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ABSTRACT

TRANSCRIPTIONAL ENGINEERING OF Pichia pastoris ALCOHOL
DEHYDROGENASE 2 AND ALCOHOL OXIDASE 1 PROMOTERS FOR
RECOMBINANT PROTEIN PRODUCTION

Giindiiz Ergiin, Burcu
Ph.D., Department of Biotechnology
Supervisor: Prof. Dr. Pmar Calik
Co-Supervisor: Prof. Dr. Diethard Mattanovich

September 2018, 310 pages

The aim of the Ph.D. thesis was designing novel engineered promoter variants
(NEPVs) to obtain strong ethanol regulated promoters for improved recombinant
protein (r-protein) production, and to clarify the role of certain transcription factors
(TFs) on the regulation of P. pastoris Papn2 and Paoxi. Promoter architecture of Papnz
was redesigned by nucleosome optimization and modification of transcription factor
binding sites and, the induction mechanism of Paox: was changed to ethanol as sole
carbon and energy source. Engineered PapH2 allowed a 476% increase in enhanced
green fluorescent protein (eGFP) synthesis compared to that of PapH2-wt. NEPVS of
Paox1 spanning an activity range between 74% and 130% of the Paoxiwt in

fermentations with ethanol; and allow maximum 197% increase in eGFP synthesis in



fermentations with methanol. Subsequent measurements of the eGFP transcript levels
confirmed stronger transcriptional capacities of the NEPVs. The second model
protein extracellular human serum albumin (HSA) production was also studied with
the promising NEPVs. Average extracellular HSA yield per gram of wet-cell-weight
(Yrix) was 0.26, 0.38, 1.13, and 0.48 mg/g with PapH2-wt, PADH2-Nucopt, PADH2-Optcat, and
Paox1-mod, respectively under ethanol induction. In methanol-based defined medium
with Paoxi-wt and Paoxi-mod Yr/x Was calculated as 0.85 and 1.34 mg/g, respectively.
In order to clarify the role of the TFs in the regulation of PapH2 and Paoxi, and to
create novel r-protein expression systems, overexpression and knock-out P. pastoris
strains of Adr1(Mxrl), Acal, Cat8-1, and Cat8-2 were designed and constructed.
Cat8-2 overexpression created a derepressible r-protein production system under
limited glucose condition with Papn2 reached 37% of the expression reached with
ethanol induction. A very potent activation by derepression was observed with Paoxi-
mod IN @dr1A strain with 206% of the expression reached with methanol-induced Paox:-
wt With limited glucose. Adrl was found to be the main regulator of Paox1 but not
PapH2. Cat8-1 and Cat8-2 were both the activators of Paprz and Paoxi-v; but in fact
Cat8-1 is more effective. The cat8-1cat8-24 strain lost its ethanol utilization ability.
The strongest expression potential by PapHz-wt and Paoxi-mod Was obtained in adrlA
strains under methanol induction, although the cells lost their ability to grow. It is
conclusively demonstrated that the NEPVs and transcriptionally engineered r-protein
expression platforms are promising candidates for industrial r-protein production

processes.

Keywords: Pichia pastoris, ADH2, AOX1, promoter library, transcriptional
engineering
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0z

REKOMBINANT PROTEIN URETIMI ICIN Pichia pastoris ALKOL
DEHIDROJENAZ 2 VE ALKOL OKSIiDAZ 1 PROMOTORLARININ
TRANSKRiPSiYON MUHENDISLIGIiYLE GELISTIRILMESI

Giindiiz Ergilin, Burcu
Doktora, Biyoteknoloji Bolimii
Tez Yoneticisi : Prof. Dr. Pinar Calik
Ortak Tez Yoneticisi: Prof. Dr. Diethard Mattanovich

Eyliil 2018, 310 sayfa

Bu doktora tezinin amaci rekombinant protein (r-protein) iiretiminin artirilmasi i¢in
giicli, etanol ile regiile edilen promotor varyantlarinin tasarlanmasi ve gelistirilmesi,
ve belirlenen transkripsiyon faktorlerinin (TF) P. pastoris PapH2 Ve Paoxt
promotorlarinin regiilasyonunda islevlerinin arastirilmasidir. Papn2 promotor
mimarisi niikleozom optimizasyonu ve transkripsiyon faktorii baglanma bolgelerinin
modifikasyonu ile degistirilmis, etanoliin tek karbon ve enerji kaynagi olarak
kullanilacagi Paoxi indiiksiyon mekanizmasi yeniden tasarlanmistir. Papn2 varyantlari
PapH2-wt ile kiyaslandiginda, %476 daha fazla arttirilmis yesil floresan protein (eGFP)

sentezi gergeklestirmistir. Paoxi varyantlari etanol indiiksiyonunda dogal promotorun
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%741 ile %130’u arasinda aktivite gostermis; metanol indiiksiyonunda Paoxi-wt’in
%197’si kadar eGFP iiretimi gerceklestirmistir. eGFP transkript diizeylerinin 6l¢tiimi
ile gelistilen promotor varyantlarinin (NEPV) giiclendirilmis transkripsiyon
kapasiteleri dogrulanmistir. NEPV’nin potansiyellerinin degerlendirilmesi igin 6ne
¢ikan li¢ promotor varyanti ile hiicre dis1 insan serum albumin (HSA) iretimi
gerceklestirilmistir. Etanol indiiksiyonu ile, PapH2-wt, PabH2-Nucopt, PADH2-Optcat, V€
Paox1-mod promotor varyantlari ile sirasiyla birim yas hiicre agirligi basina iiretilen
ortalama hiicredist HSA verim katsayilar1 (Yp/x) 0.26, 0.38, 1.13, ve 0.48 mg/g olarak
hesaplanmistir. Metanol igeren tanimli tiretim-ortamlarinda Paoxi-wt V€ Paoxi-mod il€
verim katsayist Yp/x 0.85 ve 1.34 mg/g bulunmustur. PapH2 Ve Paoxi regiilasyonunda
transkripsiyon faktorlerinin rollerinin netlestirilmesi ve yeni r-protein {retim
sistemlerinin olusturulmasi i¢in Adrl(Mxr1), Acal, Cat8-1, ve Cat8-2 TF asir1 iiretim
(OE) ve TF geni silinmis (KO) suslar gelistirilmistir. Cat8-2 OE, baskis1 kaldirilan r-
protein liretim sistemi yaratmis Ve bu sistemi tagiyan hiicre sinirli-glukoz {iretim
ortaminda, etanol ile indiiklenerek iiretilenin %37’sine ulasmistir. Baski kaldirilmasi
ile smirhi-glukoz iretim ortaminda adrid susunda Paoximod ile, metanolle
indiiklenmis Paoxi-wt’in %206°s1 kadar r-protein iretimi saglayan giiglii uyarilma
bulunmustur. Paoxi’in ana aktivatoriiniin Adrl oldugu, ancak Papn2’nin ana
diizenleyicisi olmadigi bulunmusgtur. Cat8-1 ve Cat 8-2’nin her ikisinin de Paph2 ve
Paoxiv’nin aktivatorleri oldugu ve Cat8-1’in daha etkili oldugu bulunmustur. cat8-
1cat8-24 susunun etanol kullanabilme yetisini kaybettigi gozlemlenmistir. Hiicreler
cogalma yetilerini kaybetmis olsalar da en giiclii liretim potansiyeli metanol uyarimi
altinda Papro-wt Ve Paoxi-mod ile adrlA suslarinda goriilmiistiir. Sonug olarak,
NEPV’ler ve transkripsiyon mithendisligi ile tasarlanan r-protein iiretim platformlari

endiistriyel r-protein {iretim prosesleri i¢in umut vericidir.

Anahtar kelimeler: Pichia pastoris, ADH2, AOX1, promotor kiitiiphanesi,
transkripsiyon miihendisligi
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CHAPTER 1

INTRODUCTION

Organization for Economic Co-operation and Development (OECD) (2001) defines
biotechnology as the application of science and technology to living organisms, as
well as parts, products, and models thereof, to alter living or non-living materials for
the production of knowledge, goods, and services. Industrial biotechnology
specifically focuses on the development of biomolecule production processes using

metabolic engineering, strain engineering, and bioprocess engineering.

A key component of the industrial biotechnological processes is the host organism.
Yeast has been the subject of many studies due to its ability to grow rapidly, reach
very high cell densities in defined minimal media and provide high yields. The genetic
manipulations applied to yeast are rather straightforward, and the eukaryotic post-
translational modifications of yeast increase the biopharmaceutical potential of its
products (Celik and Calik, 2012). Among industrially relevant yeast species, the
Pichia pastoris (Komagetalla pastoris) has been very successful as an efficient
heterologous host that can be attributed to a number additional advantages. Namely,
it secretes recombinant proteins (r-protein) with fewer amounts of endogenous
proteins, which leads to easier downstream processes, it does not hyperglycosylate r-
proteins as much as Saccharomyces cerevisiae, and it prefers aerobic respiration
rather than fermentation, therefore produces less by-products (Giindiiz-Ergiin and
Calik, 2016).



Transcription is the first step in protein synthesis and a crucial step in the cell in
fermentation bioprocesses. Therefore, strong and controllable promoters are essential
for efficient expression systems (Porro et al., 2005). In bioprocess operations,
regulatable promoters help to divide cell growth and production phases and enable
high cell densities without r-protein production hampering the cellular activities in
the growth phase. One of the most important features of methylotrophic yeasts is
their strong and tightly regulated endogenous promoters obtained from the methanol
utilization pathway. Alcohol oxidase 1 (AOX1) is the first enzyme in the methanol
utilization pathway of P. pastoris and expressed at high levels; however, Paoxi is
strongly repressed when P. pastoris is grown on glycerol, ethanol, or glucose (Inan
and Meagher, 2001). Upon depletion of these carbon sources, the promoter is
derepressed but is fully induced only after the addition of methanol. Due to its strength
and tight regulation, Paox: has become one of the most extensively used yeast
promoter for recombinant protein production (Celik and Calik, 2012). Despite its high
r-protein expression potential, its induction agent, toxic methanol, still limits large-

scale industrial applications with Paoxi.

P. pastoris alcohol dehydrogenase 2 promoter (PapH2) was reported to be an inducible
promoter by ethanol and glycerol (Cregg and Tolstorukov, 2012). Functional analysis
of ADH2 revealed that it is the only gene responsible for ethanol utilization in P.
pastoris while adh2 knock-out strains can still produce ethanol (Karaoglan et al.,
2016a). Expression potential with Papr2 Was investigated by pilot-scale bioreactor
experiments; and, recombinant Xylanase production with PapH2 outcompeted the
commonly used strong and inducible Paoxi and constitutive Pcap expression levels
(Karaoglan et al., 2016b).

Transcriptional engineering is a novel metabolic engineering tool since it allows
modification of the regulation of an intracellular reaction pathway by engineering the
multiple components such as promoters or regulators including transcription factors
(Ata et al., 2017; Bajhaiya et al., 2017). Various endogenous promoters were
identified to satisfy the requirements of different bioprocesses. However, native



promoters usually provide only limited opportunities due to their intricate regulation
mechanisms and highly-dependent working principles which hampers their

production efficiency and increases the metabolic burden over the host cell.

Promoter engineering aims to modulate transcriptional capacity of promoters by
mutating promoter DNA sequences to obtain a promoter library with a diverse
dynamic range. The basis of promoter engineering mostly depends on promoter
architecture. Promoter strength and regulation are the cumulative effects of short and
distinct DNA motifs that facilitate binding of cellular transcriptional machinery.
Depending on this idea, promoter engineering includes many approaches such as
chimeric promoter design, random mutagenesis, modification of transcription factor
binding sites, and synthetic promoter designs (Ata et al., 2017; Blazeck et al., 2012;
Hartner et al., 2008; Portela et al.,, 2017; Vogl et al., 2014). Many promoter
engineering methods have been applied to understand the regulation and improve the
expression strength of Paox: (Hartner et al., 2008; Portela et al., 2017; Vogl et al.,
2014; Xuan et al., 2009). However, there is no study in the literature mentioning about
changing the induction mechanism of Paox1 by modifying its cis-acting elements so
far. Similarly, despite some promising results with Papn2 recently, there is no study
evaluating the trans- or cis-acting elements of the PapHz.

The ultimate aim of this Ph.D. thesis is designing and engineering novel promoter
variants to obtain strong ethanol regulated promoter variant(s) for improved r-protein
production, and to clarify the role of certain transcription factors on the regulation of
P. pastoris ADH2 (PapH2) and AOX1 (Paox1) promoters.






CHAPTER 2

LITERATURE REVIEW

2.1 Pichia pastoris

P. pastoris is an ascosporous yeast that was first isolated from exudate of
chestnut tree in France in 1919 by Guilliermond, and around mid-20" century its
methanol utilizing ability as sole carbon source was discovered (Ogata et al., 1969).
Philips Petroleum Company employed P. pastoris to produce single cell protein
(SCP) as an animal feed additive; however dramatic increase in methanol prices
because of the oil crisis in 1973 made SCP processes uneconomical. In the 1980s, P.
pastoris was transformed into a heterologous host system to produce r-proteins under
control of the strong and tightly regulated alcohol oxidase 1 promoter (Paox1) (Cregg
et al., 1985). P. pastoris has attracted attention of the scientific community and
currently has become the most prevalent yeast system in r-protein production
research. More than ten years ago, phylogenetic analyses led to reclassification of the
species P. pastoris to the genus Komagataella, which was further split into
Komagataella pastoris and Komagataella phaffi (Kurtzman, 2009). As both K.
pastoris and K. phaffii strains have been used in research and industry since the
beginning, for the sake of simplicity, the Pichia community continues to call the yeast
as P. pastoris. The success of P. pastoris as an efficient heterologous host can be
attributed to a number of advantages including its ability to grow rapidly to very high
cell densities in defined minimal medium, rather straightforward genetic

manipulations, and — like other yeast hosts — perform eukaryotic post-translational



modifications such as glycosylation, disulphide bond formation, proteolytic
modification and targeting to subcellular compartments (Giindiiz-Ergiin and Calik,
2016). Specifically, P. pastoris is able to reach high product yields and secretes r-
proteins to the extracellular medium relatively pure of contaminations due to low-
level secretion of its endogenous proteins. The N-glycans in P. pastoris are of the
mannose-rich yeast type and usually contain 9-11 mannoses with terminal a-1,2-
linkages. Unlike S. cerevisiae, P. pastoris does not hyper-glycosylate therapeutic
proteins and does not contain potentially immunogenic terminal o-1,3-linked
mannoses. During the last ten years several humanized P. pastoris strains were
developed and applied for r-protein production to allow for more homogenous and
proper glycosylation patterns (Choi et al., 2003; Hamilton et al., 2003; Vervecken et
al., 2004)

In P. pastoris, high-level expression of exogenous genes has been
predominantly controlled by methanol-induced Paoxi. Regarding methanol
utilization, there are three possible phenotypes of P. pastoris, namely Mut® (wt
methanol consumption; both of the alcohol oxidase enzymes, Aox1 and Aox2, are
functional), Mut® (slow methanol consumption; disrupted Aox1, functional Aox2)
and Mut™ (no methanol consumption; both Aox1 and Aox2 are disrupted). The
constitutive promoter of glyceraldehyde-3-phosphate dehydrogenase Pgap provides
comparable expression level as Paox: and also facilitates the process management by

eliminating the use of potentially hazardous inducer methanol (Calik et al., 2015).

Moreover, P. pastoris is a model organism to study peroxisome biology as it
possesses the peculiar methanol utilization metabolism; and for the secretory pathway
as the structure of its ER exit sites and Golgi apparatus are similar to higher eukaryotes
in contrast to S. cerevisiae (Gasser et al., 2013). A major breakthrough was the
availability of the genome sequence data of the commercial P. pastoris strain GS115
in 2009, which has provided researchers a deeper insight into yeast physiology and

genetics, and speeded up the developments of the genetic toolbox or engineered



strains (De Schutter et al., 2009). Recently, the sequence data of P. pastoris DSMZ
70382 (Love et al., 2016; Mattanovich et al., 2009) and original SCP production strain
CBS7435 (Kuberl et al., 2011; Sturmberger et al., 2016; Valli et al., 2016) were
published. Food and Drug Administration (FDA) gave GRAS (generally regarded as
safe) status to phospholipase C (Ciofalo et al., 2006) as a feed additive and also in
2009, the first biopharmaceutical protein produced by a non-Saccharomyces yeast, a
kallikrein inhibitor named Kalbitor® produced by P. pastoris was approved by the
FDA (Thompson, 2010).

2.1.1 P. pastoris Promoters

Transcription, the first step of protein synthesis, is crucial in r-protein
production; therefore, strong and controllable promoters are needed for efficient
expression systems (Porro et al., 2005). One of the most important features of
methylotrophic yeasts is their strong and tightly regulated promoters in the methanol
utilization (MUT) pathway. Alcohol oxidase (AOX) catalyses the first step of the
methanol utilization, by conversion of methanol to formaldehyde. In P. pastoris,
under methanol induction, AOX constitutes 5% of total mMRNA and 33% of total
cellular protein (Couderc and Baratti, 1980). But the growth on repressing carbon
sources, i.e. glucose, ethanol and glycerol, lead to complete lack of AOX activity
(Inan and Meagher, 2001). Tight regulation of Paox1 provides the ability to divide the
cell growth into biphasic fermentation processes, which enables high cell densities in
the first phase without r-protein production hampering the cellular activities in the
growth phase on glycerol or glucose. P. pastoris has two AOX genes, AOX1 and AOX2
(Cregg et al., 1989). As Paox: is significantly stronger and tightly regulated with
carbon sources, it has become the most prevalently used promoter for r-protein
production in P. pastoris. Up to 22 g/L intracellular (Hasslacher et al., 1997) and 10.5
g/L secreted (Schotte et al., 2016) heterologous protein production was achieved by

Paox1. Paoxe has a similar regulation profile, however, it provides around 10—20 times



lower expression levels than Paoxi (Macauley-Patrick et al., 2005). Although Paox is
the pioneer promoter in r-protein production research by P. pastoris, its inducer
methanol is a toxic and flammable compound that can cause problems and safety
concerns in industrial applications. Other important promoters of the methanol
utilization (MUT) pathway are formaldehyde dehydrogenase (Prp1) and
dihydroxyacetone synthase (Ppasi) promoters. Ppas shows similar regulatory pattern
and production levels as Paox: (Tschopp et al., 1987), while PrLp1 has the opportunity
to be induced by either methanol or in a methanol-free system with methylamine
(Shen et al., 1998). Most of the commercial vectors for P. pastoris employ Paox1, but
there are also PrLp1 based vectors. Among alternative inducible promoters, Pg: is
promising as it is induced by limiting the safe carbon source glucose and shows higher
expression levels than Pgap (Prielhofer et al., 2013). Other regulated promoters
induced under phosphate limitation are the acid phosphatase promoter PpHo1 (Payne
et al., 1995) and the promoter of the putative sodium-coupled phosphate symporter
PpHogo (also named as Pnes) (Ahn et al., 2009). To develop methanol-free inducible
systems, Pprosg is also an alternative as it has similar strength as Pcap (Ahn et al.,
2009). Some novel promoters, PicL1 (derepressed by glucose depletion and induced
by ethanol), Papn1 (induced by glycerol and ethanol) and Pcur: (induced by glucose,
glycerol and ethanol) were patented (Cregg and Tolstorukov, 2012). Another
methanol free alternative, Prri11 that is derived from a gene involved in thiamine
biosynthesis, reached 70% of Pgap activity in the absence of thiamine (Stadlmayr et
al., 2010). Paop (alternative oxidase) is a moderate promoter induced by glucose and
repressed by methanol or upon glucose depletion, but with limited applicability as it

ceased its functioning at about half of the maximal activity of Pcap (Kern et al., 2007).

For production of toxic proteins, regulated expression is favourable but it
requires at least two production phases, the first is to obtain high cell yield under
repressing conditions and the second is to perform expression of heterologous

proteins, resulting in more handling efforts and longer process times. For non-toxic



proteins, constitutive expression simplifies bioprocess operations and provides higher
space-time vyield. Since the glyceraldehyde 3-phosphate dehydrogenase promoter
(Pcap) is strong and constitutive (Calik et al., 2015), it can reach similar expression
levels as Paox: (Waterham et al., 1997) and performs better under low to limited
oxygen transfer as reported by Giines and Calik (2016), where hypoxic conditions
were claimed as superior by Baumann et al. (2010) without oxygen transfer or uptake
rates measurements. The highest expression levels are reached when the cells are
grown on glucose but also comparable product yields are obtained with glycerol. The
sorbitol dehydrogenase promoter Pspn was asserted as an alternative to Peap as its
strength was reported to be similar in heterologous protein production (Periyasamy et
al., 2013). Phosphoglycerate kinase promoter (Prck1), involved in the glycolysis and
gluconeogenesis is a relatively weak promoter showing 10% activity of Pgap
(Stadlmayr et al., 2010). Translation elongation factor 1 alpha is an essential module
of the eukaryotic translation machinery, thus its promoter Pter1 exhibits growth
associated regulatory pattern with high activity during exponential phase and reduced
performance in the stationary phase (Ahn et al., 2007). Under carbon limited
conditions, almost twofold higher expression levels were obtained with Prer:
compared to Pcap (Ahn et al., 2007); however, with different reporter genes and at
different cultivation times, similar or less expression levels were observed with Prery
compared to Pcap (Stadlmayr et al., 2010). Other constitutive promoters obtained
from the glycolytic pathway are Peno1, Pepmi and Preiz, and those obtained from stress
response metabolism are PHsps2, Pkar2 and Pssas (Table 2.1). Peeto exhibited different
expression levels with different reporter genes, in comparison with Pgap (Stadlmayr
et al., 2010). Pyruvate kinase (Ppvk) and pyruvate decarboxylase (Pppc) promoters
were determined around pyruvate node and in high cell density fermentation
operations they performed better recombinant human growth hormone synthesis than
Peap (Massahi and Calik, 2018). Promoter engineering studies and the design of
synthetic core promoters have also widened the promoter toolbox for P. pastoris as

they created novel engineered or synthetic promoters that cover a wide range of



strength and have different regulation patterns (Ata et al., 2017; Hartner et al., 2008;
Portela et al., 2017; Vogl et al., 2014).

For the co-expression of multiple proteins simultaneously, it is important to
identify alternative promoters covering a wide range of strength and showing different
regulatory patterns. Mattanovich et al. (2004) suggested that if correct folding or
secretion steps are rate limiting in expression of the active products, weaker
expression levels can be favourable. Ppexs (peroxin 8) (Liu et al., 1995) and Pyer1 (a
GTPase function in secretion) (Sears et al.,, 1998) are moderate inducible and
constitutive alternative promoters, when low expression levels are needed (Prielhofer
etal., 2017; Vogl et al., 2016).

Few promoters from other microorganisms have been also employed in r-
protein production in P. pastoris successfully. Papn2 from P. stipitis (Chien and Lee,
2005; Passoth and Hahn—Hagerdal, 2000), and Pppc: from K. lactis (Camattari et al.,
2007) were induced in P. pastoris by decreasing dissolved oxygen concentration. S.
cerevisiae Pcup1 Was also utilized in P. pastoris expression system, where expression

was induced by copper (Koller et al., 2000).
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Table 2.1 Naturally occuring promoters commonly used in P. pastoris

Promoter

Protein

Regulation Reference

Constitutive

GAP Glyceraldehyde 3-phosphate (Waterham et al.,
Dehydrogenase 1997)
GCWw14 Potential glycosyl phosphatidyl (Liang et al., 2013)
inositol (GPI)-anchored protein
GPM1 Phosphoglycerate mutase (Stadlmayr et al.,
2010)
HSP82 Cytoplasmic chaperone (Hsp90 family) (Stadlmayr et al.,
2010)
ILV5 Acetohydroxy acid isomeroreductase (Naatsaari et al.,
2012)
KAR2 ER resident hsp70 chaperone (binding (Stadlmayr et al.,
protein BiP) 2010)
TEF1 Translation elongation factor 1 o (Ahn et al., 2007)
PDC Pyruvate decarboxylase (Massahi and
Calik, 2018)
PET9 Major ADP/ATP carrier of the (Stadlmayr et al.,
mitochondrial inner membrane 2010)
PGK1 3-phosphoglycerate kinase (de Almeida et al.,
2005)
PYK Pyruvate kinase (Massahi and
Calik, 2018)
SDH Sorbitol dehydrogenase (Periyasamy et al.,
2013)
SSA4 Heat shock protein (Stadlmayr et al.,
2010)
TPI1 Triose phosphate isomerase (Stadlmayr et al.,
2010)
YPT1 GTPase involved in secretion (Sears et al., 1998)
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Table 2.1 (continued)

Promoter  Protein Regulation Reference
Inducible
ADH1 Alcohol dehydrogenase Ethanol, glycerol (Cregg and
1 Tolstorukov, 2012)
AOD Alternative oxidase Glucose, antimycin A (Kern et al., 2007)
AOX1 Alcohol oxidase 1 Methanol (Tschopp et al., 1987)
AOX2 Alcohol oxidase 2 Methanol (Cregg et al., 1989;
Koutz et al., 1989)
DAS Dihydroxyacetone Methanol (Ellis et al., 1985;
synthase Tschopp et al., 1987)
ENO1 Enolase Glucose, glycerol, (Cregg and
ethanol Tolstorukov, 2012)
FLD1 Formaldehyde Methanol, (Shen et al., 1998)
dehydrogenase methylamine, choline
Gl High affinity glucose Glucose limitation (Prielhofer et al.,
transporter 2013)
G6 Putative aldehyde Glucose limitation (Prielnofer et al.,
dehydrogenase 2013)
GUT1 Glycerol kinase Glycerol (Cregg and
Tolstorukov, 2012)
ICL1 Isocitrate lyase Ethanol, derepressed (Menendez et al.,
with glucose depletion ' 2003)
MET3 ATP sulfurylase L-methionine (Delic et al., 2013)
(repressible)
PEX8 Peroxisomal matrix Methanol, oleate (Cereghino and Cregg,
protein 2000; Liu et al., 1995)
PIS1 Phosphatidylinositol Zinc (repressible) (Delic et al., 2013)
synthase
PHO89 or Putative Nat/phosphate Phosphate limitation (Ahn et al., 2009)
NSP symporter

12



Table 2.1 (continued)

Promoter Protein Regulation Reference
SER1 3-phosphoserine L-serine (repressible) (Delic et al.,
aminotransferase 2013)

THI11 THI11 Thiamine (repressible) (Stadlmayr et al.,
2010)
THR1 Homoserine kinase L-threonine, (Delic et al,

L-valine, L-leucine and L- 2013)
isoleucine (repressible)

2.1.1.1 P. pastoris Alcohol Dehydrogenase 2 Promoter

P. pastoris alcohol dehydrogenase 2 promoter (Papbn2) was reported as an inducible
promoter by ethanol and glycerol (Cregg and Tolstorukov, 2012). Functional analysis
of ADH2 showed that it is the only gene responsible for ethanol utilization in P.
pastoris while adh2 knock-out strains can still produce ethanol (Karaoglan et al.,
2016a). Recombinant-protein expression potential of PapH2 was investigated with
pilot-scale bioreactor experiments, and recombinant xylanase production by PapHz2
outcompeted commonly used strong inducible Paox: and constitutive Pcap expression

levels (Karaoglan et al., 2016b).

2.1.1.2 P. pastoris Alcohol oxidase 1 (AOX1) Promoter

Alcohol oxidase 1 (AOX1) promoter (Paox1) is the most widely used P. pastoris
promoter for r-protein production. AOX1 is the first enzyme in the methanol
utilization pathway of P. pastoris and expressed at high levels; however, Paoxi is
strongly repressed when P. pastoris is grown on glycerol, ethanol, or glucose (Inan
and Meagher, 2001). However, Paox: based expression platforms have several
drawbacks due to toxicity and flammability of inducer carbon and energy source
methanol. Methanol is mainly obtained from petrochemical sources that makes the r-

protein unsuitable to be used for production of specific foods or as food additives.
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Furthermore, methanol utilization generates the toxic by-product formaldehyde,
besides hydrogen peroxide (H.O.) that leads oxidative stress and proteolytic
degradation of some r-proteins (Sinha et al., 2005; Zhang et al., 2007). In order to
clarify transcriptional regulation of outstanding Paoxi and the MUT pathway genes,
cis-acting elements and trans-acting factors were investigated. Deletion of P. pastoris
HXT1 gene coding for a hexose transporter led to glucose and fructose induced Paox:
expression; however, induction levels were sharply dropped during later growth phase
(Zhang et al., 2010). P. pastoris Gss1 (designated from GlucoSe Sensor) was found
to be involved in glucose but not in ethanol catabolite repression of Paox:1 and alcohol
oxidase activity was detected in gss14 cells grown on glucose (Polupanov et al.,
2012).

-800' -600' -4!)0I <200| 1'
[ AOX1 promoter >
ilm =u HE E EH EI 1 =m IE N
Nrgl | Mxri  Mxrl Mit1 Mit1 Mxrl  Mxri Mit1 Mit1 Mitl Prm1 Prm1 Mxrl Mxri
Nrgl
1 1 |

Nrgl Nrg1 Nrgl

Figure 2.1 Identified cis-acting elements on Paoxi represented with their
corresponding TFs

P. pastoris Mxrl (methanol expression regulator 1) was identified as the global
regulator of genes involved in the MUT pathway (Lin-Cereghino et al., 2006). P.
pastoris mxriA mutants were not grow on methanol and formed functional
peroxisome, also the level of the MUT pathway enzymes were severely affected (Lin-
Cereghino et al., 2006). Six different Mxrl binding sites were identified on Paox1
using electrophoretic mobility shift assay (EMSA) and DNAse | footprinting and

these regions were named as Paoxi Mxrl response elements (Mxres) (Kranthi et al.,
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2009) (Figure.4.16). 5'CYCC3' (5"GGRG3' in the complementary strand) motif was

found to be conserved in all the six Paox: Mxres (Kranthi et al., 2009).

Evaluation of Paox: regulation revealed a Cys:His. zinc finger transcriptional
repressor, Nrgl involves in glucose and glycerol repressions. Based on
electrophoretic mobility shift assay (EMSA) and DNAse | footprinting assay, five
different DNA binding regions of Ngrl were identified on Paox1, the two of which are
overlapping with Mxrel and Mxre2 motifs (Wang et al., 2016a). Nrgl DNA binding
motif contains CYCCNY consensus sequence which is also the binding site of Mxrl
(Adrl). Quantitative real-time PCR results demonstrated that P. pastoris Nrgl
involves repression of many methanol utilization and peroxisome biogenesis genes in
0.02 % glucose and 1 % (v/v) glycerol. The 4nrgl cells exhibited growth defect on
glycerol, methanol, and more severely on glucose; and showed slight AOX expression
in 0.02 % glucose and 1 % (v/v) glycerol, but not with 1% (w/v) glucose (Wang et
al., 2016a).

Migl and Mig2 are catabolite repressors, double deletions of MIG1 and MIG2 genes
lead to activation of Paoxi in glycerol but not glucose containing media while it
damaged the cell growth in both conditions (Wang et al., 2017). RNA-seq data with
Amig1lAmig2 mutant grown on glycerol as sole carbon source revealed that the MUT
pathway was markedly improved with the AOX1 mRNA level increased by more than
30 times compared to wild-type strains (Shi et al., 2018). Transcription levels of the
genes MIT1 and Cat8-1 were upregulated 2.17-fold and 2.38-fold, respectively (Shi
etal., 2018). Since there is no Migl or Mig2 binding motif on Paox:, Shi et al. (2018)
suggested that repression of Paoxi can be controlled via regulation of Mitl level.

Rop (repressor of phosphoenolpyruvate carboxykinase, PEPCK) is a biotin starvation
and methanol inducible zinc finger transcription factor acts as a negative regulator on
PEPCK in P. pastoris cells grown in biotin-deficient glucose-ammonium medium
(Kumar and Rangarajan, 2011). Rop was identified as a negative transcriptional

regulator of Paox: that binds the same consensus motifs recognized by Mxrl (Adrl);
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furthermore, Rop and Mxrl compete for the same TFBSs and antagonistically
regulate the MUT pathway (Kumar and Rangarajan, 2012). P. pastoris cells lacking
ROP gene performed increased expression levels of AOX1 and improved the growth
when the cells cultured in a nutrient-rich medium containing yeast extract, peptone,
and methanol (YPM). However, no difference on the AOX1 expression and the cell
growth were observed compared to the wild-type cells when rop4 mutants were
grown in minimal medium containing yeast nitrogen base and methanol (YNBM)
(Kumar and Rangarajan, 2012). Subcellular localization studies demonstrated that
Rop translocates from cytosol to nucleus in the YPM grown cells but not that of
YNBM (Kumar and Rangarajan, 2012).

P. pastoris Prm1 (Trml) is a zinc finger transcriptional activator of AOX1 and the
MUT pathway genes and Prm1 translocolizes to nucleus when the cells are grown on
YPM and YNBM (Sahu et al., 2014). 4prm1 mutants showed growth defects on
methanol but not on other non-fermentable carbon sources such as glycerol, oleic
acid, and acetate (Sahu et al., 2014). The effect of PRM1 gene deletion on the
expression of AOX1 is more pronounced when the cells were cultured in YNBM than
those cultured in YPM; however mxrld mutants have pronounced effect on the
expression levels of AOX1 in both conditions (Sahu et al., 2014).

Another Zn(11)2Cys6-type zinc cluster transcriptional activator of Paox: is methanol
induced transcription factor 1 (Mitl) that involves in regulation of MUT pathway
genes but doesn’t participate peroxisome proliferation and transportation of
peroxisomal proteins during methanol metabolism (Wang et al., 2016b). Mit1, Mxr1,
and Prm1l are bound to Paox: at different sites and cooperatively activate Paoxi
through a cascade response to methanol. Mxrl is mainly active and essential for
derepression of Paoxi, while Mitl and Prm1 mainly respond to methanol induction
(Wang et al., 2016b). Methanol induction signal was blocked in mxri4 cells due to a
failure in derepression, accordingly overexpression of Mitl and Prm1 couldn’t rescue

Paox1 activity (Wang et al., 2016b). During methanol induction Prml activates
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expression of Mitl and itself, while Mitl represses Prm1 expression probably as a

feed-back loop control.

@
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Figure 2.2 Regulatory model of Paox: activation by Mxrl, Prm1, and Mitl. In the
presence of glucose, Paoxi is repressed because Mxrl located to cytoplasm and failed
to perform derepression activity. In response to sole carbon source methanol, Mxr1 is
relocated to the nucleus and activates Paoxi. The methanol induction signal
transmitted from Prm1 to Mitl and Mitl activates Paoxi. Throughout the process,
Prm1 induces expression of itself and Mit1, but Mitl represses the expression of Prm1
(Wang et al., 2016b)

Due to problems caused by methanol, recent research has focused on development of
methanol-free expression systems by Paox:. Kinases are well characterized and crucial
elements of cell signaling since phosphorylation and de-phosphorylation processes
are essential for many biological activities. Engineered P. pastoris strains were
developed on the basis of two kinase genes, namely GUT1 and DAK; and, in those
cells Paox1 could be activated by glycerol and dihydroxyacetone (DHA), respectively
(Shen et al., 2016). Adak mutant induced by DHA reached to 50-60% of methanol
induced traditional system (Shen et al., 2016).

17



P. pastoris glycerol transporter Gt1 functions as an active transmembrane transporter
for glycerol uptake into the cells. Gt1 involves in glycerol repression of Paoxi, in gz14
mutants Paox: becomes constitutively active in glycerol containing media (Zhan et
al., 2016). A transcriptional control between Mxr1(Adrl) and Gtl was also identified,;
Mxrl regulates transcriptional activity of Pgr: by direct binding whereas
overexpression of Gtl represses the expression of Mxrl and Aox1, and thus the

methanol metabolism (Zhan et al., 2017).

Methanol-free expression system by Paox: was developed based on transcriptional
engineering principles; identified three transcription repressors of Paoxi namely
Migl, Mig2 and Nrgl genes were deleted and, one transcription activator Mitl gene
was overexpressed. Repression of Paox: by glycerol was abolished in designed P.
pastoris AmiglAmig2Anrgl MIT1 mutant cell, and in glycerol containing medium
the mutant strain reached to 77% eGFP expression levels of the methanol induced
wild-type strain (Wang et al., 2017). Another transcriptional engineering strategy
relied on derepressed overexpression of certain acitvators namely, Mitl, Mxrl and
Prm1 that led to activation of Paox: under derepression conditions (Vogl et al., 2018).
In deep well plate screening conditions, under derepression conditions Paoxi
performed up to 44% and 68% of methanol induced levels based on dTomato and
eGFP reporter protein levels, repectively, in P. pastoris strain overexpressing MIT1
and MXR1 (Vogl et al., 2018). When this system was tested with controlled pilot-
scale biorecator experiments, without methanol induction Mit1-overexpression strain

exhibited a higher yield than the methanol induced parental strain (Vogl et al., 2018).

2.2 Eukaryotic Transcription by RNA Polymerase Il

In eukaryotes, all protein coding genes are transcribed by RNA Polymerase Il (Pol
I). The general model for eukaryotic transcription activation is an ordered
recruitment of several transcription activators and repressors (collectively known as
specific transcription factors) and general transcription factors to promoter that leads

the formation of preinitiation complex (Hahn and Young, 2011). In the early phases
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of activation, promoter-specific factors bind presumably with the aid of general
chromatin remodeling factors (Li et al., 2007). The activation domains (ADs) and
DNA-binding domains of activators allow site-specific coactivator contact and
promoter recognition, respectively. For activated transcription, transcriptional
activators that bound to sequence-specific DNA positions, require additional proteins,
named as coactivators. Coactivators are not required for basal transcription and do
not bind to specific DNA sequences by themselves (Malik and Roeder, 2000).
Coactivators function to counteract the transcriptionally repressive effect of
chromatin and/or participate to basal transcriptional machinery (Featherstone, 2002).
Coactivators that are associated with basal transcriptional machinery encompass
components of Mediator complex, TATA-binding protein- (TBP-) associated factors
(TAFs) and coactivators that modify the structure of chromatin include complexes
with histone acetyltransferase (HAT) activity and ATP-dependent chromatin-
remodeling complexes such as SWI/SNF, that alter the twist and writhe of
nucleosomal DNA to affect its accessibility to DNA-binding proteins (Havas et al.,
2000).

Mediator, mediator of RNA Polymerase Il transcription, is a large multisubunit
protein complex (comprising 25 subunits in S. cerevisiae) with modular organization
that is necessary for transcription by RNA Polymerase 11 (Petrenko et al., 2017). The
main function of the Mediator complex is to transduce signals from transcription
activators to transcription machinery that is assembled as the preinitiation complex
(PIC) to regulate transcription initiation (Soutourina, 2017). The mediator complex
mediates interaction between activators and carboxy-terminal domain (CTD) of RNA
Polymerase Il (Malik and Roeder, 2000).
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Figure 2.3 Eukaryotic transcription activation by RNA Polymerase 11

a) Transcription activation starts with binding of transcription factors (in this case
transcription activators) on upstream activation sequences (enhancers in metazoan).
Upstream activation sequences in yeast can be located hundreds of bases apart from
the core promoter. TSS: Transcription start site b) Chromatin remodelers or modifiers
are then recruited by activators to increase the accessibility of chromatin for other
factors. Other transcriptional co-activators are then recruited that directly influence
the basal transcriptional machinery, the so-called preinitiation complex (PIC). In
general, transcriptional co-regulators including Mediators transmit the regulatory
signals from certain transcription factors to the PIC. c) The PIC is assembled at the
core promoter including 12 subunits of RNA Polymerase Il (Rpb1-12) and general
transcription factors (GTFs; including TFIIA, TFIIB, TFIID, TFIIE, TFIIF and
TFIIH). Mediators recruit different PIC component and/or facilitate their stability. d)
Mediator stimulates cyclin-dependent kinase 7 (CDK7, also known as
Serine/threonine-protein kinase Kin28), to phosphorylate the CTD of Pol Il at Ser5
that is required for Pol 1l escape from the promoter and for the transition from the
initiation to the elongation phase (Soutourina, 2017).
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2.2.1 General Transcription Factors

General transcription factors (GTFs) are proteins or protein complexes which are
required for RNA Pol Il promoter recognition, its function, and recruitment.
Transcription preinitiation complex (PIC) that assembles on core promoter, is a large
protein complex includes GTFs, RNA Pol Il and Mediator. GTFs include TFIIA,
TFIB, TFIID, TFIE, TFIIF and TFIIH and they constitute basal transcriptional
machinery with RNA Pol Il. For the assembly of the PIC, TFIID is the first GTF to
associate with promoter DNA. TFIID consists of TATA-binding protein (TBP) and
14 TBP-associated factors (TAFs). Next, TFIIA and TFIIB interacts with the DNA-
TBP complex directly and stabilize the DNA-TBP complex and recruit Pol Il that is
accompanied by TFIIF (Hampsey, 1998). TFIIF contributes to stabilization of Polll
in the PIC, setting transcription start site, transcription elongation and stabilization of
RNA-DNA hybrid in the early elongation complexes (Thomas and Chiang, 2006).
Then, PIC assembly is completed by TFIIE and TFIIH binding in order. TFIIE and
TFIIH function in separation and stabilization of promoter DNA strands during
transition into the transcriptional active open complex state. PIC is assembled in a
stepwise manner with protein-DNA and protein-protein interactions. After that, the
PIC undergoes a conformational change into the open complex formation, scans for
a correct transcription start site (TSS) and then initiates active elongation (Kostrewa
et al., 2009).

2.3 Transcription Factors Involved in Regulation of Genes by Ethanol

Yeast gene expression regulation involves coordinated action of multiple proteins.
Promoters mostly have binding sites for more than one transcription factor (TF) and
respond to environmental or intracellular signals by employing different
combinations of non-redundant TFs, a process called as combinatorial transcriptional
control. Combinatorial transcriptional control is accomplished at multiple steps
encompassing  cooperative  activator/repressor  binding and  cooperative

activation/repression by specific set of TFs including activators and repressors. In this
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PhD thesis study, three different TFs namely Adrl (Mxrl), Cat8, and Acal/2 were

investigated; a detailed information about the TFs are provided, as follows.

2.3.1 Adrl
S. cerevisiae Adrl, alcohol dehydrogenase 2 (ADH2) synthesis regulator, is a 1323

amino acids protein that composed from different functional domains including
nuclear localization signal which encompasses amino acids 1 to 16 (Thukral et al.,
1989); a zinc finger DNA binding domain that binds to Papn2 upstream activating
sequence 1 (UAS1) encompassing amino acids 75 to 161 (Bowers et al., 1999); and
four transcriptional activation domains (TADs): TADI, amino acids 76 to 172, TADII,
amino acids 263 to 359; TADIII, amino acids 359 to 571; and, TADIV, amino acids
642 to 704 (Chiang et al., 1996; Cook et al., 1994).

Adrl activates catabolic pathways that are essential for growth on non-fermentable
carbon sources (derepression). Adrl is necessary for baker’s yeast growth on ethanol,
glycerol, and oleate; and, peroxisome function and biogenesis (Cook et al., 1994).
Adrl has a pivotal role in the activation of glucose repressible genes especially S.

cerevisiae alcohol dehydrogenease 2 promoter, PapH2.

The level of Adrl in the cell is controlled with several mechanisms: i) through
transcriptional control of Adrl by cyclic-AMP dependent protein kinase (CAPK)
(Dombek and Young, 1997), and ii) post-translational modification of Adrl through
its DNA-binding domain (Kacherovsky et al., 2008; Sloan et al., 1999). Sucrose non-
fermenting-1 (Snfl) protein kinase, yeast homologue of the mammalian adenosine
monophosphate (AMP)-activated protein kinase, is not necessary for Adrl expression
(Dombek and Young, 1997), but essential for Adrl regulation under glucose depleted
conditions. Under derepressed conditions, Snfl is requirred for promoter binding of
Adrl (Young et al., 2002), binding is regulated via phosphorylation of Ser-98 in DNA
binding domain (Kacherovsky et al., 2008) and by Snf-1 dependent histone H3

hyperacetylation of promoter nucleosome (Verdone, 2002).
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Negative control by glucose is exerted on Adrl activity by several mechanisms,
including control of Adrl expression level (Blumberg et al., 1988), DNA binding of
Adrl (Kacherovsky et al., 2008; Sloan et al., 1999), and transcriptional activation step
by Adrl (Ratnakumar et al., 2009; Tachibana et al., 2007). cAPK phosphorylates Ser-
230 position of Adrl in vitro but cAPK activity is not necessary for in vivo glucose
inhibition or phosphorylation (Ratnakumar et al., 2009). Deletion of histone
deacetylase genes leads to hyperacetylation of the histone tails and constitutive
promoter binding of the Adrl and Cat8 activators which normally inhibited by
glucose; chromatin remodelling and preinitiation complex formation, but not
transcription (Tachibana et al., 2007; Verdone, 2002). Activation of Snfl and
activated Adrlstimulate the poised preinitiation complex and allow to complete

escape from glucose repression (Tachibana et al., 2007).

Yeast 14-3-3 (Bmh) proteins form a family of highly conserved proteins which can
interact with more than 200 different mostly phosphorylated proteins, are regulatory
components of multiple signaling pathways and have an effect on protein localization
or activity via binding to phosphorylated domains (van Heusden and Steensma, 2006).
There are two functionally redundant Bmh isoforms: Bmh1 and Bmh2. Bmh inhibits
Adrl activation function by direct binding to its Ser-230 phosphorylated regulatory
domain at a post-promoter binding step (Braun et al., 2013; Parua et al., 2010). Bmh
inhibits the assembly and function of PIC via inhibiting a step between Meidator
recruitment and PIC activation (Parua et al., 2014). Constitutively active ADR1¢
alleles, such as Adr1-S230A prevents Bmh binding via reducing phosphorylation at
Ser-230 or by eliminating another Bmh-Adrl interaction (Parua et al., 2014) and
constitutively activates S. cerevisiae ADH2 promoter in the presence of repressing
carbon source glucose (Denis et al., 1992). Adrl phosphorylation by S230 kinase and
dephosphorylation by Snfl might control its activity on other nutrient-signaling

pathways, as well (Ratnakumar et al., 2009).
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Adrl binds and activates transcription of S. cerevisiae Papr2 from two sites in a
perfect 22-bp inverted repeat, called UAS1 (Upstream activation sequence 1). Two
C2H2 zinc fingers and a region amino terminal to the fingers involve in promoter
binding of Adrl (Thukral et al., 1991). Amino terminal to the fingers region of Adrl
is crucial for phosphate contact in the core region of UAS1. When the core 6 bp were
deleted, in vitro only one Adrl molecule can bind and in vivo activation was severely
damaged. In S. cerevisiae, based on the constraints on the orientation and spacing of
binding motifs that affect activation in vivo, the preferred Adrl binding consensus
sequence, TTGG(A/G)GA, was found in both halves of the inverted repeat (Cheng et
al., 1994).

P. pastoris Adrl, generally known as Mxrl (methanol expression regulator 1) is a
homologue of S. cerevisiae Adrl (alcohol dehydrogenase 2 synthesis regulator), that
has acquired new functions and lost some others through evolution due to changes in
the range of genes under its control (Lin-Cereghino et al., 2006). P. pastoris Adrl
(Mxrl) is a positive regulator trans-acting factor of methanol utilization pathway and
peroxisome biogenesis (PEX) genes, adrl knock-out strains demonstrated growth
defect on methanol and oleic acid (Lin-Cereghino et al., 2006). Upon growth on
methanol or other gluconeogenic substrates, Adrl localization shifts to nucleus and
especially binds to Paox: and other methanol pathway and PEX genes (Lin-Cereghino
et al., 2006). P. pastoris adrlA strains couldn’t show AOXI expression after 8 h
induction by methanol according to the results of Western and Northern Blot analysis
(Lin-Cereghino et al., 2006).

2.3.2 Cat8

Cat8 is a zinc cluster transcriptional activator protein that is necessary for growth of
S. cerevisiae on non-fermentable carbon sources (Hedges et al., 1995). Expression
level of Cat8 and gene activation by Cat8 are subject to glucose regulation and
functional Snfl protein kinase is necessary for this regulation (Randez-Gil et al.,

1997). Cat8 is an activator on the expression of genes involved in gluconeogenesis,

24



ethanol utilization, and diauxic shift from fermentation to oxidative metabolism
(Haurie et al., 2001; Rahner et al., 1999).

In the yeast S. cerevisiae, structural genes for gluconeogenesis and the glyoxylate
cycle are regulated by a carbon source responsive element (CSRE) located as an
upstream activating site (UAS) on their promoter sequences (Caspary et al., 1997,
Proft et al., 1995; Schéler and Schiiller, 1994). Based on known gluconeogenic
structural genes preliminary 11 bp CSRE consensus motif was derived as
CCRTYSRNCCG (Roth and Schiiller, 2001). Although, all CSRE variants involve in
regulated expression, activation performance of each sequence differs significantly
which lead to a distinction between “’weak’ and ‘’strong’> CSREs (Roth and
Schiiller, 2001).

Transcriptional activation by CSRE depends on an intact and functional Cat8 TF with
a N-terminal binuclear Cs zinc cluster motif (Rahner et al., 1996). Cat8 and Sip4 TFs
are members of Gal4 family of activators for which interaction with symmetrically
disposed CGG triplets is a mutual characteristic (Schjerling and Holmberg, 1996).
Dimerization of zinc cluster proteins leads to interaction with two CGG motifs in a
direct (CGG-CGG), inverted palindrome (CGG-CCG) or everted palindrome (CCG-
CGG) found on the target sequence (Hellauer et al., 1996). Actually, both Cat8 and
Sip4 can bind to the CSRE, even in the absence of the each other; however, under
glucose derepression condition Cat8 and Sip4 unequally contribute to the activation
of CSRE-dependent genes, 85% and 15%, respectively (Hiesinger et al., 2001).
Consensus Cat8 binding sequence for efficient gene activation was derived as
YCCNYTNRKCCG, whereas more specific motif is necessary for activation by Sip4,
that is TCCATTSRTCCGR (Roth et al., 2004). Cat8 and Sip4 genes are
transcriptionally controlled by carbon source, and gene activation by Cat8 and Sip4
depends on Snfl protein kinase function (Lesage et al., 1996; Randez-Gil et al., 1997).
Transcriptional control of Sip4 is additionally subjected to a CSRE that is bound
primarily by Cat8 but only weakly by Sip4 itself; on the contrary, Sip4 is not
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necessary for Cat8 biosynthesis and transcriptional activation (Hiesinger et al., 2001).
Due to this regulation, biosynthetic derepression of Sip4 under non-fermentable

carbon source growth succeeds that of Cat8 by about 90 min (Roth et al., 2004).

In S. cerevisiae PapH2, @ second upstream activation site, UAS2 that contains a
distantly related variant of a CSRE was identified, deletion of UAS2 binding sequence
decreased the strength of PapH2 to 50% wild-type promoter and it was found that
UAS2 could only be activated by Cat8 while Sip4 couldn’t show any significant
influence (Walther and Schiiller, 2001). All these findings suggest that Cat8 and Sip4
are not isofunctional activators. PapH2 UAS2 element was fused with basal ICL1
promoter that is devoid of its natural regulatory sequences, under derepressed
conditions (0.2% glucose + 2% ethanol) a synthetic promoter variant that have 1 copy
insertion of UAS2 showed 2-fold activation; while 2 and 3 copy insertions of UAS2
into synthetic promoter resulted in 80- and 312-fold activation, respectively that
suggests significant synergism between UAS2 elements (Walther and Schiiller,
2001). Compared to a wild-type reference strain, under derepressed conditions adriA,
cat84 and sip44 mutant strains performed 46.8%, 1.3%, and 157% activation by
UAS?2 element, which is fused with basal ICL1 promoter, respectively (Walther and
Schiiller, 2001).

S. cerevisiae cat84 mutants could not utilize non-fermentable carbon sources such as
ethanol, lactate and acetate (Rahner et al., 1996) but no obvious growth defect was
observed for sip44 mutants (Lesage et al., 1996). In Kluyveromyces lactis, cat84
mutant showed severely impaired growth on ethanol, lactate and acetate but not on
glycerol, which suggests that in K. lactis only glyoxylate shunt is regulated by Cat8
(Georis et al., 2000). Contrariwise, Candida albicans mutants lacking CAT8 have
similar phenotype to wild-type in terms of the gluneogenesis, glyoxylate shunt, and
ethanol utilization pathway enzymes (Ramirez and Lorenz, 2009). cat84 modification
significantly improved glucose alcoholic fermentation in S. cerevisiae (Watanabe et

al., 2013) and triggered respirofermentative metabolism in Crabtree-negative yeast
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Pichia guilliermondii (Qi et al., 2014). In Ogataea (Hansenula) polymorpha cat84
mutants ethanol accumulation increases from xylose fermentation while glucose

alcoholic fermentation remains the same (Ruchala et al., 2017).

2.3.3 Combinatorial Regulation of Non-Fermentable Carbon Source Utilization

Genes

Combinatorial control mechanism is exerted on many genes in response to
fermentable and non-fermentable carbon sources. Depletion of glucose concentration
leads to the activation of AMP-activated protein kinase homolog, Snfl (Carlson,
1999). Snfl targets multiple regulatory proteins including transcription factors, co-
activators and proteins active in post-transcriptional gene regulation (Braun et al.,
2014). Snfl mainly activates two TFs: Adrl, by inducing dephosphorylation
(Ratnakumar et al., 2009); and Cat8, by direct phosphorylation (Rahner et al., 1996;
Randez-Gil et al., 1997). Additionally, Snfl promotes DNA binding of Adrl via
stimulating SAGA-associated histone acetyltransferase Gen5 (Abate et al., 2012).
Adrl and Cat8 cooperatively regulate genes that are functional for the utilization of
non-fermentable carbon sources e.g. ethanol (ADH2, ALD4 and ACS1) and lactate
(CBY2 and JEN1) (Tachibana et al., 2005). Genes encoding peroxisomal proteins and
[B-oxidation enzymes are coregulated by Adrl and Oafl/Pip2 TFs (Ratnakumar and
Young, 2010). The regulation of peroxisomal and B-oxidation genes by Snfl is
mediated by only Adrl (Ratnakumar and Young, 2010). In the combinatorial
activation processes by these two TFs either Adrl and Cat8 or Adrl and Oafl/Pip2,
promoters are co-occupied by them and in the absence of either factor 10-fold or
greater reduction in the mRNA abundance was observed (Tachibana et al., 2005;
Walther and Schiiller, 2001). For S. cerevisiae ADH2 promoter, Adrl stimulates Cat8
binding, but this is not always the case for other genes that require both factors
(Tachibana et al., 2005).
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2.3.4 Acal/Aca2

S. cerevisiae Acal and Aca2 (Cst6) TFs are belong to ATF/CREB family with a basic
leucine zipper domain and in vitro, they bind to TGACGTCA motif (Garcia-Gimeno
and Struhl, 2000). Acal and Aca2 are paralogs that are derived from whole genome
duplication. Aca2 activates transcription via binding to DNA as a homodimer or a
heterodimer together with Acal (Garcia-Gimeno and Struhl, 2000). Phenotypic
analyses revealed Aca2 is important for a variety of cellular processes including
growth on non-optimal carbon sources and resistance to various drugs. ACA2 knock-
out strains showed retarded or no growth on respiratory carbon sources like ethanol,
glycerol and raffinose (Garcia-Gimeno and Struhl, 2000). Acaz2 is also found to be a
regulator of oleate responsive genes; oleate induces phosphorylation of Aca2, at the
same time this phosphorylation dampens Aca2 activity (Saleem et al., 2010). Mutant
Aca2 that is constitutively non-phosphorylated led to increased expression of -
oxidation genes (Saleem et al., 2010). A well-studied direct target of S. cerevisiae
Aca2 and its orthologue C. albicans Rcal is NCE103 that encodes a carbonic
anhydrase catalyzing conversion of CO to HCOs which is an essential substrate for
the cell’s carboxylation reactions to sustain gluconeogenesis and lipogenesis (Cottier
et al., 2012). Under low-CO- conditions, Aca2 binds and activates Pnceios. In S.
cerevisiae genome-wide Aca2 binding-site mapping revealed that regulatory function
of Aca2 is condition dependent; Aca2 binds promoter regions of 59 genes with
various biological functions when cells are cultivated on ethanol but almost no DNA-
binding event occurs in glucose grown cells (Liu et al., 2016). Since aca24 mutant
strains exhibit hypersensitivity to ethanol and oxidative stresses; and target genes of
Aca2 mainly overlap with other stress-responsive TFs’ target genes, Aca2 is assigned
as a stress responsive transcriptional regulator (Liu et al., 2016). In aca24 mutant
cells, apart from NCE103 all other targets showed moderate decrease in their
expression level, thus growth defect on ethanol mainly attributed to decrease in
Ncel03 (Liu et al., 2016).
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2.4 Protein-DNA Interactions

Regulatory proteins can arrive at their target genomic sites faster than diffusion-
controlled rates, and they also exhibit remarkable affinity for non-specific DNA
stretches. This facilitated target search involves two-step binding mechanism; first,
three-dimensional bulk diffusion to any site on the DNA and then one-dimensional
hopping along the DNA to locate their specific targets (Berg et al., 1981). Four type
of protein translocation mechanism between DNA sites were proposed. These are: i)
macroscopic dissociation-reassociation processes (fully random diffusional search),
i) microscopic dissociation-reassociation processes between closely spaced DNA
sites, iii) intersegment transfer events by ring-closure, and iv) sliding along the DNA

molecule (Berg et al., 1981).

The efficient transfer of genetic information depends on specific binding of regulatory
proteins on certain DNA sequences. However, this targeted binding is complicated
since there is a large number of other nonspecific binding sites (~10°-10° per DNA)
and low concentrations of corresponding regulatory protein molecules. The specific
protein-DNA binding process requires the formation of precise geometrical fit
between the protein and its consensus DNA motif that accompanied by the formation
of specific hydrogen and electrostatic contacts at the protein-DNA binding interface
(von Hippel, 2007).

Theoretical views of protein-DNA interactions indicate two main components of
binding forces. The first results from electrostatic attractions between oppositely
charged DNA and protein molecules which is generally sequence-independent such
as interactions of positively charged protein side chains with negatively charged DNA
phosphate groups (Berg et al., 1981; von Hippel and Berg, 1986). The second
interaction is rooted from specific DNA sequence motifs which strengthen the
attraction of transcription factors (Berg et al., 1981; von Hippel and Berg, 1986). The
microscopic mechanism of these increased affinity are probably due to the

combinations of van Der Waals forces, hydrogen bonds, covalent bond formations,
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and steric interactions, as well as electrostatic charge pattern recognitions (Cherstvy,
2011; Cherstvy et al., 2008).

In addition to binding their consensus motifs, TFs can also bind with lower affinity to
non-specific DNA regions lacking any consensus motif. Particularly, repeated homo-
oligonucleotide tracts, namely poly(dA:dT) and poly(dC:dG), exhibits the strongest
nonconsensus binding affinity toward DNA-binding proteins (Sela and Lukatsky,
2011). The origin of this phenomenon is purely entropic. In yeast, genome-wide
landscape of nonspecific protein-DNA binding free energy significantly correlates
with DNA binding preferences of ~200 TFs (Afek and Lukatsky, 2012). Also, DNA
regions with enhanced nonconsensus TF-DNA binding are statistically significantly
depleted of nucleosomes (Afek et al., 2011). It was suggested that the competition
between TFs with histones for nonconsensus binding to DNA might affect
nucleosome occupancy. Poly(dA:dT) and poly(dC:dG) tracts exhibits the strongest
attraction for nonconsensus TF-DNA binding, thus allowing TFs to outcompete

nucleosome on repeated homooligonucleotide tracts (Afek et al., 2011).

2.5 Nucleosome

In eukaryotes, genomic DNA is organized into chromatin whose basic repeating unit
is a nucleosome that is composed of ~147 base pairs of DNA wrapped around a
complex of histone octamer (Richmond and Davey, 2003). In vivo, chromatin further
folded into compact fibers that reach to 30 to 400 nm thickness. The chromatin
organization poses a barrier to transcription as it prevents the direct interaction
between transcription machinery and promoter DNA. Based on their DNA binding
modes, TFs differ with respect to how much their binding is affected by the
nucleosome. A special group ‘pioneer TFs’ can bind to their corresponding DNA
sequence in the context of nucleosomal DNA and recruit nucleosomal remodelers
make DNA more competent and facilitate binding of other TFs (Zaret and Carroll,
2011). The TBP (TATA-binding protein), and thus Pol Il basal transcription

machinery requires nucleosome-free region to bind and initiate transcription
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(Workman and Kingston, 1998). Chromatin remodeling enzymes alter the fluidity,
folding and basic structure of chromatin. There are two-classes of chromatin
remodeling enzymes: the first is nuclear histone acetyltransferases (HATS) that
modify nucleosomal histone proteins by acetylation, methylation and
phosphorylation; and the second is adenosine triphosphate (ATP)-dependent
SWI/SNF like complexes that alter chromatin structure at the expense of ATP (Fry
and Peterson, 2001).

2.5.1 Nucleosome Optimization

Chromatin is a key element in gene regulation and contributes to determination of
promoter strength; and modifications of nucleosome structure leads to alterations in
transcriptional capacity (Curran et al., 2014; Sharon et al., 2012). Nucleosomes are
assembled into regularly spaced arrays with varying linker length. The genome-wide
organization of nucleosome positioning is determined by combinations of DNA
sequence, nucleosome remodeling enzymes and transcription factors including
activators, components of PIC and elongating Polll; and these determinants influence
each other, therefore nucleosome positioning patterns are probably differing among
genes and among cells in a population with an eventual effect on gene expression
(Struhl and Segal, 2013).

Nucleosome Positioning Prediction (NuPoP) software is a bioinformatics tool based
on Hidden Markov Model that is used to de novo prediction of nucleosome occupancy
along a DNA sequence (Xi et al., 2010). Evaluation of TEF promoter library showed
that cumulative sum of predicted nucleosome affinity across the entire promoter is
inversely proportional to promoter strength in a predictable and robust way, in spite
of the vast amount of differences in sequence and TFBS mutations (Curran et al.,
2014). A greedy algorithm for nucleosome affinity minimization was employed
NuPoP to redesign native S. cerevisiae promoters to minimize their cumulative
affinity scores over several cycles of optimization which is restricted with sequence-

based requirements to prevent creation or destruction of any well-defined TFBSs; and,
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nucleosome optimized S. cerevisiae promoters exhibited up to 16-fold increase in
their expression capacity (Curran et al., 2014). Nucleosome architecture plays a
leading role in determining yeast promoter activity which makes it a design parameter

in promoter engineering approaches.

Wild-type promoter:

ATG

Redesigned promoter:

RNA Pol

TE Il —
1_TATA |\ ATG

N A
TFBS

Figure 2.3 A model for promoter nucleosome architecture that depicts wild-type and
nucleosome optimized redesigned promoter variant (Curran et al., 2014)

2.6 Yeast Promoter Architecture

A promoter is a DNA sequence that can independently facilitate the binding of
transcription factors and enable accurate initiation of transcription by RNA
polymerase. Interactions between transcription factors and promoter DNA recruit the
transcriptional machinery necessary for activation of transcription (Ptashne and Gann,
1997). In general, yeast promoters contain two distinct elements: 1) a core promoter
and 2) an upstream activation sequence (Figure 2.4). Core promoter is the minimal

DNA sequence sufficient to direct accurate transcription initiation, in another words
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transcriptional direction and TSS are determined by core promoter while upstream
activation sequence contributes to promoter strength via determining transcriptional

frequency (Smale and Kadonaga, 2003).

-750! ’ 500! ‘ - s

Upstream Activation Sequence Core promoter

Figure 2.4 Yeast promoter architecture

In S. cerevisiae, approximately 20% of genes contain a TATA box and remarkably
they are highly regulated, associated with stress responses and preferentially recruit
SAGA other than TFIID (Basehoar et al., 2004). The distance between TATA-box
and TSS was generally 40-120 bp in S. cerevisiae (Li et al., 1994).

Upstream activation sequence elements localize transcription factors to control
transcriptional frequency and/or impart regulation to the core promoter. Throughout
upstream activation sequence element, specific DNA sequences named as
transcription factor binding sites (TFBSs) serve as docking platform for certain
transcription activators or repressors. Promoter-bound transcription factors interacts
with one another and with the basal transcriptional machinery to determine promoter
regulation and strength. Upstream activation sites (UAS) that increase transcriptional
rate and/or upstream repressive sites (URS) that reduce transcriptional frequency can
be located on upstream activation sequence elements (Hahn and Young, 2011).
Regulation pattern of promoter, induction or repression depend on varying
environmental conditions, is also resulted from interactions of transcription factors

located in the upstream elements (West et al., 1984).
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2.7 Promoter Engineering

For industrial biotechnology applications, for the overexpression of recombinant
proteins, strong and tightly regulated promoters are required to maximize protein
production and eliminate toxicity during growth phase. In order to find a proper
promoter for those applications, hundreds of them are being screened, however at the
end only few of them satisfy the bioprocess requirements. However, in metabolic
engineering studies, very high transcriptional capacity of promoter systems might
create an excessive metabolic burden on the cell that can lead to decreased product
formation and cell viability. In order to fulfill different requirements of diverse cell
engineering targets, promoter libraries that span a wide dynamic range of strength
should be established.

Promoter engineering approaches aim to modulate transcriptional capacity of
promoters by mutating promoter DNA sequence to obtain a promoter library with a
varying dynamic range. The basis of promoter engineering mostly depends on
promoter architecture. The modular nature of eukaryotic promoters has led to fusion
of different combinations of upstream activation sequence elements and core
promoters which elicits hybrid promoters. At the most fundamental level, upstream
activation sequence and core promoter elements possess TFBSs that govern overall
promoter function. Randomized promoter mutagenesis introduces changes in
nucleotide sequences of TFBSs, thus alters promoter strength. Since the mutations on
TFBSs more likely reduce binding efficiency of specific TFs, mostly weaker promoter
variants have been created than original promoters with random mutagenesis

approach.

The high complexity of promoters and the cooperativity and competition between TFs
for similar cis-regulatory sites and the interactions between TFs often creates diverse
expression patterns that are difficult to predict from the effect of individual
components of promoter architecture such as TFs (lIstrail and Davidson, 2005;
Kulkarni and Arnosti, 2005).
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2.7.1 Random Mutagenesis

Random mutagenesis approach relies on large scale mutagenesis on promoter
consensus motifs and spacer regions and selection to generate promoter library. This
method ensures to yield novel promoter variants with sufficient library size; however,
it’s probable to obtain decreased promoter strength due to mutations occurring on
TFBSs and reducing affinity between TF-promoter. S. cerevisiae TEF1 (translation
and elongation factor 1) promoter was subjected to error-prone PCR and a promoter
library ranging between 8% and 120% of the activities of native TEF1 promoter was
created (Alper et al., 2005; Nevoigt et al., 2006). Regulation of S. cerevisiae oxygen
responsive DAN1 promoter was changed to be induced under less-stringent
anaerobiosis conditions by random mutagenesis, too (Nevoigt et al., 2007).
Regulation of P. pastoris AOX1 promoter was modified by randomly mutated
synthetic oligonucleotides, random mutagenesis of Paox: resulted in significantly
abolished glucose repression and increased promoter activity among mutated Paox1
promoter library (Berg et al., 2013). Another random mutagenesis approach in P.
pastoris was applied to glyceraldehyde-3-phosphate dehydrogenase promoter (Pcar)
and Pcap library was generated that activity range was spanning from 8% to 218%

activity of wild type Pcap promoter (Qin et al., 2011).

Saturation mutagenesis provides more directed promoter engineering that mutates
only variable spacer regions while retaining consensus regions intact, therefore, it
seems somewhat rational method to modify promoter strength. As yeast saturation
mutagenesis studies widely used in synthetic promoter design, its applications

mentioned under synthetic promoter section.

2.7.2 Hybrid Promoter Engineering

A hybrid promoter engineering method requires the assembly of yeast upstream
activation sequence-core promoter fusions to improve basal core transcriptional

capacity or provide novel promoter regulation. Upstream activation sequence
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elements encompass TFBSs that maintain native regulation and expression activation
or repression independent from core promoter element. Minimal specific regions of
promoter are identified as upstream activation site (UAS) that is essential for
transcriptional activation or induction control. In chimeric hybrid promoter design,
tandem repeats of UAS elements can radically increase the expression capacity of
core promoter, thus hybrid promoter engineering enables generation of large coverage
promoter libraries and improvements in transcriptional capacity even of the strongest

native core promoters.

The oleaginous yeast, Yarrowia lipolytica, has been widely used for hybrid promoter
engineering applications owing to its 105-bp upstream activation element, UAS1B
that was identified on strong and tightly regulated alkaline extracellular protease
(XPR2) promoter (Blanchin-Roland et al., 1994). Fusion of one to four tandem
UASI1B element to PLeu2 core promoter created hybrid promoters with increasing
strength, called hpld through hp4d (Madzak et al., 2000); and, the hybrid promoter
Phpad has been employed in more than half of the studies for r-protein production by
Y. lipolytica (Madzak, 2015). Hybrid promoter library construction has expanded
from 1 to 32 UAS1B tandem copy addition to PrLeu2 minimal core promoter which
created the strongest characterized promoters in Y. lipolytica that spanned a 400-fold
activity range (Blazeck et al., 2011). Also, fusion of the same 8 to 16 UAS1B tandem
repeats with Pter core promoter demonstrated that UAS element and core promoter
act as independent modular parts in the context of hybrid promoter engineering
(Blazeck et al., 2011).

In S. cerevisiae fusion of discrete UAS elements and core promoters formed a
constitutive promoter library that span a 90-fold dynamic range (Blazeck et al., 2012).
This approach also increased the strength of strongest constitutive yeast promoter
Pepp by 2.5-fold and Pgar1 by 1.15-fold (Blazeck et al., 2012). To our knowledge,
there is no hybrid promoter engineering study in P. pastoris, yet.
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2.7.3 Synthetic Promoter Designs

Yeast promoter engineering approaches has mainly focused on native scaffolds;
however synthetic promoter designs show a promise to move away from native parts
but still widely relies on endogenous elements. Consensus yeast promoter structure
still is not available strictly. In S. cerevisiae different motifs including two Gcerl
TFBSs, two Rapl TFBSs and a TATA-box pieced together that were separated by
degenerate nucleotide spacer regions; variations in spacer regions resulted in
promoter library covering a activity range of three order of magnitude (Jeppsson et
al., 2003).

Synthetic yeast core promoters for P. pastoris were designed by using consensus
sequences of natural core promoters and incorporation of common TFBSs. To test
their potential, designed synthetic core promoters were fused with upstream sequence
of Paox1; upon methanol induction expression strength of synthetic Paoxi library
ranged from 10% to 117% of wild-type Paox: (Vogl et al., 2014).

Recently, a methodical workflow to identify robust minimal core elements with
exactly modular and context-independent function was established. Synthetic
promoters that can maintain high expression to the level of strong native promoters
with relatively short DNA size (with up to an 80% reduction in regulatory DNA
region) were created (Redden and Alper, 2015).

2.7.4 Modification of TFBSs

Eventually promoter strength and regulation are the cumulative effect of short,
distinct DNA motifs that facilitate binding of cellular transcriptional machinery.
Hybrid promoter engineering approaches depend on this idea by fusing tandem UAS
elements which possess TFBSs to localize specific TFs and accordingly improve or
regulate transcriptional capacity. Random mutagenesis implements haphazard
mutations around or within TFBSs while saturation mutagenesis only enables

modifications around TF binding motifs. Synthetic promoter engineering employs
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TFBSs as a modular genetic element to design novel promoter architectures. In the
end, all promoter engineering methods depend on addition, abrogation or
modification of TFBSs, and their genetic context to modulate promoter transcriptional
capacity. Rational construction of promoter libraries with distinct regulatory
characteristics will be possible with the progressive increase in the knowledge on

TFBSs and their corresponding TFs that regulate transcription directly.

Modification of TFBSs was implemented to P. pastoris Paox: via addition or deletion
of putative TFBSs; and transcriptional capacity of constructed Paox: promoter library
spans 6% to 160% activity of native promoter (Hartner et al., 2008). Recently, P.
pastoris Pcap was modified by means of its putative TFBSs, in this context putative
activator binding sites were duplicated while repressor motifs were deleted and the
strength of the Pcap library was in the range of 82% to 190% of wild-type Pcap (Ata
etal., 2017).

Alternative promoter engineering approaches rely on the systematic deletions of
larger gene stretches of promoters to identify regulatory regions. Internal deletions in
Paox1 revealed a cis-regulatory sequence named as Region D that is located -638 to -
510 bp positions; and, when tandem copies of Region D was inserted into Paoxi,
expression capacity of designed promoter was increased to 157% of the native Paox1
(Xuan et al., 2009).

2.8 Transcriptional Engineering

Transcriptional engineering is a tool which allows modification of the regulation of
an intracellular reaction pathway by engineering the multiple components such as
promoters or regulators including transcription factors (Ata et al., 2017). Cis-acting
promoter elements such as upstream activation sites and upstream repression sites
provide docking platform for the binding of trans-acting activators and suppressor.
These discrete elements of transcription can form a complete transcriptional unit

using rational combinatorial engineering strategies.
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Transcription factors have a crucial role in activation of transcription and determining
the specificity of transcription; thus, TFs can also be an engineering target besides
promoter engineering approaches. The above mentioned Pgap library was further
improved via transcriptional engineering by overexpression or deletion of interested
TF genes; in that P. pastoris cells Pecap-v expression levels varied in the range of 35%
to 310% of wild-type Pcap driven expression in native P. pastoris (Ata et al., 2017).
A hybrid promoter based on the ARO9 upstream region that shows high expression in
response to exogenous tryptophan and a mutant Aro80p transcription factor capable
of high constitutive expression while retaining inducible characteristic were used, by
this combinatorial transcriptional engineering approach very strong expression levels
around 2-fold higher than Prpnz was achieved (Leavitt et al., 2016). Another S.
cerevisiae hybrid promoter library was designed by replacing operator region with a
sequence recognized by bacterial LexA DNA binding protein and that library was
activated with a synthetic TF including bacterial LexA DNA binding domain fused
with the human estrogen binding domain and the viral activator domain, Vpl6
(Dossani et al., 2018). This synthetic transcriptional unit can be activated by estradiol
which is not have any detectable impact on S. cerevisiae physiology and also bacterial
DNA binding domain provides orthogonal activation that avoids the transcription of
native S. cerevisiae genes (Dossani et al., 2018). Some methods for engineering
synthetic transcriptional units based on synthetic biology principles were recently
reviewed by Mehrotra et al (Mehrotra et al., 2017).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Sequence Analysis of P. pastoris ADH2 and AOX1 Promoters

The PapH2 sequence of P. pastoris (1048 bp) (Appendix A) was retrieved from the
U.S. Patent No. 8,222,386 B2 (Cregg and Tolstorukov, 2012) and putative TFBSs
were analyzed using Matlnspector release 8.4.1 (Cartharius et al., 2005) within the
Genomatix Suite via Matrix Family Library for fungi and core elements

(www.genomatix.de). Saccharomyces cerevisiae TFBS database was used to find

putative TFBSs. Matrix similarity scores higher than 0.75 were considered as
potentially true matches. Additional TFBSs were manually curated using
YEASTRACT (http://www.yeastract.com/) (Teixeira et al.,, 2018) and Yeast
Promoter Atlas (http://ypa.csbb.ntu.edu.tw/) (Chang et al., 2011) databases. In

addition to these analysis, TFBS optimizations that were already described in
Saccharomyces cerevisiae literature (Cheng et al., 1994; Roth et al., 2004) were tested

within Paprz context.

The Paox: sequence of P. pastoris (940 bp) (Appendix B) was obtained from
pPICZaA vector map (downloaded from

https://www.thermofisher.com/order/catalog/product/\/19520) and putative TFBSs
were searched with Matlnspector release 8.2 (Cartharius et al., 2005) within the

Genomatix Suite via Matrix Family Library for fungi and core elements, S. cerevisiae
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TFBS database was used to find putative TFBSs. Matrix similarity scores higher than

0.75 were considered as potentially true matches.

3.2 Nucleosome Optimization of ADH2 Promoter

Computational redesign of nucleosome optimized Papn2 was performed using
NuPOP, a software tool for Nucleosome Positioning Prediction (Wang et al., 2008;
Xi et al., 2010), with minor modifications as explained by Curran et al. (2014).
Nucleotides outside of the identified TFBSs were systematically perturbed via
custom MATLAB scripts, that employs NuPOP Fortran implementation to predict
cumulative sum of predicted nucleosome affinity score across the entire PapH2 gene
through optimization process (Curran et al., 2014). A greedy algortihm was utilized
to minimize cumulative affinity score over several cycles of optimization; in each
cycle, potential candidates with a single nucleotide difference were computationally
created and the candidate with the smallest cumulative affinity score was saved as the
product of that optimization cycle. Each successive iteration, generated lower
nucleosome occupancy across promoter sequence. The optimization method was also
restricted from creation or destruction of known transcription factor binding sites that
was obtained from YEASTRACT database (Teixeira et al., 2018).

MATLAB with Bioinformatics toolbox was installed and Fortran code for NuPOP

(obtained from http://nucleosome.stats.northwestern.edu/) was edited to enable the

acceptance of comand-line inputs of MATLAB. Modified Fortran code was compiled
to create Npred.exe that predicts nucleosome affinity for a given DNA sequence. The
directory of Npred.exe was added to computer’s system's path to make it available for
MATLAB. Input data for Papn2 was designed starting from 200 bp upstream of the
promoter untill 100 bp downstream (enhanced green fluorescent protein (eGFP)’s
first 100 nucleotides was given as downstream sequence) of the sequence for more

reliable prediction of nucleosome affinity.
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MATLAB Input Data ADHG: 200 bp upstream of promoter, PapH2 Sequence, 100
bp downstream sequence (the first 100 nucleotides of eGFP). Promoter start and end
positions are underlined.

“AGGTACCTGGAATTCTCAGAGTTTTTCCAGTACATCGCAGCGTTTTCTG
ACGGTACTAGAGGACTCTTAGGGGAAGGTAGAATCAATAAAGATCATAT
TAGGTAAGCAAATTTTGGATGGAATAGGAGACTAGGTGTGGATGCGCGA
TCTCGCCAAATTGCACGACCAGAGTGGATGCCGGATGGTGGTAAACCGT
TTCTICCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCT
CCGATTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTT
TACACCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTG
CATGCCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATC
GCAGGGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGA
AGAGGGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTG
AACAATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGAT
TAACACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTT
GGACAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAA
ACCCAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAAT
TCCTCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCA
GTTCAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCAT
TCGATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAA
TCTGCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCC
AATCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGAC
CGGTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGC
TGTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAA
TTCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATA
TAGCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAAT
CTCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCA
AATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTA
CGAAAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCA
TCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTC
CGGCGAGGG”’

Yeast TF consensus list from YEASTRACT database (Teixeiraetal., 2018) was also
provided as an input file to avoid creation or destruction of known TFBSs.
Throughout optimization process, yeast stress responsive elements, carbon source
responsive elements, TFBSs related with non-optimal carbon source utilization, core
promoter region and originally nucleosome depleted regions were protected from any

mutation via defining them as forbidden sites to the optimization algorithm.
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ADHGforbidden = [ 250:264 298:312 331:351 351:355 363:377 377:393 387:401
414:422 441:455 448:451 453:467 459:469 461:465 479:493 484:490 519:539
547:555 582:596 591:605 654:668 67/4:688 679:685 804:818 830:844 863:877
878:882 911:915 939:952 987:990 1004:1007 1018:1025 1043:1057 1055:1075
1076:1247]

PabH2-nucopt Nucleotide sequence

TCCTTTTTACCACCTAAGTGCGAGTGAAACACCCTATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGATTTTTTTTTTTTTAATTTTACAC
CCCCTCCAACTTTTTTCGCGTAAATTGATCCTGTTACCAATATTGCATGC
CCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAGG
GTAAAAATATATAGACCCCACAAAAAAAAAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAAAA
ATGCCCAGCTTTTTTCCCTATTCTTTGACAAATCAGTATCACTTATTAACA
CCCCAAATTTTTTTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGACA
AATGGCAGTTAGTATTAGTGCACTGACTGACTGCCTAACCTTAAACCCTA
ATTTCTTAGAAGGGGCCCATATAGTTAGCGAGGGGTGAAAAATTCCTCC
ATCGGAGATGTATTAACCGTAATTTTTTTTTTAAAAAAAAAAAATTCAGA
TAGCGAAATTTTTTTGATTTCGCGACGCGCGTTTTTTTTTTTTTTTTTITTIT]
TTTCTCACCCCTTCTGCCCAGTTCTGCCAATTGCCCATGAATCTACTAATT
TCGTTGATTCCCACCCCCCTTTCCAACTCCAAAAATTTTTTAATTTTTTTT
TTTTTTTGGGAGAATCTGAATGTATATTACATAAAGCGACCGGTGTCCGA
AAAAATTTTTTTTTTTTTTAATTTTTTTTTTTTCCCCCGCTTTTTAAAAACG
GGGGTAAGCGCTCTCCGGGGTGCGAATTCGCGCCCTATTCCTTTCACCCT
GCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATAGCGCACCCCC
AATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTCTAATATTCAC
AATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAATTCTTTTTTCCT
TCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGAAA

* Protected nucleotide stretches from any mutation are highligted.

Using edited MATLAB commands (Curran et al., 2014) Papn2 was optimized in 1bp
steps. A list of nucleosome-optimized promoters starting from the wild-type (or seed)
sequence and proceeding in 1bp steps towards a variant with reduced predicted
nucleosome affinity; and the corresponding cumulative affinity score and the

nucleosome affinity curve of each cycle’s optimized promoter variant were created

44



throughout optimization. Redesigned Paprz variant via 100 cycle of optimization was

defined as nucleosome optimized PapH2, PADH2-NucOpt.

3.3 Strains, Plasmids, Primers, and Maintenance

E. coli DHSa (Invitrogen, USA), E. coli DH10B (Invitrogen, USA), P. pastoris X-33
(for eGFP expression under PapH2 Or Paox: Variants, for overexpression or deletion of
Adrl, Acal, Cat8-1 and Cat8-2 transcription factors, and for construction of human
serum albumin (HSA) producing strains) and P. pastoris CBS7435 (for construction
of Flag-Tagged Adrl TF) were used for transformation experiments. For propogation
of the shuttle vectors that carry Papn2 and Paoxi variants with either eGFP or HSA, E.
coli DHSa cells were used. For propagation of the shuttle vectors that carry TF
overexpression and deletion casettes and gRNA and Cas9 genes, E. coli DH10B cells
were employed. For long term storage, modified microorganisms were kept in 10%
glycerol at 80°C. Stock (100 uM) and working (10uM) solutions of primers, plasmid
DNA, PCR amplified or restriction enzyme digested gene fragments were stored at -
20°C. Designed primers’ list for contruction of recombinant plasmids is presented in

Table 3.1 Strains and plasmids constructed in this study are presented in Table 3.2
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Table 3.1 Primers designed and used in this study. Restriction enzyme recognition
sites used for cloning are shown with Italic characters.

Primer Sequence Used for
Forward GTCGGATCCCTGCAGTCCTTTTTAC  Amplification of wt Paph2
PapH2 and its variants

Reverse PapH2

Forward

Paox1
Reverse Paox1

PapH2-0ptHSA
Forward
Paonz_GGA
Reverse
Pon1—0ptH SA
Forward
Paoxi GGA
Reverse
OptHSA_GG
A Forward
OptHSA
reverse

CTGAGCACTGCACGCCGTAGGT

CTCAGATCTAACATCCAAAGACGAA
AGG
CTGAGCACTGCACGCCGTAGGT

TTAGGATCCGGCGCGCCTTCCTTTT
TACCACCCAAG

GTCATTGAAGACTGCATTTTCGTAA
AGTAAATAAGATAAAAGCTAGTAG
AGATCTAACATCCAAAGACGAAAG

TGAATGGGTCTCACATTCGTTTCGA
ATAATTAGTTGTTTTTTG
GATCTAGGTCTCAAATGAAGTGGGT
TACTTTCATCT
CAGGTACCCTATTACAGACCCAAAG
CAGC

Primers used to construct PapH2 Variants

Forward_TA
TA

Reverse TAT
A

Forward_opt
_Adrl 1

Reverse_opt_
Adrl_1

Forward_opt
_Adrl 2

TGCCTATTGTAGACGTCAACCCGCA
ACAGCAATATATAAACAGAACCCC
CAATGATCACACCAACAATT
AATTGTTGGTGTGATCATTGGGGGT
TCTGTTTATATATTGCTGTTGCGGG
TTGACGTCTACAATAGGCA
ACTGTAGAGACCCCAAATAGTGAC
AATGATTATGTAAGAATTGGGGAG
TGATTCGGCCGGCT
AGCCGGCCGAATCACTCCCCAATTC
TTACATAATCATTGTCACTATTTGG
GGTCTCTACAGT
CCACCCCCCTTTCCATCTCCAAAAA
TTGTCCAATCTCGTTTTCCATTTTGG
AGAATCTGCATGT

Amplification of wt Papn2
and its variants
Amplification of wt Paox:
and its variants
Amplification of wt Paox:
and its variants
Amplification of Paph2 tO
clone with optHSA
Amplification of Papnz to
clone with optHSA
Amplification of Paox1 to
clone with optHSA
Amplification of Paox: t0
clone with optHSA
Amplification of optHSA

Amplification of optHSA

Integration of TATA
binding sequence
Integration of TATA

binding sequence

Optimization of 1st Adrl
TFBS

Optimization of 1st Adrl
TFBS

Optimization of 2nd Adrl
TFBS
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Table 3.1 (continued)

Primer

Sequence

Used for

Reverse_opt
_Adrl 2

Forward_op
t Adrl 3

Reverse_opt
_Adrl 3

Forward
_add_Adrl

Reverse_ad
d_Adrl

Forward_op
t Cat8
Reverse_opt
_Cat8
Forward_ad
d_Cat8

Reverse_ad
d_Cat8

Forward_ad
d_Aca2

Reverse_ad
d_Aca2

Forward-
Nucopt-
OptCat8
Reverse-
NucOpt-
OptCat8

ACATGCAGATTCTCCAAAATGGAAAA
CGAGATTGGACAATTTTTGGAGATGG
AAAGGGGGGTGG
GTGTAGTTTTCAACATTTTGTGCTCTC
CCCAATGTTTGAAATTGGGGATGAGC
GCTCTCCGGGGTGCGAATTC
GAATTCGCACCCCGGAGAGCGCTCAT
CCCCAATTTCAAACATTGGGGAGAGC
ACAAAATGTTGAAAACTACAC
TTGATTTCGCAACGGGAGTGCCTGTCC
CCAACGATTGCATTGGGGACCCCTTCT
GCCCAGTCCTGCCAAT
ATTGGCAGGACTGGGCAGAAGGGGTC
CCCAATGCAATCGTTGGGGACAGGCA
CTCCCGTTGCGAAATCAA
GTCGACTACATAAAGTTCCGTTCGTCC
GAAAAGATCTG
CAGATCTTTTCGGACGAACGGAACTTT
ATGTAGTCGAC
CCTGCCAATTGCCCATGAATCTGCTTC
CGTTCGTCCGACCCACCCCCCTTTCCA
ACTCCACAA
TTGTGGAGTTGGAAAGGGGGGTGGGT
CGGACGAACGGAAGCAGATTCATGGG
CAATTGGCAGG
TACATAAAGCGACCGGTGTCCGAAAG
CCTATTGTAGACGTCAACCCTTTTGTG
CTCCCCCCGCTGTTTGAA
TTCAAACAGCGGGGGGAGCACAAAAG
GGTTGACGTCTACAATAGGCTTTCGGA
CACCGGTCGCTTTATGTA
GTATATTACATAAAGTTCCGTTCGTCC
GAAAAAATTTT

AAAATTTTTTCGGACGAACGGAACTTT
ATGTAATATAC

Optimization of 2nd Adrl
TFBS

Optimization of 3rd Adrl
TFBS

Optimization of 3rd Adrl
TFBS

Integration of  Adrl
binding sequence
Integration  of  Adrl
binding sequence
Optimization of Cat8
TFBS

Optimization of Cat8
TFBS

Integration  of  Cat8
binding sequence
Integration of  Cat8

binding sequence

Integration of Aca2 TFBS

Integration of Aca2 TFBS

Combinatorial
modification of NucOpt
and OptCat8 TFBS
Combinatorial
modification of NucOpt
and OptCat8 TFBS
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Table 3.1 (continued)

Primer Sequence Used for

Primers used to construct Paox: variants

Forward mAOX- ATTCCGTTCGTCCGATTAGCAGAC Integration of Cat8_1st
AddCat8-1 CGTTGCAAACG TFBS

Reverse mAOX AATCGGACGAACGGAATTGTTGC  Integration of Cat8 1st
AddCat8-1 GTTTGGCACTTATG TFBS

Forward mAOX- ACCCCAATATTATTTGGGGTACTT Integration of Adrl_1st
AddAdr-1 TTGCCATCGAAAAAC TFBS

Reverse mAOX- ACCCCAAATAATATTGGGGTGTG  Integration of Adrl_1st
AddAdrl-1 GAGGTCCTGCGTTTG TFBS

Forward mAOX- CCTCTCGTCCGGGCTTTTTCCGAA Integration of Cat8 2nd
AddCat8-2 CATCACTCCAG TFBS

Reverse mAOX- GAAAAAGCCCGGACGAGAGGGCA Integration of Cat8 2nd
AddCat?2 TTCGGAAATAAACAAAC TFBS

Forward mAOX- GACCCCACATTTTTTTTTTGACCC Integration of Adrl_2nd
AddAdr1-2 CACATGTTCCCCAAATGGCC TFBS

Reverse mAOX- TGGGGTCAAAAAAAAAATGTGGG Integration of Adrl_2nd
AddAdr1-2 GTCGCCCTCATCTGGAGTGATG TFBS

Forward mAOX- GCCTATTGTAGACGTCAACCCAAG Integration of Aca2 TFBS
AddAca2 TCGGCATACCGTTTGTC

Reverse mAOX- GGGTTGACGTCTACAATAGGCACT Integration of Aca2 TFBS
AddAca2 GGCCGTTAGCATTTC

Forward mAOX- CATATTCCGTTCGTCCGAATCTTT  Integration of Cat8 3rd
AddCat8-3 TTGGATGATTATGC TFBS

Reverse mAOX- ATTCGGACGAACGGAATATGTTTC Integration of Cat8 3rd
AddCat8-3 GGCACAGGTGCACCG TFBS

Forward mAOX- ACCCCAATACATTTTGGGGTTGCT Integration of Adrl_3rd
AddAdr1-3 TCCAAGATTCTGGTGG TFBS

Reverse mAOX- ACCCCAAAATGTATTGGGGTTAAT Integration of Adrl_3rd
AddAdr1-3 CATCCAAAAAGCGGGTG TFBS
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Table 3.1 (continued)

Primer

Sequence

Used for

Primers used to construct Transcription factor overexpression and knock-out casettes

Adrl_Forward
Adrl-1_Reverse

Adrl_1-
2_Forward
Adrl_1-
2_Reverse
Adrl_1-
3_Forward
Adrl_1-
3_Reverse

Adrl 4 Forwar
d

Adrl 4 Reverse

ribozyme_gRNA
_ribl AdriKO_
Forward
ribozyme_gRNA
_rib2_Adr1KO_
Forward
Adrl_KO_HA1_
forward

Adrl_KO_HAL_
reverse

Adrl_KO_HA2_
forward

Adrl_KO_HA2_
reverse

GATCTAGGTCTCACATGAGCAATCT
ACCCCC
GTCATTGGTCTCAGAGGACCGACG
AGTT
GATCTAGGTCTCACCTCTAATGCCG
CG
GTCATTGGTCTCAGGACTCAAGTTC
TTGAATGG
GATCTAGGTCTCAGTCCTCTTTGAA
TGCATCC
GTCATTGGTCTCAGCAAACAAACA
ATTGATATTCGTT
GATCTAGGTCTCTTTGCCTCTTTTG
GTGGCTACG
GTCATTGGTCTCGAAGCCTACTAGA
CACCACCATCTAGTCG
GATAGGTCTCCCATGTGTTCTCTGA
TGAGTCCGTGAGGACGAAACGAGT
AAGCTCGTC
AAACGAGTAAGCTCGTCAGAACAA
TTAATAGGAGTGGGTTTTAGAGCT
AGAAATAGCAAG
GATCTAGAAGACGCCATGAAGGTG
AAAATTCAG

GATCTAGAAGACTCAACCTTCGGTC
CGAGTACT

GATCTAGAAGACACGGTTAATGAA
TTATGATTTTGTTTGACTATAGATT
AG
CATGTAGAAGACGCAAGCCCTTAC
GTCTCATATCACAAGA

Amplification of Adrl
gene

Elimination of internal
Bsal or Bpil site
Elimination of internal
Bsal or Bpil site
Elimination of internal
Bsal or Bpil site
Elimination of internal
Bsal or Bpil site
Elimination of internal
Bsal or Bpil site
Elimination of internal
Bsal or Bpil site
Amplification of Adrl

gRNA design for Adrl-
KO

gRNA design for Adrl-
KO

Amplification of
homologous region 1 for
Adr1-KO
Amplification of
homologous region 1 for
Adr1-KO
Amplification of
homologous region 2 for
Adr1-KO
Amplification of
homologous region 2 for
Adr1-KO
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Table 3.1 (continued)

Primer Sequence Used for

Adrl_ KO HA fi CATGAAGGTGAAAATTCAGAC Amplification of homologous
nal_forward region for Adr1-KO

Adrl KO HA fi CCTTACGTCTCATATCACAAG Amplification of homologous
nal_reverse region for Adr1-KO

ACA1 Forward

ACAI1 Reverse

ACA1
Forward
ACA1l
Reverse
Acal KO BGE
rib_2_Acal_KO_
Forward
Acal KO BGE_
rib 1 Acal KO _
Forward
ACA1l_KO_gRN
A Rib 1 Forward
2nd
ACA1l KO gRN
A Rib 2 Forward
2nd
ACAl KO _HA1l
Forward
ACAl KO _HA1
Reverse
ACAl KO _HA2
Forward 1
ACAl KO _HA2
Reverse 1
ACAl KO _HA2
Forward 2

SOE

SOE

GATCTAGGTCTCACATGGCTCA
TAATAACCCAC
GTCATTGGTCTCGAAGCCTATT
ATTCTGAATCTTCATCTTGAGT
TAG
GAGCTTGTGAAAACGTCTGAA
C
GTTCAGACGTTTTCACAAGCTC

AAACGAGTAAGCTCGTCTTTCC
GAGAGATTTAGGATAGTTTTA
GAGCTAGAAATAGCAAG
GATAGGTCTCCCATGCGGAAA
CTGATGAGTCCGTGAGGACGA
AACGAGTAAGCTCGTC
GATAGGTCTCCCATGAACTTAC
TGATGAGTCCGTGAGGACGAA
ACGAGTAAGCTCGTC
AAACGAGTAAGCTCGTCTAAG
TTGAAATAGGTCGCCAGTTTTA
GAGCTAGAAATAGCAAG
AATAATGGTCTCACATGAGATA
CCTATAACGATATGGATACC
GATCATGGTCTCATAGGGTGAA
TCTATTTATTTTCAATTCCAAT
GAGTTTGGTCTCACCTAAGAAA
ACCTTTTTGACGGATAAC
ACATCTGGTCTCCTCCCTTATA
ACATGCTCTACCTCATTGG
AGCACAGGTCTCAGGGACCAG
AGTGCCATCC

Amplification of Acal

Amplification of Acal

Elimination of internal Bsal
or Bpil site

Elimination of internal Bsal
or Bpil site

gRNA design for Acal-KO

gRNA design for Acal-KO

2nd gRNA design for Acal-
KO

2nd gRNA design for Acal-
KO

Amplification of homologous
region 1 for Acal-KO
Amplification of homologous
region 1 for Acal-KO
Amplification of homologous
region 2 for Acal-KO
Elimination of internal Bsal
or Bpil site

Elimination of internal Bsal
or Bpil site
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Table 3.1 (continued)

Primer Sequence Used for

ACAl1 KO HA2 ATTATTGGTCTCAAAGCGTTCC Amplification of homologous
Reverse 2 CCCCGTTAAACC region 2 for Acal-KO
ACAl KO HA  ATGAGATACCTATAACGATAT  Amplification of homologous
Final Forward GGATAC region for Acal-KO
ACAl KO HA  GTTCCCCCCGTTAAACC Amplification of homologous
Final Reverse region for Acal-KO

Cat8-1 HAl1 TGCTCGTCGTGTCCTAAC Amplification of homologous

Forward

Cat8-1 HA2
Reverse

Cat8-2 HA1
Forward

Cat8-2 HA2
Reverse

AGAAAGATGCTGAGTGACAAT

CA

GGGCAGAAAGAAAGTACTAAT

ATGGA
AGGATGGTCCAAGCGTC

region for Cat8-1 KO
Amplification of homologous
region for Cat8-1 KO
Amplification of homologous
region for Cat8-2 KO
Amplification of homologous
region for Cat8-2 KO

Primers used to add FLAG-TAG to Adrl transcription factor

ribozyme_gRNA
_rib2_Adrl_FLA
G-Tag
ribozyme_gRNA
_ribl_Adrl FLA
G-Tag
Adrl_HA1l_Forw
ard

Adrl HAl Reve
rse

Adrl_FLAG_For
ward
Adrl_FLAG_Re
verse

Adrl HA2 Forw
ard

Adrl_HA2_Reve
rse

AAACGAGTAAGCTCGTCCTAG
AAAACCGACTAGATGGGTTTT

AGAGCTAGAAATAGCAAG

GATAGGTCTCCCATGTTCTAGC
TGATGAGTCCGTGAGGACGAA

ACGAGTAAGCTCGTC

GATTTCGAATTCTGATTTGTTT

CcC

GTCATTGAAGACAACCGACACC

TCCGTCTAGTCG

GTCATTGAAGACAATCGGGGGA

GGTGGATC

GTCATTGAAGACGAAATTACTT

ATCGTCGTCATCCTTG

GTCATTGAAGACGCAATTAATG
AATTATGATTTTGTTTGACTAT

AGATTAG

CAATGAATTCTACATCGCAGG

gRNA design for Adrl-
FLAG-Tag

gRNA design for Adrl-
FLAG-Tag

Amplification of homologous
region 1 for Adrl- FLAG-
Tag

Amplification of homologous
region 1 for Adrl- FLAG-
Tag

Amplification of FLAG-Tag

Amplification of FLAG-Tag

Amplification of homologous
region 2 for Adrl- FLAG-
Tag
Amplification of homologous
region 2 for Adrl- FLAG-
Tag
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Table 3.2 Strains and plasmids constructed in this study.

Microorganism Plasmid Comment Source
E. coli DH5a pUC57::wtADH2 Plasmid carrying synthesized Plasmid was
Paprz-wt  With  the first 213 synthesized
nucleotides of eGFP and stored in
E. coli DH5a.
E. coli DH5a pUC57::NucOptAD Plasmid carrying synthesized Plasmid was
H2 PapHz-nucopt With the first 213 synthesized
nucleotides of eGFP and stored in
E. coli DH5a.
E. coli DH5a pUC57::modAOX  Plasmid carrying synthesized Plasmid was
Paoxi-mod With the first 213 synthesized
nucleotides of eGFP and stored in
E. coli DH5a.
E. coli DH5a pPICZa-A::eGFP Backbone plasmid Ata et al,
(2017)
E. coli DHSa BBlaK_xx_pTHI1 GGA Level 1 plasmid carrying Prielhofer et
1 pTHI11 al., (2017)
E. coli DH5a BBlaK_34 RPS3T Level 1 plasmid carrying Prielhofer et
T RPS3TT terminator al., (2017)
E. coli DHSa BB3aK_14 Base plasmid for construction of Prielhofer et
overexpression plasmids al., (2017)
E. coli DH5a Cas9-25 Backbone CRISPR/Cas9 Prielhofer et
Plasmid al., (2017)
E.coli DH10B  BB3aK_14 pTHI1 GGA Level 2 plasmid, used for Barbay et al.
1 Cat8-1 RPS3TT overexpression of Adrl TF in P. (Unpublished
pastoris study)
E.coliDH10B BB3aK 14 pTHI1L GGA Level 2 plasmid, used for Barbay et al.
1 Cat8-2_RPS3TT overexpression of Acal TFin P. (Unpublished
pastoris study)
E.coli DH10B HR-Cat8-1 BB1 Used for amplification of Barbay et al.
homologous region to knock-out  (Unpublished
Cat8-1 study)
E.coliDH10B HR-Cat8-2_BB1 Used for amplification of Barbay et al.
homologous region to knock-out  (Unpublished
Cat8-2 study)
E.coliDH10B  Cas9 gRNA Cat8- CRISPR/Cas9 plasmidtoknock- Barbay et al.

1_BB3

out Cat8-1

(Unpublished
study)

52



Table 3.2 (continued)

Microorganism Plasmid Comment Source
E.coliDH10B  Cas9 gRNA Cat8- CRISPR/Cas9 plasmidto knock- Barbay et al.
1 BB3 out Cat8-2 (Unpublished
study)
. coli DH5a pADH2-wt::eGFP  Plasmid carrying native Papn. Constructed
with eGFP in this study
. coli DH5a pADH2- Plasmid carrying Papro-nwcopr  Constructed
NucOpt::eGFP with eGFP in this study
. coli DH5a pADH2- Plasmid carrying Paphz-addcar  Constructed
AddCat::eGFP with eGFP in this study
. coli DH5a pADH2- Plasmid carrying Papm2-opicar  Constructed
OptCat::eGFP with eGFP in this study
. coli DH5a pADH2- Plasmid carrying Paprz-addadr  Constructed
AddAdr::eGFP with eGFP in this study
. coli DH5a pADH2-OptAdrl-  Plasmid carrying Paprz-opagri-i  Constructed
1::eGFP with eGFP in this study
. coli DH5a pADH2-OptAdrl-  Plasmid carrying Paprz-opagri2  Constructed
2::eGFP with eGFP in this study
. coli DH5a pADH2-OptAdrl-  Plasmid carrying Paprz-opagri-a  Constructed
3::eGFP with eGFP in this study
. coli DH5a pADH2- Plasmid carrying Paphz-adiaca  Constructed
AddAca::eGFP with eGFP in this study
. coli DH5a pADH2- Plasmid carrying Paphz-adatata  Constructed
AddTATA::eGFP  with eGFP in this study
.coli DH10B  pADH2-NucOpt- Plasmid carrying Papr2-nucop-  Constructed
OptCat::eGFP optcat With eGFP in this study
.coliDH10B  pADH2- Plasmid carrying Papnawe With  Constructed
wt::optHSA OptHSA with its native secretion in this study
signal
.coli DH10B  pADH2- Plasmid carrying Papro-nwcopr  Constructed
NucOp::optHSA with optHSA with its native in this study
secretion signal
.coliDH10B  pADH2- Plasmid carrying Papm2-opicar  Constructed
OptCat::optHSA with optHSA with its native in this study
secretion signal
. coli DH5a pAOX1-wt::eGFP  Plasmid carrying native Paoxi Constructed
with eGFP in this study
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Table 3.2 (continued)

Microorganism Plasmid Comment Source
E. coli DH5a pAOX1-Adrl- Plasmid carrying Paoxi-a¢r1-1 With  Constructed
1::eGFP eGFP in this study
E. coli DH5a pAOX1-Adrl- Plasmid carrying Paoxi-agr1-2 With  Constructed
2::eGFP eGFP in this study
E. coli DH5a pAOX1-Adrl- Plasmid carrying Paoxi-asr13 With  Constructed
3::eGFP eGFP in this study
E. coli DHS50. pAOX1-Cat8- Plasmid carrying Paoxi-cas-1 With  Constructed
1::eGFP eGFP in this study
E. coli DH5a pAOX1-Cat8- Plasmid carrying Paoxi-cas-> With  Constructed
2::eGFP eGFP in this study
E. coli DH5a pAOX1-Cat8- Plasmid carrying Paoxi-cas-3 With  Constructed
3::eGFP eGFP in this study
E. coli DH5a pAOX1- Plasmid carrying Paoxi-acaz With  Constructed
Aca2::eGFP eGFP in this study
E. coli DH5a pAOX1- Plasmid carrying Paoxicasagrs Constructed
Cat3Adr3::eGFP with eGFP in this study
E. coli DH5a PAOX1- Plasmid carrying Paoxi-acacaaars  Constructed
AcaCat3Adr3::eGF  with eGFP in this study
P
E. coli DH5a pAOX1- Plasmid carrying Paoxi-moda With  Constructed
mod::eGFP eGFP in this study
E. coliDH10B  pAOX1- Plasmid carrying Paoxiwt With Constructed
wt::optHSA OptHSA with its native secretion in this study
signal
E.coliDH10B  pAOX1- Plasmid carrying Paoxi-mod With ~Constructed
mod::optHSA OptHSA with its native secretion in this study
signal
E.coli DH10B BBl 23 Adrl Kan GGA Level 1 plasmid, Constructed
MX construcred for CDS of Adrl in this study
E.coliDH10B BBl 23 Acal Ka GGA Level 1 plasmid, Constructed
nMX construcred for CDS of Acal in this study
E.coli DH10B  BB3aK_14 pTHI1 GGA Level 2 plasmid, used for Constructed
1 Adrl RPS3TT overexpression of Adrl TF in P. in this study
pastoris
E.coli DH10B  BB3aK_14 pTHI1 GGA Level 2 plasmid, used for Constructed
1 Acal RPS3TT overexpression of Acal TF in P. in this study

pastoris
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Table 3.2 (continued)

Microorganism Plasmid Comment Source

E.coliDH10B HR-Adrl BBl Used for amplification of Constructed
homologous region to knock-out in this study

Adrl
.coli DH10B  HR-Acal BBl Used for amplification of Constructed
homologous region to knock-out in this study

Acal
.coli DH10B  Cas9_gRNA_Adrl CRISPR/Cas9 plasmid to knock- Constructed
_BB3 out Cat8-1 in this study
.coli DH10B  Cas9_gRNA_Acal CRISPR/Cas9 plasmid to knock- Constructed
_BB3 out Cat8-2 in this study
.coli DH10B  HR-Adrl- Used for amplification of Constructed
Flag_BB1 homologous region to add Flag- in this study

Tag on Adrl

.coli DH10B  Cas9 gRNA Adrl- CRISPR/Cas9 plasmid to Constructed
Flag_BB3 in this study
. pastoris X-33 pADH2-wt::eGFP  P. pastoris strain used for Constructed
screening PapHo-wt in this study
. pastoris X-33 pADH2- P. pastoris strain used for Constructed
NucOpt::eGFP screening PapHa2-Nucopt in this study
. pastoris X-33 pADH2- P. pastoris strain used for Constructed
AddCat::eGFP screening PapHa-addcat in this study
. pastoris X-33 pADH2- P. pastoris strain used for Constructed
OptCat::eGFP screening Papre2-optcat in this study
. pastoris X-33 pADH2- P. pastoris strain used for Constructed
AddAdr::eGFP screening PapHz-add-adr in this study
. pastoris X-33 pADH2-OptAdrl- P. pastoris strain used for Constructed
1::eGFP screening PapHz-optadri-1 in this study
. pastoris X-33 pADH2-OptAdrl-  P. pastoris strain used for Constructed
2::eGFP screening Pap2-optadri-2 in this study
. pastoris X-33 pADH2-OptAdrl-  P. pastoris strain used for Constructed
3::eGFP screening PapH2-optadri-3 in this study
. pastoris X-33 pADH2- P. pastoris strain used for Constructed
AddAca::eGFP screening PapHz-addaca in this study
. pastoris X-33 pADH2- P. pastoris strain used for Constructed
AddTATA::eGFP screening PapHz-addTaTa in this study
. pastoris X-33  pADH2-NucOpt- P. pastoris strain used for Constructed
OptCat::eGFP screening PapH2-Nucopt-optcat in this study
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Table 3.2 (continued)

Microorganism Plasmid Comment Source
P. pastoris X-33 pADH2- P. pastoris strain used for Constructed
wt::optHSA screening  PapHzwt for  hSA in this study
production
P. pastoris X-33 pADH2- P. pastoris strain used for Constructed
NucOp::optHSA screening  PapHzw for  HSA in this study
production
P. pastoris X-33 pADH2- P. pastoris strain used for Constructed
OptCat::optHSA screening  Papro-we for  HSA in this study
production
P. pastoris X-33 pAOX1-wt::eGFP  P. pastoris strain used for Constructed
screening Paoxi-wt in this study
P. pastoris X-33 pAOX1-Adrl- P. pastoris strain used for Constructed
1::eGFP screening Paoxi-adr in this study
P. pastoris X-33 pAOX1-Adrl- P. pastoris strain used for Constructed
2::eGFP screening Paoxi-adr in this study
P. pastoris X-33 pAOX1-Adrl- P. pastoris strain used for Constructed
3::eGFP screening Paoxi-adrs in this study
P. pastoris X-33 pAOX1-Cat8- P. pastoris strain used for Constructed
1::eGFP screening Paoxi-cat1 in this study
P. pastoris X-33 pAOX1-Cat8- P. pastoris strain used for Constructed
2::eGFP screening Paoxi-cat in this study
P. pastoris X-33 pAOX1-Cat8- P. pastoris strain used for Constructed
3::eGFP screening Paoxi-cats in this study
P. pastoris X-33 pAOX1- P. pastoris strain used for Constructed
Aca2::eGFP screening Paoxi-Aca in this study
P. pastoris X-33 pAOX1- P. pastoris strain used for Constructed
Cat3Adr3::eGFP screening Paoxi-catzadrs in this study
P. pastoris X-33 pAOX1- P. pastoris strain used for Constructed
AcaCat3Adr3::eGF  screening Paoxi-Acacatzadr3 in this study
p
P. pastoris X-33 pAOX1- P. pastoris strain used for Constructed
mod::eGFP screening Paox1-mod in this study
P. pastoris X-33 pAOX1- P. pastoris strain used for Constructed
wt::optHSA screening  Paoxi-we for  HSA in this study

production
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Table 3.2 (continued)

Microorganism Plasmid Comment Source

P. pastoris X-33 pAOX1- P. pastoris strain used for Constructed
mod::optHSA screening  Paoxi-mod  fOr HSA in this study

production

P. pastoris X-33 pADH2-wt::eGFP  P. pastoris strain that over- Constructed
BB3aK_14 pTHI1  expresses Acal in this study
1 Acal_RPS3TT

P. pastoris X-33 pADH2- P. pastoris strain that over- Constructed
NucOpt::eGFP expresses Acal in this study
BB3aK_14 pTHI1
1 Acal RPS3TT

P. pastoris X-33 pADH2- P. pastoris strain that over- Constructed
AddAca::eGFP expresses Acal in this study
BB3aK_14 pTHI1
1 Acal RPS3TT

P. pastoris X-33 pAOX1-wt::eGFP  P. pastoris strain that over- Constructed
BB3aK_14 pTHI1 expresses Acal in this study
1 Acal RPS3TT

P. pastoris X-33 pAOX1- P. pastoris strain that over- Constructed
mod::eGFP expresses Acal in this study
BB3aK_14 pTHI1
1 Acal _RPS3TT

P. pastoris X-33 pADH2-wt::eGFP ~ P. pastoris strain that over- Constructed
BB3aK_14 pTHI1 expresses Adrl in this study
1 Adrl RPS3TT

P. pastoris X-33 pADH2- P. pastoris strain that over- Constructed
NucOpt::eGFP expresses Adrl in this study
BB3aK_14 pTHI1
1_Adrl_RPS3TT

P. pastoris X-33 pADH2- P. pastoris strain that over- Constructed
AddAdr::eGFP expresses Adrl in this study
BB3aK_14 pTHI1
1 Adrl RPS3TT

P. pastoris X-33 pADH2-OptAdrl-  P. pastoris strain that over- Constructed
3::eGFP expresses Adrl in this study

BB3aK_14 pTHI1
1_Adrl_RPS3TT
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Table 3.2 (continued)

Microorganism Plasmid Comment Source

P. pastoris X-33 pAOX1- P. pastoris strain that over- Constructed
mod::eGFP expresses Adrl in this study
BB3aK_14 pTHI1
1_Adrl_RPS3TT

P. pastoris X-33 pADH2- P. pastoris strain that over- Constructed
NucOpt::eGFP expresses Cat8-1 in this study
pADH2-

OptCat::eGFP
BB3aK_14 pTHI1
1_Cat8-1 RPS3TT

P. pastoris X-33 pAOX1-wt::eGFP  P. pastoris strain that over- Constructed
pADH2- expresses Cat8-1 in this study
OptCat::eGFP
BB3aK_14 pTHI1
1 _Cat8-1 RPS3TT




Table 3.2 (continued)

Microorganism

Plasmid

Comment

Source

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33
P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

P. pastoris X-33

pADH2-wt::eGFP
BB3aK_14 pTHI1
1 Cat8-2_RPS3TT
pADH2-
NucOpt::eGFP
BB3aK_14 pTHI1
1 Cat8-2_RPS3TT
pADH2-
OptCat::eGFP

pAOX1-wt::eGFP
BB3aK_14 pTHI1
1 Cat8-2_RPS3TT
pAOX1-
mod::eGFP
BB3aK_14 pTHI1
1 Cat8-2_ RPS3TT
pADH2-wt::eGFP
HR-Acal_BB1
pAOX1-wt::eGFP
HR-Acal_BB1
pAOX1-
mod::eGFP
Acal BB1
pADH2-wt::eGFP
HR-Adrl_BB1
pAOX1-wt::eGFP
HR-Adrl BB1
pAOX1-
mod::eGFP
Adrl BB1
pADH2-wt::eGFP
HR-Cat8-1 BB1
pADH2-
OptCat::eGFP HR-
Cat8-1_BB1

HR-

HR-

P. pastoris strain
expresses Cat8-2

P. pastoris strain
expresses Cat8-2
P. pastoris strain

expresses Cat8-2

P. pastoris strain
expresses Cat8-2

P. pastoris strain
expresses Cat8-2
P. pastoris dacal
P. pastoris dacal

P. pastoris dacal

P. pastoris dadrl
P. pastoris dadri

P. pastoris dadr1

P. pastoris dcat8-1

P. pastoris Acat8-1

that

that

that

that

that

over-

over-

over-

over-

over-

Constructed
in this study

Constructed
in this study

Constructed
in this study

Constructed
in this study

Constructed
in this study

Constructed
in this study
Constructed
in this study
Constructed
in this study

Constructed
in this study
Constructed
in this study
Constructed
in this study

Constructed
in this study
Constructed
in this study
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Table 3.2 (continued)

Microorganism Plasmid Comment Source

P. pastoris X-33 pAOX1-wt::eGFP  P. pastoris Acat8-1 Constructed
HR-Cat8-1_BB1 in this study

P. pastoris X-33 pAOX1- P. pastoris dcat8-1 Constructed
mod::eGFP  HR- in this study
Cat8-1_BB1

P. pastoris X-33 pADH2-wt::eGFP  P. pastoris Acat8-2 Constructed
HR-Cat8-2_BB1 in this study

P. pastoris X-33 pADH2- P. pastoris dcat8-2 Constructed
OptCat::eGFP HR- in this study
Cat8-2_BB1

P. pastoris X-33 pAOX1-wt::eGFP  P. pastoris Acat8-2 Constructed
HR-Cat8-2_BB1 in this study

P. pastoris X-33 pAOX1- P. pastoris Acat8-2 Constructed
mod::eGFP  HR- in this study
Cat8-2_BB1

P. pastoris X-33 pADH2-wt::eGFP  P. pastoris Adcat8-14cat8-2 Constructed
HR-Cat8-1_BB1 in this study
HR-Cat8-2_BB1

P. pastoris HR-Adrl- P. pastoris that have Flag- Constructed

CBS7435 Flag_BB1 Tagged Adrl in this study
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3.4 Genetic Engineering Methods

3.4.1 Plasmid Isolation

Plasmid isolation from E. coli cells was performed by Genelet Plasmid Purification
Kit (ThermoFisher, USA) according to the manufacturer’s protocol. Prior to plasmid
isolation, cells were grown in LB medium with appropriate antibiotics (Zeocin or
Kanamycin) at 37°C for 16 h with shaking at 180 rpm. 2 mL from the culture were
harvested by centrifugation at 12000 g for 5 mins and pellets were used for plasmid
isolation. Isolated plasmid was stored at -20°C until further use.

3.4.2 Genomic DNA Isolation

Genomic DNA isolation from P. pastoris cells were performed using Wizard
Genomic DNA Purification Kit (Promega, USA) according to the manufacturer’s
instructions. P. pastoris cells were grown in YPD medium including appropriate
antibiotics (Zeocin or Geneticin) at 25°C for 20 h with shaking at 225 rpm. 2 mL of
the culture were harvested by centrifugation cells at 13000 g for 2 mins and pellets
were used for genomic DNA isolation. Isolated DNA was stored at -20°C until further

use.

3.4.3 RNA Isolation and cDNA Synthesis

For total RNA isolation form P. pastoris cells, pellets from the samples collected
during the exponential growth phase were resuspended in 1 mL TRI Reagent (Sigma,
USA). Cells were disrupted by glass beads using a ribolyser (MP Biomedicals, USA)
for 40 seconds at 5.5 ms™. RNA was extracted by chloroform and isoproponal used
for precipitation. After washing twice with 75% ethanol, RNA was dissolved in
nuclease-free water. After DNase treatment (Invitrogen, USA), concentration of RNA
was measured by Nanodrop. Isolated RNA was stored at -80°C until further use.

cDNA synthesis was performed with Biozym cDNA synthesis kit (Biozym,
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Germany) using oligo d(T)23 VN primer (NEB, USA). cDNA was stored at -20°C

until further use.

3.4.4 Gel Elution
Gel elution was performed by Genelet Gel Extraction Kit (ThermoFisher, USA) or
Wizard SV Gel and PCR Cleanup System (Promega, USA) to purify a single DNA

product. DNA was purified according to the manufacturer’s instruction after agarose
gel electroporation. Purified DNA fragment was eluted in distilled water and stored
at -20°C until further use.

3.4.5 PCR Purification

Purification of PCR amplified DNA fragments was carried out by Genelet PCR
Purification Kit (ThermoFisher, USA) or Wizard SV Gel and PCR Cleanup System

(Promega, USA) according to the manufacturer’s instructions.

3.4.6 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used for visualization, separation, and extraction of
DNA fragments. 1% agarose gel was prepared in TAE buffer including ethidium
bromide or Midori Green. DNA was visualized after running at 120 V for 30-60 min
depending on the size of the fragments. DNA Ladders were used for size

determination.

3.4.7 DNA Sequencing

Sequences of the amplified DNA and purified plasmids were verified by METU
Central Laboratory, Ankara or Microsynth AG, Balgach, Switzerland.
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3.4.8 Transformation of E. coli

The constructed plasmids (given in Section 3.3) were used for transformation of E.
coli DH10B or DH5a. Competent E. coli cells were prepared by RbCl or CaCl; as
described, as follows.

3.4.8.1 RbCI Method

E. coli cells from LB plate was inoculated into 10 mL of LB medium and incubated
overnight at 37°C at 180 rpm. 2 mL of overnight culture was transferred into 200 mL
LB medium and incubated for approximately 2 hours until it reaches ODeoo 0.6. The
cells were then cooled down on ice for 10 min and centrifuged for 5 min at 4000 g at
4°C. Pelleted cells were resuspended in 80 mL of (0.4 V of the culture) ice-cold TFB1
solution (Table 3.3). After repeating the centrifugation step, cells were resuspended
in 8 mL of (0.04 V of the culture) ice-cold TFB2 solution (Table 3.4). Competent
cells were then immediately used or stored at -80°C for further use in 100 pL aliquots.
Ligation mixture was mixed with 100 uL of competent E. coli cells and incubated on
ice for 30 min. Thereafter, cells and DNA mix were heat shocked at 42°C for 90
seconds. Following the incubation of the cells on ice for 5 min, 1 mL of LB medium
was added to the mixture and cells were incubated at 37°C with shaking for 1 h. 25-
100 pL of the cells were streaked on LB plates with appropriate antibiotics. Plates
were incubated at 37°C for 16-20 h until the colonies appeared.

Table 3.3 Composition of TFB1 solution.

Reagent Concentration
Potassium acetate 30 mM

CaCl; 10 mM

MnCl; 50 mM

RbCl 100 mM
Glycerol 15%

*Adjust pH to 5.8 with 1 M acetic acid, filter sterilize and store at 4°C.
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Table 3.4 Composition of TFB2 solution.

Reagent Concentration
MOPS (or PIPES) 100 mM
CaCl2 75 mM

RbCI 10 mM
Glycerol 15%

*Adjust pH 6.5 with 1 M KOH, filter sterilize and store at 4°C.

3.4.8.2 CaCl2 Method

A single cell from LB plate was inoculated into 50 mL of LB medium and incubated
at 37°C at 180 rpm for 3.5-4 h until the ODeoo reaches approximately 0.35-0.4. The
cells were transferred to a 50 mL ice-cold falcon, stored on ice for 10 minutes and
centrifuged for 10 min at 2700 g at 4 °C. Pellet was resuspended in 30 mL ice-cold
80 mM MgCl,-20 mM CacCl; solution by swirling and pelleted again by centrifuging
the broth at 2700 g for 10 minutes at 4°C. Finally, pellet was resuspended in 2 mL ice
cold 0.1 M CaCl by vortexing. 50 uL of this solution was transferred to a fresh
Eppendorf tube and mixed with ligation mixture. After the incubation on ice for 30
min, the mixture was heat shocked at 42°C for 90 seconds and cooled down on ice for
3-5 min. 900 pL of sterile LB was added to the mixture and incubated at 37°C for 1
h. 25-100 pL of the cells were streaked on LB plates with appropriate antibiotics.
Plates were incubated at 37°C for 16-20 h until the colonies appeared.

3.4.9 Transformation of P. pastoris

For the integration of the expression cassettes, plasmids were linearized and purified
by gel elution. Transformation of P. pastoris X-33 or CBS7435 cells was either

carried out by LiCl method or electroporation.
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3.4.9.1 LiCl method

The solutions required for the transformation, i.e. 50% PEG (3350) and 1 M LiCl,
were prepared by filter-sterilizing and used within a month. P. pastoris X-33 from
glycerol stock was streaked onto YPD plate and incubated for 48 hours at 30°C. A
single colony was inoculated to 50 mL YPD medium and incubated to an ODsoo of
0.8 to 1.0 at 30°C at 200 rpm for approximately 12-14 hours. The cells were then
harvested by centrifugation at 4000 g for 5 minutes at room temperature. Cells were
washed with 25 mL sterile water and centrifuged at 1500 g for 10 minutes at room
temperature. After removing supernatant, pellet was resuspended in 1 mL 100 mM
filter-sterilized LiCl, transferred to a 1.5 mL Eppendorf tube and centrifuged at
maximum speed for 15 seconds. LiCl was removed with a pipette and cells were
resuspended in 400 pL. 100 mM filter-sterilized LiCl. For each transformation, 50 pL
of cell suspension was dispensed into 1.5 mL Eppendorf tubes and immediately
centrifuged at maximum speed for 15 seconds. LiCl was removed with a pipette. For
transformation of the cells 240 uL of %50 PEG, 36 pL of 1 M LiCl, 25 pL of 2 mg/mL
single-stranded DNA (denatured prior to transformation and used immediately) and
0.5-1 pg linearized plasmid DNA in 50 pL sterile water were added to each tube in
the given order and vortexed vigorously until the cell pellet was completely mixed.
The tube was incubated at 30°C for 30 min without shaking, then heat shocked in a
water bath at 42°C for 20-25 min. Cells were pelleted by centrifuging at 6000-8000
rpm for 15 seconds, transformation solution was removed and pellet was gently
resuspended in 1 mL YPD and incubated at 30°C with shaking. After 2 hours of
incubation, 25-100 pL of the medium was spread on YPD plates containing

appropriate antibiotics and incubated for 2-3 days at 30°C.

3.4.9.2 Electroporation

For electroporation of P. pastoris X33 or CBS7435, cells from glycerol stock was
streaked onto YPD plate and incubated for 48 hours at 25°C. Single cell from the plate

was transferred into 10 mL YPD (including antibiotics if the parental strain already
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carrying an antibiotic resistance) and incubated at 25°C with shaking at 180 rpm
overnight. The grown cells were then used for inoculation to main culture including

100 mL YPD according to the formula shown below:

OoD,, X V, 1000
Vi L) = X
inoc (ML) T 0D,

e ODm: ODsgo of main culture after time t (use ODgoo Of 3 for the calculation —
it should be between 1.8-3.0.)

e Vm: Volume of the main culture (mL)

e tm: Incubation time for main culture (h)

e pu: Growth rate of the cells (use 0.25 ht for P. pastoris-wt in YPD at 25°C)
e  ODpre: ODgoo 0f the pre-culture

Grown cells were then centrifuged at 1500 g, 4°C for 5 min. 10 mL of pre-warmed
YPD including 20 mM HEPES (pH 8) and 25 mM DTT was added to the pelleted
cells and incubated for 30 min by shaking at 25°C. After addition of 40 mL of ice cold
water, the cells were centrifuged at 1500 g, 4°C for 5 min and the supernatant is
discarded. 45 mL of ice old HEPES (1mM, pH 8) was added to the pelleted cells and
centrifuged at 1500 g, 4°C for 5 min. The pellet was then resuspended in 45 mL ice
cold 1 M sorbitol and centrifuged at 1500 g, 4°C for 5 min. Finally, the cells were
resuspended in 500 pL of ice cold 1M sorbitol. 80 pL of these competent cells were
used for transformation and mixed very gently with 0.5-1 pg linearized plasmid
dissolved in 20 pL water. The mixture was incubated on ice for 5 min and
electroporation was performed at 2000 V, 25 puF and 200 Q. Immediately after
transformation, the cells were mixed with 1 mL ice cold YPD and transformed cells

were then regenerated by incubating at 30°C for 1.5 h in YPD medium and then
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streaked on YPD plates including appropriate antibiotics and incubated at 25°C for 2-
3 days.

3.5 Construction of the strains and the plasmids

3.5.1 Construction of Recombinant Plasmids PapH2-v::eGFP and Paoxi-v::eGFP

The base plasmid pPICZa-A::egfp (Ata et al., 2017) was used in the construction of
recombinant expression systems (Sequence is given in Appendix C). For the
intracellular eGFP synthesis, Paox1 and a-factor signal sequence were replaced with

the designed promoter variants.

First, noncutters of PapH2-v, Paoxi-v, EGFP and pPICZa-A::egfp were determined with

Restriction mapper 3 (available online: http://www.restrictionmapper.org/). In the

pPICZa-A::egfp plasmid, Bglll restriction enzyme (RE) recognition site is found 5’
of the Paox1; however, it cuts PapH2 at position 755. On the other hand, BamHI is a
noncutter of PapH2-vand BamHI and Bglll could form compatible cohesive ends with
each other. In the primer design at the 5” of the PapH2.v @ BamHI recognition sites for
cloning and a Pstl recognition site for lineerization of the recombinant plasmid was
included. To achieve seamless cloning with PapH2.v and eGFP, a Type IIS RE, Bts“l
was used. Type IIS restriction enzyme recognize asymmetric DNA sequences and
cleave outside of their recognition sequence. Bts®l RE cuts eGFP at position 214. For
seamless cloning purpose, the first 216 nucleotides of eGFP were added to 3’ of the
designed promoter variants namely PapH2-wt, PabH2-Nucopt, Paoxi-mod @nd synthesized

by GenScript, USA. Synthetic genes were cloned into PUC57 by GenScript.

Promoter variants together with the first 216 nucleotides of eGFP were amplified by
Q5 High Fidelity DNA Polymerase (NEB, USA). Content of PCR mixture and

thermal cycler conditions are given, as follows:
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Table 3.5 Composition of PCR mixture

Component 50 ul Reaction  Final Concentration
5X Q5 10 ul 1X

Reaction Buffer

1 mM dNTPs 10 ul 200 uM

10 uM Forward Primer 2.5 ul 0.5 uM

10 uM Reverse Primer 2.5l 0.5 uM

Template DNA 2 ul < 1,000 ng

Q5 High-Fidelity DNA Polymerase (NEB) 0.5 ul 0.02 U/ul
Nuclease-Free Water to 50 pl

Table 3.6 Thermocycling Conditions with Q5 Polymerase (NEB)

Step Temperature Time
Initial Denaturation 98°C 30 seconds
30 Cycles 98°C 10 seconds
50-72°C 30 seconds
72°C 30 seconds/kilobase
Final Extension 72°C 2 minutes
Hold 4-10°C Forever

*For PapH2v and Paoxiv PCR annealing temperature was set to 71 °C and 68 °C,
respectively.

Mutations into PapH2-vand Paoxi-vwere introduced by two-step overlap extension PCR
using Q5 DNA polymerase. In the first step of overlap extension PCR, reverse
mutagenic primer was combined with Forward Papn2 or Forward Paoxz, and forward

mutagenic primer was combined with Reverse Papn2 or Reverse Paoxi.

Amplified Papn2-v were double digested by BamHI and Bzsal REs (Table 3.7) while
amplified Paoxi-v and base vector plasmid pPICZaA::eGFP were double digested by
Bglll and Btsal REs (Table 3.8). RE double digestion conditions are given, as follows.
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Table 3.7 Double Digestion with BamHI-HF and Bzsal (NEB)

Component 50 pl reaction
DNA 1 ug

10X CutSmart Buffer 5ul
BamHI-HF 1 ul (10 U)
Nuclease-free water to 50 ul

e Incubate at 37°C for overnight.

e Add 1 ul of Btsal (NEB) for 50 pl reaction.

e Incubate at 55 °C for overnight.

e Stop the reaction by adding 10 ul of 6X loading dye.

Table 3.8 Double Digestion with Bglll and Btsal

Component 50 pl reaction
DNA 1 pug

10X CutSmart Buffer 5ul

Btsal (NEB) 1 ul (10 U)
Nuclease-free water to 50 ul

e Incubate at 55°C for overnight.

e Add2pul 2.6 M NaCl to adjust the salt concentration to 200mM.
e Add 1 ul of Bglll (NEB) for 50 ul reaction.

e Incubate at 37 °C for overnight.

e Stop the reaction by adding 10 pl of 6X loading dye.

After restriction digestion vector and insert DNA was purified by gel elution Kit.
Purified insert and vector genes were ligated with T4 DNA Ligase (Thermo
Scientific) by using a ligation ratio of 3:1. Composition of the sticky-end ligation

reaction mixture is given, as follow.
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Table 3.9 Composition of the sticky-end ligation reaction mixture

Component Amount

Linear Vector DNA 50 ng

Insert DNA 3:1 molar ratio

10X T4 DNA Ligase Buffer 2 ul

T4 DNA Ligase 0.2 ul (1 Weiss Unit)
Nuclease-free water to 20 pl

e Incubate 16 h at 16 °C.
e Heat inactivation of T4 DNA Ligase at 65 °C for 10 min or 70°C for 5 min.

After ligation, transformation of wild type E.coli DHSa cells was performed with
calcium chloride method. Transformation mixture was inoculated into selective
Zeocin containing media. After 16-18 h of incubation at 37 °C, single colonies were
selected and inoculated into a fresh Zeocin containing LSLB Agar media. Colony
PCR was performed and among positives, four colonies were selected and plasmid
isolation was performed with Plasmid isolation kit. Sequence of the insert was

evaluated by gene sequencing.

3.5.2 Construction of Recombinant Plasmids Papn2.v::HSA and Paoxiv:: HSA

For the HSA synthesis and secretion, in the base plasmid the promoter Paox1, a-factor
signal sequence, and eGFP gene were replaced with the novel engineered promoters
(NEPVs) and HSA gene. For extracellular HSA production, HSA was cloned with its
native secretion signal. NEPVs and engineered promoters (NEPVs) and HSA gene.
For extracellular HSA production, HSA were cloned by two-step overlap extension
PCR to achieve a semaless cloning without adding any additional nucleotides between
promoter and coding sequence. Gene amplifications were performed with Q5 DNA

Polymerase as stated in Table 3.5 and Table 3.6.
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pPICZa-A::eGFP vector was double digested with the REs Bglll and Kpnl, and then
purified by using gel purification kit. For HSA producing recombinant plasmid
construction, Papr2-v-HSA gene fragments were double digested by BamHI and Kpnl
(Table 3.10) whereas Paoxi-v-HSA gene fragments were double digested with Bglll
and Kpnl (Table 3.11) and purified with gel extraction kit.

Table 3.10 Double Digestion with BamHI-HF and Kpnl-HF

Component 50 pl reaction
DNA 1 pug

10X CutSmart Buffer 5ul
BamHI-HF (NEB) 1 ul (10 U)
Kpnl-HF (NEB) 1 ul (10 U)
Nuclease-free water to 50 ul

e Incubate at 37°C for overnight.
e Stop the reaction by adding 10 pl of 6X loading dye.

Table 3.11 Double Digestion with Bglll and Kpnl

Component 50 pl reaction
DNA 1 ug

10X CutSmart Buffer 5ul

Kpnl-HF 1 ul (10 U)
Nuclease-free water to 50 pul

e Incubate at 37°C for overnight.

e Add?2 pl 2.6 M NaCl to adjust the salt concentration to 100mM.
e Add 1 ul of Bglll (NEB) for 50 ul reaction.

e Incubate at 37 °C for overnight.

e Stop the reaction by adding 10 ul of 6X loading dye.
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After restriction digestion vector and insert DNA was purified by gel elution Kit.
Purified insert and vector genes were ligated with T4 DNA Ligase (Thermo
Scientific) by using a ligation ratio of 3:1 (Table 3.9). After ligation, transformation
of wild type E.coli DH10B cells was performed with rubidium chloride based
chemical method. Transformation mixture was inoculated into selective Zeocin
containing media. After 16-18 h of incubation at 37 °C, single colonies were selected
and inoculated into a fresh Zeocin containing LSLB Agar media. Colony PCR was
performed and among positives, four colonies were selected and plasmid isolation
was performed with Plasmid isolation kit. Sequence of the insert was evaluated by

gene sequencing.

3.5.3 Construction of P. pastoris Strains Carrying PapH2-vand Paoxi-v

Verified PapH2-v::eGFP, Paoxiv::eGFP, PapHo-v::HSA and Paoxiv::HSA plasmids
were linearized in order to promote the insertion of the plasmid into the genome prior
to P. pastoris transformation. Linearization was performed by incubation the
plasmids at 37°C for 5-6 h according to the amount of the DNA in the reaction
mixture. Lineerization of Papn2v Were performed by Pstl RE digestion whereas
lineerization of Paoxiv were performed with Bglll RE digestion. Linearization
reaction compositions are given in Table 3.12 and 3.13. Linearized product was
purified as described in Section 3.4.4. Sterile ultrapure water (autoclaved and 0.2 um
filter-sterilized) was used for elution. The concentration of the purified product was
measured by Nanodrop. Amount of the linearized and purified plasmid was adjusted
to 0.5-1 pg in 50 pL sterile water. Transformation of P. pastoris X33 was performed
by LiCl transformation for intracellular eGFP producing strains and by
electroporation for extracellular eGFP producing strains as described in Section
3.4.9.1 and 3.4.9.2, respectively. For each construct, ca. 40 single colonies were
selected and transferred to new plates and incubated at 30°C for 24 h. Integration of
the expression casettes to P. pastoris X33 was confirmed by PCR. At least 10 positive

clones for each construct was selected and used in the screening experiments.
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Table 3.12 Linearization of recombinant plasmids with Pstl.

Compound Amount
DNA 1 ug

10X CutSmart Buffer 5ul

Pstl (NEB) 1 ul

Water Up to 50 pul

e Incubate at 37°C for 1 hour.
e Stop the reaction by adding 10 pl of 6X gel loading dye to 50 ul reaction.

Table 3.13 Linearization of recombinant plasmids with Bglll RE.

Compound Amount
DNA 1ug

10X 3.1 Buffer 5ul

Bglll (NEB) 1 ul

Water Up to 50 ul

e Incubate at 37°C for overnight.
e Stop the reaction by adding 10 pl of 6X gel loading dye to 50 pl reaction.

3.5.4 Construction of Overexpression and Knockout Plasmids and Strains
In the PhD thesis study, 4 different TFs were selected as the targets for over
expression or knock-out: ACA1, ADR1, CAT8-1 and CAT8-2. The sequences of these

genes were retrieved from http://pichiagenome-ext.boku.ac.at:8080/apex/f?p=100:1.

Chromosomal regions of the selected transcription factors are given in Table 3.14.
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Table 3.14 Chromosomal locations of the coding regions of the selected transcription
factors.

Transcription factor Chromosomal location of the gene
Acal PAS chr3 0135

Adrl PAS chr4 0487

Cat8-1 PAS chr2-1_0757

Cat8-2 PAS _chr4 0540

Golden gate assembly (GGA) was used for the construction of the plasmids which are
used for over-expression or knocking-out the desired gene. GGA is an efficient and
seamless method which allows the scientists to assembly multiple DNA fragments
into a backbone vector by using Type IS restriction enzymes (REases) and T4 DNA
Ligase simultaneously (Engler et al., 2008; Prielhofer et al., 2017). REases such as
Bsal, Bpil (Bbsl) or BsmBI cleave the DNA outside of the recognition site; therefore,
once two fragments are overlapped and assembled after their cleavage by Type 1IS
REases, no scar sequence is left. Moreover, multiple fragments can be assembled
simultaneously and as the restriction site is removed from the assembled product,
digestion and ligation can be performed at the same time. One drawback of this
method is that the occasional presence of one or more internal TypellS REases sites
found on the gene of interest sequences. This problem, however, can easily be
eliminated by designing primers which create single nucleotide mutations but keeps

the amino acid as same as the original sequence.

3.5.4.1 Overexpression strains

For over-expression, a repressible THI11 promoter (annotated as Pri11) was selected
since this promoter expression capacity can be controlled by the presence or absence
of thiamine. A two-level Golden Gate assembly (GGA) method was used for the
construction over-expression cassettes. First, the plasmids that carry the CDS of the
TF were constructed. Thereafter, these plasmids were used to construct the plasmid

that carry the entire expression module: Promoter, CDS and the terminator. Level 1
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plasmids (BB1) are the plasmids that carry the promoter, CDS or the terminator
regions. BB1 plasmid that carry the promoter, i.e. PtHi11 or terminator, i.e. RPS3tt

were constructed by Prielhofer et al., 2017.

The genes of the corresponding CDSs were amplified from the genome by PCR.
Internal Bsal or Bpil sites within the CDSs were eliminated by designing primers
which enable to overlap the modified regions by GGA or ordering in-vitro synthesized
gBlocks where these restriction sites were mutated without altering the original
codons. The primers used for amplification are given in Table 3.1. All PCR reactions
were performed by Q5 DNA Polymerase as explained in Section 3.5.1. After the
amplification of DNA fragments, they were purified by gel elution and their
concentrations were measured by Nanodrop. The backbone plasmid (BB1) carrying
a kanamycin resistance gene was used for the insertion of the TF CDSs. Golden gate
assembly reaction composition and condition are given in Table 3.15 and 3.16. A 3:1

molar ratio was used for the integration between PCR products and the plasmids.

Table 3.15 GGA reaction composition for construction of Level 1 plasmids for CDSs.

Reagent Amount (uL)
Bsal (20 U/uL) 1

T4 Ligase (1:10 diluted;40 U/ul) 1

CutSmart buffer (10X) 2

ATP (10 mM) 2

BB1 plasmid(40 nM) 1

DNA Fragments (40 nM) 3 (each)
Water Upto 20 puL
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Table 3. 16 GGA conditions for construction of Level 1 plasmids for CDSs.

Temperature (°C) Duration Number of cycles
37 5 min 50
16 5 min
37 10 min 1
50 30 min 1
80 10 min 1
23 10 sec 1

Entire GGA mixture was then immediately used for E. coli transformation by RbCI
transformation method as described in Section 3.4.8.1 or stored at -20°C. An
additional 2 h digestion with Bsal was performed prior to transformation to eliminate
the fragments with Bsal recognition site to discard the false positive products as much
as possible. Transformed cells were streaked onto LB plates including 50 pg/mL
Kanamycin and incubated at 37°C for 16-20 h until the colonies appear. Single
colonies were transferred to fresh LB plates and their plasmids were isolated as
described in Section 3.4.1. Plasmids were checked with PCR and then confirmed by

gene sequencing.

Level 2 plasmids are the plasmids that carry the entire expression cassette including
the promoter (Ptri11), CDS (ACAL, ADR1, CAT8-1 and CAT8-2) and the terminator
(RPS3tt). Level 2 plasmids (BB3) are the plasmids which are used for P. pastoris

cloning in the next steps.

After selecting and verifying the clones that carry the true BB1 plasmids, they were
isolated and their concentration was measured by Nanodrop. BB3 that has a
Kanamycin/G418 resistance gene and a homologous integration site to AOX2
transcription terminator region are used as backbone plasmids. Bpil was used as the

TypellS RE instead of Bsal as the BB3 plasmid was designed with Bpil recognition
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sites. GGA procedure and the reaction conditions are given in Table 3.17 and Table
3.18.

Table 3.17 GGA reaction composition for construction of Level 2 plasmids.

Reagent Amount (uL)
Bpil 10 U/uL) 1
T4 Ligase (1:10 diluted; 40 U/ul) 1
CutSmart buffer (10X) 2
ATP (10 mM) 2
BB3 plasmid(40 nM) 1
1
1
1
U

BB1 vector with promoter, pCS1 (40 nM)
BB1 vector with CDS (40 nM)

BB1 vector with terminator, RPS3TT (40 nM)
Water

p to 20 uL

Table 3.18 GGA conditions for construction of Level 2 plasmids.

Temperature ("C) Duration Number of cycles
37 5 min 8
16 5 min
37 10 min 1
50 30 min 1
80 10 min 1
23 10 sec 1

GGA mixture was then immediately used for E. coli transformation or stored at -20°C.
An additional digestion with Bpil for 2 h was performed prior to transformation to
eliminate the fragments with Bpil recognition site to discard the false positive
products as much as possible. Transformed cells were streaked onto LB plates

including 50 pg/mL Kanamycin and incubated at 37°C for 16-20 h until the colonies
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appear. Single colonies were transferred to fresh LB plates and integraion of gene was
confirmed with colony PCR, then their plasmids were isolated as described in Section
3.4.1.

After confirmation of the Level 2 plasmid, linearization with Ascl and subsequent gel
purification (3.4.4) of the plasmids were carried out to integrate the over-expression
cassettes to the genome of P. pastoris carrying Paprz-v::eGFP or Paoxiv::eGFP. P.
pastoris transformation was performed by electroporation as described in Section
3.4.9.2 by using 0.5-1 ug of each linearized and purified plasmid. Transformed cells
were then regenerated by incubating at 30°C for 3 h in YPD medium and then streaked
on YPD plates including 500 pg/mL G418 and 25 pg/mL Zeocin. Cells were
incubated at 25°C for 2-3 days and single colonies were transferred to fresh YPD
plates. For each construct, lest 10 different true clones were selected for further
screening experiments to investigate the effect of overexpressed TFs on egfp

production by PapHz-v and Paox1-v.

3.5.4.2 Knock-out Strains

Pichia pastoris TF knock-out strains were constructed using P. pastoris Crispr/Cas9
system (Prielhofer et al., 2017). A one-level GGA was performed to obtain the
plasmids that carry the knock-out cassettes. Prior to the GGA reaction, the
homologous sites were amplified by PCR from the gDNA of P. pastoris CBS7435.
These homologous sites were selected from upstream (5”) and downstream (3”) of the
target gene with an approximate 1000 bp length. The primers used for amplification
of these homologous fragments and elimination of internal Bsal sites are given in
Table 3.1. The flanking homologous regions of the target gene approximately 1000
bp upstream and 1000 bp downstream were fused with each other by two-step overlap
extension PCR as explained in Section 3.5.1. Internal Bsal sites found on these
homologous regions were eliminated by designing primers which enable to overlap
the modified regions by GGA. Golden gate assembly reaction composition and

conditions were applied as given in Table 3.15 and 3.16.
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A BB1 vector containing humanized Cas9 that was cloned with P. pastoris Pprkaoo
and terminator ScCYCtt was used for construction of TF-knockout Crispr/Cas9
plasmids. In order to find Protospacer adjacent motif (PAM) sequence, Chop chop
(available online http://chopchop.cbu.uib.no/) with P. pastoris genome was used.
Single guide RNA was designed and amplified based on the identified PAM
sequence. In the designed Carisp/Cas9 plasmid, the designed single guide RNA was
inserted between Pcap and terminator RPS25Att by GGA experiments as explained in
Table 3.15 and 3.16.

Designed homologous DNA region plasmid and Crispr/Cas9 plasmids transformed
into E. coli by RbCl method as stated in 3.4.8.1. Transformed cells were streaked onto
LB plates including 50 pg/mL Kanamycin and incubated at 37°C for 16-20 h until the
colonies appear. Single colonies were transferred to fresh LB plates and integraion of
gene was confirmed with colony PCR, then their plasmids were isolated as described

in Section 3.4.1 and confirmed by gene sequencing.

For the integration of the knock-out cassettes, the plasmids carrying the homologous
DNA for knock-out were used as the templates to amplify the fragments. 3-5ug of
amplified homologous DNA for TF knock-out and 0.5-1ug of circular Crispr/Cas9
plasmid DNA was simultaneously used for P. pastoris transformation by
electroporation as described in Section 3.4.9.2. Transformed cells were then
regenerated by incubating at 30°C for 3 h in YPD medium and then streaked on YPD
plates including 500 pg/mL G418 and 25 pg/mL Zeocin. The cells were incubated at
30°C for 2-3 days and single colonies were transferred to fresh YPD plates. Knock-
out strains were controlled by PCR using designed primers at outside of the targeted
deletion site. After confirmation of the TF deletions, true transformed inoculated to
25 pg/mL Zeocin without Geneticin to lose Crispr/Cas9 plasmid. Knock-out strains
were passaged at least three times and then their resistnace to Geneticin was
controlled to be sure about the absence of Crispr/Cas9 plasmid. For each knock-out

P. pastoris strain, least 10 different true clones were selected for further screening
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experiments to investigate the effect of TF knock-out on egfp production by PapH2-v

and Paoxi-v.

3.6 Growth Media and Conditions

Growth media used in this study were either autoclaved at 121°C for 20 min or filter

sterilized (22 uM).

3.6.1 Complex Media

3.6.1.1 YPD

YPD was used for growing P. pastoris cells either from glycerol stock or for
transformation. It was sterilized by autoclave and appropriate amount of the desired

antibiotics was added after cooling down to approximately 50-60°C (Table 3.19).

Table 3.19 YPD medium.

Component Concentration (g/L)
Yeast extract 10
Peptone 20
Glucose 20
Agar (if necessary) 20

*Glucose was filter sterilized and added after autoclaving yeast extract, peptone and
agar (if necessary).

3.6.1.2LB

LB medium was used for growing E. coli cells either from glycerol stock or for
transformation. It was sterilized by autoclave and appropriate amount of the desired

antibiotics was added after cooling down to approximately 50-60°C (Table 3.20).
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Table 3.20 LB medium.

Component Concentration (g/L)
Yeast extract 5

Tryptone 10

NaCl 10

Agar (if necessary) 15

3.6.2 Screening media and conditions

3.6.2.1 eGFP and rHSA production

Screening of the expression of intracellular eGFP and the second model protein
extracellular rHSA, and comparison of promoter variants as well as overexpression
and knockout strains was carried out using 24-deep well plates (Whatman, UK).
Randomly selected clones were grown in 2 mL YP medium (YPD medium without
glucose) including 25 pg/mL Zeocin and/or 500 pg/mL G418 (if necessary) for 20 h
and then transferred into ASMv6 medium with the addition of the selected carbon
source (Table 3.21). For limited glucose condition %25 m2p kit Polysaccharide and
%0.7 enzyme was used (m2p-labs GmbH, Germany). Different fermentation

conditions used for eGFP production is given Table 3.22.
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Table 3.21 ASMv6 medium used for screening eGFP and HSA production.

Component Concentration (g/L)
(NH4)2HPO4 6.3

MgSO4*7H,0 0.49

(NH4)2SO04 0.8

KCI 2.64

CaCl2*2H.0 0.0535

Citric acid monohydrate 22

NH4OH (25%) 20 mL

PTM Trace Element Solution 1.47 mL

Biotin (0.2 g/L) 2 mL

Table 3.22 Cultivation conditions for eGFP production.

Name of the Carbonsource  Concentration Start Cultivation
condition ODsoo time
Excess Glucose 20 g/L 0.1 20 h
Glucose

Excess Glycerol 20 g/L 0.1 20 h
Glycerol

Limited Polysaccharide %25 (V/V) 1 20 h
Glucose Enzyme %0.7 (v/Iv) 1 20 h
Methanol Methanol 1% (v/v) 1 20 h
Ethanol Ethanol 2% (VIV) 1 20 h

The cells were harvested at t = 19-20 h of the cultivation, diluted in 1 M PBS to a
final ODggo of 0.4 and were used for measurement of eGFP fluorescence with flow

cytometer immediately.

For extracellular HSA production, the fermentations were initiated at ODgoo = 1 in
ASMv6 minimal medium in 24-well plates. At t = 0 1% (v/v) ethanol was added into
each bioreactor; thereafter, att =5,t =17,t =29, and t = 41 h, 1% (v/v) ethanol was
also added to induce r-protein production, and the cells were harvested at t = 49 h.
For methanol induction, at t = 0 0.5% (v/v) methanol was added into each bioreactor;
thereafter, att =5, t =17, t =29, and t = 41 h, 1% (v/v) methanol was also added to
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induce r-protein production, and the cells were harvested at t = 49 h. Supernatants
were collected for rHSA determinantion and cell growth was determined by wet cell

weight (WCW) measurement.

3.7 Analyses

3.7.1 Cell concentration

Wet cell concentrations were calculated related to ODeoo and used for further
calculations. Samples were collected in the exponential growth phase. For wet cell
weight (WCW), pellets were measured in pre-weighed falcon tubes directly after

centrifugation and removal of the excess supernatant.

3.7.2 eGFP Production

Flow cytometer (Guava easy-cyte, Milipore) was used for the determination of eGFP
expression as described in Stadlmayr et al., (2010). The cell distribution was
determined and the cells that show linear regression in terms of FSC-H and FSC-A
values were gated for specific selection of the singlets in each population. The specific
eGFP synthesis values of the cells based on the fluorescence intensity related to the
cell volume (Hohenblum et al., 2003); and, in eGFP fluorescence calculations,
geometric mean of the gated population was used. For each measurement,

fluorescence signal from 10000 cells were taken into account.

3.8.3 rHSA Production

Human Albumin ELISA Quantitation Set (Bethyl, USA) was used for the specific
quantitative detection of human albumin concentrations in cultivation supernatant.
Affinity purified Human Albumin Coating Antibody was pre-coated onto a 96-well
microtiter plate. Standards and samples were pipetted into the wells and any Albumin
present was bound by the immobilized antibody. An enzyme-linked antibody specific
for HSA (HRP Conjugated Human Albumin Detection Antibody) was added to the
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wells. Finally Ultra TMB-ELISA Substrate Solution (Thermo Fisher
scientific, USA)was added and color developed in proportion to the amount of HSA
bound in the initial step. The color development is stopped and the intensity of the

color was measured.

3.8.4 eGFP Transcript Levels

For total RNA isolation from P. pastoris strains TRl Reagent (Ambion) was used.
DNAse treatment of isolated RNA samples were performed with DNA-free kit
(Applied Biosystems) and cDNA synthesis was performed with Biozym cDNA
synthesis kit according to directions of manufacturer (Biozym, Germany). Real time
PCR was used for the quantification of mRNA levels of modified P. pastoris cells
and Blue S’Green qPCR Mix (Biozym, Germany) was used according to
manufacturer’s instructions. For relative quantification of mRNA levels Actin gene of
P. pastoris was used as a calibrator. Used primers for qPCR analysis is provided in
Table 3.1.
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CHAPTER 4

RESULTS AND DISCUSSION

The ultimate aim of this PhD thesis is designing and engineering novel promoter
variants to obtain strong ethanol regulated promoter variant(s) for improved r-protein
production, and to clarify the role of certain transcription factors (TFs) on regulation
of P. pastoris ADH2 (PapH2) and AOX1 (Paox1) promoters. Promoter architecture of
PapH2 was altered via nucleosome optimization and modification of transcription
factor binding sites (TFBSs); and, the regulation of Paox: was aimed to be changed
from methanol to ethanol induction. Adrl (Mxrl), Aca2, Cat8 and TATA binding
motifs were used to design and construct PapH2 and Paoxi promoter libraries. The
strength of the novel engineered promoter variants (NEPVs) was investigated initially
in the intracellular synthesis of the model protein eGFP in different carbon sources .
Thereafter, to demonstrate the potential of the NEPVs, extracellular human serum
albumin (HSA) production under the NEPVs, denoted by Papr2-v and Paoxi-v, also
was studied. In order to identify the role of the TFs on the regulation of Papn2 and
Paox1, overexpression and knock-out strains of Adrl (Mxrl), Acal, Cat8-1, and Cat8-
2 were developed for the synthesis of eGFP under Papn2-v and Paoxi-v. Influences of
the deletion and overexpression of the TFs on the strength of the NEPVS Pap2-v and
Paox1-v in different carbon sources, and regulation of the TFs in response to the carbon

sources using MRNA quantification, were investigated.
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4.1 Construction of Recombinant Plasmids and Strains

In order to demonstrate and evaluate the impact of the novel engineered promoter
variants (NEPVs), expression cassettes: i) first, for the recombinant intracellular-
heterologous eGFP synthesis to eliminate the influences of the secretion process, and
then, ii) for the recombinant extracellular-heterologous HSA synthesis and secretion,
were constructed under the ENVPs and tested in the fermentations using different

carbon sources.

The base plasmid pPICZa-A::eGFP (Ata et al., 2017) was used in the construction of
recombinant expression systems (Sequence is given in Appendix C). For the
intracellular eGFP synthesis, Paox: and a-factor signal sequence were replaced with
the NEPVs. For the extracellular HSA synthesis and secretion, in the base plasmid
the promoter Paox1, a-factor signal sequence, and eGFP gene were replaced with the
NEPVs and HSA gene. Based on noncutter analysis of Paphi-v, Paoxi-v, eEGFP, HSA
and pPICZa-A::eGFP forward and reverse primers were designed with appropriate
restriction enzyme (RE) recognition sites. In order to construct NEPVs mutagenic
primers were designed and modifications were introduced by two-step overlap
extension PCR. Papr2v gene fragments, Paoxiv gene fragments and HSA gene
fragments were amplified as explained in Section 3.5.1. pPICZa-A::eGFP vector was
double digested with the REs Bglll and Bzsal or Bglll and Kpnl, and then purified by
using gel purification kit. For construction of eGFP containing plasmids, PapH2-v gene
fragments were double digested by BamHI and Btzsal whereas Paoxi-v gene fragments
were double digested with Bglll and Btsal and purified with gel extraction Kit. For
hSA producing recombinant plasmid construction, the RE Kpnl was used instead of
Btsal. Purified insert and vector genes were ligated by using a ligation ratio of 3:1
and recombinant plasmids including eGFP as a reporter gene were transformed into
E. coli DH5a cells, while hSA gene containing recombinant plasmids were
transformed into E. coli DH10B cells as described in Section 3.4.8 At least 6 clones

per transformant were selected and checked with colony PCR. The recombinant
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plasmids carrying the designed systems under the NEPVs were isolated from the
putative positive cells according to colony PCR results; and, DNA sequences were
analyzed (METU Central Laboratory, Ankara; Microsynth AG, Balgach,
Switzerland). For long-term storage glycerol stock of the positive clones were
prepared and stored at -80°C.

The recombinant plasmids constructed under the NEPVs were isolated from the
transformants and sequences were analysed (ABI Prism 310 Genetic Analyzer,
Applied Biosystems, USA). The sequence authenticity was checked with NCBI (NIH,
USA) nucleotide BLAST tool.

Confirmed plasmids were linearized and used for transformation of P. pastoris X33;
and transformations were performed as described in Sections 3.4.9, and minimum ten
clones were selected for each novel P. pastoris strain for screening. For reliable
comparison of the strength of promoter variants, P. pastoris clones that represent the
whole population were selected and eGFP gene copy numbers (GCNSs) was
determined by gPCR relative to the housekeeping gene ARG4, and the results are
given in Table 4.1.

Table 4.1 P. pastoris strains eGFP gene copy numbers (GCNSs) obtained with relative
quantification to ARG4

P. pastoris Strains Gene Copy Number of eGFP
Runi Runz Runs

WtADH #1 0.9/0.8 1.2

WtADH #2 1.1/1.1

WtADH #3 1.0/1.0 0.9

WtADH #4 0.9 1.0

Add_Aca #1 0.8/0.7 1.0

Add_Aca #4 1.012

Add_Cat #5 0.7 1.3

Add_Cat #6 1.0/1.0

Add_Cat #10 1.0/0.9

Add-Adr #1 0.9 1.2
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Table 4.1 (continued)

P. pastoris Strains Gene Copy Number of eGFP
Runi Run2 Runs

NucOpt #1 0.8 1.0 1.0

NucOpt #5 1.2

Opt_Cat #2 0.9 1.2 1.0/0.9

Opt_Cat #5 1.0/1.0

Opt_Cat #11 1.0/1.0

AddTATA #1 0.8 1.2

AddTATA #3 1.1

OptAdrl-1#1 0.7 1.0

OptAdrl-2 #1 0.7 1.1

OptAdrl-2 #4 1.0

OptAdrl-3#1 0.7/1.0

NucOpt-OptCat #1 0.9

NucOpt-OptCat #13 1.1

WtAOX #1 0.8 0.9

WtAOX #2 1.1

WtAOX #4 0.6

WtAOX #5 0.9

mModAOX #6 0.8 0.6

mModAOX #8 1.1

MAOX-Adrl #1 1.2

MAOX-Adr2 #1 1.2

MAOX-Adr2 #7 1.2

MAOX-Adr3 #1 1.3/1.1

* Results given in columns Runz, Runz, Runs obtained in different runs of experiment.

** Results given with slash were technical replicates of the same run.

4.2 Design and Performance of NEPVs of Paph2

This work on the promoter engineering of P. pastoris alcohol dehydrogenase 2

promoter and the results presented here are for the first time in the literature, despite

P. pastoris alcohol dehydrogenase 2 promoter functional cis-acting elements and

trans-acting factors that involve in Papn2 transcriptional activation are not known yet.



The recruitment and interactions of sequence specific binding regulatory proteins
known as transcription factors is a pivotal dimension of transcriptional regulation.
Promoters mostly have multiple regulators. In order to design rationally NEPVSs, these
very critical motifs bound by specific TFs were identified by in silico analysis tool
Matlinspector. The ADH2 promoter sequence (1047 bp upstream of the gene
PAS _chr2-1_0472) was searched for transcription factors binding site matrix families
belonging to the matrix groups "fungi” and "general core promoter elements” using
the MatlInspector from Genomatix (Cartharius et al., 2005). 108 putative transcription
factor binding site (TFBS) belonging to 37 different matrix families with matrix
similarity score higher than 0.75 were found (data is provided in Appendix D). For
detailed characterization of Paph2 cis-acting elements, previously characterized DNA
binding sequences of specific TFs that are involved in promoter regulation by ethanol
were also manually curated. Based on the regulatory modules identified, the
engineered Paph2 variants were designed via addition and/or optimization of Adrl,
Cat8, Acal and TATA binding motifs. Also, nucleosome optimized PapH2 was
redesigned using MATLAB and NuPoP tools.

—— o — — — e — e —
~7507 5007 ~250'
Cat8 Cat8 Adrl Adrl Adr1 Nucleosome depleted region <2.0 Adr1 Adr1 Adrl | Adr1  Aca2 Nucleosome depleted region <2.0
Adr1
Nucleosome depleted region <2.1 Cat8 Nucleosome depleted region <2.1

Nucleosome depleted region <2.2 Nucleosome depleted region <2.2

Figure 4.1 Wild-type PapH2 putative TFBSs predicted as important for ethanol
regulation and nucleosome-depleted regions.
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4.2.1 NEPVs of PapHz - Design-1: TFBS Modifications of Adrl

S. cerevisiae Adrl, alcohol dehydrogenase 2 synthesis regulator, has a pivotal role in
the activation of glucose repressible genes and essential for growth on ethanol,
glycerol, and oleate; and, also on peroxisome function and biogenesis (Cook et al.,
1994). P. pastoris Mxrl, methanol expression regulator 1, is a homologue of S.
cerevisiae Adrl (Lin-Cereghino et al., 2006). Adrl binds to a palindromic sequence,
a perfect 22-bp inverted repeat annotated as UASL, positioned between -271 to -291
bp upstream of S. cerevisiae ADH2 translation start site (Eisen et al., 1988), and binds
symmetrically as two monomers to activate Papnz (Thukral et al., 1991). Adrl
recognition motifs according to YEASTRACT database are
TTGG(A/G)GN{6,38}C(T/C)CCAA, TTGG(A/G)G, (GI/T)(T/IN)GGGG(T/N),
(G/N)(CIT)GGGG(T/N)(A/N) (Teixeira et al., 2018).

4.2.1.1 Optimization of PapH2 Putative Adrl TFBSs

In S. cerevisiae Adrl recognition motif was mutated to increase the relative binding
affinity of its corresponding TF Adrl, and the results are given in Table 4.2 (Cheng
et al., 1994). The putative Adrl palindromic repeat binding site mutated by Cheng et
al. (1994):

1 2 3
5’ C(T/C)CC(A/G)(A/C/T) --spacer(4-36bp)--(T/G/A)(T/C)GG(AIG)G*

Table 4.2 Relative binding affinity of Adrl with respect to mutations applied to
position 1, 2 and 3(Cheng et al., 1994).

Position 1 Position 2 Position 3
T 1.0 1.0 0.7
C 0.01 0.1 0.6
A 0.1 0.01 1.0
G 0.3 0.01 0.4
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Based on the knowledge about constraints on the orientation and spacing of binding
motifs that affect activation in vivo, the preferred Adrl binding consensus sequence
TTGG(A/G)GA was found in both halves of the inverted repeat (Cheng et al., 1994).
Three putative palindromic Adrl TFBSs were identified by manual curation of P.
pastoris PapH2 using YEASTRACT database (Teixeira et al., 2018), although these
sequences are not recognized as Adrl TFBS in silico analysis by MatInspector. These
putative Adrl TFBSs annotated as Adrl-1, Adrl-2 and Adrl-3 which are located at
bp -832 to -797, -370 to -334, and -261 to -241 positions, respectively (Figure 4.2).

R BREEBBBBBBEELESSSSSSE5555SSSSSSSS—hhh—————————————
T —750T 5001 ~2501
| B | i [}

Adri-1 Adri-1 Adr1-2 Adri-2 Adr1-3 Adri-3

Figure 4.2 Putative Adrl binding motifs that are optimized for construction of the
NEPVS PapH2-optadri-1, PADH2-Optadr1-2, PADH2-Optadr1-3

In order to optimize the putative Adrl binding motifs for increased Adrl affinity,
proximal regions of the three palindromic repeats were mutated by designing PapHo-
OptAdri-1, PADH2-0ptadri-2, PabH2-optadri-3, based on the findings of Cheng et al. (1994).

The mutations designed are represented, as follows:

Design-1 for TFBS optimization of Adr1:
ACCCCACATAGTGACAATGATTATGTAAGAAGAGGGGG was replaced with
ACCCCAAATAGTGACAATGATTATGTAAGAATTGGGGA

Design-2 for TFBS optimization of Adrl:

ACTCCACAAATTGTCCAATCTCGTTTTCCATTTGGGAGA was replaced with:
TCTCCAAAAATTGTCCAATCTCGTTTTCCATTTTGGAGA
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Design-3 for TFBS optimization of Adrl.:
CCCCCGCTGTTTGAAAACGGGGG was replaced with:
TCCCCAATGTTTGAAATTGGGGA

*Mutations are highlighted by light-grey and presented wit bold-letters;
** Pytative Adrl binding core motifs are underlined.

In order to evaluate the changes in putative TFBSs resulting from modifications, the
designed promoter variants were analyzed by Matlnspector. Compared to wild-type
PapH2 (PabH2-wt), after mutating three nucleotides on Papr2-optadri-1, three different
TFBS formations and a motif for deletion were determined. Two zinc finger
transcriptional repressors, namely: Mig3 (F$YMIG; matrix: F$MIG3.01),
Migl(F$YMIG; matrix: F$MIG1.02), and a transcriptional activator for genes in
multistress response, Msn2 (F$YSTR; matrix: F$MSN2.01) binding motifs were
determined for deletion. According to the Matlnspector results, an inverted CCG
repeat motif (FSICGG; matrix F$ICGG_N10.01) was created on Paprz-optadri-1. A
heat shock transcription factor binding motif (F$YHSF; matrix: F$HSF1.01) was
found on Paph2-optadri-2 different than PapHz-wt. On PapH2-optadri-3 two Migl binding
site deletions (F$YMIG; matrixes: FEMIG1.01, F$MIG1.02), and an inverted CCG
motif deletion (F$ICGG; Matrixes: F$ICGG_N10.01), and formation of a binding site
for ga-1F (FSYQAL: matrix: FSQALF.01) required for quinic acid induction of
transcription in the ga gene cluster, were observed. It is indeed noteworthy that the
putative TFBSs determined by the Matinspector analyses does not always reveal the
actual situation; therefore, functional relevance of identified TFBSs in the context of
PapH2 was also considered. According to the results, all the three mutation design on
Adrl binding motif was not identified by the Matinspector, because of the different

consensus sequences used in Matlnspector.

Among the TFBS designs for Adrl, no one lead to a significant change in promoter
activity. Under the promoter variants PapH2-optadri-1, PADH2-Optadri-2, PADH2-OptAdr1-3,

eGFP synthesis capacity of the P. pastoris strains were quite similar to that of under
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PapH2-wt. These results showed that, in order to alter PaprH2 activity, these sequences
are not challenging for an effective engineering strategy. Since P. pastoris
Adr1(Mxrl) has been evolved for new functions, possibly its optimal DNA binding
sequences might be evolved, as well. It should also be noted that, Adrl binding may
not be the limiting factor for activation of P. pastoris Papr2; thus, even these
sequences provide better motifs for Adrl binding, it could not create any change in

the promoter activity unless occurrence of further contributions by the other TFs.

4.2.1.2 Integration of Additional Adrl TFBS

Promoter regulation and strength of the NEPVs can be controlled by integration of
activator and repressor binding sites which are introduced to a rationally determined
position to co-operatively function with other transcriptional activation machinery.
Therefore, Papr2-addadr Variant was designed with an extra activator binding sequence
addition to increase the strength of the NEPV. An Adrl binding motif integration site
was determined at -462 to -441 bp positions from the start codon considering the
promoter architecture constraints: i) avoiding a change on the other essential TFBSs
for the activation of the Paph, ii) determining a position for an Adrl binding site that
is in close proximity to the core promoter for a smoothly operating activation process,
and iii) considering the distances between Adrl-2 and Adrl-3 TFBSs. Thus, the
ENVP PapH2-addadr1 Was designed according to the architecture depicted in Figure 4.3;
where, original nucleotides located in determined positions were mutated as

represented, as follows:

TTCCATTCGATTGCAATTCTCA was replaced with:
TCCCCAACGATTGCATTGGGGA
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Figure 4.3 Designed promoter architecture of the NEPV PapH2-addadr: having an
additional Adrl TFBS

PabH2-addadr1 performed similar expression levels with Papro-wt. Addition of another
Adrl binding motif as an activator did not increase the promoter activity. According
to MatlInspector results, by the Add-Adrl modification a high performance TFBS was
not obtained; however, two heat shock TF binding motifs (F$YHSF; matrixes:
FSHSF1.01, F$HSF1.02) and an inverted CGG motif (F$ICGG; matrix:
F$ICGG_N10.01) were disrupted.

In S. cerevisiae, Adrl is the main activator of ethanol regulated ADH2 promoter and
disruption of its binding sequence severely damage the promoter activity (Beier et al.,
1985; Cheng et al., 1994). When six bp core DNA region of UAS1 was disrupted, no
Adr1-DNA complex was observed (Cheng et al., 1994). Under derepression
conditions, deletions of ADR1 gene lead to significant reduction in gene expression
by PapH2 to 19.5% of the wild-type strain (Walther and Schiiller, 2001). Due to
importance of Adrl in activation of Papn2 in S. cerevisiae, it is one of the engineering
targets of P. pastoris PapH2; however, neither addition of an extra Adrl TF binding
palindromic repeat nor optimization of three putative Adrl binding sites increased the
promoter strength. These results reveal that, PapH2 has enough cis-acting elements to
interact with Adrl that were evolutionarily optimized for P. pastoris Adrl (Mxrl)
binding. Although P. pastoris Adrl (Mxrl) is a homologue of S. cerevisiae Adrl, the
binding site optimization of which was studied by Cheng et al. (1994), their preferred
Adrl binding sequences can be different because of their evolutionary differences.
Adrl TFBSs on PapH2 might have already been optimized for P. pastoris, and changes
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in the surrounding nucleotides of core TFBS region may not increase its strength,
even may lead to a decreased affinity between the sequences and Adrl(Mxrl)

molecule.

The studies in yeast S. cerevisiae and filamentous fungi Aspergillus niger showed that
increase in the recombinant gene expression cassettes is not provide advantage in
terms of r-protein production beyond a certain limit, since the essential TFs become
limiting (Archer et al., 2006). In P. pastoris, Adr1(Mxrl) is constitutively expressed
at low levels and crucial for peroxisome function and methanol utilization (Lin-
Cereghino et al., 2006). Meanwhile, r-protein production under Paoxi in P. pastoris
with multi-copy expression cassettes were reported to be downregulated, and
negatively affected the methanol consumption, the cell growth, and r-protein
production in the cell; which was considered as a Mxr1 titration effect that is increase
in Mxr1(Adrl) molecules in the liquid-phase in the micro-environment of Mxrl-
DNA binding regions in the genome (Camara et al., 2017). Since TFs are regulatory
proteins on the cell metabolism, their concentrations need to be within a range in the
cell. Conclusively it is possible to assert that, either: i) Adrl concentration might be
limited in the cell; or, ii) Adrl might not be the single limiting factor but the other
essential TFs also can have limiting effect which avoids a concerted transcriptional
activation of PapH2. Consequently, addition and/or optimization of an Adrl1(Mxrl)

binding site on Papr2 did not lead to an increase in the promoter strength.

4.2.2 NEPVs of Paphz - Design-2: TFBS Modifications of Cat8

S. cerevisiae Cat8 is a zinc cluster transcriptional activator necessary for the
gluconeogenesis, glyoxylate shunt enzymes, diauxic shift from fermentation to
oxidative metabolism, and ethanol utilization (Haurie et al., 2001; Rahner et al.,
1999). The transcriptional regulation by Cat8 is performed by a carbon source
responsive element (CSRE) located as an upstream activating site (UAS) on

promoters; and, transcriptional activation by CSRE depends on an intact and
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functional Cat8 TF with a N-terminal binuclear Ce zinc cluster motif (Rahner et al.,
1996). In S. cerevisiae, CSRE is bound by Cat8 or Sip4 TFs to activate the
gluconeogenesis, glyoxylate shunt, and ethanol utilization pathway genes (Hiesinger
et al., 2001). Whereas, in P. pastoris there are two homolog proteins namely Cat8-1
(PAS_chr2-1 0757) and Cat8-2 (PAS_chr4d 0540), and both of them show high
homology to both S. cerevisiae Cat8 and S. cerevisiae Sip4. Cat8 and Sip4 TFs are
members of Gal4 family of activators for which interaction with symmetrically
disposed CGG triplets is a mutual characteristic (Schjerling and Holmberg, 1996).
Dimerization of zinc cluster proteins leads to interaction with two CGG motifs in a
direct (CGG-CGG), inverted palindrome (CGG-CCG) or everted palindrome (CCG-
CGG) found on the target sequence (Hellauer et al., 1996). Actually, both Cat8 and
Sip4 can bind to the CSRE, even in the absence of each other; however, Cat8 and
Sip4 unequally contribute to the activation of CSRE-dependent genes, under glucose
derepression condition 85% and 15%, respectively (Hiesinger et al., 2001).
Consensus Cat8 binding sequence for efficient gene activation was derived as
YCCNYTNRKCCG, whereas more specific motif is necessary for activation by Sip4,
that is TCCATTSRTCCGR (Roth et al., 2004).

S. cerevisiae Paph2 is transcriptionally controlled by Adrl that is bound to UASI;
however, even in adri4 mutants substantial level of derepression was occurred and a
CSRE element as a second upstream activating site (UAS2) was identified. Papn2
UAS2-dependent gene activation is specifically fulfilled by Cat8, but not with the
related zinc cluster transcriptional activator Sip4 (Walther and Schiiller, 2001). Under
derepression conditions, deletions of ADR1 and CAT8 genes lead to significant
reduction in gene expression by Papn2 t0 19.5% and 12.5% of the wild-type strain,
respectively, even double mutant adri4cat84 lost almost all the activity; thus for the
maximal activation of PapH2 synergistic functioning of Adrl and Cat8 is necessary
(Walther and Schiiller, 2001). In contrast to additive contribution of Adrl and Cat8
on the derepression of ACS1 promoter, synergistic activation of Papn2 by Adrl and
Cat8 can be simply resulted from varying distances between Cat8 and Adr1 binding

96



sites which are 200bp for Pacs: and 3bp for Papn2 (Walther and Schiiller, 2001). Adrl
and Cat8 may cooperatively facilitate recruitment of both transcriptional
coactivators/mediators including potentially Ada2, histone acetyltransferase Gcnb,
and components of core transcription factors TFIIB and TFIID for which direct
interactions with transactivation domains (TADs) of Adrl were already demonstrated
(Chiang et al., 1996; Komarnitsky et al., 1998).

According to YEASTRACT database DNA binding motifs for Cat8 are
“NCCDTYNVNCCGN”’, “CCNYTNRRCCGN’’ and “tCCGG”’ (Teixeira et al.,
2018). In S. cerevisiae, depending on the activation potential of mutated Cat8 binding
sequence elements, an optimal Cat8 binding motif was derived as
TTCCGTTCGTCCGA (Roth et al., 2004)

In silico analysis of P. pastoris Papr2 revealed a putative Cat8 TFBS located at -861
to -847 bp from translation start site. Throughout manual curation of TFBSs based on
YEASTRACT database, two putative Cat8 binding site tCCGG were identified at bp
-896 to -892 and bp -230 to -226 positions. Additionally, 4 putative Sip4 binding site
and a yeast CSRE were identified by in silico analysis by MatInspector (Figure 4.4).
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Figure 4.4 Putative Cat8, Sip4, and yeast CSRE binding sites in the Papm
architecture.
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http://www.yeastract.com/view.php?existing=consensus&proteinname=Cat8p&consensus=NCCDTYNVNCCGN
http://www.yeastract.com/view.php?existing=consensus&proteinname=Cat8p&consensus=YCCNYTNRRCCGN
http://www.yeastract.com/view.php?existing=consensus&proteinname=Cat8p&consensus=tCCGG

4.2.2.1 Integration of Additional Cat8 Binding Site

In order to design the NEPV denoted by PapHz-addcats-1 based on the Papn2 promoter
architecture, an additional optimized Cat8 binding sequence derived by Roth et al.
(2004) was integrated at -401 to -388 bp positions by replacing the original nucleotide
stretches (Figure 4.5). At the specified position, the original nucleotide stretch
TAATTTCGTTGATT was replaced with TTCCGTTCGTCCGA. Since, Adrl and
Cat8 collaboratively activates PapH2 in S. cerevisiae, the integration position for Cat8
TFBS was chosen 16 bp upstream in the middle of Adrl (Adrl1-2) palindromic repeat.
After construction, PapH2-addcats-1 Was analyzed by Matlnspector. According to
Matlnspector results, in addition to intentionally inserted Cat8 binding site (F$CSRE;
matrix: FSCAT8.01) TFBSs also were generated at the overlapping positions Gal4
(F$YGAL; matrix: F$GAL4.01), Rgtl (FSMGCM; matrix: F$RGT1.02), and Rapl
(F$YRAP; matrix: FSRAP1.04) (Appendix E).

Amongst the overlapping TF binding sites, in S. cerevisiae, Gal4 is a transcriptional
activator of GAL genes in response to galactose (Bhat and Murthy, 2001). However,
P. pastoris cannot utilize galactose; thus, Gal4 should have been evolved for a
different function. The second TF, Rgtlis a glucose responsive transcription factor
that can act both as an activator or repressor and mainly regulates expression of many
glucose transporter (Hxt) genes (Ozcan et al., 1996). Lastly the third TF, Rap1 can
bind to many gene loci and relocolizes to cytosol under hypoxic conditions; involved
in a variety of functions including glycolysis, chromatin silencing/maintenance and
telomere length maintenance (Chen et al., 2011). Rgtl and Gal4 have binuclear zinc
cluster or zinc knuckle DNA binding domains that share similar consensus binding
sequences, the CCG triplets, therefore a modification targeting to insert a TFBS for a
Zinc-cluster transcriptional activator Cat8 can also possibly create coinciding binding
sites for other related Zinc-cluster factors. However, each TF is regulated at many
steps; for example, depending on carbon sources their expression levels, localization

in the cell, and their active or passive states are affected. Although, there are other
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overlapping TF binding sites in Add-Cat8-1% position, under derepressed conditions,
mainly Cat8 binding and its collaboration with other elements in the context of Papn2

is expected.
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Figure 4.5 Designed promoter architecture of the NEPV PapH2-addcats-1 having an
additional Cat8 TFBS

In ethanol PapH2-addcats-1 variant performed 2.36-fold higher r-protein production than
that of Papr2-wt. The NEPV Paphz-addcats-1 increased the transcriptional potential,
possibly benefited from increased synergism between Cat8-Cat8, but mainly due to
Adr1-Cat8 interactions. In the literature, a synthetic promoter variant of PapH2 UAS2
element, Cat8 TFBS, and basal ICL1 promoter that is devoid of its natural regulatory
sequences showed increase in the expression capacity with an increase in the Cat8
TFBSs; 1 copy Cat8 TFBS provided 2-fold activation whereas 2 and 3 copy insertion
of Cat8 into the synthetic promoter resulted in 80- and 312-fold activation,
respectively (Walther and Schiiller, 2001).

4.2.2.1 Design of TFBS in NEPVs Mimicking TFBS of Cat8

The manual curation of PapH2 revealed that there are two CCG triplets within bp -309
to -296 in the nucleotide stretch: CGACCGGTGTCCGA, which are similar to
interaction domains of zinc cluster protein Cat8 dimers reported by Roth et al. (2004).
Matlinspector could not identified the sequence as Cat8 TFBS; however, another zinc

cluster protein at the overlapping position, Leu3 binding site (cgaCCGGtgtccgaaaa),
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located at -309 to -292 bp to start codon was identified. The TF Leu3 regulates
enzymes involved in the synthesis of branched-chain amino acids (Friden and
Schimmel, 1988). Since Leu3 is not related with ethanol utilization metabolism and
due to the importance of Cat8 for the activation of S. cerevisiae Paph2 in collaboration
with Adrl, this zinc cluster protein binding motif was modified for another zinc
cluster protein, Cat8. Considering the promoter architecture, there are two different
palindromic repeats for Adrl binding in close proximity of this position which are 23
bp and 33 bp apart from the targeted Cat8 TFBS optimization site. Therefore, a
promising clue of potential synergism between the two combinations of Adrl-Cat8
was obtained. In order to optimize the DNA fragment for an optimum Cat8 binding,
the TFBS derived by Roth et al. (2004) was adopted, where the green-highlighted 7

nucleotides were mutated, as depicted below:

CGACCGGTGTCCGA sequence was replaced with

IS CB G TCCGA

In this design approach, the first CCG triplet was shifted 1 bp apart from the second
CCG triplet which lengthened the spacer region from 4- to 5- nucleotides, and the
nucleotides in the spacer region and upstream region of the 1t CCG triplet were

changed; consequently, the designed NEPV is denoted as PapH2-addcats-2(0ptcat)-
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Figure 4.6 Designed promoter architecture of the NEPV PapH2-addcats-2(optcaty having
an additional/optimized Cat8 TFBS
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Among the zinc cluster proteins, the specificity of binding may be determined by the
spacer length while nucleotides in the spacer is less important (Reece and Ptashne,
1993). The designed ENVP is expected also to form a DNA-binding site for the other
zinc cluster proteins besides Cat8. The Matlnspector analysis of the putative TFBSs
of PabH2-Addcats2 compared to Paphz-wt revealed that: i) TFBS of Leu3 (F$FBAS;
matrix: F$LEU3.02) was replaced with TFBS of Cat8 (FSCSRE; matrix:
F$CATS.01); but, ii) at the overlapping position together with the targeted Cat8 TFBS
formation, additional TFBSs for Lys14(FSMGCM; matrix: F$LYS14.01),
Rot1(FSMGCM; matrix: FSRGT1.02), Oafl(F$YORE; matrix: F$OAF1.01) and
Abf1(F$YABF; matrix: FSABF1.03) were created (Appendix E). Optimization of the
sequence for Cat8 could also create TFBSs for the other TFs such as Lys14 and Rgt1,
which have Gal4- class DNA-binding motifs like Cat8. Lys14 is a transcriptional
regulator activates the genes involved in the lysine biosynthesis (Feller et al., 1994).
Oleate-activated transcription factor (Oafl) act alone or as a heterodimer with Pip2,
activates the genes involved in B-oxidation of fatty acids, peroxisome biogenesis and
organization, and involved in diauxic shift (Karpichev et al., 1997; Zampar et al.,
2013). Yeast Abfl, autonomously replicating sequence binding factor, involves in
gene silencing, DNA replication and repair, and transcriptional regulation (Boer,
2000; Reed et al., 1999). Although, Add-Cat2 (Opt-Cat) modification created some
other untargeted TFBSs, transcriptional regulation by TFs depend on the conditions
and other elements of the promoter architecture. In ethanol, specific Cat8 binding to
the modified sequence element and its collaboration with the other TFs are expected.
Under the NEPV PapH2-addcatz(optcat), 3.80- and 4.76- fold higher eGFP expression
levels were obtained, respectively, in the fermentations with methanol and ethanol
induction compared to wt-ADH2 promoter; which indicates the considerable increase
in the promoter strength with the Add-Cat8-2 modification in the promoter design.
The results indicate that in P. pastoris, although the concentrations of the TFs Cat8-1
and Cat8-2 are sufficient in the ethanol grown cells, the naturally occurring Paprz-wt

can be a Cat8 TFBS limited promoter, as its strength was improved with two Cat8
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TFBS modifications which indicates that Cat8 TFBS motif is a useful tool in Paphz2
engineering. In the fermentations with ethanol, the NEPVS PapH2-addcats-1(addcat) and
PADH2-Addcats-2(optcat) performed 2.36- and 4.76-fold higher eGFP synthesis compared
to that of under Papr2-wt. The identical Cat8 TFBSs inserted into the NEPVs can
perform diverse characteristics due to their designed positions and closeness to
adjacent TFBSs and the core promoter, since their TFs perform synergistic effect or
prevent binding of the other TFs due to the steric hindrance created. The results show
that the strength of the NEPV having AddCat-2(OptCat) modification is higher than
the other due to the design of the constructed promoter architectures. The NEPV P.
pastoris Papr2-v AddCat8-2 was designed with two proximal Adrl binding sites that
are located 23 bp upstream and 33 bp downstream of modified position while AddCat-
1 modification site has only one Adrl TFBS that is located 16 bp downstream of the
modified position. Since in S. cerevisiae Cat8 activates Papr2 in collaborative action
with Adrl, closeness of inserted Cat8 binding motif to two putative Adrl binding
motifs are expected to increase the transcriptional activation potential. The increased
promoter strength is the result of the synergism created between the designed TFBSs
and TFs within PapH2-addcats-2(optcat) cOntext. A decay in the activation effect of TFBS
on transcriptional regulation is observed with the increase in distance to the start
codon (Sharon et al., 2012); which is with the inserted Cat8 TFBSs in the NEPVs to
the start codon are 387 bp and 295 bp in PapH2-Addcats-1(addcat) @Nd PapH2-Addcats-2(Optcat),
respectively. Since the 2" insertion position is 92 bp closer to the translation start site
and closer to the core promoter, basal transcriptional machinery assembly makes
AddCat8-2(OptCat) design stronger. Add-Cat8-2 design was achieved with 7
nucleotide replacement; and the similarity of its sequence to the original sequence is

indeed noteworthy.
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4.2.3 NEPVs of PapH2 - Design-3: Modification of TATA-box

One of the parameters in gene expression is the RNA Pol Il binding to core promoter
sequence. A decisive step in eukaryotic transcriptional regulation is the recruitment
of TATA-binding protein (TBP) that facilitates the bending of DNA to allow the RNA
Pol 11 binding and transcription initiation (Struhl, 1995). Genome-wide analysis
revealed only ~19 % of yeast promoters contain TATA elements, and many of them
(~10% of all yeast promoters) are depend on SAGA co-activator function that are
highly regulated and stress responsive (Huisinga and Pugh, 2004). In contrast, ~90%
of yeast promoters are more constitutively active and primarily TFIID dependent
(Huisinga and Pugh, 2004; Shen, 2003). The canonical binding sequence of S.
cerevisiae TATA-box is TATA(A/T)A(A/T)(A/G) (Basehoar et al., 2004). Although
only ~19% of S. cerevisiae genes contain a conventional TATA- box, TATA-less
promoters still need TBP to function (Pugh and Tjian, 1991). Transcriptional
activation mechanism differs between TATA and TATA-less promoters: In TATA
harboring promoters TBP is delivered by the SAGA complex; whereas in TATA-less
promoters TBP is delivered by TFIID (Basehoar et al., 2004). Alterations in the
sequence of TATA-box act on the interactions between RNA Pol Il and DNA,;
consequently, gene expression and promoter noise (Blake et al., 2006; Raser, 2004;
Tirosh et al., 2006). Investigations on TATA-box canonical sequences showed
mutations on the TATA-box affects, its strength, and stronger gene expression
increases in a predictable way with the strength of the TATA box independent from
the upstream arrangement of cis-acting regulatory sites (Blake et al., 2006; Mogno et
al., 2010). The evidence shows that the TATA-box as well as other TFBSs are
modular components of the promoters. TATA-box sequence does not directly affect
TBP binding to promoter but rather the stability of TBP and TFIIA complex that is
essential for TBP recruitment to transcriptional machinery (Stewart and Stargell,
2001) and the TBP turnover rate, which is defined as the rate of new TBP molecule’s

binding to the promoter after an old one has been dislocated (van Werven et al., 2009).
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A number of promoter specific factors are important in intervening rates of transition
between active and inactive promoter states. The TBP is one of the key component
of those, since it is highly conserved among all the eukaryotes and can be essential
for transcription of all the yeast genes. Binding of TBP to promoter DNA is often a
rate-limiting step in the assembly of transcription apparatus and subsequent
transcription initiation (Kim and lyer, 2004). Stably formed transcription scaffold
supported by TBP can lead to transcriptional reinitiation, a process associated with
strong promoters which efficiently express genes at high levels (Blake et al., 2006).
Transcriptional reinitiation process is observed when a subset of transcriptional
scaffold containing TFs and cofactors remains bound to the core promoter after the
clearance of RNA Pol Il which leads to the elimination of de novo reassembly of a
complete transcriptional machinery and thus resulted in the generation of larger

amount of mRNA molecules in shorter periods (Yudkovsky et al., 2000).
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P. pastoris PapH2-wt promoter nucleotide sequence is:

“TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCG
ATTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTAC
ACCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCAT
GCCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCA
GGGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGA
GGGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAAC
AATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAA
CACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGG
ACAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAAC
CCAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTC
CTCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGT
TCAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTC
GATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATC
TGCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCA
ATCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACC
GGTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCT
GTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAAT
TCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATAT
AGCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATC
TCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAA
ATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTAC
GAAA”

*Putative TATA-box elements are given with bold characters, in the NEPV Paph2-
Tata grey highlighted nucleotides were replaced with the TATA-box motif of P.
pastoris Paoxi for construction of Paphz-TaTa.

P. pastoris PapH2 is a highly regulated promoter, based on our screening results it is
strongly induced by ethanol and to a lesser extent with methanol and repressed by
excess glucose, limited glucose and excess glycerol. Depending on its intrinsic
regulated nature, a TATA binding domain is expected within its promoter
architecture. However, according to the results of in silico analysis by MatInspector,
any TATA-box motif was not identified in the core promoter region. As represented
above in the core promoter element of Paprz-wt, two TATA-box resembling sequences
located between -75 to -82 bp and -155 to -161 bp were observed with manual curation

of promoter sequence. It is well established that strength of TATA-box domain affects
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the affinity of RNA Pol 11 to promoter sequence and it acts as a modular scaling factor
regardless of the other TFBSs located upstream sequence of the promoter; thus, strong
TATA element increase the expression strength of promoters (Mogno et al., 2010).
Additionally, nucleotide differences on TATA-box sequences results in differences
in the strength of TATA binding domain (Blake et al., 2006). In this context,
introducing a strong canonical TATA-box to a rationally designed position on
regulated Papn2 was hypothesized as a novel promoter engineering target. For the
rational design of NEPV Papn2-tata, promoter architectures of strong methanol and

ethanol regulated P. pastoris Paoxi and S. cerevisiae PapH2 promoters are considered.

Table 4.3 Distance between TATA-box domain to translation start site and regulatory
important Adrl (Mxrl) TFBS

Promoter Name Distance Between TATA- Distance Between TATA-
start codon Adrl (Mxrl) TFBS

P. pastoris Paox1 152 bp 79bp

S. cerevisiae PapH2 151 bp 102 bp

NEPV PapH2-TaTA 152 bp 70 bp

Table 4.4 P. pastoris Paoxt TATA element structure and sequence obtained with
MatInspector

Strand  Core Matrix Sequence
similarity Similarity
Yeast TATA + 1 0.943 acagcaaTATAtaaaca
Yeast TATA - 1 0.852 ttctgtt TAT Atattge

Based on the position of TATA-box elements to start codon and to major transcription
regulator Adrl (Mxrl), a TATA-box cis-acting sequence integration site was
designed as shown in Table 4.3 to create PapH2-taTa. Distance between TATA-box

and start codon on P. pastoris Paox: and S. cerevisiae PapH2 promoters are 152 bp and
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151 bp, respectively (Table 4.3); and, the distance between TATA-box and
Adr1(Mxrl) TFBSs are 79 bp and 102 bp, respectively. By considering the known
strong promoters architecture, a canonical P. pastoris TATA-box integration site was
determined at the site of distal TATA-resembling sequence located between -155 to -
161 bp to start codon; and, TATA-box distance to start codon and Adrl(Mxrl) TFBS
was designed as 152 bp and 70 bp, respectively. In order to use canonical TATA
binding motif of P. pastoris, overlapping TATA-binding sequences that are aligned
on positive and negative strands (presented in Table 4.4) similar to Paox1 TATA-box

architecture were integrated to the designed position.
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Figure 4.7 Designed promoter architecture of the NEPV PapH2-addTATA

The NEPV PapH2-addatata Was analyzed with MatInspector. The design with two yeast
TATA-box motifs (O$YTBP; matrix: O$SPT15.01) located at plus and minus strands
were also determined by Matlnspector; however, two plant TATA box motifs
(O$PTBP; matrixes O$PTATA.01, O$PTATA.02) and a vertebrate TATA box
element (O$VTBP; matrix: O$VTATA.01) were also identified. Furthermore,
according to the MatInspector data, fork head transcription factor Fkhl binding site
(F$FKHD; matrix: F$FKH1.01) was also formed, and iron-sensing transcription
factor Aftl binding site (FSIRTF; matrix: FSAFT1.01) was destructed.

The design strategy with TATA-box integration resulted in a reduced promoter
strength of ca. 70% of the Papn2-wt in fermentations with ethanol induction. The core
promoter region, stretching ca. 200 nucleotide long before the start codon on which

the basal transcription machinery assembles, with its sequence has significant impact
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on the promoter strength. The results revealed that addition of a TATA element to
PapH2 sequence was not appropriate for increasing the strength of the promoter.
Indeed interesting, the TATA-box domain was not identified in silico analysis,
probably because Papr2-wt contains a TATA element due to its intrinsic nature, which
is probably located at a position within -75 bp to -82 bp and its distal sequence might
be different than the canonical yeast core elements. Although regulated promoters
usually have TATA-box and preference to utilize SAGA rather than TFIID
coactivator, some yeast regulated promoters can still contain a TATA element and
depend on TFIID-coactivator system. In S. cerevisiae, a physical interaction between
transcription activation domains (TADs) of Adrl and TFIID complex was found, and
it was stated that transcriptional activation by Adrl needs an intact TFIID complex
(Komarnitsky et al., 1998). If that was the case, integration of a second TATA binding
sequence could change the bending pattern of the promoter for transcriptional
activation and lead to confusion in the assembly of transcriptional machinery, which
reduces mRNA production rate. Moreover, it is also possible that some regulated
promoters can be TATA-less and depend on TFIID complex that can have degenerate
or divergent sequences, so TFIID binding motif can not be recognized. If this was the
case, integration of TATA-box element to TATA-less promoter may recruit also
SAGA coactivator complex for transcriptional activation which can lead to a
competition between SAGA and TFIID co-activator complexes, a disordered

transcriptional assembly, and weaker expression levels.

4.2.4 NEPVs of Paph2 - Design-4: TFBS Modifications of Aca2

S. cerevisiae TFs Acal and Aca2 are ATF/CREB family basic leucine zipper
transcription factors, and arose from whole genome duplication and bind to
ATF/CREB consensus motif TGACGTCA. P. pastoris has only Acal
(PAS_chr3_0135), does not have paralog Aca2 (Cst6). S. cerevisiae Aca2 is an
important TF for utilization of non-optimal carbon sources, and Aca2 null mutants

exhibited growth defect on ethanol and became more vulnerable to ethanol and
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oxidative stresses (Liu et al., 2016). In P. pastoris, there is no report about the
regulatory role of Acal, yet. In silico analysis of P. pastoris PapH2 revealed a putative
Aca2 TFBS located at -193 to -173 bp. As Aca?2 is essential for ethanol utilization in
S. cerevisiae, effect of an additional Aca2 TFBS on PapH2 Was investigated. The
NEPV PapH2-addaca2 Was designed by integration of an additional Aca2 binding motif
from -293 to -273 bp by replacement of the original sequence (Figure 4.8). Since the
influence of TFBSs and their respective TFs weakens as their distance form core
promoter increases, Add-Aca2 integration site was chosen in close proximity to core

promoter without disturbing any essential TFBS for Paph2 activity.
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Figure 4.8 Designed promoter architecture of the NEPV PapH2-addaca2 having an
additional Aca2 TFBS.

Putative TFBSs of PapH2-addacaz Was analyzed by Matlnspector and compared to
PapH2-wt. GATA type zinc finger protein Gat4 (FSGATC; matrix F$GAT4.01) located
at + and — strands at overlapping position was lost, and targeted Aca2 (F$BZIP;
matrix: F$CST6.01) was inserted. Three different unintended TFBSs were formed
which belong to families of M-box interacting with Mat1-Mc (FSMMAT; matrix:
FSMAT1MC.01), yeast mating factors (F$YMAT; matrix: FSMATALPHAZ2.02),
and Telobox-containing general regulatory factor (F$TGRF; matrix: F$TBF1.02)
(Appendix E). In silico analysis of promoter sequences by Matlnspector revealed the
putative TFBSs, even minor changes in nucleotide sequence sometimes gives quite

few differences in the TFBSs. As Matlnspector uses an algorithm to identify DNA
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binding motifs; however, the determined putative TFBS motifs cannot always correct,
as they also could be interrelated with function of the promoter, as well. From the
functional point of view, PapH2-addaca2 has an additional Aca2 binding motif located
in close proximity to the core promoter region and 79 bp apart from the native Aca2

binding domain.

The addition of an Aca2 binding motif did not change the strength and regulation of
the NEPV. Contrary to its paralog identified in S. cerevisiae, in P. pastoris Acal may
not be necessary for the ethanol utilization metabolism. Due to methylotrophic nature
of P. pastoris, its transcription factors should have been evolved to control different
regulatory pathways. Since Aca2 is a stress responsive TF and functioning in non-
optimal carbon source utilization, in P. pastoris it can be active in methanol utilization
pathway and peroxisome biogenesis. Indeed, promoter and transcriptional
engineering results of Paox1 supported this idea which is presented in the upcoming

section 4.6.

4.2.5 NEPVs of PapH2 - Design-5: Nucleosome Modifications of Paph?

Chromatin is a pivotal constituent of gene regulation since it exerts considerable
influence on TF binding, transcription initiation and elongation (Li et al., 2007). The
importance of chromatin structure on the promoter strength (Lam et al., 2008) as well
as the potential to alter transcription rates by inserting nucleosome disfavoring DNA
sequences (Sharon et al., 2012), were reported. Inherent properties of poly (dA:dT)
tracts are crucial for nucleosome depletion, promoter accessibility, and transcriptional
activity (Raveh-Sadka et al., 2012; Segal and Widom, 2009). The genome-wide
organization of nucleosome positioning is determined by combination of DNA
sequence, nucleosome remodeling enzymes and transcription factors. These
determinants influence each other; therefore, nucleosome positioning patterns are
probably differing among genes and cells in a population with eventual effect on gene

expression (Struhl and Segal, 2013).
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Evaluation of a TEF-promoter library showed that cumulative sum of predicted
nucleosome affinity across the entire promoter is inversely proportional to promoter
strength in a predictable and robust way, in spite of the vast amount of differences in
sequence and TFBS mutations (Curran et al., 2014). Nucleosome architecture
influences activities of yeast promoters and identified strong correlation underpins the
potential for nucleosome architecture to be used as a promoter engineering tool for P.
pastoris promoters. Nucleosome architecture optimization of native S. cerevisiae
promoters resulted in up to 16-fold increase in their expression capacity (Curran et
al., 2014).

The investigation of PapH2-wt Nucleosome occupancy by Nucleosome Positioning
Prediction (NuPoP) tool (Wang et al., 2008; Xi et al., 2010) revealed two nucleosome
depleted regions located at -552 to -527 and -60 to-19 (Figure 4.1). To increase the
strength of PapH2 via minimization of the blocking effect of nucleosome, original
nucleosome structure was minimized using computational tools for the redesign of
PabpH2-nucopt. Computational redesign of nucleosome optimized PapH2 Was performed
using MATLAB algorithms that employ NuPoP for nucleosome affinity prediction
(Curran et al., 2014). Throughout the optimization, nucleotides outside of the
identified TFBSs and other restricted sites were systematically perturbed via custom
MATLAB scripts that employ NuPoP; and a greedy algorithm was utilized to
minimize the cumulative affinity score over several cycles of optimization. In the
redesign process the core promoter, yeast stress responsive elements, carbon source
responsive elements, TFBSs related with non-optimal carbon source utilization, and
originally nucleosome depleted regions found on PapH2 were protected from any
mutation. To observe specifically the nucleosome modification effect, the method was
also restricted from creation or destruction of any known transcription factor binding
sites according to YEASTRACT database (Teixeira et al., 2018). For more reliable
nucleosome positioning prediction, in addition to promoter sequence, 200bp upstream
and 100bp downstream (the first 100 nucleotides of eGFP) of PapH2 was provided to

the software as an input data. The redesigned Paprz-nucopt NUCleotide sequence was
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determined at the 100" round of the computational cycle aiming optimization of the
NEPV.

>P ADH2-NucOpt

TCCTTTTTACCACCTAAGTGCGAGTGAAACACCCTATGGCTGCTCTCCGH

TTCCEEETCTACACGCATAAGGGTGTGATTTTITITITTTIAATTTTACA
CCCCCTCCAART TTTITCGCGTAAATTGATECTCTTACCAATATICCATE
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
BETAAAAATATATABABEEEABAAAAAAAAAATGATTATGTIRACAAGA
CECEEETEATICEECCEECTAN CGCAACTCTARCAACTAGEEEEETEAAA
AATGCCCAGCITTITTCCCTATHCTTTCACARATCACTATCAGT TATTAA
CACCEEAAARTTTTITTCTCAACGGTCCCTCATCCTRCCACCECETETTITCE
ACAAATEEEAGTTAGTATTAGTGCACTGACTGACTGCCTAACCTTAAAC
CCTAATTTCTTACAACEEECEOATATAGTTACCEACEEETEAAAAATTC
CTCCATCGGAGATGTATTAACCGTAATTTITTTITTTAAAAAAAAAAAAT
TCAGATAGCGAAATTTTTTTGATTTCGCGACGCGCGTITTITITTITTITTT

ITTTITTTTTERCACCEETICTEGCECAGTTICTGCCARTICCCCATCARTCT
ACTAATTTCGTTGATTCCEACEEEEETTTICCAACTEEAAAAATTITITAA

[TTITTTTTITTITTTGGGAGAATCTGAATGTATATTACATAAAGEGACEE

EIETCCEAAAAAATTITITITITTTTTIAATTTTTTITITTIEEEECGCTTT

TTAAAAACBEBEBEGTAAGCGCTCIBEEEBEETGCGAATTCGCGCCCTATHE

*Green highlighted sequences show restricted sites from any mutation. Mutated
nucleotides are underlined and showed with bold characters.
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Figure 4.9 Predicted nucleosome affinity profile of the NEPVs throughout
nucleosome redesign from Paphz-wt t0 Paprz-nucopt. Graphs were drawn in every five-
cycle.
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Figure 4.10 Predicted nucleosome affinity profile for the Papn2-wt and Papr2-Nucopt
promoters calculated using the hidden Markov model
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Putative TFBSs of redesigned Papnz-nucopt Was analyzed by Matlnspector and
compared with PapH2-wt (Appendix E). Although formation or destruction of known
TFBSs were prevented by providing YEASTRACT TFBSs list, some deletions and
insertions were identified by in silico analysis of Matlnspector. This situation is
probably resulted from the differences in TFBS motifs used in Matlnspector and
YEASTRACT databases. As described in the construction of the former Paph2v
NEPVs, targeted TFBS modifications were not always determined by MatlInspector,
e.g., addition of an extra Adrl TFBS was not identified by MatInspector. Therefore,
the identified binding site differences of promoter variants need to be functionally
evaluated. Many core promoter elements, such as yeast TATA element and vertebrate
TATA element, also were identified in upstream sequence of PapH2-nucopt; however,
the core promoter region was restricted from any mutation and the identified elements

on the upstream activation sequence did not exert any effect on the promoter function.

In order to evaluate the redesign for nucleosome optimization, the NEPV PapH2-Nucopt
was screened in deep well plates with 5 different carbon sources to test for induction
and repression properties in comparison to wild-type promoter. In the fermentations
with the carbon sources ethanol and methanol, Papr2-nucopt Upregulated the expression,
respectively, 1.5- and 3.2-fold than that was expressed under PapH2-wt. However, under
limited and excess glucose and excess glycerol conditions, although slightly higher
expression values than Papr2-wt Were determined, PapHa2-nucopt IS repressed to an extent
by these carbon sources. Although Matinspector identified some destructed or newly

introduced TFBSs, they did not influence the regulation pattern of PapH2-nucopt.

The expression capacities of S. cerevisiae native promoters TDH3 and GAL1 were
improved by Blazeck et al. (2012) by chimeric hybrid promoter engineering; but
nucleosome optimization did not lead to any improvement (Curran et al., 2014). As
the strength of PapH2, which is one of the strongest regulated promoter of P. pastoris,
was enhanced by the computational redesign of the nucleosome, the work presented
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in this section conclusively demonstrates that nucleosome is a platform for developing

strong NEPVs of P. pastoris.

Meanwhile Yang et al. (2018) reported on modification of nucleosome positioning of
Paox1 by lengthening or removing of native poly (dA:dT) tracts, created promoter
variants whose activities spanning at the range of 0.25- to 3.5-fold of wild-type
promoter. Poly (dA:dT) stretches stimulate gene expression by conferring increased
accessibility to proximal TFBSs (lyer and Struhl, 1995; Raveh-Sadka et al., 2012).
When poly (dA:dT) stretches were mutated, strong reduction in promoter activities
were reported (Sharon et al., 2012). Contrary to the previous reports, Yang et al.
(2018) reported that increase in predicted nucleosome affinity as a result of deletion
of poly (dA:dT) stretches led to higher promoter activities. Poly (dA:dT) tracts
possess shorter helical structure and a narrow minor groove that resist the bending
necessary for histone binding (Jansen and Verstrepen, 2011). Intrinsic barrier function
of poly (dA:dT) tracts lead highly positioned nucleosome formation at their adjacent
locations and accordingly direct the position of neighboring nucleosomes (Mavrich
et al., 2008). The study of Yang et al. (2018) aimed to relocate the nucleosome
structures within the promoter by extending or deleting poly (dA:dT) tracts other than
minimization of nucleosome architecture throughout the entire promoter sequence.
Further in Yang et al. (2018), there is not a straight forward logic for addition or
deletion of poly (dA:dT) tracts and the effect of these modifications seem location
dependent in the context of promoter.

4.2.6 NEPVs of PapH2 - Design-6: Combinatorial Modification of PapH2

Nucleosome optimization and Add-Cat2(Opt-Cat) design improved the
transcriptional capacity of the NEPVs of Papr, Separately. In order to investigate the
combinatorial effect of the two design, the NEPV PapHa-Nucopt-optcat Was designed.
Putative TFBSs of Papr2-nucopt-optcat Were searched by Matinspector and the results

compared to that of the Paprz-nucopt. The differences in TFBSs are same with the Add-
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Cat2(Opt-Cat) design applied to PapHz-wt. Leu3 (FSFBAS; matrix: F$LEU3.02)
binding motif was deleted and the targeted Cat8 (FSCSRE; matrix: F$CAT8.01)
binding motif was inserted and three new TFBSs were observed. The first two belong
to FSMGCM matrix family: Lys14 (FSMGCM; matrix: F$LYS14.01) and Rgtl
(FSMGCM; matrix: F$RGT1.02), and the third one is oleate activated transcription
factor Oaf1(F$YORE; matrixes: FSOAF1.01) (Appendix E).

Under the NEPV PapH2-nucopt-optcat 3.68- and 8.8-fold higher eGFP expression levels
were achieved compared to the recombinant system under PapH2-wt at ethanol and
methanol induction conditions, respectively. Furthermore, in the fermentations with
the substrates at limited glucose and excess glycerol, the strength and derepression
capacity of the NEPV PapH2-Nucopt-optcat cOmpared to Paprz-wt also was increased. With
ethanol induction under PapH2-addcatz and Papr2-nucopt, respectively, 4.76- and 1.5-fold
higher expressions were obtained; however, the combinatorial effect of the two under
the NEPV PapH2-nucopt-optcat Produced an expression value between the above two
values, which is higher than that of the expression level obtained under PapH2-nucopt.
Although the strength of Papn2-nucopt Was improved with Add-Cat2 modification, a
concerted effect was not observed under the NEPV PapHa-Nucopt-optcat in the
fermentation with ethanol induction. Therefore, this can be the result of: i) some
TFBSs could be destructed during the nucleosome optimization process, ii) the TFBSs
could be occupied by some uncharacterized TFs whose function and DNA binding
motifs were not determined yet, and lastly iii) those TFs could activate some genes in
cooperation with Cat8, at ethanol induction conditions.

With methanol induction, however, the combinatorial design of the NEPV PapH-
Nucopt-optcat Created a synergistic effect and enhanced the expression further than that
of under the NEPVs designed with its components. The formation of new and yet
unknown TFBSs, and their corresponding TFs may be active in the methanol grown
cells and activated the genes in coordination with Cat8. Besides, TFBS that can be

functional in the methanol grown cells may be highly occupied by nucleosome,
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therefore their increased availability can contribute to the increased co-activation with
Cat8. These results reveal that combination of promoter engineering tools does not
always give a concerted effect (Hartner et al., 2008); but, our results also reveal that
TFBS modification and nucleosome optimization can be combined to increase the
strength of yeast promoters.

4.2.7 Expression Potential of NEPVs of Papr2: Influence of Carbon Sources

The expression capacity of the engineered PapH: library was evaluated in five growth
media i.e. ethanol, methanol, limited glucose, excess glucose, and excess glycerol.
After transformation of P. pastoris, least ten clones for each construct were analyzed
for statistical comparison and the clones representing the whole population were
selected for further analysis. For the measurement of the eGFP synthesized in the
cells, using flow cytometry the cell distribution was determined and the cells that
show linear regression in terms of FSC-H and FSC-A values were gated for specific
selection of the singlets in each population. The specific eGFP synthesis values of the
cells based on the fluorescence intensity related to the cell volume (Hohenblum et al.,
2003); and, in eGFP fluorescence calculations, geometric mean of the gated

population was used.

Final screening experiments were performed with three biological replicas of each
strain in deep 24-deep well plate at 25°C, 225 rpm for 20 h in production media and
results are given in Figure 4.11-4.12 and Table 4.5-4.6. Precultivation was performed
in YP media without glucose, after 20 h of precultivation, the cells were harvested by
centrifugation and inoculated into each fermentation medium at specified initial cell
concentration. Promoter variants did not affect the cell growth, and the novel strains
constructed with the NEPVs reached the same cell concentration under the same
induction condition; however, their eGFP production levels showed different patterns,

as expected. In order to determine the optimal concentrations of ethanol and methanol
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to induce the NEPVs, different alcohol concentrations ranging between 0.5% and 5%

(v/v) were used and the results are presented in Figure 4.11 and Table 4.5.
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Figure 4.11 Relative eGFP synthesis capacity of constructed novel P. pastoris cells
under Paph2v control relative to wild-type PapHz (%)e1 at different ethanol and
methanol concentrations at the cultivation time of t = 20 h. Calculations were carried
out based on arbitrary fluorescence units. Mean values of 3 different clones are
presented. Detailed information is presented in Table 4.5. E0.5: 0.5% (v/v) ethanol,
El: 1% (v/v) ethanol; E2: 2% (v/v) ethanol; E5: 5% (v/v) ethanol; M1: 1% (v/v)
methanol; M2: 2% (v/v) methanol; M5: 5% (v/v) methanol. Error bars represent the
standard deviation (%)

Based on the screening results, eGFP expression level of PapH2-wt in response to 5%
(v/v) ethanol was equal to eGFP levels produced by Paox: in response to 1% or 2%
(v/v) methanol. Moreover, the NEPV PapHz-optcat Outcompeted Paox: at all tested
ethanol concentrations and PapH2-addcat did so under 2% to 5% (v/v) ethanol induction

conditions.
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As represented in Figure 4.11 and Table 4.5, increase in the ethanol concentration
from 0.5% to 5% (v/v) led to an increase in the eGFP synthesis of PapH2-v. Increased
ethanol concentrations created a higher increase in the eGFP synthesis levels in PapHz-
wt, PADH2-Nucopt and PapH2-addcat compared to the strong NEPV Papro-optcat. This result
shows that expression capacity of the strongest NEPV PapH2-optcat reached to a plateau
due to allocations of TFs to other sites in the entire genome which may lead to limited
concentrations of Cat8 or other TFs required for the activation of the promoter; thus,
the product formation rate decreases. PapHz-optcat also could be saturated with the
selective TFs; therefore, further increase in the inducer concentration could not
linearly increased the product synthesis. In order to evaluate the productivity of PapHo-
v, a distinguishing distribution pattern was observed with 2% (v/v) ethanol and this

concentration was used in the screening experiments.

The eGFP synthesis levels with methanol induction showed different patterns, where
by using 1% (v/v) and 2% (v/v) methanol concentrations the same amount of eGFP
synthesis under Paox: were determined; whereas, when methanol concentration was
increased to 5% (v/v), ca. 25% reduction was observed in the eGFP synthesis. This
phenomenon can be explained with Mxr1 (Adrl) titration effect. The screening results
reveal that increasing the concentration of methanol can lead to allocation of
Mxr1(Adrl) to different peroxisomal and MUT pathway genes; thus, a reduction in
the activation of Paox1 and the growth on methanol occurred due to limited availability
of activator TF concentration. Whereas, activity under the Pgap was increased with
the increase in ethanol and methanol concentrations, probably due to its requirement
for transcriptional activation. Based on the screening results, 1% (v/v) methanol

concentration was used in the screening experiments.
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Table 4.5 Relative eGFP synthesis capacity of constructed novel P. pastoris cells
under Papw2-v control relative to wild-type PapH2 (%)e1 at different ethanol (CoHsOH)
and methanol(CHsOH) concentrations at the cultivation time of t = 20 h. Calculations
were carried out based on arbitrary fluorescence units. Mean values of 3 different
clones are presented.

Normalized eGFP concentrations in novel Pichia pastoris strains constructed with

Promoter 0.5% 1% 2% 5% 1% 2% 5%

(v/v) (v/v) (V/v) (v/v) (v/v) (v/v) (Viv)

C2HsOH  C2HsOH C2HsOH C:HsOH CHsOH CHsOH CH30OH
ADH2-wt  65+7 100+7 12613 2068  27+1 35+1 62+0
NucOpt 100+4 130+13 178+£23 24716 67+£3 85+6 129+8
OptCat 332412 427+£33 498+1 51443 118+6 162+8 261+11
AddCat 130+4 178+48  260+£34 339£10 51+1 62+1 149+4
AOX-wt 11+£1 13+1 18+1 30+1 207+9 2069 149+5
GAP 20+0 25+1 44+1 121£10 64«10 82+10 130+10

Among the tested conditions, ethanol or methanol concentrations are not limiting, and
higher alcohol concentrations drives the cells into stress conditions which influences
the cell metabolism in a negative way. Although the cells still continue to grow with
increasing alcohol concentrations, the growth rate is reduced with increasing alcohol
concentrations under the tested 24-deep well plate screening conditions (Table 4.6).

Table 4.6 ODesoo Vvalues of P. pastoris X33 and the recombinant P. pastoris
constructed with Papr2-v using different initial ethanol and methanol concentrations
(v/v) harvested att =20 h

The cell concentrations in terms of ODgy values

Strains 0.5% 1% 2% 5% 1% 2% 5%
(V/v) (V/v) (V/v) (V/v) (V/v) (V/v) (V/Iv)
CoHsOH ~ C:HsOH  C:HsOH ~ CoHsOH ~ CHsOH ~ CHsOH  CHsOH
P.pastoris 8.2 7.2 4.8 2.8 4.6 3.6 2.6
X33

P.pastoris  7.5+0.3 6+0.7 4.2+0.1 2.2+0.1 3.8+0.2 2.8+0.3 1.8+0.2
PapH2-v
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In order to evaluate the regulation and expression strength of NEPVs, P. pastoris cells
containing PapH2-v With reporter eGFP protein gene were screened with fermentations
using five different carbon sources, i.e. E2: 2% (v/v) ethanol, M1: 1% (v/v) methanol,
X: limited glucose, D: excess glucose, G: excess glycerol. eGFP expression levels
were calculated relative to Papn2-wt productivity under E2 condition. The results are

given in Figure 4.12 and Table 4.7.
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Figure 4.12 Normalized eGFP synthesis capacity of constructed novel P. pastoris
strains with the NEPVs relative to Paprz-wt (%)e2 in different carbon sources at the
cultivation time of t = 20 h. Calculations were carried out based on arbitrary
fluorescence units. Mean values of 3 different clones are presented. Detailed
information including statistical analysis is presented in Table 4.7. E2: 2% (v/Vv)
ethanol, M1: 1% (v/v) methanol, X: limited glucose, G: excess glycerol, D: excess
glucose. Error bars represent the standard deviation (£)
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The screening results indicate that, all the NEPVs of Papn2 sustain the basic Paph?
regulation pattern to an extent, e.g., still repressed by excess glucose, limited glucose,
and excess glycerol; and activated with ethanol. Derepression effect was more
obvious in combinatorial promoter variant PapH2-nucopt-optcat IN response to limited
glucose and excess glycerol conditions. The most influential effect on the strength of
PapH2 was observed with Cat8 modifications. In P. pastoris, there is not any study for
characterization of Cat8/Sip4 genes, yet; however, in S. cerevisiae, Cat8 is an
activator of Papn2 together with Adrl. These results reveal that P. pastoris Paph2 is a
Cat8-limited promoter as its expression strength is increasing with introduction of
new Cat8 TFBSs. Nucleosome optimization method also contributed to increase the
promoter activity ca. 50% with ethanol induction, and even more in the methanol
grown cells. The combinatorial effect of OptCat design together with nucleosome
optimization did not show concerted effect with ethanol induction but a synergistic
effect was created with methanol. Based on eGFP synthesis results, by the promoter
engineering a Papn2 library was designed and constructed which allows an 476%

increase in r-protein synthesis compared to the that of under PapH2-wt.
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Table 4.7 Normalized eGFP synthesis capacity of constructed novel P. pastoris
strains with the NEPVs relative to Paprz-wt (%)e2 in different carbon sources at the
cultivation time of t = 20 h. Mean values of 3 different clones are presented.
Significance of differences to the control strain was calculated with Student's t-test.
(* p-values <0.05; ** p-values <0.01).

Normalized eGFP concentrations in r-P. pastoris constructed with

PADH?2 2%  (viv) 1% (v/v) Limited Excess Excess
Variant C2HsOH CHsOH Glucose Glycerol Glucose
ADH2-wt 100£10 25+1 5+1 6=+1 7+0
NucOpt 150+10%* 80+33* 8+2 18+7 18+5
OptCat 476£11%* 054+2%* 10£1** LT1£1** 12£1%*
NucOpt- 368£10** 220+£4%** 2042%* 28+]** 124+0%*
OptCat

AddCat 236£27** 4442%* 71 O] %* 10£0%*
OptAdrl-1 87123 24+1 5+0 7+0 7+0
OptAdrl-2  103£10 26+1 5+0 7+0 7+0
OptAdrl-3 98+14 33+3* 6+0 O+]** 10£0**
AddAdrl 103+14 2342 5+0 7+0 7+1
AddAca2 102+11 2142 5+1 71 6=+1
AddTATA TOL£7** 2244 6=+0 7+0 7+0

4.2.8 eGFP Transcript Levels of PapH2-v

To confirm the enhancement in the strength of PapH2 promoter variants, the transcript
levels of eGFP in P. pastoris variants were analyzed by means of gqPCR experiments.
Comparative Ct method (AACt) was used for the relative quantification. MRNA
expressions of eGFP were normalized relative to Actin mRNA expression; thereafter,
divided by normalized eGFP expression performed with Paprz-wt, and mRNA
transcription ratios (mMTRs) were determined and presented in Figure 4.13 and Table
4.8.
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Figure 4. 13 mRNA transcription ratios (mTRs) of eGFP in 2% (v) ethanol grown
P. pastoris cells under PapH2-y control at t = 20 h. Transcript levels were normalized
to ACT1 mRNA expression and presented relative to expressions with PapHz-wt. The
error bars represent the standard deviation of three technical replicates.

Table 4.8 mMRNA transcription ratios (mTRs) of eGFP in 2% (v) ethanol grown P.
pastoris cells with PapH2.v control at t = 20 h. Transcript levels were normalized to
ACT1 mRNA expression and presented relative to PapHz-wt. StDev: standard deviation

of three technical replicates.

Promoter MTR of eGFP StDev
ADH2wt #1 1.0 0.1
ADH2wt #2 0.8 0.0
OptCat #1 4.4 0.0
OptCat #2 4.0 0.2
NucOpt #1 15 0.0
NucOpt #2 1.4 0.0
AddCat #5 1.8 0.1
AddCat #6 2.0 0.0
NucOpt-OptCat #1 3.4 0.2
NucOpt-OptCat #15 3.7 0.1
AOXwt 0.0 0.0
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Subsequent measurements of the mTRs confirmed stronger transcriptional capacity

of the NEPV's Paphz-optcat, PabHz-Nucopt, PADH2-Addcat, 8Nd PapH2-Nucopt-optcat Deing ca.

4.2-,1.5-, 1.9-, and 3.6-fold higher transcriptional activity of Papnz-wt, respectively.

4.2.9 Extracellular Human Serum Albumin Production by PapH2-v

The strength of the two prominent NEPV'S PapH2-nucopt and PapH2-optcat Were tested in
the production of extracellular human serum albumin (HSA). With its native signal
sequence, HSA gene was cloned under the control of the NEPVS Papn2-nucopt, and
PapH2-optcat. TO be independent from the effects of genomic integration sites, the
designed recombinant plasmids were integrated into AOX1 transcription termination
locus. Least ten clones per each construct were screened to generate reliable results.
Final screening experiments were performed with four clones for each strain
representing the whole population. The extracellular HSA production was performed
in 24-deep well plates at 25 °C, 225 rpm for 49 hours. The precultivation step was
performed in YP media at 25 °C, 225 rpm for 20 h; and then the cells were harvested
by centrifugation. The fermentations were initiated at ODgoo = 1 in ASMv6 minimal
medium. At t =0 1% (v/v) ethanol was added into each bioreactor; thereafter, at t =
5,t=17,t=29,and t = 41 h, 1% (v/v) ethanol was also added to induce r-protein

production, and the cells were harvested at t = 49 h.
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Figure 4.14 Extracellular human serum albumin (HSA) concentrations of P. pastoris
cells with different PapHo-v in ethanol pulse feed fermentation at t = 49 h. Error bars
represent the standard deviation of four different clones (+). Significance of the
differences to the PapH2-wt Was calculated with Student's t-test (** p-values <0.01).

Table 4.9 Extracellular human serum albumin (HSA) concentrations of P. pastoris
cells under control of different Papn2 variants in ethanol pulse feed fermentation at t
= 49 h. StDev: Standard deviation among four different clones. Significance of
differences to the Papn2-wt Was calculated with Student's t-test (** p-values <0.01).

Pabn2 Variant Chsa (mg/L) StDev
ADH2-wt 15.1 14
NucOpt 19.5** 1.5
OptCat 69.6** 3.7
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Figure 4.15 The cell concentrations of P. pastoris strains producing extracellular
HSA under control of the NEPVs at t = 49 h of ethanol pulse feed fermentation. Error
bars represent the standard deviation among four different clones () Cx, wet cell
weight (wcw, g/L)

Table 4.10 The cell concentrations of P. pastoris strains producing HSA under the
two prominent NEPVs at t = 49 h of ethanol pulse feed fermentation. StDev: Standard
deviation among four different clones.

Promoter Cx, wew (g/L) StDev
ADH2-wt 57.5 3.3
NucOpt 51.8 5.8
OptCat 61.6 1.2

The average extracellular HSA yield per gram wet-cell-weight produced by r-P.
pastoris strains constructed with PapH2-wt, PapH2-Nucopt, and Paphz-optcat  Were
calculated as 0.263 mg/g, 0.377 mg/g, and 1.130 mg/g, respectively. Thus, P. pastoris
strains constructed with the NEPVS Papn2-nucopt and Papr2-optcat €nhanced the hSA
production 1.43- and 4.30-fold than that of the PapH2-wt.
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Expression potentials of the strong NEPVs of the naturally occurring Papn2 were
confirmed by the intracellular eGFP synthesis and eGFP transcript levels, and then by
extracellular HSA production. Based on the results, the NEPVS PapH2-optcat, PADH2-
Addcat, PADH2-Nucopt and PapH2-Nucopt-optcat are on a par with the strength of commonly
used strongest inducible promoters of P. pastoris. These NEPVs are promising

candidates for industrial r-protein production.

4.3 Design and Performances of NEPVs of Paox1

The aim of P. pastoris alcohol oxidase 1 promoter engineering is developing
methanol-free expression systems. Regulatory models on the S. cerevisiae ADH2 and
P. pastoris ADH2 were used as a basis in engineering of Paoxi. Considering the
knowledge about ethanol regulated promoters, Paox: architecture was engineered for
its inducible regulation by ethanol which is a repressor of the naturally occurring

Paoxi.

P. pastoris Mxrl (methanol expression regulator 1) was identified as the global
regulator of genes involved in the methanol utilization pathway (Lin-Cereghino et al.,
2006). P. pastoris mxriA mutants cannot grow on methanol and form functional
peroxisomes; furthermore, production of methanol utilization pathway enzymes are
considerably decreased (Lin-Cereghino et al., 2006). Six different Mxr1 binding sites
were identified on Paox: using electrophoretic mobility shift assay (EMSA) and
DNAse | footprinting methods; and, the regions were denoted by Paoxi Mxr1 response
elements (Mxres) (Figure.4.16) (Kranthi et al., 2009); where, 5’CYCC3’ (5'GGRG3’
in the complementary strand) motif was found to be conserved in all the six Paox1
Mxres (Kranthi et al., 2009). According to in silico analysis by Matinspector, only
one Adrl binding site was found to be located at bp -577 to -569 from translation start
site, which is overlapping with Mxre4.
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P. pastoris wild-type Paox1 (Paoxi-wt) nucleotide sequence.
AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCA-
-GCAGACCGTTGCAAACGCAGGACCTCCAC
ACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGC
TTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCA
TGACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTG
TTTATTTCCGAAT_CCGAACATCACTCCA
GATGAGGGCTTTC TTCATGTTCCCCAAAT
GGCCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAA
AGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAA

CGGCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTC
TTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTA

GCGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAA
CTTTTTGGATGATT

TGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCAT
GATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACA
GAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTT
ACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGA
CTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAAC
G
*Mxrl response elements (Mxre) are highlighted in blue; and, core regions of Mxre

are underlined and represented with bold characters.

—
BT ~600T ~a00T ~2001 1

[ AOX1 promoter >

Mxrel Mxre2 Mxre3 Mxre4 Mxre5 Mxre6

Adri

Figure 4.16 Mxr1(Adrl) binding motifs (annotated as Mxre) identified on wild-type
Paox1

In P. pastoris, Mxrl is the only identified homolog of S. cerevisiae Adrl (Lin-
Cereghino et al., 2006). Therefore, we hypothesized that P. pastoris Adrl(Mxrl) is a
transcriptional activator of both ethanol regulated Papn2 and methanol regulated Paox:
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genes. Therefore, in the design of the NEPVs of Paoxi, denoted by Paoxiv, S.
cerevisiae Adrl, Cat8 DNA binding motifs, and P. pastoris Aca2 DNA binding

motifs were used.

4.3.1 NEPVs of Paoxi-Design-1: TFBS Modification of Adrl (Mxr1)

Two Adrl monomers bind symmetrically to a palindromic sequence on S. cerevisiae
PapH2 to activate transcription (Thukral et al., 1991). When Adr1 binding palindromic
repeats were analyzed in different promoters, longer spacer length is observed in P.
pastoris Paox1. Adrl binding core motifs are separated with a spacer length of 12 bp
in S. cerevisiae PapH2; however, the spacer length is 24 bp, 25 bp, and 9 bp,
respectively, in P. pastoris PapH2 Adrl-1, Adrl-2, and Adrl-3 palindromic repeats
(Figure 4.2). P. pastoris Paox1 core sequences are separated with a spacer length of:
i) 44 bp in Mxrel and Mxre2, ii) 47 bp in Mxre3 and Mxre4, and iii) 32 bp in Mxr5
and Mxr6. The dissociation constant (Kq) values for the Mxr1(Adrl) binding onto six
Mxre motifs in Paoxi are high and in the range of 50-100nM (Kranthi et al., 2009),
whereas the reported Kq values for ADH2UAS1-Adrl interactions in S. cerevisiae are
lower and within the range of 2-9 nM (Thukral et al., 1991), which indicates that the
chemisorption of Mxr1(Adrl) onto Mxre motifs occurs with a lower affinity than the
chemisorption of Adrl onto Adrl binding motif of S. cerevisiae (UAS1). Therefore,
we can hypothesize that decreasing the length of the spacer region can contribute to a
higher binding affinity of Adrl(Mxrl) onto the corresponding binding sites, which
can contribute to the activation of Paoxi. In this context, three Mxre sites were
replaced by the optimized Adrl palindromic binding sequences of S. cerevisiae
(Cheng et al., 1994). The redesign studies resulted in duplicated Adrl binding core
DNA regions in Mxre2, Mxre 4 and Mxre6 positions, with shorter spacer lengths
ranging between 10-15 nucleotides. The NEPVS Paoxi-adrt, Paoxi-adr2 and Paoxi-adr3
were designed according to the architecture depicted in Figure 4.17; where, original

nucleotides located in determined positions were engineered, as follows:
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Design of Paoxi-adr1 for Optimization of Mxre2:
Mxre2 was replaced by the optimized S. cerevisiae Adrl binding palindromic repeats

with a spacer length of 10 bp, as follows:

TCCTCTTCTCCTCAACACCC sequence was replaced with:
ACCCCAATATTATITGGGGT

Design of Paoxi-adrz for Optimization of Mxre4:
Mxre4 was replaced by two Adrl binding sequences identified on P. pastoris PapH2

by Matlnspector with a spacer length of 15 bp, as follows:

TTTCTGAGTGTGGGGTCAAATAGTTT sequence was replaced with:
GACCCCACATTTTTTTTTTGACCCCA

Design of Paoxi-adrs for Optimization of Mxre6:
Mxre6 was replaced by the S. cerevisiae Adrl binding palindromic repeat, with a

spacer length of 10 bp, as follows:

TGCATTGTCTCCACATTGTA sequence was replaced with:
ACCCCAATACATTITGGGGT
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Figure 4. 17 Design of the promoter architectures of the NEPVS: a) Paoxi-adr1, D)
Paox1-adr2 and €) Paox1-adr3

Putative TFBSs of the designed promoter variants Paox1-adr1, Paoxi-adr2 and Paox1-adr
were analyzed by Matlnspector. In silico analysis revealed that the redesign for Paoxi-
adr1 did not lead to a destruction in any known TFBSs; but, created five novel TFBSs
on Paoxi-adre compared to Paoxi-wt. The novel TFBSs are: i) two targeted Adrl binding
motifs (FEYADR; matrix: FSADR1.01); ii) two Migl binding motifs (F$YMIG;
matrix: F$MIG1.01); and, iii) an iron-regulated transcriptional activator, Aft2 binding
motif (F$IRTF; matrix: F$AFT2.01). Migl and Mig2 proteins are yeast metabolic
regulator zinc finger proteins that mediate glucose repression. P. pastoris Migl and
Mig?2 are repressors of Paox1, especially responsible for glycerol repression (Shi et al.,
2018). Matlnspector analysis revealed only one Mig2 binding motif on the naturally
occurring Paox1 overlapping with the Mxre4. According to Matinspector analysis in
Paox-adr2 design, replacement of the Mxre4 destroyed a Mig2 binding motif
(F$YMIG; matrix: FEMIG2.01), while two Migl (F$YMIG; matrix: F$MI1G1.01) and
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one Adrl (F$YADR; matrix: F$ADR1.01) binding motifs were created. Two Adrl
binding motifs were inserted as designed; however, since Migl and Mig2 binding
motif core regions (CCCC) share identical core sequence with the Adrl binding site
(GGGG), their identification at the overlapping position may be either due to an in
silico lapse by the analysis tool or simultaneous formation of the Mig1/2 binding
motifs. In Paox1-adrs design, a Phd1, transcription factor involved in the regulation of
filamentous growth, (FSPHD1; matrix: F$PHD1.01) was deleted while two Adrl
(F$YADR; Matrixes: FSADR1.01), two Thfl (TTAGGG repeat binding factor 1)
(F$TGRF; matrixes: F$TBF1.01), and an inverted CGG motif (FSICGG; matrixes:
FSICGG_N10.01) were formed according to Matlnspector. Contrary to in silico
analysis results of PapH2.v on which no Adrl TFBS was identified, in the Paoxz.v all
the inserted Adrl palindromic repeats were recognized even though original Mxre

motifs were not identified as Adrl binding sequences.

Expression capacity and regulation of the NEPVs Paoxi-adr1, Paoxi-adre and Paoxi-adr3
were evaluated with fermentations using five different carbon sources. The results
show that all the designed variants were repressed by glucose, glycerol, and ethanol,;
furthermore, their activation rate in response to methanol was similar to Paoxi-wt. The
results conclusively demonstrate that the promoter engineering approaches targeted
to Adrl(Mxrl) binding site did not lead to significant changes in the transcriptional
activity of Paox, similar to PapH2 engineering results. Thus, it is possible to assert that
either: 1) Adrl concentration can be limited in the cell; or, ii) Adrl cannot be the single
limiting factor, but the other essential TFs also can have a limiting effect which avoids
a concerted transcriptional activation of Paoxi. Consequently, addition and
optimization of an Adr1(Mxr1) binding site on Paox1, neither led to an increase in the
promoter strength nor changed the regulation of Paoxai.
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Figure 4.18 Identified overlapping DNA regions with Mxre motifs important for
transcriptional activation of Paox1

Functional analysis of P. pastoris Paox: revealed the important DNA sequences for
transcriptional activation (Figure 4.18). Region D and Region | were identified as
important regulatory parts of Paox: since deletion of Region D and Region | resulted
in, respectively, 84% and 60% decrease in eGFP expression levels than that of the
wild-type promoter (Xuan et al., 2009 ). Hartner et al. (2008) reported that deletion
of Adrl which overlaps with Mxre4, and deletion of dMat1-Mc and d6 which overlap
with Mxre6, reduced the promoter activity to 30%, 45%, and 42% of the Paoxi-wt.
Therefore, our results reveal that replacing native Mxre regions with alternative Adrl
binding sequences does not alter transcriptional activation of Paoxi1. Contrary to the
results of Kranthi et al. (2009) which reported that Mxr1 cannot bind to UASL1 of S.
cerevisiae PapHz, the design and construction with the replacement of the original
Mxre elements with S. cerevisiae Adrl binding motifs did not lead to any reduction
in the Paoxu activity, indicating that Mxr1(Adrl) binds on the newly introduced
binding motifs to sustain its activation. The sequence: tgcaTTGTctc was identified as
a Mat1l-Mc motif by Matlnspector-Release 6.1 (Hartner et al., 2008); however, the
sequence was not identified as a Mat1-Mc motif in our analysis by the upgraded
MatlInspector-Release 8.4.1. Moreover, Hartner et al. (2008) reported 55% decrease
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in the Paox1 activity with the deletion of the sequence in Paoxi; contrarily, with the
design of the NEPV Paoxi-adr3 the destruction of the sequence not disrupt the Paox1
activity is indeed noteworthy, as our results are confronting to those reported by
Hartner et al. (2008).

4.3.2 NEPVs of Paoxi-Design-2: Replacement of Mxrl1 Binding Motifs with Cat8
Binding Motifs

In silico analysis of Paox: putative TFBSs by MatInspector did not identified any Cat8
or Sip4 binding sites. There is only one putative carbon source-responsive element
for the binding of Rds2, located at -618 to -604 bp. The regulator of drug sensitivity
2, Rds2, is a zinc cluster transcriptional activator involved in the regulation of the
gluconeogenesis and glyoxylate shunt genes, conferring resistance to antifungal drug

ketoconazole (Soontorngun et al., 2007; Turcotte et al., 2010).

Transcriptional regulatory tools have received attention in synthetic biology
applications, since synthetic biology aims to assemble biological components in new
ways to obtain novel systems. A main goal of promoter engineering is development
of NEPVs using modular and robust genetic elements to fine-tune gene expression
and regulation. Ethanol regulated activation of S. cerevisiae Paph2 requires
collaborative function of Adrl and Cat8 TFs (Walther and Schiiller, 2001). Based on
the current knowledge about Adrl and Cat8, the hypothesis in this work is that
introducing Cat8 binding motifs to rationally designed positions in Paox: can lead to
transcriptional activation of Paox: in response to ethanol which is a repressor molecule
for wild-type promoter. The Cat8 binding motif is considered as a modular and
context-independent cis-acting element to be used for the design of new genetic tools
with novel regulations. In this context, Cat8 binding motifs were integrated to three
different Mxre positions namely Mxrel, Mxre3, and Mxre5 in close proximity to
other native Mxre motifs by replacing the original sequence. The NEPVS Paoxi-cati,

Paoxi-cat2, and Paoxi-catz Were designed with the architectures depicted in Figure 4.19;
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where original nucleotides located in determined positions were mutated as

represented, as follows:

Design of Paoxi-catt
Mxrel was replaced by the optimized Cat8 binding site for S. cerevisiae (Roth et al.,
2004).

ACAGGAGGGGATACACTAGC sequence was replaced with:
ACAATTCCGTTCGTCCGATT

Design of Paoxi-cat
Mxre3 was replaced by Cat8 TFBS that was identified on P. pastoris Papn2 by

Matlnspector.

CAACAAGCTCCGCATTACAC sequence was replaced with:
CCCTCTCGTCCGGGCTTTTT

Design of Paoxi-cat
Mxre6 was replaced by the optimized Cat8 binding site for S. cerevisiae (Roth et al.,
2004)

CGCAAATGGGGAAACACCCG sequence was replaced with:
CATATTCCGTTCGTCCGAAT
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Figure 4.19 Design of the promoter architectures of the NEPVS: a) Paoxi-cat1, b)
Paoxi-catz and €) Paoxi-cat3

Putative TFBSs of the NEPV'S Paoxi-cat1, Paoxi-cat2, and Paoxi-cats Were analyzed by
MatInspector. Deletion of Mxrel in the design of Paoxi-catr caused a deletion of Msn2
binding motif, which is a transcriptional activator for the genes in the multi-stress
response (FSYSTR; matrix: FSMSN2.01); while, a Cat8 (F$CSRE; matrixes:
FSCAT8.01), and two Gal4-class motifs (FSMGCM; matrixes: F$LYS14.01;
FSRGT1.02) were created. Furthermore, a GATA-type zinc finger protein Gatl
(F$GATA; matrix: F$GAT1.01), and homeodomain transcriptional repressor
Matalpha2 (F$YMAT; Matrix: FSMATALPHAZ2.02) were identified on Paoxi-catt.

Deletion of Mxre3 in the Paoxi-cat design resulted in the loss of some potential
TFBBs; which are, a Rfx1 (FSRFXP; matrix: F$RFX1.02), two Rapl (FSYRAP;
matrixes: FBRAP1.02, F$RAP1.03), a CSRE denoted by RDS2 (F$CSRE; matrixes:
FSRDS2.01), a Aft2 (F$IRTF; matrix: F$AFT2.01), a Swi4 (F$YMCB; matrix:
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F$SWI14.01), a Mcm1 (F8YMCM; matrix: FEMCM1.02), a Ste12 (F$PRES; matrix:
F$STE12.01), and a Hmra2 (F$YMAT; matrix: FBHMRAZ2.01) binding motif were

deleted based on MatlInspector results.

In Paox1-cat> design some putative TFBBs were formed in addition to the targeted Cat8
(F$CSRE; matrix: F$CAT8.01). According to the in silico analysis these are: a Gal4
(F$YGAL; matrix: F$GAL4.01), a Asgl (FSASGL; matrix: F$ASG1.01), a Prl
(FSARPU; matrix: F$PPR1.01), a Rgtl (FSMGCM; matrix: FSRGT1.02), and two
Hal9 (FSHALY; matrix: FSHAL9.01) binding motifs.

In the design of Paoxi-cas, deletion of Mxre5 resulted in the loss of Forkhead
transcription factor Fhil (FSWHBS; matrix: F$FHL1.01) binding site. Compared to
Paoxi-ut, @ Cat8 (FSCSRE; matrix: F$CAT8.01), and two Rgtl (FSMGCM; matrixes:
FSRGT1.02) binding motifs were identified (Appendix F).

Introduction of Cat8 binding motifs to natural Cat8 TFBS-less Paox: led to significant
changes in the regulation and expression strength of the promoter. When a Cat8
binding motif was introduced onto the Mxre5 position, ethanol repressive Paoxi
transformed to an ethanol-inducible variant with a single modification. The eGFP
expression with the NEPV Paoxi-catz With ethanol induction was ca. 74% of the eGFP
synthesized with methanol induction with Paoxiwt. Contrariwise, the expression
capacity with Paoxi-caz increased to 169% of Paoxi-wt in methanol. Hartner et al.
(2008) reported that deletion of d5 (-322 to -264 bp) that includes Mxre5 and some
extra nucleotides (Figure 4.16) resulted in a 60% decrease in the activity with Paoxi,
is a confronting result. The architecture of Paoxi-catz Which is based on Cat8 binding
sequence addition and deletion of Mxre5 that is a binding site for the main activator
of Paox1 in methanol, contributed to the strength of Paoxi-cas in methanol, is indeed
noteworthy. In the methanol-grown cells, replacement of Mxre3 with Cat8 binding
motif also increased the expression strength under Paoxi-carz Up to 180% that of the
obtained with Paox1-wt; but, Paoxi-cat> Sustained the ethanol suppression characteristics

of Paoxiwt. Replacement of Mxrel with Cat8 binding site did not lead to any
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significant change in Paox: regulation and expression. Although, the NEPVS Paoxi-
cat2 and Paox1-cats €xhibit different regulations and strength in response to ethanol and
methanol, both are repressed by glucose and glycerol, as stronger inducible variants
of the naturally occurred Paoxi-wt by performing the same tight regulation pattern of
Paoxt in response to glucose and glycerol.

Among the designed three NEPVs with Cat8 modifications, the performance of the
NEPV Paoxi-catz Was the best, and then Paoxi-care. Effects of Cat8 binding sites on the
strength and regulation of Paox1v decrease as they are getting farther away from the
core promoter and translation start site which is in agreement with the findings of
Sharon et al., (2012). Sharon et al., (2012) observed this effect with a shorter (~100-
bp) length of the promoter region. Our results reveal the decay in the effectiveness of
TFs occurs after a critical length from the start codon as demonstrated by the NEPVs
Paoxi-cat3, Paoxi-care, and Paoxi-catr, Which are located, respectively, with a spacer
length of 282 bp, 610 bp, and 830 bp.

In the design of Paoxi-catz Cat8 binding motif of P. pastoris PapH2 Was integrated. This
motif is found at the minus strand of Papn2 and integrated into the minus strand of
Paox1. After the destruction of the Mxre3 the increased expression with Paoxi-car in
methanol shows that even inversely oriented Cat8 motif of Paoxi-cate €xhibits similar
function with the straight Cat8 motif of Paoxi-cats. Influences of the changed orienta-
tions of TFBSs on transcriptional activation were compared by Sharon et al. (2012)
and a significant change has been found for 6 yeast transcription factors out of 75
tested in S. cerevisiae. Sharon et al. (2012) reported that orientation of Adrl binding
site has a significant effect on transcriptional regulation; whereas, orientation of Cat8,
as well as the Sip4 binding site, has no significant effect on transcriptional regulations.
Our results demonstrate that Cat8 can substitute the decrease in Paoxi activity resulted
from the loss of Adrl(Mxrl) binding site. Cat8 binding motif is not identified on
naturally occurring Paox1; however, the results reveal that Cat8 can collaboratively
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function with the native transcriptional architecture for efficient activation of the

promoter in methanol.

4.3.3 NEPVs of Paoxi-Design-3: Integration of Aca2 TFBS

Based on in silico analysis results by MatlInspector, neither Acal nor Aca2 binding
motifs were identified on Paox:. S. cerevisiae Aca2 was considered important for
utilization of non-optimal carbon sources, and Aca2 null mutants were found to be
more vulnerable to ethanol and oxidative stresses (Liu et al., 2016). However, the
designed PapH2-addaca did not show a significant change in the promoter activity in

ethanol.

P. pastoris has only Acal (PAS_chr3_0135) and not have paralog Aca2(Cst6). Thus,
the identified putative Acal/Aca2 biding sites should be allocating as a binding site
for only Acal, as there is no report on the function of P. pastoris Acal, yet. Therefore,
the aim of designing the NEPV Paoxi-aca is discovering the function of P. pastoris
Aca in the AOX1 promoter architecture. Thus, Aca2 binding sequence that was
identified in P. pastoris PapH2 Was integrated at -439 to -419 bp positions of Paox1 by
replacement of the original sequence. The NEPV was designed according to the
architecture depicted in Figure 4.20, where the original nucleotides located in the

determined positions were mutated as presented:

Design of Paox1i-Aca
TGGTCAAAAAGAAACTTCCAA was replaced by:
GCCTATTGTAGACGTCAACCC
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Figure 4.20 Design of the promoter architecture of the NEPV Paoxi-Aca

Putative TFBSs of the NEPV was analyzed using MatInspector. In the design of
Paox1-aca @ glucose-dependent zinc finger transcriptional activator, Azfl (F$AZF1;
matrix: F$AZF1.01) and Mcm1 (FSYMCM; matrix: FEMCMZ1.02) binding motifs
were destructed. Instead, a targeted Aca2 (F$BZIP; matrix: F$CST6.01), a Mot3
(Modifier of transcription 3) (F$MOT3; matrix: FSMOT3.01), and two mating related
TFs MatlMc (FSMMAT; matrix: FSMAT1MC.01) and Matalpha 2 (F$YMAT,;
Matrixes: FEBMATALPHAZ2.02) binding motifs were created.

Integration of an Aca2 binding site into originally Aca2-less AOX1 promoter
significantly increased the eGFP expression in the methanol-grown cells. Paoxi-Aca
expression level reached 138% activity of Paox: in methanol, and the repression by
glycerol, glucose, and ethanol were sustained. Hartner et al., (2008) reported that
duplication of Mat1-Mc motif led to a 3-fold increase in the activity of Paox: under
derepression conditions. Based on Matlnspector results, a Matl-Mc site was
generated; but screening results demonstrated that Paoxi-aca Was still repressed by
glycerol and there was no difference in the activity of the NEPV compared to Paoxi-

wt at limited glucose condition.

S. cerevisiae Aca?2 is a stress-responsive element and used in the utilization of non-
optimal carbon sources (Liu et al., 2016). Aca2 null-mutants cannot grow on
respiratory carbon sources like ethanol or glycerol (Garcia-Gimeno and Struhl, 2000).
Although Aca2 binding motif was identified in naturally occurring P. pastoris PapHz,
integration of an additional Aca2 motif did not lead to any change in the activity with

PapH2-aca IN response to ethanol; however, Paoxi-aca demonstrated an increased
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transcriptional capacity in response to methanol. PapH2 and Paoxi engineering results
advocate that due to the methylotrophic nature of P. pastoris, Acal may gain new
functions; and, instead of ethanol it may become more active on the regulation of
methanol utilization pathway genes. However, Aca2 binding motifs found by
MatlInspector disputed this argument, since there was an Aca2 binding site on Paphz
but not on Paoxi, as these bioinformatics tools cannot always determine the real
situation, yet. Therefore, Matinspector could not identify some of the Adr1(Mxrl)
binding sites on Papn2v. AS there is not any TFBS database for P. pastoris yet, in
silico analysis of P. pastoris promoters by Matinspector depending on its release
number still have a developing capacity which limits high fidelity identification of the
TFBSs.

4.3.4 NEPVs of Paoxi-Design-4: Combinatorial Engineering of Paox:

In the next phase of Paox1 engineering, combinatorial effects of the performed design
and constructions were analyzed. As the most challenging results were observed with
the mutations that were in close proximity to the core promoter, the findings related
to the design were applied together in the design of the NEPVS Paoxi-cat3adrs and
Paoxi-Acacatzadrs. Consequently, the NEPV Paoxi-mod Was constructed in order to make
an evaluation in a broader context. The NEPVS Paoxi-cat3adr3, Paox1-Acacatsadrs, and

Paox1-mod Were designed according to the architectures depicted in Figure 4.21.
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Figure 4. 21 Design of the promoter architectures of the NEPVS: a) paoxi-cataadrs, b)
Paox1-Acacat3adr3, C) Paox1-mod

In the design of Paoxi-canadrs Mxre5 and Mxre6 were replaced by Cat8 and Adrl
binding motifs, respectively. In the single modifications, Paoxi-adrs did not show any
significant difference compared to Paoxi-wt; While Paoxi-cats was considerably active
with ethanol and performed ca. 74% of the expression obtained with that of methanol-
induced Paoxi-wt. Furthermore, under Paoxi-cats the expression reached 169% that of
the obtained with Paoxi-wt in the methanol-grown cells. The ethanol and methanol-
grown cells constructed with Paoxi-caiadrs demonstrated 85% and 133% of the
expression strength of methanol-induced Paoxi-wt, respectively, is indeed important.
Although single AOX1-Adr3 modification did not create any difference, when
combined with the AOX1-Cat3 modification, the novel design contributed to the
expression in ethanol. Therefore, we can conclude that replacement of Mxre5 with

the optimized S. cerevisiae Adrl binding palindromic repeats provide a docking

143



platform for P. pastoris Mxrl(Adrl) TF which function together with the

corresponding activator of the newly introduced Cat8 binding site.

When Aca2 binding motif was integrated to Paoxi, the construct enabled ca. 33%
increase in activation in methanol, whereas there is not an increase in induction in
ethanol. Likewise, Aca2 engineering did not improve the strength of PapH2 in ethanol.
Further, when Aca2 binding motif was integrated to Paoxi-catzadr3 Variant, the activity
of the NEPV in ethanol was reduced from 85% to 60%, while the activity in methanol
induction was increased from 133% to 165%. The contribution of Aca2 on
transcriptional activation in methanol was observed with the Paoxi-aca design with the
single-modification, and also with the Paoxi-acacat3adrs design created with
combinatorial modification. Some mutations probably need additional design

attempts to demonstrate their intrinsic potential, as was observed with Paoxi-cat3adrs.

In order to determine and demonstrate the concerted effect of the seven distinct
modifications, Paoxi-mod Was constructed and its expression strength and regulation
potential were tested. Among all the Paox: variants, the highest expression capacity
was observed with Paoxi-mod Which reached 130% and 197% activity of the wild-type
promoter in the ethanol and methanol-grown cells, respectively. Thus, we
conclusively demonstrated that Acal, Adrl, Cat8-1, Cat8-2, together with native
transcriptional architecture of Paox1, operate in harmony and the concerted effect of
which enhanced the transcriptional strength and expression potential under the NEPV
Paox1-mod. Paox1 engineering results demonstrated that Paoxi tight regulation is mainly
provided by its cis-acting elements. Ethanol repression characteristic of Paox1 was
mainly controlled by the absence of Cat8 binding motifs. Here it is shown that
replacement of Mxre5 by Cat8 binding motif altered the ethanol repression
characteristic of Paox1 to be ethanol-inducible, is indeed important. The significant
change in the regulation of Paox: was achieved with only a single TFBS modification;

where, strong ethanol regulated Paoxi-mod Was created using the seven design tools
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simultaneously. Expression strength of Paoxi-mod OUtcompeted Paoxi-wt in methanol

and ethanol-induced Paoxi-mod €Xpression strength was on par with Paox1-wt.

4.3.5 Expression Potential of NEPVs of Paoxi: Influence of Carbon Sources

After the transformation of P. pastoris X33 cells, least ten clones for each construct
were analyzed for a reliable comparison; and, the clones representing whole
population were selected for further analysis. The specific eGFP synthesis values of
the constructed novel strains based on the fluorescence intensity related to the cell
volume (Hohenblum et al., 2003); and, in eGFP fluorescence calculations, geometric
mean of the cell population was used. eGFP synthesis level of Paoxi-wt under 1% (v/v)
methanol induction is considered as 100%; and, eGFP synthesis levels of the
constructed strains were correlated to this value.

In order to evaluate the transcriptional potential of Paoxiv, final screening
experiments were performed with three biological replicas of each strain in 24 deep-
well plates at 25°C, 225 rpm for 20 h in each production medium. Precultivation was
performed in YP Media without glucose. After 20 h precultivation, the cells were
harvested by centrifugation and inoculated into each production medium at specified
initial cell concentrations, as explained in section 3.7.2. P. pastoris cells that carry
intracellular eGFP expression cassettes with the NEPV's of Paox1 demonstrated similar
cell growth under the same induction condition. Nevertheless, their eGFP production
levels showed different patterns. In order to evaluate the regulation and expression
strength of the NEPVs of Paox1, P. pastoris cells containing Paox: variants with eGFP
gene were screened with fermentations using five different carbon sources, i.e. E: 2%
(v/v) ethanol, M: 1% (v/v) methanol, X: limited glucose, D: excess glucose, G: excess
glycerol. The eGFP expression levels were calculated relative to Paoxi-wt productivity
in methanol. The results are presented in Figure 4.22 and Table 4.11.
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Figure 4.22 Normalized eGFP synthesis capacity of novel P. pastoris strains with the
NEPVs relative to Paoxi-wt (%)m in different carbon sources at the cultivation time of
t = 20 h. Calculations were carried out based on arbitrary fluorescence units. Mean
values of 3 different clones are presented. Detailed information including statistical
analysis is presented in Table 4.11. Carbon sources: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, G: excess glycerol, D: excess glucose. Error bars
represent the standard deviation (£)

Screening results demonstrate that all the NEPVs of Paox: sustain their regulated gene
expression pattern. Although some of them exhibit increased strength in response to
methanol and ethanol, all are still repressed by the excess glucose and excess glycerol.
At limited glucose condition, Paoxi-cat3, Paoxi-cat3adr3, and Paoxi-mod €Xhibited slightly

higher derepression activities than Paoxi-wt.
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Table 4.11 The normalized eGFP synthesis capacity of novel P. pastoris strains with
the NEPVs relative to Paoxi-wt (%)m in different carbon sources at the cultivation time
of t = 20 h. Mean values of 3 different clones are presented. Significance of
differences to the control strain was calculated with Student's t-test. (* p-values <0.05;
** p-values <0.01). Carbon sources: E: 2% (v/v) ethanol, M: 1% (v/v) methanol, X:
limited glucose, D: excess glucose, G: excess glycerol.

Normalized eGFP concentrations

Paox1 Variant E M X D G

AOX1-wt 9+1 100+7 8+1 1+0 2+1
mMAOX1-Adrl 9+1 98+4 8+1 2+1 2+0
MAOX1-Adr2 9+1 98+4 8+0 2+1 2+0
MAOX1-Adr3 8+0 97+5 70 10  2+1
mMAOX1-Catl 9+0 96+5 8+1 2+1 2+1
MAOX1-Cat2 8+0 180£7%** 8+0 2+0  2+0
mMAOX1-Cat3 T4+5%* 169+6** 13+1**  4+1 4+0
mMAOX1-Aca 10+£1 138+2** 6=+0 240 1£0
MAOX1-Cat3Adr3 85+6** 133+£3** 13+1**  4+1 3+0
mMAOX1-AcaCat3Adr3 60L7** 165£11%*  8+1 3+1 2+0
Mod-AOX1 130£8**  197+£11**  12+0** 30  4+1

The contribution of Cat8 to methanol utilization pathway was not identified yet.
Further in the literature, in silico analysis of Paoxi-wt did not reveal any Cat8 binding
motif. Our results indicate that Cat8 can collaboratively function with inherent
promoter architecture of Paoxs for increasing the activation in methanol; and, more
importantly achieve ethanol-induced activation. P. pastoris Acal also exhibited an
activator function in the MUT pathway although its homolog S. cerevisiae Aca2
known as an activator in ethanol, glycerol, and raffinose utilization pathways (Garcia-
Gimeno and Struhl, 2000). In accordance with the literature, the Aca2 binding motif
was not identified on Paoxiwt but was identified on Papn2. Overall, our findings
demonstrated that Aca2 engineering was mainly effective in Paoxi. Due to the
methylotrophic nature of P. pastoris, we conclude that P. pastoris Acal gained new

functions while losing some others. Therefore, since methanol is the prominent
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carbon source of P. pastoris, Acal may function on the activation of the methanol
utilization genes. The reason of not identifying any Acal and Aca2 binding motif in
Paox1 by in silico analysis can be the lapse of the software due to differences between
the DNA binding motif of P. pastoris Acal and S. cerevisiae TFBS database. The
influence of the TFBS is linked to their proximal and distal elements which can be
stimulatory or inhibitory on the promoter. Therefore, Acal and Aca2 probably
influence the activity of Papn2 if its binding motif was inserted in some other

nucleotide positions within the promoter sequence.

The results revealed that, promoter engineering approaches on Paox: created a Paox1
library that span in the range of 74% to 197% activity of Paoxi-wt; furthermore, Paox:
repression in ethanol was altered with a single TFBS modification. Although
promoters have very complicated activation and repression mechanisms, P. pastoris
Paox1 repression in ethanol is mainly controlled in the absence of the Cat8 binding
site. Therefore, if a Cat8 motif is introduced to a rationally designed position on Paoxi,
the NEPV can be induced by ethanol as much as methanol. Acal can also be used to

strengthen Paox: in methanol.

4.3.6 eGFP Transcript Levels of the NEPVs of Paox1

To confirm the enhancement in the strength and altered regulation of the the AOX1
promoter variants, the transcription levels of eGFP in P. pastoris variants were
analyzed by means of qPCR experiments. Comparative Ct method (AACt) was used
for the relative quantification. mMRNA expressions of eGFP were normalized relative
to Actin mRNA expression; thereafter, divided by normalized eGFP expression
performed with Paoxi-wt, and MRNA transcription ratios (mTRs) were determined and
presented in Figure 4.23 and Table 4.12.
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Figure 4. 23 mRNA transcription ratios (mTRs) of eGFP in 2% (v) ethanol and 1%
(v/v) methanol grown P. pastoris cells under Paoxiv control at t = 20 h. Transcript
levels were normalized to ACT1 mRNA expression and presented relative to methanol
induced Paoxi-wt. The error bars represent the standard deviation of three technical
replicates. M: 1% (v/v) methanol; E: 2% (v/v) ethanol.

Subsequent measurement of the transcription levels confirmed that the NEPV'S Paoxa-
cat3, Paoxi-Aca, and Paoxi-mod have stronger transcription capacity with the mTRs of
1.6, 1.5, and 1.8 of Paoxiwt, respectively. Further, in 2% (v/v) ethanol, no eGFP
transcription was detected by Paoxi-wt. However, at the same ethanol concentration,
Paoxi-cats and Paoxi-mod €nhanced the mTR, respectively, to 0.7- and 1.3 compared to

that of the 1% (v/v) methanol-induced Paoxi.
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Table 4. 12 mRNA transcription ratios (mTRs) of eGFP in methanol and ethanol
grown P. pastoris cells carrying Paoxivat t = 20 h. Transcript levels were normalized
to ACT1 mRNA expression and presented relative to methanol induced Paoxi-wt.
(M):1% (v/v) methanol, (E): 2% (v/v) ethanol; StDev: standard deviation of three
technical replicates

Promoter MTR of eGFP StDev
AOX1-wt #1 (M) 1.0 0.1
AOX1-wt #4 (M) 1.2 0.1
AOX1-Cat3 #1 (M) 1.4 0.0
AOX1-Cat3 #3 (M) 1.7 0.1
AOX-Aca #2 (M) 1.4 0.1
AOX-Aca #8 (M) 1.6 0.0
AOX1-mod #1 (M) 1.7 0.1
AOX1-mod #6 (M) 1.9 0.1
AOX-wt #1 (E) 0.0 0.0
AOX1-wt #4 (E) 0.0 0.0
AOX1-Cat3 #1 (E) 0.7 0.0
AOX1-Cat3 #3 (E) 0.8 0.1
AOX-mod #1 (E) 1.4 0.1
AOX-mod #6 (E) 1.3 0.0

4.3.7 Extracellular Human Serum Albumin Production by the NEPVS of Paox1

In order to test the potential of the prominent NEPV of Paox1 in extracellular r-protein
production, human serum albumin gene (HSA ), with its native signal sequence was
cloned under the control of Paoxi-mod and for the comparison under Paoxiwt.
Recombinant plasmids were integrated into AOX1 transcription termination locus,
where the promoter variants were independent of the effects of genomic integration
sites; and least ten clones per each construct were screened to obtain reliable results.
Extracellular HSA production was performed in 24 deep-well plates at 25 °C, 225
rpm for 49 h. The precultivation step was performed in YP media at 25 °C and 225
rpm for 20 h, then the cells were harvested by centrifugation and the fermentations

were started with inoculation of the cells at an ODegoo value of 1 in ASMv6 minimal
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medium. Att =0 h, 0.5% (v/v) methanol or 1% (v/v) ethanol was added into shake
bioreactors; and, 1% (v/v) methanol or ethanol was introduced att =5,t =17,t =29,
and t = 41 h of the fermentations to induce the r-protein production. The cells were
harvested at t = 49 h. Extracellular HSA production concentrations were analyzed
with ELISA kit as explained in Section 3.8.3, and the results are presented in Figure
4.24 and Table 4.13.
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Figure 4.24 Extracellular human serum albumin concentrations (Cusa) of the P.
pastoris cells under control of Paoxi-wt and Paoxi-med at t = 49 h. (M): methanol pulse
feed fermentation, (E): ethanol pulse feed fermentation. Error bars represent the
standard deviation among ten different clones (£). Significance of the differences to
the PapH2-wt Was calculated with Student's t-test (** p-values <0.01).
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Table 4. 13 Extracellular human serum albumin production titers of P. pastoris cells
under Paoxi-wt and Paoxi-mod at t = 49 h of pulse feed fermentation. StDev: Standard
deviation among ten different clones. Significance of differences to the PapHz-wt Was
calculated with Student's t-test (** p-values <0.01).

Paox1 Variant Carbon source Chsa (mg/L) StDev
AOX1-wt Methanol 32.1 1.4
Mod-AOX1 Methanol 51.7** 3.7
Mod-AOX1 Ethanol 27.8** 1.2
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Figure 4.25 The cell concentrations of methanol- and ethanol-grown P. pastoris
strains producing HSA under Paox: variants at t = 49 h. (M): methanol pulse feed
fermentation, (E): ethanol pulse feed fermentation. Error bars represent the standard
deviation among ten different clones (+). Cx, wet cell weight (wcw, g/L)
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Table 4.14 The cell concentrations of methanol- and ethanol-grown P. pastoris
strains producing HSA under different Paox: variants at t = 49 h of pulse feed
fermentation. StDev: standard deviation among ten different clones.

Paox1 Variant Carbon source Cx, wew (g/L) StDev
AOX1-wt Methanol 37.7 3.3
Mod-AOX1 Methanol 38.5 2.9
Mod-AOX1 Ethanol 59.5 4.3

The average HSA vyield per gram wet-cell-weight was calculated as Ypx = 0.848
mg/g for the P. pastoris strains producing extracellular HSA under the control of
Paoxi-wt; Whereas, for the P. pastoris strains producing HSA under the control of
Paox1-mod the yield coefficients Yp/x were calculated as 1.341 mg/g and 0.476 mg/g
in methanol- and ethanol-based medium, respectively. The P. pastoris strains with
Paox1-mod reached 1.59-fold higher product yield than that of the Paoxi-wt in methanol
and, 0.55-fold of the Ypx value of Paoxiwt In ethanol. Under the designed
fermentation conditions the cell yield was higher in ethanol containing minimal
medium. The productivity of the cells carrying Paoxi-mod in ethanol (27.8 pug/ml) is

almost equal to the productivity of the methanol-induced Paoxi-wt (32.1 pg/ml).

Differences between extracellular HSA production and intracellular eGFP synthesis
mainly can be because of different screening and induction conditions between eGFP
and HSA production processes. However, differences in amino acid composition
between two model proteins and changing secretion conditions with different carbon
sources should also lead to differences in expression and secretion potential of r-P.
pastoris strains. The preferred ethanol concentration in the extracellular HSA
production was kept quite low compared to eGFP screening to avoid stress-related
protease activity, is indeed important. However, under the controlled fermentation
conditions, higher ethanol concentrations can be used for more efficient r-protein

production. Here it is demonstrated that stronger expression potential and different
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ethanol based regulation pattern of the NEPV Paoxi-mod Was confirmed with the
intracellular eGFP synthesis, eGFP transcript levels, and extracellular HSA
production. Based on the results in this work, it is conclusively demonstrated that

Paox1-mod 1S @ promising candidate for r-protein production.

4.4 Transcriptional Engineering

4.4.1 Transcriptional Engineering of Papn2 Variants

The functions of the P. pastoris transcription factors Adr1(Mxrl), Acal, Cat8-1, and
Cat8-2 on the regulation of Papn2 and the cell metabolism are not clearly known yet.
In order to clarify the roles of TFs whose binding sequences were used in PapH2
engineering in section 4.2, TF overexpression and knock-out P. pastoris strains were
designed and constructed. Since strong and constitutive overexpression of Mxrl
damage the P. pastoris viability (Lin-Cereghino et al., 2006; Vogl et al., 2018), the
repressible promoter of THI11 (Prriz1) was selected with moderate strength in the
design of TF overexpression cassettes. The protein THI11 (PP7435_Chr4-0952) is
involved in the synthesis of thiamine precursor hydroxymethylpyrimidine. Pruiit
reached 63% activity of Peap in the absence of thiamine but is repressed by the
addition of thiamine (Delic et al., 2013). Transcription factor overexpression cassettes
were designed with Prxizz and the transcription terminator of the protein component
of the 40S ribosome (PP7435 Chr1-0118) (RPS3tt). For the construction of the
knock-out strains, GoldenPiCS was used to assemble CRISPR/Cas9 plasmids
(Prielhofer et al., 2017). Humanized Cas9 was cloned with P. pastoris Pprksoo and
terminator ScCYCtt. The designed single guide RNA was cloned with Pgap and
terminator RPS25Att. Cas9 and single guide RNA expression cassettes were cloned

into a single episomal plasmid.

P. pastoris strains harboring eGFP synthesis cassettes under the control of PapHz-v
were used as parent strains for the development of overexpression (OE) and knock-
out (KO) strains. Among the TFs used, deletion of the ACA1 could not be achieved
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after several mutation deletion trials with two different guide RNAs, which enables

to put forward that Acal can be an essential gene for P. pastoris viability.

P. pastoris strains carrying PapHz-wt and the NEPV'S PapH2-addadr, PADH2-Optadr1-3, and
PapH2-nucopt Were transformed with Adrl OE-cassette. eGFP synthesis levels of the
transcriptionally engineered cells (TECs) were investigated in ethanol and methanol
containing fermentation media. None of the P. pastoris Adrl-OE strains showed
increased eGFP synthesis compared to the parent strain in response to ethanol;
however, all became highly active in methanol with a similar improvement in their

productivity.

P. pastoris strains carrying PapH2-wt, and the NEPVS Papr2-addaca, and PapH2-Nucopt
were transformed with Acal OE-cassette. Acal-OE strains demonstrated similar
activity with that of the Adrl-OE strains. ACAL1-OE cassette contributed to the
activation of Paph2 variants with similar increases in eGFP concentrations in

methanol, but not with a similar locus in ethanol.

P. pastoris strains carrying PapH2-wt and the NEPV'S PapH2-optcat, and PapH2-Nucopt Were
transformed with Cat8-1-OE and Cat8-2-OE cassettes. None of the overexpression
strains constructed with the Papn2 variants demonstrated a change in eGFP expression
in ethanol containing medium; while demonstrated usually stronger expressions in
methanol. Since the TECs carrying Papn2 variants and PapHz-wt demonstrated similar
progress in expression levels, further experiments for screening were carried out with
the strains constructed with Papr2-wt. In order to evaluate the Papn2 activity in TF-OE
and TF-KO strains, the screening experiments were carried out in 24-deep well plates
with fermentations using five different carbon sources. P. pastoris OE and KO strains
were precultivated in YP media at 25 °C, 280 rpm for 20 h. The cells were harvested
by centrifugation and inoculated into ASMv6 minimal media containing one of the
tested carbon sources. The fermentations were carried out at 25 °C, 280 rpm for 20 h.
The cells were harvested and diluted in PBS buffer to an ODsoo value of 0.4, and

fluorescence intensities of the cells were measured with Flow Cytometry. Normalized
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eGFP concentrations of OE and KO strains are presented in Figure 4.26 and Table
4.15.
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Figure 4.26 Normalized eGFP synthesis capacity of transcriptionally engineered
Pichia pastoris strains with PapH2-wt With different carbon sources at t = 20 h. Mean
values of 3 different clones are presented. Error bars represent the standard deviation
(¥). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v) methanol, X: limited
glucose, D: excess glucose, G: excess glycerol. Detailed information including
statistical analysis is presented in Table 4.15.
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Table 4. 15 Normalized eGFP synthesis capacity of TF-OE and TF-KO P. pastoris
strains with Papr2-wt relative to ethanol grown wild-type P. pastoris strain carrying
PapH2-wt at the cultivation time of t = 20 h. Mean values of 3 different clones are
presented. Significance of differences to the control strain was calculated with
Student's t-test. (* p-values <0.05; ** p-values <0.01). Screening conditions: E: 2%
(v/v) ethanol, M: 1% (v/v) methanol, X: limited glucose, D: excess glucose, G: excess
glycerol

Normalized eGFP concentrations in the TECs

P. pastoris Strain E M X G D
ADH2-wt 100+£5 19+1 9+3 7+0 60
ADH2-wt Acal-OE 90+6 S5TE2%* 16+1%* 12+0%*  11£1%*
ADH2-wt Adr1-OE 99+3 83+6%* 28£2%*  Q]L]1**F 313 **
ADH2-wt Cat8-1-OE 102+1 29+5% 21£2%*%  9£2 6=+1
ADH2-wt Cat8-2-OE 99+4 61£1** 37£4%%  33L0%*  OL(**
ADH2-wt adr1A 67£1%*  183£21%* 25£1**  19£0**  16+0%*
ADH2-wt cat8-1A 128£5%*  11£0%** 8+0 6+0 5+0
ADH2-wt cat8-2A 1354£5%*  12+1%* 9+0 60 5+0
ADH2-wt cat8-1Acat8-2A  71+£6**  8+0** 7+0 60 5+0

Ethanol induced intracellular eGFP relative concentrations in wild-type P. pastoris
strain carrying naturally occurring Paprz-wt Was considered as 100 units, and eGFP
concentrations were correlated accordingly. For simplicity purposes in this part of the
thesis, ethanol induced wild-type P. pastoris constructed with Papr2-wt Will be
mentioned as “the wild-type strain”. In ethanol-grown P. pastoris cells,
overexpression of TFs did not lead to any change in the promoter performance; but in
methanol, the eGFP expressions in the strains constructed with Papr2 transformed into
Acal-OE, Adrl-OE, Cat8-1-OE, and Cat8-2-OE reached, respectively, 57%, 83%,
29%, and 61% expression level of the wild type strain. The highest derepression effect
was observed with Cat8-2-OE strain at limited glucose and excess glycerol; where,
with Papr2-wt the expression reached 37% and 33% of the ethanol induced wild-type

promoter activity, respectively.
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In excess glucose, only Adr1-OE strain increased the expression while others continue
to sustain repressed characteristics of Papn2. Deletion of ADR1 gene reduced the
expression under PaprH2 to 67 % that of the wild-type strain. But in methanol, adriA
mutant with Papn2 showed a significant increase in activity reaching 183% of the
wild-type strain despite the cells failed to grow. These results demonstrate that Adrl
is not the main regulator of P. pastoris PapH2. Even in the absence of Adrl, Paph2
shows remarkable expression performance in the ethanol-grown cells. Further, in
adrlA mutants, the expression performance of Papr2 increased significantly with the
carbon sources methanol, limited glucose, excess glucose, and excess glycerol. The
results reveal that Adrl is an activator of Papz in the ethanol-grown cells. But with
the substrates methanol, glucose, and glycerol, Adrl functions as a transcriptional
activator and also a repressor of Papn2. Since eGFP synthesis is high in Adr1-OE and
as well as in Adr1-KO strains, the changes in the concentration of Adrl in the TECs
can influence the other TFs that are involved in the activation or repression of PapHe.

In the ethanol-grown cat8-1A and cat8-2A mutants, Papn2 expressions increased,
respectively, to 128% and 135% of the wild-type strain, while both deletions create
repression on PapH2 in the methanol-grown cells. The evidence for P. pastoris is
contradictory to that of reported for S. cerevisiae; where Cat8 is a positive regulator
of Papr2, and deletion of Cat8 reduced the activity of S. cerevisiae Papr2 to 12.5% of
the wild-type S. cerevisiae (Walther and Schiiller, 2001). In order to gain a deeper
understanding, P pastoris Cat8-1 and Cat8-2 transcript levels were investigated; and,
a regulation between P. pastoris Cat8-1 and Cat8-2 was identified, which is indeed
interesting. CAT8-1 transcript levels increased 1.5-fold in the ethanol-grown cat8-2A
strains, while CAT8-2 transcript levels increased 1.5-fold in the ethanol grown cat8-
1A strains. No significant regulation between Cat8-1 and Cat8-2 was identified in the
methanol-grown cells. Therefore, we found out that when one of the Cat8 TFs, either
Cat8-1 or Cat8-2, exists in P. pastoris, Papn2 activation enhances. Papn2 activation in
the carbon source ethanol with Cat8-1, and in methanol with Cat8-2, enhanced the

expression performance in P. pastoris strains. To clarify the regulatory functions of
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Cat8-1 and Cat8-2 on PapH2, a double knock-out strain was designed and constructed.
The cat8-1Acat8-2A mutant PapH2 expression was decreased to 71% of the wild-type
strain; furthermore, P. pastoris lost its ethanol utilization ability. Thus, it is
conclusively demonstrated that Cat8-1 and Cat8-2 TFs are the transcriptional
activators of Papn2 in P. pastoris.

However in S. cerevisiae, CSRE is occupied by the TFs Cat8 or Sip4 in activation of
the gluconeogenesis, glyoxylate shunt, and ethanol utilization pathway genes
(Hiesinger et al., 2001). Both Cat8 and Sip4 can bind to the CSRE independently but
unequally. Under glucose derepression condition, S. cerevisiae Cat8 and Sip4
contribute to the activation of CSRE-dependent genes 85% and 15%, respectively
(Hiesinger et al., 2001). S. cerevisiae PapH2 UAS2-dependent gene activation is
specifically fulfilled by Cat8, but not with the related zinc cluster transcriptional
activator Sip4 (Walther and Schiiller, 2001). In P. pastoris, two homolog proteins,
namely, Cat8-1 (PAS_chr2-1 0757) and Cat8-2 (PAS_chr4_0540) are determined,
and both show high homology to S. cerevisiae Cat8 and S. cerevisiae Sip4. The results
demonstrate that both P. pastoris Cat8-1 and Cat8-2 can equally contribute to
activation of P. pastoris PapH2 which exhibits different regulation than in S.

cerevisiae.
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Table 4.16 The cell concentrations of P. pastoris TF-OE and TF-KO strains att = 20
h, in terms of ODsoo values. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol

The cell concentrations in terms of ODsoo values

TECs E M X G D

ADH2-wt 3.1 3.3 11.2 3.4 2.7
ADH2-wt Acal-OE 3.1 1.8 114 1.8 1.8
ADH2-wt Adr1-OE 3.1 2.0 12.2 2.6 2.4
ADH2-wt Cat8-1-OE 2.8 4 11.6 3.5 2.3
ADH2-wt Cat8-2-OE 2.8 3.2 11.6 3.3 2.1
ADH2-wt adr1A 1.5 1.0 1.8 0.5 0.5
ADH2-wt cat8-1A 1.5 3.3 9.6 3.7 2.5
ADH2-wt cat8-2A 2.1 3.5 5.7 3.1 2.4
ADH2-wt cat8-1Acat8-2A 1.0 2.9 5.7 3.8 3.0

The growth characteristics of TECs reveal that, the growth of Acal-OE strain was
low in the fermentations in methanol, excess glucose, and excess glycerol; but not in
ethanol and limited glucose fermentations (Table 4.16). The cell concentration of the
Adr1-OE strain was also low in methanol, although Adrl (Mxr1) is the main regulator
of the MUT pathway in P. pastoris (Lin-Cereghino et al., 2006). On the other hand,
for the overexpression of Adrl under the promoter Pgap, meanwhile Vogl et al (2018)
reported the decrease in the transformation rate. Adrl-OE and Adrl-KO results
indicate that there is a fine-tuned Adrl concentration level in the cell. Even small
changes significantly affect the cell metabolism, especially in methanol. Lin-
Cereghino et al., (2006) showed that adrlA mutants cannot grow in methanol, while
there is no difference in the cell growth with other carbon sources. Similar to the
findings of Lin-Cereghino et al., (2006), P. pastoris adr1A mutants lost their ability
to grow in methanol containing minimal media. However, contrary to the results of
Lin-Cereghino et al., (2006), P. pastoris adrlA mutants demonstrated growth
impairment in all the other carbon sources, as well. Whole genome transcriptome

profiling of S. cerevisiae using DNA microarrays revealed 108 Adr1-dependent genes
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for expression (Young et al., 2003). The major categories of the functionally
annotated Adrl-dependent genes are related to non-fermentative carbon metabolism
(21%), peroxisome biogenesis and B-oxidation (11%), amino acid transport and
metabolism (11%), meiosis and sporulation (8%), and transcriptional regulation, and
signal transduction (6%); whereas, 30% of Adrl-dependent genes have unknown
functions yet (Young et al., 2003). The growth impairment observed by P. pastoris
adrlA in minimal media containing methanol, ethanol, limited glucose, excess
glucose, or excess glycerol, can be because of genome-wide deeply integrated
regulatory effects in P. pastoris Adrl(Mxrl). Cat8-1 and Cat8-2 OE strains
demonstrated similar cell yield to their parent strains. P. pastoris cat8-1A strain
reached lower cell concentrations in ethanol containing media while CAT8-2 deletion
has a less pronounced effect on the cell growth. Moreover, cat8-1Acat8-2A mutant

strain cannot grow in minimal media with ethanol as sole carbon source.

TECs carrying PapH2 generated some novel ethanol-free r-protein expression systems
with Papr2-wt including derepression in limited glucose and excess glycerol. The
highest derepression potential was observed in Cat8-2-OE strain, in which 37% of the
wild-type activity was achieved at limited-glucose fermentation. The highest ethanol
induction was achieved in cat8-2A strain, where Papn2 performed 135% activity of
the wild-type strain. Adrl1-OE increased the methanol induction potential of PapH2 to
83% that of the wild-type. However in methanol, deletion of the Adrl resulted in
higher expression with Papn2 that reached 183% expression level of the wild-type;
where, the cell concentration of adrlA did not increase in methanol but the eGFP
expression continued. Therefore we can assume that P. pastoris adrlA strain can
maintain the cellular activities at a basal level at limited methanol utilization

condition.
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4.4.2 Transcriptional Engineering of Paox: Variants

The TECs carrying Paox1-wt and the NEPV Paox1-mod Were designed by overexpression
and deletion of P. pastoris Adrl(Mxrl), Acal, Cat8-1, and Cat8-2 transcription
factors. Same overexpression and knock-out cassettes were used for the design and
construction of the TECs carrying Paoxi, as in section 4.4.1 for the Papn2. P. pastoris
strains harboring eGFP synthesis cassettes under the control of Paoxi-wt and Paoxi-mod
were used as parent strains for the development of overexpression (OE) and knock-
out (KO) strains. Among the TFs, deletion of ACAL could not be achieved after
several deletion mutation trials with two different guide RNAs. In order to evaluate
the Paox1 variants activity in TF-OE and TF-KO strains, screening experiments were
performed in 24-deep well plates with fermentations with five different carbon
sources. Precultivation of P. pastoris OE and KO strains were performed in YP media
at 25 °C, 280 rpm, for 20 h. The cells were harvested by centrifugation and inoculated
into ASMv6 minimal media containing one of the tested carbon sources. Production
phase was performed at 25 °C, 280 rpm for 20 h. The cells were harvested and diluted
in PBS buffer to an ODeoo value of 0.4, and eGFP fluorescence intensities of the cells
were measured by Flow Cytometry. Normalized eGFP concentrations of OE and KO

strains are presented in Figure 4.27 and Table 4.17.
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Figure 4.27 Normalized eGFP synthesis capacity of transcriptionally engineered
Pichia pastoris strains with Paox1-wt With different carbon sources at t = 20 h. Mean
values of 3 different clones are presented. Error bars represent the standard deviation
(). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v) methanol, X: limited
glucose, D: excess glucose, G: excess glycerol. Detailed information including
statistical analysis is presented in Table 4.17.

Methanol induced eGFP synthesis in wild-type P. pastoris with Paoxi-wt was
considered as 100 units and expression measurments were correlated accordingly. For
simplicity, methanol induced wild-type P. pastoris with Paoxi-wt Will be mentioned as

“the wild-type strain”.
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Table 4.17 Normalized eGFP synthesis capacity of TF-OE and TF-KO P. pastoris
strains with Paoxi-wt relative to methanol grown wild-type P. pastoris strain carrying
Paoxi-wt at the cultivation time of t = 20 h. Mean values of 3 different clones are
presented. Significance of differences to the control strain was calculated with
Student'’s t-test. (* p-values <0.05; ** p-values <0.01).Screening conditions: E: 2%
(v/v) ethanol, M: 1% (v/v) methanol, X: limited glucose, D: excess glucose, G: excess
glycerol

Normalized eGFP concentrations in P. pastoris

TECs E M X G D

AOX1-wt 11£1 100+4 4+0 240 3+0
AOX1-wt Acal-OE 1343 153+4** 241 3+1 4+1
AOX1-wt Adr1-OE 15+4 345+1**%  14+3* 23+8* 6+3
AOX1-wt Cat8-1-OE 12+1 118+£7*  4+0 3+1 310
AOX1-wt Cat8-2-OE 14£1%*  118+2%*  3+] 3+1 3+0
AOX1-wt adr1A 3+0%** 8+0** 2+1 240 3+1
AOX1-wt cat8-1A 22+1*%*  117£1** 441 2+] 3+0
AOX1-wt cat8-2A 214£0%*%  132+45%*%  5+1 240 3+0

Overexpression of all engineered TFs increased the Paoxi-wt €xpression in methanol
while the highest progress was observed with Adrl(Mxrl) overexpression. Under
derepressed conditions, only Adrl-OE increased the strength of Paoxi. Besides, in
excess glycerol only the TECs transformed with Adr1-OE reached to 23% expression
strength of the wild-type strain. Deletion of ADR1 gene caused total loss of Paoxi-wt
activity in all the fermentations carried out with different carbon sources. As
described in section 4.4.1, deletion of ADR1 decreased PapH2-wt €Xpression strength to
67% of the ethanol induced wild-type P. pastoris with Papn2-wt; While, in the other
carbon sources Papr2-wt €Xpression levels increased in the adrlA cells. However in S.
cerevisiae adrlA mutant, PapH2 activity reduced to 19.5% of the wild-type strain
(Walther and Schiiller, 2001). Thus, Adrl was annotated as alcohol dehydrogenase 2
synthesis regulator. In P. pastoris Adrlis the main activator of Paox1 in methanol;
therefore, its annotation as “methanol expression regulator 17 (Mxrl) clearly defines

its role in P. pastoris accurately.
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The TEC transformed with overexpression of the TF Acal increased Paox: activity to
153% of the wild-type strain, although no Acal and Aca2 binding motif was identified
on Paoxi-wt by in silico analysis of putative TFBSs by MatInspector. This shows that
Acal may have an indirect effect on activation of Paoxi; where, can interact with
other DNA-bound TFs to increase transcriptional activation or, P. pastoris Acal may
have a different DNA binding motif. The function of Aca2 was identified as a TF for
non-optimal carbon source utilization in S. cerevisiae, where, aca2A mutants showed
delayed or no growth on respiratory carbon sources such as ethanol, glycerol, and
raffinose (Garcia-Gimeno and Struhl, 2000). However, the influence of the Acal
deletion was very detrimental and no viable P. pastoris cell was obtained after the
transformation, which allows to conclude that Acal can be an essential gene for P.
pastoris. However, the promoter- and transcriptional- engineering results
conclusively demonstrated that the yet uncharacterized P. pastoris Acal TF acts as
an activator on the regulation of Paox: during methanol utilization. The data obtained
with the quantification of mMRNA transcription levels is supporting the result. An 8-
fold increase was measured in the transcription of ACA1 in the methanol grown adr1A
mutants, while no change was observed with the ethanol-grown cells. The results
indicate that Acal contributes to the activation of Adrl-dependent genes in the
methanol grown P. pastoris. Since the widely used carbon source of P. pastoris is

methanol, it is plausible for Acal to be active on the MUT pathway genes.

In the methanol-grown cells, overexpression of Cat8-1 and Cat8-2 increased the Paox1
activity to 118% of the wild-type strain, while there is no change in ethanol. Deletions
of CAT8-1 and CAT8-2 have prominent effects on P. pastoris Paox-wt. In methanol
and ethanol-grown cat8-1A mutant strains, Paox: activity increased, respectively, to
117% and 22% of the wild-type strains. In methanol and ethanol-grown cat8-2A
mutant strains, Paox: activity increased, respectively, to 132% and 21% of the wild-
type strain. This shows that when there is only one Cat8-protein, can be either Cat8-1
or Cat8-2, activation of Paox1 becomes stronger. Similar results were also observed

with PapHo.
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The mTRs of CAT8-1 and CAT8-2 in adr1A mutant grown in methanol were high and
calculated as 3.3 and 24.0, respectively. Contrarily, no difference was observed in the
ethanol-grown adrlA mutants. These results underpin the function of Cat8-1 and
Cat8-2 in methanol metabolism and Paox: regulation although no putative Cat8

binding motif was identified on Paox1 by in silico analysis.

Table 4.18 The cell concentrations of P. pastoris TF-OE and TF-KO strains att = 20
h, in terms of ODeoo Values. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol

The cell concentrations in terms of ODeoo values

TECs E M X G D

AOX1-wt 2.8 3.2 10.8 2.1 1.8
AOX1-wt Acal-OE 25 2.0 10.6 1.7 1.4
AOX1-wt Adr1-OE 2.6 1.8 10.6 1.8 1.6
AOX1-wt Cat8-1-OE 2.7 24 10.4 2.1 1.7
AOX1-wt Cat8-2-OE 2.5 2.6 11.2 1.4 1.5
AOX1-wt adrl1A 1.8 1.0 1.8 0.4 0.3
AOX1-wt cat8-1A 15 3.3 10.6 2.1 1.8
AOX1-wt cat8-2A 2.3 2.5 11.0 2.1 1.5

The TECs of P. pastoris under Paoxiwt transformed with TF-OE and TF-KO
demonstrated similar cell growth with the TECs under Papr2-wt transformed with TF-
OE and TF-KO; and the ODgqo values of TECs are given in Table 4.18.

Effects of Adrl(Mxrl), Acal, Cat8-1, and Cat8-2 on Paoxi-mod Were investigated
further by the TECs transformed with TF-OE and TF-KO casettes. Screening
experiments were performed using five different carbon sources, and the eGFP
synthesis levels of the TECs with Paoxi-mod in different TF-OE and TF-KO strains are
summarized in Figure 4.28 and Table 4.19.
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Figure 4. 28 Normalized eGFP synthesis capacity of transcriptionally engineered
Pichia pastoris strains with Paoxi-mod With different carbon sources at t = 20 h. Mean
values of 3 different clones are presented. Error bars represent the standard deviation
(%). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v) methanol, X: limited
glucose, D: excess glucose, G: excess glycerol. Detailed information including
statistical analysis is presented in Table 4.19.

In ethanol and methanol containing minimal media, expression levels of Paoxi-mod
reached 169% and 226% of the Paox-wt Without any TF overexpression or deletion
transformations. Among the TECs, overexpression of all the TFs increased the
activity of Paox1-mod in methanol and ethanol; which is different than that of the TECs

constructed with Paox1-wt With an increased activity only in methanol.
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Table 4.19 Normalized eGFP synthesis capacity of TF-OE and TF-KO P. pastoris
strains with Paoxi-mod relative to methanol grown wild-type P. pastoris strain carrying
Paoxi-wt at the cultivation time of t = 20 h. Mean values of 3 different clones are
presented. Significance of differences to the control strain was calculated with
Student'’s t-test. (* p-values <0.05; ** p-values <0.01).Screening conditions: E: 2%
(v/v) ethanol, M: 1% (v/v) methanol, X: limited glucose, D: excess glucose, G: excess
glycerol

Normalized eGFP concentrations in P. pastoris

TECs E M X G D
AOX1-wt 11+1 100+4 4+0 2+0 3+0
AOX1-mod 169+21 226+13 14+0 9+0 10+0

AOX1-mod Acal-OE  180+6 321£15%*  10+£1* 11+1 13+£1*
AOX1-mod Adrl-OE  444+3**  383+4**  16x1**  15+0 160**
AOX1-mod Cat8-1-OE 214+10*  309+12** 17+1* 11+0 11+1
AOX1-mod Cat8-2-OE 213£11*  313£8**  12+1 17£1%* 1241
AOX1-mod adrlA 329+10%*  633£12%* 200+£7** O65+1**  T5+9%*
AOX1-mod cat8-1A 109+0* 91+10%*  54+0%** 3+0%** 4+0%*
AOX1-mod cat8-2A 263+6**  236+13 11£0%*  6£0** 8+1

The most significant effect was observed with Adr1-OE and Adr1-KO modifications,
which is a high expression level obtained with Paoxi-mod in Adrl-OE strain in ethanol
that increased the expression to 444% of the methanol-induced Paoxi-wt in the wild-
type strain. Adrl overexpression increased Paoxi-mod activity also in methanol from
226% to 383% of the wild-type. The highest expression level with Paoxi-mod Was
obtained in the methanol-induced adrlA strain that reached 633% of the activity of
the wild-type strain; however, the cells cannot grow in methanol containing minimal
media. In the adrlA strain, the expression strength of Paox1-mod alS0 increased to 329%
of the wild-type in the ethanol-grown cell. The activity of the adr1A TECs with Paph2
and Paox: reduced in ethanol, is indeed noteworthy. Only the adrl1A strain exhibited
an increased production level with Paoxi-mod Under derepression conditions. 209% and
65% of the wild-type strain expressions levels was reached with the limited glucose

and excess glycerol, respectively. However, in the adrlA strain, Paoxi-mod l0OSt its
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glucose repressebility. These results demonstrate that regulation of Paoxi-med Seems
like PapH2 rather than Paoxa. Introduction of novel cis-acting elements to Paox: created

not only stronger NEPVs but also influenced the regulation patterns.

In methanol, overexpression of Acal increased the activity of Paoxi-mod from 226% to
312% of the wild-type. With Acal-OE strain, not a significant difference was
observed with the other carbon sources. Overexpression of Cat8-1 and Cat8-2
contributed to Paox1-mod activation in a similar way. In ethanol-grown Cat8-1-OE and
Cat8-2-OE strains, Paox1-mod reached to 214% and 213% of the expression of the wild-
type. Whereas, with the same strains in methanol, Paoxi-mod reached 309% and 313%

of the expression of the wild-type.

Deletion of the Cat8-1 resulted in a reduction in Paoxi-mod activity with all the carbon
sources. In response to ethanol, Cat8-1 deletion reduced expression with Paoxi-mod
from 169% to 109%, whereas in response to methanol, the expression with Paox1-mod
reduced from 226% to 91%. However, the deletion of Cat8-2 did not affect the Paoxi-
mod activity in methanol. Even in ethanol Paoxi-mod Showed increased performance in
the cat8-2A mutant. These results demonstrated that in ethanol and methanol, Cat8-1

is sufficient and superior to Cat8-2 for the activation of Paox1-mod.

Transcriptional engineering of Paoxiwt and Paoximoed generated novel r-protein
expression systems allow more efficient r-protein production in ethanol and methanol
as well as r-protein expression by derepression systems. The highest methanol
induction capacity with Paoxi-mod Was achieved in Adr1-OE TEC, eGFP expression
level reached 345% of methanol induced wild-type P. pastoris with Paoxi-wt.

The TFs Acal, Cat8-1 and Cat8-2, which are not characterized yet, enhanced the
expression with Paoxi-wt, respectively, by 1.53-, 1.18-, and 1.18- fold. Transcriptional
engineering with deletions revealed that the TF Cat8-1 could efficiently activates
Paoxi-wt IN methanol. Overexpression of Adrl created derepression effect to produce

r-proteins at limited glucose and excess glycerol. However, the productivity of Paoxi-
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wt In Adrl OE strain by derepression was still limited, only reaching to 23% of the

methanol-induced activity of wild-type strain.

The transcriptionally engineered Paoxi-mod Characteristics is different from the
characteristics of the Paoxiwt. This shows that introduction of novel cis-acting
elements into the Paox: generated the NEPVs which have different transcriptional
strengths and regulations. The highest expression level in methanol was obtained in
adrlA strain, in which Paoxi-mod activity reached 633% of the expression with the
Paoxt-wt in the wild-type strain. P. pastoris adrlA strain could not grow in methanol,
but our results reveal that methanol was consumed through the less-efficient pathways
and the cell metabolism was operative at a sustainable level. In ethanol, the highest
expression level was obtained with Adrl-OE system, and Paoxi-mod €Xpression was
enhanced by 4.44-fold of the Paoxi-wt in methanol. Also, the TEC constructed with
Paoximod by adrlA demonstrated highly derepressed eGFP synthesis in limited
glucose with a 2.09-fold enhancement than that of the cells in methanol constructed
with Paoxi-wt. Overexpression of Cat8-1 and Cat8-2 enhanced the strength of Paoxi-
mod IN the ethanol and methanol-grown cells. Paox1-mod enhanced the eGFP expression
2.14-fold and 3.13-fold in ethanol and methanol, respectively, of the expression
capacity of Paoxi-wt in methanol. Although Cat8-1 and Cat8-2-OE affected the TEC
in a similar manner, the results indicates that Cat8-1-OE has a more pronounced effect

on Paox1i-mod.

4.4.3 Transcription Levels of the Transcription Factors in Overexpression and
Knock-out Strains

In order to evaluate the mRNA expression levels of ADR1(MXR1), ACAl, CAT8-1
and CAT8-2 quantitative PCR was used. Transcription levels were normalized to
ACT1 mRNA expression and presented relative to ethanol- or methanol- grown wild-

type P. pastoris cells.
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4.4.3.1 Transcription Levels of the TFs in Overexpression Strains

In order to gain more insight on the transcriptional engineering of the cells, mMRNA
transcription ratios (mMTRs) of the TF genes in the overexpression strains were
measured in the TECs grown in ethanol and methanol. The mTRs of ACAL are given
in Figure 4.29 and Table 4.20.
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Figure 4. 29 mRNA transcription ratios (mTRs) of ACAL in P. pastoris TF-OE
strains constructed with Papn2-wt at t = 20 h. Transcription levels were normalized to
ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with Papn2-wt. The error bars represent the standard deviation of
three technical replicates (+). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
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Table 4.20 mRNA transcription ratios (mTRs) of ACAL in P. pastoris TF-OE strains
constructed with Papr2-wt at t = 20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with Papr2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v).
StDev: standard deviation of three technical replicates.

TECs of P. pastoris Carbon MTR of ACA1 StDev
Source
ADH2-wt #1 E 1.0 0.0
ADH2-wt #2 E 1.0 0.1
ADH2-wt Acal-OE #7 E 5.6 0.2
ADH2-wt Acal-OE #8 E 10.7 0.4
ADH2-wt #1 M 0.5 0.0
ADH2-wt #2 M 04 0.0
ADH2-wt Acal-OE #7 M 25.9 3.0
ADH2-wt Acal-OE #8 M 52.8 2.2

In the ethanol-grown wild-type P. pastoris, the mTR of ACA1 was ca. 2-fold higher
than in the methanol-grown cells. In the ethanol-grown overexpression strains, mTRs
of ACAL increased 5- to 10-fold, whereas in methanol increased 25- to 52-fold, with

changes from clone to clone.
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Figure 4.30 mRNA transcription ratios (nTRs) of ADR1 in P. pastoris TF-OE strains
constructed with Paprz-wt at t = 20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with PapH2-wt. The error bars represent the standard deviation of three
technical replicates (£). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
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Table 4.21 mRNA transcription ratios (mTRs) of ADR1 in P. pastoris TF-OE strains
constructed with Papr2-wt at t = 20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with Papr2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v).
StDev: standard deviation of three technical replicates.

TECs of P. pastoris Carbon mTR of ADR1 StDev
Source
ADH2-wt #1 E 1.0 0.0
ADH2-wt #2 E 11 0.1
ADH2-wt Adr1-OE#5 E 3.1 0.1
ADH2-wt Adr1-OE#6 E 3.8 0.2
ADH2-wt #1 M 0.5 0.0
ADH2-wt #2 M 0.5 0.0
ADH2-wt Adr1-OE# M 15.8 1.6
ADH2-wt Adr1-OE#6 M 15.8 1.1

The mRNA transcription ratios (mTRs) of ADR1 are given in Figure 4.30 and Table
4.21. In the ethanol-grown wild-type P. pastoris, mTR of ADR1 was 2-fold higher
than in the methanol-grown cells, similar to mTRs of ACAL. In the ethanol-grown
overexpression strains mTRs of ADR1 increased ca. 3.5-fold, whereas in methanol
mTRs of ADRL1 increased ca. 16-fold.
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Figure 4.31 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris TF-OE
strains constructed with Papn2-wtat t = 20 h. Transcription levels were normalized to
ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with PapH2-wt. The error bars represent the standard deviation of
three technical replicates (+). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)

Table 4.22 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris TF-OE
strains constructed with PapH2-wt at t = 20 h. Transcription levels were normalized to
ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with Papn2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1%
(v/v). StDev: standard deviation of three technical replicates.

TECs of P. pastoris Carbon MTR of CAT8-1 StDev
Source

ADH2-wt #1 E 1.0 0,1
ADH2-wt #2 E 1.2 0,1
ADH2-wt Cat8-10E #1 E 34 1.0
ADH2-wt Cat8-10E #4 E 13.8 0.5
ADH2-wt #1 M 0.4 0.0
ADH2-wt #2 M 0.4 0.0
ADH2-wt Cat8-10E #1 M 38.9 0.0
ADH2-wt Cat8-10E #4 M 108.1 12.2
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The mTRs of CAT8-1 are given in Figure 4.31 and Table 4.22. In the ethanol-grown
wild-type P. pastoris, the mTR of CAT8-1 was ca. 2-fold higher than in the methanol-
grown cells. In the ethanol-grown overexpression strains mTR of CAT8-1 increased
between 3.4- to 13.8-fold clone-to-clone, whereas in methanol CAT8-1 mTRs
increased ca. 39- to 108-fold.
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Figure 4.32 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris TF-OE
strains constructed with Papn2-wtat t = 20 h. Transcription levels were normalized to
ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with PapH2-wt. The error bars represent the standard deviation of
three technical replicates (+). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
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Table 4. 23 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris TF-OE
strains constructed with PapH2-wt at t = 20 h. Transcription levels were normalized to
ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with Papr2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1%
(v/v). StDev: standard deviation of three technical replicates.

TECs of P. pastoris Carbon MTR of CAT8-2  StDev
Source
ADH2-wt #1 E 0.97 0.07
ADH2-wt #2 E 0.77 0.09
ADH2-wt Cat8-20E #9 E 0.88 0.09
ADH2-wt Cat8-20E #10 E 1.06 0.04
ADH2-wt #1 M 0.22 0.01
ADH2-wt #2 M 0.20 0.02
ADH2-wt Cat8-20E #9 M 7.26 1.01
ADH2-wt Cat8-20E #10 M 7.90 0.94

The mTRs of CAT8-2 are given in Figure 4.32 and Table 4.23. In the ethanol-grown
wild-type P. pastoris, mTRs of CAT8-2 was ca. 4-fold higher than in the methanol-
grown cells. In the ethanol-grown overexpression strains no significant increase in the
mTRs of CAT8-2 was observed; however, in methanol mTRs of CAT8-2 increased
ca. 8-fold.

All targeted transcription factors were overexpressed less in the ethanol grown TECs
compared with that of in methanol. The mTRs of CAT8-2 gene in the OE strains of
the TECs in ethanol could not be increased. This result states that the transcription of
CATB8-2 gene is naturally high in the cells; consequently, in the TEC constructed with
Prhizz an increase in transcription was not observed. The mTRs of ACA1, ADR1 and
CATS8-1 increased 8-, 3.5-, and 8-fold, respectively, in the ethanol-grown OE strains.
The mTRs of ACA1, ADR1, CAT8-1, and CAT8-2 -OE strains in methanol increased
39-, 16-, 73-, and 7-fold, respectively.
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Due to the differences in transcription levels in the methanol and ethanol-grown TF-
OE strains constructed with Prhizz, the expression capacity of the TECs were tested
with fermentations using different carbon sources. The mTRs of THI11 are given in

Figure 4.33 and Table 4.24; and compared with the wild-type P. pastoris in ethanol.
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Figure 4.33 mRNA transcription ratios (mTRs) of THI11 in P. pastoris strains grown
in different carbon sources att =20 h. Transcription levels were normalized to ACT1
MRNA expression and presented is relative to ethanol grown wild-type P. pastoris
constructed with Papro-wt. Error bars represent the standard deviation among three
technical replicates (£). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol
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Table 4.24 mRNA transcription ratios (mTRs) of THI11 in P. pastoris strains grown
in different carbon sources att =20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with PapH2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol. StDev: standard
deviation of three technical replicates.

TECs of P. pastoris Carbon Source MTR of THI11 StDev
ADH2-wt #1 E 1.0 0.1
ADH2-wt #2 E 0.8 0.0
ADH2-wt #1 M 255.1 30.0
ADH2-wt #2 M 246.5 44.2
ADH2-wt #1 X 126.3 13.0
ADH2-wt #2 X 144.6 18.4
ADH2-wt #1 G 63.8 7.6
ADH2-wt #2 G 68.9 4.7
ADH2-wt #1 D 83.0 3.9
ADH2-wt #2 D 78.4 8.1

Thiamine was reported to be the only regulator of Prnii1; where, Prhigs is totally
repressed in the presence of thiamine and activated in its absence (Delic et al., 2013;
Landes et al., 2016). When P. pastoris cells were cultivated in five different carbon
sources, their THI11 transcript levels showed substantial differences. According to
gPCR results, PrHizz showed a carbon-source dependent regulation as well. Prrizr was
very active in the methanol-grown cells. Its activity gradually decreased in limited
glucose, excess glycerol and excess glucose. The lowest activity was observed in the

ethanol-grown cells.

Thiamine pyrophosphate (TPP), the active derivative of thiamine, is the co-factor of
decarboxylases, transketolases, and phosphoketolases. In P. pastoris induction of the
MUT pathway results in an intracellular thiamine deficiency which is caused by a
strong induction of TPP-containing enzymes DAS1/2 (RuBmayer et al., 2015). P.
pastoris pyruvate decarboxylase is also a TPP-containing enzyme that catalyzes
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decarboxylation of pyruvate to acetaldehyde for ethanol production. According to our
results, the mTRs of THI11 indicate that in P. pastoris ethanol utilization pathway
enzymes are not dependent on TPP; and, thus THI11 promoter does not have a high

activity in the ethanol grown cells.

Landes et al. (2016) reported on recombinant HSA production with Prri11 resulted in
different transcription profiles of HSA and THI11 in response to the presence and
uptake of extracellular thiamine. The potential occurrence of a riboswitch was
proposed as a reason for the regulation differences between the native THI11 and r-
protein genes (Landes et al., 2016), which is concordant with our findings. In this
study, Prhizz exhibited different transcription profiles for THI11 and TF genes in

different carbon sources.

4.4.3.2 Transcription Levels of the TFs in Different TF Knock-out Strains

Gene deletions of the specified transcription factors influenced the regulations in the
TECs. Some of the TF deletions improved the strength of PapH2.v and Paox1-v. In order
to gain a deeper insight, transcription levels of the TF genes were studied in TF knock-
out strains. In order to calculate the mTRs, the transcription levels of the TF genes
were normalized with the transcription level of the Actin gene; and then divided by
the normalized transcription values of of the wild-type P. pastoris cells in ethanol.
The mTRs of ACAL in the ethanol and methanol-grown TF knock-out P. pastoris
strains are given in Figures 4.34 and 4.35, and Table 4.25 and 4.26.
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Figure 4.34 mRNA transcription ratios (mTRs) of ACAL in P. pastoris TF-KO
strains constructed with Papr2-wt grown in 2% (v/v) ethanol containing minimal media
at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to ethanol grown wild-type P. pastoris constructed with PapHz-ut.
The error bars represent the standard deviation of three technical replicates (+).

Table 4. 25 mRNA transcription ratios (mTRs) of ACAL in P. pastoris TF-KO strains
constructed with Papr2-wt grown in 2% (v/v) ethanol containing minimal media at t =
20 h. Transcription levels were normalized to ACT1 mRNA expression and presented
relative to ethanol grown wild-type P. pastoris constructed with PapHz-wt. StDev:
standard deviation of three technical replicates.

TECs of P. pastoris mTR of ACA1 StDev
ADH2-wt #1 0.96 0.07
ADH2-wt #3 0.92 0.00
adrlA #1 1.07 0.04
adrlA #2 0.88 0.04
cat8-1A #1 1.20 0.08
cat8-1A #2 1.05 0.04
cat8-2A #1 1.16 0.07
cat8-2A #4 1.12 0.08
cat8-1Acat8-2A #1 1.35 0.08
cat8-1Acat8-2A #2 1.45 0.06
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Figure 4.35 mRNA transcription ratios (mTRs) of ACAL in P. pastoris TF-KO
strains constructed with Papr2-wt grown in 1% (v/v) methanol containing minimal
media at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression
and presented is relative to methanol grown wild-type P. pastoris constructed with
PapH2-wt. The error bars represent the standard deviation of three technical replicates

(£)-

Table 4.26 mRNA transcription ratios (mTRs) of ACA1 in P. pastoris TF-KO strains
constructed with Papr2-wt grown in 1% (v/v) methanol containing minimal media at t
= 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to methanol grown wild-type P. pastoris constructed with PapH2-wt.
StDev: standard deviation of three technical replicates.

TECs of P. pastoris MTR of ACA1 StDev
ADH2-wt #1 1.02 0.04
ADH2-wt #3 1.07 0.07
adrlA #1 8.58 0.35
adrlA #2 7.83 0.44
cat8-1A #1 1.05 0.04
cat8-1A #2 1.02 0.04
cat8-2A #1 1.14 0.07
cat8-2A #4 1.08 0.05
cat8-1Acat8-2A #1 1.10 0.07
cat8-1Acat8-2A #2 0.98 0.08
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The mTRs of ACAL in P. pastoris adrlA, cat8-1A, cat8-2A and cat8-1Acat8-2A
strains were determined. When the cells were grown in ethanol, ACA1 transcription
in the TF-KO strains were almost same. However, when the cells were grown in
methanol a significant increase in mTR was observed in P. pastoris adrlA strain.
After deletion of ADR1, exposure in methanol increased ACAL transcription ca. 8-
fold.

35
3.0
i
% 25
< 20
[T
© 15
&
1.0
=
05
0.0
2> o x> A 2> > 2> £y
S S > A> W W W W
S G S A Y
Q Q < 5 <! <! <! <
» » Ng Ny
& &
& &
TECs

Figure 4. 36 mRNA transcription ratios (mTRs) of ADR1 in P. pastoris TF-KO
strains constructed with Papr2-wt grown in 2% (v/v) ethanol containing minimal media
at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to ethanol grown wild-type P. pastoris constructed with PapHz-wt.
The error bars represent the standard deviation of three technical replicates (£).
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Table 4. 27 mRNA transcription ratios (mTRs) of ADR1 in P. pastoris TF-KO strains
constructed with Paph2-wt grown in 2% (v/v) ethanol containing minimal media at t =
20 h. Transcription levels were normalized to ACT1 mRNA expression and presented
relative to ethanol grown wild-type P. pastoris constructed with PapHz-wt. StDev:
standard deviation of three technical replicates.

TECs of P. pastoris MTR of ADR1 StDev
ADH2-wt #1 1.00 0.00
ADH2-wt #3 0.89 0.00
cat8-1A #1 1.42 0.05
cat8-1A #2 1.52 0.06
cat8-2A #1 1.46 0.06
cat8-2A #4 1.59 0.06
cat8-1Acat8-2A #1 241 0.19
cat8-1Acat8-2A #2 2.77 0.19
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Figure 4.37 mRNA transcription ratios (MTRs) of ADR1 in P. pastoris TF-KO
strains constructed with Papr2-wt grown in 1% (v/v) methanol containing minimal
media at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression
and presented relative to methanol grown wild-type P. pastoris constructed with
PapH2-wt. The error bars represent the standard deviation of three technical replicates

(£)-
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Table 4. 28 mRNA transcription ratios (mTRs) of ADR1 in P. pastoris TF-KO strains
constructed with PapH2-wt grown in 1% (v/v) methanol containing minimal media at t
= 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to methanol grown wild-type P. pastoris constructed with PapH2-ut.

StDev: standard deviation of three technical replicates.

TECs of P. pastoris mTR of ADR1 StDev
ADH2-wt #1 1.0 0.0
ADH2-wt #3 1.0 0.0
cat8-1A #1 1.0 0.1
cat8-1A #2 0.8 0.0
cat8-2A #1 1.0 0.0
cat8-2A #4 0.9 0.1
cat8-1Acat8-2A #1 1.1 0.1
cat8-1Acat8-2A #2 1.0 0.1

The mTRs of ADRL1 in the ethanol and methanol-grown TF knock-out P. pastoris
strains are given in Figure 4.36 and 4.37, and Table 4.27 and 4.28. mTRs of ADR1

were determined in P. pastoris cat8-1A, cat8-2A, and cat8-1Acat8-2A strains. In the

ethanol-grown P. pastoris cat8-1A, cat8-2A and cat8-1Acat8-2A strains, mTR of

ADR1 increased 1.54-, 1.60-, and 2.72 fold, respectively. When the cells were grown

in methanol, ADRL1 transcriptions in the TF-KO strains were close to each other.
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Figure 4.38 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris TF-KO
strains constructed with Papn2-wt grown in 2% (v/v) ethanol containing minimal media
at t = 20 h. Transcript levels were normalized to ACT1 mRNA expression and
presented relative to ethanol grown wild-type P. pastoris constructed with PapHz-wt.
The error bars represent the standard deviation of three technical replicates (+).

Table 4.29 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris TF-KO
strains constructed with Papnz-wt grown in 2% (v/v) ethanol containing minimal media
at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to ethanol grown wild-type P. pastoris constructed with PapH2-wt.
StDev: standard deviation of three technical replicates.

TECs of P. pastoris MTR of CATS8-1 StDev
ADH2-wt #1 0.99 0.11
ADH2-wt #3 0.86 0.13
adrlA #1 1.32 0.09
adrlA #2 1.29 0.09
cat8-2A #1 1.47 0.10
cat8-2A #4 1.60 0.09
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Figure 4. 39 mRNA transcription ratios (MTRs) of CAT8-1 in P. pastoris TF-KO
strains constructed with Papro-wt grown in 1% (v/v) methanol containing minimal
media at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression
and presented relative to methanol grown wild-type P. pastoris constructed with
PapH2-wt. The error bars represent the standard deviation of three technical replicates

(%).

Table 4.30 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris TF-KO
strains constructed with Papn2-wt grown in 1% (v/v) methanol containing minimal
media at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression
and presented relative to methanol grown wild-type P. pastoris constructed with
PapbH2-wt. StDev: standard deviation of three technical replicates.

TECs of P. pastoris MTR of CAT8-1 StDev
ADH2-wt #1 1.0 0.2
ADH2-wt #3 1.7 0.1
adrlA #1 3.1 0.2
adrlA #2 3.6 1.0
cat8-2A #1 1.0 0.1
cat8-2A #4 1.6 0.2
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The mTRs of CAT8-1 in the ethanol and methanol-grown TF knock-out P. pastoris
strains are given in Figures 4.38 and 4.39, and Table 4.29 and 4.30. CAT8-1
transcriptions were determined in P. pastoris adrlA and cat8-2A strains. In the
ethanol grown P. pastoris adrl1A and cat8-2A strains, CAT8-1 transcription increased
ca. 1.4-, and 1.65-fold, respectively. When the cells were grown in methanol, CAT8-
1 transcription increased ca. 3-fold in adrlA strain. But there was no significant

difference in cat8-2A strain.
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Figure 4.40 mRNA transcription ratios (MTRs) of CAT8-2 in P. pastoris TF-KO
strains constructed with Papn2-wt grown in 2% (v/v) ethanol containing minimal media
at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to ethanol grown wild-type P. pastoris constructed with PapH2-wt.
The error bars represent the standard deviation of three technical replicates (+).
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Table 4.31 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris TF-KO
strains constructed with Papr2-wt grown in 2% (v/v) ethanol containing minimal media
at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression and
presented relative to ethanol grown wild-type P. pastoris constructed with PapHz-ut.
StDev: standard deviation of three technical replicates.

TECs of P. pastoris MTR of CAT8-2 StDev
ADH2-wt #1 1.0 0.1
ADH2-wt #3 0.9 0.0
adrlA #1 0.8 0.1
adriA #2 0.9 0.1
cat8-1A #1 1.3 0.1
cat8-1A #2 1.7 0.1
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Figure 4.41 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris TF-KO
strains constructed with Papro-wt grown in 1% (v/v) methanol containing minimal
media at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression
and presented relative to methanol grown wild-type P. pastoris constructed with
PapH2-wt. The error bars represent the standard deviation of three technical replicates

()
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Table 4. 32 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris TF-KO
strains constructed with PapH2-wt grown in 1% (v/v) methanol containing minimal
media at t = 20 h. Transcription levels were normalized to ACT1 mRNA expression
and presented relative to methanol grown wild-type P. pastoris constructed with
PapH2-wt. StDev: standard deviation of three technical replicates.

TECs of P. pastoris MTR of CAT8-2 StDev
ADH2-wt #1 1.0 0.1
ADH2-wt #3 1.0 0.0
adrlA #1 26.6 1.9
adrlA #2 21.6 0.0
cat8-1A #1 1.0 0.0
cat8-1A #2 1.0 0.0

The mTRs of CAT8-2 in the ethanol and methanol-grown TF knock-out P. pastoris
strains are given in Figure 4.40 and 4.41, and Table 4.31 and 4.32. The mTRs of
CAT8-2 in P. pastoris adrlA and cat8-1A strains were calculated. In the ethanol
grown P. pastoris cat8-1A strains, mTR of CAT8-2 gene increased ca. 1.66-fold.
When the cells were grown in methanol, CAT8-2 transcription increased ca. 24-fold

in adrlA strain while there was not any significant difference in cat8-1A

Transcription results of Acal, Adrl, Cat8-1, and Cat8-2 reveal that the TFs interfere
the operation of the others in the cell. In the methanol grown adrl A mutant strain,
transcription of ACA1, CAT8-1, and CAT8-2 increased 8-, 3- and 24- fold
respectively. In ethanol ADR1 transcription of cat8-1A, cat8-2A, and cat8-1Acat8-2A
mutants increased 1.54-, 1.60-, and 2.72-fold, respectively. Furthermore, a regulation
between Cat8-1 and Cat8-2 was identified. Deletion of either Cat8-1 or Cat8-2, led to
a ca. 50% increase in the transcription of the other, in the ethanol grown cells; but the
same effect was not observed in the methanol grown cells. Although the

transcriptional engineering results obtained with the knock-out strains clarified the
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regulatory potential of the TFs to an extent, a genome-wide transcriptome data is

required for gaining a deeper insight.

4.4.3.3 Regulation of the Transcription Factor Levels by Carbon Sources

In order to gain a deeper understanding about the interactions between the modified
TFs and the engineered Papr2 and Paoxi variants, fermentation experiments with five
carbon sources were carried out. The mTRs of Acal, Adrl, Cat8-1, and Cat8-2 were
determined in response to the carbon sources, as follows: i) 2% (v/v) ethanol, ii) 1%
(v/v) methanol, iii) limited glucose, iv) excess glycerol, and v) excess glucose. The
variations in the mTRs were determined based on the transcription of wild-type P.

pastoris cells grown in ethanol.
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Different carbon sources

Figure 4.42 mRNA transcription ratios (mTRs) of ACAL in P. pastoris strains grown
in different carbon sources at t =20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with Papr2-wt. Error bars represent the standard deviation among three
technical replicates (£). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol.
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Table 4.33 mRNA transcription ratios (mTRs) of ACAL1 in P. pastoris strains grown
in different carbon sources att =20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with PapH2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol. StDev: standard

deviation of three technical replicates.

TECs of P. pastoris Carbon Source mTR of ACA1 StDev
ADH2-wt #1 E 1.0 0.0
ADH2-wt #2 E 1.1 0.0
ADH2-wt #1 M 0.7 0.1
ADH2-wt #2 M 0.7 0.1
ADH2-wt #1 X 1.5 0.3
ADH2-wt #2 X 1.6 0.2
ADH2-wt #1 G 0.8 0.1
ADH2-wt #2 G 0.8 0.0
ADH2-wt #1 D 1.0 0.0
ADH2-wt #2 D 11 0.1

The variations in ACA1 transcription on different carbon sources are given in Figure

4.42 and Table 4.33. ACAL was expressed in P. pastoris with robust transcriptions in

response to the carbon sources. Among the tested conditions, the highest ACA1

transcript level was determined with the limited glucose condition.
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Figure 4.43 mRNA transcription ratios (mTRs) of ADR1 in P. pastoris strains grown
in different carbon sources at t =20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to e thanol grown wild-type P. pastoris
constructed with Papn2-wt. Error bars represent the standard deviation among three
technical replicates (+). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol

Table 4.34 mRNA transcription ratios (mTRs) of ADR1 in P. pastoris strains grown
in different carbon sources att=20 h. Transcription levels were normalized to ACT1
MRNA expression and presented relative to ethanol grown wild-type P. pastoris
constructed with PapHo-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol. StDev: standard
deviation of three technical replicates.

TECs of P. pastoris  Carbon Source MTR of ADR1 StDev

ADH2-wt #1 E 1.0 0.0
ADH2-wt #2 E 1.1 0.1
ADH2-wt #1 M 0.9 0.1
ADH2-wt #2 M 0.8 0.1
ADH2-wt #1 X 1.5 0.2
ADH2-wt #2 X 1.5 0.1
ADH2-wt #1 G 1.0 0.1
ADH2-wt #2 G 1.0 0.0
ADH2-wt #1 D 0.4 0.0
ADH2-wt #2 D 0.4 0.1
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The variations in ADR1 transcription on the carbon sources are given in Figure 4.43
and Table 4.34. The expression of ADR1 gene also performed a similar trend with
that of the ACAL. ADR1 was expressed in P. pastoris with robust transcription
performances in response to the carbon sources. The highest ADR1 transcription was
determined in the fermentation with limited glucose while the lowest was with the
excess glucose. The fermentation with limited glucose resulted in a ca. 3.5-fold
increase in the ADR1 transcription compared to that with the excess glucose, which
is a consistent result related with the function of Adrl which regulates the

derepression of glucose-repressed genes.
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Figure 4.44 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris strains
grown in different carbon sources at t = 20 h. Transcription levels were normalized
to ACT1 mRNA expression and presented is relative to ethanol grown wild-type P.
pastoris constructed with Papn2-wt. Error bars represent the standard deviation among
three technical replicates (+). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol.
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Table 4.35 mRNA transcription ratios (mTRs) of CAT8-1 in P. pastoris strains
grown in different carbon sources att =20 h. Transcription levels were normalized
to ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with Papn2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1%
(v/v) methanol, X: limited glucose, D: excess glucose, G: excess glycerol. StDev:
standard deviation of three technical replicates.

TECs of P. pastoris Carbon Source mTR of CAT8-1 StDev

ADH2-wt #1 E 1.1 0.1
ADH2-wt #2 E 11 0.1
ADH2-wt #1 M 0.9 0.2
ADH2-wt #2 M 0.8 0.1
ADH2-wt #1 X 2.2 0.3
ADH2-wt #2 X 1.8 0.2
ADH2-wt #1 G 0.7 0.1
ADH2-wt #2 G 0.7 0.0
ADH2-wt #1 D 0.6 0.1
ADH2-wt #2 D 0.7 0.1

The variations in the CAT8-1 transcription in response to the carbon sources are given
in Figure 4.44 and Table 4.35. CAT8-1 transcriptions were similar in the ethanol and
methanol-grown cells. The transcription of CAT8-1 were reduced 0.68- and 0.64-
fold, respectively, in the fermentations with excess glycerol and excess glucose. At

limited glucose condition, CAT8-1 transcription was increased ca. 2-fold.
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Figure 4. 45 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris strains
grown in different carbon sources at t = 20 h. Transcription levels were normalized
to ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with PapH2-wt. Error bars represent the standard deviation among
three technical replicates (+). Screening conditions: E: 2% (v/v) ethanol, M: 1% (v/v)
methanol, X: limited glucose, D: excess glucose, G: excess glycerol
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Table 4. 36 mRNA transcription ratios (mTRs) of CAT8-2 in P. pastoris strains
grown in different carbon sources at t = 20 h. Transcription levels were normalized
to ACT1 mRNA expression and presented relative to ethanol grown wild-type P.
pastoris constructed with Papn2-wt. Screening conditions: E: 2% (v/v) ethanol, M: 1%
(v/v) methanol, X: limited glucose, D: excess glucose, G: excess glycerol. StDev:
standard deviation of three technical replicates.

TECs of P. pastoris Carbon Source MTR of CAT8-2 StDev
ADH2-wt #1 E 0.98 0.03
ADH2-wt #2 E 0.99 0.11
ADH2-wt #1 M 0.50 0.03
ADH2-wt #2 M 0.46 0.05
ADH2-wt #1 X 1.71 0.12
ADH2-wt #2 X 1.75 0.07
ADH2-wt #1 G 0.27 0.03
ADH2-wt #2 G 0.29 0.00
ADH2-wt #1 D 0.02 0.00
ADH2-wt #2 D 0.02 0.00

The variations in the CAT8-2 transcription in response to the carbon sources are given
in Figure 4.45 and Table 4.36. A different transcription pattern was observed with
CAT8-2 gene. With the excess glucose CAT8-2 transcription did not occur. Whereas,
the glycerol and methanol grown cells performed ca. 0.28- and 0.50-fold
transcriptions, respectively. With the limited glucose CAT8-2 transcription was 1.73-
fold higher.

The overexpression results reveal that Cat8-2 is the only TF which cannot increase
transcription in ethanol. Therefore we can conclude that Cat8-2 is the relatively

abundant TF in the wild-type P. pastoris.

To conclude, all evaluated TFs in P. pastoris exhibited their highest transcriptions in
the fermentations with limited-glucose which clarifies their functions in the

derepression of glucose-repressed genes. Acal, Adrl, and Cat8-1 exhibited
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constitutive expression patterns while Cat8-2 had a regulated expression pattern in

response to the carbon sources tested.
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CHAPTER 5

CONCLUSIONS

The aim of the PhD thesis was to design and construct novel engineered promoter
variants (NEPVs) of P. pastoris for recombinant protein (r-protein) production with
strong and ethanol-inducible expression systems. In this context using promoter
engineering approaches, the NEPVSs: i) of ADH2 promoter (Papr2) in the first part,
and ii) of AOX1 promoter (Paox1) in the second part, of the research programme were
designed and constructed. The strength of the novel engineered promoter variants
(NEPVs) was initially investigated with the intracellular synthesis of the enhanced
green fluorescence protein (eGFP) in different carbon sources. Thereafter
extracellular human serum albumin (HSA) production also was performed with the

promising NEPVs to demonstrate their potentials.

ADH?2 promoter (Pabr2) variants were designed and constructed through nucleosome
optimization and targeted addition and/or sequence optimization of the putative
transcription factor binding sites (TFBSs). AOX1 promoter (Paoxi) variants were
engineered to change its induction mechanism from methanol to ethanol, which is
originally a repressor carbon source for native Paox1. Adrl (Mxrl), Aca2, Cat8, and
TATA-binding motifs were used to design and construct PapH2 and Paox1 promoter

libraries.
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5.1 Novel Engineered Promoter Variants of PapH2

Based on the putative TFBSs, eight (8) Papn2 variants were designed by adding or
modifying the binding sites of the Adrl, Aca2, Cat8, and TATA. Computational
redesign of nucleosome optimized PapH2 Was also performed using MATLAB
algorithms that employ NuPoP. Taken together, two promising promotor engineering
tools, i.e., nucleosome optimization and optimization of the Cat8 binding motif, were
combined in the design of PabHz-nucopt-optcat and constructed. Overview of the NEPVs

of Papn2 is as follows:

a) With the NEPV PapH2-addcats-1(addcat) the cells in ethanol enhanced the eGFP
synthesis 2.36-fold compared to that with Papn2-wt in ethanol.

b) With the NEPV PapH2-addcat2(optcat) the cells in ethanol and methanol enhanced the
eGFP synthesis 4.76- and 3.80- fold compared to that with PapHz-wt in ethanol and
methanol, respectively.

¢) With the NEPV Papn2-nucopt the cells in ethanol and methanol enhanced the eGFP
synthesis 1.5- and 3.2-fold compared to that with Papn2-wt in ethanol and methanol,
respectively.

d) With the NEPV PapH2-nucopt-optcat the cells in ethanol and methanol enhanced the
eGFP synthesis 3.68- and 8.8-fold compared to that with PapH2-wt In ethanol and
methanol, respectively.

e) With the NEPVS Papn2-optcat, PADH2-Nucopt, PADH2-Addcat, @nd PapH2-Nucopt-optcat the
cells in ethanol enhanced transcription of the eGFP gene ca. 4.2-, 1.5-, 1.9-, and 3.6-
fold compared to PapH2-wt In ethanol, respectively.

f) With the NEPV PapH2-adataTa Which was designed and constructed by integration
of a TATA-binding motif, reduced the eGFP synthesis in the cells to 70% of the
synthesis performed by the cells with Paprz-wt, in ethanol.

g) The promoter architecture designs which targeted Adrl and Aca2 binding site
modifications and/or additions, did not increase the eGFP synthesis in the cells with
the NEPVs of PapH2.
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h) In extracellular recombinant human serum albumin (r-HSA) production, with
PapH2-wt, and with the NEPVS Papr2-nucopt, and PapHe-optcat, the r-HSA overall yield
per gram of wet-cell weight (Yp/x), respectively, were Ypx = 0.26, 0.38, and 1.13
mg/g. Therefore, Yp/x values with PapH2-Nucopt and Paphz-optcat, respectively, were
1.43- and 4.30-fold higher than that with Papr2-ut.

5.2 Novel Engineered Promoter Variants of Paox1

The NEPVs of Paox1: were designed by replacing Mxr1 response elements (Mxre) by
S. cerevisiae Adrl and Cat8 TFBS, besides the Aca2 TFBS; and ten NEPVs for Paox:
were constructed. Overview of the ten NEPVs of Paoxu is as follows:

a) A Cat8 binding motif was introduced onto the Mxre5 position of naturally
occurring Paoxi and the NEPV Paoxi-cats Was constructed, which transformed ethanol
repressed Paoxi into the ethanol inducible NEPV Paoxi-cats.

b) With the NEPV Paoxi-cas EGFP synthesis in the cells in ethanol was ca. 74% of
expression in the cells constructed with Paoxi-wt in methanol. Besides, with the NEPV
Paoxi-cat3 the expression in the cells in methanol enhanced 1.69-fold, compared to the
cells with Paoxa-wt in methanol.

c¢) With the NEPV Paox1-cat2 Which was constructed by replacing the binding motif of
Mxre3 in Paoxi-wt With a Cat8 binding motif, increased the expression strength 1.8-
fold in methanol but did not change the repression in ethanol.

d) With the NEPV Paoxi-aca Which was constructed by integrating an Aca2 binding
motif into Paoxi-wt, increased the expression strength 1.38- fold in methanol, while
there was no change in ethanol.

e) With the NEPV Paoxi-catzadra the cells in ethanol and methanol enhanced the eGFP
synthesis 0.85- and 1.33-fold, respectively, compared to the cells with Paoxi-wt in
methanol.

f) With the integration of an Aca2 binding motif into the NEPV Paox1-catsadr3, the cells

in ethanol reduced the eGFP synthesis from 85% to 60% compared to the cells with
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Paoxi-wt In methanol; while the expression in methanol was increased from 133% to
165%.

g) The NEPV Paoxi-mod Was designed by seven (7) simultaneous TFBS modifications.
With the NEPV Paoxi-mod the cells in ethanol and methanol enhanced the eGFP
synthesis 1.3- and 1.97-fold, respectively, compared to the cells with Paoxi-wt in
methanol.

h) Introduction of Cat8 TFBS into a rationally designed position in Paoxi created
strong ethanol-inducible NEPVs denoted by Paoxiv, on a par with the methanol
inducible Paoxi-wt.

1) With the NEPV'S Paoxi-cat3, Paoxi-Aca, and Paoxi-mod the cells in methanol enhanced
the transcription of the eGFP gene 1.57-, 1.45-, and 1.80-fold, compared to that with
Paox1-wt in methanol. Besides in ethanol, with the NEPV's Paoxi-cats and Paox1-mod the
cells enhanced transcription of the eGFP gene 0.70- and 1.34-fold, compared to the
cells with Paoxi-wt in methanol.

J) In extracellular recombinant human serum albumin (HSA) production, with the
NEPV Paoxi-mod the cells in ethanol produced 27.83 pg/ml, which is a close to 32.05
pug/ml which was produced with Paox1-wt in methanol.

k) In extracellular recombinant human serum albumin (HSA) production, with the
NEPV Paoxi-mod the r-HSA overall yield per gram of wet-cell weight (Yrix) were Ypix
=0.476 mg/g and Yrix = 1.341 mg/g in ethanol and methanol, respectively. Whereas,
with the naturally occurring Paoxi-wt ,the Yp/x value in methanol was Ypx = 0.848
mg/g. Thus, the NEPV Paoxi-mod performed r-HSA production in ethanol with a
considerable yield which is %55 of the produced with Paox1-wt in methanol; however,
in methanol with a 1.59-fold increased yield compared to the produced with Paoxi-wt
in methanol.

[) Addition an Adr1(Mxrl) binding site into Paox1 and also Adr1(Mxrl) binding site
optimization neither increased the promoter strength nor altered the regulation of

Paox, Is indeed important
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5.3 Transcriptional Engineering with Naturally Occuring Promoters and with a
NEPV

In order to identify the functions of the TFs on the regulation of the naturally occuring
promoters used in the design of the NEPVs, and of a NEPV of Paox1, using the tools
of transcriptional engineering, transcription factor overexpression (TF-OE) and
transcription factor knock-out (TF-KO) strains of Adrl (Mxrl), Acal, Cat8-1, and
Cat8-2 were designed and constructed and tested in the synthesis of eGFP. Influences
of the deletion and overexpression of the TFs on the strength of the promoters were

tested with five carbon sources.

Overview of the transcriptionally engineered cells (TECs) by TF-OE and TF-KO with
naturally occuring promoters Papnz and Paox1 which are denoted as Paprz-wt and Paoxa-

wt, respectively, are as follows:

5.3.1 TECs with PapHz-wt

a) The TEC with Papr2-wt designed with cat8-2A enhanced eGFP synthesis 1.35- fold
compared to that with Papn2-wt in ethanol.

b) The TEC with Papro-wt designed with Cat8-2-OE demonstrated the highest
derepression with the limited glucose and excess glycerol; where, the TECs with
limited glucose and excess glycerol synthesized, respectively, 37% and 33% of the
cells with Paprz-wt in ethanol.

c) The TECs with Papn2-wt designed with Acal-OE, Adrl-OE, Cat8-1-OE, and Cat8-
2-OE did not lead to any change in the expression in ethanol, however, enhanced the
eGFP synthesis in methanol, respectively, to 57, 83, 29, and 61% of the cells with
PabH2-wt in ethanol.

d) The TEC with Papn2-wt designed with deletion of ADR1 gene reduced the eGFP
expression in ethanol to 67 % of the wild-type strain. However, in methanol, the TEC
with PapH2-wt designed with adri4 enhanced the expression 1.83-fold of the wild-type
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but failed in growing. This indicates that the TEC maintains the cellular functions
with a low methanol uptake rate; however, other enzymes such as yeast ADH2 or
AOX2 can catalyze methanol utilization to some extent.

e) The TECs with PapH2-wt designed with deletions of either cat8-1A or cat8-2A
increased the eGFP expressions in ethanol, respectively, 1.28- and 1.35-fold
compared to the wild-type strain. Deletion of either CAT8-1 or CAT8-2 leads to an
increase in the transcription of the other gene in ethanol. The single-knock out
deletions revealed that the TEC having Cat8-1 can increase the expression higher in
ethanol; whereas, the other TEC having Cat8-2 OE can increase the expression higher
in methanol. Furthermore, in order to clarify the regulatory functions of Cat8-1 and
Cat8-2 on the promoter, with a special design, the TEC with Papr2-wt constructed with
cat8-1Acat8-2A double knock-out reduced the eGFP expressions in ethanol to 71%
of the cells with Papn2-wt. Moreover P. pastoris lost its ethanol utilization ability.
Therefore, it is conclusively demonstrated that both Cat8-1 and Cat8-2 TFs are
transcriptional activators of PapHo-wt.

f) The TEC with PapH2-wt designed with the deletion of adrlA showed growth
impairment in minimal media, containing methanol, ethanol, limited glucose, excess
glucose or excess glycerol, which could be due to genome-wide integrated regulatory
effects of Adrl(Mxrl).

5.3.2 TECs with Paoxi-wt

a) In general, the TECs with Paoxi-wt enhanced expression strength of Paoxi-wt further.
b) The TEC with Paoxi-wt designed with ADR1-OE enhanced the eGFP synthesis in
methanol 3.45-fold than that of the cells with Paoxiwt. The TECs with Paoxi-wt
designed with Acal-, Cat8-1-, and Cat8-2- OEs enhanced the eGFP syntheses in
methanol, respectively, 1.53-, 1.18-, and 1.18-fold than that of the cells with Paoxi-wt.
¢) The TEC with Paoxi-wt designed with ADR1-OE created derepression in production
of r-proteins in fermentation with glycerol; where, the synthesis in the TEC was 23%

of the expression in the cells with Paoxi-wt in methanol.

204



d) The TECs with Paoxi-wt designed with deletions of either cat8-1A or cat8-2A
influenced intracellular regulations. Deletion of CAT8-1 enhanced the expression in
the TEC in methanol 1.17-fold, and in ethanol enhanced to 22% of the cells with
Paoxiwt in methanol. Besides, deletion of CAT8-2 enhanced the expression in the
TEC in methanol 1.32-fold, and in ethanol enhanced to 21% of the cells with Paoxi-wt
in methanol. These results conclusively demonstrate that merely with either CAT8-1
or CAT8-2, the promoter architecture in the TEC becomes stronger; as was observed
IN PAbH2-wt.

e) The TECs with Paoxi-wt designed with deletions of either cat8-1A or cat8-2A
showed that Cat8-1 is sufficient and superior to Cat8-2 in methanol.

f) Paox: promoter- and transcriptional- engineering results reveal that P. pastoris
Acal TF operates as an activator on the regulation of Paoxi-wt in methanol. The mMRNA
transcription measurements and the calculated mTRs reinforces this result as an 8-
fold increase was observed in the transcription of ACAL in methanol in the TEC
designed by adr1A, while no change was observed in ethanol. Therefore, Acal should
be contributing to the activation of Adrl-dependent genes in methanol. Since the
widely used carbon source of P. pastoris is methanol, it is plausible for Acalto be
active on the MUT pathway genes.

g) The TEC with Paoxiwt designed by ACAl- KO, or in other words by ACAl
deletion, could not be constructed despite the deletion trials guided with two different
RNAs, which drives us to the conclusion that ACA1 gene can be an essential gene for
P. pastoris.

h) The TEC with Paoxi-wt designed by deletion of ADR1 gene led to a total loss of
Paox1-wt activity in all the carbon sources tested. The deletion of ADR1 reduced the
expression of the TEC designed with Papr2-wt in ethanol to 67% that of the cells with
PapH2-wt. Whereas, in fermentations with methanol, limited glucose, excess glycerol,
and excess glucose PapHz-wt expressions were increased by adrlA. These results
conclusively demonstrate that Adrl is not the main regulator of P. pastoris PapH2;

furthermore, even in the absence of Adrl, PapHz2-wt performs remarkable expression
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strength. Although, in S. cerevisiae Adrl was annotated as an alcohol dehydrogenase
2 synthesis regulator due to its regulatory function, our findings demonstrated that in
P. pastoris Adrl is the main activator of Paox1 in response to methanol; therefore its
annotation as “methanol expression regulator 1” (Mxrl) represents its role in P.

pastoris accurately.

5.3.3 Transcriptional Engineering with a NEPV: TECs of Paox1-mod

As the NEPV Paoxi-mod altered the well known regulations of the Paoxi-wt, the TECs
were designed with Paoxi-mod. Integration of novel cis-acting elements into Paox:
generated NEPVs that have distinct transcriptional strengths and regulations.
Overexpression of all TFs increased the activity of Paoxi-mod in methanol and ethanol,

as follows:

a) The TEC with Paoxi-mod designed by Adrl-OE in ethanol enhanced eGFP
expression 4.44-fold compared to the wild-type cells with Paoxi-wt in methanol.
Besides, the TEC with Paoxi-mod designed by Adrl-OE in methanol enhanced the
expression 3.83-fold, which was 2.26-fold with the NEPV Paoxi-mod in wild-type (wt)
P. pastoris compared to the wt-cells with Paox1-wt in methanol.

b) The TEC with Paoximoed designed by Acal-OE in methanol enhanced the
expression 3.12-fold compared to the wt-cells with Paox1-wt in methanol.

c) The TECs with Paoxi-mod designed by Cat8-1-OE and Cat8-2-OE in ethanol and
methanol enhanced the expression 2.14- and 3.13-fold, compared to the wt-cells with
Paoxz-wt in methanol.

d) The TECs with Paoxi-mod designed with deletions of either cat8-1A or cat8-2A
showed that Cat8-1 is sufficient and superior to Cat8-2 in ethanol and methanol.

e) The TEC with Paoximod designed with deletion of ADR1 gene in methanol
enhanced the expression 6.33-fold compared to the wt-cells with Paoxi-wt. The TEC
could not grow on methanol but our results confirmed that methanol was consumed

through the less-efficient pathways and the cell metabolism was operative at a
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sustainable level. ADR1 deletion exhibited very different consequences with Paoxi-wt
where all the promoter activity was lost; however, in adrlA strain Paox-mod
demonstrates remarkable activity in all carbon sources tested.

) A very potent derepression based eGFP production system was generated with the
TEC with Paox1-mod designed by deletions of ADR1 gene in fermentations with limited
glucose enhanced expression 2.09-fold compared to the wt-cells with Paoxi-wt in

methanol.

Summary of Conclusion

In this study, promoter engineering of Paph2 led to stronger NEPVs that reached 4.76-
fold higher intracellular eGFP synthesis and 4.30-fold stronger extracellular HSA
production levels than that of PapH2wt. AS a second approach, the induction
mechanism of Paox1 was redesigned for the use of ethanol as sole carbon and energy
source. Regulation of ethanol repressible Paox: was changed to be ethanol-inducible
by a single TFBS modification, which showed Paox: was mainly controlled by its
actual cis-acting elements. NEPV Paoxi-mod €xhibited 1.97-fold higher intracellular
eGFP synthesis potential and 1.59-fold higher extracellular HSA production level
than that of Paox1-wt In methanol. At the same time, in ethanol, Paoxi-mod reached 1.30-
fold higher eGFP synthesis level and similar extracellular HSA titer compared to

methanol-induced Paoxi-wt.

Transcriptional engineering of P. pastoris created novel r-protein expression systems
by PabH2-wt and Paoxi-mod i.€. Stronger induction by ethanol and methanol or
derepression in limited glucose and excess glycerol. Overexpression of Cat8-2
provided a derepressible r-protein production system in limited-glucose; in that
activity of PapH2 reached 37% of ethanol-induced Papn2 activity. A very potent
activation by derepression was observed by Paoximod in @drlA strain, in limited
glucose 206% activity of methanol-induced Paox1-wt Was obtained with the TEC. Cat8-

1 and Cat8-2 are both activators of Papn2 and Paoxa; and cat8-1cat8-2A double knock-
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out strain lost its ethanol utilization ability. Among P. pastoris Cat8 TFs, merely Cat8-
1 was sufficient for the activation of Papnz and Paoxi-v. Also, Cat8-1 was superior to
Cat8-2 in terms of effective transcriptional activation. Acal was mainly effective on
Paox1v in methanol. Adrl was found as the main regulator of Paox: but not Paph2.
Adrl deletion resulted in impaired P. pastoris growth in minimal media including
limited glucose, excess glucose, excess glycerol; and the cell lost its ability to grow
on methanol. The highest ethanol induction activity by Paoxi-mod Was obtained with
Adrl overexpression. In methanol containing minimal media, the strongest
expression potential by Papr2-wtand Paoxi-mod Was obtained in adrlA strains, although
the strain lost its ability to grow on methanol; which makes the TECs a potential

candidate for retentostat bioreactor applications.

The results of this Ph.D. research demonstrated that the NEPVs and
transcriptionally engineered r-protein expression platforms are promising candidates

for industrial r-protein production processes.
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APPENDIX A

The Sequence of PapH2 variants

Modified positions are represented with bold and underlined characters.

> PADH2-wt

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCAA
TCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACCG
GTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCTG
TTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAATT
CCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATA
GCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTC
TAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAAT
TCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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>P ADH2-NucOpt

TCCTTTTTACCACCTAAGTGCGAGTGAAACACCCTATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGATTTTITITTTITTTAATTTTACA
CCCCCTCCAACTTTTITCGCGTAAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTAAAAATATATAGACCCCACAAAAAAAAAATGATTATGTAAGAAGA
GGGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAAA
AATGCCCAGCTTTTITTCCCTATTCTTTGACAAATCAGTATCACTTATTAA
CACCCCAAATTTTTTTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGG
ACAAATGGCAGTTAGTATTAGTGCACTGACTGACTGCCTAACCTTAAAC
CCTAATTTCTTAGAAGGGGCCCATATAGTTAGCGAGGGGTGAAAAATTC
CTCCATCGGAGATGTATTAACCGTAATTTITTTTTTAAAAAAAAAAAAT
TCAGATAGCGAAATTTTTTTGATTTCGCGACGCGCGTITTITITTITTITTT
TTITTITTTTTCTCACCCCTTCTGCCCAGTTCTGCCAATTGCCCATGAATCT
ACTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCAAAAATTTTTTAA
TTITTTTTTITITTTGGGAGAATCTGAATGTATATTACATAAAGCGACCG
GTGTCCGAAAAAATTTTITITITTTTTTAATTTTTTITITTICCCCCGCTTT
TTAAAAACGGGGGTAAGCGCTCTCCGGGGTGCGAATTCGCGCCCTATTC
CTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATAG
CGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTCT
AATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAATT
CTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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>P ADH2-AddCat2(OptCat)

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCAA
TCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGITCCGT
TCGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCTG
TTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAATT
CCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATA
GCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTC
TAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAAT
TCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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>P ADH2-AddCat1(AddCat)

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTTICCGTTCGTCCGACCCACCCCCCTTTCCAACTCCACAAATTGTCCA
ATCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACC
GGTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCT
GTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAAT
TCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATAT
AGCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATC
TCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAA
ATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTAC
GAAA
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>P ADH2-AddAdr

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTCCCCAAC
GATTGCATTGGGGACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAAT
CTGCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCC
AATCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGAC
CGGTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGC
TGTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAA
TTCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATA
TAGCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAAT
CTCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCA
AATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTA
CGAAA
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>P ADH2-OptAdr1-1

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCAAATAGTGACAATGATTATGTAAGAATTG
GGGAGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCAA
TCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACCG
GTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCTG
TTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAATT
CCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATA
GCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTC
TAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAAT
TCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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>P ADH2-OptAdr1-2

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCATCTCCAAAAATTGTCCAA
TCTCGTTTTCCATTTIGGAGAATCTGCATGTCGACTACATAAAGCGACCG
GTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCTG
TTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAATT
CCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATA
GCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTC
TAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAAT
TCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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>P ADH2-OptAdr1-3

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCAA
TCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACCG
GTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCTICCCCAATG
TTTGAAATTGGGGATGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAATT
CCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATA
GCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTC
TAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAAT
TCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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>PaDH2-AddAca
TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA

TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCAA
TCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACCG
GTGTCCGAAAGCCTATTGTAGACGTCAACCCTTTTGTGCTCCCCCCGCT
GTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAAT
TCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATAT
AGCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATC
TCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAA
ATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTAC
GAAA
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>PADH2-AddTATA

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTACA
CCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAAGAG
GGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAACA
ATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGATTAAC
ACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGGA
CAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTTAAACC
CAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAAAATTCC
TCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAATCAGTT
CAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTTCCATTCG
ATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCATGAATCT
GCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAATTGTCCAA
TCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAAAGCGACCG
GTGTCCGAAAAGATCTGTGTAGTTTTCAACATTTTGTGCTCCCCCCGCTG
TTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCGTGCCCAATT
CCTTTCACCCTGCCTATTGTAGACGTCAACCCGCAACAGCAATATATAA
ACAGAACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATC
TCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAA
ATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTAC
GAAA
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>P ADH2-NucOpt-OptCat

TCCTTTTTACCACCTAAGTGCGAGTGAAACACCCTATGGCTGCTCTCCGA
TTGCCCCTCTACAGGCATAAGGGTGTGATTTTITITTTTTTAATTTTACA
CCCCCTCCAACTTTTTITCGCGTAAATTGATCCTGTTACCAATATTGCATG
CCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGCAG
GGTAAAAATATATAGACCCCACAAAAAAAAAATGATTATGTAAGAAGA
GGGGGGTGATTCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTGAAA
AATGCCCAGCTTTTITTCCCTATTCTTTGACAAATCAGTATCACTTATTAA
CACCCCAAATTTTTTTCTCAACGGTCCCTCATCCTTGCACCCCTCTTTGG
ACAAATGGCAGTTAGTATTAGTGCACTGACTGACTGCCTAACCTTAAAC
CCTAATTTCTTAGAAGGGGCCCATATAGTTAGCGAGGGGTGAAAAATTC
CTCCATCGGAGATGTATTAACCGTAATTTTTTTTTTAAAAAAAAAAAAT
TCAGATAGCGAAATTTTTTTGATTTCGCGACGCGCGTITTITITTITTITTT
TTITTITTTTTCTCACCCCTTCTGCCCAGTTCTGCCAATTGCCCATGAATCT
ACTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCAAAAATTTTTTAA
TTTITTTTTTTTITTTGGGAGAATCTGAATGTATATTACATAAAGTTCCGT
TCGTCCGAAAAAATTTTITITITTTTTTAATTTTTTITITTICCCCCGCTTT
TTAAAAACGGGGGTAAGCGCTCTCCGGGGTGCGAATTCGCGCCCTATTC
CTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGTGCGAATATAG
CGCACCCCCAATGATCACACCAACAATTGGTCCACCCCTCCCCAATCTCT
AATATTCACAATTCACCTCACTATAAATACCCCTGTCCTGCTCCCAAATT
CTTTTTTCCTTCTTCCATCAGCTACTAGCTTTTATCTTATTTACTTTACGA
AA
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APPENDIX B

The Sequence of Paox 1 variants

Modified positions are presented with bold and underlined characters.

> Paox1-wt

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAA
ATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGTA
TGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGAT
CAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAA
GGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACT
TTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTT
TTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paox1-Adr1

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACACCCCA
ATATTATTTGGGGTACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGG
CTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACC
ATGACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTT
GTTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCA
GATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATG
GCCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAA
GCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAAC
GGCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCT
TGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAG
CGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCA
AATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGT
ATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGA
TCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGA
AGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTAC
TTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACT
TTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paox1-Adr2

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCGACCCCACATTTTTTTTTTGACCCCACATGTTCCCCAAAT
GGCCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAA
AGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAA
CGGCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTC
TTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTA
GCGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGC
AAATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTG
TATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATG
ATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAG
AAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTA
CTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGAC
TTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paox1-Adr3

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAA
ATGGGGAAACACCCGCTTTTTGGATGATTAACCCCAATACATTTTGGG
GTTGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATG
ATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAG
AAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTA
CTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGAC
TTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paoxi-catl

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAATTCC
GTTCGTCCGATTAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAA
ATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGTA
TGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGAT
CAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAA
GGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACT
TTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTT
TTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paoxi-cat2

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCCCTCTCGTCCGGGCTTTTTCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAA
ATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGTA
TGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGAT
CAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAA
GGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACT
TTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTT
TTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paoxi-cat3

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACATAT
TCCGTTCGTCCGAATCTTTTTGGATGATTATGCATTGTCTCCACATTGTA
TGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGAT
CAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAA
GGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACT
TTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTT
TTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paox1-Aca

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTGCCTATTGTAGACGTCAACCCAAGTCGGCATACCGTTTGTCT
TGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAG
CGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCA
AATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGT
ATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGA
TCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGA
AGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTAC
TTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACT
TTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paox1-cat3Adr3

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACATAT
TCCGTTCGTCCGAATCTTTTTGGATGATTAACCCCAATACATTTTGGG
GTTGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATG
ATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAG
AAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTA
CTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGAC
TTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACG
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> Paox1-AcaCat3Adr3

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAGG
GGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTT
CTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCT
TGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCAT
GACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGT
TTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTGCCTATTGTAGACGTCAACCCAAGTCGGCATACCGTTTGTCT
TGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAG
CGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACATA
TTCCGTTCGTCCGAATCTTTTTGGATGATTAACCCCAATACATTTITGG
GGTTGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCA
TGATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACA
GAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTT
ACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGA
CTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAAC
G
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> Paox1-mod

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAATTCC
GTTCGTCCGATTAGCAGACCGTTGCAAACGCAGGACCTCCACACCCCA
ATATTATTTGGGGTACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGG
CTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACC
ATGACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTT
GTTTATTTCCGAATGCCCTCTCGTCCGGGCTTTTTCCGAACATCACTCC
AGATGAGGGCGACCCCACATTTTTTTTTTGACCCCACATGTTCCCCAA
ATGGCCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACA
AAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCT
AACGGCCAGTGCCTATTGTAGACGTCAACCCAAGTCGGCATACCGTTT
GTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGC
TTAGCGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAA
CATATTCCGTTCGTCCGAATCTTTTTGGATGATTAACCCCAATACATT
TTGGGGTTGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACG
TTCATGATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATA
AACAGAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATT
AGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTT
AACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTC
GAAACG
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APPENDIX C

Gene sequence of pPICZa-A::egfp (4286 bp)

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATC
CGACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAG
GGGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCT
TCTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGC
TTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCA
TGACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTG
TTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACTCCAG
ATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGG
CCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAG
CGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACG
GCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTTGTCTT
GTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGC
GCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAA
ATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCTCCACATTGTA
TGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGAT
CAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATATAAACAGAA
GGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACT
TTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTT
TTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGAT
GAGATTTCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATT
AGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGGCACAAATTCCG
GCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGC
TGTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATA
CTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGAA
AAGAGAGGCTGAAGCTGAATTCATGGTGAGCAAGGGCGAGGAGCTGTT
CACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGC
CACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCA
AGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTG
GCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCT
ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGA
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AGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC
AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGC
ATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGG
CACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCG
ACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACA
TCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCC
CATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACC
CAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCC
TGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCT
GTACAAGTAAGGTACCTCGAGCCGCGGCGGCCGCCAGCTTTCTAGAACA
AAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCAT
CATCATCATTGAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGT
TGGGCACTTACGAGAAGACCGGTCTTGCTAGATTCTAATCAAGAGGATG
TCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTT
TATTTGTAACCTATATAGTATAGGATTTTTTTTGTCATTTTGTTTCTTCTC
GTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCTGATGAATATCTTGT
GGTAGGGGTTTGGGAAAATCATTCGAGTTTGATGTTTTTCTTGGTATTTC
CCACTCCTCTTCAGAGTACAGAAGATTAAGTGAGACCTTCGTTTGTGCGG
ATCCCCCACACACCATAGCTTCAAAATGTTTCTACTCCTTTTTTACTCTTC
CAGATTTTCTCGGACTCCGCGCATCGCCGTACCACTTCAAAACACCCAA
GCACAGCATACTAAATTTTCCCTCTTTCTTCCTCTAGGGTGTCGTTAATTA
CCCGTACTAAAGGTTTGGAAAAGAAAAAAGAGACCGCCTCGTTTCTTTT
TCTTCGTCGAAAAAGGCAATAAAAATTTTTATCACGTTTCTTTTTCTTGA
AATTTTTTTTTTTAGTTTTTTTCTCTTTCAGTGACCTCCATTGATATTTAAG
TTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTTCT
ATTACAACTTTTTTTACTTCTTGTTCATTAGAAAGAAAGCATAGCAATCT
AATCTAAGGGGCGGTGTTGACAATTAATCATCGGCATAGTATATCGGCA
TAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAG
TGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTC
TGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCG
CCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGA
CCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTG
GACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGG
ACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGL
GGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGC
CGAGGAGCAGGACTGACACGTCCGACGGCGGCCCACGGGTCCCAGGCC
TCGGAGATCCGTCCCCCTTTTCCTTTGTCGATATCATGTAATTAGTTATGT
CACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGA
AGGAGTTAGACAACCTGAAGTCTAGGTCCCTATTTATTTTTTTATAGTTA
TGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGT
ACAGACGCGTGTACGCATGTAACATTATACTGAAAACCTTGCTTGAGAA
GGTTTTGGGACGCTCGAAGGCTTTAATTTGCAAGCTGGAGACCAACATG
TGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTG
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CTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCG
ACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCA
GGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC
CGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTT
TCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTC
CAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGLGCC
TTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC
GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTA
GGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTA
GAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGG
AAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGC
GGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGAT
CTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAAC
GAAAACTCACGTTAAGGGATTTTGGTCATGAGATC”

*eGFP gene start and end positions were underlined.
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APPENDIX D

Putative TFBSs analysis of PapH2 by MatInspector

List of predicted putative TFBSs by MatInspector. Matching score is calculated based

on the similarity of the binding site sequence found on Papr2 and the matrix and gives

a score of 1.0 in case of 100% similarity. Start and end positions refer to the location

of the respective binding site on PapH2 sequence.

Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio
Informatio n n
n
F$PRES Pheromone  F$STE12.  Transcription  factor  0.86 22 34 gagtgaAA
response 01 activated by a MAP CAccc
elements kinase signaling
cascade, activates
genes involved in
mating or
pseudohyphal/invasive
growth pathways
F$IRTF  Iron- FSAFT2.0  Activator of Fe (iron) 0.98 23 37 agtgaaaCA
responsive 1 transcription 2, iron- CCccat
transcription regulated
al activators transcriptional
activator
F$CYT  Activator of F$HAP1.0 HAP1, S. cerevisiae  0.76 45 59 gaggggca
(0] cytochrome 1 member of GAL ATCGgag
C family, regulates heme
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio

Informatio n n

F$YST  Yeast stress F$MSN2.0 Transcriptional 64 ctgtagaGG
R response 1 activator for genes in GGcaat
elements multistress response

F$YRA  Yeast F$SRAPL.0 RAP1 (TUF1), . 87  cccacaaagt

P activator of 6 activator or repressor caCACCct
glycolyse depending on context tatgc
genes /

repressor of
mating type

FSYRA  Yeast FSRAP1.0 RAP1 (TUF1), . 83 105 gtgggcttga

P activator of 2 activator or repressor attttaCAC
glycolyse depending on context Cccc
genes /

repressor of

mating type
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence

Family Family Information e positio  positio
Informatio n n
n
F$IRTF  Iron- F$SAFT2.0  Activator of Fe (iron)  0.98 92 106 aattttaCAC
responsive 1 transcription 2, iron- Cccct
transcription regulated
al activators transcriptional
activator

Yeast ABF F$ABF1.0 ARS (autonomously ggATCAat
F factors 4 replicating sequence)- tgatgcgaga
binding factor | a

F$BZIP  Fungal basic F$YAP1.0  Yeast activator protein gcatgcaatat
leucine 2 of the basic leucine tgGTAAca
zipper zipper (bZIP) family g9
family

FSYGA  Yeast GAL4 F$GAL4.0 GAL4 transcriptional tagggggea
L factor 1 activator in response to agtctcctCC
galactose induction GGgcat
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence

Family Family Information e positio  positio
Informatio n n
n
F$YST  Yeast stress F$SMSN2.0  Transcriptional 1 163 177 gaaattaGG
R response 1 activator for genes in GGgcaa
elements multistress response

F$YMC  Yeast Mlul F$SWI4.0 DNA binding . 172 184 acgecgCG
B cell cycle 1 component  of the AAatt
box SBF(SCB binding
factor) complex

(Swidp-Swiép)

F$CSR  Carbon F$CAT8.0  Zinc cluster  0.86 187 201 ccctgegatC
E source- 1 transcriptional CGGga
responsive activator binding to
elements carbon source

responsive  elements
(CSRE)

FSYAD  Yeast F$ADR1.0  Alcohol . 214 222 gaCCCCac
R metabolic 1 Dehydrogenase a
regulator Regulator, carbon

source-responsive zinc-
finger transcription
factor
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio

Informatio n n

|

F$BZIP  Fungal basic F$CIN5.01 bZIP  transcriptional 246 tgacaatgatt
leucine factor of the yAP-1 atgTAAGa
zipper family that mediates ag
family pleiotropic drug

resistance and salt
tolerance

O$VTB  Vertebrate O$ATAT  Avian C-type LTR 0.78 233 249 gattatgTA
P TATA A.01 TATA box AGaagagg
binding
protein
factor

F$YST  Yeast stress F$MSN2.0 Transcriptional aagaagaG
R response 1 activator for genes in GGGgygtg
elements multistress response

F$RDS1 Regulator of F$RDS1.0 Regulator of Drug agcCGGC
Drug 1 Sensitivity 1, zinc cgaatc
Sensitivity 1 cluster  transcription

factor involved in
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence

Family Family Information e positio  positio
Informatio n n
n

conferring resistance to

cycloheximide

F$SKN7  Skn7 F$SKN7.0 SKN7, a transcription CGGCcgg
response 1 factor contributing to ctat
regulator of the oxidative stress
Saccharomy response
ces
cerevisiae

F$ROX  Repressor of F$ROX1.0 Heme-dependent ggcaTTGT
1 hypoxic 1 transcriptional tcacc
genes repressor of hypoxic
genes

Yeast GC- F$MIGL.0 MIGL, zinc finger tgtcaaagag
G Box 1 protein mediates tGGGGag
Proteins glucose repression ga

F$BZIP  Fungal basic F$YAP1.0  Yeast activator protein ~ 0.93 319 339 gtgatactgat
leucine 2 of the basic leucine ttGTCAaa
zipper (bZIP) family ga
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio
Informatio n n
n
zipper
family

FSYRA

Yeast FSRAP1.0 RAP1 (TUF1), 0.94 335 357 atcaccgatta
activator of 6 activator or repressor aCACCcca
glycolyse depending on context aatc

genes /

repressor of
mating type
|

Yeast F$ADR1.0  Alcohol . caCCCCaa
metabolic 1 Dehydrogenase a
regulator Regulator, carbon

source-responsive zinc-
finger transcription

factor

Yeast FSRAP1.0 RAP1 (TUF1), cggtccctcat
activator of 5 activator or repressor cctTGCAc
glycolyse depending on context cect

genes /

repressor of
mating type
|
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio

Informatio n n

I

F$YST  Yeast stress F$SMSN2.0 Transcriptional ccaaagaG
R response 1 activator for genes in GGGtgca
elements multistress response

F$CSR  Carbon F$SIP4.01  Zinc cluster . gCCATitg
E source- transcriptional tccaaag
responsive activator, binds to the
elements carbon source-

responsive element
(CSRE) of
gluconeogenic genes

F$TGR  Telobox- F$TBF1.0 TTAGGG repeat  0.82 434 446 ccaacCTT
F containing 1 binding factor 1 Aaacc
general
regulatory
factor
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Matrix Detailed Matrix
Family Family
Informatio

F$TGR  Telobox- F$TBF1.0
F containing 1

general

regulatory

factor

F$YST Yeast stress F$MSN2.0
R response 1
elements

Monomeric  F$LYS14.
M Gal4-class 01
motifs

F$YOR  Yeast oleate F$OAF1.0
E response 1
elements

I

Detailed Matrix Scor  Start End Sequence
Information e positio  positio
n n

TTAGGG
binding factor 1

453 taaacCCA

Aattt

repeat

Transcriptional ttagcgaGG

activator for genes in GGtgaa

multistress response

Transcriptional gatggaGG

activator involved in AAtttttca
regulation of genes of
the lysine biosynthesis

pathway

Oleate-activated 514  tcaatacatc
transcription  factor, TCCGatgg
acts alone and as a aggaatt

heterodimer with Pip2p
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio

Informatio n n

I

F$ICG Inverted FSICGG_  Inverted CGG motifs  0.76 500 520 tCGGAgat
G CGGtriplets N10.01 separated by a spacer of gtattgaccgt
spaced 10 bp; Put3, Teal and aa
preferentiall Cha4 binding sites
y by 10 bp

FSCYT  Activator of F$HAP1.0 HAP1, S. cerevisiae . 527 cagcaactT
(0] cytochrome 1 member of GAL ACGgtc
C family, regulates heme

dependent cytochrome

expression

O$VTB  Vertebrate O3ATAT  Avian C-type LTR . 522 538 {ttttttTAA
P TATA A.01 TATA box Gcagcaa
binding
protein
factor
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio

Informatio n n

I

F$ICG Inverted FSICGG_  Inverted CGG motifs  0.76 571 591 aTGGAac
G CGGtriplets N10.01 separated by a spacer of aggcactccc
spaced 10 bp; Put3, Teal and gttg
preferentiall Cha4 binding sites
y by 10 bp

F$YST  Yeast stress F$MSN2.0 Transcriptional ggcagaaG
R response 1 activator for genes in GGGtgag
elements multistress response

Yeast stress F$USV1.0 Usv (Up in . agattcATG
R response 1 StarVation), Nsfl Ggcaat
elements (nutrient and  stress
factor 1)

FSYST  Yeast stress F$MSN2.0  Transcriptional ttggaaaGG
R response 1 activator for genes in GGggtg
elements multistress response
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio

Informatio n n

‘

F$YMC  Yeast cell F$MCM1. Yeast factor MCM1  0.83 699 715 tctCCCAa

M cycle and 01 cooperating with atggaaaac
metabolic MATalpha factors
regulator

F$FBAS  Fungi FSLEU3.0 LEU3, S. cerevisiae, . 755 cgaCCGGt
branched 2 zinc cluster protein gtccgaaaa
amino acid

biosynthesis

F$GAT GATA-class F$GAT4.0 GATA-type Zn finger . 763 cacaGATC
C proteins 1 protein Gat4 ttttcgg
binding to
GATC
motifs

Yeast FSMSE.01  Middle sporulation 788 ggggagcaC
E middle element (MSE) AAAatg
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence

Family Family Information e positio  positio
Informatio n n
n
sporulation
elements

F$YMI Yeast GC- F$MIGL.0 MIGL, zinc finger 0.84 794 812 gtttgaaaac
G Box 1 protein mediates gGGGGtg
Proteins glucose repression ag

Yeast Mlu 1 F$SWI4.0 DNA binding tgggcaCG
B cell cycle 1 component  of the AAttc
box SBF(SCB binding
factor) complex

(Swidp-Swiép)

F$CSR  Carbon F$SIP4.01  Zinc cluster . 843 857 tCCTTtcac
E source- transcriptional cctgee
responsive activator, binds to the
elements carbon source-

responsive element
(CSRE) of
gluconeogenic genes
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Matrix
Family

Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Information e positio  positio

Informatio n n

I

FSYMA

F$IRTF

Yeast FSMATA  Homeodomain . 855 867 gcctaTTG
mating LPHA2.02 transcriptional Tagac
factors repressor Matalpha2

Iron- FSAFT1.0  Transcription  factor . 890 904 tatagcgCA
responsive 1 involved in iron CCccca
transcription utilization and

al activators homeostasis (iron-

sensing  transcription
factor AFT1)

Yeast FSRAPL1.0 RAP1 (TUF1), ccccaatgat
activator of 6 activator or repressor caCACCaa
glycolyse depending on context caatt
genes /

repressor of

mating type
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence
Family Family Information e positio  positio
Informatio n n
n
FSROX  Repressor of F$ROX1.0 Heme-dependent 0.82 912 924  ccaaTTGT
1 hypoxic 1 transcriptional tgotg

genes

FSYMA  Yeast FSMATA
T mating LPHA2.02
factors

F$MSN2.0
R response 1

Yeast stress

elements

O$VTB  Vertebrate O$VTAT
P TATA A0l
binding
protein
factor

repressor of hypoxic

genes

Homeodomain

transcriptional
repressor Matalpha2

Transcriptional
activator for genes in
multistress response

viral

Cellular  and
TATA box elements

913 925 accaaTTG

Ttggt

ttggggaGG
GGtgga

cactaTAA
Atacccctg
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Matrix Detailed Matrix Detailed Matrix Scor  Start End Sequence

Family Family Information e positio  positio
Informatio n n
n
F$SMGC Monomeric  F$RGT1.0  Glucose-responsive 0.87 993 1009 gaagaAGG
M Gal4-class 2 transcription factor Aaaaaagaa
motifs involved in regulation

of glucose transporters

F$GAT  Fungal FSGATA.  GATA binding factor  0.89 1020 1034 ataaGATA
A GATA 01 (yeast) aaagcta
binding
factors

F$FKH  Fungal fork F$FKH2.0 Fork head transcription  0.86 1028 1044 cgtaaagTA
D head 1 factor Fkh2 AAtaagat
transcription
factors
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APPENDIX E

Differences in Putative TFBSs Between Papn2 and Its Variants

Table E1: Differences in Putative TFBSs Between PapH2 and PapH2-optadri-1

5 5 § 5 5
x2 828 & Big e 5 £ 58 E 3
SE TEE g T EE S & 8§ ©% 3 &
2L AL e p= aze o j S <8 8 g
[ c (2]
£ = b w >
F$ Yeast GC- F$MIG3 Zinc finger transcriptional 0.81 212 230 221 tgtca Del
Y Box Protelns .01 repressor MIG3 ctatg
Ml tGG
G GGt
cte
F$1  Inverted FSICGG Inverted CGG motifs 0.76 248 268 258 ¢gGG Ins
CG CGG triplets _N10.01 separated by a spacer of 10 GAg
G spaced bp; Put3, Teal and Cha4 tgatt
preferentially binding sites cggc
by 10 bp cggc
ta
F$ Yeast GC- F$MIGL MIG], zinc finger protein 0.83 237 255 246 atgta Del
Y Box Protelns .02 mediates glucose agaa
MI repression gaG
G GG
Ggg
tg
F$  Yeast stress F$MSN  Transcriptional activator 1 241 255 248 aaga Del
YS  response 2.01 for genes in multistress aga
TR elements response GG
GGg
gtg
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Table E2: Differences in Putative TFBSs Between Papn2 and PapHz-optadri-2

c c < c c
x> B>% X Bx3g . = £ 55 8 2
= —==C c =Lt = 38 @ s $ 3
YE WEE = g g E 8 1S 8 SZ 35 =
© o T = bt = c 0 o =
2L Jue p= d2¢e o s ) <38 o S,
= = < c n
= = & w =
F$Y  Yeast heat F$HS  Trimeric heat shock 0.95 659 691 675 gacaatttttgg Ins
HSF  shock factors  F1.01 transcription factor agatGGAAa
999999t9gg
aa
Table E3: Differences in Putative TFBSs Between Papn2 and PapH2-optadri-3
5 5 5 5
= 13 .
2 82% E Ry e ¢§ 2 5§ g 3
BE SEE & S8 E 8 S5 8 sz 2 =
(] T = — c o =
2L AL o = A28 n NS o <38 o o
‘= e c n )
= = w =
F$  Neurospora F$QA1l  ga-1F, required for 0.75 803 823 813 cccggaga Ins
YQ crassa QA1 F.01 quinic acid induction gcgeTC
Al  gene activator of transcription in the ATcccca
ga gene cluster
F$ Yeast GC-Box F$MIG1 MIGL, zinc finger 0.83 783 801 792 tttcaaaca Del
Y Protelns .02 protein mediates gcGGG
Ml glucose repression Gggag
G
F$ Yeast GC-Box F$MIG1 MIG1, zinc finger 0.84 794 812 803 gtttgaaaa Del
Y Protelns .01 protein mediates cgGGG
Ml glucose repression Gtgag
G
F$I Inverted CGG F$ICGG Inverted CGG motifs 0.76 802 822 812 cCGGA  Del
CG triplets spaced _N10.01 separated by a spacer gagcgctc
G preferentially of 10 bp; Put3, Teal acccccgt

by 10 bp

and Cha4 binding sites
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Table E4: Differences in Putative TFBSs Between Papn2 and PapH2-AddAdrl

5 5 - 5
x> Bzx§ r 3B:z% » 7 = 58 & %
EE TEE g SEE g = 8 8§ 2 £
2u gue 2 azg £ = <8 g 3

£ £ = I S

()]
F$IC  Inverted CGG F$IC Inverted CGG 0.76 571 591 581 aTGGAaca D
GG triplets spaced GG_N motifs separated by ggcactccegt e
preferentially ~ 10.01  a spacer of 10 bp; tg |
by 10 bp Put3, Teal and Cha4
binding sites
F$YH Yeast heat F$HS  Trimeric heat shock 0.95 573 605 589 agaattgcaat D
SF shock factors F1.01  transcription factor cgaatGGA e
Acaggcactc |
cegt
F$YH Yeast heat F$HS  Trimeric heat shock 0.79 599 631 615 attggcaggac D
SF shock factors ~ F1.02  transcription factor tgggcagaag e
gggtgAGA |
Attg
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Table E5: Differences in Putative TFBSs Between Papn2 and Papr2-Addcat-1st(Addcat)

c c S S s
x> B2% r B:% » % £ 55 & %
BE TEE z SEE s 8 8 8% S £
g [Sue = 8=¢8 n j ) <8 g o

[a] "E [a)] \E < c o n o
= = & L =
O$M  Core 0$D Drosophila motif ten 0.77 640 660 650 tcggacg Ins
TEN promoter MTE. element AACG
motif  ten 01 gaagca
elements gatt
F$YG Yeast GAL4 F$GA GAL4 transcriptional 0.75 640 664 652 aatctgct Ins
AL factor L4.01  activator in response to teegtteg
galactose induction tCCGA
ccca
F$CS  Carbon F$CA  Zinc cluster 0.86 648 662 655 tccgttcg  Ins
RE source- T8.01 transcriptional activator tCCGA
responsive binding to carbon source cc
elements responsive elements
(CSRE)
F$M Monomeric  FSRG  Glucose-responsive 0.87 648 664 656 tgggtC  Ins
GCM  Gal4-class T1.02  transcription factor GGAcg
motifs involved in regulation of aacgga
glucose transporters
F$YR Yeast FSRA  RAP1 telomeric binding 0.78 651 673 662 gttcgtcc  Ins
AP activator of P1.04 sites gACCC
glycolyse acccccc
genes / ttt
repressor of
mating type
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Table E6: Differences in Putative TFBSs Between PapH2 and P apH2-Add-catond(Optcat)

c c s 5 s
x> 82§ & Bx% e 7 = 58 & %
EE TEE g SRE s &8 8 ©8% 3 £
2L Aue = A8 w o ° <2 8 S

= = < c n

= = & L =
O$  Vertebrate O3MT  Muscle TATA box 084 729 745 737 ctacaT  Del
VT TATA ATA. AAAgC
BP binding 01 gaccgg

protein factor
F$F  Fungi FSLE LEU3, S. cerevisiae, 082 739 755 747 cgaCC  Del
BAS branched U3.02  zinc cluster protein GGtgtc
amino  acid cgaaaa
biosynthesis
F$ Monomeric FSLY  Transcriptional activator 0.8 732 748 740 acgaac  Ins
MG  Gal4-class S14.0 involved in regulation of GGAA
CM  motifs 1 genes of the lysine ctttatg
biosynthesis pathway
O$  Core promoter O$D Drosophila motif ten 077 732 752 742 tcggacg Ins
MT  motif ten MTE. element AACG
EN  elements 01 gaacttta
tg
F$C Carbon F$CA  Zinc cluster 0.86 740 754 747 tccgttcg Ins
SRE source- T8.01 transcriptional activator tCCGA
responsive binding to carbon source aa
elements responsive elements
(CSRE)
F$ Monomeric FSRG  Glucose-responsive 0.87 740 756 748  cttttCG  Ins
MG  Gal4-class T1.02  transcription factor GAcgaa
CM  motifs involved in regulation of cgga
glucose transporters
F$Y Yeast oleate F$OA  Oleate-activated 0.83 738 762 750 gttcegtt  Ins
OR  response F1.01 transcription factor, acts cgTCC
E elements alone and as a Gaaaag
heterodimer with Pip2p atctgt
F$Y Yeast ABF F$AB ARS (autonomously 0.89 742 760 751 agatctttt  Ins
AB  factors F1.03  replicating sequence)- cggAC
F binding factor | GAacg
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Table E7: Differences in Putative TFBSs Between Paprz and P apH2-add-TATA

S 5 s & §
xz Bz§ r  Exf e % 2 558 3
SE TEE E SEE S 8 8 €& 3 &
© D © = ey —_ c log =
= = < c n
= = & L =
F$IR  Iron- F$AF  Transcription factor involved 0.87 890 904 897 tatagc  Del
TF responsi  T1.01 in iron utilization and gCAC
ve homeostasis (iron-sensing Cccca
transcrip transcription factor AFT1)
tional
activator
S
O$YT Yeast O$SP  TATA-binding protein, 083 879 895 887 acagca Ins
BP TATA T15.0 general transcription factor aTAT
binding 1 that interacts with other Ataaa
protein factors to  form  the ca
factor preinitiation  complex  at
promoters
O$PT Plant O$PT  Plant TATA box 09 882 896 889 gcaaT Ins
BP TATA ATA. ATAt
binding 02 aaacag
protein
factor
O$YT Yeast O$SP  TATA-binding protein, 0.83 882 898 890 fttctgtt Ins
BP TATA T15.0 general transcription factor TATA
binding 1 that interacts with other tattgc
protein factors to form the
factor preinitiation ~ complex  at
promoters
F$FK  Fungal F$FK  Fork head transcription factor 0.81 883 899 891 caatat Ins
HD fork H1.01 Fkhl aTAA
head Acaga
transcrip ac
tion
factors
O$PT Plant O$PT  Plant TATA box 0.88 834 898 891 aataT Ins
BP TATA ATA. ATAa
binding 01 acagaa
protein
factor
O$VT Vertebra O$VT Cellular and viral TATA box 09 883 899 891 caataT Ins
BP te ATA.  elements ATAa
TATA 01 acagaa
binding c
protein
factor
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Table E8: Differences in Putative TFBSs Between Papr2 and P apH2-AddAca

c < .5 5 5
x> E2% 5 Brsg e 3§ % 55 & %
SE TEE g ERE S 8 8 ¢ 3 &
2L Aue = AZ8 o o T <3 o S

= = < c n

= = & w =
F$G GATA-class FSGAT  GATA-type Zn finger 08 749 76 756 cacaG Del
AT  protelns binding 4.01 protein Gat4 3 ATCitt
C to GATC motifs ttcgg
F$G GATA-class F$GAT  GATA-type Zn finger 08 752 76 759 aaaaG Del
AT  protelns binding 4.01 protein Gat4 6 ATCt
C to GATC motifs gtgtag
F$ M-box FSMAT HMG-BOX protein 0.87 756 76 761 cctAT Ins
MM interacting with 1MC.01 interacts with M-box 6 TGtag
AT  Matl-Mc site, cooperativity with a

HMG-Box STE11
protein
F$Y Yeast mating F$MAT Homeodomain 086 755 76 761 gccta Ins
MA  factors ALPHA  transcriptional repressor 7 TTGT
T 2.02 Matalpha2 agac
F$B  Fungal basic F$CST6 Chromosome stability, 0.85 755 77 765 gcctat Ins
ZIP  leucine zipper .01 bZIP transcription factor 5 tgtag
family of the ATF/CREB ACG
family (ACA2) Tcaac
cc
F$T  Telobox- F$TBF1 TTAGGG repeat 091 769 78 775 tcAA  Ins
GR  containing .02 binding factor 1 1 CCectt
F general ttgt

regulatory factor
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Table E9: Differences in Putative TFBSs Between Papn2 and P abH2-Nucopt

>
E e -5 e 5 '§ -E wc 8 -5
§ Z£E8 5 2EE e & 7 285 8
=~ gSEE 8 SBE g g8 8 ©% 3 &
= SLS b= 2= N £ S <8 2 S
< c c (3] c w
F$1  lron- F$SAF  Activator of Fe (iron) 0.98 23 37 30 agtgaaa Del
RT responsive T2.01 transcription 2, iron- CACC
F transcriptio regulated transcriptional ccat
nal activator
activators
F$Y Yeast FSRA  RAP1 telomeric binding 0.78 61 83 72 aaaaatc Ins
RA  activator of P1.04  sites acACC
[ glycolyse Cttatgc
genes / ctgt
repressor of
mating type
[
F$Y  Yeast FSND  Meiosis-specific 0.85 77 91 84 caagcc Del
MS  middle T80.0 transcription factor, binds caCAA
E sporulation 1 to promoters containing Agtc
elements middle sporulation
elements (MSE)
F$Y Yeast Mlul F$SW DNA binding component 0.84 113 125 119 tttacgC Ins
MC cell cycle 14.01 of the SBF(SCB binding GAAaa
B box factor) complex (Swidp- a
Swibp)
F$Y Yeast Mlu |l F$ST  Aspergillus Stunted 0.95 114 126 120 ttttCG Ins
MC cell cycle UAP.O protein, (bHLH)-like CGtaaa
B box 1 structure, regulates t
multicellular complexity
during asexual
reproduction
F$R RDNA FSRE  rDNA enhancer binding 0.85 195 207 201 tttTTA Ins
DN  binding B1.02 protein 1, termination Ccctgc
A factor factor for RNA g
polymerase | and
transcription factor for
RNA polymerase Il
0$  Yeast O$SP  TATA-binding  protein, 0.83 201 217 209 gtasaaa Ins
YT TATA T15.0 general transcription TATAt
BP binding 1 factor that interacts with agacc
protein other factors to form the
factor preinitiation complex at
promoters
O$P Plant TATA O$PT  Plant TATA box 09 203 217 210 (ggtcTA Ins
TBP binding ATA. TAtattt
protein 02 tt
factor
0O$  Yeast O$SP  TATA-binding  protein, 0.83 202 218 210 gggtcta Ins
YT TATA T15.0 general transcription TATAL
BP binding 1 factor that interacts with tttta

other factors to form the
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protein preinitiation complex at
factor promoters
0O$  Yeast O$SP  TATA-binding  protein, 0.83 204 220 212 tggggtc Ins
YT TATA T15.0  general transcription TATAL
BP binding 1 factor that interacts with atttt
protein other factors to form the
factor preinitiation complex at
promoters
F$Y Yeast F$SMS  Middle sporulation 092 213 227 220 agaccc Ins
MS  middle E.O1 element (MSE) caCAA
E sporulation Aaaa
elements
F$R  Ribosomal F$ST  Ribosomal RNA 082 288 304 296 tgggcat Ins
RP RNA B3.01  processing element tTTTC
E processing (RRPE)-binding protein acccc
element
F$R Repressorof F$RO  Heme-dependent 082 290 302 296 ggcaT  Del
OX  hypoxic X1.01 transcriptional repressor TGTtc
1 genes of hypoxic genes acc
F$Y Yeast FSMA  Homeodomain 086 291 303 297 gggcaT Del
MA  mating TALP  transcriptional repressor TGTtc
T factors HA2.0 Matalpha2 ac
2
F$ Monomeric  F$RG  Glucose-responsive 087 304 320 312 gaataG Ins
MG  Gal4-class T1.02  transcription factor GGAaa
CM  motifs involved in regulation of aaagct
glucose transporters
F$Y Yeast GC- F$MI  MIGL, zinc finger protein 0.84 309 327 318 tgtcaaa Del
Ml Box G101  mediates glucose gagtG
G Protelns repression GGGa
gga
F$Y Yeast oleate F$OA  Oleate-activated 0.83 328 352 340 aatcagt Del
OR  response F1.01 transcription factor, acts atcAC
E elements alone and as a heterodimer CGatta
with Pip2p acaccc
c
F$Y Yeast FSRA  RAP1 (TUF1), activator 0.82 413 435 424 gggcag Del
RA  activator of P1.02  or repressor depending on tcagtca
P glycolyse context gtgCA
genes / CCaat
repressor of
mating type
|
F$Y Yeast FSRA  RAP1 telomeric binding 0.78 435 457 446 caacctt Del
RA  activator of P1.04  sites aaACC
P glycolyse Caaattt
genes / ctta
repressor of
mating type
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F$Y Yeast stress F$RP  Jumonji-like transcription 0.85 440 454 447 gaaatt Ins
STR response H1.01 factor AGGG
elements tttaa
F$C Activator of F$HA HAP1, S. cerevisiae 0.76 513 527 520 cagcaa Del
YT  cytochrome P1.01  member of GAL family, CtTAC
(0] Cc regulates heme dependent Ggtc
cytochrome expression
F$R Regulatory = F$RF RFX1 (CRT1), acts by 0.77 519 533 526 tttaagc Del
FXP factor X X1.02  recruiting Ssn6 and Tupl, agCAA
protein, general repressors to the Ctt
homologous promoters of damage-
to inducible genes
mammalian
RFX1-5
O$  Vertebrate O$AT  Avian C-type LTR TATA 0.78 522 538 530 tttttttT  Del
VT TATA ATA. box AAGca
BP  binding 01 gcaa
protein
factor
F$R Regulatory FSRF  RFX1 (CRT1) is a DNA- 0.92 562 576 569 ttgatttc Del
FXP factor X X1.01 binding protein that acts GCAA
protein, by recruiting Ssn6 and cgg
homologous Tupl, general repressors
to to the promoters of
mammalian damage-inducible genes
RFX1-5
F$Y Yeast Mlul F$SW DNA binding component 0.84 564 576 570 gcgtcg Ins
MC cell cycle 14.01 of the SBF(SCB binding CGAA
B box factor) complex (Swidp- atc
Swibp)
F$Y Yeast F$RS  Component of the RSC 0.81 564 584 574 gatttcg Ins
RS transcriptio  C30.0  chromatin remodeling cgaCG
C n factors 1 complex CGegtt
remodeling ttt
chromatin
structure
F$Y Yeast Mlu | F$MB  Transcription factor 0.8 569 581 575 aacgC Ins
MC cell cycle P1.01 binding to the Mlul cell GCGtc
B box cycle box (MCB) gcg
FSY Yeast Mlul F$MC Mlu | cell cycle box, 084 570 582 576 gcgaC Ins
MC cell cycle B.01 activates  G1/S-specific GCGcg
B box transcription (yeast) ttt
F$Y  Yeast F$RS  Component of the RSC 0.82 566 586 576 tttcgcg Ins
RS  transcriptio  C3.01  chromatin remodeling acgCG
C n factors complex CGtttttt
remodeling t
chromatin
structure
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F$Y Yeast Mlu |l F$ST  Aspergillus Stunted 095 571 583 577 aaaaC Ins
MC cell cycle UAP.0 protein, (bHLH)-like GCGcg
B box 1 structure, regulates tcg
multicellular complexity
during asexual
reproduction
F$Y Yeast FSRS  Component of the RSC 0.82 567 587 577 aaaaaa Ins
RS  transcriptio  C3.01  chromatin remodeling aacgC
C n factors complex GCGtc
remodeling gcgaa
chromatin
structure
F$Y Yeast Mlul F$SMC Milu | cell cycle box, 084 572 584 578 gacgC Ins
MC cell cycle B.01 activates  G1/S-specific GCGttt
B box transcription (yeast) tt
F$Y Yeast F$RS  Component of the RSC 081 569 589 579 aaaaaa Ins
RS  transcriptio  C30.0 chromatin remodeling aaaaC
C n factors 1 complex GCGcg
remodeling tcgeg
chromatin
structure
F$I  Inverted F$ICG Inverted CGG motifs 076 571 591 581 aTGG  Del
CG CGG G_N1  separated by a spacer of 10 Aacagg
G triplets 0.01 bp; Put3, Teal and Cha4 cactccc
spaced binding sites gttg
preferentiall
y by 10 bp
F$Y Yeast heat F$HS  Trimeric heat shock 0.95 573 605 589 agaattg Del
HSF  shock F1.01 transcription factor caatcga
factors atGGA
Acaggc
actcceg
t
F$Y Yeast heat F$HS  Trimeric heat shock 079 609 641 625 ttcatgg Ins
HSF  shock F1.02  transcription factor gcaattg
factors gcagaa
ctggge
AGAA
999
F$H Homeodom F$YO Yeast homeobox 1, 086 687 701 694 aaaaaA Ins
OM ain- X1.01 homeodomain-containing ATTaa
D containing transcriptional repressor aaaa
transcriptio
nal
regulators
F$Y Yeast heat F$HS  Trimeric heat shock 095 689 721 705 (gcagatt Del
HSF  shock F1.01  transcription factor ctcccaa
factors atGGA
Aaacga
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gattgga
c
F$Y Yeast cell FSMC Yeast factor MCM1 0.83 699 715 707 tctCCC Del
MC cycle and M1.01 cooperating with Aaatgg
M metabolic MATalpha factors aaaac
regulator
0$  Yeast O$SP  TATA-binding  protein, 0.83 719 735 727 tatgtaa Ins
YT TATA T15.0  general transcription TATA
BP binding 1 factor that interacts with cattca
protein other factors to form the
factor preinitiation complex at
promoters
F$B  Fungal basic F$CIN bZIP transcriptional factor 089 720 740 730 gaatgta Ins
ZIP  leucine 5.01 of the yAP-1 family that tattaca
zipper mediates pleiotropic drug TAAA
family resistance and salt gcg
tolerance
F$Y Yeast FSHM  Hidden Mat Right A2, a2 094 727 739 733 gctttaT Ins
MA  mating RA2.0 is one of two genes GTAat
T factors 1 encoded by the a mating a
type cassette in S.
cerevisiae
F$B  Fungal basic F$CIN bZIP transcriptional factor 089 725 745 735 ccggtc Ins
ZIP  leucine 5.01 of the yAP-1 family that gctttatg
zipper mediates pleiotropic drug TAAT
family resistance and salt ata
tolerance
F$R  Ribosomal F$ST  Ribosomal RNA 082 746 762 754 aaaaattt Ins
RP RNA B3.01  processing element TTTCg
E processing (RRPE)-binding protein gaca
element
F$G GATA- FSGA GATA-type Zn finger 08 749 763 756 cacaG  Del
AT  class T4.01  protein Gat4 ATCttt
C protelns tcgg
binding to
GATC
motifs
F$G GATA- FSGA  GATA-type Zn finger 08 752 766 759 aaaaG Del
AT  class T4.01  protein Gat4 ATCtgt
C protelns gtag
binding to
GATC
motifs
F$H Homeodom F$YO Yeast homeobox 1, 086 766 780 773 @aaaaaA Ins
OM ain- X1.01  homeodomain-containing ATTaa
D containing transcriptional repressor aaaa

transcriptio
nal
regulators
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F$Y Yeast FSMS  Middle sporulation 092 774 788 781 ggggag Del
MS  middle E.O1 element (MSE) caCAA
E sporulation Aatg
elements
O$  Vertebrate O$MT  Muscle TATA box 0.84 787 803 795 gttttTA Ins
VT TATA ATA. AAaag
BP binding 01 €ggag
protein
factor
O$  Vertebrate O$MT  Muscle TATA box 0.84 792 808 800 CctttTA Ins
VT  TATA ATA. AAaac
BP binding 01 99999
protein
factor
F$Y Yeast oleate F$OA  Oleate-activated 083 792 816 804 agcgett Ins
OR  response F1.01 transcription factor, acts accCC
E elements alone and as a heterodimer CGttttt
with Pip2p aaaaag
F$R RDNA FSRE  rDNA enhancer binding 085 802 814 808 cgcTT Ins
DN  binding B1.02 protein 1, termination ACccc
A factor factor for RNA cgt
polymerase | and
transcription factor for
RNA polymerase Il
F$D DAL F$DA  Transcriptional activator 092 829 837 833 aattCG Ins
UIS  upstream L82.0 for allantoin catabolic CGc
induction 1 genes
sequence
F$Y Yeast Mlul F$ST  Aspergillus Stunted 095 829 841 835 aattCG Ins
MC cell cycle UAP.0 protein, (bHLH)-like CGccct
B box 1 structure, regulates a
multicellular complexity
during asexual

reproduction
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Table E9: Differences in Putative TFBSs Between Papn2-nucopt aNd P AbH2- Nucopt-Optcat
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O$VT Vertebrate O3MT  Muscle TATA box 084 729 745 737 ttacaTAA  Del
BP TATA ATA. Agcgaccg
binding 01 g
protein
factor
F$FB  Fungi F$LE LEU3, S. cerevisiae, 0.82 739 755 747 cgaCCGG Del
AS branched U3.02  zinc cluster protein tgtccgaaaa
amino acid
biosynthesis
F$M Monomeric ~ FSLY  Transcriptional 08 732 748 740 acgaacGG Ins
GCM  Gal4-class S14.0  activator involved in AActttatg
motifs 1 regulation of genes of
the lysine biosynthesis
pathway
O$M  Core 0o$D Drosophila motif ten 0.77 732 752 742 tcggacgA  Ins
TEN promoter MTE.  element ACGgaact
motif ten 01 ttatg
elements
F$CS  Carbon F$CA  Zinc cluster 0.86 740 754 747 tccgttcgtC  Ins
RE source- T8.01 transcriptional CGAaa
responsive activator binding to
elements carbon source
responsive  elements
(CSRE)
F$M Monomeric ~ FSRG  Glucose-responsive 087 740 756 748 ttttCGGA Ins
GCM  Gal4-class T1.02  transcription  factor cgaacgga
motifs involved in regulation
of glucose transporters
F$YO Yeast oleate F$OA  Oleate-activated 0.83 738 762 750 gttcegttcg  Ins
RE response F1.01  transcription factor, TCCGaaa
elements acts alone and as a aaattttt
heterodimer with
Pip2p
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APPENDIX F

Differences in putative TFBSs between Paox: and Its Variants

Table F1: Differences in Putative TFBSs Between Paox: and P apH2- aox1-adr1

> % é o c CC) c
E ES g5 s § = g 8
© T = X S =2 © = = a e =
L L @ = o S =] 38 o ) o
~ ZE 8 3BE g8 & =2 o 2 E
5 oz = =z > £ - 2 g 3
© SE Sc g8 5 S n §
= 3 o @ <
F$Y  Yeast FSA  Alcohol Dehydrogenase 0,94 140 148 144 caCC Ins
ADR metaboli DR1. Regulator, carbon source- CCaa

c 01 responsive  zinc-finger t

regulator transcription factor
FSY  Yeast FEMI  MIGL, zinc finger protein 0,84 138 156 147 caaat Ins
MIG GC-Box G1.0 mediates glucose aatatt

Protelns 1 repression GGG

Gigtg

F$Y  Yeast FSMI  MIGL, zinc finger protein 0,84 145 163 154 caatat Ins
MIG GC-Box G1.0 mediates glucose tatttG

Protelns 1 repression GGGt

act

F$Y  Yeast F$A  Alcohol Dehydrogenase 0,94 153 161 157 taCC Ins
ADR metaboli DR1. Regulator, carbon source- CCaa

c 01 responsive  zinc-finger a

regulator transcription factor
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Table F2: Differences in Putative TFBSs Between Paox: and P apH2- aox1-adr2
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F$Y  Yeast FSMI  MIG2, zinc finger 0,81 355 373 364 tttctgagt Del
MIG GC-Box G2.01 protein mediates gtGGG

Protelns glucose repression Gtcaa
F$Y  Yeast FSMIG MIG1, zinc finger 0,84 353 371 362 aaaaaaa Ins
MIG GC- 1.01 protein mediates atgtGG

Box glucose repression GGtcge

Proteln

S
F$Y  Yeast F$SADR  Alcohol 094 374 382 378 gaCCC Ins
ADR metabo 1.01 Dehydrogenase Caca

lic Regulator, carbon

regulat source-responsive

or zinc-finger

transcription factor

F$Y  Yeast FSMIG MIG1, zinc finger 0,84 372 390 381 ggggaac Ins
MIG GC- 1.01 protein mediates atgtGG

Box glucose repression GGtcaa

Proteln

S
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Table F3: Differences in Putative TFBSs Between Paox: and P apH2- aox1-adr3

c c 5 c c
o o = ) @ 2
2 228§ 2% e % % 55 %
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=L AU = A28 n t o <8 & K]
[ c (%]
= = b w >
F$P  Pseudoh FSPHD  Transcription factor 0,89 669 681 675 acaa Del
HD1 yphal 1.01 involved in TGC
determinant regulation of Ataat
1 filamentous growth c
F$IC  Inverted F$ICG  Inverted CGG 0,76 663 683 673 tTG Ins
GG CGG triplets G_N10 motifs separated by GAt
spaced .01 a spacer of 10 bp; gatta
preferentiall Put3, Teal and accc
y by 10 bp Cha4 binding sites caata
c
F$T  Telobox- FSTBF TTAGGG repeat 0,82 671 683 677 fttaac Ins
GRF containing 1.01 binding factor 1 CcC
general Aata
regulatory c
factor
FSY  Yeast FSADR  Alcohol 094 673 681 677 aaC Ins
ADR  metabolic 1.01 Dehydrogenase CcCC
regulator Regulator, carbon aat
source-responsive
zinc-finger
transcription factor
F$T  Telobox- FSTBF TTAGGG repeat 0,82 684 696 690 gcaa Ins
GRF containing 1.01 binding factor 1 cCC
general CAa
regulatory aat
factor
FSY  Yeast FSADR  Alcohol 094 68 694 690 aaC Ins
ADR  metabolic 1.01 Dehydrogenase CCC
regulator Regulator, carbon aaa

source-responsive
zinc-finger
transcription factor
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Table F4: Differences in Putative TFBSs Between Paox1 and P apH2- aoxi-catt

> c
= c c o S g
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L = = = 5 = o a 5 o© o
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F$YS Yeast F$MS  Transcriptional 1 90 104 97 aacagga  Del
TR stress N2.01  activator for genes
response in multistress seigen
elements response ac
F$Y  Yeast FSMA  Homeodomain 0,86 87 99 93 cggaaTT Ins
MAT mating TALP  transcriptional GTtac
factors HA2.0  repressor 9cg
2 Matalpha2
F$M  Monome F$LYS Transcriptional 0,8 83 104 96 acgaacG Ins
GCM ric Gal4- 14.01 activator involved
class in regulation of S
motifs genes of the lysine gc
biosynthesis
pathway
O$M  Core O$DM  Drosophila motif 0,77 88 108 98 tcggacgA Ins
TEN romoter TE.O1 ten element
Fnotif ten ACGgaat
elements tgttgc
F$CS Carbon FSCAT Zinc cluster 0,86 96 110 103 tccgttcgt Ins
RE source- 8.01 transcriptional
responsiv activator binding St
e to carbon source
elements responsive
elements (CSRE)
F$M  Monome F$RGT Glucose- 0,87 96 112 104 ctaatCG Ins
GCM ric Gal4- 1.02 responsive GAcgaac
class transcription
motifs factor involved in gga
regulation of
glucose
transporters
F$G  Fungal FSGAT GATA-type 2Zn 083 103 117 110 gtccgAT Ins
ATA GATA 1.01 finger rotein
binding Gatl i TAgeaga
factors c
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Table F5: Differences in Putative TFBSs Between Paox: and P apH2- aoxi-cat
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F$RF Regulatory FSRFX RFX1 (CRT1), acts 0,77 302 316 309 ttccga Del
XP factor X 1.02 by recruiting Ssn6 atgC
protein, and Tupl, general AAC
homologous repressors to the aa
to promoters of
mammalian damage-inducible
RFX1-5 genes
F$Y  Yeast cell F$MC  Yeast factor MCM1 0,75 301 317 309 tTTC Del
MC cycle and M1.02 cooperating  with Cgaat
M metabolic MATalpha factors gcaac
regulator aag
F$PR Pheromone FSSTE  Transcription factor 0,86 306 318 312 gaatg Del
ES response 12.01 activated by a MAP cAA
elements kinase signaling CAag
cascade, activates c
genes involved in
mating or
pseudohyphal/invas
ive growth
pathways
F$Y  Yeast FSRAP RAP1 (TUF1), 0,82 312 334 323 aacaa Del
RAP  activator of 1.02 activator or gctee
glycolyse repressor depending gcatta
genes / on context CAC
repressor of Ccga
mating type |
F$IR  Iron- FSAFT Activator of Fe 0,98 321 335 328 «cgcatt Del
TF responsive 2.01 (iron) transcription aCA
transcription 2, iron-regulated CCcqg
al activators transcriptional aa
activator
F$CS Carbon F$RDS Regulator of drug 0,85 322 336 329 gcatta Del
RE source- 2.01 sensitivity 2, zinc cacC
responsive cluster CGA
elements transcriptional ac
activator involved
in conferring
resistance to
ketoconazole
F$Y  Yeastmating F$HM  Hidden Mat Right 0,94 323 335 329 ticgg Del
MAT factors RA2.01 A2, a2 is one of two gTGT
genes encoded by Aatg

the a mating type
cassette in S.
cerevisiae
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F$Y  Yeast FSRAP RAP1 (TUF1), 0,87 320 342 331 ccgca Del
RAP  activator of 1.03 activator or ttacA
glycolyse repressor depending CccC
genes / on context gaaca
repressor of tcact
mating type |
F$Y  Yeast Mlu I F$SWI DNA binding 0,84 326 338 332 tacac Del
MCB cell cycle 4.01 component of the cCG
box SBF(SCB binding AAca
factor) complex t
(Swi4p-Swibp)
F$CS Carbon FSCAT Zinc cluster 0,86 311 325 318 ccctct Ins
RE source- 8.01 transcriptional cgtC
responsive activator binding to CGG
elements carbon source gc
responsive elements
(CSRE)
F$Y  Yeast GAL4 F$GAL GAL4 0,75 314 338 326 tctcgt Ins
GAL factor 4.01 transcriptional ccggg
activator in cttttt
response to CCG
galactose induction Aacat
F$AS Activator of F$ASG Fungal zinc cluster 0,79 319 335 327 tCCG Ins
Gl stress genes  1.01 transcription factor Ggctt
Asgl tttccg
aa
F$A  Regulator of F$PPR  Pyrimidine pathway 0,75 320 336 328 ccggg |Ins
RPU  pyrimidine 1.01 regulator 1 cttttt
and purine CCG
utilization Aac
pathway
F$M  Monomeric  F$RGT  Glucose-responsive 0,87 322 338 330 atgttC Ins
GCM Gal4-class 1.02 transcription factor GGA
motifs involved in aaaag
regulation of cce
glucose transporters
F$H  Halotoleranc F$HAL Zinc cluster 0,86 329 347 338 TCT |Ins
AL9 e?9 9.01 transcription factor Ggagt
HALDY, involved in gatgtt
salt tolerance cggaa
F$H  Halotoleranc F$HAL Zinc cluster 0,86 330 348 339 TCC Ins
AL9 e?9 9.01 transcription factor Gaac
HALY, involved in atcact
salt tolerance ccaga

t
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Table F6: Differences in Putative TFBSs Between Paox: and P apH2- aoxi-cat3
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T Es5 . &5 S 5§ £ 3 S
K L 8 £ > B e 2 % g g S
x 8 § < 8 E 3 o 8_ - =) =
= = 09 = = O n t e 8 2 o
3 8 E S E g § g @ S
= 8B 8 o 4
F$W  Winged F$FH Fork head 0,84 635 647 641 gaaACG Del
HBS  helix L1.01 transcription factor Caaatgg
binding Fhi1
sites
F$M  Monome F$RG Glucose-responsive 0,87 636 652 644 acgaaCG Ins
GCM ric Gal4- T1.02 transcription factor GAatatgt
class involved in tt
motifs regulation of glucose
transporters
F$CS Carbon FSCA Zinc cluster 0,86 644 658 651 tccgttcgt Ins
RE source- T8.01 transcriptional CCGAat
responsiv activator binding to
e carbon source
elements responsive elements
(CSRE)
F$M  Monome F$RG Glucose-responsive 0,87 644 660 652 agattCG Ins
GCM ric Gal4- T1.02 transcription factor GAcgaac
class involved in gga
motifs regulation of glucose
transporters
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Table F7: Differences in Putative TFBSs Between Paox: and P apH2- Aox1-Aca
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F$A  Asparagine F$AZF Glucose-dependent 1 506 514 510 aAA  Del
ZF1  -rich zinc 1.01 zinc finger AAga
finger 1 transcriptional aa
activator
F$Y  Yeast cell FSMC  Yeast factor MCM1 0,75 515 531 523 cTTC Del
MC cycle and M1.02  cooperating with Caaaa
M metabolic MATalpha factors gtcgg
regulator cat
F$M  Modifierof F$MO  Modifier of 091 489 509 499 acaat Ins
OT3 transcriptio T3.01  transcription 3, zinc AGG
n3 finger  transcription Cactg
factor involved in gecgtt
repression of a subset ag
of hypoxic genes
F$M  M-box FSMA  HMG-BOX protein 0,87 502 512 507 cctA Ins
MAT interacting T1MC. interacts with M-box TTGt
with Matl- 01 site, cooperativity aga
Mc with HMG-Box
STE11 protein
F$Y  Yeast FSMA  Homeodomain 0,86 501 513 507 gccta Ins
MAT mating TALP  transcriptional TTG
factors HA2.0  repressor Matalpha2 Tagac
2
F$BZ Fungal F$CST  Chromosome 0,85 501 521 511 gcctat Ins
IP basic 6.01 stability, bzIP tgtag
leucine transcription factor of ACG
zipper the ATF/CREB Tcaac
family family (ACA2) cC
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