism of S. cerevisiae cells is switched to a
fermentative mode even when they are exposed to oxygen (Diaz-Ruiz et al., 2011;
Pfeiffer & Morley, 2014). This is called Crabtree effect. Subsequently, glucose
transport and metabolism are upregulated. Simultaneously, catabolic activities
involved in utilization of alternative carbon sources, including gluconeogenesis and
respiration, are suppressed (Rolland et al., 2006). This metabolic switch results from a
crosstalk between several glucose-signaling pathways. In yeast, there are three main
glucose-signaling pathways: the Snf3p/Rgt2p pathway, the Snfl/Miglp pathway and
the cAMP/protein kinase A (PKA) pathway (Osiro et al., 2019). Recent studies have
investigated the effects of engineering these three main signaling pathways on xylose
metabolism and fermentation in S. cerevisiae (Brink et al., 2021). The following will

describe these signaling pathways and their roles in detail.

In the Rgt2/Snf3-Rgtl pathway (also called the “sensor/receptor-repressor (SRR)”
pathway) that regulates glucose uptake into the cells, high and low levels of
extracellular glucose are sensed by the membrane-spanning proteins Rgt2 and Snf3,
respectively (Ozcan et al., 1996). The signal is then relayed into the cell, leading to the
phosphorylation dependent degradation of Mthl and Std1, which are co-repressors
necessary for the DNA-binding of Rgtl. The elimination of Mthl and Std1 exposes
Rgtl to phosphorylation, which releases it from gene promoters and derepresses the
expression of target genes, including the ones encoding hexose transporters (Broach,
2012; Busti et al., 2010). Recent work confirmed that Rgt2 and Snf3 have a very limited
capacity to sense xylose and thereby to trigger the expression of hexose transporter
genes. Based on these findings, Wu et al. deleted the RGT'1 gene in a xylose-utilizing
S. cerevisiae strain and demonstrated that this deletion positively affects xylose

utilization (Wu et al., 2020).

S. cerevisiae Snf3/Rgt2 receptors belong to the family of the HXT (Hexose
transporter) proteins that regulates glucose uptake into the cells. However, unlike the

multiple functional hexose carriers (Hxt1-17 and Gal2) in S. cerevisiae, they have lost
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the ability to transport glucose and evolved into specialized membrane sensors that
detect extracellular glucose levels (Ozcan et al., 1998; Boles & Hollenberg, 1997,
Wieczorke et al., 1999). Furthermore, these non-transporting hexose sensors appear to
be yeast-specific and have not been identified in higher eukaryotes. Moreover, they are
present in the majority non-conventional yeast species, as exemplified by the
Kluyveromyces lactis Rag4 (Betina et al., 2001), Candida albicans Hgt4 (Brown et al.,
2006), Hansenula polymorpha Hxs1 (Stasyk et al., 2008), and Pichia pastoris Gssl
(Polupanov et al., 2012). They may represent a novel class fungal hexose transporting
receptors or transceptors that participate in sugar signaling for catabolite repression and

are interconnected with the PKA pathways.

The Snfl/Miglp pathway is the main glucose repression pathway that negatively
regulates expression of the genes involved in the utilization of alternative carbon
sources (Hedbacker & Carlson, 2008; Kayikci & Nielsen, 2015; Coccetti et al., 2018).
Snfl is a protein kinase that responds to glucose starvation and, as a central element
integrating glucose repression signaling and cellular energy levels, regulates growth
and metabolism by controlling the expression and/or phosphorylation of transcription
factors such as Migl, Rgtl, and Atgl (Qiu et al., 2023). The Snfl kinase complex has
a well-recognized dual role in glucose repression, both as an activator and as a
repressor. In addition to regulating HX7s and glucose-repressed genes, it is also
involved in a plethora of cellular processes important for cell proliferation, aging,
energy homeostasis, autophagy, and stress response (Mitchelhill et al., 1994; Ashrafi
et al., 2000; Wang et al., 2001; Sanz et al., 2016; Zhang & Cao, 2017). Migl serves as
a key transcriptional repressor of the glucose repression mechanism in S. cerevisiae
and controls expression of the genes encoding proteins functioning in metabolism and
transport of alternative carbon sources such as maltose, galactose, and sucrose (Nehlin
& Ronne, 1990; Treitel et al., 1998). Still, the mechanism by which the Snfl1-Migl
pathway is regulated at the molecular level is not entirely elucidated. However, it was
shown that differences in the amount of hexose transporter molecules (e.g., Hxt7) in

the cell could cause cell-to-cell variability in the activation of Snfl-Mig1 pathway. This
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model suggested a formerly unrecognized regulatory step of the Snfl-Migl pathway
at the level of Migl dephosphorylation and pointed to the transport of Migl in and out
of the nucleus as a major source of variability between individual cells (Welkenhuysen

etal., 2017).

Therefore, the effects of this pathway on xylose utilization have been studied.
First, research confirmed that this pathway does not response to xylose (Brink et al.,
2016) and that deletion of SNF'I accelerated xylose utilization when strains were grown
in mixed sugar environments (Cai et al., 2018). Second, the disruption of Migl, which
is phosphorylated by Snfl and inhibits the transcription of hexose transporter genes,
was shown to have little effect on xylose fermentation (Roca et al., 2004) or on glucose-
xylose co-fermentation (Cai et al., 2018). However, deleting both MIGI and MIG2
increased xylose consumption rates by 12% under constant fermentation (Roca et al.,
2004). Moreover, the overexpression of a mutant of Migl was found to promote xylose
utilization of a recombinant strain, although the mechanism responsible remains
unclear. Finally, deleting both MIG1 and SNFI has been found to accelerate glucose
utilization but slow xylose utilization (Cai et al., 2018). These inconsistent results
suggest that the effect of the Snfl regulatory pathway on xylose utilization is complex,

and additional research is required to reveal the involved regulatory mechanisms.

The cAMP/PKA pathway is another important glucose-responsive signaling
pathway, which operates in the following way: (1) The transmembrane protein, Gprl,
undergoes an allosteric effect when extracellular glucose or sucrose binds to it. Then,
the Gprl stimulates the transition of the small G protein Gpa2 from an inactive state
(binding with GDP) to an active state (binding with GTP). (2) The GTP-bound Gpa2
activates adenylate cyclase Cyrl which catalyzes the conversion of ATP to cAMP and
subsequently increases the intracellular levels of cAMP. (3) cAMP binds to the
regulatory subunit Beyl of PKA and exposes the active site of Tpk1/Tpk2/Tpk3, thus
activating PKA. Additionally, the cAMP-PKA pathway is also regulated by an
intracellular protein, Ras. Intracellular glucose and its metabolites stimulate the GDP-

bound Ras (inactive) to convert to GTP-bound Ras (active). The active Ras can also
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increase Cyrl activity and consequently, PKA activity. Additional proteins that affect
the pathway are two cAMP phosphodiesterases, Pdel and Pde2, that catalyze cAMP to
AMP to prevent the overactivation of PKA. The active PKA up-regulates glycolysis
and down-regulates gluconeogenesis at both transcriptional and translational levels

(Ozcan et al., 1996; Thevelein & de Winde, 1999).

Wu et al. expressed the constitutively active mutants Gpa26'3?V and Ras2¢'V,
respectively, or deleted both PDE[ and PDE?2 genes, which increase PKA signaling by
catalyzing the conversion of cAMP to AMP to perturb this pathway. These operations
were found to improve xylose utilization and ethanol production (Wu et al., 2020). In
a recent study by Sato et al., adaptive evolution and reverse engineering was used to
discover previously unknown epistatic interactions between different genes that, when
deleted, improved xylose uptake and utilization: HOGI1, IRA2, ISUI and GRE3 (Sato
et al., 2016). Their results showed that combinations of these deletions led to improved
growth, xylose consumption and specific ethanol productivity in strains engineered

with the XI pathway during anaerobic conditions. They also observed that isu/A and

hogl/A enabled aerobic xylose respiration (Sato et al., 2016).

IRA2 and HOGI are known to be connected to the sugar and stress signaling
networks (cCAMP/PKA pathway and MAP kinase (MAPK) cascades respectively)
(Tanaka et al., 1990; Reiser et al., 1999) and are therefore along the lines of the
importance of the signaling networks for solving the xylose paradox. The ISU! gene,
which encodes a mitochondrial Fe-S cluster scaffold protein (Miithlenhoff et al., 2003),
had not been previously connected to xylose metabolism, but was recently pinpointed
by two independent studies (Sato et al., 2016; dos Santos et al., 2016). As for GRE3, it
may primarily improve the XI pathway by decreasing the xylitol concentration and
thus XI inhibition (Traff et al., 2001). Furthermore, Qiu et al. confirmed that deletion
of HOG1, KSS1 (encoding an MAPK involved in the signal transduction pathways that
control starvation and pheromone response), and SMK (encoding an MAPK involved
in signal transduction pathways controlling sporulation), combined with

overexpression of GCN4 (encoding a global transcriptional activator of amino acid
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biosynthetic genes) shortened the strain lag phase in media containing xylose as the

sole carbon source (Qiu et al., 2023).

Moreover, transcription factors that may force cells to improve xylose utilization
have also been studied to identify regulatory targets. Michael et al. investigated the
effects of knocking out eight transcription factors : such as Cat8 (catabolite repression),
Hap4 (heme activator protein), Adrl (alcohol dehydrogenase II synthesis regulator),
Msn2 and Msn4 (multicopy suppressor of SNFI mutation 2 and 4), Gisl (GIgl-2
suppressor), Aft2 (activator of Fe (iron) transcription), and Usvl (up in starvation).
Their results showed that knockout of CATS altered metabolic gene transcription levels
and reduced the euclidean distance to the goal state by 60%. And this also resulted in
decreased carbon flow to both biomass and ethanol (Michael et al., 2016). While in our
previous results, we found that deletion of the CATS ortholog (identified in O.
polymorpha genome) in both the wild-type strain and an advanced xylose-to-ethanol
producer led to 50% and 30% increases in ethanol production from xylose, respectively.
When CATS was overexpressed under the strong constitutive GAP promoter of
glyceraldehyde-3-phosphate dehydrogenase, the engineered strains showed decreased
ethanol production in xylose medium while maintaining unchanged glucose alcoholic
fermentation capacity, suggesting a specific role of CAT8 in xylose alcoholic
fermentation (Ruchala et al., 2017). Additionally, the deletion of HAP4 led to a 1.8-
fold increase in ethanol production from xylose compared to its parental strain
(Dzanaeva et al., 2021). Although the current mechanisms are not fully precise, the
transcriptome engineering model has great potential to become a powerful research
tool for identifying novel transcription factors in the future. It not only helps to discover
new regulatory elements involved in xylose metabolism but also provides innovative
strategies for enhancing xylose utilization. Understanding these transcriptional
networks and their regulatory mechanisms will facilitate the rational design of more

efficient strains for improved ethanol production from xylose.

The above review primarily focuses on the glucose sensing system in S.

cerevisiae, while in the methylotrophic yeast O. polymorpha, researchers have also
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studied its sugar sensing system in recently years. Through functional
complementation studies on 2-deoxyglucose (2-DG) resistant mutants, researchers
discovered a hexose transporter homolog named OpGcrl (Glucose Catabolite
Repression) in O. polymorpha, which functions as a glucose carrier and may represent
the first identified member of a new class of yeast transceptors that sense and transport
glucose (Stasyk et al., 2018). And the O. polymorpha genome revealed two additional
hexose transporter homologs besides OpGcerl (Stasyk et al. 2008). One is OpHxsl
(hexose sensor), which shared the highest sequence homology with non-transporting
glucose sensors found in yeast, such as Snf3 and Rgt2 from S. cerevisiae. The other
protein, OpHxtI (hexose transporter), showed the strongest similarity to established
yeast glucose facilitator proteins. Studies revealed distinct functions of OpHxsI and
OpHxtl in both S. cerevisiae and O. polymorpha. When overexpressed in a hexose
transporter-deficient S. cerevisiae strain, OpHxs1 failed to support growth on glucose
or fructose, indicating it lacks transport function. In contrast, OpHxt! demonstrated
functional transport activity in this heterologous system. In O. polymorpha, HxsI was
expressed at moderate-low levels and played a crucial role in glucose-induced
expression of Hxt/, a low-affinity transporter. The sensor function of Hxs/ depended
on its C-terminal region, similar to other yeast non-transporting sensors. Additionally,
a R203K substitution in Hxs/ resulted in constitutive signaling activity. While Hxs1
was not essential for glucose repression or glucose-induced pexophagy, its mutation
caused a temporary but significant impairment in AOX repression when cells were
exposed to fructose. This effect likely resulted from reduced fructose transport in the
mutant strain. These findings indicate that in the Crabtree-negative yeast O.
polymorpha, Hxs1 functions as the sole transporter-like sensor in the hexose induction
pathway, while the efficiency of hexose uptake influences the intensity of hexose

catabolite repression (Stasyk & Stasyk, 2019).

However, there are no reports on the role of Hxsl in xylose recognition and
utilization. In particular, the function of this gene in glucose and xylose alcoholic

fermentation remains unexplored. Given that no specific sensing proteins involved in
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xylose alcoholic fermentation have been identified to date, investigating whether Hxs1,
as a glucose sensor, can also sense xylose and promote xylose fermentation to ethanol

represents an intriguing scientific question, which will be addressed in this thesis.

Extensive research has been conducted on glucose-related sensing systems, leading
to comprehensive understanding of glucose transporters, transcription factors, and their
regulatory networks in S. cerevisiae. In contrast, studies focusing on xylose-related
regulatory elements are relatively limited, creating a significant knowledge gap in our
understanding of xylose metabolism. Despite the implementation of numerous
successful metabolic engineering strategies, including the introduction of xylose
metabolic pathways and optimization of key enzymes, xylose utilization by
recombinant S. cerevisiae still significantly lags behind its performance on glucose.
Therefore, research attention should be redirected towards naturally xylose-
metabolizing yeasts such as O. polymorpha, which possess inherent ability to
efficiently utilize xylose. In-depth exploration of xylose sensing systems in these
organisms may lead to the discovery of novel genes and regulatory mechanisms
involved in xylose transport and its transcriptional regulation (Chen & Nielsen, 2013;
Dai et al., 2015). Finally, comprehensive understanding of these molecular
mechanisms and their transcriptional regulation would have profound implications for
developing efficient bioprocesses. Such knowledge could enable the rational design of
more effective strains, where carbon flux can be precisely regulated and efficiently
redirected toward desired products such as bioethanol, ultimately advancing the field

of second-generation biofuel production.

1.8. Summary

This review focuses on the major protein degradation pathways in yeast, with
particular emphasis on autophagy-mediated protein degradation. The review
systematically examines various autophagic pathways, categorizing them based on
their substrate specificity, and provides detailed insights into their underlying

mechanisms and associated related genes. Through comprehensive analysis of these
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distinct autophagic mechanisms, we explore their relationship with protein
degradation, aiming to identify key genes involved in these processes. This
understanding of autophagy-mediated protein degradation pathways may provide
novel strategies for optimizing recombinant protein production in K. phaffii expression
systems, particularly through targeted manipulation of autophagy-related genes to

enhance protein accumulation and cellular productivity.

Additionally, advancements in second-generation ethanol production from
lignocellulosic biomass are highlighted, with a focus on molecular engineering and the
selection of enhanced ethanol-producing strains capable of xylose utilization. Special
emphasis is placed on the initial stages of xylose metabolism and its regulatory
mechanisms, particularly within sugar-sensing signal pathways. Microorganisms
optimized for fermenting lignocellulosic hydrolysates are required to exhibit high
productivity, ethanol tolerance, and the capacity to concurrently metabolize multiple
carbon substrates. These foundational works of previous researchers have established
a robust basis for this study, facilitating our efforts to construct xylose-fermenting

strains with enhanced ethanol production efficiency.



CHAPTER 2

MATERIALS AND RESEARCH METHODS

2.1. Research materials

Chemical compounds, reagents, and enzymes manufactured by Sigma (USA),

Fluka AG (Switzerland), Promega (USA), Roth (Germany), Difco (USA), Reanal

(Hungary), Fermentas (Lithuania) were used in the work. Chemical reagents of

domestic production had the qualifications of “hch” and “osch”.

2.2. Strains of microorganisms
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The yeast strains and the E. coli bacterial strains used in this study are listed in

Table 2.1.
Table 2.1
Microorganism strains used in this study
Strain name Description Source
Yeasts

GS200 his4 arg4 (Waterham
etal.,
1996)

GS200/LAC4 PralF-prFLD1-LAC4-GFP (Zazulya et
al., 2023)

SMD1163 his4 pep4 prbl (Gleeson et
al., 1998)




NCY(C495 leul-1 (Gellissen,
2000)
2EthOH- cat8::hphNT1, pX1M-Z-X2 | (Ruchala et
/XYLIm/XYL2/XYL3/BrPA/ | (GAPp-XYLImod-AOXt, al., 2017;
Acat8 GAPp-XYL2-XYL2t), Kurylenko
pGLG61/XYL3 et al.,
(GAPp-XYL3-A0Xt), 2014)
resistant to brompyruvate
MNNG-1; MNNG-2; Mutans by MNNG from Section
K.phaffii 3.1.1
MNNG-3; MNNG-4 phajji
WT/AURI-2 pUC57/AUR1-2 Section
3.2.1
WT/IMH3 pUCS57/IMH3 Section
3.2.2
BEP/Acat8/IMH3/TAL1/TKL1 | pUC57/IMH3/prGAP_TAL1 | Section
GAP TKL1 prGAP AOX1 |3.2.
/AOXI proat_thLiprant_ 3:2.3
WT/ AZF1 pUC19/prGAP _AZF1/NTC Section
(GAPp- AZF1-GAPt) 3.3.1
WT/HXS1 pUCI19/prGAP _HXSI1/NTC Section
(GAPp- HXS1-GAPt) 3.3.1
BEP/Acat8/AZF1 pUC19/prGAP_AZF1/NTC Section
(GAPp- AZF1-GAPt) 3.3.1
BEP/Acat8/HXS1 pUC19/prGAP_HXS1/NTC Section
(GAPp- HXS1-GAPt) 3.3.1
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E. coli

DH5a lacZAM15, recAl, endAl, | (Neidhardt,
gvrA96,  thi-1, hsdR17(rk-, | 2016)
MK+), supE44, reldl,
deoR,A(lacZYAargF)U169

2.3. Plasmids
The plasmids used in this study are presented in Table 2.2.
Table 2.2

List of vectors used in the dissertation work

Name Reference for construction
PralF-prFLD1-LAC4-GFP (Zazulya et al., 2023)
pUCS57/AURI-1 Section 3.2.1
pUC57/AURI-2 Section 3.2.1
pUCS57/IMH3 Section 3.2.2

pUCS57/IMH3/TAL1/TKL1/AOX1 | Section 3.2.3

pTkZr (Kurylenko et al., 2018)
pTaZr (Kurylenko et al., 2018)
pUC19/prGAP_AZF1/NTC Section 3.3.1

pUC19/prGAP_HXS1/NTC Section 3.3.1
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2.4. Primers

The primers used in this study for the creation and verification of the correctness

of the constructed vectors are presented in Table 2.3.

Table 2.3
List of primers used for conducting the research

Primer name | Nucleotide sequence of the primer 5’— 3’

SM166 TGCTCTAGAATGTCGACAGAAGCTCGAGATCAC

SM167 TTTGCGGCCGCTTATTGTCCATGGCTATGTACA

AZF1 F AAAGCGGCCGCATGCCGATGATATACTC

AZF1 R AAAGCGGCCGCTCAAACTCCATGACCG

Ko1036 AGTCATACGTGTAGGTTTTTGGCG

RV131 GCGCAATAGGGTCTCTTTC

RV132 GCATTAATTGATCCACCTTTG

OK219 CCG GAATTC GCG CAATAG GGT CTCTTT C

0OK220 GAAAAATATAAAATTCCGTAGGGAATCCAAGC
CAACACGTCTAAAAATGTGCAAGTGTAGGATGCAAA
TAGCTG

OK221 CAGCTATTTGCATCCTACACTTGCACATTTTTA
GACGTGTTGGCTTGGATTCCCTACGGAATT TTA
TATTTTTC

OK222 CCGGAATTCGTGCCTAATCAAATGCATTC

OK223 GGCGAATTTGTGAAACATGAGGTGTAC
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OK224 GTACACCTCATGTTTCACAAATTCGCC

pUC F GTTGTAAAACGACGGCCAGT

pUC R CACACAGGAAACAGCTATGAC

OK225 CGGGGTACCCAATTCGTCTTCTTCAACAGAGTC

OK227 CGGGGTACCGTTCACATCAGAAAGGTCAAGCTG

OK248 CGGGCCCGTCGACTGCAGTCGACGGGCCCGGGATCCCAAT

OK249 CAAGCTTGCATGCAGGCCTTTTTCGTCCGACCTGTTTGG
ATC

OK250 GAAAAAGGCCTGCATGCAAGCTTG

OK251 GTCGACTGCAGTCGACGGGCCCG

OK252 GAGGCCTGCATGCAAGCCAATTATCATTAATAATCACTC

OK253 CTATGACCATGATTACGCCAAGATCGTTCCTGAAAACCTC

OK254 AATTGGCTTGCATGCAGGCCTC

OK255 GTCGACTGCAGTCGACGGGCCCG

2.5. Nutrient media

Yeast strains were grown in YPD medium (1% yeast extract, 2% peptone, 1%

glucose) or YNB (0.67% Yeast Nitrogen Base with ammonium sulphate, 0.05% yeast

extract) mineral medium or YNB (0.17% Yeast Nitrogen Base without ammonium

sulphate, 0.05% yeast extract). Methanol (1% w/v) and glucose (2% w/v) were used as

carbon sources. For the auxotrophic strain growth, the final concentration of amino

acids were added: L-histidine - 40 mg/L, L-arginine - 40 mg/L. The selection of

transformants of O. polymorpha was carried out on a medium with norzeothricin

(100mg/L). Media were sterilized by autoclaving, aqueous solutions of labile
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compounds were filtered through nitrocellulose filters (pore size 0.2 um) and added to
the media before use. All the solid media contained agar (2% w/v). Yeasts were grown
on agar media on Petri dishes in a thermostat or cultured in liquid media with shaking

of 220 rpm at 28 °C.

Escherichia coli DH5a bacteria were grown at 37°C on a rich (LB) medium
(Ausubel et al., 1988). For the selection of plasmid-containing bacteria, ampicillin was

used at a concentration of 100 mg/L.

2.6. Chemical mutagenesis with MNNG

The mutagenesis method described by An et al. was modified (An et al., 1989).
In this study, yeast cells were pre-cultivated in YPD medium overnight to a density of
3x10° cells/mL. The MNNG was dissolved in 50 mM phosphate buffer at pH 6. The
cell suspension with MNNG at a final concentration of 0.1 mg/mL was shaken for 30
minutes at 28°C. Then, the cells were washed twice with 50 mM phosphate buffer at
pH 7 and cultured in YNB with 1% methanol for 3 hours at 28°C to activate [3-
galactosidase. Finally, 50-100 pL of cells were spread on YPD plates containing X-
Gal (final concentration 150 mg/L). After 2-3 days of incubation at 28°C, the blue

mutant colonies were selected.

2.7. Biochemical methods

2.7.1. Obtaining cell-free extracts

Yeast cells were cultured overnight in YPD medium, followed by washing with
distilled water. Subsequently, cells were transferred to YNB medium supplemented
with glucose (2% w/v) and methanol (1% w/v), respectively, and incubated for 18
hours at 28 °C. Then the cells pelleted by centrifugation at 3000 g for 3 minutes at 4°C
in Eppendorf microtubes. The supernatant was collected, and the cells were washed
twice with 1 mL of distilled water under the same centrifugation conditions. Cell-free

extracts were prepared using glass beads (“Ballotini”). The washed cell pellet was
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resuspended in IM Tris-HCl buffer (pH 7.5) containing 100 mM PMSF
(phenylmethylsulfonyl fluoride) and 100 mM DTT (Dithiothreitol) to a final cell
concentration of 50-100 mg/mL. The suspension was transferred to eppendorf tubes
and mixed with glass beads (0.45-0.5 mm diameter) at a ratio of 3:4 (v/v) before
freezing. Cell disruption was performed by vortexing for 15 minutes at 4°C with
intermittent cooling on ice every 5 minutes. The cell-free extract was obtained by
centrifugation of the homogenate at 14000 rpm for 20 minutes at 4°C. The supernatant

was collected for further analysis and stored at -20 °C.

2.7.2. Determination of protein concentration in cell-free extracts by the

Lowry method

Reagents: A-2% solution of Na,COs; in 0.1 M NaOH; B-0.5% solution of
CuSO45H,0 in 1% sodium citrate; C-1 mL of solution B mixed with 49 mL of solution

A; D-Folin reagent diluted with water to a final concentration of 1 N.

To 100 pL of the test solution, 1 mL of solution C was added, and the mixture
was left to stand at room temperature for 10 minutes. To the resulting mixture, 100 pL
of Folin reagent was quickly added, vigorously mixed, and the absorbance was
measured at 750 nm in a 1 cm cuvette after 40 minutes reaction in the dark. The
calibration curve was constructed using a solution of BSA (bovine serum albumin) at
known concentrations of 25-800 pug/mL (Lowry et al., 1951). By constructing a
standard curve using values at OD7sonm under different concentrations, and
subsequently obtaining the standard curve equation, the protein concentration of the

sample will be determined according to the standard curve equation.

2.7.3. Determination of enzyme activity

B-galactosidase activity was determined in a reaction mixture with the following
composition (I mL): 0.9 mL of Z-buffer (60 mM Na,HPO,x7H,0O, 40 mM
NaH,PO4xH,0, 10 mM KCI, 1 mM MgSO4x7H,0) was added to each sample and
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adjusted to a final protein concentration of 0.2 mg/100 pL using distilled water. The
mixture was mixed and incubated for 5 minutes at 28°C. The reaction was initiated by
adding 0.2 mL of ONPG (4 mg in 1 mL of Z-buffer), and the start time was recorded.
When the solution turned yellow (indicating the formation of o-nitrophenol), the
reaction was stopped by adding 0.5 mL of 1 M sodium carbonate. The optical density
was measured at 420 nm using 1 cm cuvette. B-galactosidase activity was calculated

using the formula:

Equation 2.1
ODypx1.7
A=——20 1
PxVxt

where:

ODay 1s the optical density of the product at 420 nm;
P is the protein concentration (mg/mL);

V is the volume of the reaction mixture (mL);

t is the reaction time (min).

Alcohol oxidase (AOX) activity was determined in a reaction mixture with the
following composition (1 mL): 50 mM K-P buffer, pH 7.5, 820 uL; methanol (dilute
250 times), 100 uL; peroxidase (1 mg/mL), 30 uL; o-dianisidine (2.5 mg/mL), 30 uL.
The reaction was started by the addition of 20 puL permeabilized cells with a
concentration of 50 mg/mL to the reaction mixture while added 20uLL H,O was added
as the control. After 5-20 minutes when the pink color developed, the reaction was
stopped by adding 260 pL. of concentrated HCl. The activity was determined
photometrically based on optical absorption with a Helios Epsilon spectrophotometer

at a wavelength of 525 nm in a 1 cm-wide cuvette.

The permeabilized cells were prepared by mixing cells with 50 mM K-P buffer
containing 1 mM PMSF and 0.5% CTAB, and the mixture were vortexed 15 minutes
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at 28 °C. After then washed the permeabilized cells in 50 mM K-P buffe with 1 mM
PMSEF. The final concentration of the permeabilized cells is 50 mg/mL.

2.7.4. Measurement of the biomass accumulation

Cell biomass (in units of optical density (ODgoonm) Was determined by optical
absorption of diluted suspensions by photometry on a Helios Epsilon
spectrophotometer at a wavelength of 600 nm in a 1 cm wide cell. To estimate growth
kinetic parameters, the mutant strains were pre-cultured in YPD medium overnight and
washed with disstilled water then transferred to YNB containing either methanol (1%
w/v) or glucose (2% w/v) as sole carbon source. For biomass assays, cell suspensions

were collected daily (every 24 hours).

2.7.5. Detecting the fluorescence under the microscopy

Images were taken using a fluorescence microscope (Axio Imager Al; Carl Zeiss
Microlmaging, Jena, Germany) in conjunction with a monochrome digital camera
(Axio Cam MRm; Carl Zeiss Microlmaging). AxioVision 4.5 (Carl Zeiss

Microlmaging) and ImagelJ software were used for photo processing.

2.7.6. Yeast viability assays to monitor autophagy

The mutant strains were grown in YPD medium for 18 to 24 hours at 28°C with
shaking at 220 rpm. In this case, the GS200 and SMD1163 were used as positive and
negative control strains, respectively. The cells were washed twice with sterilized water
and inoculated into the nitrogen starvation YNB medium (0.17% yeast nitrogen base
without ammonium sulfate and amino acids with 2% glucose and 0.05% yeast extract)
to initiate general autophagy at 28°C with shaking at 220 rpm. After 0, 1, and 2 days
of cultivation, the cells were spread on YNB plates containing ammonium sulfate and

2% glucose. The number of colonies was counted after 2 to 3 days of incubation. The
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cell percentage viability was calculated by comparing the colony numbers to the

baseline measurement taken on day 0.

Phloxine B staining was used to assess yeast viability in this study. Phloxine B
staining reflects the percentage of dead cells because the plasma membrane barrier was
disrupted in dead cells which the dye penetrated into the cell and stained the cytosolic
materials. The method described by Noda was minimally modified (Noda, 2008). The
measured yeasts were pre-cultured in YPD media for 24 hours at 28°C. Then
transferred into YNB without nitrogen media. After 0 and 1 days of cultivation under
nitrogen starvation conditions, yeast cells strains were stained with phloxine B solution
at a final concentration of 2 pg/mL. A fluorescence microscope with a red filter was
used to estimate stained dead cells. The GS200 and SMD1163 were used as negative

and positive control strains, respectively.

2.8. Basic molecular genetic methods

2.8.1. Extraction of total DNA from yeast cells

This method is a modified version of the protocol developed by Johnston for S.
cerevisiae, which utilizes lyticase for cell spheroplasting, RNase A for RNA
degradation, and alcohol for DNA precipitation (Johnston, 1994). It is specifically
designed for plasmid DNA isolation from yeast cells and was optimized in the course

of this study.

Cells were cultured in 3 mL of liquid selective medium at 37°C until reaching the
late logarithmic phase (OD 4-6, wavelength 600 nm ,1 cm cuvette). The biomass was
harvested by centrifugation and resuspended in 0.3 mL of 50 mM EDTA buffer (pH
8.0). Lyticase (50 IU) was then added to the suspension, and the mixture was incubated
at 37°C for 60 minutes. After incubation, the cells were pelleted by centrifugation at
12,000 rpm for 2 minutes. The supernatant was discarded, and 0.3 mL of lysing
solution (0.2% SDS, 50 mM EDTA) was added to the pellet. After resuspending the
pellet, the microtubes were heated at 65°C for 15-30 minutes, then cooled to room

temperature. To the incubation mixture, 0.1 mL of 3M potassium acetate (pH 5.2) was
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added, vortexed vigorously, and placed on ice for 5 minutes. The mixture was then
centrifuged at 12,000 rpm for 3 minutes. The supernatant was transferred to clean
microtubes containing 0.3 mL of isopropanol and left to stand for 10 minutes.
Subsequently, the samples were centrifuged at 12,000 rpm for 3 minutes, the
supernatant was discarded, and the pellet was washed with 70% ethanol and air-dried.
The resulting DNA was dissolved in 100 puL of TE buffer, followed by the addition of
5 uL of RNase A (10 mg/mL). The mixture was incubated at 37°C for 20 minutes.
Then, 100 uL of buffer-saturated phenol was added to the incubation mixture.
Following centrifugation at 14,000 rpm for 15 minutes, the aqueous phase was
transferred to a fresh microcentrifuge tube. 0.1 volume of 3M potassium acetate (pH
5.2) and 2 volumes of 96% ethanol were added. The mixture was incubated at -20°C
for 15 minutes, then centrifuged again at 14,000 rpm for 15 minutes. The resulting
pellet was washed with 70% ethanol, air-dried, and the nucleic acid was dissolved in

30 uL of TE buffer and stored at -20°C.

2.8.2. Plasmid DNA extraction from E. coli cells

E. coli transformant cells were cultured in 1.5 mL of LB medium containing 100
mg/L. ampicillin for 14—-16 hours, and sedimented by centrifugation (10,000 rpm, 3
min) in plastic tubes twice to completely remove the rest of the nutrient medium. The
cell pellet was resuspended in 0.15 mL of TE buffer (pH 7.5) with gentle agitation.
Then, a mixture of 0.15 mL of 0.2 M NaOH and 1% SDS were added, and the mixture
was incubated at room temperature for 15 minutes. Following this, 0.15 mL of 2M
potassium acetate was added, gently mixed, and the mixture was incubated on ice for
15 minutes. The protein precipitate was removed by centrifugation at 10,000 rpm for
20 minutes at room temperature, and the supernatant (0.4 mL) was transferred to clean
test tubes. To the supernatant, 0.7 volume (0.3 mL) of isopropanol was added, mixed,
and centrifuged again at 10,000 rpm for 20 minutes at room temperature. The

precipitate DNA and RNA pellet was washed with 70% ethanol, dried, and
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resuspended in 40 pL of sterile distilled water or TE buffer. The DNA solution was
then stored at -20°C.

Preparative quantities of plasmid DNA were isolated using the Wizard® Plus SV
Minipreps DNA Purification System (Promega, Madison, WI, USA), according to the

manufacturer's protocol.

2.8.3. Construction of vectors

The method of DNA cleavage by restriction enzymes relies on the ability of class
IT restriction endonucleases to cleave DNA at specific sites. In this study, we used the
methodology described earlier (Sambrook et al., 2001), following the instructions
provided by the enzyme manufacturers: Fermentas (Lithuania), NEB (USA), and
Promega (USA).

To dephosphorylate the sticky ends of linearized vector DNA and prevent self-
ligation, alkaline phosphatase CIP produced by NEB (USA) was used following the

reaction conditions recommended by the manufacturer.

Ligation of linearized DNA fragments was performed according to a previously
described method with some modifications. Bacteriophage T4 DNA ligase was
employed for the ligation, and the reaction was conducted in the buffer provided with
the proprietary ligase preparation from Promega (USA), following the manufacturer’s
instructions. To isolate recombinant plasmids, the ligation mixture was purified by
ethanol precipitation or using a Qiagen PCR purification kit (Qiagen, USA) before

being transformed into E. coli cells via electroporation (Sambrook et al., 2001).

2.8.4. Transformation of yeast

The transformation of O. polymorpha was carried out by the electroporation
method as described earlier (Faber et al., 1994). The method is based on the ability of
yeast cells to absorb exogenous DNA under the influence of an electric pulse.

Following the transformation of O. polymorpha yeast, the cell mixture was incubated
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for one hour at 37°C in 1 mL of YPD medium before plating on antibiotic-containing
agar. The transformation of E. coli bacteria was conducted using standard

electroporation (Sambrook et al., 2001).

2.8.5. Basic molecular genetics techniques

The isolation and purification of plasmid DNA, preparation and transformation of
competent E. coli cells, electrophoresis of DNA in agarose gel, elution of DNA
fragments from agarose gel, digestion of DNA with restriction enzymes, ligation of
linearized DNA fragments, and amplification of DNA fragments using polymerase
chain reaction (PCR) were performed as described by Sambrook (Sambrook et al.,
2001). DNA purification was performed using Qiagen columns (USA) with the Qiagen
PCR Purification Kit. For amplifying DNA fragments via PCR, synthetic

oligonucleotide primers from IDT Technologies or Sigma (USA) were used.

2.9. Conditions for alcoholic fermentation of yeasts

To conduct alcoholic fermentation of glucose and xylose, the yeast biomass of O.
polymorpha was cultivated in a complete medium (YPD/YPX) containing 1% yeast
extract, 2% peptone, and 2% glucose or xylose for two days on an orbital shaker (220
rpm) at 37°C. The cells were harvested by centrifugation and washed with distilled
water. The biomass (2 mg/mL of cells) was transferred to a mineral medium (YNB)
supplemented with 10% xylose or 10% glucose. Alcoholic fermentation was carried
out on an orbital shaker at 37°C under limited aeration (140 rpm) for 5 days. All

experiments were performed in triplicate at minimum.

The yeast biomass was measured nephelometrically using a Helios vy
spectrophotometer (A = 600 nm, using 1 cm cuvette), with the dry weight calculated

based on a calibration curve.
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2.10. Software for searching and analyzing nucleotide and amino acid

sequences

In this study, the databases for O. polymorpha - http://genome.jgi-

psf.org/Hanpo2/Hanpo2.home.html and S. cerevisiae- http://www.yeastgenome.org/

were used. The analysis of the DNA nucleotide sequence was performed using the

following programs: NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/) and
Oligonucleotide Properties Calculator

(http://www.basic.northwestern.edu/biotools/oligocalc.html), and the software

package available at http://www.bioinformatics.org/sms/. For the comparative analysis

of amino acid and nucleotide sequences, programs available at

http://www.ebi.ac.uk/Tools/msa/clustalw2/ were used. Similarity searches of amino

acid sequences were conducted using the BLAST web service from the National Center
for Biotechnology Information (Bethesda, MD, USA) at
http://www.ncbi.nlm.nih.gov/BLAST/.

2.11. Determination of analyte concentration

The concentrations of ethanol, xylose, glucose, and xylitol in the medium were
determined using high-performance liquid chromatography (PerkinElmer, Series 2000,
USA) with an ion-exchange column Aminex HPX-87H (Bio-Rad, Hercules, USA). A
4 mM H,SO, solution was used as the mobile phase, with a flow rate of 0.6 mL/min
and a column temperature of 35°C. The concentration of ethanol in the medium was
also determined using an Alcotest kit, based on the principle that ethanol is oxidized
by alcohol oxidase in the presence of atmospheric oxygen to acetaldehyde and
hydrogen peroxide. The latter, in a coupled peroxidase reaction, oxidizes a chromogen

to a colored product, which is measured photometrically (Gonchar et al., 2001).


http://genome.jgi-psf.org/Hanpo2/Hanpo2.home.html
http://genome.jgi-psf.org/Hanpo2/Hanpo2.home.html
http://www.yeastgenome.org/
http://tools.neb.com/NEBcutter2/
http://www.basic.northwestern.edu/biotools/oligocalc.html
http://www.bioinformatics.org/sms/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ncbi.nlm.nih.gov/BLAST/
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2.12. Statistical analysis of experimental data

Statistical processing of the results was carried out using standard methods. All
experiments were performed in triplicate with three independent replicates. Each point
in the graphs and diagrams represents the mean value (M) calculated from three
measurements in one of several independent experiments. The standard error of the
mean (m) was calculated using the standard deviation (o). In the figures, error bars
represent the standard error of the mean. Comparison between two variables was
performed using t-test. The difference between values was considered statistically
significant when p < 0.05. The results of the experiments were presented as mean +

standard deviation.
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CHAPTER 3

RESEARCH RESULTS AND THEIR DISCUSSION

3.1. Screening of mutants defective in P-galactosidase degradation in

methyltrophic yeast Komagataella phaffii

The B-galactosidase synthesized in the recombinant methanol-grown strain K.
phaffii GS200/LAC4 under FLD promoter can be visualized on plates with X-Gal by
the development of a blue color. After shifting the GS200/LAC4 cells to a glucose-
containing medium with X-Gal, the colonies remain white due to the degradation of
the enzyme. In this study, the chemical mutagen MNNG was used to select mutants
with defective degradation of B-galactosidase. After mutagenesis, four mutant strains
MNNG-1, MNNG-2, MNNG-3 and MNNG-4 were selected on the YPD plate with X-
Gal which remained blue after shift of methanol-grown cells to glucose plates. To
confirm the autophagy-deficient phenotype, the selected mutants were first pre-

cultured on methanol or glucose and then transferred to YPD plates containing X-Gal.

MNNG-1

MNNG-2

MNNG-3

Fig. 3.1. The selected mutants were pre-cultured on methanol or glucose
separately, and then transferred to YPD plates containing X-Gal. The mutant strains

with defective B-galactosidase degradation appear blue on YPD medium containing X-
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Gal after pre-culturing in methanol. However, they remained white on this medium

when pre-cultured on glucose.

The result suggested that these four mutant strains are defective in B-galactosidase
degradation and therefore appeared blue on YPD medium containing X-Gal after pre-
culturing in methanol compared to the parental strain. However, they remained white

on this medium when pre-cultured on glucose (Fig. 3.1).

3.1.1. Biochemical characterization of the selected mutants

Changes in B-galactosidase activity and fluorescence of hybrid B-galactosidase-
GFP protein under the microscope were analyzed in the selected K. phaffii mutants.
The specific B-galactosidase activity under the conditions of methanol-induction for 1
day and subsequent shift to glucose cultivation for 18 hours were investigated. The
mutant strains exhibited a 1.4- to 4-fold increase in B-galactosidase activity compared

to the parental strain GS200/LAC4 (Fig. 3.2).

Relative p-galactosidase activity

1

GS200/LAC4 MNNG-1 MNNG-2 MNNG-3 MNNG-4

120 ¢

100

g

Relative f-galactosidase activity,%
2

m0h =18h

Fig. 3.2. Specific activity of B-galactosidase after 1 day of methanol induction
with subsequent shift to glucose in GS200/LAC4 and MNNG mutants of K. phaffii.
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Samples were collected immediately after shift from methanol to glucose (0 h) and 18

h cultivation on glucose.

To visualize the impaired degradation of -galactosidase, the selected mutants
were subjected to fluorescent analysis under the fluorescence microscope, as the
enzyme is fused with GFP. During cultivation on methanol, B-galactosidase is actively
synthesized and accumulated in the cytosol of yeast cells. Selected strains were grown
in YNB medium supplemented with methanol (1% w/v) as a carbon source for 1 day
at 30°C. A green glow of the cells was observed using a green light filter. Then, cells
were shifted to glucose medium (2% w/v) to stimulate the degradation of this enzyme.
Fluorescence microscopy images clearly demonstrated that degradation of f-
galactosidase was impaired in the mutant strains, which exhibited higher fluorescent
compared to the parental strain (Fig. 3.3). These fluorescence staining results are
consistent with the B-galactosidase activity results described above (Fig. 3.2),
indicating that there is indeed [(-galactosidase degradation defect in these mutant

strains compared to the parental strain.

Methanol Glucose

o - -

MNNG-1

MNNG-2

MNNG-3

MNNG-4

Fig. 3.3. Fluorescence images were obtained from K. phaffii GS200/LAC4 and
MNNG mutants that were grown in liquid YP medium with methanol (1% w/v) for 24
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h and transferred to either YP medium with methanol (1% w/v) or glucose solution
(2% w/v). Images were taken 24 h after the transfer. The strains produced cytosolic

LAC-GFP fusion protein.

Pexophagy is a selective autophagy process that degrades damaged or superfluous
peroxisomes in the yeast vacuole. In K. phaffii, pexophagy occurs when cells are
shifted from methanol to glucose-containing medium (Bernauer et al., 2020). Alcohol
oxidase (AOX) is a key peroxisomal matrix protein. In the selected mutants, pexophagy
was studied by analyzing the residual AOX activity after shifting the cells from

methanol to glucose.

The results demonstrated that AOX activity in SMD1163 (defected in vacuolar
proteases strain) was 6.9-fold higher than that in GS200/LAC4 after incubation in
glucose (Fig.3.4). MNNG-1 and MNNG-3 exhibited approximately 3- and 6-fold
higher AOX activity compared to GS200/LAC4, suggesting that mutations in these
strains may be linked to the selective pexophagy pathway. While MNNG-2 and
MNNG-4 showed an almost complete loss of AOX activity in glucose-containing
medium, indicating that the mutations in these two strains are not associated with the

pexophagy pathway (Fig. 3.4).

Relative AOX activity in Glucose
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SMDI1163 GS200/LAC4 MNNG-1  MNNG-2 MNNG-3  MNNG-4
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=

Relative AOX activity,%
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Fig. 3.4. Specific activity of AOX after 1 day of methanol induction with
subsequent shifting to glucose in GS200/LAC4, SMD1163 and MNNG mutants of K.



93

phaffii. Samples were collected immediately after shifting from methanol to glucose (0

h) and after 18 h of cultivation on glucose.

Biomass accumulation is a key characteristic, particularly for strains used in
recombinant protein production, as typically protein production correlates positively
with cell biomass. Additionally, a key function of autophagy is to generate metabolic
substrates for cellular growth through activation of autophagic pathways under adverse
conditions. Impairment of the autophagy pathway results in compromised growth of
the strain under identical conditions. In this study, the growth kinetics of the mutant
strains were assessed in mineral media YNB supplemented with glucose (2% w/v) and
methanol (1% w/v) (Fig. 3.5.). The maximum biomass accumulation of the mutants
ranged from ODgo 3.5 to 5.0 after 96 hours of cultivation in glucose-containing
medium, while the parental strain reached ODgg 6.8 at 24 hours (Fig. 3.5A). Among
the tested mutants, MNNG-1 showed the highest biomass accumulation at ODgg 5.0.
In contrast, MNNG-1 exhibited the lowest biomass accumulation at ODgyy 1.3 when
cultivated in methanol-containing medium (Fig. 3.5B). MNNG-2, MNNG-3, and
MNNG-4 followed a similar trend, accumulating between ODgy 1.7 and 2.4 after 96
hours of cultivation in methanol. The parental strain, however, reached ODgg 3.2 at 48
hours in methanol medium. (Fig. 3.5B). These results demonstrate that the selected
mutant strains exhibited reduced growth compared to the parental strain in media
containing either glucose or methanol as the sole carbon source. This indicates that the
selected mutant strains indeed possesses autophagy defects relative to the parental

strain, which consequently affected its growth performance.
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Fig. 3.5. Biomass accumulation of GS200 and MNNG mutants. Cells of tested
strains were pre-grown in YPD medium and then transferred to YNB supplemented
with 2% w/v glucose (A) and 1% methanol (B) as sole carbon sources, respectively.

The 1nitial ODggonm value of the biomass was 0.2.
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3.1.2. Viability assays to monitor autophagy with nitrogen starvation

The physiological roles of autophagy in yeast are diverse and include supplying
amino acids that are generated as a result of the degradation of cytosolic materials
(Tsukada & Ohsumi, 1993; Onodera & Ohsumi, 2005). These roles became evident
from studies analyzing autophagy-deficient mutants. One of the common phenotypes
of autophagy-deficient mutants is the loss of viability that occurs during incubation in
starvation medium. Therefore, cellular viability is one of the best indicators for

assessing the completion of the entire autophagic process (Noda, 2008).

According to our previous results, the inactivation of -galactosidase occurs in
vacuoles through an autophagy pathway (Dmytruk et al., 2021; Zazulya et al., 2023).
It was interesting to investigate whether the selected mutants with impaired
degradation of B-galactosidase also have defects in the process of autophagy. Thus, the
viability of selected mutants was assessed under nitrogen starvation, which triggers the
autophagy. The wild-type strain GS200 of K. phaffii, and the SMD1163 strain, which
has a defective vacuolar proteinase, were used as the positive and negative control,
respectively. After 1 day of incubation under nitrogen starvation conditions, the
number of colonies on the plate was counted, and relative percentage viability was
calculated by comparing it to day 0 (cell culture grown in nitrogen-complete medium)
as the baseline. As shown in Figure 3.6., the wild-type strain GS200 exhibited higher
viability, with nearly 130 colonies, compared to the negative control SMD1163 strain,
which had around 20 colonies after 1 day of nitrogen starvation. This indicates that the
viability of SMD1163 is approximately 16% of that of the wild-type strain. The number
of colonies in all selected mutant strains was lower than that of the wild-type strain,
with MNNG-4 showing no colonies at all after 1 day starvation (Fig.3.6.). The viability

of the selected mutants ranged from 37% to 0%, indicating impairments in autophagy.
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Nitrogen starvation

0 day = 1 day

GS200

SMD1163

MNNG-1

MNNG-2

MNNG-3

MNNG-4

Fig.3.6. Viability assay to monitor autophagy in GS200, SMD1163 and MNNG
mutants. Cells of tested strains were pre-grown in YPD and then transferred to YNB
without nitrogen to initiate autophagy. After 1 day of incubation under nitrogen
starvation conditions, the number of colonies on the plate was counted, and percentage
viability was calculated by comparing it to day 0 (cell culture grown in nitrogen-
complete medium) as the baseline. The wild-type strain GS200 of K. phaffii, and the
SMD1163 strain, which has defective vacuolar proteinases, were used as the positive

and negative control, respectively.
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The obtained results were confirmed using phloxine B viability assay. Phloxine
B, a red dye and fluorescein derivative, is excluded from living yeast cells but
penetrates and stains cytosolic materials when the cell dies and the plasma membrane
barrier is disrupted (Noda, 2008). This method was used to isolate S. cerevisiae
autophagy-defective mutants on starvation medium (Tsukada & Ohsumi, 1993). In this
study, phloxine B was used to assess the viability of strains subjected to nitrogen
starvation and those without treatment. After one day of nitrogen starvation, the mutant
strains showed nearly 100% dead cells, similar to the SMD1163 strain, which has
defective vacuolar proteinases, while the wild-type GS200 still retained approximately
50% viability (Fig. 3.7). Hence, we can conclude that general autophagy is indeed

impaired in the selected mutants.

+ Nitrogen - Nitrogen

GS200

SMD1163

MNNG-1

MNNG-2

MNNG-3

MNNG-4

Fig.3.7. Phloxine B viability assays to monitor autophagy in GS200, SMD1163
and MNNG mutants. Cells of tested strains were pre-grown in YPD and then
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transferred to YNB without nitrogen to initiate autophagy. After one day of cultivation,
nitrogen-starved cells were stained with phloxine B (final concentration of 2 pug/mL).
A fluorescence microscope with a red filter was used to estimate stained dead cells.
The wild-type strain GS200 of K. phaffii, and the SMD1163 strain were used as the

negative and positive control, respectively.

As a result of this work, four mutants with impaired degradation of cytosolic 3-
galactosidase were selected. It is interesting to note that the mutants MNNG-1 and
MNNG-3, most probably, also exhibited defects in selective autophagy and pexophagy,
while the mutants MNNG-2 and MNNG-4 were characterized solely by defects in
selective autophagy of cytosolic B-galactosidase. Genes could be homologous to
identified ATG genes which are involved in degradation of both B-galactosidase and
alcohol oxidase degradation while those involved in selective autophagy of only
cytosolic B-galactosidase, most probably, occurred in the new, not identified genes till
now. The mutations in the isolated strains will be identified through genome
sequencing. The identified genes will help shed light on the mechanisms of selective

degradation of cytosolic proteins.

The results of this research presented in this sub-chapter were published by the

Ph.D. student in an experimental article:

Zuo M, Dmytruk OV, Dmytruk KV, Kang YQ, Sibirny AA.(2025). Isolation of
mutants defective in cytosolic B-galactosidase degradation in the methylotrophic yeast

Komagataella phaffii. Cytology and genetics, Vol. 59, No. 1, pp. 71-78.
https://doi.org/10.3103/S0095452725010104.

The results of this subsection are presented in Abstract: Zuo M, Dmytruk OV,
Dmytruk KV , Sibirny AA. Screening for mutant strains with autophagy defects of
cytosolic protein B-galactosidase in the methylotrophic yeast komagatella phaffii. // Tt
Congress of the All-Ukrainian public organization “Ukrainian Society of Cell Biology”
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with international representation. 11-13 September, Lviv, Ukraine. — 2024. — P.29.

Zuo M, Dmytruk OV, Dmytruk KV , Sibirny AA. Searching the gene involved
in the autophagy of cytosolic and peroxisomal proteins in methylotrophic yeast

Komagatella phaffii. // Conference of Young Scientists. May 20, Lviv, Ukraine. —
2024. - P.3.

3.2. Development of new dominant selectable markers for the non-

conventional yeasts Ogataea polymorpha

Genetically engineered approaches are widely used for construction of new strains
with modified metabolic pathways and for studying basic aspects of eukaryotic cell
biology. The growing potential of such approaches requires additional suitable markers

for selection of recombinant strains with desired physiological characteristics.

In this part of the dissertation, we developed novel dominant selectable markers

for future applications in metabolic engineering of the yeast O. polymorpha.
3.2.1. Selection of O. polymorpha strains resistant to aureobasidin

It was reported that resistance of yeast S. cerevisiae to aureobasidin was conferred
by mutation of AURI gene required for sphingolipid synthesis. Point mutations of
AURI, which cause substitution of Leu-137, His-157 or Phe-158 by Phe, Tyr or Tyr,
respectively, have been identified as dominant mutations that confer resistance to
antibiotic (Heidler & Radding, 1995; Hashida-Okado et al., 1996). In this study, to
obtain O. polymorpha strains resistant to aureobasidin, two mutant forms of the AURI
gene were created by replacing the leucine residue with phenylalanine at position 53
along with replacement of histidine residue by tyrosine at position 72 (L53 CTT—F53
TTT; H72 CAT—Y72 TAT) or substitution of alanine for cysteine at position 156
(A156 GCA—C156 TGT). The substitutions L53F and H72Y in AURI gene of O.
polymorpha are corresponding to the L137F and H157T in AURI of S. cerevisiae, and
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the substitution of A156C in AURI of O. polymorpha corresponds to the G240C in
AURI of S. pombe (Fig. 3.8.).

AUR1_Sp 1 ¥@s-A--LsTEKRLAABNRASOY KRNI EM PR E RLIRN - -~ TKwsETHL R GNE
AUR1_Sc 1 PaNPFSRWERSERPPNEHY - - - ALTERRIR CFHORL LKOKY KPAL SOV - - i [ERes 1Y

AUR1 Op R ————

AUR1_Sp
AUR1_Sc
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Fig. 3.8. The alignment of AURI gene from several yeast species. Conserved
sequences are on black background. Amino acid residues substituted in Ogataea
polymorpha gene during this study are marked in red. Abbreviations of yeasts species:

Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Op, O. polymorpha.

The retrieval of AURI gene sequence was performed using the O. polymorpha
NCYC495 leul.1v2.0 database (http://genome.jgi-psf.org/Hanpo2). The genomic
DNA of O. polymorpha strain NCY C495 was used as a template to amplify the AURI
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gene coding region with L53F and H72Y substitutions, together with its own promoter
and terminator using primers OK219/0K220 and OK221/0OK222. The resulting
fragments were fused by overlap-PCR using primers OK219 and OK222. The AURI
gene coding region with A156C substitution along with its own promoter and
terminator was amplified from genomic DNA of O. polymorpha NCYC495 strain
using primers OK219/0K223 and OK224/0K222. The resulting fragments were
coupled by overlap-PCR using primers OK219/0K222. Amplified fragments (1.7 kb)
were digested with EcoRI and cloned into an EcoRlI-linearized pUCS57 vector. As a
result, plasmids pUC57/AUR1-1 and pUC57/AURI1-2 were constructed (Fig.3.9.).

EcoRI EcoRI AhdlI
AURI lacZ bla

pUCS57/AURI1-1 ~4.3kb

EcoRI EcoRI Ahdl

AURI lacZ bla
pUCS57/AURI1-2 ~4.3kb

Fig.3.9. Linear schemes of plasmids pUC57/AURI1-1 and pUC57/AUR1-2. The
AURI gene is designed as grey box. The introduced point-mutations in AURI gene are
marked with asterisks. Gene bla for selection of bacterial transformants on the
ampicillin containing medium and fragment of gene /acZ from Escherichia coli are

designed as dashed and white boxes, respectively.

Constructed plasmids after linearization with Ndel restriction endonuclease were
introduced into O. polymorpha wild-type strain by electroporation. Transformants
were selected on YPD medium supplemented with aureobasidin (0.3 mg/L). As aresult
of transformation with plasmid pUC57/AURI1-2, we have obtained colonies of

transformants on the third day of cultivation. The frequency of transformation was 40
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transformants per microgram of DNA (Fig. 3.10A). After transformation with the

plasmid pUC57/AURI-1 no colonies on the medium with aureobasidin were observed.

Fig.3.10. A) Colonies obtained on YPD medium supplemented with aureobasidin
(0.3 mg/L) on the third day after transformation of O. polymorpha wild-type strain
using plasmid pUC57/AUR1-2 (1.5 pg of DNA per sample). B) Colonies obtained on
YNB medium supplemented with mycophenolic acid (40 mg/L) on the fifth day after
transformation of O. polymorpha wild-type strain using plasmid pUC57/IMH3 (2 ng
of DNA per sample).

The results indicate that the mutant form of the AURI gene with replacement at
position 156 can be used as a marker for selection of aureobasidin-resistant

transformants in O. polymorpha.

3.2.2. Construction of O. polymorpha strains resistant to mycophenolic acid

In the yeast C. famata, the introduction of additional copies of IMH3 gene
increased the resistance to mycophenolic acid. The IMH3 gene was successfully used
as a dominant selective marker in clinical isolates of C. famata, C. albicans and C.
tropicalis (Dmytruk et al., 2011). In this study, for construction of a plasmid with a
gene conferring resistance to mycophenolic acid, the genomic DNA of O. polymorpha
NCYC495 was used as a template to amplify the coding region of IMH3 gene with its
own promoter and terminator using primers OK225/0K227. The amplified fragment
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(3.0 kb) was digested with Kpnl and cloned into Kpnl-linearized pUC57 vector. The
constructed plasmid was named pUC57/IMH3 (Fig.3.11).

Kpnl Kpnl Adhl

IMH3 lacZ bla

pUCS7/IMH3 ~5.7 kb

Fig.3.11. Linear scheme of plasmid pUCS57/IMH3. The IMH3 gene conferring
resistance to mycophenolic acid is designed as grey box. Gene bla for selection of
bacterial transformants on the ampicillin containing medium and fragment of gene lacZ

Escherichia coli are designed as dashed and white boxes, respectively.

The constructed plasmid after linearization by Ndel was introduced into O.
polymorpha wild-type strain by electroporation. Transformants were selected on YNB
medium with mycophenolic acid (40 mg/L) on the fifth day of cultivation. The

frequency of transformation was 20 transformants per microgram of DNA (Fig.3.10B).

Here, we conclude that the introduction of an additional copy of /MH3 gene into
genome of O. polymorpha wild-type strain was sufficient to obtain transformants

resistant to mycophenolic acid.

3.2.3. Construction of O. polymorpha strains overexpressing TAL1, TKL1I and
AO0X1

At the next stage of this study, IMH3 gene was used as selectable marker for
construction of a plasmid for overexpression of TALI, TKLI and AOXI genes,
encoding cytosolic transaldolase, cytosolic transketolase and peroxisomal alcohol

oxidase, respectively.
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For simultaneous overexpression of TAL/ and TKLI genes, a BamHI-restriction
fragment bearing the GAPI promoter fused with the ORF of the TALI gene was
isolated from the plasmid pTaZr and cloned into the Narl-linearized and
dephosphorylated vector pTkZr (Kurylenko et al., 2018). The resulting plasmid was
named pUCS57/TAL1/TKLI1. The 4.9-kb DNA fragment harbouring both genes was
PCR amplified with the primers OK248 and OK249, from the plasmid,
pUCS57/TAL1/TKLI1. Primers OK250 and OK251 were used for amplification of the
plasmid pUCS57/IMH3 carrying IMH3 gene as selectable marker. The resulting
fragments were fused by Gibson Assembly and introduced into genome of E. coli Dh5a
by electroporation. The obtained colonies were tested for the presence of a cassette for
expression of TALI and TKL1 genes using primers OK 248 and OK 249. The resulting
plasmid was named pUCS57/TAL1/TKL1/IMH3. For constitutive expression of 40X1
gene, the 2.9-kb DNA fragment harbouring this gene under control of strong
constitutive promoter GAP was PCR amplified with the primers OK252 and OK253,
from the plasmid pUC57/AOXI1. Primers OK254 and OK255 were used for
amplification of the plasmid pUC57/TAL1/TKL1/IMH3. The obtained colonies were
tested for the presence of a cassette for expression of AOXI gene using primers OK
252 and OK 253. The resulting plasmid was named pUC57/IMH3/TAL1/TKL1/AOX1
(Fig.3.12.).

Kpnl Xbal Sacl

Kpnl Kpnl Pstl Ahdl
e et e—
IMH3 prGAP TALI prGAP TKLI prGAP A0XI lacZ bla

pUCS7/IMH3/TALI/TKL1/AOX1 ~13.5 kb

Fig.3.12. Linear scheme of plasmid pUCS57/IMH3/TAL1/TKL1/AOX1. The
IMH3 gene conferring resistance to mycophenolic acid, TALI and AOXI are designed
as grey boxes. The TKL] is designed as a black box. Gene bla for selection of bacterial
transformants on the ampicillin containing medium and fragment of gene lacZ

Escherichia coli are designed as dashed and white boxes, respectively.
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The constructed plasmids were introduced into genome of O. polymorpha
recombinant strain BEP/Acat8 obtained by methods of metabolic engineering
(Kurylenko et al., 2018). Transformants were selected on YNB medium with
mycophenolic acid (40 mg/L) on the fifth day of cultivation. Selected transformants
were examined by diagnostic PCR using pairs of primers OK256/0K257,
OK256/0K259 and OK256/0K260.

The obtained O. polymorpha recombinant strains overexpressing TAL1, TKLI
and AOX1 genes were studied for their ethanol production during xylose alcoholic
fermentation as compared to the parental strain (Fig.3.13.). The resulting strain BEP/
Acat8/TAL1/TKL1/AOX1 exhibited higher ethanol production from xylose
fermentation, accumulating 39% more ethanol relative to the parental strain BEP/Acat8

at 43 h.
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Fig.3.13. Ethanol production during xylose alcoholic fermentation by Ogataea
polymorpha strain overexpressing TAL1, TKL1 and AOXI genes relative to the parental
BEP/Acat8 strain. Data are shown as mean of three independent experiments. Bars in

the figure indicate ranges of the standard deviation.

The results of this research presented in this sub-chapter were published by the

Ph.D. student in an experimental article:



106

Bratiichuk D, Kurylenko O, Vasylyshyn RV, Zuo M, Kang YQ, Dmytruk K,
Sibirny AA. (2020). Development of new dominant selectable markers for the

nonconventional yeasts Ogataea polymorpha and Candida famata. Yeast, 37(9-

10):505-513.

3.3. The role of hexose transporter-like sensor HXSI and transcription
activator involved in carbohydrate sensing AZFI in xylose and glucose

fermentation in the thermotolerant yeast Ogataea polymorpha

In recent years, it has been found that transcription factors and sugar transporters
play an important role in regulation of xylose alcoholic fermentation. However, the
role of sugar sensors in the process of xylose fermentation remains unexplored. The
hexose transporter-like sensor gene HXS/ in O. polymorpha was described earlier,
which was not involved in glucose repression or catabolite inactivation though its
deletion led to significantly impaired transient transcriptional repression in response to
fructose (Stasyk et al., 2008). The role of this gene in xylose metabolism and in glucose
and xylose alcoholic fermentation has not been studied. The S. cerevisiae AZF'I gene
was identified as sugar- and oxygen-responsive transcription factor. The S. cerevisiae
azf14 mutant cannot grow on glycerol. This transcription factor as [AZF "] conformer
was shown to form a prion (Newcomb et al., 2002; Stein et al., 1998; Stewart et al.,
2021). Nevertheless, the role of the 4AZF ] gene in xylose fermentation in the native

xylose-metabolizing yeasts has never been investigated previously.

In this part of the dissertation, we investigated the roles of two genes in O.
polymorpha: the hexose sensor gene HXS! and the gene AZF1, which encodes a
homolog of the S. cerevisiae transcription factor with sensing properties. The functions

of both genes in xylose and glucose alcoholic fermentation were elucidated.
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3.3.1. Overexpression of the hexose transporter-like sensor gene HXS/ and
the transcription activator AZF1, which is involved in carbohydrate sensing, in
both the wild-type and the best recombinant strain of O. polymorpha with

enhanced ethanol production

To further increase the efficiency of alcoholic xylose fermentation, the
corresponding genes were overexpressed in the genome of wild-type and recombinant
strain EthOH-/XYL1m/XYL2/XYL3/BrPA/cat8A of O. polymorpha, a previously
obtained advanced ethanol producer from xylose isolated by our laboratory. This strain

is abbreviated as BEP/Acat8 hereinafter in this dissertation (Ruchala et al., 2020).

Vectors for overexpression of the genes HXS/ and AZF1 were constructed as
described below. To overexpress the HXS/ and AZF'1 gene under control of the strong
constitutive GAPI promoter of the glyceraldehyde-3-phosphate dehydrogenase gene.
0. polymorpha genome database (https://
mycocosm.jgi.doe.gov/Hanpo2/Hanpo2.home.html) was used for retrieval of the
HXS1 and AZF1 genes sequences. The O. polymorpha AZF1 gene homolog is much
shorter than its counterpart from S. cerevisiae (1911 vs 2745 bp, respectively); the
deduced proteins exhibit 26.5% identity and 34.7% similarity. Vector pUC19-GAPpr-
GAPt-natNT2 was obtained as described by Semkiv (Semkiv et al., 2019). The 574 bp
DNA fragment corresponding to the strong constitutive promoter of the GAPI gene
was amplified from genomic DNA of O. polymorpha strain NCYC495 and 209 bp
DNA fragment corresponding to the terminator of the GAPI gene was amplified from
the same matrix. Then, these two fragments were joined by overlap-PCR, digested with
restriction endonucleases BamHI and Sall, and cloned into the corresponding sites of
the plasmid pUC19. The gene natNT2 conferring resistance to nourseothricin was
amplified from the plasmid pRS41N and used as a selection marker (Taxis & Knop,
20006).

The 1917 bp long DNA fragment corresponding to the ORF of the gene HXS1
was amplified from the genomic DNA of NCYC495 strain using primers SM166 and
SM167, digested with restriction endonucleases Xbal and Notl, and cloned into the
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corresponding sites of the plasmid pUC19-GAPpr-GAPt-natNT2. The resulting vector
was named pUCI9-GAPpr-HXS1-GAPt-natNT2, abbreviated as pHXS1 in this
dissertation (Fig.3.14).

BamHI Notl Xbal Sall Ndel Ndel

— e

pr GAP HXS1 tr GAP NTC bla

pUCI19 prGAP HXSI tr GAP natNT2 (7049bp)

Fig. 3.14. Linear diagram of the plasmid vector
pUC19 prGAP_HXSI trGAP natNT2: prGAP - promoter of the glyceraldehyde-3-
phosphate dehydrogenase gene; trGAP - terminator of the glyceraldehyde-3-phosphate
dehydrogenase gene; NTC - gene for resistance to nourseothricin; HXS/ - hexose

transporter-like sensor gene in O. polymorpha.

The 1911 bp DNA fragment corresponding to the ORF of the gene AZF1 was
amplified from the genomic DNA of O. polymorpha strain NCYC495 strain using
primers AZF1 F and AZF1 R, digested with restriction endonuclease Notl and cloned
into the corresponding site of the pre-dephosphorylated pUC19-GAPpr-GAPt-natNT2
vector. The resulting vector was named pUCI19-GAPpr-AZF1-GAPt-natNT?2,
abbreviated as pAZF1 in this dissertation. Figure 3.15 illustrates this plasmid
construction map. All plasmids in this study were verified by hydrolysis with

restriction endonucleases and PCR assay.



109

BamHI Notl Notl Sall Ndel Ndel

eSS T

pr GAP AZF1 tr GAP NTC bla

pUC19 prGAP AZF] tr GAP natNT2 (7043bp)

Fig. 3.15. Linear diagram of the plasmid vector
pUC19 prGAP_AZF1 trGAP natNT2: prGAP - promoter of the glyceraldehyde-3-
phosphate dehydrogenase gene; trGAP - terminator of the glyceraldehyde-3-phosphate
dehydrogenase gene; NTC - gene for resistance to nourseothricin; AZF[ - transcription

activator gene in O. polymorpha.

To obtain recombinant strains with HXS! or AZF1 overexpression, vectors
pHXS1 and pAZF1 were linearized with restriction endonuclease BamHI and used for

transformation of O. polymorpha best ethanol producer strains BEP/Acat8 and wild-

type strain NCY C495 by electroporation. Plasmids were randomly integrated into the
genome of these two strains. Transformants were selected on a solid YPD medium
supplemented with 150 mg/L of nourseothricin. Selected transformants were stabilized
through a 1-day cultivation in non-selective media, followed by transfer to selective
media (YPD supplemented with 150 mg/L of nourseothricin). Then, the four
transformants were examined by diagnostic PCR using primers Ko1036/SM167 for

BEP/Acat8/HXS1 and WT/HXSI1, primers RV131/RV132 for BEP/Acat8/AZF1 and
WT/AZF1.
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3.3.2. Characterization of alcoholic fermentation of the obtained O.
polymorpha recombinant strains with enhanced expression of HXS! and AZF1

genes

Stable recombinant strains with overexpression of the HXS7 and AZF'I genes were
used to investigate their ability to produce ethanol under limited aeration conditions
(140 rpm). The cultivation was carried out in liquid mineral medium YNB containing

10% xylose and 10% glucose, at 37 °C.

Heterologous expression of the HXS/ gene was achieved under the regulation of
the constitutive GAPI promoter derived from the glyceraldehyde-3-phosphate
dehydrogenase gene in strain BEP/Acat8. The results demonstrated that the HXS/
activated the production of ethanol from glucose-medium. Specifically, after 72 hours
of fermentation, the strain BEP/Acat8/HXS1 produced 37 g/L of ethanol, while
parental strain BEP/Acat8 only produced 34 g/L of ethanol. Additionally, the
overexpression of HXS1 also activated ethanol production from xylose medium. After
72 hours of fermentation, strain BEP/Acat8/HXS1 generated 13 g/L of ethanol, in
contrast to parental strain BEP/Acat8 which produced only 9.1 g/L of ethanol (Fig.
3.16a, 3.16¢ and Table 3.1). The biomass in both glucose and xylose media was shown
to be higher compared to the parental strain (Fig. 3.16b, 3.16d) indicating superior
growth characteristics of BEP/Acat8/HXS1 in both carbon sources. Of note, this sensor
1s predicted to induce expression of functional hexose transporters in O. polymorpha

(Stasyk et al., 2008; 2012).

Subsequently, HXS! was overexpressed in the wild-type strain NCYC495,
designated as WT/HXSI1. The engineered strain demonstrated enhanced ethanol
production in xylose medium (0.83 g/L versus 0.49 g/ in wild-type), while
maintaining comparable performance in glucose medium (Fig. 3.17a, 3.17b and Table
3.1). Substrate utilization revealed accelerated consumption of both xylose and glucose
by WT/HXS1 compared to the wild-type strain (Fig. 3.17c, 3.17d and Table 3.1),
although cells biomass yields remained comparable across both strains and carbon

sources (Fig. 3.17e, 3.17f and Table 3.1). These observations suggest that the HXS/
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sensor may regulate xylose metabolism through modulation of intracellular enzymatic
pathways involved in xylose catabolism and fermentation. Thus, its overexpression
potentially alleviates metabolic bottlenecks in xylose utilization. Collectively, these
findings demonstrate that HXS/ overexpression on the background of both wild-type

and BEP/Acat8 strains contributes to enhanced ethanol production efficiency.
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Fig. 3.16. Ethanol production (a, ¢) and biomass accumulation (b, d) during 10%
glucose and 10% xylose alcoholic fermentation of O.polymorpha wild type BEP/ A

Cat8 and recombinant strains with HXS/ gene overexpression at 37°C. Data are shown

as mean of three independent experiments.
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Fig. 3.17. Ethanol production (a, b), sugar consumption (¢, d) and biomass
accumulation (e, f) during 10% glucose and 10% xylose alcoholic fermentation of O.
polymorpha wild type and recombinant strains with HXS/ gene overexpression at 37

°C. Data are shown as means of three independent experiments.

The overexpression of AZF1 significantly enhanced alcoholic fermentation of
xylose in the wild-type (WT) genetic background, resulting in a two-fold increase in
ethanol production after 48h in WT/AZF1 recombinant strain (Fig.3.18b). This
enhancement was also analysed glucose fermentation (Fig.3.18a). Additionally, when
AZF1 was overexpressed in the BEP/Acat8 background (an advanced ethanol
producer), ethanol accumulation increased by approximately 10% in glucose medium

(Fig.3.18a). Moreover, in the xylose medium, ethanol production was enhanced by
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more than 30%, reaching 11 g/L after 72 hours as shown in Fig. 3.18b, with detailed

fermentation parameters presented in Table 3.1.

Furthermore, substrate utilization was substantially improved in the recombinant
strain. The BEP/Acat8/AZF1 strain exhibited enhanced sugar consumption rates
compared to the parental strain, achieving 90% glucose utilization and 70% xylose
utilization by 72h (Fig.3.18c and Fig.3.18d). Biomass accumulation was also
significantly improved in the recombinant strain. During glucose fermentation,
BEP/Acat8/AZF I reached maximum biomass at 48h. In xylose fermentation, the strain
demonstrated consistently higher biomass yields throughout the fermentation period,

reaching a peak optical density (ODggo) of 3.0 after 120h (as shown in Fig.3.18e and
Fig.3.18f).
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Fig. 3.18. Ethanol production (a, b), sugar consumption (¢, d) and biomass
accumulation (e, f) during 10% glucose and 10% xylose alcoholic fermentation of O.
polymorpha wild type, BEP/Acat8 and recombinant strains with AZFI gene

overexpression at 37 °C. Data are shown as means of three independent experiments.

In addition, growth tests were conducted in the background of wild-type and
BEP/Acat8 strains with AZF1 overexpression. The results demonstrated that
throughout all tested stages, both BEP/Acat8/AZF1 and WT/AZF1 strains exhibited
superior growth on xylose and glucose compared to BEP/Acat8 and WT strains. These
findings indicate that AZF1 overexpression can enhance the growth compared to the

wild-type and BEP/Acat8 strains. (Fig. 3.19a and 3.19b).
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recombinant strains with AZF ] gene overexpression on different media, cultivation at

37 °C. Data are shown as means of three independent experiments.
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Ethanol yield, ethanol specific production rate and ethanol productivity during
xylose alcoholic fermentation for all studied recombinant strains are also listed in Table
3.1. The highest ethanol yield of 354 mg per g of consumed xylose was observed in
strain BEP/Acat8/AZF1, whereas strain BEP/Acat8/HXS! has shown the highest
ethanol specific production rate (63mg/g biomass/h) and ethanol productivity (181
mg/L/h).

Table 3.1.

Main parameters of xylose fermentation at 37 °C by the tested O. polymorpha
strains with HXS1 and AZF1 genes overexpression

Strain Ethanol Ethanol yield | Ethanol Ethanol
(g/L) (mg/g of specific productivity
consumed production rate
(mg-L"hY)
xylose) (mg-g biomass
l_h-l)
0.49+0.03 1542 4+1 7+1
WT/AZF1? | 1.204+0.05 4148 10+£3 2542
WT/HXS12 | 0.83+£0.07 2544 8+1 1243
BEP/Acat8® | 9.10+0.10 154420 49411 126+22
BEP/Acat8/ | 11.02+0.11 354431 40+19 114+19
AZFI1°¢
BEP/Acat8/ | 13.04+0.12 352429 63+17 181+£27
HXS1Pb
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® Data of ethanol yield (mg/g of consumed xylose), ethanol specific production rate

(mg-g biomass'-h), ethanol productivity (mg-L-h"!) and ethanol concentration (g/L)

are represented on YNB medium supplemented with 10% of xylose on 48 h of
fermentation

b72h of fermentation

¢ 96h of fermentation

The specific activities of key enzymes involved in xylose metabolism and ethanol
fermentation, including xylose reductase (XR), xylitol dehydrogenase (XDH),
pyruvate decarboxylase (PDC), and alcohol dehydrogenase (ADH), were analyzed in
the transformants. The metabolic pathway of xylose utilization requires its initial
conversion to xylulose and subsequent phosphorylation to xylulose 5-phosphate for
entry into the pentose phosphate pathway (PPP). This conversion is catalyzed
sequentially by xylose reductase (XR) and xylitol dehydrogenase (XDH), facilitating
the transformation of xylose to xylitol and subsequently to xylulose. In the
ethanologenic pathway, pyruvate decarboxylase (PDC) serves as a crucial enzyme
catalyzing the decarboxylation of pyruvate to acetaldehyde and CO,, followed by the
reduction of acetaldehyde to ethanol via alcohol dehydrogenase (ADH) (Ruchala J. et
al., 2020).

To elucidate the metabolic impact of gene overexpression, enzymatic activities
were assessed in the parental strains and the recombinant strains BEP/Acat8/HXS1,
BEP/Acat8/AZF1, WT/AZF1 and WT/ HXS1 during xylose fermentation at 37 °C. The
results demonstrated that overexpression of either HXS/ or AZF in the BEP/Acat8
genetic background significantly enhanced the specific activities of xylitol
dehydrogenase and pyruvate decarboxylase (Table 3.2). Moreover, consistent with
previous observations, the BEP/Acat8 strain exhibited elevated specific activities of
these enzymes compared to the wild-type strain. These findings suggest that the

enhanced ethanol production observed in strains overexpressing HXS/ and AZF'] can
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be attributed to the increased activities of xylitol dehydrogenase and pyruvate
decarboxylase. However, the underlying molecular mechanisms governing these

metabolic alterations remain to be elucidated and warrant further investigation.

In conclusion, our findings demonstrate that the HXS1 sensor plays a crucial role
not only in glucose utilization but also in xylose metabolism and alcoholic fermentation
of both sugars. Similarly, the transcription factor AZF'I, a homolog of S. cerevisiae
AZF1, significantly enhances ethanol production from both glucose and xylose, with
particularly pronounced effects on xylose fermentation in O. polymorpha. Collectively,
these results establish that the genes encoding the hexose sensor HXS/ and the
carbohydrate-sensing transcription factor AZFI in the thermotolerant yeast O.
polymorpha represent promising molecular tools for further metabolic engineering.
The enhanced ethanol yields achieved through overexpression of these genes highlight
their potential utility in developing more efficient strains for industrial-scale

lignocellulosic bioethanol production.

Table 3.2.

Activities of the enzymes xylose reductase (XR), xylitol dehydrogenase (XDH),
alcohol dehydrogenase (ADH) and pyruvate decarboxylase (PDC) in the tested
O. polymorpha strains with the HXS1 and AZF1 genes overexpression. Activities

were measured on 72 h of fermentation on xylose at 37 °C

Strain Activity U/ mg of protein

XR XDH ADH PDC
NCYC 495 WT |0.99+0.05 |0.62+0.03 |0.97+£0.05 | 0.33+0.02
WT/AZF1 0.89+0.04 |0.50+0.02 |0.76+0.03 | 0.53+0.02
WT/HXSI1 0.85+0.04 |0.67+0.03 |0.81+0.03 | 0.37+0.02
BEP/Acat8 0.84+0.04 |1.05+0.05 |1.07+£0.05 | 0.69+0.03
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BEP/Acat8/ 0.87+0.04 | 1.42+0.06 |0.70+0.03 | 0.92+0.05
AZF1
BEP/Acat8/ 0.87+£0.04 | 1.47+0.07 |1.06+0.05 | 0.83+0.04
HXS1

The results of this subsection are highlighted as part of the work in the manuscript

and abstract:

Semkiv MV, Ruchala J, Tsaruk AY, Zazulya AZ, Vasylyshyn RV, Dmytruk OV,
Zuo M, Kang YQ, Dmytruk KV, Sibirny AA. (2022). The role of hexose transporter-
like sensor hxs1 and transcription activator involved in carbohydrate sensing azfl in

xylose and glucose fermentation in the thermotolerant yeast Ogataea

polymorpha. Microb Cell Fact., 21,162.Q1. doi: 10.1186/s12934-022-01889-z.

Zuo M, Vasylyshyn RV, Sibirny AA. The role of transcription activator involved
in carbohydrate sensing azfl in xylose and glucose fermentation in the thermotolerant
yeast ogataea polymorpha. // Conference of Young Scientists of Institute of Cell

Biology, June 8, Lviv, Ukraine. — 2022. — P.19.
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CHAPTER 4

ANALYSIS AND GENERALIZATION OF THE RESULTS

One of the most striking achievements of modern biotechnology is the rapid
development of recombinant protein production for various economic and medical
applications. Methylotrophic yeasts, defined as organisms capable of utilizing
methanol as a sole carbon source, have emerged as highly effective expression systems

for both native and heterologous proteins of industrial importance.

K. phatffii, as a typical representative of methylotrophic yeast, offers significant
advantages over other systems for heterologous protein production. These advantages
include strong and strictly regulated promoters of genes encoding methanol
metabolism enzymes, high biomass production, and efficient secretion and yield of

target proteins.

The key to creating strains which can overproduce proteins of industrial
importance lies not only in producing strains with high levels of target protein
synthesis, but also in maximum reducing the degradation of these recombinant proteins
in the cytosol. However, when this yeast is transferred from methanol to glucose-
containing medium, most enzymes involved in methanol utilization are repressed at the
transcriptional level, while the enzymes already present in the cell undergo rapid
degradation and proteolysis, and the cell’s carbon metabolism switches to a glycolytic

pathway (Dmytruk et al., 2021).

In a eukaryotic cell, there are two types of protein degradation: proteasomal
degradation occurring in the cytoplasm which typically recognizes and degrades
ubiquitinated individual proteins, predominantly short-lived ones; and autophagy
occurring in a special organelle, the lysosome, or vacuole. This process involves not

only proteins but also intracellular organelles or other macromolecular compounds
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(Mizushima & Komatsu, 2011; Sibirny, 2016). Therefore, maintaining the desired
stability of heterologous synthesized proteins in the cytosol remains an unsolved
problem. Accorting to the literature reports, increased expression of recombinant
proteins in K. phaffii is possible by inhibiting proteolytic degradation (Dmytruk et al.,
2020). Therefore, to study the mechanisms of cytosolic protein autophagic degradation

in K. phaffii, it is important to isolate mutants specifically affected in this process.

Until now, 42 ATG genes have been identified in yeast, and the products of these
genes are involved in autophagy pathways (Mizushima & Komatsu, 2011).
Methylotrophic yeasts serve as excellent model organisms for studying the
mechanisms of autophagy. Some genes involved in autophagy and pexophagy, such as
PEX3, PEX14, HXS1, ATGS, ATG26, ATG28, ATG35, ATG30, and GSSI, have been
identified in O. polymorpha and K. phaffii and most of these genes are highly conserved
in eukaryote organisms (Klionsky et al., 2003; Geng & Klionsky, 2008; Farré et al.,
2008; Polupanov & Sibirny, 2014; Manjithaya et al., 2010). The selective degradation
of formaldehyde dehydrogenase, formate dehydrogenase and fructose-1,6-
bisphosphatase has also been identified as occurring in the autophagy pathway in our
previous study (Dmytruk et al., 2021; Dmytruk et al., 2020). Additionally, previous
studies in K. marxianus have demonstrated that strains with impaired autophagy,
caused by a mutation in the Mtcbp protein, exhibited significantly enhanced
heterologous protein production, with protein yields increasing up to ten-fold
compared to the wild type strain, suggesting that modifying autophagy pathways could
be a promising strategy for improving heterologous protein production in yeast (Y. Liu
et al., 2018). However, although there are some research on the relationship between
autophagy deficiency and recombinant protein production, the mechanisms of
degradation of these and other intrinsic cytosolic proteins, as well as recombinant
heterologous proteins with cytosolic localization in methylotrophic yeast (such as K.
phalffii), remain unclear. Therefore, the investigation of the mechanisms of cytosolic

protein degradation is of great fundamental and applied importance.
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To explore this problem, a simple method was developed in our previous study to
isolate cytosolic enzyme such as B-galactosidase activity degradation mutants. In this
method, a vector for expressing the -galactosidase gene LAC4 from Kluyveromyces
lactis fused with green fluorescent protein (GFP) under the control of methanol-
regulated FLD1 promoter was constructed and transformed into K. phaffii (Dmytruk et
al., 2021). The B-galactosidase was found to be inactivated due to degradation
occurring in vacuoles when the transformant cells were transferred from methanol to
glucose medium. The B-galactosidase of methanol-grown K. phaffii transformants can
be assayed directly on plates using X-gal staining, thus providing an opportunity to
isolate the mutants that are defective in the degradation of cytosolic proteins in K.
phaffii. Additionally, this approach allowed isolation of insertion mutants defective in
B-galactosidase inactivation due to defects in the novel gene involved in autophagy of

cytosolic and peroxisomal proteins, designated ACG1 (Zazulya et al., 2023).

Hence, in this dissertation, the chemical mutagen N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG) was used to select the mutant strains with impaired
degradation of B-galactosidase. The impaired degradation of the enzyme in selected
mutants was assessed by their blue color on plate with X-gal after shifting from
methanol to glucose. Four mutants displaying, contrary to the parental strain, blue color
after being transferred from methanol to glucose than that of the parental strain were
selected. All the selected mutants showed relatively and to a different extent higher -
galactosidase activity compared to the parental strain. This result was also confirmed
by fluorescence image analysis, as the enzyme is fused with GFP, which shows higher
fluorescence in glucose-containing medium than that of the parental strain. Cellular
viability is one of the best indicators for assessing the completion of the entire
autophagic process because autophagy-deficient mutants will lose viability during
incubation in starvation medium (Noda, 2008). In this study, the viability assay and
phloxine B assay under nitrogen starvation conditions revealed survival defects in the
mutants. Furthermore, the biomass accumulation of the mutant strains was evidently

decreased compared with that of the parental strain, indicating an impairment in
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autophagy. These results indicate that the selected mutants have a defect in general
autophagy. AOX, a key peroxisomal matrix protein, was used as an indicator for
pexophagy. Interestingly, based on the residual AOX activity after shifting the cells
from methanol to glucose, the mutants MNNG-1 and MNNG-3 exhibited defects in
both selective autophagy and pexophagy, while the mutants MNNG-2 and MNNG-4
were characterized solely by defects in selective autophagy of cytosolic f-
galactosidase. The mutations in the selected strains will be identified through genome
sequencing in the future. The identified genes will help shed light on the mechanisms

of specific degradation of cytosolic proteins.

In this part of the dissertation, four mutant strains with defects in cytosolic protein
degradation were identified, and subsequent verification confirmed that all these
mutants exhibited autophagy deficiencies, indicating a correlation between autophagy
defects and impaired protein degradation. This research provides a solid foundation for
further exploration of how autophagy deficiencies can enhance protein yield. However,
in this study also revealed that autophagy-deficient strains exhibit reduced cell growth,
which typically correlates positively with protein yield (Dmytruk OV et al.,2020).
Based on these findings, there are two potential application strategies may to enhance
the production of protein in the future: first, screening and identifying autophagy-
related genes to develop engineered strains capable of maintaining moderate growth
while improving heterologous protein yields; second, utilizing newly discovered
autophagy-related genes as modification targets through directed mutation or precise
regulation to optimize the balance between growth and productivity. These strategies
may provide genetic improvement approaches for enhancing recombinant protein
production efficiency. Therefore, investigating the productivity of cytosolic protein
synthesis in these mutants holds significant scientific interest and practical
applications. Additionally, future sequencing of these mutant strains is anticipated to
uncover relevant genes that elucidate this process, potentially offering insights to
clarify the underlying mechanisms and providing new approaches for enhancing

protein production efficiency in K. phaffii.
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Another chapter of this dissertation was to develop new dominant selectable
markers for the future application in metabolic engineering for the yeast O. polymorpha.
Currently,the ADE11, LEU2, MET6 and URA3 genes have been developed as selective
markers in combination with the corresponding auxotrophic O. polymorpha recipient
strains. Based on sensitivity of O. polymorpha to aminoglycoside antibiotics geneticin,
hygromycin B and zeocin, the dominant markers have been developed to confer
resistance to these antibiotics (Cheon et al., 2009; Sohn et al., 1999). However, the most
desired for commercial application appeared to be the self-cloning yeast vectors
carrying no heterologous genes (Akada et al., 2002). Self-marker genes are very useful
for the transformation of prototrophic industrial yeast strains (Hashida-Okado, Ogawa,
et al., 1998). Such markers have not been developed yet for O. polymorpha, in spite of
substantial development of molecular tools for this organism. Therefore, in this study
the mutated AURI and native IMH3 genes from O. polymorpha conferring resistance

to aureobasidin and mycophenolic acid, respectively, were tested.

First, two mutant forms of the AUR1 gene were created by replacing the leucine
residue with phenylalanine at position 53 along with replacement of histidine residue
by tyrosine at position 72 (L53 CTT—F53 TTT; H72 CAT— Y72 TAT) or substitution
of alanine for cysteine at position 156 (A156 GCA — C156 TGT). These mutants were
named pUC57/AURI1-1 and pUC57/AURI1-2, respectively. Subsequently, constructed
plasmids were introduced into O. polymorpha wild-type strain by electroporation. As
a result of transformation with plasmid pUC57/AUR1-2, there are several colonies of
transformants were obtained on the third day of cultivation. While transformation with
the plasmid pUC57/AURI-1 no colonies on the medium with aureobasidin was
observed. The obtained results indicate that the mutant form of the AURI gene with
replacement A156C can be used as a marker for selection of aureobasidin-resistant

transformants in O. polymorpha.

Additionally, the plasmid with a gene conferring resistance to mycophenolic acid
IMH3 gene was constructed and named pUC57/IMH3. The constructed plasmid was

introduced into O. polymorpha wild-type strain by electroporation. Transformants were
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selected on YNB medium with mycophenolic acid (40 mg/L) on the fifth day of
cultivation. The frequency of transformation was 20 transformants per microgram of
DNA. Therefore, it can be concluded that the introduction of an additional copy of
IMH3 gene into genome of O. polymorpha wild-type strain was sufficient to obtain
transformants resistant to mycophenolic acid. At last, IMH3 gene was used as
selectable marker for construction of a plasmid for overexpression of TALI, TKLI and
AOXI genes in the advanced ethanol producer BEP/Acat8 strain. The obtained O.
polymorpha recombinant strains were studied for their ethanol production during
xylose alcoholic fermentation as compared to the parental strain. The results indicate
that BEP/Acat8/TALI/TKL1/AOX1 was characterized by higher ethanol production
during 67 h of xylose fermentation and accumulated 39% more ethanol relative to the
parental strain BEP/4cat8 at 43 h. These results demonstrated that the mutated 4UR!
gene and the native /MH3 gene can be successfully applied as new dominant selectable
markers in the yeast O. polymorpha. This study provides the first evidence that
engineered AURI and native IMH3 genes from O. polymorpha can serve as dominant
selectable markers for this yeast species, offering promising potential for industrial
applications. These markers could enable safer commercial development of
metabolically engineered O. polymorpha strains by avoiding the transfer of antibiotic

resistance genes to pathogens or the production of toxic or allergenic proteins.

The third part of this dissertation primarily focuses on improving the utilization
of xylose for ethanol production from lignocellulosic hydrolysates in methylotrophic

yeast O. polymorpha.

Currently, the necessity and actuality of biofuels as alternative energy sources
have become increasingly evident, largely due to the limited reserves of fossil fuels
and their environmental impact. As global interest in renewable energy continues to
rise, the production and consumption of biofuels have emerged as critical strategies for
addressing environmental challenges. Research indicates that economic considerations
and environmental concerns are the main drivers prompting the global community to

shift toward biofuels. Consequently, the development and utilization of biofuels not
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only reduce reliance on fossil fuels but also significantly mitigate environmental

pollution, thereby supporting the achievement of sustainable development goals.

The most significant and valuable attribute of biofuels lies in the renewability of
their raw materials, creating opportunities for the agricultural sector to serve as both
producers and consumers of various biofuels. Among these, bioethanol is considered
one of the most promising renewable fuels due to its potential for production from
agricultural waste, particularly lignocellulose biomass. However, the primary sugar
that can be effectively utilized at present is glucose, while its hydrolysis products can
contain up to 30% pentose sugars (such as xylose and arabinose). These pentoses are
not efficiently fermented into ethanol by industrial microorganisms, especially the
yeast S. cerevisiae. Consequently, researchers are primarily focused on constructing

effective microorganisms capable of fermenting pentose sugars to produce ethanol.

O. polymorpha 1s a promising yeast for ethanol production during xylose
fermentation due to its ability to ferment xylose at high temperatures (45-48 °C). This
characteristic makes it an effective organism for simultaneous saccharification and
fermentation (SSF). However, wild-type strains of O. polymorpha naturally produce
very low amounts of ethanol from xylose, which is insufficient for industrial
applications. The previous approaches combination of metabolic engineering and
classical selection employed by our lab has successfully enhanced the ethanol yield of
recombinant strains to 40 times that of the wild type, but this output still falls short of
industrial requirements. Therefore, further optimization of the key fermentation
parameters in O. polymorpha is essential to meet the demands for industrial xylose

fermentation.

In the dissertation, the roles of hexose sensor HXS/ and transcription factor with
sensing properties AZFI on xylose and glucose fermentation in the native xylose-
metabolizing yeast O. polymorpha were investigated. Extensive studies on glucose
signaling pathways and their controls of glucose metabolism showed that efficient
hexose transporters and glycolysis, which are the factors for efficient xylose

metabolism, depend on activation of glucose signaling pathways (Wu et al., 2020). The
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role of sugar sensors in xylose fermentation was also studied in xylose-metabolizing
strains of S. cerevisiae. Positive effects of activation of the glucose sensing system in
xylose-fermenting strains by upregulating the Snf3p/Rgt2p, Snfl/Miglp and the
cAMP/protein kinase A (PKA) pathway were found (Osiro et al., 2019). Both the
PDEIl and PDE2 cAMP phosphodiesterase genes were deleted, increasing PKA
activity in S. cerevisiae and consequently leading to increased xylose utilization (Wu
et al., 2020). However, the role of xylose sensing/signaling in xylose metabolism and
fermentation in the natural xylose-utilizing yeasts remains poorly understood and to
date, no specific sensing proteins involved in xylose alcoholic fermentation have been

identified (Jeffries & Van Vleet, 2009; Ribeiro et al., 2021).

In this study, the impact of sugar sensors on xylose metabolism and fermentation
was investigated for the first time in the naturally xylose-metabolizing yeast O.
polymorpha. The role of the HXS! sugar sensor in glucose and xylose alcoholic
fermentation in O. polymorpha was examined through overexpression of the HXS/
gene. The results reveal that overexpression of this gene enhanced ethanol production
from xylose and glucose in both the advanced ethanol producer and wild type strain.
Moreover, deletion of the HXSI gene strongly suppressed the utilization and
fermentation of both sugars (as observed by my colleagues). These results indicate that
the HXS! sensor is essential not only for glucose utilization, as previously reported
(Stasyk et al., 2008), but also for xylose metabolism and the alcoholic fermentation of

both sugars.

Furthermore, the study of transcription factors in xylose and glucose alcoholic
fermentation is a relatively new research field (Alper & Stephanopoulos, 2007,
Dzanaeva et al., 2021; Wei et al., 2018). In our previous research, we identified the
significant role of specific transcription factors in the alcoholic fermentation of xylose
and glucose in O. polymorpha. In particular, the CATS gene has been identified as the
first transcription factor specifically involved in regulating xylose alcoholic
fermentation in O. polymorpha, without affecting ethanol production from glucose

(Ruchala et al., 2017). Knocking out the CATS8 gene was found to reduce cellular
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respiration and stimulate ethanol production from xylose, while overexpression of the
gene inhibited xylose fermentation (Ruchala et al., 2017). Additionally, orthologues of
S. cerevisiae transcription activator Hap4 (Sybirna et al., 2010) and transcriptional
repressors Migl, Mig2 and Tupl (Kurylenko et al., 2021) were also characterized. The
results indicate that deleting both MIG1 and MIG2 genes led to a decrease in ethanol
production from glucose and xylose. Conversely, deletion of the HAP4-A and TUPI
genes increased ethanol production from xylose, while overexpressing HAP4-A and
TUPI reduced ethanol production during xylose alcoholic fermentation. These
findings demonstrate that manipulation of transcription factors represents a promising
strategies for enhancing ethanol production from xylose in O.polymorpha, highlighting

their potential for improving xylose utilization.

To gain a deeper understanding of the regulation of glucose and xylose
metabolism, this dissertation focus on the AZF1 gene in O. polymorpha, which is a
homolog of transcription factor AZF'I in S. cerevisiae and 1s known to be involved in
regulation of carbon source utilization and glucose sensing. Most importantly, AZF'] is
required for efficient xylose fermentation in xylose-utilizing strain of S.cerevisiae
(Myers et al., 2019; Newcomb et al., 2002; Gancedo, 2008). In this current work,the
results indicated that overexpression AZF1 elevates ethanol production from glucose
and especially from xylose in both the advanced ethanol producer BEP/Acat8 and wild
type strain of O. polymorpha. Inversely, deletion leads to reduced ethanol production
from both sugars (as observed by my colleagues) (Semkiv et al., 2022). Furthermore,
1t was observed that both strains, BEP/Acat8/HXS1 and BEP/Acat8/AZF1, exhibited
increased consumption rates of glucose and xylose. The highest ethanol yield, 354

mg/g of consumed xylose, was observed in strain BEP/Acat8/AZF1 compared to the
154 mg/g in BEP/Acat8. Meanwhile, strain BEP/Acat8/HXS1 demonstrated the highest

ethanol specific production rate (63 mg/g biomass/h, compared to 49 mg/g biomass/h

in BEP/Acat8) and ethanol productivity (181 mg/L/h, relative to 126 mg/L/h in BEP/A

cat8). Specific activities of xylitol dehydrogenase and pyruvate decarboxylase were

elevated upon overexpression of HXSI or AZFI on the background of BEP/Acat8,
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potentially contributing to the increase ethanol production observed in these strains.
However, the molecular mechanisms underlying these changes remain obscure and

will be addressed in future studies.

This study found that both genes HXS! and AZFI are promising tools for
increasing ethanol production from both major lignocellulosic sugars, glucose and
xylose, which could be of biotechnological importance for the construction of more

efficient ethanol producers using this strain.
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CONCLUSIONS

In the dissertation, B-galactosidase degradation-deficient strains were isolated in
the methylotrophic yeast K. phaffii using the chemical mutagen N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG). Moreover, the original approaches were used to construct

overproducers of ethanol based on the methylotrophic yeast O. polymorpha.

The main scientific and practical results of the work are presented in the following

conclusions:

1. Following MNNG mutagenesis, four mutant strains displaying higher [-
galactosidase activity after cell shifting from methanol to glucose, relative to the

parental strain were selected.

2. The viability assay and phloxine B assay under nitrogen starvation conditions
revealed growth defects in the selected mutants. Besides, the biomass of the mutant
strains was evidently decreased compared with that of the parental strain, suggesting
an impairment in general autophagy. The obtained results indicate that the selected
mutants have a defect in autophagy.

3. Pexophagy was studied by analyzing the residual AOX activity after shifting
selected mutants from methanol to glucose. The results showed that mutants MNNG-
1 and MNNG-3 exhibited defects in both selective autophagy of cytosolic B-
galactosidase and selective pexophagy, while mutants MNNG-2 and MNNG-4 were
characterized solely by defects in selective autophagy of cytosolic B-galactosidase.

4. The mutated AURI gene and the native IMH3 gene serve as effective new
dominant selectable markers in the yeast O. polymorpha. Furthermore, the recombinant
strain constructed using the /MH3 gene as a selective marker, overexpressing TALI,
TKL1, and AOXI genes, demonstrated enhanced ethanol production compared to the
parental strain. The usage of such selectable markers is the most suitable for

commercial application of metabolically engineered O. polymorpha strains with
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desired characteristics as prevents the transfer of genes conferring antibiotic resistance
to pathogens.

5. Transformants of O. polymorpha overexpressing the AZF1 gene, homologous
to the S. cerevisiae AZF1 gene that encodes a transcriptional activator involved in
carbohydrate sensing, were constructed. The transformant (WT/AZF1) produced 10%
more ethanol in glucose medium and 2.4 times more ethanol in xylose medium
compared to the wild type. When overexpressed in the background of the advanced
ethanol producer (BEP/Acat8/AZF1), ethanol accumulation increased by nearly 10%
in glucose medium and by more than 30% (up to 11 g/L at 72 h) in xylose medium
compared to BEP/Acat8.

6. Recombinant strains of O. polymorpha overexpressing the HXSI gene,
encoding a hexose transporter-like sensor and a close homolog of S. cerevisiae sensors
Snf3 and Rgt2, were constructed. In the WT/HXSI strain, ethanol production increased
by 10% from glucose and enhanced two-fold from xylose compared to the wild-type
strain. In the BEP/Acat8/HXSI strain, ethanol production from xylose was elevated

40% (up to 13 g/L after 72 h ) relative to BEP/Acat8.
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