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ABSTRACT

EFFECTS OF METABOLIC ENGINEERING OF ETHANOL
UTILIZATION PATHWAY IN  Pichia pastorisON RECOMBINANT
PROTEIN PRODUCTION AND TRANSCRIPTION LEVELS IN CENTRAL

METABOLISM
Dayanka -, Kdi |
Master of SciengeChemical Engieering
Supervisor : Prof . Dr . Pénar ¢
CoSupervisor: Prof . Dr . Tun-er |
September 202210 pages

The aim of this MSc thesis to increase the ethanol uptake rate and decrease by
product formation in the ethanol utilization (EUT tipaay and acquire a smoothly
operating intracellular reaction networkn the target microorganismA
metabolically engineerednovel host, Pichia pastoris was developed by
overexpression of the two EUT pathway enzyrmaésyhol dehydrogenasg 2DH?2)
andAcetyl-CoA synthetase (ACS1ihat catalyze ratBmiting reactionspne by one
and together, to undeastd how they affect the ethanol uptake rate, cell growth, and
by-product formation. The metabolically engineeredhovel Pichia pastoris
expression systemsuwstructed were denoted by;ADH2-OE, ii) ACS1OE, iii)
ADH2-OE +ACSZIOE. The influence oADH2 overexpression on the growth Bf
pastoris strains constructed with AB42wt::ADH2 was investigated in batch
cultivations on 2% (v/v) ethanol, witivo sepaate coloniesarrying 3 and ADH2
gene copies, named ADH2-OE-C3 andADH2-OE-C9, respectively. At the end of
the fermentation, compared o pastoris X-33 strain, 1.%old and 1.350ld lower

cell concentrations were obtained witADH2-OE-C3 and ADH2-OE-C9,



respectively. Att = 36 h of the fermentation, compareB.tpastorisX-33, acetic
acid concentrations were 14@d and 3.9#old higher in ADH2-OE-C3 and
ADH2-OE-C9, respectively; while 1.1®ld and 2.28/old higher acetaldehyde
concentrationsvere obtained wititADH2-OE-C3 andADH2-OE-C9, respectively.
The effects ofADH2 and ACS1overexpression on the growth Bf pastoriswere
investigated in batch cultivations on 1% (v/v) ethanol using metabolically
engineered strains: ADH2-OE, ii) ACSIOE, and iii)ADH2-OE andACS1OE. At
the end of the fermentation, comparedRH2-OE andADH2-OE+ACS10E,1.08
fold and 1.12fold higher cell concentrations were obtained WAICSIOE.
Furthermorespecific ethanol uptake ratg=(or) at t = 9 h forADH2-OE andADH2-

OE +ACS1OE strains were 0.52 and 0.35 ghg*, respectively. Compared .
pastorisX-33 (ceon= 0.19 ggthl), showing thafDH2 overexpression significantly
increased ethanol uptake rat.49fold and 1.78old decrease iexcretedacetic
acid concentraticompared td. pastorisX-33 andADH2-OE were obtained with
ACSZIOE att = 36 h of the fermentatioFrhe effects of overexpression®DH2 and
ACS1on transcription levels of central metabolism were also investigated. Three
genes rcoding crucial enzymes in ethanol utilizatigkDH2, ALD4, and ACS1
were upregulated in all three metabolically engineered stiimally, to investigate
the effect ofACSloverexpression onprotein production, a novel host strain was
constructed irwhich the gene of the reporteproteinmApplewas expressednder
the control of Rpona-catsr2, andACS1was overexpressed undetoRi/cates. ACSE
OE-C4 increased mApple productidn2-fold at t= 24 h of the fermentation, and
1.32fold at t=45 h of théermentation.

Keywords: Pichia pastoris Metabolic engineering, Ethanol utilization pathway,

Transcription level analysis
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Bu y¢ksek |l i sans tezinde, etanol t ket
czerinegeakinlyann ¢retiminin azalteéel maseé i
ajeneéen el de edkt mesi Maéedekedl ekmm¢ghendi sl
czerinde&t!| aae&gc & éreaksi yonl areée katalizl ey
(ADH2) ve Asetil Koenzim A sentaz (ACS1),
il e © z g ¢Richiakpagtoaskg e | ink tkitriialb oI Mekt m¢hendi sl
gel i Kkt i Richih gastois glesprasyon sistemlerinin; ADH2-OE, ii) ACSt

OE, iii) ADH2-OE veACSIOE h¢cre -o0oj al masé, -¢gertgamol t
ol ukumuna et kiADEZaik éaréa ketkésrpihemseprotheseti.un, P
il e ol Rxastonssil lnar énén hg¢gcre - APHRlgemasé ¢z
kopyasé AbH2gdokkmepyasé takéeyan kolonil eri
deri ki mi nde ar B.xasonsE-B ;1é k § & r ekl adbés]jeehnadkat, € r ¢ -
dokwze ADH2gen Kkopyaséa etlekéeydmr mksgraséyla 1.11
d¢kek hegcre der Fememasyormuh td-86 s Bl pastonisXk3B i r .
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crameti k asit d e46 ikat vend.9€ katyang E rpasewmléenit a 1 .

deri Ki ml er i de séraseéeyl .a ADH.vé 8CSkaakterve 2. 28
ek spr esy AADH20E,ein ACBSLOE ve)iii) ADH2-OE ve ACSIOE ile

ol ukt R pagtérissnu k | ar énén -ojJal maséh/ hyebartahkgé:
etanol deri ki minde ar akt ADHEOEN\E ADHR-r . Fer ment
OE+ACSIOE' ye AGS1IOE il e 1.08 kat ve 1.12 kat d
deri ki mleri el de. pasiis X-88 wetADH2-OE 'Ayye ékayas!| a
fermentasyonun t = 36 t ACXIOE i - i n h¢cre dceetkéanta akt ar él

deri kil di kde ve 1. 7 GADH2DE +ACSOIEma uxll mu €t ur .
i -in ttogpa f9i ks et anoleod ¢ k& € t0BZEWBIgE] hY ¢

ol ar ak b uPl pastamaX+33 @br=0.199gghy) il e karkél akt ér el
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kodlayan genlerADH2, ALD4 ve ACS]1 metabolikm¢ hendit abakl anmék ¢ -
ekspresyos i st emi ni nde d&CSlpK &rg& | ek DPpmoteiKkKY wamrunun r
cretizmiri ndeki et ki soirnifrotaimmi\pptegeminmddk> i - i n, rap
casl2 Ni n kontrol al tAE€3lidBoxscdseglrteésn ceal id k@ rjd@ evkes
e d i ilyehibirekspresyonsistengie | i kKt iGeil i mit kri 4 en bu yeni k o
ACS1-OE-C4+mAppleClile%1l ( h/ h) bakl angeer-etetnadneo It =d e2rdi K
st 6mAeple;, r e t nlrRkah i=45s t Gsé B32katart €] € bul unmukt ur .
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CHAPTER 1

INTRODUCTION

Metabolic engineering the directed modulatioof metabolic pathways for
metabolte over production or the improvement of cellular propest It uses
different databases, libraries of components and conditions to generate the maximum
production rate of a desired chemical compound and avoiding insibéod
conditions that affect thgrowth ate and other vital functions in the specific
organism to achieve these goals; metabolic fluxes manipulation represents an
important alternative(Stephanopdos, 202). Systems metabolic engineering
integrates tools and strategies of systems biology, synthetic biology, and
evolutionary engineering with traditional metabolic engineering, and it has recently
been used to faciite the development of higierfaomance strais (Choi et al.,

2019). Promoter engineering is an important metabolic engineering tool to generate
engineeregpromoters that are the key components in the-faetbry design,
allowing precise and enhanced eegsion of genes. Promoters havegeptional
strength are attractive candidates for designing metabolic engineering strategies by
changing the induction mechanism of promoters to take advantage of alternative

metabolic pathways.

Yeasts have become promant in heterologous expressiomedto their
efficient expression capacity of eukaryotic proteins and the ability of proper
folding/ modification of the prodeastt for
metabolic engineering has largely focusedissembling metabolic pathwaystire
cytosol. Stategies to spatially optimize metabolic pathways, such as protein fusions
and synthetic protein scaffolds, have effectively boosted the productivity of some
engineered pathwayBueber et al., 2009).


https://www.frontiersin.org/articles/10.3389/fbioe.2019.00036/full#B22

Among yeast cellsPichia pastorisis qualified as andeal host for the
production of many -proteins with its ability to produce-proteins both
intracellularly and extracellularly without the need of many purification steps, and
most importantly, it has tightly regulated expression systems that becoreasbas
for preference. Metabolic engineering I pastorishas been conducted on the
cellular machineries, centraarbon metabolism, redox and energy generakairi(
et al., 2016Klein et al., 2015Wu et al., 2016Peneet al., 2018). The production of
the biofuel isobutanol from two renewable carbon sources, glucose and glycerol, was
increased by exploiting the yeastds amino a
the amino acid intermediates to th&e&to acid dgradaton pathway (Siripong et al.,
2018). By increasing the ADC copy number and C4 precursor supply via the
overexpression of a s p a r-dlaaineeproducidnyfom o genas e,
methanol with optimization of aspartate decarboxylation was alseweth{Miao et
al., 2021) Furthermoreby the overexpression @ND2, SOL3 andRPE1the flux
towards thepentose phosphate pathway (PPP), human intergaonma (hIFNo )
productionin P. pastoriswas increased (Prabhu and Veeranki, 20499 by
integratng theD-xyluloseforming D-arabitol dehydogenase [alD) gene
from Klebsiella pneumoniaand the xylitol dehydrogenase X[H) gene
from Gluconobacter oxydansto P. pastorisGS225, recombinant strains were
constructed to convert xylitol from glucose by thathway of gluco$®-arabitol
D-xylulosd xylitol in a single process; as a result, conversion of glucose to xylitol
with the highest yield was achieved (Cheng et al., 2@4#ngineered dynamically
controlled yeast biosynthetic system that allows cwomtus polyketide synthesis but
automaticaly controlled competitive and essential FAs synthesis was generated to
improve biosynthesis of malor@loA derived bioactive chemicals. The optimal
distribution of malonyiCoA flux to the target compounds was prdvey the
improved polyketide production, dithis new system provides an applicable method
for efficient synthesis of malom@oA derived compounds in eukaryotic chassis
hosts (Wen et al., 2020). On the other hand, several metabolic engineering

approachesiave been applied to increase the prodactiapacity ofS. cerevisiag


https://www.sciencedirect.com/science/article/pii/S109671761830082X#bib78
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for instance, to increase cellulase production by decreasing the metabolic burdens by
POTIme d i a tirgegratiom, metabolic engineering strategies, including
optimization ofcodon usage, promoter, and the signal peptide wagedgSong et

al., 2018). Furthermore, increased succinic acid production was achieved with the
elimination of the ethanol biosynthesis pathways by introducingntelgene
encoding the&schizosaccharonogspombemalic acid transporter int8. cerevisiae

(Ito et al., 2014).

As the selection of efficient and tunable promoters is very critical-for r
protein production, several constitutive and induciBlepastorispromoters have
beenidentified withdistnct properties and siBy@ueagt hs (
of the most commonly used inducible promoterdPopastoriss the stronghlcohol
oxidasel (Paoxz) promoter, the gene product of which catalyzes the first reaction in
methanol utilization patlhay, conversion of methanol to formaldehyde, Rof
pastoris One other inducible promotor Bf pastorisis theAlcohol dehydrogenase
2 (PabH2) promoter, the gene product of which catalyzes the reaction that converts
ethanol to acetaldehyde (Cregg & Totstkov, 2012).

For pharmaceuticals and food industries, since the use of methanol as the
substrate in-protein productions may complicatig¢:separation processes, aind
required documentations, methaifi@e production by greecleanbioprocesses is
highly encouragedand challenging through discovery and engineei@ckl
promoter variants (NEPVs) and systems for nowRl pastorisstrains constructio
As the yield and productivity in methanrioee production is an industrial target, to
compete with mathanolbased pwduction under Rbxi the discovery of strong
promoters, especially, design and construction of strong NEPVs and systems to be
active in alternative pathways, is required. For this purpose, strong ethdnoéd
AOX1and ADH2 promoter vaants were desgyjed and consetalucted (
2019, 2020). With the discoveries of strongly ethanducible NEPVs, the
utilization of ethanol as a carbon source gains importance. For this reason, the
application of metabolic engineering methods twréase the leVveof gene

expressions responsible for ethanol utilization is a promising strategy in bioprocess



applications to increase the production capacity of the host and effici@ncy
engineeredescherichia colstrain which could utilize ethanokahe sole carbo
source was constructed by introducing the alcohol dehydrogenase and aldehyde
dehydrogenase fromspergillus nidulansnto E. coli and the recombinant strain
acquired the ability to grow on ethanol (Liang et al., 20RilPichia pastorisusing
metabolicengineering methods, an alternative method for the generation of-acetyl
CoA preferentially in cytosol based on the strong ethanol assimilative capacity was
proposed. With the synthetic ethammodluced transcriptional signal amplification
device (ESAD) sy®em, ethanol was made serving as a strong expression inducer in
addition to its roles of the sole carbon source and a€atyl precursor, and highly

improved the production of the acebA (Liu et al., 2019).

Alcohol dehydrogenase 2 (ADBl enzyme is the first enzyme in the EUT
pathway that catalyzes the oxidation of ethanol to acetaldehyde. Furthermore, it is
experimentally revealed thADH2is the only gene responsible for the consumption
of ethanol inP. pagoris. (Karaoglan et al., 2@®; Er g¢n )eAsaaebult,, 2019
with metabolic engineering approachiesreasing EUT pathway fluxes is the right

strategy to increaseprotein production in 2 control.

The ultimate aim of this thesis is designangovel metabolically engineed
host,P. pastoris by overexpression of the gene(s) of the enzyme(s) that catalyzes
the reactions in the EUT pathway under a hydarichitecturegynthetic promotetio
increase the ethanol uptake rate and decreagedolictformation in the ethanol
utilization (EUT) pathway and acquire a smoothly operating intracellular reaction
network from the TCA cycle to the gluconeogenesis pathway through anaplerotic

reactions.



CHAPTER 2

LITERATURE REVIEW

2.1 Host Microorganism Selection

The discovery of recombinant DNA tewlogy led to the development and
manufacturing of a large number of proteins with the therapeutic activity known as
biology-based therapeutics. Biosynthetic insulins, peptide hormonesienotes,
monoclonal antibodies are examptdEsprotein biopharmaauticals(Conneret al,

2014). Furthermore, thesproducts are very efficient in treating severe acute and
chronic diseases such as hormoslated disorders, cancer, and immunologic
disease (Tsiftsoglouet al., 2013). Thus, in recent decades, biotecbgylhas
become one of the most valuable components of both the pharmaceutical and
chemical process industries (Fanal., 2015). Biopharmaceuticals are an integral
part of modern medicine dn pharmacy. Both the development and the
biotechnological produin of biopharmaceuticals are highly castensive and
require suitable expression systems (V@¢ederet al.,2013).To be able to achieve

high yield and productivity in recombinant prgses, some critical requirements
should be satisfied. In this c@xt, one of the most crucial steps in bioprocess design
is the host organism selection since the success or failure of a process often hinges
on the initial choice of a host organism and resgion system (Liet al.,2020).

Rapid growth on cheap mediapderate process conditions, suitability for scaling

up, and minimum production of the4pyoducts are the critical properties of an ideal
host. Additionally, the production of the toxic compounds during the process is
undesired situation, so the idealsth should also satisfy this condition and should be
GRAS (Generally Recognized As Safe) status. Another crucial parameter for host

selection is the capability of performing pasinslational modifications, which are



changes to the proteins after theiriamacid sequence have been perforitoddld

the protein in its correct active form if the target protein requires (Gustavsson, 2018,
p. 8).

A large number of host systems, which include bacteria, yeast, insest cell
transgenic animals as well as maniarmand human cell lines, developed over the
years with the help of recombinant protein technology, enabled the expression of
recombinant proteibased pharmaceuticals (Tsiftsoglo et al., 2013; Tripathi and
Shrivastaa, 2019). Among these expression ey, E. coli and Mammalian cells
were more dominant than other microorganisms for the production of recombinant
proteins (Figure 2.1) (Ferrddiralles et al., 2009). However, mammalian cell culture
processes are relaglly slow, require complex media, aade susceptible to viral
contaminations (Vogl et al., 2013). For this reason, microorganisms can be
designated as ideal hosts fgurotein production compared to mammalian or insect
cells since they have vital propes for achieving optimum and simpleprocess
conditions, such as enabling easy purification of the product and high growth rates.
Escherichia coliis one of the most preferred expression systems -footein
production among host organisms since itaisgenetically welcharacterized
organsm, and also its ability of fast growth in inexpensive media and reaching high
densities in a short time make this species highly desirable for industrial protein
production. (Carter, 2011; Corchero et al., 201B) spite of its advantages, there

are seeral drawbacks dE. coli, which limit its application in-protein production.

One of the most significant drawbacks is its inability to perform-prasslational
modifications, which are generally necessary forexrprotein folding and activity.
Pog-translational modifications, PTMs, contain glycosylation, disulfide bond
formation, phosphorylation, and proteolytic processing, and among these, the most
important one is glycosylation since approximately 70% otlibeapeutic proteins
currently in clnical trials are glycosylated (Sethuraman and Stadheim, 2006; Walsh
and Jefferis, 2016). Another significant disadvantagé&.otoli is the lack of a
general secretory system, which causes inefficient protein secrEtichermore,

other obstacles, sucls dack of proper protein folding and inclusion body (IB)



formation, which results in high purification steps, also limit the usa@e oblias
a host organism in bioprocesses. ( Tripathi and Shrivastava, 2019: Meeles et
al.,2009; Corcheret d., 2013).

mE. coli

m Yeast

m Insect cell lines

m Mammalian cell lines

® Transgenic plants and
animals

Figure 2.1 Percentage of biopharmaceuticals produced in different expression
systemgBaesheret al.,2014)

As well askt. coli, another most preferred microorganism for Hpeatein production
isyeast In partcular, when the target protein is awrgpluble form in the prokaryotic
system or requiea specific PTM, yeasts become prominent as the host organism
(Jenking 2007). Farthermore, some significant advantages, such as providing cost
effective bioprocessemd high densities, enabling genetic manipulations easily, and
performing some podtanslational manipulations and high production capacity of
heterologous proteins, k@ this organism a highly productive cell factory (Ferrer
Miralleset al.,2009). On he other hand, yeastye notable to perform some
complex postranslational modifications such as amidation, prolyl hydroxylation,
and some phosphoalékhti 2@01l2)feli k and ¢



Table 2.1 Comparison of common organisms used as a host in industrial
production (Gustavsson, 2018), (Voet al.,2013), (Berlec and Strukelj, 2013),
(Demainet al.,2009), (Mattanovictet al.,2012)

Easeof genetic  PTMs

manipulation
Bacteria Simple Required
additional
steps
Yeast Simple Required
additional
steps
Filamentous Simple Yes
fungi
Higher Moderate Yes
Eukaryotes

Yields

High
expression
capacities,
inefficient

secretion

High yields

High yields

High yields

Contamination

Possible phage

infection

Little risk of
viral DNAs

Little risk of
viral DNAs

Risk of viral

contamination

A wide range of outstanding yeast expression hosts, including the species

Saccharomyces cerevisiae, Pichia pastdfiansemla polymorpha, Kluyveromyces

lactis, Schizosaccharomyces pombe, Yarrowia lipolytica, and Arxula adeniniyorans

have been u=l in recombinant protein production processes with various

characteristics such as being thertolerant or haleolerant, rapidlyreaching high

cel | densities or ut i

i zing

unusual

car bon

Yeasts can be divided into tveategories as crabtree positive and crabtree negative.

The Crabtree effect includes energy management in which glycolysis is udesl by t

yeasts as the terminal electron acceptor instead of oxygen, despite sufficiently high

dissolved oxygen concentrationntent, when such concentrations exceed a specific

limit (Imuraet al.,2020). In other words, some yeast species use fermentation even

in the presence of oxygen when glucose concentrations are sufficiently high.



The glucose supply in the culture shouldtbastrained to prevent the crabtree effect,
and as a result, these cultures result in low daily ouffrabtree effect refers to the
induction of fermentation, instead of respiration, in the presence of oxygen and high
external glucose concentratiori3féiffer and Morley, 2014).For this reason, the
Crabtree effect is an important phenomenon in aerobically grown yeasts, although it
has disadvantages such as growth and cell yield if used in a manufacturing process.
On the other hand, some yeasgiecies do not show the crabtree effect, and
consequently, they can achieve higher cell densities in aerobic culture than Crabtree
positive yasts (Imuraet al.,2020). Examples of Crabtree positive yeast species can
be listed asS. cerevisiag T. glabratg Schizosaccharomyces pombend B.
intermedius FurthermoreC. utilis, H. nonfermentansK. marxianus P. stipites
Kluyveromycesand P. pastoris are the Crabtree negative yeast species €Urk

al., 1990; Hagmart al.,2013).

An additional classificatin of the yeast species can be done as methylotrophic and
non-methylotrophic yeasts. Methylotrophic yeasts, such
asCandida Pichia, Hansenula andTorulopsis(Gellisseret al.,1992), can utilize
methanol as a sole carbon and energy source. Adaptatigovith on methanol is
associated with induction of methanol oxidad€X (also referred to as alcohol
oxidase AOX), dihydroxyacetone synthaBAS and several other enzymes
involved in methanol metabolism (Sreekrishna and Kropp, 1996). On the other hand,
norrmethylotrophic yeasts do not have the ability to use methanol as a carbon source,
but they can utilize a wide range of carbon sourcesefwergy production.
FurthermoreS.cerevisiagK.lactis, Y.lipolytica andP.stipitisare the yeasts that
belongtat hi s cat egetraly20l6fFer n8ndez

Among all yeastsS. cerevisiagthe first eukaryote whose genomeas fully
sequenced, is one ofghmost preferred species for the expression of a wide variety
of recombinant proteins. As well as common advantages of y8astgsevisiadas

some further advantages for application of it in bioprocesses such as it isatksig

as generally regarded safe (GRAS) strain and its walharacterized organism with

the highthroughput data collection. Furthermore, it has tolerance for environmental



stress
2012).

and I

ow

oxygen

| evel

and

Another yeast species ammonly involved in recombinant protein production

as a host organism i®ichia pastoris also namedomagataella phaffii Some

additional advantages, such as tightly regulated and efficient promoters and a

strong tendency for respiratory growth as opposedto fermentative growth,

bring this species one step ahead of other yeasts for protein expressi¢@regg

et al., 2009)

Table 2.2 Properties of most commonly used species in bioprocéSsesavsson,
2018) (Mattanovictet al.,2012)

Expression Pichia Saccharomyces Escherichia Chinese
System pastoris cerevisiae Coli hamster ovary
Growth media Inexpensive, Inexpensive, Inexpensive, Expensive,
Minimal Minimal Minimal Complex
Cell growth Rapid Rapid Rapid Slow
Secretion to Secretionto  Secretionto  Secretion to
Secretion extracellular extracellular  extracellular  periplasm
environment  environment environment
Easy to yes yes yes no
Scaling up
Common Insulin Bioethanol Human Monoclonal
Product growth antibalies
hormone
Cost Costeffective = Costeffective Cost Expensive
effective
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2.1.1 Pichia pastoris

In recent years, the yedichia pastoris which is a methylotrophic yeast that can

be geneticallyengineered to express proteins for basic research and industrial use,
hasbecome one of the most successful and popular host systems for heterologous
protein producti on wi t h s e vee @IQ2015; si gni f
Cereghincet al.,2002). In 120, promising yeast for bioprocess applicatiBithia
pastoris firstly isolated from the exudate of a chestnut tree in France, and A.
Guilliermond characterized it as Zygosaccharomyces pastori (Guilliermond, 1920).
The name Pichia pastori§ was given to this species by H. Phaff, who isolated the
further strains of it from &es in California in 1956 (Phaff et al., 1956). Afterward,

in the 1970s, Philips Petroleum introduc&ichia pastoris for commercial
production of singlecell proteins $CP) as higiprotein animal feed due to the ability

to reach high cell densities. SCkR@uction has become uneconomical since the oll
crisis, which occurred in 1973, caused an increase in the price of methanol
(Cereghino and Cregg, 2000). Whereas in 880%,Pichia pastorisdeveloped as a
heterologous protein expression system.

Three fumlamental properties &fichia pastorianade this species an ideal host for
bioprocesses. The first one of these advantages is that it can be easily manipulated at
the mdecular genetic level. Secondly, it can express proteins at high levels, both
intracelularly and extracellularly. Finally, it can perform many 'higher eukaryotic'
posttranslational modifications, such as glycosylation, disulfide bond formation,
and protelytic processing (Cereghiret al.,2002). Moreover, notably, the
reengineering of theN-glycosylation pathway has enabled the production of
heterologous proteins with humdéke N-glycan structures (Mattanovich et al.,
2009).

Another crucial charactetis of P. pastoris which makes it an ideal host, is it is a
methylotrophic yeast so dhit can utilize methanol as a sole source of carbon and
energy with the help of the alcohol oxidase | gene (AOX1) (Ogata et al., 1969).

Moreover,Pichia pastorishas avery efficient and tightly regulated promoter, AOX1
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promoter, which is derived fromdéhAOX1 gene of the methanol utilization pathway.

In particular, the use of this promoter makes high levels of foreign protein expression
possible (CoudercandBarattf B0 ; ¢el i k and ¢al ék, 2012).
One another most essential properties ofRhpastorisis that it is described as a
Crebnegative yeast (Mattanovich et al., 2009). In other wdtdpastorisprefers a
respiratory rather than a fermentative mode of growdrmentative organisms
produce byproducts such as ethanol and acetic acid, and these compounds can reach
toxic levels in a high cell density environment. (Ceregtanal.,2002). For this
reason, with its respiratory mode of growth featlighia pastors becomes the
reason for preference. Figure 2.2 exhibits the central carbon mechan®ohiof
pastoris

Finally, its ability to grow on inexpensive and minimal medium and ability to secrete
r-proteins to fermentation, which makes purification easier,otiner vital factors

that makePichia pastorisan ideal host for recombinant protein production processes
(¢al ek et al., 2015)

Recently, reclassification ¢f. pastorisinto a new genus, Komagataella, was made
(Yamada et al., 1995). Indeed, this genudt splo three species, K. pastoris, K.
phaffii, and K. pseudopastoris (Kurtzman, 2005). Two of these new species, K.
pastoris and K. phaffii, have strains that are usebiotechnological applications
(Mattanovich et al., 2009T.he strains GS115 and-3X3belong to K. phaffii species.

On the other hand, although a name change has occurred in the literature, it is still

known asPichia pastoris

All P. pastorisexpressia strains are derivatives of the wild type strain NRRL

11430 and, the most commonlgad strains are auxotrophic mutants (e.g., GS115)

and proteasd e f i ci ent strains (e.g., SMD116 3, SMD
cal ek, 2012). Res e giesqTucs@pAZ AJBA) lhas theogpatenT e c hnol o
of expression system d?ichia pastoris and theexpression kit from Invitrogen
Corporation (Carl sbad, CA, USA) can be wusec
2012).
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Table 2.3 Advantages rad disadvantages of Pastoris expression system

Advantages Disadvantages
o High yield o Long cultivation time
o High expression levels o0 High proteolytic activity
o High cell densities 0 Requiring bioreactol
application for higHevel
production
o Enabling easyurification o Ability to perform nonnative

(@)

O O O o

Rapid gravth
Defined and inexpensiv
medium

Enabling easy scalingp
Broad pH range

Performing PTMs
Genetically stable strains
Having strong promoters

Paox1, Peap
GRAS

glycosylation and

hypermannosylation
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Figure 2.2 Central carbon metabolism Bichia pasoris( ¢ al ek et al ., 2015¢
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2.2 Promoters

Expression of the respective gene of interest (GOI) is essential for recombinant
protein production. Furthermore, the expression of the GOI consists of several
essential steps like transcription, translation, folding possible pogtanslational
modification, as well as the correct targeting by the heterologous host organism. In
both prokaryotes and eukaryotes, the initial transcription of the GOI is often a key
step in heterologous protein production. (Markides6L®®rro et al., 2005 ;Desai et
al.,20D ;Vogl & Glieder, 2013) Transcription, conversion of a DNA sequence into
an RNA transcript by RNA polymerase Il (Polll), is the starting step of gene
expression, and in transcription,-pHoteinrcoding and many neooding genes are
transcribed. Transcrijpn usually begins at the transcription start site (TSS), which

is located at the 5th end of a gene, also known as the gene start. The TSS is located
within a core promoter, which is a short sequence that spansé@aias upstream

and downstream of tHESS. The transcription machinery, which includes Pol Il and

its accompanying general transcription factors (GTFs), uses the core promoter as a
binding platform.(Hampsey 1998; Haberle et al.,2018) In other woadspmoter

is a DNA sequence enabling amegulating transcription initiation. (Ottoz and
Rudolf, 2018) Consequently, strong and controlled promoters are vital tools for
efficient expression systems because transcription, the initial stage in protein
synthess, is a critical step in-protein cretion. (Porro et al., 2005Gasser et al.,
2019) Promoters of yeast generally include two functionally and physically distinct
regions, core promoter and upstream element. (Struhl, 1982; Beier et al., 1982;
Guarente ath Mason, 1983; Ottoz and Rudolf, 2018he core promoter is the area

that carries the bare minimum of information required to initiate transcription,
regardless of whether or not it is regulated. (Beier et al., 1982; Faye et al., 1981) The
core promoterexves as a recruiting platform for RNgdlymerase Il [21]. To bind

the promoter and become competent for transcription initiation, RNA polymerase Il
requires the help of general transcription factors. (Venters et al., 2011) -TATA

binding protein (TBP), a geeric transcription factor, detects thATA element, a
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DNA sequence enriched for T and A, which is located at various distances upstream
of the TSS(s). The interaction between TBP and the TATA region causes RNA
polymerase Il and other general transcriptfactors to be recruited to the core
promoter in a stepwise manner. This causes the preinitiation complex (PIC) to form,
which is required for transcription to begin. (Hahn et al., 1985; Zhang and Dietrich,
2005; Rhee and Pugh, 2012)

The upstream elementonfers regulation by recruiting tramgation factors
(Guarente, 1984). Transcription factors bind to the upstream element at transcription
factor binding sites, which are distinct and wealown DNA patterns (TFBSS).
TFBSs are both required and suffidiéor a promoter to be regulated (Giarget al.,

1985). A schematic representation of the structure of a promoter and eukaryotic gene

transcription is given in Figure 2.3.

Condensed
chromatin

\
N pe-b
<N\

S Transcription

= inhibitors

<! Transcription

: 3 factors RNA polymerase 2

Proximal promoter S
elements gagq promoter

Figure 2.3 Structure of a promoter and eukaryotingdranscription
In the light of this information, it can be concluded that strong and controllable
promoters are a crucial tool for efficient heterologous protein production. The

powerful methanol inducible promoters present B pastoris and other

methylotrophic yeastare one of their most advantageous features. Certain methanol
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utilization (MUT) pathway genes are totally repressed when grown on repressive
carbon sources (e.g., glucose) but substantially activated when grown on methanol,
accounting forup to 20%30% oftotal intracellular proteinMUT promoters are
attractive tools for heterologous protein production because they are tightly regulated
at the transcriptional level. As a result, the majority of published information on the
control of P. pastoris promotersfocuses on the most often utilized traditioiRal
pastorispromoters, the promoters of the MUT pathway gene PAOX1, as well as the
glycolysis gene PGAP. (Vogl and Glieder, 2013) The most often used promoters can

be classified into two cageries: constitutie and inducible promoters.

2.2.1 Constitutive Promoters

Constitutive promoters result in steady expression under a variety of circumstances.
Strong constitutive promoters that drive higlrel transcription are frequently
utilized to obtain Igh levels of expession of important enzymes. (Xiong et al., 2018)

In other words, a constitutive promoter has a generally steady activity that is
unaffected by external stimuli. In most situations, the activity of constitutive
promoters is linked to theate of growth, with is determined by the amount of
glucose, yeast's preferred carbon soy@eoz and Rudolf, 2018) One of the most
common constitutive promoters oP. pastoris Glyceraldehyde3-phosphate
dehydrogenase (GAP) promoter, was charactetizedaterhanet al in 1997 as
reaching as high expression level agx? promoter.

One of the most important features of the GAP promoter, which makes it preferable
for nontoxic protein production, is that its constitutive expression shortens and
simplifies the processing time because there is no need for induction. By this means,
high protein titer and cell densities can be reached under the control of the GAP
promoter. The ability to be used with other carbon sources than methanol is another
critical feature of the GAP promoter. The GAP promoter can reach high cell densities
and proten titers with glucose and glycerol, which are #ioric for cells. This

eliminates methanol usage and makes the GAP promoter a good alternative for

17



pAOX1. Besides the GAP rpmoter, there are other constitutiv®e pastoris

promoters that provide high expsésn levels that have been reported by researchers.

For instance, two naturally occurring promoters around the pyruvate branch point,

namely the pyruvate decarboxylase [(RP and pyruvate kinase (PPYK) promoters,

as viable substitutes for constitutive PBAeach with distinct expression patterns

and strengths was reported in 2018 by Massa

promoters oP. pastorisare given.

Table 2.4 Constitutive promotersof P.a s t o r ietsal.,2015)\(Masdahi and
¢tal ek, 2018)

Gene Name Gene Product

GAP Glyceraldehyde phosphate
dehydrogenase

PGK1 Phosphoglycerate kinase

TEF1 Transl ation el ong

PDC Pyruvate decarboxylase

PYK Pyruvate kinase

222 Inducible Promoters

Environmentalstimuli cause inducible promoters to vary their expression levels

dramatically. To obtain high levels of expression of important enzymes, strong

constitutive promoters that drive higgwvel transcription are frequently utilized.

(Xiong et al, 2018) Alcohd oxidase (Roxi) is the most often used inducible

promoter, which catalyzes the first step of the methanol utilization pathway,

conversion of methanol to formaldehyde, Rxfpastoris (Er ge¢n, Huccetogul
¥zt e¢rk, ¢eli k, & ¢ aducedkon meh@nblOoh the othérhands st r ongl
it is completely repressed under the growth source other than methanol. One other

inducible promotor oP. pastorisis the alcohol dehydrogena2gPapH2) promoter
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which catalyzes the reaction that converts ethanol to acetaldehyde (Cregg &
Tolstorukov, 2012). This promoter is induced on ethanol. Since it does not require
methanol, which is toxic, it is a good alternative to recombinant protegugtion.

In table 2.5, inducible promoters Bf pastorisare given.

Table 2.5 Constitutive promotersof p.a st o r ietal.,20M5p | é k

Gene Name Regulation Gene Product

AOX1 Induced on methanol Alcohol oxidase 1

DAS Induced on methanol Dihydroxyacetone

synthase

FLD1 Induced on methanol an Formaldehyde
methylamine dehydrogenase

PEX8 Induced on methahoor Peroxisomal matrix protei
oleate

ADH2 Induced on glycerol ani Alcohol dehydrogenase

ethanol, repressed L

methanol anglucose

2.2.3 Engineered Promoters

Naturally occurring promoters (NOPs) usually provide limited opportunities due to
their complexregulation mechanisms and highly dependent working principles,
which hamper their production efficiency and increase metabolic burden over the
host cell.Synthdic biology extends on promoter engineering, aiming to increase the
transcription rate throughe generation of novel regulatory circuit(s) by engineering
binding of the activating transcription factors (TF$romoter strength and
regulation are cumulate effects of short and distinct DNA motifs that facilitate
binding of cellular transcriptionahachinery.To increase the transcription rate in
yeasts promoter engineering methods, such as random mutagéAfses et al.,

2005) chimeric promoter desigiBlazeck et al., 2012)nodification of transcription
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factor bindingsites(Ata et al., 2017)tuning of nucleosomerehitecture(Curran et

al., 2014) synthetic core promoter desigivogl et al., 2014) and hybrid
architectured engineered promoter variants (EPVS) dgsi§r g ¢ n 20&8%; a |
Erge¢n et haeelbeenusédl 2 0)

Recently, two novel engineered promoter variants, which were also used in this
study, were designed and constructed. The first athe iIEPVs of Rbn2 which were
designed by engineering of transcription éadtinding sites (TFBSs) determined by

in silico analyses and manual curation systematically by singieled replacement

of specified TFBSs with synthetic motifs for Mxrl, Cat8, and Acal bingiing
increase 4protein expression through the generation afeh regulatory circuits in

P. pastorisover the EUT pathway. Compared witAPH2 at t = 20 h of batch
fermentations, the hybrdrchitectured EPV Mn2casi2 allowed the highest
increase in enhancedprotein expression as 4f8ld on ethanol and 3:®ld on

met hanol (Erge¢en et al ., 2 0 1.8xg Whichwak e second
designedreplacing specifiedis-regulatory DNA elements with synthetic Adrl,
Cat8, and AcaZis-acting DNA elements for Mxrl, Cat8, and Acal binding,
respectivelyandthe expression over methanfsbe substrataitilization pathway(s)

was transcriptionally rewired and was converted methdepéndenPichia
pastoris alcohol oxidase 1(AOXpjomoter Paox1) expression into a netoxic
carbonsourceregulated systenComparedvith Paox10n methanol, the expression

on ethanol is increased with PAOX1/Ca&t8 (EPV used in this study) to 74% and
increased with PAOX1/AdFL3/Cat8L 3 t o 85 % ( EQ).gDemiraedt al . , 20
¢al ek (2020) dodidepronptereexpressionsgshs ¢€ODPESS) with the
EPVs RopH2caiel2 and Pmaoxi to enhance and upregulateregulated gene
expressions if°. pastorison ethanol and compared the DPESs with the constituent
single-promoter expression systems (SPE$kE transcription period and strehgt

of each constituent in the DPESs were determined by expressing reporter red
fluorescent protein and enhanced green fluorescent protein under PG&IBIR2

and PmAOX1, respectivelyln batchcultivations on ethanol, superior DPES

performances were invegéted in extracellular human growth hormone production
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and compared to its constituent SPES constructed with PACHMZL2.
Furthermore ethanol feebatch bioreactor operations (FBB) were designed for
enhanced recombinant human growth hormone (rhGH)uptmoh inPichia pastoris
constructed with novel hybridrchitecturedADH2 promoter, RDH2-Cat8L2, and
the parameters in the fdxhtch fermentation of ethanol wearesestigated, and the
boundaries of the production domain in terms of the design paranvetees
determined (Wehbe et al., 2020).

2.3 Target Proteins

Reporter proteins have tremendous importance in both bioprocesses and metabolic
engineering applications siadt enables the detection or measurement of gene
expression. Furthermore, fluorescent tmaging of single molecules, intact
organelles, live cells, and whole organisms is an extensively used biochemistry,
biotechnology, cell, and developmental biologpm@ach. Stepanenko et al.,2008)

GFP was first isolated from the jellyfigh. victoriain the early 1960s by Osamu
Shimomura. (Zimmer M. 2002) This invention led to a revolutionary impact on
studies related to cell biology and almost every area of bi@alescience since
these"Molecular flashlights" have the advantage of being wsegroteintags to

track the subcellular localization of a protein of interest within the cell environment.
Furthermore, they can also be used as genetically engineereddlmrbiosensors

to monitor dynamic changes in signaling molecules in the context of teiitgy For

this reason, three distinguished researchers, Drs. Osamu Shimomura, Martin Chalfie,
and Roger Tsien were awarded the 2008 Nobel Prize in Chemistryctvelisand
develop the green fluorescent protéiaquorea victorigavGFP), the prototypical
member of a diverse family of fluorescent and-flanrescent proteins expressed by
various marine organismgample et al., 2009)

Especially after cloningreen fluorescent protein (GERjluorescent proteins (FPs)

have become standard imaging toolsdell biologists(Costantiniet al 2015)GFP,

a complete genetically encoded tag, has become a unique tool that enables direct
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visualization of structures and processes in living cells and organisms. Subsequently,
intense interest in the structure,othemistry, and biophysics of GHRe
fluorescent proteins emerged, resulting in an avalanche of scientific publications on
FPs andheir applications to solve fundamental molecular and cell biology problems.
Nowadays, fluorescent proteins are being useslide-variety applications (Figure

2.4), such as drug screening, protein interactions, and promotor activity, to screen
the function and organization of living systen{€hudakov et al., 2010)
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Figure 2.4 Main areas of apptations of fluorescent protei@@hudakov et al., 2010)

Fluorescent proteins generally consist of 220 aminoacids residues
(approximatelyaround2% Da) , whi ch f ol d i ngheetsthatbar r el f o
accommodate a distorted internal helix, alhdFPs have the ability of sedfeneration

of the intringc chromophore from three amino acids at positionssbwithout

requiring cef act or s or enzymatic component s. Furt
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barrel shell, and it protects the chromophore frometingronment and restricts its
flexibility (Stepanenko etlg2011). Besides these key features, fluorescent proteins
also have a widdiverse color scale covering almost the whole visible spectrum from
violet and to farred and this color diversity. Thisigent palette, which has various
colors of monomeric FPgnables multicolor protein labeling experiments with as
many as six colors and potentially more. As a result, it provides new possibilities for
multiparameter imaging of structures and processlesrnig systems. (Kogure et al.,
2006) The spectral divatg of available monomeric FPs is shown in Figure 2.5.
(Chudakov DM et al., 2010)
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Figure 2.5 Spectral diversity of available monomeric FPs.

Thus, there are severalitaral characteristics for the practical use and preference
criteria of FPs for bioimaging. One of them is the brightness of FPs. The brightness
of the fluorophore used has a significant impact on the sensitivity of any fluozescen
detection technology.hle high brightness of an FP provides additional benefits for
fluorescent labeling in biological systems. The brighter FPs, in particular, require a
smaller dosage of excitation light, resulting in less phototoxic consequences.
(Chudakov et al., 2010) Anogh critical feature of FPs in use is the maturation rate.
After protein folding and chromophore maturation, which includes many covalent
modifications, FP fluorescence develops. Orange and red FPs have the most covalent
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modifications. The ratéimiting phase for the FP to become fluorescent is usually
chromophore maturation. Maturation can take anything from a few minutes (103,
304) to hours or even days, depending on the specific FP, oxygen content, and
temperature(Nagai et al.2002; Evdokimov et al.,d06) The maturation rate should

be rather quick for practical usage to get a high and stable fluorescent signal.

The maturation halfime of most FPs in use ranges from 40 minutes to 12 hours,
which is long enough to label cellstganelles, and proteing mterest, as well as
undertake numerous quantitative asséymsvever, FPs with very fast maturation is
required for several applications, such as early detection of promoter activation,
tagging proteins of interest with a brigespan, or monitoring agle translational
processes. Fastaturing yellow FPs, for example, permitted riale observation

of the synthesis of a single protein molecule. (Yu et al., 2006) Finally, one of the
cornerstones of a successful imaging expenimis FP photostabilitywhich
becomes a vital feature for extended time series, accumulating weak fluorescence
signals, and quantitative measures, such as FRET approaches. The protein shell
protects the chromophore of FPs from the environment. This hstasuially
responsible fowild-type FPs' generally strong photostability and low phototoxicity,
which is likely vital for their native function in sea organisms. With the exception of
KillerRed, most mutant forms of natural FPs have low phototoxi8tgcessful
mutant versions |so maintain wildtype FPs' naturally excellent photostability.
(Chudakov et al., 2010)

Considering the mentioned features and criteria, eGFP and mApple fluorescent
proteins were preferred as reporter genes in this study.

2.3.1 eGFP Protein

GFP is a protein awsisting of 238 amino acids and weighs 27 kDa. It gives an
excitation peak at 395 nm and an emission peak at 509 nm. Other researchers have
developed many variants of GFP. Heim and Tsien (1996) made the most remarkable

improvement with he S65T poinimutaton, which achieved an increase in
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fluorescence amount and stability, and the excitation peak shifted to 488 nm. The
F64L mutation enabled the generation of the enhanced GFP variant and made it
possible for this protein to be used by nmaatian cells (Cormek et al., 1996). Ii®.
pastoris GFP has been used for many different purposes (such as protein tracking,
organelle tracking, marking, and screening of promoter variants) (Hartner et al.,
2008; Qin et al., 2011; Ruth et al., 20R0ielhofer et al., 20134eiss et al., 2015;

Puxbaum et al ., 2016 ; Rossanese et al
2012).
2.3.2 mAppleProtein

The discovery and development of Green Fluorescent proteins have led to the
discovery and development ofamy new fluorescent preins. Red Fluorescent
Protein (KFP) is one of the fluorescent protein discoveries with a wide ause of

many research areas. KFP (or DsRed), first isolated B@oosoma striatais a
protein consisting of 225 amino acidgdameighs approximately®29 kDa. (Matz et

al., 1999) It gives the excitation peak at 558 nm and the emission peak at 583 nm.
The main disadvantages limiting the use of DsRed are the lack of photostability and
the long time between protein synthesis andriégcent expressioifo eliminate

these disadvantages, different variants of KFP have been developed by many
researchers. One of the most important developments was the monomeric red
fluorescent protein (MRFP1), with random and directed mutations, thusrshg

the maturationime of the fluorescent protein by ten times. In addition, with this
development, the excitation peak of mKFP1 shifted to 584 nm and the emission peak
to 607 nm, providing spectral separation from other fluorescent proteins (Campbell
et al., 2002). Subseqguoity, a number of mKFP1 variants (mFruits) were generated
by directed mutation, resulting in a significant improvement in stability and
fluorescence (Shaner et al., 2008). One of the variants with the highest fluorescence
amount andstability among the mKIF1 variants is the mApple fluorescent protein.

This protein weighs approximately 27.3 kDa and gives excitation and emission peaks

25



at 568 and 592 nm, respectively. Just like YFP, RFP is also foundpastoris It

has been used fonany different purposesich as protein tracking, organelle track,
marker, and designing new plasmid variants (Raschmanova et al., 2019; Barrero et
al., 2018; Zheng et al., 2019; Chen et al., 2012; Schroder et al., 2008; Chen et al.,
2017).

2.4 Ethanol Utilization Pathway ofPichia pastoris

With the discovery of promoters and genes that can be induced in the presence of
ethanol, ethanol has become a prominent choice as a carbon source in recombinant
protein production. In addition, the fact that the use effranol has a toxic effg
especially in the production of pharmaceutical products, and makes purification
difficult, makes different carbon sources interesting. In addition to these, the fact that
ethanol is more cosdffective and easy to purify carbsources than glucosease

of its prominent features.

Ethanol, the fermentation pathway's final product, is also utilized as a carbon source
by the cells. It is usually used by Adh isoenzymes once the preferred carbon source
has been depletedDe Smidt, Du Preez, & Albertyn, @08). In P. pastoris
metabolism, utilization of ethanol starts with oxidation of ethanol to acetaldehyde.
Adh enzymes catalyze both the reduction of acetaldehyde to ethanol and the
oxidation of ethanol to acetaldehyde, making them important actors in the
fermentation and ethanol use pathways; furthermore, experimental investigations
revealed thaADH2 is the aly gene responsible for the consumption of ethanol in

P. pastoris (Karaoglan et al., 201&araoglan et al., 2019). After oxidation of
ethanol to eetaldehyde, by the activity of acetaldehyde dehydrogenase enzyme,
produced ethanol converted to acetatelehlyde dehydrogenases are involved in the
conversion of acetaldehyde to aceBdA during noAfermentable carbon sources
development, as well as theeakdown of hazardous aldehydes accumulated under
stress situations (Aranda and Olmo, 2003). The cytojta&lté and mitochondrial
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Ald4 and Ald5 enzymes oxidize acetaldehyde to acetic acid; the first two employs
NADP as a cdactor, while the latter useNAD (Boubekeur et al., 2001; Saintix

et al., 2004; Simpsebavy and Kurpeic, 2019). Then, two aceGbA synthetases:
Acsl and Acs2, conjugate acetate to coenzpma the cytoplasm (Kratzer &
Schuller., 1995; Van den Berg & Steensma., 1995; Simpswy and Kurpeic,
2019). ACS enzyme iesponsible for the conversion of acetic acid to ageoA in

yeast. Chen and cavorkers (2013) reported that ovexpression oACSlor ACS2

in S. cerevisiagncreased intracellular acet@oA levels two to fivefold (Chenet

al. 2013). Two genes in yeast have been found to code for proteins involved in acetyl
CoA synthease activity. ACS1lencodes a mitochondrial isoform that is present
during respiratory growth and glucose repressed (van den Berg et al. 1996asw~vhere
ACS2encodes a cytosolic isoform that is necessary for anaerobic glucose growth
(van den Berg and Steenari995; Heit et al. 2018). I8. cerevisiagacetytCoA
synthetase is encoded by two genes, expressia@8ilis repressed by glucose and
derepressd by ethanol or acetate; on the other hand, ACS2 is essential for growth
on glucose and is expressed constitutively (Shiba et al., 2007). After conjugation
acetate to coenzym®, -finally, produced acetyCoA entershie TCA cycle. In figure

2.6, a diagramof the ethanol utilization pathway of tie pastoris andTCA cycle

is given.
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Figure 2.6 A diagram of ethanol utilization pathway and TCA cyclé®iohia
pastoris

2.5 Metabolic Engineering

Metabolic engineering is the technigoefeenhancing a cell's production of a specific
substance by improving its genetic and regulatory systems. These are chemical
networks that use a series of biochemical reactions and enzymes to let cells transform
basicmaterials into molecules required f#ll survival. Metabolic engineering aims

to quantitatively describe these networks, compute the yield of valuable products,
and pinpoint the sections of the network that limit product output. (Yang et al., 1998)
The metabolic pathways of numerous speaas be modified using recombinant
DNA technology. Bacteria, fungi, plants, and animal cells are all used as host
organisms, and the properties of interested pathways are used to guide selection.
Amino acids, biofuelssecondary metabolites, recombinardtpins, and polymers

are all critical industrial products. Engineers use methodologies including rational
metabolic engineering, evolutionary engineering, inverse metabolic engineering,
secretory pathway engineeringydaprocess optimization to boost protuity. The

goal to reduce costs, boost yields, increase efficiency, increase customer acceptance,

and employ renewable feedstocks to provide a more ecologically friendly process
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than traditional chemical techniquesiveés metabolic engineering applicat®
(Wuest et al., 2011) In short, the ultimate goal of metabolic engineering can be
defined asusing these organisms to produce valuable substances on an industrial
scale in a costffective manner. (Milne et al., 20)

Several metabolic engineeringatgies have been applied for years to increase the
production capacity of the cells. The first on&rgyineering biosynthetic pathways.

Successful examples of the application of this strategy generally include

1 Amplification of the gene coding the bioslmatic pathway's ratkmiting
enzyme removes the bottleneck and enhanpestein production (Cremer
et al., 1991; Yang, et al., 2007). Schematic representation of this approach

was given in figure 2.7.

Q- @Ot

| OAOA@DO/

Figure 2.7 Strategy of metbolic engineering for the production of a desirec
chemical: overexpression of therditaiting enzyme

1 Inhibiting competing metabolic pathways thase the same substrate is
another technique to overproduce a specific pathway. As a result, the
substrate is metabolically directed towards the target molecule. (Kulkarni R.,
2016) Schematic representation dagthpproach was given in figule8.

0—'?—'()"1 e Oll
.

Figure 2.8 Strategy of metabolic engineering for the production of aelsi
chemical: inhibition of theampeting pathway.
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1 Amplification of the genecoding for the brancpoint enzyme to redirect
metabolic flow from the common intermediate to another amino acid.
(Katsumata R. et al., 1986 ;Yang, S.T et al., 2007)

1 Introducing heterologous enzymes with alternative contratgires allows
them to skip aegulatory step in the biosynthetic pathway (e.g., feedback
inhibition or repression). (Guillouet et al., 1999; Yang et al., 2007)

The second common approach is engineering central metabolism. When
constraints in the termiheoutes are overcome, centraétabolism provides
precursors and energy, which may Ilimit amino acid production in
overproducing bacteria.
Engineering the central metabolism is difficult since it is governed by a
complex and global regulatory system ttsapoorly understood.
Another common metabolic engineering approach is transport engineering.
With this approach, Mutant strains with a#dr transport systems can
maintain a low intracellular level of the product amino acid and hence are not
subject to fedback control. Overproduction of the amino acid is possible in
mutants with an active efflux mechanism and defective amino acid
absorption Without completely deregulating the necessary biosynthetic
pathways, mutants with an active efflux system and iredaamino acid
absorption can overproduce the amino acid. (lkeda M., 2003; Yang et al.,
2007)
To conclude, the most commonly used metabehgineering approaches include
deletion or overexpression of genes in biosynthetic pathways to increase
productivity. In table 2.6 some common metabolic engineering approaches were
summarized. Furthermore, in this study, overexpressing a gene encaairageth
limiting enzyme of the biosynthetic pathway was applied as a metabolic engineering
approach.
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Table 2.6 Some common metabolic engineering strategies

Strategies for increasing productivity and/or yield
Amplify the gene (cluster) coding for the rdtmiting enzyme to eliminate the

bottleneck

Amplify the gene coding for the brangoint enzyme to redirect the metaboli
flow

Delete key genes in the branched pathways to eliminat@maluctive
reactions

Modulate enzyme expression levels to avoid the accumulation of intermet
Introduce genes/enzymes with different control architestto avoid feedbacl
inhibition or repression

Increase the supply of precursor

Change cofactor dependency of key enegrto balance redox and/or improv
energy andyrowth efficiency

Engineer the transport systems to improve product efflux and/oratgost

uptake

2.6 Transcript -level ExpressionAnalysis

Comparative transcriptome analysis is a powerful tool for stuely of global
dynamics of yeast gene expression in response to various environmental, genetics,
and chemicals cues. In recent years hundoédsanscriptome studies performed
either with microarray or RNAseq platforms provided an enormous resource for
understanding the wholgenome regulatory networks and mechanisms of yeast gene
expression in response to various stresgagmiazNikerel et al., 2015 Enzyme

actvity and metabolite abundances determine cellular metabolic fluxes. Biochemical
methods disclose the effect of certain substrates or regulaoenzyme kinetics,

but they don't account for how metabolite and enzyme concentrations vary between

physiologtal states and hence how biological activities are regulated (Heckett et al.,
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2016).Despite the extensive knowledge of metabolic reactiomar&s that resulted,

the means by which metabolic reaction rates (fluxes) are controlled remain
incompletely undestood, even in highly studied model microbes.
Therefore, considering transcriptomics and metabolites together has become the
right strategya investigate the effect of metabolic engineering on the intracellular

reaction network of the organism.

By analyzing the differential transcriptome of recombinant strains with 12 copies
and a single copy of phospholipase>géne PLA2) from Streptomyces
violaceoruberthe global effect of overexpression of the recombinant protein, which
often leads to a sere burden on the physiology§f phaffiiand triggers the cellular
stresswas investigated, and it was revealed that thedi® strain suffered heg
cellular stress. The genes involved in protein processing and stress response were
significantly upreglated due to the burden of protein folding, and secretion, three
most upregulated heat shock response ge@G€R§ FES] andSTI1) were ce
overexpressd inK. phaffiiand proved their positive effect on the secretion of
reporter enzymes (Pland prolyl edopeptidase) by increasing the production up
to 1.4%fold, providing novel helper factors for rational engineering.gbhaffii (Yu

et al., 2017)Tredwell et al. (2017) showed by findimgbust correlations between
metabolites an&KAR2PDI1 transcript levelghat, monitoring the unfolded protein
response (UPR) levels by gene transcription is certainly feasible at a potentially high
throughput miniatized scale and can therefore address a key bottleneck in the
pathway to produced secretediains.Furthermore, the relative mRNA levels of
KAR2 and PDI genes were estimated using €0R to investigate whether reduced
porcine insulin precursor, PIP, eggsion in high copy strains could be the result of
the bottleneck at the secretory pathwaayy results showed that the mRNA ratio of
KAR2 increased with the enhanced gene dosage, suggesting that the unfolded protein
response was more pronounced in higbycstrains, while no significant differences
were observed based on the data of mMRNA rdtPDd gene (Zhu et al., 2009).
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2.7 SpecificEthanol Consumption Rates inAir -filtered Shake-flask

Bioreactors

Specific ethanol uptake rate is a key parameter forrstateling and comparing how
the modifications on the ethanol pathway affect cell metabalishgrowth. In batch
operations, fermentation typically begins at t=0 h after inoculation and continues
throughout the process without the use of a feeding cedirbon source. Thus, mass
conservation equations for the ethanol in batch processes caniedds follows
(¢al ek et al ., 2016) ;

Q0 o

' Tae @

Where Eton is the substrat consumption rate (g/L h), V is the volume of the air
filtered shakelask bioreactor (L). gion can be defined with a firgirder kinetic
equation;

i n & &
whee ¢on IS the specific ethanol uptake rate (g/g h), and i< the cell
concentration in the shallask bioreactor (g/L). By the insertion of equation 2.2
into 2.1, the following equation can be derived;

96 & 7 &

Since the volume of the shakask is constant, dV/dt equals zero, and by dividing

both sides of the equation by V, equation 2.2 becomes;

] & 8 o a8
r] ’Q ‘0 C
Finally, the specific ethanol uptake rate equation can be obtained as;
, P D
L & Qo &
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CHAPTER 3

MATERIALS AND M ETHODS

3.1 Kits and Enzymes, Chemicals and DNA Ladders

Thermoscientific (Thermo Fisher, USA) is the supplier of all the DNA ladders and
kits which, are usedn PCR purification, plasmid isolation, and gel extraction.
Thermoscientific and NEB are the suppief all the restriction enzymes used in
this study also. All chemicals and solutions used in this work were obtored
SigmaAldrich and Merck Millipore.

3.2 Strains, Plasmids, Primers, and Maintenance

E.coiDH5U (I nvitrogen, U Si# dhe ocorestruttesd plasmid e u s e ¢
and also used in the cloning experimeris.pastorisX-33 (Invitrogen, Carlsbad,

Ca, USA) srain was used as the expression strain for cloning experiments, which
include the constiction of mApple producing strains and overexpression of Alcohol
dehydrogenase enzyme, ADH2. To be able to construct predesigned plasmids,
pGAPZU A (| nvd was usgdeas parem plasmidn iAll microorganism

strains were kept in 25% glycerol stockolution at -8 0 A f oterm | ong
storageOl i gomer (Ankara) synthesized pri mer
were diluted to 100M t o thimstudys Allyrimeror ki ng
stocks, diluted primers, plasmid DNA were kep2aD A C  fagerThedist af used

and constructed strains and plasmids in this study and designed primers for the
construction of recombinant plasmids are given in Table 3.1 arde Ta2,

respectively.
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Table 3.1 Constructed strains andgsmids

Microorganism Plasmid Comment Source
E.coiDH5U p GAP-EZU Backbone  The plasmid was
plasmid synthesized anc
stored inE. coli
DH5 U
E.coliDH5 U pmAOX1:eGFP The plasmid The plasmid was

E.coliDH5 U

E.coliDH5 U

E.coliDH5 U

carrying syntheszed and
PAOX1/Adrt stored inE. coli
L3/Cat8L3with DHS5UET g ¢
eGFP al., 2020)

pADH2-Cat8  Plasmid PADH2 The plasmid was
L2::mApple Cat8L2 with synthesized and
mApple(selection  stored inE. coli
marker: NTC)

pADH2-Cat8& The plasmid  The plasmid was
L2::hGH carrying synthesized and
PADH2-Cat8 stored inE. coli
L2 with hGH DH5U
(selection (Demir and
marker: NTC) ¢al ek,
with its native
secretion signal
pPM2eneHph The plasmid Gift from

carrying the  Mattanovich's lab
hygromycin
resistance gene
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Table 3.1 (Continued)

E.coliDH5 U pADH2-wt::ADH2  The plasmid carrying Constructed
PapHowt With ADH2  in this study
(selection marker:
Zeocin)
E.coliDH5 U pADH2-wt::ADH2  The plasmid carrying Constructed
PapHowt With ADH2  in this study
(selection marker

Hygromycin)
E.coliDH5 U pmAOX1:mApple The plasmid carrying Constructed
PAOX1/Adrt in this study

L3/Cat8L3 with
mApple

P.pastorisX-33 pmAOX1::mApple P. pastorisstrain Constructed
used for screening in this study

PAOX1/Adrt

L3/Cat8L3

(single copy)
P.pastorisX-33 pmAOX1:: mApple P. pastorisstrain Constructed
+ used for screening in this study

pGAP::eGFP PAOX1/Adrt

L3/Cat8L3 and
PGAR(parent

plasmid)at the same

time
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Table 3.1 (Continued)

P.pastorisX-33 pmAOX1::mApple P. pastoris Constructed in

+ strain used for this study
pADH2-Cat8 screening
L2::mApple PAOX1/Adrt
L3/Cat&L3 and
pADH2-Cat8
L2::mApple

(parent plasmid)

at the same time

P.pastorisX-33 pADH2-wt::ADH2 P. pastoris Constructed in
strain which this study
overexpesses
ADH2
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Table 3.2 Designed primers that were used in this study.

Primer Sequen)e Restriction Used for
Enzyme
Forward_PapH2-wt GTCGGATCCCTGCAG BanHl Amplification
TCCTTTTTAC and of  promoter
Pst and enzyme
complex
Reverse_ADH2 GATGGTACOTATTT Kpnl Amplification
GGAAGTGTCCACAA of  promoter
CG and enzyme
complex
Forward_Pmaox GAAGGCGCGC@AAC Asd Amplification
ATCCAAAGACGAAA of  promoter
G variants
Reverse_Rhaox CGCCCTTGCTCACCATC Amplification
GTTTCGAATAATTAGTT of  promoter
GTTTTTTGATCTTCTC variants
Forward_mApple GAGAAGATCAAAAAAC Amplification
AACTAATTATTCGAAA of mApple
CGATGGTGAGCAAGGG
CG
Reverse_mApple GCCTCTAGATACTT Xbd Amplification
GTACAGCTCGTCCAT of mApple
GCC
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Table 3.2 (©ntinued)

Forward_Hyg CAAGGATCQAAGCT BanHl Amplification
CAGGGGCATGATG of
TG Hygromycin
Reverse Hyg GCGACATGTGCACTT Pcil Amplification
AACTTCGCATCTGGG of
Hygromycin
Forward_Paoxicaws GGCGGATCCAGATCT BanHl  Amplification

Reversep_Roxi-catsLs

Forward_ACS1

Reverse ACS1

AACATCCAAAGAC

GAAGTAAGTGTTCGT
TATCTAATGGCATCG
TTTCGAATAATTAGT
TG

CAACTAATTATTCGA
AACGATGCCATTAG
ATAACGAACACTTAC
TTC

GTTGGTACCTCATTT Kpnl
GCGGGCATC

of  promoter
variant
Amplification
of  promoter

variants

Amplification
of ACS1

Amplification
of ACS1
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3.3  Genetic Engineering Methods

3.3.1 Plasmid Isolation

Plasmid isolation fronk. coli cells was executed by using the GeneJET Plasmid

Miniprep Kit (ThermoFisher, USA) in line with the manufacturer's guidance. As the
prerequisite of the plasmid isolatidhe overnight growth of cells in LB medium at

37AC and 200 r pm wiZdodin, Noursegteicin (MTE)Y orbi ot i c
Hygromycin, was provided. Grown cell culture was harvested by centrifugation at

6800g for 5 minutes, and pellets were used in plassathaion by applying the

following protocol:

1. Resuspension of t bpensioneolutis and trandier tBe5 0 O

mixture into the 1.5ml microcentrifuge tube.

2. Addition of 2500l of Lysis solution aj
3.1l mmedi at e ad d itralizatiom sotution éh&mixihg Ne u

4. Centrifugation for 5 minutes after complete mixing

5. Wading and elution steps

6. Storage of pure DNA plasmid & 0 A C

3.3.2 Genomic DNA Isolation

Genomic DNA isolation froni. pastoriscells was carried out by using the Wizard

Genomc DNA purification Kit (Promega, USA) in line with the manufacturer's
instructions. Before genomic DNA isolation, the growth of the cells in YPD medium

at 30AC and 200 rpm wi Néursgothricip @TC), amnt i bi o
Hygromycin, was providedl ml of the grown cell culture was harvested by
centrifugation at 14000g for 2 minutes, and pellets were used in genomic DNA
isolation by applying the manufacturer's protocol. Isolated DNA kef2 & A€ f o

further usage.
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3.3.3 Agarose Gel Electrophoresis

For control and visualization of the PCR products and isolated plasmids, and
extraction of digested DNA fragments, agarose gel electrophoresis was carried out.
Visualization of the DNA fragments was accompéidibased on the length of the
fragments with agase gel electrophoresis (AGE). AGE was conducted by using the
Mini-sub E Cel | GT -Rad|CA, USA).sThedatfowihgBdesaoription is

the general protocol of the AGE.

1. Each usage requires dilutiontbie 50X TAE buffer to 1X buffer.
2. Achievement othe desired resolution requires the dissolution of the proper
amount of agarose, depending on the length of the DNA fragment, in the 1X
TAE buffer. Dissolution of the 8g/L and 12g/L agarose is appropriatiéo
visualization of DNA fragments and the gadtraction, respectively.
3. Heating the solution to the boiling point and boiling until the mixture
becomes clear
4. Addi tion of EtBr, which gives the final
EtBr for 50 ml 1XTAE) following the cooling of the solution
5. Fitting the combs into the plastic trays to form wells
6. Pouring the gel into the plastic trays and waiting for approximately 30
minutes to firm the gel
7. Usage of 1 €L -o&dingdyeforab X e DASBMpEp.dn
some cases, the sample requirestidituwith sterilized water
8. Mixing of the DNA solution by pipetting and loading into the wells
9. Loading of 5 eL DNA marker (Ther mosci ent
of the DNA fragment that visualizedtd the well
10. Attachment of the lid to the gelectrophoresis tank and connection of the
electrical leads
11. Performing the geklectrophoresis at 90V for 30D minutes, based on

length of the DNA fragment and gel concentration
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12.Visualization of the DNA badfs under UMight with ethidium bromide filter
Hamamatsu Digital CCD Camera was used for visualization and saving the

images.

3.34 Extraction of DNA Fragments

Agarose Gel Electrophoresis was performed on the DNA samples to separate desired
DNA fragments.Extraction of the DNA fragments from the gel was\yded by

using a sterile razor blade under UV light, and extracted fragment imbed to
Eppendorf tube. The extraction of the fragment by razor procedure should be applied
quickly and carefully in order not tvazard the DNA. Purification of a single DNA

fragment was performed using the gel extractiorfKiermo Scientific, MA, USA).

3.3.5 Gel Elution

GenelJet Gel Extraction Kit (ThermoFisher, USA) was used for gel elution by
applying the manufacturer's instructiofie following description is the general

protoml of gel elution.

1. Extracted agarose gel with DNA fragment, which is less than 400 mg, is put
in 1.5 mL Eppendorf tubes.

2. Based on the weight of the interrupted agarose gel, the binding buffer was
added at the ratio of 1:1.

3. The incubation of the Eppendd t u b e XOtmin@es Arviddd dor
dissolving the gel.

4. Transfer of the dissolved gel into the GeneJet purification column is carried
out, and the column is centrifuged at 140009 for 1 minute.

5. Discard of the fluid which passed from the column
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6. Centifugation at 14000g 1 more minute provided after de addition of 700
eL Wash buffer
7. Since ethanol may be hazardous for the DNA, to prevent the presence of the
ethanol in the column, centrifugation of the empty column at 14000g for 2
minutes was prodied.
8. To be able to dispose of all the ethanol, the column put in a new 1.5 ml of
Eppendorf tube.
9. Additonof 255001 of wultrapure water or elution
centrifugation at 140009 for 1 minute provided.
10. Storage of the purified DNA ahé-2 0 A C

Room temperature is the requirement of all centrifugation steps.

3.3.6 PCR Purification

GeneJET PCR Purification Kit (ThermoFisher, USA) wesed by following the
manufacturer's protocol for purification of the PCR products.

3.3.7 DNA Sequencing

Verification of the sequences of the inserted and amplified DNA was carried out in
SenteBiolab (Ankara).
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3.3.8 Transformation to E. coli

Transformation of the constructed plasmids, given in Table 3.1, inEatisiD H5 U

was carried out. For this purpose, compekeroli cells were prepared by using the
CaCbmethod(Sambrook and Russell, 200Whose procedure is described below.

Firstly, E.coliDH5 U ¢ e-bdnk stoékenaidainede8 0 A C was transf
LB Agar medium (15 g/ L agar, 5 g/ L NaCl, 10Igtryptone, 5 g/ L yeast extract).

After 24 hours of incubation, a single colony was selected and transferred to LB

broth (10 g/ L tryptone, 5 g/ L NaCl, 5 g/ L Yeast extract). When the concentration

of the cells, which were grown in an orbiteditatedb at ch bi oreactor at
rpm at, was reached to the OD600 = 60340, they were taken a 50 ml falcon and

set on the ice for 10 minutes. Then, cen
was providedo be able to obtain pellets. Afterwartetaldition of 30 ml of 80 mM

MgCl 2-20 mM CacCl 2 solution to the cell pellet was carried out, and the cells were

di ssolved in the solution by swirling an:
C. After discard of the supernatant, the pellet resudgmbwith the 2ml of 0.1M

CaCl 2 solution. In this way, competent
competent cells were used for each transformation. The addition of 50 ng of DNA in

a maximum of 100l volume into tédnkthecompet e
mixture was kept on ice for 30 minutes. Subsequently, cells were subjected to heat
shock at 42 A C for 90 seconds in the wa
Foll owing that, the addition of @0 OL o
carried out. Cells were amplifiedinanorbitalgi t at ed bi oreactor at
for 60 min. Grown cells were inoculated into selective LB Agar medium with proper
antibiotics, NTC (5001l /100ml )-20hoursofHy gr o m)
incubat on at 37AC, at |l east ten coloni es, W
selected for further verification. For verification, firstly, colony PCR was performed.
Afterward, selection of at least four clones of confirmed strains was provided, and

plasnid isolation by Plasmid MiniPrep Kit (Thermoscientific) according to the

manufacturer's instructions was carried out. Polymerase chain reaction (PCR) was

45



performed to amplify the desired DNA from isolated plasmids. By the use of agarose
gel electrophoresj he length of the DNA fragments was verified. Finally, for the
formal verification, sequence analysis on the DNA fragments was carried out by
Sentebiolab (Ankara). Microbank stocks were prepared and storéGA C f o r
further usage. Plasmids from thesels were obtained by using the MiniPrep
Plasmid Isolation Kit (Thermoscientific) in line with the manufacturer's protocol and
keptat-2 0 A C.

3.3.9 Transformation to P. pastoris

The lithium chloride method with linearized plasmid was followed for the

transbrmaton into wild-type P. pastoriscells. Firstly, wildtype P. pastorisx-33

cells were inoculated onto a YPD agar medi u
After incubation was completed, a single colony was chosen and inoculated into the

YPD medum andincbh at ed at 30AC and 2046hoysm for app
until the concentration of the cells reaches s3Dof 0.81.0. Afterward,

centrifugation at 4000g for 5 minutes at room temperature was provided to harvest

the cells and obtain the pellef&he pelles were washed with 25 ml of sterile water

and centrifugated at 15009 for 10 minutes at room temperature. Following that, the

supernatant was discarded and resuspension of the cell pellet with 1ml of 2700mM

filtered sterilized LiCl solution wasaeried out.Then the solution was transferred

into a 1.5ml Eppendorf tube and centrifugated at maximum speed for 15 seconds.

Again, the supernatant was removed, and res
100 mM LIiCl solution was carried out. After thitep, compent cells formed, and

for each transformationd560O0I0l competoenptet ea
solution centrifugated at the maximum speed for 15 seconds and LiCl discarded by

pipette. Then, the addition of the following components in tivergiorder wa

carried out very slowly.
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1.240 ¢l of 50% PEG,

2.36 ¢l 1 ™M Li Cl

3. 25 ¢l 2 nefrdnded DNAI ngl e

4. 510 g of Ilinearized plasmid DNA in a
The tube was vortexed vigorously for approximately 1 minute, provide complete
mi xi ng, and i nc ushakingfor 3Caminut@s0Aftedwand,ithe tulbeu
was subjected to heat shock at 42AC in
centrifugated at 6008000rpm for 15 seconds. Supernatant discarded, and the pellet
was resuspended in 1ml of YPD medium and incubate®l @A C wi t h s haki
Il nocul ation of 50,100,150 and 2000l of t
appropriate antibiotics was carried outeaf8 hours of incubation, and YPD agar
pl ates wer e i neudys The putative trarsfecladts wsskected 2
and verification of the integration of the transferred gene was carried out by applying
the colony PCR method, which follows5mine s of i niti al cell de
Among the colonies, which gave positive results from the colony PC&iment,
meaning that which carries the gene of interest, eight clones for each strain were
selected and inoculated into the YPD media coimgiproper selective marker and
incubated at 30 Al6hoars @Ther? 5% ofrglpcarol tacks were?
prepared and kepta8B 0O AC f or further investigations.

3.4  Construction of Strains and Plasmids
3.4.1 Construction of Recombinant Plasmids pADH2wt:: ADH2

34.1.1 Primer Design

For the amplification of the designed DNA sequences, Polymerase chain reaction
(PCR) was used, drto be able to use PCR efficiently; primer design is one of the
most crucial steps. In the primer design process, made benefit of Oligpearall

for S 0ome critical i ssues such as mel t i n
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homodimer possibilities. T supplier of the designed primers was Sentegen
(Ankara, Turkey). For the finding restriction sites, made benefit of SnapGene Viewer

and Resiction Mapper. For the amplification of the target gene and insertion to the

pGAPZUA

vector

designed

3.4.1.2 Amplification of the desired DNA

pri mers

and

The usage of Polymerase chain reaction provided amplification of the deslfed D

restr.i

fragments. For the PCR experiments, special primers were designed and used.

Optimization of some parameters such as extension time and annealing temperature

were made to increase the efficiency of the PCR, and PCR experiments were carried

out in thermog c | e r

( TechneE, -3080X)e Anipliieatioe of the n d

cassette, which contains the wilghe alcohol dehydrogenase promoter and alcohol

dehydrogenase geneadiant::ADH2, was carried out from the genome of e

pastoriswild type x33 cell. PCR operation conditions for amplification ohf-

ADH2and composition of PCR reaction mixture fap>-ADH2were demonstrated

in Table 3.3 and 3.4, respectively.

Table 3.3 PCR operation conditions famplification of Rpn2-ADH2

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Annealing 65.7 AC 30sec 30
Extension 72 AC 80 sec

Final Extension 72 AC 2 min 1
Hold 4 AcC 1) -
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Table 3.4 Composition of PCR reaction mixture foxdA>-ADH2

Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL

5mM dNTPs 2 OL

10 OM Forward Pri2.5 OL

10 OM Reverse Pri2.5 OL

Template DNA 2 OL

Q5 High-Fidelity DNA Polymerase 0. 5 OL

H20 Up to 50 OL

3.4.1.3  Purification of the PCR Products and Digestion Reactions

To eliminate the interferants, PCR purification, conducted by using PCR purification

Kit (ThermoScientific), was performed after the amplification @& ttesired DNA

sequence by the usage of PCR. Designing the constructed plasmid containing
pADH2:: ADH2c assette requires the restriction
and the inserpADH2:: ADH2. For this purpose, proper restriction enzymes, which

do not cut the desired gene, were selected. For the restriction of the vector plasmid

( p GAP ZBgN,)and Kpnl and the restriction of the insert, PADHZADH2,

BanHI andKpnl were selected.

Bglll RE restriction reaction

5' ¢ AGATCTé 35' ¢éA GATC"
—>

3'" éTCTAGAé5"'"3 " éT CTAG

T
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RE restriction reaction

Kpnl
506GGTACCé306 56é6GGTAC
—

306CCATGGé5SOd 36éC
BamH|

¢ RE restriction reaction
5' € GGATCCé3' GATCCeé 3" 5' éG
3 éCC%I'AGGég' 3" CCTAG
Bglll ¢ RE restriction reaction
5'" eAGATCTé 3 5'" éA
3' ¢ TCTAGAES" 3'"éTCTAG

?

Since the usage of the proper buffer optimizes the pH of the reaction medium, the
addition of the appropriate buffer tioe reaction mixture is requiredpnl andBglll

are incompatible with each other; these two restriction enzymes can not work in the

same buffer. Thus, instead of double digestion, sequential digestion was applied with

Kpnl and Bglll to vector plasmid. Fgtly, single digestion of the vector plasmid,

p GAPZUA, was car r i ekpnl dftet thelingt digesten was age of
completed, PCR purification was performed; afterward, the second digestion with

the Bglll was carried out. Both single digestions wer car ri ed out at

overnight, considenig the complete digestion.

On the other hand, siné&anH| and Kpnl are compatible with each other, double
digestion was applied for the digestion of the inggdDH2:: ADH2. The double

digestion procedure wasar ri ed out at 37ACofbimgle overni
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digestion reaction withKpnl and Bgll | reactions for pGAPZUA
Table 3.5 and Table 3.6, respectively. Double digestion conditionBaithil and
Kpnl for insert are demonstrated in Table 3.7.

Table 3.5 Conditions of single digestion reactonwkhp n|1 f or p GAPZUA

Component 20 OL Reaction

~

10X Kpnl Buffer 2 Ol

DNA (051 Og)

(DNA concentratiolé OI

Kpnl 2 Ol

H20 Up to 20 Ol

Table36Condi ti ons of single digestion rea

Component 20 OL Reaction
10X 0 Buffer 2 Ol

DNA (051 Og)

(DNA concentratio5 Ol

Kpnl 2 Ol

H20 Up to 20 Ol
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Table 3.7 Conditions of double digestion reaction with BamHI and Kpnl for the

insert
Component 2 0 Rehction
10X 0 Buffer 2 Ol

DNA (051 Og)
(DNA concentrati 16.7 Ol

BarrH| 2 Ol

Kpnl

(2 fold of BarrH!) 4 Ol

H20 Upt o 20 Ol

|l nactivation of the digestion processes was
water bath. After sequentidigestion of the vector and double digestion of the DNA

fragment, agarose gel electrophoresis was applied to the vector and DNA&ritagm

for the verification of the successful double digestion. Desired parts of both vector

and the insert extracted from thel, and gel elution was carried out by the usage of

the GeneJet Gel Extraction Kit (ThermoFisher, USA) in line with the manufésture

protocol as explained in section 3.4.5.

3.4.1.4  Ligation reaction of the vector and the insert

The ligation of vector, pGAP U A , and pADHR: ADHZs was tone by

using the T4 DNA Ligase enzyme. The amount of the sufficient ligation mixture is

desimat ed as 20 Ol . The Il igation process was
composition of the related ligation mixtsrevas tabulated in Table 3.8.

The optimum ratio of the vector to insert DNA and quantity of the vector are

determined as 3::1 and &0, respectively. Moreover, the quantity of the insert DNA

was calculated by the application of the following equation:
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i AbwE 60 & AQ
L 000 D QeBIWE | '@ino
L TE QY S —————.
0 Qe Qo O0cEN

& awwo Qo

Inactivation of the T4 DNA ligase enzyme was accomplished by putting the mixture
inthewateb at h for the heat shock at 65AC for
kept at-2 0 A CE. doltransformation.

Table38Composition of the |l igati AADH2r eacti ot
ADH2

Component 20 OL Reaction

T4 DNA Ligation Buffer 2 Ol

Vector DNA,p GAPZ UA 2 Ol

( DNA concentratioao

Insert DNA,PADH2:: ADH2

( DNA concentratiaocl3.5 Ol

T4 DNA Ligase 1 Ol

H20 Up to 20 Ol

After ligation, the construction of the desired plasmid was achiamddshowed in
Figure 3.1.
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PADH2-ADH2

PGAPZa A

3147 bp 4467 bp

Figure 3.1 Map of the constructed plasmid (pADHADH2) fr om p GAPZU

Atfter ligation, a transformation of the designed plasmid to-ife E. coli DH-5 U

cell was performed by the application 6fé¢ L i CI met hod. 7.5 Ol of
mixture ued for the transformation. Inoculation of transformed cells onto the LB

agarmedim containing the 250g/ ml zeocin, as a
and incubated for 288 hours. After incubation, seled colonies were inoculated

onto the fresh LB agar medium, and the verification procedure was conducted with

the help of colonyPCR. Following the colony PCR, at least four colonies, which

give the positive results for the verification of inserted pldsmwere selected, and

plasmid isolation was carried out by the usage of Plasmid Miniprep Kit
(Thermofisher). The sequence of tinsarted DNA fragment was verified by gene

sequencing.

Further studies for increasing the efficiency of the TCA cycle and mwiatahux

may require the combination of different plasmids with this designed plasmid. For

this reason, a new selection marken etr t han zeoci n, which pGAI
commercially, was essential. For this purpose, replacement of the antibiotic
resistancegyene of pADH2:: ADH2 with Hygromycin with TEF promoter and TEF

terminator was carried out.
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The Hygromycin resistance gene, & iom Mattanovich's lab, was amplified by
the application of PCR by Q5 High Fidelity DNA Polymerase (Thermoscientific).
PCR operation conditions for amplification of Hygromycin and the PCR reaction
mixture composition were listed in Table 3.9 and Tabl® 3respectively.

Table 3.9 PCR operation conditions for amplification of hygromycin

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Annealing 68.8 AC 30sec 30
Extension 72 AC 55 sec

Final Extension 72 AC 2 min 1
Hold 4 AC b -

Table 3.10 Composition of PCR reaction mixture for hygromycin

Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL

5mM dNTPs 2 OL

10 OM Forward Pri2.5 OL

10 O werskRrimer 2.5 OL

Template DNA 0.3 OL

Q5 HighFidelity DNA Polymerase 0. 5 OL

H20 Up to 500 L

After amplification of the hygromycin resistance gene, vector plasmid, pADH2::
ADHZ2, and insert DNA, hygromycin resistance gene, both were double digedted w

the restriction enzymeBanH| andPcil.
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BamH|
RE restriction reaction

5' @GGATCCEé 3" 5' éG GATCC
3'éCC;’AGGé§' 3' é
Pcil

| RE restriction reaction
5'" €ACATGTé 33" CATGTEéS3" 5' é
3'éTG;’ACAé§' 3'" éTGTAC A
Doubl e digestion process took place in the we

plasmid and 1412 hours for the insert. Composition of double digesreaction
mixtures of vector plasmidna inserttabulated in Table 3.11 and Table 3.12.

Table 3.11 Conditions of double digestion reaction with BamHI and Pcil for
vector plasmid

Component 20 OL Reaction

10X Tango Buffer 201

DNA (051 Og)
(DNAconcentration 9 Ol

BanHl| 1 Ol
Kpnl 1 Ol
H20 Up to 20 Ol
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Table 3.12 Conditions of double digestion reaction with BamHI and Pcil for the

insert
Component 20 OL Reaction
10X 0 Buffer 2 Ol

DNA (051 Og)
( DNA concentrati 8 Ol

BarrH| 1 Ol
Kpnl 1 Ol
H20 Up to 20 Ol

Afterward of the double digestion, agarose gel electrophoresis was conducted for
both insert and vector plasmid and desired DNA fragments extracted Heogek

and purified by the usage of the GeneJet Bdtaction Kit (ThermoFisher, USA)
following the manufacturer's instructions. Then, ligation of the vector plasmid,
pADH2:: ADH2, and the insert, hygromycin resistance gene, was carried by the
ligation reaction with the T4 DNA ligase enzyme. The optimuatia of the vector

to insert DNA and quantity ofhe vector were designated as 3::1 and 50 ng,
respectively. Moreover, the quantity of the insert DNA was calculated from Equation
3.1. Composition of the dation reaction mixture of pADH2:ADH2 and
Hygromycin given in Table 3.13. The ligation procedureswac ar r i ed ou't
16 hours.
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Table 3.13 Composition of the ligation reaction mixture of pADH2:: ADH2 and

Hygromyan
Component 20 OL Reaction
T4 DNA Ligation Buffer 2 Ol
Vector DNA,p GAPZ UA 2.5 Ol

(DNAconcentration

Insert DNA,PADH2:: ADH2

( DNA concentratiao3. 4 OI

T4 DNA Ligase 1 Ol

H20 Up to 20 Ol

After ligation, the same transformation procedureBocoli transformation, which

was explained in thprevious part of this section, was repeated, and construction of

the plasmid, which carries both pADHADH2 cassette and hygromycin resistance

gene completed. The designed plasmid was shown in Figure 3.2.

PADH2-ADH2 pADH2wt::ADH2 Hygr

4467 bp 4766 bp
{1

Figure 3.2 Map of the constructed plasmid (PADHADH?2) with a hygromycin
resistance
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34.2 Construction of Recombinant Plasmids pAOX1Cat8-L3:: ACS1

The following is the technique for constructing the plaspA®X1-Cat8L3::ACS1
mApple began with primer design. Sentegen medirelated primers that were

designed for use in the amplification procedures of desired genes (Ankara, Turkey).

3421 Amplification of the desired DNA

The targeted DNA fragments were amplifiesing the polymerase chain reaction
(PCR). Based on chosen primeaaanealing temperatures and extension times were
optimized to maximize PCR efficiency, and PCR reactions were performed in a
thermocycl er ( Te c h-8080K), Thé&dA@Xdv: :eGEMmpasmida n d
and the wild typeP. pastoris X-33 strain, respectivelyvere used to amplify the
modified alcohol oxidase 1 promoter variant and Al@S1gene. Tables 3.14 and
3.15 show the PCR conditions for amplification of pAQ4t&L3 andACS1 In
addition Table 3.16 shows the composition of PCR reaction mixtures foidAO
v-ACS1

Table 3.14 PCR operation conditions for amplification of pAOGKAt8-L3

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Annealing 64.3 AC 30sec 30
Extension 72 AC 35 se

Final Extension 72 AC 2 min 1
Hold 4 AC 1) ]
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Table 3.15PCR operation conditions for amplification of ACS1

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Annealing 64.3A C 70 sec 30
Extension 72 AC 80 sec

Final Extension 72 AC 2 min 1
Hold 4 AcC 1) ]

Table 3.16 Composition of PCR reaction mixtures fokOX:Cat8L3 and ACS1

Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL
5mM dNTPs 20L

10 OM Forward Pri2.5 OL
10 OM Reverse Pri2.5 OL

Template DNA 2 OL
Q5 HighFidelity DNA Polymerase 0. 5 OL
H20 Up to 50 OL

Following theamplification of the pmAOX1 and mApple fragments, the undesired
PCR elements and byproducts were rendowging the GeneJET PCR Purification
Kit (ThermoFisher, USA). The fusing of the PAOX1fragment to the ACS1
enzyme was then performed using fusion PEBure 3.3 shows the building logic
algorithm for the pAOXCat&.3::ACS1fragment.
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- -

PAOX—CatS—L3

<4

-
AOX-Cat8-L3

PAOX—CatS L3 J

Figure 3.3 Algorithm of construction logic of xi1-caisL3::ACS1fragment

—

Amplification of both pAOX1v and ACS1fragments was achieved using forward
and reverse pAOXY¥ andACS1primers, respectively. To be able to fuse these two
fragments, theeverse primer of pAOXY and the forward primer cACS1were
created in such a way that their sequences overlafgpedetwo fragments have
merged in a second PCR application, completing the production of the pAatgl
L3::ACS1fragment. Tables 3.17 drB.18 show the thermoyclic PCR settings and

reaction components for overlap extension.
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Table 3.17 Thermacyclic PCR operation conditions for construction @bR:.cate
13-ACS1

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denatuation

Denaturation 98 AC 10 sec

Annealing 64.3 AC 30sec 30
Extension 72 AC 105 sec

FinalExtension 72 AC 2 min 1
Hold 4 AC b -

Table 3.18 Composition of PCR reaction mixture for construction g22catsL3-

ACS1
Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL
5mM dNTPs 2 OL

10 OM Forward Pri250L

~

10 OM Reverse Pri2.5 OL

Temphte 1 (MAOX1) 2 OL

Template 2 (mApple) 2 OL

Q5 HighFidelity DNA Polymerase 0. 5 OL

H20 Up to 50 OL

3.4.2.2  Purification of the PCR Products and Digestion Reactions

Agarose gel electrophoresis was done on SOE product, pATR&L3-mApple,
to remove meddlinglements from the PCR reaction, then purified by gel elution
with GenelJet Gel Extraction Kit (ThermoFisher, USA) according to the directions in
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section 3.45. Toproduce the desired pl as+aAi d, bot
(KanMX), and insert DNA, pAOX1C&3-::eG-P must be digested with the

identical restriction enzymes that were chosen in the primer design method. As a

result, restriction enzyme&glll and Kpnl were usd to digest plasmidBanH|, and

Kpnl to digest vector plasmid, respectively.

Bg|||¢ RE restriction reaction

5'" AGATCTé 3' 5' €A GA’

3' éTCTAGAES" 3 " eéeT CTA

T

Kpnl IiE restriction reaction

50eGGTACCeée360 0 50é6GGTAC

(@}

306CCATGGéD 6 3

?

e C

(@)}

BamH|
¢ RE restriction reaction

5' €GGATCCeé3"
R

3'" eCCTAGGEéS"

f

Bglll
RE restricton reaction

v

5'ARGATCTES3' 5' éA

3' TCTAGAEéS" 3'" éeTCTAG

T
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The addition of the appropriate buffer to the reaction mixture is essential because the

proper buffer optimizes the pH of the reactioredium. Kpnl and Bglll are

incompatible with each other; therefore, they cannot work together in the same

buffer. Instead of double digestion, the vector plasmid was subjected to sequential

digestion withKpnl andBglll. To begin,Kpnl was used to performsingle digestion

ofthe vector p 1A aAften i campletiny Ghe HistUdigestion, PCR

purification was carried out, followed by second digestion withBgil enzyme.

Both single digestions were carried out oV

digestion.

On the other &nd, becaus8anHl and Kpnl are compatible, the insert, pAGX

1Cat8L3::ACS1 was doublaligested. The double digestion technique was carried

out overnight at 37AC. Table 3.19 and Tabl e
digestion proess withKpnl and Bgll | f or -ApréspeetXdly.Table 3.21

shows the insert digestion conditions udgagrH| andKpnl.

Table319Condi ti ons of single digestion react.i

Component 20 OL Reaction

~

10X Kpnl Buffer 2 Ol

DNA (051 Og)

(DNA concentratiolo Ol

Kpnl 1.8 Ol

H20 Up to 20 Ol
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digestion r

€ a

Table320Condi ti ons of singl e
Component 20 OL Reaction
10X 0 Buffer 2 Ol
DNA (051 Og)

(DNAconcen r ati on i s Ol
Kpnl 2 Ol
H20 Up to 20 Ol

Table 3.21 Conditions of double digestion reaction with BamHI and Kpnl for the

insert
Component 20 OL Reaction
10X 0 Buffer 2 Ol
DNA (051 Og)
(DNA concentration is 60igO | ) 4.5 Ol
BanH| 2 Ol
Kpnl
(2 fold of BanHl) 4 Ol
H20 Up to 20 Ol
The digestion processes were |

nactivated

After sequential digestion of the vector and douligestion of the DNA fragment,

the vector and DA fragment was subjected to agarose gel electrophoresis to ensure

that the double digestion was successflhe GenelJet Gel Extraction Kit

(ThermoFisher, USA) was used to extract the desired sections dhbotlctor and

the insert from the gel, and gdution was performed according to the manufacturer's

protocol, as stated in section 3.4.5.
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3.4.2.3  Ligation reaction of the vector and the insert

The T4 DNA ligase enzyme was utilized to bind the vectolirsett it together. The

optimum amount of reaction mixte for the ligation reaction was determined to be

20 Ol . The ligation procedure was completed
mixture composition is listed in Table 3.22. The optimal vectangert DNA ratio

and vector quantity were determined®3:1 and 50 ng, respectively. Equation 3.1

was also used to calculate the amount of insert DNA.

Table 3.22 Composition of the ligation reaction mixture of vector andrinse

Component 20 OL Reaction
T4 DNA Ligation Buffer 210
Vector DNA,p GA P& U 1 Ol

(DNA concentratiao

Insert DNA,pAOX1-Cat8L3:: ACS1

( DNA concentratiaole Ol
T4 DNA Ligase 1 Ol

Afterward, ligation, thekE. coli transformation procedure described in the previous
section of this lsapter, was carried out. The construction of the intended plasmid was
completed with the ligation of the insert and vector and transformatiéncti, as

shown in Figure 3.4.
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PGAPzZa-KanMX

5581 bp

Figure 3.4 Map of the constructed plasmid pAOXIat8L3:: ACS1from
p GARA U

343 Construction of Recombinant Plasmids pmAOX1:mApple

The construction procedure of the plasmid pmAOX1::mApple started with primer
design, in line with the detailed explanations in section 3.5.1.1. Related primers,
which were designed for esn the amplification processes of desired genes, were

supplied fromSentegen (Ankara, Turkey).

3.4.3.1  Amplification of the desired DNA

Polymerase chain reaction (PCR) was carried out to amplify the desired DNA
fragments. Optimization of annealing temperatuned extension times to increase

PCR efficiency were made based onigiesd primers, and PCR reactions were taken
place in a ther mocycl e300X) eAmpiificatiéhs of FI e x i ¢
the modified alcohol oxidase gromoter and mApple gene were yided from the
pmMAOX1:eGFP and pADH2Cat8L2::mApple plasmids, respectivelyPCR

operation conditions for amplification of PmAOX and mApple were given in Tables
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3.23 and 3.24. Furthermore, the composition of PCR reaction mixturesdex:P

mApple was demnstrated in Table 3.25

Table 3.23 PCR operation conditions for amplification of pmAOX1

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Annealing 61.7 AC 30sec 30
Extension 72AC 35 sec

Final Extension 72 AC 2 min 1
Hold 4 AC 1) -

Table 3.24 PCR operation conditions for amplification of mApple

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Anneding 68. 8 AC 35sec 30
Extension 72 AC 80 sec

Final Extension 72 AC 2 min 1
Hold 4 AC 1) ]
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Table 3.25 Composition of PCR reaction mixtures for pmAOX1 and mApple

Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL

5mM dNTPs 2 OL

10 OM Forward Pri2.5 OL

100M Reverse Prime2.5 OL

Template DNA 2 OL

Q5 HighFidelity DNA Polymerase 0. 5 OL

H.0 Up to 50 OL

Afterward, of amplification of pmAOX1 and mApple fragments, PCR purification
was carried out by using GeneJPTR Purification Kit(ThermoFisher, USA) to
eliminate the unwanted PCR elements and byproducts. Then, the fusion of the
Pmaox1 fragment to mApple protein was achieved with the help of fusion PCR.
Algorithm of construction logic of faox1::mApple fragmentlemonstrated in Figure

3.5.

— = .
[ ) |

N——

- ] |
| ) -

[ I )

Figure 3.5 Algorithm of construction logic of fhox1::mApple fragment
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By the usage of forward and reverse primers of pmAOX Inaéypple, amplification

of both pmAOX1 and mApple fragments was accomplished, respectively. Reverse
primer of pmAOX1 and forward mApple designed in such a viiay they have
overlapping sequences with each other to be able to fuse these two fragments. In a
separate PCR application, these two fragments have coalesced, and the construction
of the PmAOX1::mApple fragment is completed. Therayolic PCR conditions

ard reaction compositions for overlap extension showed in Table 3.26 and Table
3.27.

Table 3.26 Thermacyclic PCR operation conditions for construction of pmA©OX1

mApple
Steps Temperature Time Cycle
Initial 98 AC 30 =c 1
Denaturation
Denaturation 98 AC 10 sec
Annealing 68.8 AC 30sec 30
Extension 72 AC 60 sec
Final Extension 72 AC 2 min 1
Hold 4 AC 1) -

Table 3.27 Composition of PCR reaction mixture for construction @fd>

mApple
Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL
5mM dNTPs 2 OL
10 OM Forward Pri2.5 OL
10 OM Reverse Pri2.5 OL
Template 1HA0X1) 2 OL
Template 2 (mApple) 2 OL
Q5 HighFidelity DNA Polymerase 0. 5 OL
H20 Up to 50 OL
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3.4.3.2  Purification of the PCR Products and Digestion Reactions

For the elimination of meddling elements of the P@Rction, agarose gel
electrophoresis was performed SOE product, pmAOXinApple, and purified by

gel elution with the application of GeneJet Gel Extraction Kit (ThermoFisher, USA)
following the instructions explained in section 3.4.5. Digestion with shme
restriction enzymes, which designated in thenpr design procedure, of both vector
DNA, pADH2-Cat8L2::hGH, and insert DNA, PmAOX1::mApple is crucial to
construct the desired plasmid. Thus, double digestion of both vector and insert DNA
was carriedbut with Asd andXbal restriction enzymes. The digtion process was
taken place in the waCompositidnaf the digestion3 7 A C
reaction mixture witiAsd andXbal for insert and vector demonstrated in Table 3.28
and 3.29, respectively.

Table 3.28 Compositim of the digestion reaction mixture with Ascl and Xbal for
vector,pADH2-Cat8&L2::hGH

Component 20 OL Reaction
10X CutSmart Buffer 2 Ol

DNA (051 Og)
(DNA concentratic8 OI

Asd 1 Ol
Xba 1 Ol
H20 Up to 20 Ol
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Table 3.29 Composition of the digestion reaction mixture with Ascl and Xbal for
insert, PmAOX1::mApple

Component 20 OL Reaction
10X CutSmart Buffer 2 Ol

DNA (051 Og)
( DNA concentratic12 Ol

Asd 0.6 OI
Xba 0.6 OI
H20 Up to 20 Ol

Following the double digestion of vector and insert, both vector and insert made run
on agarose gel and extracted from the gel. Gel elution was carried out by the usage
of the GenelJet Gel Extraction Kit (ThermoFisher, USA); as a result of this,
purification of fragments was achieved.

3.4.3.3 Ligation reaction of the vector and the insert

T4 DNA ligase enzyme used for the ligation process of the vector and insert. For the

|l igation reaction, 20 Ol of the reaction
Theigat i on process was carried out at 16AC
the ligation mixture is tabulated in Table 3.30. The optimum ratio of the vector to

insert DNA and quantity of the vector were determined as 3::1 and 50 ng,
respectively. Furtherore the quantity of the insert DNA was obtained from

Equation 3.1.
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Table 3.30 Composition of the ligation reaction mixture of vector and insert

Component 20 OL Reaction
T4 DNA Ligation Buffer 2 Ol

Vector DNA,pADH2-Cat8L2::hGH 2.5 Ol

(DNA concentratioao

Insert DNA,PmAOX1:: mApple

(DNA concentratiolo. 3 Ol

T4 DNA Ligase 1 Ol

H.0 Up to 20 Ol

Following ligation, the transformation process Eorcoli transformation, which was
explained in tle previous part of this section, was carried out. With the ligation of
the insert and vector and transformatiorEtacoli, the construction of the desired

plasmid was accomplished and shown in Figure 3.4.

pADHoptcat hGH

PmodAOX::mApple

4261 bp |1 3886 bp

e
g YOX1 terminato? BQ 4

2000 —

Figure 3.6 Map of he constructed plasmid pmAOX1:: mApple from pABDH2
Cat8L2::hGH

Schematic representation of the metabolic engineering strategy for the construction

of the desired plasmid is demonstrated in Figure 3.6.
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PLASMID ISOLATION

Figure 3.7 Schematic representation of the metabolic engineering stre
for construction of desired plasmid

74



3.5 Determination of the genecopy number

To compare the effects of overexpressed genes on cell metabolism and production
capacity and to investigate their relationship with gene copy numbers, it is critical to
know the copy mount of overexpressed genes in the strains comsttutn this
context, the copy numbers ADH2, ACS1 and mApple genes in strains created by
metabolic engineering methods were investigated by relative qualification method
using quantitative chain reaction. For this purpose, the argininosuccinate lyase,
ARG4gene, which is known to be in a single copyhaP. pastorisgenome, was
selected, and the qualification of the desired genes was made comparatively on the
basis of this gene. Firstly, to achieve this purpose, genomic DNA of constRicted
pastoris strains was isolated by using Wizard Genomic DNAifieation Kit
(Promega)in the direction of instructions. Then, specific primers for gPCR from the
inner part of the genomic sequences of the investigated genes and standard primers
for amplification of tle whole sequences of desired genes were designkedhasit

help of Oligo Analyzer 3.1 and listed in table B.3

Table 3.31 Primers designed for the gPCR experiments and amplification of

standards
Name Sequen3)e Length Tm GC Size of
. . Content Amplicon
(bp)  ( Ac P

ARG4- GTTT ACACTG AGG 20 56.8 55 1259
Std-F GCC TGG A

ARG4- GACTCTAGCTTTTCA 23 53.8 43.5 1259
Std-R TTCAGTGC

ARG4- GGTGAGTTGATTGGT 20 62.7 55 185
gPCR-F CGTGG

ARG4- CCGGGCATCAAGACG 20 63.6 55 185
gPCR- TCTAT
R
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Table 3.31(Continued)

ADH2-
Std-F

CTTATTTACTTTACGA
AAATG
TCTCCAACTATCCCAA
CTACAC

43

60.6

35

1053

ADH2-
Std-R

ADH2-
gPCR-

ADH2-
gPCR-

ACSI1-
Std-F

ACS1-
Std-R

ACS1-

qPCR-F

ACS1-

gPCR-R

GATGGTACCTTATTTG
GAAGTGTCCACAACG

CCCCACATGCTATCAA
CCAATC

AACCTCTGGTGAACA
AGTCGAT

CAACTAATTATTCGA
AACGATGCCATTAG
ATAACGAACACTTAC
TTC

GTTGGTACCTCATTT
GCGGGCATC

GATTGTCTACTGC
CGAGATTG

TTTAGGTGCAGCG
AATGG

31

22

22

a7

24

21

18

60.5

63.2

63.8

61.7

60.6

60.4

60

45

50

45.5

34

54

47.6

50

1053

192

192

2007

2007

206

206
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Table 3.31 (Continued)

mApple- GAGAAGATCAAAA 50 654 40 711
Std-F  AACAACTAATTAT

TCGAAACG atggtgag

Caagggcg

mApple- GCCTCTAGATTACT 33 63.7 52 711
SR rgracAaGeTCGTCC

ATGCC
mApple- GTCAAGACCACCTA 17 63 47 105
GPCR-F CAA
mApple- CACGATGGTGTAGT 15 61 53 105
gPCR-R C

For copy number determation, ARG4was used as a reference gene since just a
single copy of it exists in thB. pastorisgenome. Copy numbers of other genes,
ADH2, ACS1 andmApple,in the selected strains were normalized relative to the
ARG4gene. For tis reason, standard sas of these four genes were essential to
making an accurate relative quantification of copy numbers of desired genes. In this
context,ARG4 ACS1 andADH2 gene sequences were amplified by conducting a
PCR experiment in which isoked genomic DNA of wiletype P. pastoriswas used

as a template. Furthermore, the mApple gene sequence was amplified from the
isolated pAHD2Cat8L2::mAppleplasmid. For amplification of standards, primers
that are designed from the external sites of theegequences were ussal that
amplifying the whole gene sequences of standard genes. Reaction compositions and
thermocycling conditions of amplification of standard genes via PCR were given in

Tables 3.2 and 3, respectively.
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Table 3.32 Composiion of PCR reaction mixture for standards

Component 50 OL Reaction
5X Q5 Reaction Buffer 10 OL

5mM dNTPs 2 OL

10 OM Forward Pri2.5 OL

10 OM Reverse Pri2.5 OL

Template DNA 2 OL

Q5 High-Fidelity DNA Polymerase 0. 5 OL

H20 Up to 50 OL

Table 3.33 PCR operation conditions for amplification of standards

Steps Temperature Time Cycle
Initial 98 AC 30 sec 1
Denaturation

Denaturation 98 AC 10 sec

Annealing 65.7 AC 30sec 30
Extension 72 AC 80 sec

Final Extension  72A C 2 min 1
Hold 4 AcC b ;

After amplifications were completed, PCR products were purified with GeneJet PCR

Purification Kit (Thermofisher)Afterward, to obtain the standard curves of the
ARG4 ADH2, ACS1 and mApplegenes, dilutions of 103, 104, 10506l copy

numbers were preparedor this purpose, firstly, by the application of the following

formula, copy quantities of the standard samples were calculated.

6.022 x 10** x amount of sample
Molecular weight of DNA x 10°

copy number =
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Amplicon molecular weights of the standards were obtained from the
Bioinformatics online DNAmolecular weightalculator

(http://lwww.bioinformatics.otg/sms2/dna mw.hjmk follows:

Amplicon Molecular Weight oARG4Standard777867.71
Amplicon Molecular Weight oADH2 Standard65068125
Amplicon Molecular Weight ofACS1Standard1240045.15
Amplicon Molecular Weight omAppleStandard439436.87

= =4 4 -

Then, genomic DNA concentrations were dil
9 Ol of diluted genomi c DMNMAPGCResctiomsed as
Moreover, qPCR primers that were designed from the inner side of the gene
sequences were also used in the gPCR experiment. The gPCR was performed on the
LightCyclerE 480 Instrument I (Roche) [
SYBR Green | Master (Roche) mix. qPCR reaction mixture compositions and
thermocycler operation conditions were tabulated in Tables4 338Bd 3,

respectively.

Table 3.34 Composition of gPCR reaction mixture

Component 20 OL Reaction
Master Mix 2X Concentration 10 OL

10 OM Forward Prio.5 OL

10 OM Reverse Prio.5 OL

Template DNA 9 OL
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Table 3.35 Thermocycler operatieprofile of gJPCR experiments

Steps Time Cycle

Denaturation Initial 95 AC 10min 1

Denaturain

Denaturation 95 AC 10sec
Amplification = Annealing 58 AC 5sec 45

Elongation 72 AC 10sec
Melting Melting 50 AC Continuos 1

99AC with slope of
1AC/ s
Cooling Keep 40 AC 30sec 1
3.6  Growth Media

Sterilization of the growth media this study was achieved either by autoclave at

121AC

3.6.1

for 20

Solid Medium

mi

nut es

or fi

|l tered

The growth ofE. coli cells from glycerol stock was carried out on the LB agar plate

with the appropriate antibiotia t

37AC

for

2 4 ydgnomycin svas

150

selected for thé. coli strains, which carries thier Paprz:: ADH2 and 500 g / ml

nourseothricin  (NTC) was selected for

Pmaox1::mApple, for antibiotic resistance. For the wilgpeE. coli DH-5 U

the strains,

which carries

cel

antibiotic was not added to the agar. Furthermoretifergrowth ofP. pastoriscells,

the

| s,

they wee inoculated onto the YPD agar containing proper antibiotics and incubated
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which caries thefor Paphz:: ADH2and 500 g / ml

30AC for 4

8
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(220M) .
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200 PROppdtanidstraHsy gr omy c i n

the strains, whic carries théPmaoxi::mApple. For the wiletype P. pastorisX-33
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cells, there was no need for an antibiotic, and YPD agars were prepared without
antibiotics. The comgsition of the LB and YPD agar medium was tabulated in
Tables 3.8 and 337.

Table 3.36 Composition of LB Agar Medium for Eoli

Compound Concentration (g/L)
Tryptone 10
Yeast extract

NaCl

Agar 15

Table 3.37 Composition of YPD Agar Medium for pastoris

Compound Concentration (g/L)
Yeast extract 10
Peptone 20
Dextrose 20
Agar 20

3.6.2 Precultivation Medium

Inoculation ofP. pastoriscells, which grow on the YPD agar, into the precultosat
medium, BMGY or YP, is necessary. Precultivation process can be carried out either
in 12 deepwell plates or afifiltered shake bioreactors. The composition of the
BMGY and YP media were listed iTable 338 and Table 39.
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Table 3.38 Composition of the BMGY for the precultivation opBstoris cells

Compound Concentration (g/L)
Yeast extract 10
Peptone 20
Glycerol 10 mi

Yeast Nitrogen Base (YNB, w/amino 4.08

acids)

Potassium phosphate buffer (pH=6) 0.1 M
Ammonium sulfate 12

Biotin 0.0004
Chloramphenicol (34 mg/ml) 1ml

Table 3.39 Composition of the YP for the precultivation ofpstoris cells

Compound Concentration (g/L)
Yeast extract 10
Peptone 20

3.6.3 Fermentation Media

After completion of the precultivation, cells were harvested and inoculated into
fermentation media, which have different carbon sources, in a way that the initial
cell concentration was equal to 1 OD600. Two different media were selected for the

screening eperiments, and their compositions were given in Tablés&éhd 3.4.
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Table 3.40 Defined fermentation medium for screening

Compound Concentration (g/L)
(NH4)2HPOy 4.95
MgSQu.7TH0 14.9
CaCb.2H0 1.17
PTM Trace Elemt Solution 1.47 mL
Biotin (0.2 g/L) 2 mL
Potassium phosphate buffer (pH=6 0.1 M
Name of the Concentration
Condition
Excess Glucose 20g/L
Carbon source
Excess Glycerol 20 g/L
Limited Glucose 2 g/L
Ethanol 1 % (viv) or 2 %
(V/v)
Methanol 2 % (vIv)

Table 341 ASMV6 Defined cultivatichasefermentation medium for screening

Compound Concentration (g/L)
(NH4)2HPOy 6.3
(NH4)2SCQq 0.8
MgSQu.7TH0 0.49

KCI 2.64
CaCb.2H0O 0.0535
Citric acid monohydrate 22

PTM Trace Element Solution 1.47 mL
NH4OH (25%) 20 mL

Biotin (0.2 g/L) 2 mL
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Table 3.41 (Continued)

KOH solid Adjustment of pH 6.2-6.6
Name of the Concentration
Condition

Carbon source Excess Glucose 20 g/L
Excess Glycerol 20 g/L
Limited Glucose 2 g/L
Ethanol 1 % (viv) or 2 %

(V/v)

Methanol 2 % (vIv)

3.7  Screening Conditions

3.71 mApple and eGFP synthesis from selectedl. pastorisstrains

Intracellular synthesis of mApple and eGFP and the comparison of designed double
promoter systems, as wellsiagle and multcopies of them, were conducted in 12

well deep plates. Selected colonies were inoculated into 2 ml of YP medium
containinglL26fegeocin or 50 g [/ -20L NTC, an:
hours at 200 rpm. Then, the cells were d$farred to the defined fermentation
medium and ASMv6 production medium, which were tabulated in Table 324 an
3.25, respectively, which containlseted carbon sources. Screening experiments of
the production of the fluorescence proteins, mApple and eG@FEonstructed
double promoter expression systems and their single copies, was carried out in a
production medium, whose OD600 was equal to 1&dthy / L glucose or glycerol,

2 g/L limited glucose, 2% (v / v) methanol and 2% ethanol (v/v). When featrmmnt

time reached 224 hours, cells were harvested with centrifugation at 45009 for 5
minutes and diluted or concentrated to OD600 of 8. Aftedyareasurement of

mApple and eGFP production by the usage of these prepared solutions was
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conducted with a florescence spectrophotometer (Agilent technologies). Detection

of eGFP and mApple experiments was carried out in duplicate.

3.8 Analyses

3.8.1 Cell concentration

Wet cell concentrations (g/L) of the samples, which were collected during the
exponential phase, waslcalated by applying the following formula:
6 mMT 00 0OQI0QR&s ¢ o]

3.8.2 mApple and eGFP synthesis

Measurements of the production of mApple and eGFP were carried out with
Fluorescence Spectrophotometer (Agilesmthinologies) by the usage of-@ell
microtiter-plates (Thermoscientific). Measurements of the mApple (red fluorescence
protein) were accomplisdeat the excitation and emission wavelengths of 568 nm
and 592 nm, respectively. On the other hand, measurentgdneGFP (green
fluorescence protein) weracied out at the excitation wavelength of 488 nm and
emission wavelength of 509 nm. The cell suspamwas either diluted to Q=8

or concentrated to Qfg=8 to conduct the measurements and mixed with frget

by the usage of a muifiipette. For nanalization of the eGFP and mApple
production measurements, the background signal of thetypklP. pastorisX-33

cells was removed. According to the intensity value, which was read from the
fluorescence spedphotometer, the production level of mAppledaeGFP were

given in arbitrary units (a.u.).
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3.8.3 Ethanol concentration measurements

Extracellular ethanol cono&ations in the medium were determined by gas
chromatography (Agilent GC 6850, Wilmington, USA) equad with a 30 m x 530

Om x 40 Om 9YRQO4E eoiumn dn® Op@rated at a constant oven
temperature of 170 AC. He leioflm62gsaaanda gi ven at
flow rate of 120 mL/min, was used as the carrier gas. The TCD detector wagoperat

at 200 AC and 5 H7Z12wi/mihandanalyeed tor3enmotes f | ow o
by injecting 1 OL of the sample.

3.84 Extracellular metabolite concentration

High-pressure liquid chromatography (Waters, Alliance 2695, Organic Acid
Analysis System) was udeto determine the concentrations of orgaawds,
particularly acetaldehyde and acetic acid, secreted by the microorganism during the
air-filtered shakeflask bioreactor experiments. Organic acid concentrations were
calculated with the help of standardrematograms obtained by standard organic
acid analyzes of the known concentrations. Calibration curves of related metabolites

were given in Appendix. Befe loading samples to the HPLC system, they were

filtered with 450m f idforgamicsacids @irb as fodlowsi| ysi s ¢ o
(lleri, 2006

Column . Capital Optimal ODS, 5 Om
Column dimensions : 4.6 mm x 250 mm

System : Reverse phase chromatography

Mobile phase flow rate : 0.8 ml/min

Column tenperature : 30AC
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Detector, wavelegth ve sensitivity : Waters 2487 Dual absorbance detector, 254

nm
Injection volume 5 Ol

Analysis duration : 15 dk

Mobile phase content : 0.312% (w/v)) NaPQ4,0.062% (v/Vv)
HaPQy

3.9 Total RNA isolation

To be able to condtt transcript level analysis with constructedgoastorisstrains,

total RNA isolation was performed for each strain. For this purpose, firstly, samples

were collected 2 hours after starting the exponentiakgr@hase. The amount of

sampe taken was désg n a t e d celisdml 4vhidhQvas approximately equal to

8 OD. (Asadeet al, 2011; Yuaret al, 2021). Then, taken cells were harvested by
centrifuging at 45001 g for 5 sgyiMnikKtes at -
was used for totdRNA isolationin accordance with instructions as follows: firstly,
harvested cells were resuspended with 60
gently vortexed. -washdd glasw beads weresaldedinto thec i d
mixture, and to disrupt the Icenembrane, tisuelyser was used at the maximum

speed of 30Hz for 1 minute. After 1 minute was completed, 20 seconds waited to
prevent the machine from overheating. This step was repeated five times. Then, two
minutes waitedat room temperature for lety beads goingdown. Finally,
approxi mately 3500l of t he S a ke e was
microcentrifuge tube and centrifuged for 2 min at full speed. Then the supernatant

was transferred to a new RNase free microdemwfei tube, so sample prepaoat

was completé. RNA isolation part started with the addition of 1 volume
(approximately 3500I) 70% et hanol i nt o ¢
Then, the sample (approxi mat eliycoldnno OI ) v
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collection tube, with was suppliedby the kit, and centrifuged at 80Q000g for 15

seconds. Afterward, flow hr ough was di scarded, and 350 ¢l
into the RNaeasy spin column. Another centrifugation at 8@IM0g for 15s was

applied to wash the spin colum membrane, andow-through was discarded.

Thuswise, precipitation of nucleic acids was completed. There@mftemove DNA

from the supernatant, 3 ¢l -fiedNwaterewere 3 0 ¢ | b ui
mixed in a fresh RNaskee microcentrifuge tube dnhomogenized byentle

i nversion of the tube. Then, this DNasel i r
added onto the RNaesy spin column membrane. The sample was kept at room
temperature for 15 minutes, and DNA removal wasgleted.To wash RNA, 350

¢ buffer RW1 wasadded to the RNaesy spin column and centrifuged for 15 seconds

at 800010000g. Flowt hr ough was di scarded, and 500 el I
the spin column, and another centrifugation was performed at BiiDg for 15

seconds. Flowhroughwas discare d, and again 500 ¢l RPE buff
the spin column. This time, the sample was centrifuged for 2 minutes at 8000

10000g, and the spin column was placed in a fresh Rides& ml collection tube

(supplied). The spin column wa®ntrifuged for Iminute at 800L0000g. Next, for

the elution of RNA, the RNaeasy spin column was placed in a 1.5 ml fresh-RNase

free microcentrifuge col | ecd{reeavater vasbe (suppl
added directly omt the spin column membranehd tube was indated for 2

minutes at room temperature and centrifuged for 1 minute at BO@@Og for the

elution of RNA. Finally, elute was taken and added again onto thecepimn

membrane. 2 minutes of incubation wasf@ened. The sample was cefiiged at

8000-10000g for 1 minute. Thus, the procedure was completed, and high

concentrated RNA was obtained. The concentration of isolated RNA was measured

by Nanodrop.
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3.9.1 Transcript level analysis

The t hr es h@T appraagheak esed(taqrgiculatdhanges in transipt

levels inP. pastorismutant strains compared to the wilgbe control. The expression
of the actin gene ACT1 was used to standardize all results. Primers used inthe gRT

PCR analysis were given in Table 24

Table 3.42List of primers used for the transcript level analysis.

Primer

Sequend)e (5¢C Used for

Actl_gRT PCR Fw

Actl_gRT PCR Rv

ADH2_gRT-PCR_Fw

ADH2_gRT-PCR_RV

ALD4_qRT-PCR_Fw

ALD4_gRT-PCR_Rv

ACS1_gRT-PCR_Fw

ACS1_gRT-PCR_Rv

TGAGGCTTTGTTCCACCCAT

CTCAGCAATACCTGGGAACA
TAGTAG

CCCCACATGCTATCAACCAAT
C

GATCTCGATGGACTTCAGAAC
GT

CGGTCTTGCTGCTGGTAT

TTTGGTGGAAATCGTTGTAGG
T

GGTTTTGGCTGGAGAGGAAG
A

TTGCGGGCATCCCTTTT

Actin  mRNA
guantification

Actin . mMRNA
guantification

ADH2 mRNA
guantification

ADH2 mRNA
guantification

ALD4 mRNA
guantification

ALD4 mRNA
guantification

ACS1 mRNA
guantification

ACS1 mRNA
guantification
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Table 3.42 (Continued)

FBP1_gRT-PCR_Fw TGAAGAAACCCCAAGCAAAC FBP1  mMRNA

guantification

FBP1_gRT-PCR_Rv TGGAGTCTGCTGGATAGC FBP1 mMRNA

guantificaton

ICLL_gRT-PCR_Fw CAGAAATGGTCAGGAGCCG |11  mRNA

guantification

ICL1_gRT-PCR_Rv AATGGTCCTTGAATTGATCTT

ICLL mRNA

CAG quantification

MLS1_gRT-PCR_Fw ACTGGCGAGAAGATCACA MLS1 mRNA
quantification

_ CTCCACTAATCTCCTTCTTCA

MLS1_gRT-PCR_Rv MLS1 mRNA
AAC quantification
DAS1_gRT-PCR_Fw CGGTAAGTCTCTTCCTGTTG  5,q1  mRNA
quantification
DAS1 _gRT-PCR_Rv TTGGTTTTCCCTTCAAGTCG DAST mRNA

guantification

Mxrl_gRT-PCR_Fw ACAATGACACAAATGCTGCT

Mxr-1 mRNA
GATGCT quantification
; GCATGAACAGGCGGTCTGAA
Mxrl gRT-PCR_Rv Mxr-1 mRNA
TCG quantification
CAT8-1_gRT- TAATGTATCTCCTCCCAATAG
Cat81 mRNA
PCR_Fw TGAAAG quantification
CAT8-1_gRT- GTCCGAATAAACTCCCAGCA
Cat81 mRNA
PCR_Rv G quantification
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Table 342 (Continued)

CAT8-2_gRT-
GGTCTTCAGCGTCTGGTT Cat82 mRNA
PCR_Fw guantification
CAT8-2_gRT- ACTTTTCTGAGCTTTTCACCT
Cat82 mRNA
PCR_Rv G quantification
3 TGGAATATCTACAGAGGAGG
PDA1_gRT-PCR_Fw PDA1 mRNA
AAC quantification
PDA1_gRT-PCR_Rv TCAGCTTCTTTGGTTTG&TT PDAL mMRNA
quantification
3 TAAGAAGTTCGGTGGTGCTG
PGK1_gRT-PCR_Fw PGK1 mRNA
ACA quantification
_ CCCTCCAACAGTTCCAAAGA
PGK1_gRT-PCR_Rv PGK1 mRNA
AGC quantification
CDC19 gRT PCR
GCCCAATCCTTATGGTAACC  ~519 mRNA
Frw quantification
CDC19_gRT PCR Rv GGCITCAGTGATGGCATATTG CDC19 mRNA
quantification
3 GGCGAAGTCAAGAAGGGTGA
PYC2_gRT-PCR_Fw PYC2 mRNA
T quantification
PYC2_gRT-PCR_Rv TCGTTCTCCTTGACTGCGAT PYC2 mRNA
quantification
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CHAPTER 4

RESULTS AND DISCUSSION

The objective of this studis to increase th ethanol uptake rate and
decrease bproduct formation in the ethanol utidizon (EUT) pathway and acquire
a smoothly operating intracellular reaction network from the TCA cycle to the
gluconeogenesis pathway through anaplerotic reactiorsthis purpse, a novel
metabolically engineered hostichia pastoriswas developed bgverexpression of
the gene(s) of the enzyme(s) that catalyzes the limiting reactions in the EUT pathway
under a hybriestructured synthetic promoterh@& effects othe engineerigin the
EUT pathway irP. pastorismetabolism wreinvestigated. Bsuring that thesmooth
operationof EUT pathway and the intracellular network of the microorganism; to
increase therapeutic protein production from ethanol by gearoveprocesses is

amother aim of this study.

In this context, in the first part of the worketalcohol dehydrogenas?
(ADH2), andAcetyl-CoA synthetase (ACSijwo enzymes that potentially catalyze
the ratelimiting reactionswas overexpressegsingle handedhand togeter to find
out how they affect the ethanol uptake rate, cell growth, antbypt formation.
Subse@uently, the ratdéimiting step in the EUT pathwaysprotein production under
the engineere®. pastorisstrains vereinvestigated. In the second part bétwork,
effects of ADH2 and ACSL1 overexpressions, one by one and together, o
transcription levels in central metabolisneninvestigatedin the third part of the

work, the effecs of ACSloverexpression on-protein production was investigated.
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4.1 Effect of ethanol on EUT pathway

The effect of ethanol on the EUT pathway wagestigated in aifiltered shake
bioreactors with wiletypeP. pastorisX-33. Thestrainwas inoculated with an initial
OD600 = 1.0 (Cx = 0.24 g/L) into the ASMv6 medium prepdieable 3.44) with
the carborsource 2% (v/v) ethanol. At t = 36 h, the contrationsof the excreted

acetaldehyde and acetic acid, which are therogucts of the EUT pathway, were
presentedn Figure 4.1.

o
o

OAcetaldehyde B Acetic Acid

o
D
T

03

0.2 +

0.1 r

By-product concentration (g/L)

\\
N

7/
1 /A

1% (v/v) EtOH 2% (viv) EtOH

o

Figure 4.1 By-product concentrations in the cell culture at t = 38breted from
wild-typeP. pastorisX-33 strain on 1% (v/v) and 2%/v) ethanol

At 1% (v/v) initial ethanol concentration, at t = 36 h of the bioproeas=mcellular
Cacal and Gicac weredeterminedas0.19 and 0.35 g/LWhen ethanol was used as
the carbon source at an init@ncentration 02% (v/v),due to the pressure caused
by high ethanol concentratiom& and Gicac were 0.37 and 0.12 g/lcespectively
At initial ethanol concentt®sn 1% (v/v) theby-product acetic acid concentration in
the fermentation broth waa53fold higher thanthe acetaldehyde concentration.
When initial ethanol concentration was increaged2% (v/v), the acetaldehyde
concentration wa8.25fold higher tlan the acetic acid concentrationThe stress
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caused by higher ethanol concentrataterel the ratelimiting reactionof EUT
pathwayandchargedthe concentration ratios ttie by-productsBased on the by
product accumulation data, itéencluded that one of the #&consecutive reactions
in the EUT pathway should kibe potential the ratéimiting step. Therefore, first
and third genes on the EUT pathwéyigure 4.2)were overexpressesdingle
handedlyand then together to determine #itects ofthe encodedDH2 and ACS1
enzyme concentrations on the EUT pathway.

4.2  Overexpression ofthe enzymesin the EUT pathway

4.2.1 Overexpression of Alcohol dehydrogenase 2 (ADH2) enzyme

In the EUT pathway, ethanol is converted to acetyl coenzqrffcetyl-CoA) over
three consecutive aetions (Figure 4.2). Theacetyl CoA transfers its acetyl group
to oxaloactate to form citrate.The ADH2 enzyme is the first enzyme in the EUT

pathway hat catalyzes the oxidation of ethanol to acetaldehyde.

[ Ethanol ]

NAD* D ﬁ

NADH
[ Acetylaldehyde ]

NAD~
NADH ? ﬂ
[ Acetate ]

I S

[ Acetyl-CoA ]

Figure 4.2 Ethanol utilization pathway iRichia pastoris
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4.2.1.1 Construction of the recombinart plasmid and strains carrying
pADH2-wt:: ADH2

Aiming the overexpressiof ADH2 enzyme in the EUT pathway, a recombinant
plasmidcontaining pADR2-wt::ADH2 cassette was construdtd=or this purpose,
pADH2-wt::ADH2 cassette was inserted into the vegilzs mi d  p -B/A&& he)
construction of plasmid, proper tastion enzymes, which are nanutter of insert
and onesite cutter of vector plasmié&pnl and Bglll were chosenSnapGene and
Restriction mapper was usédt finding the required restriction &s$.In Figure 4.3,
vectorplasmid pGAPX}A, andtherestriction enzymeused in the construction of

recombinant plasmidre presented

O,>v

(a-factor secretion signal

¢ e
-----
.
.

pGAPZa A
3147 bp

y
vFay bt
T S
x
CYC1 terminator ©

AOX1 terminator

o

. o
i~ teFl o

EM7 promoter

Figure 4.3Bas e pl as mA ahd nesBidienZzhkzymdglll and Kpnl,
used in costruction of recombinant plasmid.

In the parentp G A P-Z& plasmid, there is 8glll recognition site at the 5' end of
pGAP gene (Figure 4.3); howeveBglll cuts the pADH2wt gene nucleotide
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position 744 bp, so insert canrim digesed with Bglll. BesidesBglll, another RE

is required for the gjestion of the insegADH2-wt::ADH2 (Figure 4.4). Ligation is
possible between both identical ends and between the different but compatible ends.
New restriction sites can be generated by ligation of DNA fragmetit€ampatible
cohesive ends bycleavage with two restriction endonucleaghst produce
compatible overhang®8BanH! and Bglll generate different but compatible ends,
which makegsheligation possible, and after ligatiatine newly formed sequence can
be recognized by neithédanH| nor Bglll. Thus,the BanH| RE recognition region
has been added to the pAD#2 5' end to be able to ligatke vectorp G A P-&,U
and insert pADH2ADH2. (Figure 4.4) Sinc&anHI cannot cut the newly formed
restriction site, it istill a onesite cutter of plasmid and can be used for linearization

of plasmid before transformation . pastorisrom AOX termination locus.

BeriH1 Bgill Kpnl
GGATCC AGATCT . . .
CCTAGG TCTAGA
o ADH
BennHI l Belll l
G GATCC A GATCT ——— Bl
- CCTAG (3 - [CTAG A H
Compatible cohesive ends
pGAPZa-A
j ........... Kp;ﬂ
Ligation i
GGATCT
Can be cut by neither BawHI o BamHI
CCTAGA

nor Bgfll

Figure 4.4 Schematic representation of restriction endonucleases used in the
construction of pADH2wt::ADH2 plasmid

pADH2-wt::ADH2 cassette was constructed with Forwamhi2w and
Reverse_ADH2 primers by PCR application. pADH2(1047 bp)Adpid2 (1053 bp)
were amplified by Q5 Higlridelity DNA Polymerase. Wildype P. pastoris
gerome was used athe template for amplification of the insert, pADH2

wt::ADH2To optimize PCR reaction conditions, the eféauft different annealing
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temperatures ®&re investigated for pADH2ADH2 cassette amplification. PCR
reaction compositions and opeaait conditions weragiven in Tables 3.3 and 3.4,

respectively.

Figure 4.5 Agarose gel electrophoresis image of the gene sequences amplified
with Forward_RoH2wtandReverseADH2 primers at different annealing
temperattes. 1: Gene Ruler ExpresEhermoscientific) Annealing temperatures: )
2: T= 60.8AC; 3: T = 62.7A C; 4: T = 65.T7A
The highest pADH2vt::ADH2gene fragment concentratiovas obtained when the
annealing temperature was T&5. 7AC (Figure 4.5). Thus, T
determinedas the optimum annealing temperature for amplification of pABH2
wt::ADH2 fragment, and for further amplification, it was usedtlas optimum
annealig temperature. The amplified fragment of pADWWR:ADH2 was purified
with GeneJet Gel Extraction Kit (ThermoFisher, U®A)separating from thether
DNA fragmentsamplified. To obtain purified pADH&vt::ADH2 fragment, gel

extraction was conductedhe gel electrophoresis imagepresentedh Figure 4.6.
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Figure 4.6 Agarose ¢l electrophoresis image of the purified DNA fragment of
pADH2-wt::ADH2. 1: QuickLoad Purple 1 kb DNA ladder; 2: Purified DNA
fragment of pADH2wt::ADH2

After the purification, the base | as mi d p GsAifestéd Sequentially with
the restriction enzymepnl and Bglll, respectively sinceKpnl and Bglll camot
work in a single buffer with high efficiency.

After the first restriction endonuclease dig@s, pADH2wt::ADH2 fragment was
purified with the PCR purification kignd then a second restriction endonuclease
digestion reaction was performdglanH| and Kpnl can work with high efficiency

in a single and the same buffer, so inert pABM2ADH2was double digested with
therestriction enzyme8anH| andKpnl in a single reaction mixturand visualized

in agarose gel electrophoresis after the digegfogure 4.7.) pADH2-wt::ADH2
fragment was 2100 bp and fragments of double diggsteinid pGAPT A wer e
797 bp and 2350 bp (Figure 4.7).
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Figure 4.7 Agarose gel electrophoresis of doutligested pADH2wt::ADH2
fragment and pl Quskhoad Pumpl@ A bDNANadder; 2:
Digested insert witlBarrHI andKpnl; 3: Digested basp | as mi d, pGAPZUA,
Kpnl andBglll.

After the second digestion reactiortleébaseplasmid and double gestion reaction

of the insert, extraction ahe DNA fragments from the gel was performed by razor
procedure, purified with gelafion kit, and visualized in agarose gel electrophoresis
after digestion (Figure 4.8). pADH®&t::ADH2 fragmentis 2100 bp andhe double
digested vect oris2360 pEiguied.8).p GAPZ UA

1 2 3

Figure 4.8 Agarose gel eleabphoresis of purified double digested pADH2
wt:ADH2f r agment and pl k& GeneRdler Expréss; R: Digested
insert withBanH| andKpnl after gel elution; 3: Digested bapasmid,
p GA P zZ U AKpnlharidBghl REs after gel elution.
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The ligaion reaction was performed to clone the doulidested pADH2wt::ADH2
into doubl e di ge ssingtte vecwr insert 3:1 paGoAuRdertize
conditions specified in Section 3.4.1.4.

After completion of the ligation reaction, by the applicatiddnhe calcium chloride

method, transformation of the constructed plasmid into-tyjp@¢ E. coiDH5 U cel | s
was performed. To be able to make the selection, inoculation was done onto an agar
medum that contains zeocin (Table 3.39). A single colonyEofcoli DH5 U
transformed with pGAPZUAwtpADH2sere usedlioi gat e d

i nocul ate 50 ml LB medium containing 25

After 1618 hour s of i n owloniesweresealectedtfronBputdti®, si X
transformants Colony PR, with Forward_kbH2wt and Reverse_ADH2 primers,

was carried out to control if the integration of plasmid aesieved andisualized

in agarose gel electrophoresis aftee colony PCR (Figure 4.9). The pADH2

wt::ADH2 fragment was 2100 bp. Taqg DNA Polgnase (Thermo Scientifiavas

used for the control PCR. The PCR operatimmditions,and reaction mixture

contents of the colony PC&te presenteimh Table 4.1 and 4.2, respectively.

Table 4.1 PCR operation conditions for aoly PCR

Steps Temperature Time Cycle
Initial 95 AC 3 min 1
Denaturation

Denaturation 95 AC 30 sec

Annealing 62 AC 30 sec 30
Extension 72 AC 2 min 20 sec

Final Extension 72 AC 10 min 1
Hold 4 AcC ) ;
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Table 4.2 Composiion of PCRreaction mixture for colony PCR

Component 25 OL Reaction
10X Taq Buffer 2.5 OL

5mM dNTPs 1 OL

10 OM Forward Pril.25 OL

10 OM Reverse Pril.25 OL

Template DNA 2 OL

TagDNA Polymerase 2 OL

25mM MgCh 2 OL

H20 Up to 25 OL

Figure 4.9 Agarose gel electrophoresis of potenialoli clones carrying the
pADH2-wt::ADH2 gene after transformation. M1: GeneRuler Express; 1: Positive
control for PCR control of insert pADHRDH2 gene; 2: Negative control foildR

control of insert pADH2ADH2 gene, 38: PCR products of potential plasmids

The results of the six selected colemdemonstrate that integration of the plasmid is
correct Figure 4.9. Plasmid isolation was performed for six positive putative
transformants to confirm the achievement of insertion of constructed plasmid, and
visualized in agarose gel electrophorestsrgblasmid isolation (Figure 4.10). The
size of the circular pADH2&vt::ADH2 plasmidis 4467 bp.
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Figure 4.10 Agarose gel electrophoresis of potential recombip&gmids. 1:
Generuler Express; 2 Potential plasmids carrying thedRz.wt.:ADH2 fragment

Colony PCR, in which isolated plasmids were used as a template, was carried out
with Forward_Rpr2-wt and Reverse_ADH2 primers under the condition given in

Table 4.1 and 4.2, and visualized in agarose gel electrophoresis (Figure 4.11).

Figure 4.11 Agarose gel electrophoresis of potenEaloli clones carrying the
pADH2-wt::ADH2 gene after transformation. M1: GeneRuler Express; 1: Positive
control for PCR control of insert pADHRDH2 gene; 2: Negative control for PCR

control of insert pADH2ADH2 gene, 38: PCR products of potential plasmids

After colony PCR, two colonies werelseted andhe constructs betweeRglll and

Kpnl restriction sites were verified with DNA sequencing analy§sntebio,

Ankara) (Appendix B)Glycerol stocks 0E. coliDH5 U strains that car
constructed plmid, pADH2wt::ADH2, were prepared and stored-&t0 A C .
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The zeocin antibiotic resistance gene was replaced with the hygromycin encoding
gene in pADH2wt::ADH2. As in the following stages of the study,ntoining
different overexpression cassettes by sequential transformitioaquired to
investigate theconceted effects of metaboli@ngineering inrecombinant protein
production.For this purposédt was aimed to combine thmnstructedstrains with
DPES with in the following stagesAs a resultthe necessity of using an antibiotic
resistance gene differembm Zeocin and NT@ requiredsince DPESSs carry Zeocin
and NTC resistance genes.

The estriction enzymeghat couldcut the zeocimgenesequencgincluding its own
promoter (TEF) and terminator (CYC1), armlldnot cut the hygromycin sequence
were identified as BanHI and Pcil using SnapGene and Restriction mapper.
Secondly, Hygromycin fragment (1479bp) with TEF promoter and TEF terminator
were anplified with Forward_Hyg and Reverse Hyg primers in accordance with the
conditions given inTables3.9 and 3.10, respectively. Thethe amplified insert
Hygromycin fragment was purified with PCR purification kit. Purified fragment was
double digeted with the restriction enzymes oBanHIl and Pcil in a single
restriction reaction. Then, purified with PCR purification kit, and visualized in
agarose gel electrophoresis. (Figure 4.12) Hygromycin with with TEF promoter and
TEF terminatois 1479 bp.
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Figure 4. 12 Agarose gel electrophoresis of purified double digested Hygromycin
with TEF promoter and TEF terminator fragment 1: GeneRuler Express; 2:
Digested insert witlBamH| andPcil REs after PCR purification.

Vector plasmid, ADH2-wt::ADH2, was also double digeed withBanH!| andPcil
restriction enzymes. The whole plasnsd450 bp, and the region in which the REs
cut out from the plasmid consisted of 1186 Bfter the double digestion, two
separate fragments 1186 bp and8Bp were formed. (Figure 4.13)

Figure 4.13 Agarose gel electrophoresis image of 1: Double digested vector with
BanH| andPcil; 2: GeneRuler Express.
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Bothdouble digestedrector plasmid pADH2vt::ADH2 and thansert hygromycin
fragmentwith its own TEF promoter antthe terminatorfragmens, wasextraced of
from the gel bytherazor procedure, purified with gel eloti kit, and visualized in
agarose gel electrophoresis after digestikigure 4.14)Double digested plasiohj
pADH2-wt::ADH2is 3264 bp.

Figure 4.14 Agarose gel electrophoresis of doubdligested vecteplasmid
pADH2-wt::ADH2 1: GeneRuler Express; 2:Digested and purified vegliasmid
with BanHI andPcil.

The ligation reactio product was used in the transformatioEt@oli DH5 U cel | s
by the calcium chloride method.o verify whether zeocin resistance gewas
replacedwith hygromycin resistanegene, 12 single colonies from solid agar
containing the selective antibiotic wamculated into LB broth mediuni\fter 16

18 hoursof thei ncubati on at 37AC, col ony PCR
Reverse_Hyg primers was performed. For colony PCR, thermocycling operation
conditions and reaction mixture conteate presenteth Tables 4.1 and 4.2.The

PCR products visualized in agarose glelctrophoresigFigure 4.1%. Hygromycin
resistancegene sequence with TEF promoter and TEF termingtat479 bp.
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Forward_Hyg and Reverse_Hyg primers cover the same number of base Ipairs. T

bands around500 bpare theverified positiveresuls.

1 2 3 4 5 6 7 8 9 101 12 13 14 1

Figure 4.15 Agarose gel electrophoresis of potenkalcoli clones carrying the
Hygromycin gene after traformation. 1: GeneRuler Express; 2: Negative col
for PCR control of insert Hygromycigene; 2: Negative control for RCcontrol of

insert Hygromycin gene-45: PCR products of potential colonies.

For the selection ofthe correct colonieswvhich carry the hygromycinesistance
gene but nothe pADH2wt::ADH2 cassette, anothePCR with the same colonies
was performed using pADH2_ forward and ADH2 eese primers The PCR

products were visualized in agarose gel electrophoresis (Figiég 4
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1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 4.16 Agarose gel electrophoresis of potenEaloli clones carrying the
pADH2-wt::ADH2 gene after transformation. 1: Géhder Express; 2: Negative
control for PCR control of insegADH2-wt::ADH2 gene; 2: Negative control for
PCR control of insepADH2-wt::ADH2 gene, 415: PCR products of potential
colones.

As the second step of the verification procedure, four colom&e selected, and
putative plasmids were isolated, visualized in agarose gel electrophoresis (Figure
4.17) The size of the circular plasmids carrying pADWR:ADH2 cassette and
hygromycin-resistancare the same atV66 bp.

Figure 4.17 Agarose gel electrophoresis of potential recombinant plasmids. 1:
Generuler Express;2 Potential plasmidsarrying the Hygromycin and pADH2
wt::ADH2 cassettes.
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Using putative plasmids as templates, PCR was conducted using a) Fofygrd
and Reverse_Hyg, and pADH2_forward and ADH2_reverse primers, separately,
and products of PCR were visualized in agareselgctrophoresigFigure 4.18 and
4.19) All selected colonies gave positive results both for hygromycin gene (1479
bp) and ADH2-wt::ADH2 (2100 bp). After colony PCR, two colonies were
selectedandthe constructs betweecil and BanH]| restriction sites were verified
with DNA sequencing analys{Sentebio, Ankara) (Appendix B). Glycerol stocks of
E. colistrains that carry theerified constructed plasmid, pADH#&t::ADH2, were

prepared and stored® 0 A C .

Figure 4.18 Agarose gel electrophoresis of control PCR for potential recombinant
plasmids. 1:Generuler Express52Control PCR with ForwardHyg and
Reverse Hyg primers. (Hygromycin gene 1479bp)
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Figure 4.19 Agarose gel electrophoresis of control PCR for potential recombinant
plasmids. 1:Generuler Express52Control PCR wittpADH2_forward and
ADH2_reverserimers. (pPADH2wt::ADH2 cassette 2100 bp)

P. pastoris transformation

To transform the constructed plasmid irRo pastoriscells, pADH2wt::ADH2

plasmid was isolated from transformBdcoli DH5 U st r ai npADHRe pl as mi d
wt:: ADH2were lineariseavith BanHI as indicated ifable 3.20, (Figure 4.20and

purified by Gel Extraction Kit (ThermoScientific, USA) prior to the transformation

to P. pastoris.The constructed plasmids were integrated iOX1 transcription

termination locus to eliminate the effects of genomic integration sites. Linearized

pADH2-wt::ADH2 plasmidcarrying hygromycin fragments 4476 bp.
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Figure 4.20 Agarose gel electrophoresis of lineadzplasmid pADH2wvt::ADH2
plasmid carrying hygromycin fragmentsdADH2-wt::ADH2 plasmid after
linearization withBanHl ; 2: Generuler Express.

Linearized plasmid was transformed into wild typ@3XP. pastoriscells by lithium

chloride method accordingo tthe procedure explained in section 3.4.3. After
transformation, 21 0 0  dhke cells fwere inoculated on a selective YPD agar

medi um containing 200 ¢g/ ml h yv& hoourmmy ci n a
16 colonies were selected from the proliferatels, and was checked whether the
transferred gene was integrateith the PCR. According tthecolony PCR results,

at least eight clones from each strain which was confirmed to carry the relevant gene

were selected and inoculated into selective YPD anséparately and incubated for

12-16 hours in aifiltered shakelmr eact or s at 200 rpm at 30
was prepared from the proliferating recombinant cells to be used in future studies
andstoreda8 0 AC. Schematic r epP.pasterisexpaessioon of ¢

system was shown in Figure 4.21.

. ‘.‘.- 41'1' .“I- PADH-Q/t m

Figure 4.21 Schematic representation of construdte@astorisexpression system.
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42.1.2  Influencesof ADH2 overexpression on the growth oP. pastoris

strains on the carbon sources ethanol and glucose

The influence ofADH2 overexpression on the growth &f. pastoris strains
corstructed with Ronowt:: ADH2was investigated in batch cultivations of the carbon
sources ethanol and glucose, separately. The carbon saffextsd the cell growth
as expected since, upon introduction to the central carbon metabolism, ethanol and
glucose configure the metaboliceaction network architecture gtinctly. The
variations in thecell concentration of wildype strain P. pastorisX-33) and the
concentrations of recombinant strains constructed withpHR::ADH2
overexpression cassettes witie cultivation time were determined in batitte
cultivations on the carbon sources ethanol and glucose at concentrationsva¥)? % (
and excess glucose (20 g/LThe growth profiles of the two colonies ofthe
constructed strain with different copiesADH2 and wildtype X-33 are presented

in Figure 4.22.

On each substrate, the cell concentrations are close. The distinct lecvafittions

in the cell concentrations with the cultivation time on glucose and ethanol
demonstrate the dynamics of theogth and dependence on the carbon source
(Figure 4.22). The results on glucose and ethanol reveal th&t {h&storisX-33
profiles are geometrically the enveloperve of the each famigf-curves of the
novel strains constructed. The fermentation dfaebl prolonged the laghases
compared to that on glucose, and procdedugh the exponential phase with a

distinct loci.
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Cx(g/L)

Figure 4.22 Variations in the cell concentrations (DCW)tbéstrains constructed
with Papr2wt::ADH2 overexpression cassettes in batch fermentation of 2 % (v/v)
ethanol, and excess glucose (20 g/L) and for comparisorPwithstorisX-33,

with the cultivation time in shakieioreactors in ¥= 50-mL fermentation volume

at T = ,36.0, AE200mH

The results on glucose reveal thHat pastoris X-33 and recombinant strains

constructed with bH2wi::ADH2 overexpression follow simildoci throughout the

fermentation process. The duration of lag and exponential phases areegaaliy
glucose Whenethanol is used as carbon source, £ds& higher cell concentrations
were obtained in X33 compared witiADH2 overexpressed strains. Unlike glucose,
the effect of overexpression ADH2 on the growth of recombinant strains is striking
on ethanol g that reduced cell concentrations weléainedn all theoverexpression
strainsduringthe first 45 hours afhefermentation Thecell growthis rather low in
the overexpression strainghe low cell concentration in the first 45 hours and the

growth pofiles with different locus of théwo colonies othe constructed strain are
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relatedwith the copy number of thADH2 gene in overexpression strains (Figure
4.22). Colonies carryinghree ADH2 gene copies were designated with C3 and
colonies carryingnine ADH2 gene copies were designated with C9hus,
overexpression oADH2 results in growth inhibitionThere isalso an inverse
correlation between th&DH2 gene copyhnumberin the overexpression strain and
thecell growth.

With ADH2 overexpression, itvas aimed to increase the reaction fluxes in the
ethanol utilization pathway and thus accelerate the ethanol metabHismever,

ADH2 overexpression resulted in inhibitimn the growth.Extracellular acetate
concentrations were measdrto investigate whther the cell growth inhibition, can

be associated with the acetate response or not. At t = 36 h, the concentrations of
extracellular acetic acid, which is the-pyoduct of the EUT pathwawgye presented

in Figure 4.23.

X-33 ADH2-OE-C3 ADH2-OE-C9

Figure 4.23 By-product concentrations in the cell culture at t = 36 I/AIDH2
overexpression strains and wilgbe P. pastorisX-33 strain on 2% (v/v) ethanol
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The results presentad Figure 4.23eveal thatverexpression of thADH2 gene
resulted in e accumulation of acetic acid and acetaldehyde in theTéalte is a
direct correlation betweeADH2 gene copy number and 4pyoduct accumulation.
While acetic acid accumulation in the C3 reached 0.2 g/lticaaeid accumulation

in the C9 reached up @5 g/L, and acetaldehyde accumulation in C3 and C9 was
reached 0.44 g/L and 1.01 g/L, respectivél§hile accumulation of acetaldehyde
and acetic aciavith wild-type cell were ca. 0.37 and 0.12 g/L, respebtividsing
ethanol at initial concentration 8%o (v/v)caused higher acetaldehyde accumulation
then the acetic acid accumulatiodue to the pressure caused by high ethanol
concentration. FOADH2-C3 andADH2-C9, acetaldehydeoncentrationare2.52

fold ard 2.1%fold higher than acetic acid concerttimas.

Influences ofADH2 overexpression on the growth Bf pastorison ethanol and
glucose have been studied for the first tirvklaestreet al. (2008) reported that
overexpression of ADH2 enzyme $accharomycebayanuscaused a decrease in
cell conceftration after 48 h othe fermentation in YNB medium, similar to our
results. One of the possibtauses of thiphenomenon isdue to the accumulation

of acetic acid, acetaldehyde, and NADH caused by overexpressibDH2, the
deterioration of the redoBalance, consequently accumulation of toxic substances.
This is in agreement with the fact that weak acids can inhibit the cell growth,
cytostasis or cellleath depending on the amounts and lipophilic moiety (Stratford
and Anslow, 1996, 1998; Pipet al.,2001), especiallacetic acid has recently been
shown to cause yeast cell death and aging (Giannattesio2013). SimpsonLavy

and Kupiec (2019) showed that changes in the etraoeihte pathway alter acetic
acid synthesis during fermentation, dretause acetate is hazardous to cells, results

in cell death and a shorter life span.
Inan and Meagher (200&)sostatedhatwhenethanolis used as carbon sourtlee

ratelimiting step appears to be the assimilation of acetate, resulting in acetate

accumulation, which is in agreement wikie resultsreported in this thesis.
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4.2.2 Overexpression of AcetylCoA synthetase 1 (ACS1) enzyme

To overcome limitations in ethanol utilization & pastorisby increasing the
expression of ratBmiting step; consecgntly, with the aim of increase ethanol
uptake rate andegulatory roleof ethanolas carbon sourc&CSloverexpression

wasstudied

Construction of overexpression cassett&GS51wasdesignedunder the control of
pAOX1-v, which was constructeith our research grougErgunet al. 2020) The
primary reason for choosing this promoter variant was that it is inducible in the
presence of ethanolt is a tightly regulated novel engineered promoteiavey
pAOX1/Cat8L3, with moderate promoter strength. Thagen for not using high
strength promoters is that it may cause disruptiadghexdell metabolism by the over
accelerating overexpressed reaction. Naturally occurring promoters sugbras P
and Rcsiwas not used since the regulation of these promotesslinectly affected

by acetate concentration in the cultaredium.

For selection based on kanamy@GAPZA-KanMX plasmid, was constructed by
replacement of zeocin resistance gene with Kananrgsistance genandused as
vector plasmidTo be able ta&aombineADH2 andACS1loverexpression cassettes by
sequentiatransformation antb investigatehe effecs onthecell growth and ethanol

uptake rate, a new antibiotic resistance detteer than Hygromycinwas used.

4.2.2.1 Construction of the recombinant plasmd and strains carrying
pAOX1/Cat8-L3:: ACS1

Recombinant plasmid bearing the pAOX1/GafB:ACSlcassette was coingcted.
The recombinant plasmid was generated by inserting pAOX1/Cathd ACS1
into the vectoplasmid pGAPZ}A. Kpnl andBglll are theappopriate restriction
enzymes, as in pADH®&t::ADH2 plasmid construction, since these enzymes are
oneside cutteof the vector plasmid pGARZ, and noncutter of pAOX1/CatB3

and ACS1fragments. SnapGene and Restriction mapypes used tadentify the
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proper restriction sites. | nAdndthgnestrietiord . 2 4,

enzyme used in constructionr@icombinant plasmidre presented

Bgill

PGAPZa-A KanMX

3420 bp

Figure 4.24Bas e p | as mA (dan\dXE AnfPtAelestriction enzymeBglll
andKpnl, used in construction of recombinant plasmid.

The pGAPZA plasmid contains 8glll RE recognition site at the 5' end of pGAP;
however Bglll truncates the pAOXILat8L3 gene, sdheinsert cannot be digested
with Bglll. Bglll is required for digstion ofthe vector pGAPZA plasmid. As
explainedn sedion 4.2.1,BanH| andBglll generate different but compatible ends,
which makesthe ligation possible After ligation, howeverthe newly formed
sequence can be recogmil by neitherBanHl nor Bglll. Thus, the BanHl
recognition region has been added togA©X1/Cat8L3 5' end to be able to ligate
thevect or -A @Wihendert pAOX1/Cat8 3::ACS1(Figure 4.2) Since

BanHI cannot cut the newly formed restriction site, it is still a-eite cutte of the
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plasmid and can be used for linearizatiothafplasmid before transformation R

pastorisinto AOX termination locus.

The pAOX1/Cat8L3::ACS1lwas constructedising a two-step gene splicing by
overlap extension (SOE) PCR. For the constructibpAOX1-Cat8L3::ACS1,
pAOX1-Cat8L3 (940 bp) andACS1(2007 bp) fragments were amplified by High
fidelity Q5 DNA Polymerase (NEB). The witypeP. pastoriggenome was isolated
and used as a template for amplificationA@S1 For amplification of the pAR1-
Cat8L3 fragment was isolated from pAOX1/Cat8::eGFPplasmid (Erguret al.
2020), and used dsetemplate.To optimizethePCR reaction conditions, the effect
of different annealing temperaturesmginvestigated for pAOX4ACat8L3 andACS1
amplification. The PCR reaction compositions and operation conditapagjiven in
Tables 3.14, 3.15, and 3.1&hdlength of pAOX1Cat8L3 andACS1were 940 bp
and 2007 bprespectivelyFigures 4.25 and 4.26).

Figure 4.25 Agarosegel electrophoresis of the gene sequences amplified with
Forward_ACS1land Reverse_ACS1 primers at dffeannealing temperatures. 1:
QuickLoad Purple 1 kb DNA | adder; Annealing t
66. 5A C.
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Figure 4.26 Agarose gel electrophoresis image of the geneesemps amplified
with Forward_pAOX1Cat8L3and Reverse_pAOXTCat8L3 primers at different
annealing temperatures. 1: G Qulokad Purple 1 kb DNA ladder; Annealing
temperatures:T2:68=584C3A C; 3:

The concentrations from the amplification of fh&OX-Cat8L3 and ACS1gene
fragment was siitar for both annealing temperatures, 6%.@nd 66.3\ QFigure
4.26) The highestACS1 fragment concentration was obtainatithe annealing
temperatueof T = 64. 3AC (Figur e 4deR@nnedstiich us , T
optimum annealing temperature ttve amplification of pAOXCat8L3 andACS1
fragments and for further amplification, was used #g optimum annealing
temperature. The amplified fragnts of pAOX-Cat8L3 and ACS1was purified
with GeneJet Gel Extraction Kit (ThermoFisher, USA) sincerdii¢A fragments
other than pAOXCat8L3 and ACS1 fragmentswere also amplified. To obtain
purified pAOX-Cat8L3 and ACS1 fragments, gel extraction wasoraicted,
visualized in agarose gel electrophoresis after purification. (Figure 4.27)
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Figure 4.27 Agarosegel electrophoresis image of the purified DNA fragments of
pAOX1-Cat8L3 andACS1 1&3: QuickLoad Purple 1 kb DNAddder; 2: Purified
DNA fragment ofACS14: Purified DNA fragment of pAOX-Cat8L3.

After purification of amplicons with overlapping compal#bends, te fragments
were used a templatéor the SOEPCR. Amplicon pairs purified in the first step of
the SOEPCR were coupled witithe primers Forward pAO>Cat8L3 and
Reverse_ACS1 with the PCR mixture composgi@md thermocycling conditions
given in Table 3.17/And 3.18, respectively. pAOKat8L3 and ACS1fragments
fused for pAOXCat8L3::ACS1 synthesis.

BecauseKpnl andBglll cannd operate in a single buffer, the bgdasmid pGAPZ}

A was digested sequentially with the restriction enzyrkgsi and Bglll,
respectively. Following the first restriction reaction, PCR purification was carried
out. BanHI and Kpnl, canalsowork in a sindg buffer, so insert, pAO>Cat8
L3::ACS1was doublaligested witlBanH| andKpnl in a single digestion reaction,

and visualized in agarose gel electrophoreBigufe 4.28)
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Figure 4.28 Agarose geklectrophoresis of double digested vector, pGAPZA , and

insert, pAOXCat8L3::ACS1 1: Digested insert witBarmHI andKpnl; 2: Quick

Load Purple 1 kb DNA ladder; 3: Digested basé a s mi d , -Kpn®IX, RvithU A
Kpnl andBglll. (Before gel extraction)

After completing the second digestion reaction of the dpésemid and the double
digestion reaction of the inseitthie DNA fragments were extracted from the gel using

the razor procedure, purified with the gel elution kit, visualized in agarose gel

electrophoresisHigure 4.29)
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Figure 4.29 Agarose gel electrophoresis of purified double digestatov,
pGAPZUA, and-Cat8lL8:ACI1]: QuicklGad Purple 1 kb DNA
ladder; 2: Digested insert wiBanmHI andKpnl REs after gel elution; 3: Digested
baseplagni d, p GkafmaMX Awith Kpnl andBglll REs after gel elution.

Under the circumstancestated in Section 3.4.1.4he ligation reaction was
performed to clone the double digested pAGXEL8L3::ACS1linto double digested
vect or puSidgRhg \eétor: insert 3:1 ratio.

Transformation of the generated plasmid into wylide E. coli DH5 cdls was done
after the ligation reaction using the calcium chloride technique. To make the
selection, inoculation was dorento agarmedium that comtins a kanamycin
containing agar medidlhen, a single colony frorthe solid agar containing the
selectiveantibiotic was inoculated into LB broth medium. Twelve colonies were
chosen amonthe probable transformants after18 hour s of i.nocul ati or
Colony PCR was performed using Forward pACKat8L3 and ReverséACS1
primers to control the integratiasf plasmid was achieved or not, and visualized in
agarose gel electrophoresis after colony PCR (Figure.9B8QX1-Cat8L3::ACS1

is 2947 bp. For theontrol PCR, Taq DNA Polymerase (Therr8oientific) was
used The colony PCRoperating parameters and reac mixture composition are
listed in the previous section, in Tables 4.1 and 4.2, respectively.
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Figure 4.30 Agarose gel electrophoresis image of poteriatoli clones carrying
the RoxcateL3::ACS1gene after transfmation. M1: QuickLoad Purple 1 kb DNA
ladder; 1: Positive control for PCR control of indesbxcasL3-ACS1gene; 2:
Negative control for PCR control of inserdRcaeeL3::ACS1gene, 314: PCR
products of potential plasmids

Four colonies were selsd amongthe positive colonies. Plasmid isolation was
performed on four positive presumptive transformants to confirm plasmid

integration, visualized after colony PCR. (Figdt81)

Figure 4.31Agarose gel electrophoresimage of potential recombinant plasmids.
1: QuickLoad Purple 1 kb DNA ladder;2 Potential plasmids carrying the adR
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casL3;ACS1Another colony PCR was performed with FordigpAOX1Cat8L3
and Reverse_ACS1 primers under the conditions describedhles.1and 4.2,
using isolated plasmids as a template. (Figure 4.32)

Figure 4.32 Agarose gel electrophoresis of potenEaloli clones carrying the
pAOX1-Cat8L3::ACS1lgene after transformation. M1: Quitload Purple kb
DNA ladder; 1: Positive control for PCR control of insert pAQAt8L3-ACS1
gene; 2: Negative control for PCR control of insert pAOXt8L3-ACS1gene, 3
7: PCR products of potential plasmids

After the colony PCR, two colonies were selected #relcongructs betweeglll
andKpnl restriction sites were verified with DNA&equencing analysi$Sentebio,
Ankara) (Appendix B). Glycerol stocks &. coli strains that carry the verified
constructed plasmid, pAOXCat8L3::ACS1 were prepared and stored-8@ A C .

Transformation to P. pastoris

First, plasmid isolation from ag. coli DH5 strain was performedo achieve
transformatiorof the generated plasmid inR pastoriscells. After that, plasmids
carrying the Rox-catsL3::ACS1cassettavere linearized wh BanHl| as specified in
Table 332 (Figure 4.33), anthe linearized plasmid was extracted from the gel by
razor procedure.
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Figure 4.33 Agarose gel electrophoresis image of 1&3: pAGSRAt8L3::ACS1
plasmid after linearizson with BanH| RE; 2: QuickLoad Purple 1 kb DNA
ladder.

The linearized RoxcateL3::ACS1plasmid was transformed into wild type338 P.
pastoris using the lithium chloride technique, as detailed in section 3.4.3. After
transformation, 28 0 0 O s were inacwatet onto a selective YPD agar
medium which contains different amounts of G418 antibiotics in the ranch from 500
g/ml to 750 g/ml and incubated for480 h o u r sFolwing € iAcGbation,

12 colonies foreachtransformatiorwere choserirom the growing cells, and the
transfected gene was verified for integration using the PCR. According to colony
PCR results, at least eight clones from each strain that were confirmed to carry the
necessary gene were seéxt and inoculated into selectivd®D media separately

and incubated for 226 hoursinauf i | t er ed shake bioreactors
Forfuture research, a glycerol stock was made ftio&growing recombinant cells
preserved a8 0 A C. F i gpicts & schemaictillugiratior the developedP.

pastorisexpression system.
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Figure 4.34 Schematic representationtb constructed. pastorisexpression
systens.

4.2.2.2  Genecopy number determinations of ADH2, ACSJ], and mApplein

selectedP. pastorisStrains

Copy number of overexpressed genes is a critical parameter for correlation between
overexpression andprotein production strength othe constructedP. pastoris

strains. Furthermore, it is also necessary for confirmation of the achievement of the

construction of overexpression strains. HigH2 andACS1gene copy numbers of

heterologous genes were measured by tijasige polymerase chain reaction

(gPCR) analysis (LightCyclerE 480 Instrumer
Green | Master, Roche, Basel, Switzerland) relative to the housekeepingR@de

As a first step, the genomic DNA diie selectedP. pastorisstrains wereisolated

with Wizard Genomic DNA purification kit (Promega), visualized in agarose gel

electrophoresis. (Figure 4.35 and 4.36)
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Figure 4.35 Agarose gel electrophoresis of isolated genomic DNA of selected
P. pasoris strains 1: QuickLoad Purple 1 kb DNA ladder:2: Isolated Genomic
DNA for selected colonies (66D, 6002, 6005, 6006, 7501, 7502) of P.
pastorisstrains that containAdx.cate3::ACSH PapHo-catsL2::MAppleexpression
system.
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Figure 4.36 Agarose gel electrophoresis of isolated genomic DNA of selétted
pastorisstrains 1: QuickLoad Purple 1 kb DNA ladder-2: Isolated Genomic
DNA for selected colonies (123) of P. pastorisstrains that containaABHz-
wt::ADH2 plasmid; 5: Isolated Genomic DNA for the selected colony-(B06f P.
pastorisstrains that containAdx.cats13::ACS1 6: Isolated Genomic DNA for the
selected colony (60R) of P. pastorisstrains that containABx.cats3::ACSH
PapH2-wt::ADH2 expression system.
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In addition, concentrations of isolated genomic samples were measured by nanodrop.
(Table 4.3)

Table 4.3 Nanodrop measurement results of genomic DNA samples isolated from
different P pastoris strains

P. pastorisStrain Concentrat i 260/280 260/230
pADH2-wt:: ADH2-C3 207.5 1.94 1.14
pADH2-wt:: ADH2-C9 307.9 1.99 14
pAOX-Cat8-L3:: ACS1-C3 90 1.92 0.72
pPADH2-wt:: ADH2-C3

* 26.9 1.69 0.31

pAOX-Cat8-L3:: ACS1-C3
pADH2-Cat8-L2:: mApple

C1
+

PAOX-Cat8-L3:: ACS1C3 566.1 1.98 1.46
PADH2-Cat8-L2:: mApple

C1

+

PAOX -Cat8-L3:: ACS1C4 411.7 1.95 1.41
PADH2-Cat8-L2:: mApple

C1

+

PAOX-Cat8-L3:: ACS1C5 316.7 1.95 1.27
PMAOX:: mApple 125 1.86 0.91
X-33 88.1 1.81 0.71

The procedure explagd in detail in section 3.5 was followed to investigate the copy
numbers othe genes. In this context, since wild tyPepastoriscontains just one
argininosuccinategene ARG4 in its genome, this gene was selectedtlas
housekeepig gene, and quantifition of examined genes was conducted relative to

ARG4 In order to prepare standard calibration curvesafmurate quantification
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with the gQPCRARG4 ADH2, andACS1genes were amplified fromme isolatedP.
pastoriswild-type stram with their standargbrimers (Table 3.34). Thermmyclic
conditions and reaction compositions used for amplification of standards are also
given in Table 3.35 and 3.36. Furthermore ni#gplestandard was amplified from

a pADH2Cat8L2::mApple plasmid wth its forward and everse primers. After
amplification, standards were purified, visualized in agarose gel electrophoresis.
(Figure 4.37 and 4.38) Their concentrations were also measured by nanodrop before
the qPCR experiment (Table 4.4).

Figure 4.37 Agarose gel electrophoresis 8iRG4, ADH2andACS1genes
amplified by PCRL: QuickLoad Purple 1 kb DNA ladder; 2: Amplified standard
ARG4gene; 3: Amplified standardlDH2 gene; 4: Amplified standariCS1gene.
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Figure 4.38 Agarose geklectrophoresis of mApple gene amplified by PCR
Quick-Load Purple 1 kb DNA ladder:2: Amplified mApplegene as standard.

Table 4.4 Nanodrop results of standards

Standard Concentration  Purity Ratio  Purity Ratio
(ng/ Ol) 2601280 260/230
ARG4 3394 1.84 1.43
ADH2 211.2 1.84 1.57
ACS1 215 1.83 1.55
mApple
46 1.79 1.03
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After completing the concentration measurements with the nanodrop, gene copy
numbers of the standards were calculated by thewwoly formula in which
6.022*1023 and 109 represent the Avagadro number and conversion factor from
Dalton to nanogram, respectively.

E8icgcpm WaeoEVWaNAQ

DERD A OV
"t DEA QAT DL O pTt

P

Copy quantities of standard genes were calculated as $allow

Copy-quantity ofARG4Standard = (338:6.022*1C)/ (777867.71*18) = 2.627*10*
Copy-quantity ofADH2 Standard = (211.2*6.022*%%)/ (650681.25*18) = 1.955*10*
Copy-quantity ofACS1Standard = (215*6.022*#6)/ (1240045.15*18) = 1.044*16*
Copy-quantity ofmAppleStandard = (46*6.022F3)/(439436.87*18) = 0.630*10*

Calibration curves of standards were obtained by preparing different dilutions that
contain dfferent copyquantities (1810, 1°,1F) and dilute themto2ngdl t o wus e

in the gPCR reaction mixture as a template arallfirperformed the gPCR reaction

with LightCyclerE 480 Instrument |1 ( Ro
standard calibrationurves were tabulated in Table 4.5 to 4.9.

Table 45 Standard curve results of ARG4

Gene Cp Concentration Standard
Arg 10° 28.07 2.63E+03 2.63E+03
Arg 10 23.49 2.68E+04 2.63E+04
Arg 10 20.12 2.53E+05 2.63E+05
Arg 1¢° 16.59 2.68E+06 2.63E+06
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Table 4.6 Standard curve results of ADH2

Gene Cp Concentration Standard
ADH2 103 30.94 1.95E+03 1.95E+03
ADH2 10* 24.57 2.14E+04 1.95E+04
ADH2 10° 21.57 1.65E+05 1.95E+05
ADH2 10° 17.83 2.10E+06 1.95E+06
Table 4.7 Standard curve results of ACS1
Gene Cp Concentration Standard
ACS1 16 35.8 1.04E+03 1.04E+03
ACS1 1¢ 30.72 9.42E+03 1.04E+04
ACS1 16 25.77 1.31E+05 1.04E+05
ACS1 16 22.15 9.08E+05 1.04E+06
Table 4.8 Standard curve results of mApple
Gene Cp Concentration Standard
mApple 10 40 6.30E+02 6.30E+02
mApple 100 34.32 5.93E+03 6.30E+03
mApple 1  28.9 7.20E+04 6.30E+04
mApple 106 24.34 5.68E+05 6.30E+05

Table 4.9 Standard curve data of ARG4, ADH2, ACS1, and mApple

ARG4 ADH2 ACS1 mApple
Error 0.00492 0.0226 0.0313 0.0178
Efficiency 1.949 1.976 1.704 1.585
Slope -3.450 -3.380 -4.322 -5
Y -intercept 38.77 39.21 47.90 52.18
Link 26800 21430 9418 5927
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For gPCRthespecific primers 0ARG4, ADH2, ACSland mApple were designed
and used in the quantificationrelative genecopy-numbers itheisolated colonies.

Relative quantification results of gPCR were demonstrated in Table 4.10.

Table 4.10 Relative quantification results of selectedoBstoris strains.

P. pastorisStrain Quantified Gene Copy Target Reference

gene Number Cp Cp

pPpADH2-wt:: ADH2
(C9) ADH2 9.541 20.22  22.77

PADH2-wt:: ADH2
(C3) ADH2  3.683 21.77 2245

pPpAOX-Cat8-L3:: ACS1
(C3) ACS1 4.017 23.14  21.69

PADH2-wt:: ADH2
+

pAOX-Cat8-L3:: ACS1

(C3) ACS1 3.613 23.84 22.14
pADH2-Cat8-L2:: mApple

+

E’égx'cats"'?’”ACSl ACS1 3.775 2465 222
pADH2-Cat8-L2:: mApple

+

E’égx'cats"'?’“ACSl ACS1 4.595 2343  22.66
pADH2-Cat8-L2:: mApple

+

E’ésc))x'cats"'?’”ACSl ACS1 5.38 229 2247
pmMAOX:: mApple mApple 1.216 28.06 22.24

For the constructed strainghe genecopy numbers of investigated gen®BH2,

ACS1 andmApplewere determined. The achievement of overexpression strains was
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confirmed with different numbers of copies of constructed plasmids. Furthermore,
gene cog number determination would allow to correlation production capacities of

theconstructed OEACSlexpression systems with copy numbers.

In table 4.11, gene copy numbers of construd®edoastorisstrains and their

abbreviations were listed.

Tale 4.11 Constructed P. pastoris strains, gene copy numbers, and their
abbreviations

Constructed strains Gene copy humber Abbreviation

PapH2-wt::ADH2 Three copies oADH2 ADH2-OE-C3

PapHz-wt::ADH2 Nine copies oADH2 ADH2-OE-C9

Paoxw/cater3::ACS1 Three copies of ACS1  ACS1OE-C3

PapHz-wt::ADH2 Three copies cADH2 ADH2-OE + ACS1OE
+ Three copies of ACS1

Paoxi/cats 3 :ACS1

Paoxi/catsL3::ACS1 Four copies oACS1* ACS1IOE-C3+mAppleC1
+ One copy oimApple

PapH2-catsL2::MApple

Paoxu/catsL3::ACS1 Five copies oACS1* ACSIOE-C4+mAppleCl
+ One copy oimApple

PapH2-catsL2::MApple

Paoxu/catsLs::ACS1 Six copies oACS1* ACSIOE-C5+mAjple-C1
+ One copy oimApple

PapH2-catgL2::MApple

*P. pastoriscontains one copy ;ACSl1gene in its genome undekd?:
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4.2.2.3  Influencesof ACSloverexpression on the growth oP. pastoris

strains on carbon source ethanol

The effect ofACSloverexpression on the growth IBf pastorisstrains constricted
with Paoxu/caters:: ACS1was investigated in batch cultivations on 1\¥A&)(ethanol.
The cell concentrations of the witgipe strain P. pastorisX-33) and recombinant
strains constructed ithh pADH2-wt::ADH2 and pAOX1/Cat8.3::ACS1 were
comparedThe growth profiles of constructed straing,oRa.wt::ADH2, Paox1/catsL3::
ACS1, PapHawt:: ADH2+Paoxi/cataLs:: ACS1, PapHaicatsL2::MApple, Paoxi/catsLs::
ACS+PapH2icatsL2::mAppleand wildtype X-33 are presenteth Figure 4.39.
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Figure 4.39 Variations in the cell concentrations (DCW) of strains constructed
with Paprz-wt::ADH2 and RoxucasLs::ACS1overexpression cassettes in batch
fermentation of 1 % (v/v) ethanol, and for comparison WitipastorisX-33, with
the cutivation time in shakdioreactors in ¥= 50 mL fermentation volume at T =
30 A gs5.0pNH 200 mir.
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The close loci of theariations in the cell concentration with the cultivation time on
ethanol demonstrate the dynamics of the growth and depemaenthe carbon
source (Figure 4.39). Starting from t = 0 and by diverging with a breakthrough att =
15 h, the highest cell condeations were obtained with P. pastori83, which is
geometrically the envelope of the famdy-curves of the novel stras constructed.
The results on ethanol show that the recombinant strains constructechwvithP?
ADH2 and Roxu/cateL3::ACSloverexpression follow similar trends for the first 24 h
of the fermentation proces#/ith the recombinant strains, the expotiahphase
started after t = 24 tith a characteristic breakthrough with thenerated strains.
The cells costructed withADH2-OE andADH2-OE+ACS1OE, aftert = 45 h
reached the lowest cell concentratiohsf with the highest slopg Higher cell
concentrations were obtainedvith ACS1 overexpression strain thaADH2
overexpression strain. Thus, it is concludedt the growth inhibition caused by
ADH2 overexpression is resolved bye ACSloverexpression since t#eCSTOE
strain reached a cell concenioa of 4.12 g/L, while the cell concentratioras3.7

g/L for the ADH2 overexpression strairSimilar to thatobtained with 2% (v/v)
ethanol withADH2 overexpression strain®\DH2-OE strainproducediower cell
concentrabn on 1% (v/v) ethanol comparedwaild-type cell. However, on 2%(v/v)
ethanolthegrowth oftheoverexpressedDH2 strain was much slower than on 1%
(v/v) ethanol . We hbe, Yaman, and ¢al ek (202
ethanol concentrationgsults in an increase in the cedhcentration at prolonged
cultivation times, the cell growth on increasedeon 0 wasslower. In this context, it

is possible toassertthat increasing initial ethanol concentrations caussious
growth inhibition forADH2 overexpression compared te38. This is notduefor

the ACSloverexpression.

Variations in ethanol concentrations and specific ethanol uptake wéteshe

cultivation timeare presentenh Figures 4.40 and 4.41, respectively.
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Figure 4.40 Variations n ethanol concentrations of strains constructed widnP
wt::ADH2 and RoxucatsLs:: ACSloverexpression cassettes in batch fermentation of
1 % (v/v) ethanol, and foromparison withP. pastorisX-33 with cultivation time
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Figure 4.41 Variations in the specific ethanol uptake rates of strains constructed
with Paprz2-wt::ADH2 and Roxiicasis:: ACSloverexpression cassettes in batch
fermentation of 1 % (v/v) ethanol, and for comparison WitlpastorisX-33 with

cultivationtime
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The highest specific ethanol uptake rate was obtaingshfcqt t = 9 h forADH2-
OE and ADH2-OE+ACS1OE strains as 0.52 and 0.35 ¢ §*, respectively.
Compared to wildype X-33 (gton = 0.19 ggth), ADH2 overexpression strain
significantly inceasal theethanol uptake rate. AlthoughDH2-OE increased the
specific ethanol uptake rate (Figure 4.37), dowell concentrations were obtained
at the end of the fermentation. Compared to the-tyje strain P. pastorisX-33),
1.1-fold and 1.22fold lower cell concentrations were obtained witbH2-OE and
ADH2-OE+ACSZOE, respectively. This implies that in@sing specific ethanol
uptake rate causes the formatiorihefby-products at a higher ralyy thebottleneck
consecutive reactions of the EUT pa#ly. This is in agreement with the fact that
overexpressedDH2 strains result in growth inhibition due toediate accumulation.
On the other hand, variation in ethanol concentratiorng the first 9 hours was
similar in allthe constructed strains and-33 strain. A significant decrease time
specific ethanol uptake rates was determined folAIDEI2 overexprasion strains
between 9 <t < 18 h, while the decrease was with lower sfopghe ACS1
overexpression X-33, and pADH2/Ca8.2::mApple strains. The ethanol
concentrationsintil t = 18 h wergrofile except X33. At t = 24 h the lowest specific
ethanoluptake rate was obtained with tABH2-OE+ACS1OE strain. In addition,
at 18 <t <24 h, X33 and pADH2CatL2::mApplestrains showed similar spéci
ethanol uptake rate profiles and formed a small plateau, blygr24 h, started to
decreaseForACSloverexpression stains, the specific ethanol uptake rate was high
in the first 18 hours, while low levels were obtairadtert= 24 h. Thedecreasen
the ethanol uptake can bbecause of theacetate accumulatiowhich is less
compared wittADH2-OE strain.

Acetaldehyde and acetic acid concentrations in fermentation broth at taB6 h
presentedn Figure 4.32.
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Figure 4.42 By-product concentrations in the cell culture at t=36rh
overexpressiostrains and wileype P. pastorisX-33 strain on 1% (v/v) ethanol

At t = 36 h of thefermentation lower extracellulaCaca and Gicac were obtained

with ACSIOE strain as @3 g/L and 0.098 g/L, comparedA®H2-OE andADH2-
OE+ACSZ1OE strains. With ACS1OE strains higher acetic acid accumulation was
observedthat is 2.3-fold higher thethan acetaldehyde accumulation. This is in
agreement with the fact thabrversion of adate to acetyl C# is themainrate

limiting stepin the EUT pathwayThe by-product concentration results are also
consistent in the fact that overexpression of ACS1 decreases the acetate
accumulation because overexpressio@S1decreasgeacetic acidaccumulation
1.52fold and 1.83old compared to wildype (. pastoris X-33) and ADH2
overexpression strains, respectivadgsides 1.1-fold and 1.13old increase irthe

cell concentrationvas achieved witACS1OE compared t(ADH2-OE andADH2-
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OE+ACSZXOE. There is no significant difference betwe&@S1TOE andADH2-
OE+ACSZ1OE in terms ofthe by-product reduction. However, witACSXOE
compared toADH2-OE+ACSLXOE , 1.13fold higher cell concentration was
obtained; thusACSIOE was ®lected asthe superiorstrain for the r-protein

productioninvestigation studies.

4.3  Transcript level analysis of selected central carbon metabolism genes in
the generatedrecombinant strains

After investigating the effects dhe engineered expressions of the genethén
ethanolpathway orthe cell growth and ethanol uptake ratiee transcript levels of
thel3 genes in metabolically engineered strains on ethanol were analyzed. Fhe wild
type and overexpression strains were grown on ASMv6 medium with 1% (v/v)
ethanol. The cells we collected when their OD values reach OD-#% @otal RNA
isolation was performed with QIAGEN RNaesy Mini Kit by following the protocol
described in section 3.9. RNAuantity and quality were determined using the
NanoDropTM 1000 Spectrophotometer; therage RNA vyield and purity values

are presenteith Table 4.12.

Table 4.12 Quality and Quantity of P. pastoris RNA Samftespared by RNaesy
Mini Kit (Qiagen)

Samples Concentrat OD260d/ OD2s0
pADH2-wt:: ADH2 (C-9) 7824 2.18
pADH2-wt:: ADH2 (C-3) 102.28 2.06
pAOX1-Cat8-L3:: ACS1 91.19 1.86
pPpAOX1-Cat8-L3:: ACS1 110.55 1.75

+
pADH2-wt:: ADH2
X-33 98.80 2.07
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After isolation of total RNA, cDNA was synthesized using oligo(dT)23 primers and
First Strand cDNA Synthesis K{Roche Life Science, Germany) by METU Centre
Laboratory according to matmaeRCRceactioner 0 s
were performed wi primers listed in Table 3.45. Changes in transcript leve®s in
pastoris mutant strains were compared to ckiype controls using the threshold

cycle (@pCT) met hod3 using Equations 4.
( PCTE)iHE TE (4.1)
(pCTC)iHC TC (4.2)

(PpCT) = pCPCYE
Expression fold change =(2P®CT) (4.4)

TE and TC represent therGralues ofthe tested and housekeeping genes in

constructed strainsHE and HC represent thertGralues of the tested and

housekeeping genes in the control stréith.expression signals were normalized

relative to the expression of the actin g&ET 1

To identify potential effects of overexpressionAidH2 andACS1genes on central
carbon metabolism d?. pastoris mMRNA levels of 13 gene®\DH2, ALD4, ACS1,
MLS1, PYC2PDAL, PGK1, CDC19, FBPTLAT81, CAT82, MXR1andDAS) in

TCA cycle, gluconeogenesis, and ethanol utilization pathway areakyzed Table

4.13). Representative illustrations of the TCA cycle, gluconeogenesis, and ethanol
utilization pathwayare presentein Figure 4.43.
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Table 4.13 Genes involved in central carbon metabolism of P. pastoris

Gene Encoding Enzyme Reaction catalyzed
ADH2 Alcohol dehydrogenase 2 EtOH + NAD"——» Asetaldehyde
(EC: 1.1.1.1) H* + NADH
ALD4 Aldehyde dehydrogenase Asetaldehyde + kO + NADP*
(EC: 1.2.1.5) —» Acetate + 2HF+ NADPH
ACS1 Acetyl-coenzyme A Acetate + COA——»  AcetyToA
synthetase 1
(EC: 6.2.1.1)
MLS1 Malate synthase 1 Acetyl-CoA + HO + Glyoxylate
(EC: 2.3.3.9) — Malate + CoA
PYC2 Pyruvate carboxylase 2  Bicarbonate + Pyruvate
(EC:6.4.1.1) Oxaloacetate + Phospiea
PDAl Pyruvate dehydrogenase Pyruvate —»  AcetyCoA
(EC: 1.2.4.1)
PGK1 Phosphoglycerate kinase (2R)-3-phosphoglycerate—»
(EC: 2.7.2.3) (2R)-3-phospheglyceroyl phosphate
CDC19 Pyruvate kinase 1
(EC: 27.1.40)
FBP1 Fructosel,6 Fructosel,6-bisphosphate H.O
bisphosphatase — Fructose ghosphate + phospha
(EC: 3.1.3.11)
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Figure 4.43 Central carbon metabolism pathwaysPopastoris(Paest al.,2021)

The genes were selected because thaye either crucial for the growth on
gluconeogenic carbon sources involved Rn pastoris ethanol metabolism, or
responsible for encoding regulatory transcriptional factoranscription levels of
the selected genes for the lditype strain ADH2-OE-C3 andADH2-OE-C9 were
determined and presented #Rigure 4.44. Thereby, both effec{s) ADH2
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overexpressignand (i) ADH2 gene copynumber on the expression of genes
involved in the ethanol utilization pathway, glyoxylate cycleTCA cycle, and
gluconeogenic genes wedetermired.
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Figure 4.44 Influence ofADH2 overexpression on transcript levels of selected
genes irP. pastorisnduced on ethanol

The three genes encoditige crucial enzymes for assilation of ethanolADH2,

ALD4, and ACS1 were upregulated iMDH2 overexpression strains. A 6f6ld
increase was observed in the expressioADH2 in the colony containing three
copies, while an 8:%old increase was obtainéua the colony containing ne copies

of ADH2. It is concluded that the increasetive copy number also increases the
expression oADH2, as expected. However, it should be noted that the increase in
ADH2 expression was not parallel with the gene copylmnmwhich is in consistent

with the fact that the decrease in expression with the increase in the gene copy
number after a maximum should be a consequence of the pressure on the
transcriptional machinery created by the tools used in the constructiore of th
expression systems and ithémplementation. The increase ALD4 and ACS1
transcription levels were inversely proportional toAlEH2 copy number. IADH2-

C3 and ADH2-C9 strains, ALD4 was upregulated by -fold and 2.6fold,

respectively. This results consistentwith ADH2 overmexpressionresulted in
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accumulation of acetic acid and acetaldehyde. Since upregula#d@itis higher

than both ALD4 and ACS1 in ADH2-C3 and ADH2-C9, accumulation of
acetaldehyde and acetate occur. Acetate is sensed ihtictgl and as a result,
ethanol metabolism causes the acetate response to be inducedirigek&d$2 gene

copy number increasedDH2 expressionresulting inhigher acetaldehyde and
acetic acid accumulation IADH2-C9 strain.Inhibition of the cell growthis the
outcome of toxic eetaldehyde and acetic acid accumulagidrne expression levels

of theMLS1gene, coding for the enzymealate synthaseere analyzed to interpret

the effects 0ADH2 overexpression on the glyoxylate cyodddDH?2 overexpression
upregulated thé&/LS1gene 8- and 8.2fold in ADH2-C3 andADH2-C9 strains,
respectively. The glyoxylate cycle is indeed important for shuttling of aCety

after conversion of ethanol to acefA over threeconsecutive reactions of the
EUT pathway. Thexpression oMLS1, whichparticipates in the utilization of nen
fermentable carbon sources, is sensitive to carbon catabolite repression (Hartig et al.,
1992) MLS1 can accept butyryCoA as an acyCoA donor in addition to the
traditional substrate acet@oA. (Hartig et al., 192; Kunze et al., 2002; Branduardi

et al., 2013 pregulation oMLS1showing thahDH2 overexpression activated the
glyoxylate cycle; congpiently, the TCA cycle.

The malic enzyme catalyzes the oxidative decarboxylation of malate to pyruvate and
carbon doxide. Then, pyruvate is either converted to ac€yRA by the enzyme
PDAL1 or converted to oxalaacetate by the enzyme PYC2. High upregutidtio
PDAL1 indicates increased activation of C2 metabolism, while high expression of
PCY2indicates activation of th€CA cycle. BothADH2-C3 andADH2-C9 strains
upregulated the expressionfPDAlandPYC2 Unlike ADH2-C3 strain, inrADH2-

C9 strain, higher pregulation ofPDA1 and lower upregulation oPYC2 was
obtained. This implies that increasiAfpH2 gene copy numbeesulted in higher
redirection of pyruvate to acet@loA, which is converted either citrate with CIT1 or
malate with MLS1. Since upregulation L S1is higher inADH2-C9 thanADH2-

C3, it is concluded that PYC2 is inhibited by malate audation in the ck.
Furthermore, inADH2-C3 strain andADH2-C9 strain, CDC19pyruvate kinase
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enzyme which converts phosphoenolpyruvate to pyruvate, the input for aerobic TCA
cycle(Mortimer et al., 1989), expression upregulated-fdl8 and 4.%fold,
respectively. Sinceeparate colonies with different copies of A&l2H2gene resulted

in the similar upregulation &DC19 eithera direct relationship between the gene
copy nhumber and expression of this gene has not been established or pyruvate is a
rigid node so that theeaction rates from pyruvate to AcCoA is not affected. In
fermentative and nefermentative carbon source metabolism, gene expression
patterrs are very different. On ethanol, instead of the glycolysis pathway, the
gluconeogenesis pathwapaild be active, urthermore either the TCA cycle is
completed or glyoxylate cycle should be active or bottus,the expression levels

of three gluconeogenic genes were investigated to understand the e#dditiDf
overexpression on the upstream part of the central campetabolism. FBP1,
Fructosel,6-bisphosphatase; key regulatory enzyme in the gluconeogenesis
pathway, expression upregulated in bo&DH2-C3 and ADH2-C9 with similar
increase gs3.7 and 3.9. On thether handPGK1 expression upregulated 5i@d

and 10.9fold in coloniesADH2-C3 strainrandADH2-C9 strain respectively. PGK1,
3-phosphoglycerate kinase, catalyzes the transfer ofdnghgy phosphoryl groups
from the acyl phosphate of tsphospholycerate to ADP to produce ATP and is

a key enzyme in glumeogenesisConsequently, it is concluded that there is a direct
correlation betweeADH2 copy number an®GK1 expressionOverall, activation

of the gluconeogenesis higherin the ADH2 overexprssion strain containing nine
copies of ADH2 genecomparedwith the three copies of ADH2ontaining strain

and the wildtype strain.

CAT81 and CAT82 expression were also upregulated ADH2 overexpressed
strains. This is in consistent with the fact that when Cat8 protein is activated via
phosphorylation by S, induces the transcription of genes involved in the growth
on nonfermentable carbon sources suchtlas genes of the C2 anabolisrthe
glyoxylate cycle, and gluconeogenegqiPe Vit et al. 1997; Haurie et al. 2001;
Hedges et al.1995; Lesage et al.@;FRandezGil et al. 1997; Tachibana et al. 2005;
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Kal ender and ¢al ek 2020; MX&Xekpeesgsiorewas a |
alsoupregulated in both colonies with respect to the ayifae strainThe pattern of
increase itMXR1expressiomppears tbe very similar to the pattern of upregulation

in ACS1 Just as with the increaseACS1expressionMXR1expressiorns higher in

the ADH2-C9. An increase itMXR1 expression is related tACS1expression
becauséMxrlp regulates the expressionAESlenading acetydlCoA synthetase 1

during acetate metabolism (Rao et al., 2020).

After analysis ofADH2 overexpression and the number of copie&AlDH2 gene, the
effects of ACS1overexpression on the expression of genes involved in ethanol
pathway, glyoxylateycle, TCA cycle, and gluconeogenic genes were investigated.

Transcription levels of 13 genase pesentedn Figure 4.45.

=
o

Transcript levels relative to the WT
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T

ADH2 ALD4 ACS1 MLS1 PYC2 PDA PGK1 CDC19 FBP1 Cat8-1 Cat8-2 Mxr-1 DAS1

WT (X-33) ADH2-OE-C3 ACS1-OE-C3 ADH2-OE-C3+ACS1-OE-C3

Figure 4.45 Influence ofADH2 andACSloverexpression on transcript levels of
selected genes . pastorisinduced on ethanol

Three genes encodinlye crucial enzymes in ethanol utilizatiohDH2, ALD4, and
ACS1 were upregulated in th®CS2OE strain. A higher increase was obtained in
ADH2 gene expression inADH2-OE than ACSIOE, as expectedACS1
overexpression also resulted in the upregulation oftedlithree genes in the EUT

147



pathway. However, there appears to be an inverse correlation betvedd
upregulation andACSZlupregulation. The expression of tA&D4 gene increased
2.61-fold and 3.23fold in ADH2-OE andACS1OE, respectively. On the other hand,
upregulation oACS1was 8.42fold and 5.5%old in ADH2-OE andACS1OE. The
gene expression ratios (ER) of enzymes of central metabolism obtaifdoH®¢
OE, ACS1O0E, and ADH20E +ACS1OE were gien in Figure 4.46.
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Figure 4.46 The gene expression ratios (ER) based on housekeeping\gdiie
obtained byADH2-OE, ACS1OE,andADH2-OE +ACS1OE in central
metabolism.
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MLS1 expressionis higher for ADH2 overexpression stimia than ACS1
overexpression straiMLS1expression increasedf@ld for ADH2-OE and 6.8old
for ACSIOE. In contrast the expression levels of tH&YC2geneare inversely
proportional tothat of MLS1 For ADH2 and ACS1overexpressiorstrains,PYC2
ratioincrease®.28 and 2.54old, respectively. This is in agreement wilte result
that is high malate concentrations in the cell cause decrease in the activation of
PYC2 Pyruvate carboxylase is a cytoplasmic enzyme that converts pgrtovat
oxaloacetate nlother wordsPY C2redirected pyruvatproducedrom malate tdhe
TCA cycle. Thus, higher transcription BfY C2implies higher fluxes in the TCA
cycle. Furthermore, pyruvate is a branch point, so with the P&&¢¥me pyruvate
canbe converted to acet@oA, or by PDCenzyme pyruvatean be converted to
acetaldehyde. HighePDA1 expression refers to higher aceGtA synthesis
consequently upregule the TCA cycle genesPDA1L expression upregulated in
ACS1OE strain 5.96fold. In ADH2 overexpression stii, PDA1was upregulated
2.95fold. In theADH2-OE + ACS1OE strain,PDAlexpression ratiovas 4.22fold.
The increase inPDA1 expression is related to tCS1gene.For the ACSIOE
strain, 4.72fold and 5.2%old upregulation were obtained in the expresof PGK1
and CDC19 genes, respectively. MoreoweGK1 was upregulated-tld in the
ADH2-OE strain.

Transcription factor concentratioase changed witlthe overexpression ofADH2

and ACS1 since in the construction of overexpression cassetitspADH2 and
pAOX1/Cat8L3 promoters were used which contains Cat8 binding sites
Expressions oCAT81 andCAT82 were upregulated in bothDH-OE andACS1

OE strains. To make a more general comparison including all overexpression
systems generated, the eagsmion levels of the selected genes were analyzed for
three overexpression systems, including wild type and Venn diagrams of
upregulation ratios of genesvolved in the C2 metabolism, TCA cycle and
gluconeogenesis, iIMDH2-OE, ACS1OE and ADH2-OE+ACSZXOE strains are
presentedn Figure 4.47, separately.
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Figure 4.47 Venn diagrams of upregulation ratios of geneADH2-OE,ACS?t
OE,andADH2-OE+ACS1OE strains. (A) Upregulation of genes involved in C2
metabolism; (B) Upregulain of genes involved in TCA cycle; (C) Upregulation of
genes involved in gluconeogenesis.

Enzymesn the EUT pathway were upregulated inthkk generated overexpression
strains. The expression of the ALD4 gene increasedofdlin the ACSHADH2
overexpessionstrain, giving the highest upregulatidrne highest expression of the
ACS1 gene was obtained with thADH2 overexpression strain. When the
ACSHADH2 overexpression strain results are considered, it is concluded that the
expressions oALD andACS1genes increase at similar levelsf¢dd). For thestrain
ADH2-OE+ ACS1OE, there is a-fold upregulation oMLS1expression. However,
when the expression levels of tRYC2gene are examined, it is seen that it is
inversely proportional tdLS1 For ADH2 and ACSloverexpression strains, there
was an increase of 2.28 and 2fbils, respectively, while this increasas 3.39

fold for ACS1+ADH2overexpression strains.

PDA1 expression upregulated &ACS1OE strain 5.96fold. On the other hand, in
ADH2 overexpression strain, 2.9fold upregulation was obtained. Further, for the
ADH2-OE + ACSZOE strain, upregulation was 4.2@ld higher, indicating that
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ACSloverexpression increasB®Al expression more thahDH2. In other words,

the increase iIRDAlexpresson is interrelated with ACS1 gene expression.

On the other hand, the upregulation of @2C19gene inrADH2-OE andADH2-OE

+ ACS1OE strains were 4.1#®ld and 3.98fold. Moreover,PGK1 upregulated 6

and 6.16fold in ADH2-OE andADH2-OE + ACS1OE strainsWhen thePGK and
CDC19transcript levels of the three strains are analysed together, it is seen that the
PGK1gene expression is higher in the strains contaiADg2-OE, and th&€CDC19

is lower compared toPGKLl In the ACS1 overexpression strainsCDC19
upregulation is higher ampared toPGK1 upregulation This means that the
downstream activation of core carbon metabolism is higheéhémtrainACS1OE.

In other words, higiPDAlandCDC19expression for straiACSXOE indicate high

regulation of the T@& cycle.

An interesting result obtained from the transcript data is that all of the controlled
genes in allthe strains, including thé&AS1gene, which is one of the methanol
metabolism genes, were upregulated comgbdo that of theX-33. Therelevant
explanation for this phenomenonds follows pAOX1/Cat8L3 promoter was used

to construct theACS1 overexpression cassette. Sinm@moter contains a Cat8
binding site, causean upregulatedranscription of CAT8 which increags the

expression of all tagenes regulated by Cat8.
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Figure 4.48 Organic acid concentrations in the cell culture at t = 36 h for-typé
P. pastoris X33, ADH2-OE,ACS1OE,andADH2-OE+ACS1OE overexpression
strains on 1% (v/v) ethanol

To uncoverthe relative contribution of enzyme and metabolite concentrations in
controlling fluxes, metabolite concentrations and transcription levels of enzymes
were analysed together. Compared to glyoxylic aod pyruvic acid, higher malic
acid concentrations weobtained with all generated overexpression strains (Figure
4.48) The highest and lowest malic acid concentrations were obtainedADtH2-

OE strain andADH2-OE + ACSZLOE strains, respectively.As expectedMLS1
expression and malic acid concentrasigrere consistentAn inverse relationship
wasidentified between malic acid concentration dadC2expression; the highest
upregulation oPYC2was obtained idDH2-OE + ACS1OE, and also lowest malic
acid concentration wasbtainedwith ADH2-OE + ACSZIOE strain. This is in
agreement with the fact that the accumulation of malic emideghe inhibition of
PYC2 Pyruvicacid concentrations were similar in #tilegenerated strain€a. 0.01

g/L, indicating that demand and supplf/pyruvic acid is almosequal. This also
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implies that produced malate converted to oxaloacetate, and with the activation of
PCK1, it is redireted to the gluconeogenesis pathway. Expressioi®dG{1, an
enzyme of lowethe gluconeogenesigathway supports this result since thighest
upregulation ofPGK1 was obtained inPADH2-OE as 5.96o0ld. Finally, it was
clarified that glyoxylic acid concerdtions are consistent witlan inverse
relationshipwith MLS1expression levelsSince the highedILS1upregulation and

the lowest glyoylic acid concentration were obtained wigDH2-OE, and the
lowestMLS1upregulation and the highest glycolic acid camication were obtained

with ADH2-OE + ACS1OE strain, respectively.

44  Effects of ACSloverexpression on fprotein production on ethanol

In order to investigate the effect &CS1overexpression on-protein production, a
novel host strain was generated in which the gene of the repqneatern mApple
was expressed under the control ab.catsL2, andACS1was overexpressed under

PaoxucatgLs.

The constructedCSloverexpression cassette was integrated into the recombinant

P. pastoriscells containing a single copy okd?i-casL2:: MApplethat was generated

i n our research gr o UARSl¢vEexpiession straits wérea | € k
constructed by the transforti@n of the monodirectionadCS1genecarrying vector

into the recombinari®. pastoriscells expressingnAppleunder the controbf EPV
PapH2-catsl2. Paoxicasis:ACS1 overexpression cassettes were integrated into
recombinant host cells carrying one gopf PapH2casL2:: MApple expression

cassettes.

Experiments were conducted withdRi/casL3::ACSH PapHz-catsL2:: mApplestrain,

carrying threeACS1gene copies designated wltCS1C3+mAppleC1, carrying
four ACS1gene copies designated wACS1C4+mAppleC1 and fiveACSl1gene
copies designated withCSEC5+mAppleC1. The strength gACSloverexpression
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colonies was analydeand compared with wiltypeP. pastorisX-33 and RpH2-cate

L2:: mApplestrains. The expression strength of each colony was determined in terms
of mAppleexpressions in batch cultivationstat 24 h in ASMv6 medium on 0.5%

(v/v) and 1%(v/v) ethanol. Rporter protein expressions on different concentrations

of ethanol are givein Figure 4.49 comparatively with each recombinant host cell.

300

m0.5% (v/v) EtOH 1% (v/v) EtOH

200

100

mApple Expression Levels (a.u)

X-33 pADH2-Cat8-L2::mApple  ACS1-C3+mApple-C1 ~ ACS1-C4+mApple-C1 ACS1-C5+mApple-C1

Figure 4.49 mAppleexpressions dP. pastorisstrains constructed withaBuo-cats
Lo:: mAppleandACSloverexpression cassetted at24 h of batch fermentation in
ASMv6 medium on the carbon source of ethanol &F\2-mL cultures in 12deep
wellplatesaf= 3 0 &G.0,Np 200 min. Reporter FP mApple expressed
under the EP\ADH2-Cat8-L2. Expressions with recombinant host cells and
overexpression strains at 0.5 ¥ and 1 % \/v), of ethanol. Error bars represent
the standard deviation (N).

The highest mApple expression level was obtained on ¥/@odthanol inACS1
C3+mAppk-C1, which is 120-fold higher than the expression level ikbf>-cateL2::
mApple A 1.14fold increase in mApple expression wdsterminedin ACS1t
C4+mAppleCl. However, no significant increase was obtained AGS?t

C5+mAppleCl. The same pattern wasatsbtained in 0.5% (v/v) ethanol; however,
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compared to 1% (v/v) ethanol, the increase in mApple expression was lower, 1.08
fold for ACS:C3+mAppleC1l and 1.05fold for ACS1C4+mAppleCl When
mApple expression levels were considered together twétlcopy numbers, it was
revealed that there is an inverse correlation between mApple expression levels and
ACSlgene copy number. IncreasiA@ S1lgene copy nmber resulted in a decrease

in mApple expression. Thisding is in agreement with the fact that the d&ge in

the expression with the increase in the gene copy number after a maximum should
be the consequence of the pressure on the transcriptionalinemgtcreated by the

tools used in the construction of the expression systems and their implementation
(Demi r and ¢al ek, 2020) .

The results obtained at two ethanol concentrations showed that the production was
increasedvith theincrease innitial ethanol concentration. To generate production
profiles of ACS:C3+mApple-C1 andPaphz-catsL2:: mMAppleandto compare ethanol
consumption throughout the process, the fermentation process started, and time
dependent production profiles were genedlaby analyzing mApple expression
levels at certain hours; in addition, specific ethanol uptake rate profiles were
detemined (Figure 4.45 and 4.46)Production experiment carried out with
pADH2/Cat8L2::mApple strain on 1%(v/v) ethanol tobe able to comparthe

production capacity oACSloverexpressiorstrains.
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Figure 4.50 Variations in tle mAppleexpression levels with the cultivation time in
air-filtered shake bioreactors on 1% (v/v) ethanol.
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Figure 4.51 Variations in specific ethanol uptake rates with the cultivation time in
air-filtered shake bioreactom 1% {/v) ethanol.
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The specific ethanol uptake rates (QEtOH)AGIS1overexpression strains for the

first 18 h were higher thapADH2/Cat8L2::mApple (Figure 4.46) At t= 18 h,
mApple expression was also highertloestrains created witACSloverexpession
compared to the host cell. (Figure 4.45) Between 18 <t < 24 h, there was a significant
decrease inthe specific ethanol uptake rate fohCS1C4+mAppleC1l and
pPADH2/Cat8L2::mApple strains. Although the specific uptake rates deceshs
between 18 ¢ < 24 h, mApple expressiotrscreasedThe production and specific
ethanol uptake rate profiles were similaAGS1C4+mAppleCland pADH2/Cat8
L2::mApple Between 24 t < 30 h,highest mApple expression was reached with
ACS1C4+mAppleCl After t = 30 h, the specific ethanol uptake rate of
pADH2/Cat8L2::mApplereached higher value®mpared tAACSloverexpression
strains. However, this situation was not reflecteishApple production performance,

and although higher specific ethanol uptake rates wit&ined for pADH2/Cat8
L2::mApple until the end of the process (t=45h), mApple expression levels were
higher forACS1overexpression strain. This can be interpress8GS1OE colonies

take ethanol into the cell in a shorter time and use it more e#gctWith the faster
uptake of ethanol, the reactions on the EUT pathway accelerated; thus, higher cell
concentrations and mApple expression levels were achieved.eAg¢rtt of the
process, a 1.3fbld increase in mApple expression was obtainedAiGSt
C4+mAppleC1L

4,5  P.pastorisstrains with double-promoter expression system architectures

Doublepromoter expression system (DPES) design as de novo metabolic
engineering strategy enables finmed and enhanced gene expresgizemir and

¢al ek, Intié guadly, a collection of monodirectional hybiagchitectured
DPESswere constructedvith engineered promoter variant&x1 and with the
naturally occurring promoterd?er to enhance and upreguladeregulated gene

expressions irPichia pastorisin methanolfree media. Reporter red fluorescent
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protein (mApple) and enhanced green fluoresgeatein (eGFP) were expressed
under Rhaoxi0r Psap, respectively, enabling the determination of the transcription
period and strength of each constituent in the DPESsd&#&rmined fluorescent
protein expressions in batch cultivations on 1% (v/v) ethamdlexcess glucose and
compared them with singleromoter expression systems constructed withok:

and Rsap.

4.5.1 Recombinant plasmids constructed with DPES and SPES .

pastoris

With the aim of construction of DPES and SPESPinpastoris a recombinant
plasmid containing the pmAOXriApplecassette was constructéar this purpose,
pmAOX::mApple cassette was inserted into the vegit@smid pADH2-Cat8
L2::hGH. For the saction lased on NTCpADH2-Cat8L2::hGH plasmid, which

was constructed by replacement of zeocin resistance gene with NTC resistance gene,
was used as vector plasmitb constructthe DPES with two different expression
cassettes by sequential transformati@amewantibiotic resistance gene other than

Zeocinewas required

For the construction of plasmid, proper restriction enzymes, which areutian of
insert and onsite cutter of vector plasmid, were choseAsd andXba. SnapGene

and Restrictiomapper was used to find the required restriction sites. In Figure 4.52,
vector plasmidpADH2-Cat8L2::hGH, and restriction enzyme that were used in the

construction of recombinant plasmid were given.

158



PADH2-Cat8-L2::Hgh

4243 bp

Figure 4.52 Base plasni, pADH2-Cat&L2::hGH, and restriction enzyme&sd
andXbal, used in construction of recombinant plasmid.

The pmAOX1:mApplewas constructed by a twsiep splicing by overlap extension
(SOE) PCR. In the first step of the tstep splicing by overlap extgon (SOE)
PCR, pmAOX and hpple,pmAOX1 (940 bp) anchApple(717 bp) fragments were
amplified by Highfidelity Q5 DNA Polymeaase (NEB) with Raox Forward and
Pmaox Forward and mApple_Forward and mApple_Reverse primers, respectively.
For amplification othe pmAOX1 fragment, pmAOXkEGFPplasmid (Erguret al.
2020), was isolated fror. coli and used as a template, and for afigaltion of

mApplefragment, pADH2Cat8L2::mApplep | as mi d ( Demir and ¢al
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isolated and used as a templ&€ER reaction compositions and operation conditions
are given in Tables 3.23, 3.24, and 3.25. The length of pmAOXIrekmplewere
940 p and 717 bp, respectively. (See fig. 4.53)

Figure 4.53 Agarosegel electrophoresis of the gene sequences amplified with
different primer combinations twonstruct pmAOXmAppleplasmid.1: Quick
Load Purple 1 kb DNA ladder Pmaox Forward and Raox Reversg3:
mApple Faward and mApple_Reverse.

The amplifiedfragments of Raox and mApplewas purified with GeneJet Gel
Extraction Kit (ThermoFisher, USA) since other DNA fragments other thar P
casL3 and ACS1fragmentswere also amplified. To obtain purifiechdXcateLz and

ACS1 fragments, gel extraction was conducted.

After purification of amplicons with overlapping compatible ends, they were used as
template for the second step of SBER. Amplicon pairs purified in the first step

of the SOEPCR were coupled with priersPmaox_ForwardandmApple_Reverse

with the PCR mixture compositions and thermocycling conditions given in Table
3.26 and 3.27, respectiveaoxcas L3 andACS1fragments fused for pAOXat8
L3::ACS1synthesis and visualized in agarose gel electagdis (Figure 4.54) The
amplified pmAOX:mApplefragmentis 1657 bp.
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Figure 4.54 Agarose gel electrophoresis of the gene sequences amplified with
Forward_Raox and Reverse_mApple to construct pmAOXApplefragment. 1:
Quick-Load Purple 1 kb DNA ladder:-2: Amplified pmAOX:mApplefragment.

The amplified fragment of pmAOXnApplewas extracted from the gel by razor
procedure, and to obtairpurified pmAOX:mApplefragment gel extraction was
conductedvith GeneJet Gel Eraction Kit (ThermoFisher, USAPurified fragment
and vector plasmiADH2-Cat8L2::hnGH, were double digested hitrestriction
enzymesAsd andXba in a single restriction reaction and visualized in agarose gel
electrophoresigFigure 4.55\

Figure 4. 55 Agarose gel electrophoresis of 1. Double digested vectorAgith
andXbal; 2: GeneRuler Express; 3: Double digested insert, pmA®Xpple with
Asd and Xba
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The ligation reaction was performed to clone the double tidggAOX1-Cat8
L3:ACSli nt o doubl e di g e ssingte vecwrc ihsert 3:1paGoA P Z U A

under the conditions specified in Section 3.4.1.4.

After completion of the ligation reaction, by the application of the calcium chloride

method, transformatioof the constructed plasmid into witgipeE. coiDH5 U cel | s

was performed. To make the selection, inoculation was done onto a YPD agar

medium that contains kanamycin (Table 3.39). A single colong.afoliD H5 U
transformed with pGAtRZADA2-wh:ADHR ganeslwerel i gat ed w

used to inoculate 50 ml LB medium containin

After 161 8 hours of inoculation at 37AC, four ¢
transformants and colony PCR, with ForwBsglox_ForwardandmApple_Reverse

was carried out to control if the integration of plasmid was achieved, and visualized

in agarose gel electrophoresis after colony PCR (Figure 4.56). The
pmAOX1:mApplefragmentis 1657 bp. Tag DNA Polymerase (Thermo Scientific)

was used fothe control PCR. The PCR operation conditions and reaction mixture

contents of the colony PCéRe given in Table 4.1 and 4.2, respectively.

Figure 4.56 Agarose gel electrophoresis of potenEakoliclones carrying the
Pmaox:mApplegene after transformation. M1: Quitload Purple 1 kb DNA
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ladder; 1: Negative control for PCR control of insert pADM2H2 gene; 2:
Positive control for PCR control of intggADH2-ADH2 gene, 36: PCR products
of potential plasmids

As seen inFigure 4.56, all selectedolonies are correctPlasmid isolation was
performed for two positive putative transformants to confirm the achievement of
insertion of constructed plasmidisualized in agarose gel electrophoresis after
plasmid isolation (Figuw 4.57).

Figure 4.57 Agarose gel electrophoresis image of potential recombinant plasmids.
1: QuickLoad Purple 1 kibNA ladder, 25: Potential plasmids carrying the
PapbH2wt::ADH2 gene

After colony PCR, two colonies werelected, and constructs betwesgglll and
Kpnl restriction sites were verified with DNA sequencing analy§entebio,
Ankara) (Appendix B). Glycerol stocks d&. coli strain that carry the verified
constructed plasmid, pAOXCat8L3::ACS1 were preparednd stored a8 0 A C .
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P. pastorigransformation

Plasmids carrying the pmAOXxApplecassette were linearized with BHinas
specified in Table 3.33, and the linearized plasmid was extracted from thetgel by
razor procedure purified with the gel ebrikit, and visualized in agarose gel

electrophoresis. (Figure 4.58)

Figure 458

Figure 4.58 Agarose gel electrophoresis image of linearized plasmid
pMAOX1:mApplewith BanHl.. 1: QuickLoad Purple 1 kb DNA; 2: Circular
pmAOX::mAppleplasmid; 36: Linearized pmAOXmAppleplasmids.

The linearized plasmid was transformed into wild typ83<P. pastoris pADH2-

Cat8L2::eGFP, and pGAPeGFP cells using the lithium chloride technique, as

detailed in section 3.4.3. After trangihation,251 00 Ol of cells were i
onto a selective YPD agar medium which contains 50 g/ml of NTC antibiotics and

incubated for 48 0 h o u r sFollwing 38 iAcGhation, 12 colonies for each
transformatiorwere chosen from the growing celd the transfected gene was

verified for integration using the PCR technique. According to colony PCR results,

at least eight clones from each strain that were confirmed to carry the necessary gene

were selected andogulated into selective YPD medigoseately and incubated for
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12-16 hoursinaif i | t er ed shake bi or Emusingnfusreat 30A
research, a glycerol stock was made from growing recombinant cells and preserved
at-8 0 AC.

4.5.2 Screening ofConstructed DPESs and SPESs

After thetransformation oP. pastoriswild-type X-33 and pADH2Cat8L2::eGFP,

and pGAPeGFPstrains, at least eight clones were selected for each construct and
analyzed in order to be able to select clones representingtihe gopulation. To
select the coed colonies representing the entire population, the screening
experiments of th®. pastorisstrains for intracellular eGFP, and mApple syntheses
and extracellular rhGH production were carried out usingdegp well plées. The
randomly selected colonieeer e gr own in 2 mL YPD medi um
NTC or 25 ¢Rpasidrisclaghesovere inoculated with an initial OD600

of 1.0 into the medium prepared with the carsonrce 1% (v/v) ethanol or 20 g/L
excesgylucose. The cells were harvested at24 h of the cultivation and diluted

with water to a final OD600 of 8.0 and were used for the measurement of mApple
and eGFP expressions using a Fluorescence spectrophotometer (Agilent
Technology, Cary Eclipse). Saming results of pmAOXmAppleare pesentedn

Figure 4.59.

165



= = N N w
o [ o [ o
o o o o o

mApple Expression Levels (a.u)

[
o

._II||||II

& Q Q ¥ & & & &

f & & & F & &S
F & F & F F FF

g 5 § &5 §F & & 9

Figure 4.59 mAppleexpression levels d?. pastorisstrains carrying
pmAOX::mAppleon 1% (v/v) ethanol at t= 24 h of the fermentation. Error bars
represent the standard deviation.

To construct the DPEwith two different expression cassettes, the pmA@XApple
plasmid was transformed into recombin&ntpastoriscells carrying pGAPeGH>

and. Six colonies and their single copies were screened on 1% (v/v) ethanol to find
the true colony that represenite entire population. Two fluorescent proteins were
used to identify the operation of the constituent NEP¥a¢R) or NOP (Rap) and
theoperation period, separately, in the construction of the DPESs. As a result, when
mApplewas excited and emittednkbx expression is determined and quantified, or
eGFP was excited and emitted,cR expression is confirmed and quantified.
pmAOX::mApple plasmid transformed to pGAEGFP P. pastoris cells by
targeting the integration to the AOX1 locuBxpression performaes of the
biological replicatevaries with the change in AOX1 locus which the constructed

plasmids were integrated
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Figure 4.60 mAppleandeGFPexpression levels d?. pastorisstrains carrying the
DPES pmAOX:mApple+ pGAP::eGFPon 1% (v/v) ethanol at t=24 h of the
fermentationmAppleandeGFPrepresent the expression levels of the constituent
NEPV ADH2-Cat8L2 and the NOP GAP, respectively.

Based on screening results of pADB2at&L2::eGFP+ pmAOX:: mAppleDPES on

1% (v/v) ethanol, eGFP expression level w@AP promotor did not change among
the colonies in the DPES as it is the pafglasmid. Moreover, its expression
capacity in the DPES was slightly increased compared with the SPES pGAP::
Similar mApple expressiopatterns were obtained with analyzed colonies except
colony 3. The diffeence in the expressions in colony 3 probably resulted in due to
increased geneopy number. The differences in the expressions of the colonies
compared to the SPES pmAOXApplemight be caused by the variations in the

integration site in théOX1locus.

To generate production profiles of pmAOXApple-pGAP:eGFP DPES

throughout the process, the fermentation process started, andiejpeedent
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production profiles were generated bylgning mApple expression levels at certain

hours.
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Figure 4.61 Variations in thenAppleandeGFPexpression levels with the
cultivation time in the aifiltered shake bioreactors on 20 g/L glucose.

The eGFP expression undgre control of the Ear promoter in the glucose
containing prduction medium remained similar throughout the fermentation. A
slight increase wasbservedat t= 30 h of the fermentation, and eGFP expression
increased 1.08ld. However, the expressiorvid of mApple under thBmaoxi of
pMmAOX+GAP DPES showed a significant increase from t=R4of the process
which shows thathe Pmaox promoter was strongly induced by ethamdiich is
produced as a bgroductin the fermentation procesAt t=18 h, both glcose and

ethanol concentration in the cell dnotvere analyzed to see whether ethanol was
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produced after depletion of glucose. It was revealed that at t=18 h, glucose was
completely depleted by the cells, and 0.3 g/L ethanol was produced. This resultis i
agreement with the fact that consumption afcgise resulted in ethanol production

and induction of Raoxipromoter.
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CHAPTER 5

CONCLUSIONS

To increase the ethanol uptake rate and decreapeodyct formation in
the ethanol ulization (EUT) pathway and acquiresenoothly operating intracellular
reaction network n the first part of this work, th@cohol dehydrogenasg 2aDH2),
and Acetyl-CoA synthetase (ACSljwo enzymes that catalyze the Fréteiting
reactionsyas overegres&d one by one and together and their effects on the ethanol
uptake rate, cell growth, and 4pyoduct formation were investigated. To this end,
novel metabolically engineerdtichia pastois expression systempsADH2-OE, ii)
ACS1OE, iii) ADH2-OE +ACS1-OE were constructed. (Figure 5.1)

Figure 5.1 Schematic representation of construdde@astorisexpression systems.

With two separate coloniesarrying 3 and 9ADH2 gene copies, the
influence ofADH2 overexpressionrothegrowth of P. pastoriswas investigated in
batch cultivations on 2% (v/v) ethanol. The overexpressioARIfi2 resulted in
growth inhibition; compared tB. pastoris X-33 1.fold and 1.35fold lower cell
concentrations were obtained wifDH2-OE-C3 and ADH2-OE-C9, respectively.

Lower cell concentrations were associated with highgorbguct formation in
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metabolically engineered cells; at t = 36 h of the fermematompared td°.
pastoris X-33, acetic acid concentrations were 1fdiel and 3.97fold higher in
ADH2-OE-C3 andADH2-OE-C9, respectively; while 1.1#®ld and 2.28old higher

acetaldehyde concentrations were obtained.

Metabolically engineered straing,ADH2-OE-C3, ii) ACS1OE-C3, and
iii) ADH2-OE-C3 +ACS1OE-C3, were evaluated ietms ofethanol consumption,
cell growth, and byproduct formation. On 1% (v/v) ethanol, WAGBSTOE
compared tAADH2-OE andADH2-OE + ACS1OE, 1.08fold and 1.12fold higher
cell concentrations were obtained, respectively; whereas AGHLOE 1.78fold
lower acetic acid concentration was producedpared tADH2-OE at t = 36 h of
the fermentationOn the other handADH2 overexpression significantly increased
the speific ethanol uptake rates.egH values at t = 9 h foADH2-OE and ADH2-
OE-C3 +ACSI-OE-C3 strains were 0.52 and 0.35 gy, respectively. Compared
to P. pastorisX-33, 0.93fold lower cell concentrations were obtainedh ACS1
OE; furthermore, 1.4%0ld and 1.07fold lower acetic acid and acetaldehyde

concentrations were obtainetta 36 h of the fermentation, respectively.

In the second part of the studigeteffects of modifications on the ethanol
pathway on cell growth and ethanol uptake rate, the transcript levels of 13 genes in
metabolically engineered strains on ethaneternanlyzed, and changes in transcript
levels inP. pastorismutant strains wereompared to wiletype strain using the
threshold cycle (ppCT) method. Three genes
utilization pathway,ADH2, ALD4, and ACS1 were upregulated in all three
metabolically engineered strains. Moreo\wdt,S1expression was sb upregulated
in all constructed strains, and it was found that there is an inverse proportion between
the upregulations oMLS1 and PYC2 genes.Higher malic acid concentrations
compared to glyoxylic acid and pyruvic acid were obtained in all three ntieallyo
engineered strains. Thus, it was concluded higiter malate concentrations in the

cell cause a decrease in the activatioR¥€2
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In the last part of the work, to investigate the effecAGSloverexpression
on rprotein production, a novebkt strain was generated in which the gene of the
reporter fproteinmApplewas expressed under the control gf2-cateL2, andACS1
was oveexpressed undemBxucasLs. At t = 24 h of the fermentatioACS1OE-C4
increased intracellular fluorescenofwin synthesis 1:®ld, and at t = 45 h of the
fermentation, a 1.3®ld increase irflorescent protein synthesis was obtained with
ACS1IOE-C4.
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APPENDICES

A. Promoter and gene sequences

TEF promoter Hygromycin TEF Terminator

AGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATC
CCCATGTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCG
AAGCAAAAATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGC
TCCCCTCACAGACGCGTTGAATTGTCCCCACGCGCGCCCCTGTAGAGA
AATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCC
TTTTAAAATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAA
CAACCATGGGTAAAAAGCCTGAACTCACCGCGACGTCTGTCGAGAAGT
TTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGGA
GGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGIGATAT
GTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATG
TTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGA
CATTGGGGAATTCAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCA
CAGGGTGTCACGTTGCAAGACCTCCTGAAACCGAACTGCCCGCTGTTC
TGCAGCCGGTCGCGGAGGCCATGGATGCGATCGCTGCGGCCGATCTTA
GCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGAATCGGTCAAT
ACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTA
TCACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCA
GGCTCTCGATGAGCTGATGCTTTGGGCCGAGGACTAICCGAAGTCCGG
CACCTCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATG
GCCGCATAACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATT
CCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCCGTGGTTGGCTTG
TATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGC
AGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAA
CTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGC
AGGGTCGATGCGACGCAATCGTCCGATCCGGACCGGGACTGTCGGGC
GTACACAAATCGCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTG
TAGAAGTACTCGCCGATAGTGGAAACCGACGCCCCAGCACTCGTCCGA
GGGCAAAGGAATAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAA
GAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATC
AAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTACCCAG
ATGCGAAGTTAAGTGC
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> PapH2-wt

TCCTTTTTACCACCCAAGTGCGAGTGAAACACCCCATGGCTGCTCTCCG
ATTGCCCCTCTACAGGCATAAGGGTGTGACTTTGTGGGCTTGAATTTTA
CACCCCCTCCAACTTTTCTCGCATCAATTGATCCTGTTACCAAATTGCA
TGCCCGGAGGAGACTTGCCCCCTAATTTCGCGGCGTCGTCCCGGATCGC
AGGGTGAGACTGTAGAGACCCCACATAGTGACAATGATTATGTAAGAA
GAGGGGGGTGATCGGCCGGCTATCGAACTCTAACAACTAGGGGGGTG
AACAATGCCCAGCAGTCCTCCCCACTCTTTGACAAATCAGTATCACCGA
TTAACACCCCAAATCTTATTCTCAACGGTCCCTCATCCTTGCACCCCTCT
TTGGACAAATGGCAGTTAGCATTGGTGCACTGACTGACTGCCCAACCTT
AAACCCAAATTTCTTAGAAGGGGCCCATCTAGTTAGCGAGGGGTGAAA
AATTCCTCCATCGGAGATGTATTGACCGTAAGTTGCTGCTTAAAAAAAA
TCAGTTCAGATAGCGAGACTTTTTTGATTTCGCAACGGGAGTGCCTGTT
CCATTCGATTGCAATTCTCACCCCTTCTGCCCAGTCCTGCCAATTGCCCA
TGAATCTGCTAATTTCGTTGATTCCCACCCCCCTTTCCAACTCCACAAAT
TGTCCAATCTCGTTTTCCATTTGGGAGAATCTGCATGTCGACTACATAA
AGCGACCGGTGTCCGAAAAGATCTGTGTAGTTTCAACATTTTGTGCTC
CCCCCGCTGTTTGAAAACGGGGGTGAGCGCTCTCCGGGGTGCGAATTCG
TGCCCAATTCCTTTCACCCTGCCTATTGTAGACGTCAACCCGCATCTGGT
GCGAATATAGCGCACCCCCAATGATCACACCAACAATTGGTCCACCCCT
CCCCAATCTCTAATATTCACAATTCACCTCACTATAAATACCCCTGTCCT
GCTCCCAAATTCTTTTTTCCTTCTTCCATCAGCTACTAGCTTTATCTTAT
TTACTTTACGAAA

ADH2

ATGTCTCCAACTATCCCAACTACACAAAAGGCTGTTATCTTCGAGACCA
ACGGCGGTCCCCTAGAGTACAAGGACATTCCAGTCCCAAAGCCAAAGT
CAAACGAACTTTTGATCAACGTTAAGTACTCCGGTGTCTGTCACACTGA
TTTGCACGCCTGGAAGGGTGACTGGCCATTGGACAACAAGCTTCCTTTG
GTTGGTGGTCACGAAGGTGCTGGTGTCGTTAIGCTTACGGTGAGAACG
TCACTGGATGGGAGATCGGTGACTACGCTGGTATCAAATGGTTGAACG
GTTCTTGTTTGAACTGTGAGTACTGTATCCAAGGTGCTGAATCCAGTTG
TGCCAAGGCTGACCTGTCTGGTTTCACCACGACGGATCTTTCCAGCAG
TATGCTACTGCTGATGCCACCCAAGCCGCCAGAATTCCAAAGGAGGCT
GACTTGGCTGAAGTTGCCCCAATTCTGTGTGCTGGTATCACCGTIACA
AGGCTCTTAAGACCGCTGACTTGCGTATTGGCCAATGGGTTGCCATTTC
TGGTGCTGGTGGAGGACTGGGTTCTCTTGCCGTTCAATACGCCAAGGCT
CTGGGTTTGAGAGTTTTGGGTATTGATGGTGGTGCCGARAGGGTGAAT
TTGTCAAGTCCTTGGGTGCTGAGGTCTTCGTCGACTTCACTAAGACTAA
GGACGTCGTTGCTGAAGTCCAAAAGCTCACCAACGGTGGTCCACACGG
TGTTATTAACGTCTCCGTTTCCCCACATGCTATCAACCAATCTGTCCAA
TACGTTAGAACTTTGGGTAAGGTTGTTTTGGTTGGTCTGCCATCTGGTGC
CGTTGTCAACTCTGACGTTTTCTGGCACGTTCTGAAGTCCATCGAGATC
AAGGGATCTTACGTTGGAAACAGAGAGGACAGTGCCGAGGCCATCGAC
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TTGTTCACCAGAGGTTTGGTCAAGGCTCCTATCAAGATTATCGGTCTGT
CTGAACTTGCTAAGGTCTACGAACAGATGGAGGCTGGTGCCATCATCG
GTAGATACGTTGTGGACACTTCCAAATAA

Paoxi/cataL3

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCC
GACATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAGGAG
GGGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTC
TTCTCCTCAACACCCACTTTTGCCATCGAAAAACCAGCCCAGTTATTGG
GCTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACAC
CATGACTTTATTAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTT
TGTTTATTTCCGAATGCAACAAGCTCGSCATTACACCCGAACATCACTC
CAGATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAA
ATGGCCCAAAACTGACAGTTTAAACGCTGTCTTGGAACCTAATATGACA
AAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCT
AACGGCCAGTTGGTCAAAAAGAAACTTCCAAAAGTCGGCATACCGTTT
GTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATG
CTTAGCGCAGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGA
AACATATTCCGTTCGTCCGAAT CTTTTTGGATGATTATGCATTGTCTCC
ACATTGTATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAAC
GTTCATGATCAAAATTTAACTGTTCTAACCCCTACTTGACAGCAATATA
TAAACAGAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTA
TTAGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATT
TTAACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTAT
TCGAAACG

ACS1

ATGCCATTAGATAACGAACACTTACTTCATGAAAATTCCATTGACCCAC
CAAAGGGATTCTTTGAAAGACACCCTGGAACTCCTAATATACCAGGCG
GTTGGGAAGAATACTTGAAGCTGTACAATCAGTCCATCGAGAACCCCTC
AAAGTTTTTTGGAGAAAAAGCAAAGGAATTCTTGTCATGGGCTACTCCT
TTCACTGACGCTCGTTACCCACCTGGTAATGGATTTCAGAATGGTGACT
CCGCCGCTTGGTTCTGAATGGTGAGTTGAACGCGTCGTACAACTGTGT
TGATAGACATGCTTTAAAGAATCCAGACAAACCTGCCATTATTTATGAG
GCTGATGAACCTAATCAAGGCCGTACGGTTACCTATGGAGAGTTGCTGA
AGGATGTTTGTCGAATTGCCCAAGTATTGACTGACCTGGGTGTGAAAAA
GGGTGACACTGTTGCTGTTTACCTGCCTATGGTTCCAGAAGCTATCACC
ACTTTATTGGCTATCGTTAGAATCGGTGCTATCCACTCTGTTGTCTTCGC
AGGTTTTTCAGCTGGTTCTCTACGTGATCGTATATTGGATGCTGATTCTA
GAATTGTTATCACTTCTGATGAATCTCTGAGAGGTGGGAAGATCATCGA
GACTAAGAAGATTGTTGACGAGGCTCTGAAGTCTTGCCCAGATGTTCGT
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AATGTGCTGGTCTTCAAAAGAACAGGTACACCACATCTTCCATGGGTTG
AGGGTCGTGATCTTTGGTGGCACGAGGAAATATTAAGCATGTTCCGTA
CTCTCCCCCAGTGAATGTTAGATCTGAAGATACTTCATTTTTGCTTTACA
CTTCTGGCTCTACCGGAAAGCCTAAAGGTATCCAGCATTCAACTGCTGG
CTACTTACTGGGAGCTCTTTTGACCACAAGTATGTCTTTGATGTTCAGG
GTGATGATATTTTATTCACTGCTGGTGATGTGGGCTGGATCACAGGGCA
TTCTTATGTAGTTTACGGTCCACTTTTAAACGGGGCTACGAAGTTGTTT
TTGAGGGCACCCCAGCTTACCCAGACTATTCACGTTATTGGGATATCGT
TGACAAACACAAAGTTACTCAGTTTTATGTAGCACCAACTGCTCTTAGG
TTGCTGAAGAGAGCTGGTAGCAAGTATGTCCAGAAICATGATTTGTCTT
CAATCAGGGTTTTGGGTTCCGTTGGTGAACCTATAGCCGCTGAAGTTTG
GGAATGGTACAACGAGTATGTTGGAAGAGGAAAAGCTCATATTTGTGA
TACGTATTGGCAAACAGAGACTGGTTCTCACATTATTGCTCCAATAGCT
GGTGTGTCAAAGACCAAACCAGGTTCAGCATCTTTCCCCTTCTTCGGTA
TTGATCCGGTTATTCTAGATGCTACTACTGGAGAGGAACTCAAAGGRA
TAATGTTGAAGGTGTTTTGGCTATCAGAAATCCATGGCCATCTATGGCT
AGAACAGTCTGGAAGGACTACAACCGTTTCCTGGATACATATCTCAGGC
CATATGAAGGTTATTACTTCACTGGTGATGGAGCTGCCAGAGATCAGGA
AGGATTTTATTGGGTTCTGGGTAGAGTTGATGATGTTGTTAATGTGTCA
GGTCACAGATTGTCTACTGCCGAGATTGAAAGCGCTCTAATCGAACACA
ATTTGGTAGGAGAGTCTGCTGTCGTCGGATTCCCTGACGAGCTGACTGG
TTCTGCTGTGGCCGCGTTTGTGTCTTTGAAGAAGGACGTCGACAATCCA
GCGGAAGTGAAAAAGGAGTTAATCCTTACTGTCAGAAAAGAGATTGGA
CCATTCGCTGCACCTAAACTCATCATCTTGGTAAGTGATCTTCCAAAGA
CCAGATCAGGTAAGATAATGAGACGTATTCTCAGAAAGGTTTTGGCTG
GAGAGGAAGACTCTCTGGGCGAATTTCAACTCTTTCAAACCCTTCGAT
TGTGGAAGAGATAATCTCTACCGTTAAAAGGGATGCCCGCAAATGA

> Pmaox1

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCCGA
CATCCACAGGTCCATTCTCACACATAAGTGCCAAACGCAACAATTCCGTT
CGTCCGATT AGCAGACCGTTGCAAACGCAGGACCTCCAGCCCCAATATT
ATTTGGGGT ACTTTTGCCATCGAAAAACCAGCCCAGTTATTGGGCTTGATT
GGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCATGACTTTA
TTAGCCTGTCTATCCTGGCCCCCCTGGCEAGTTCATGTTTGTTTATTTCCG
AATGCCCTCTCGTCCGGGCTTTTT CCGAACATCACTCCAGATGAGGGES
ACCCCACATTTTTTTTTTGACCCCA CATGTTCCCCAAATGGCCCAAAACT
GACAGTTTAAACGCTGTCTTGGAACCTAATATGACAAAAGCGTGATCTCAT
CCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACGGCCAGTIGCCTATT
GTAGACGTCAACCC AAGTCGGCATACCGTTTGTCTTGTTTGGTATTGATTG
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ACGAATGCTCAAAAATAATCTCATTAATGCTTAGCGCAGTCTCTCTATCGC

TTCTGAACCCCGGTGCACCTGTGCCGAAABTATTCCGTTCGTCCGAAT C

TTTTTGGATGATTAACCCCAATA CATTTTGGGGT TGCTTCCAAGATTCTGG
TGGGAATACTGCTGATAGCCTAACGTTCATGATCAAAATTTAACTGTTCTA

ACCCCTACTTGACAGCAATATATAAACAGAAGGAAGCTGCCCTGTCTTAAA
CCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGACTGGTTCCA
ATTGACAAGCTTTTGATTTTAACGACTTTTAACGACAACTTGAGAAGATCA

AAAAACAACTAATTATTCGAAA CG

mApple

atggtgagcaagggcgaggagaataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctc
cgtgaacggccacgagttcgagatcgagggcgagggcgagggccgcccctacgaggcctttcagaccgctaagct
gaaggtgaccaagggtggccccctgcccttcgectgggacatcctgtcececctcagttcatgtacggcetccaaggtctac
attaagcacccaggecatccccgatacttcaagctgtccttccccgagggcticaggtgggagcgegtgatgaac
ttcgaggacggcggcattattcacgttaaccaggactcctccctgcaggacggcgtgttcatctacaaggtgaagctge
gcggcaccaacttcccctccgacggecccgtaatgcagaagaagaccatgggctgggaggcectccgaggagcgga
tgtaccccgaggacggcgccctgaagagcgagateapggctgaagigaaggacggcggcecactacgcec
gccgaggtcaagaccacctacaaggccaagaagcccgtgcagctgcccggegcectacatcgtcgacatcaagttgg
acatcgtgtcccacaacgaggactacaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggcg
gcatggacgagctgtacaagTAATCTAGA

Arg Standard Amplicon Size: 1259 bp

>XM _0024900Q.1 Komagataella phaffii GS115 Argininosuccinate lyase, catalyzes
the final step in the arginine biosynthesis pathway partial mMRNA
ATGTCGAATCAAGAAGAAGGACTTAAACTGTGGGGTGGCAGGTTTACT
GGGGCTACTGACCCCTTGATGGATTTGTATAACGCTTCCTTACCTTACG
ACAAGAAAATGTACAA GGTGGATTTAGAAGGAACAAAAGTTTACACTG
AGGGCCTGGAGAAAATTAATTTGCTAACTAAAGACGAACTAAGTGAGA
TTCATCGTGGTCTCAAATTGATTGAAGCAGAGTGGGCAGAAGGGAAGT
TTGTTGAGAAGCCAGGGGATGAGGATATTCACACTGCTAATGAACGTC
GCTTGGGTGAGTTGATTGGTCGTGGAATCTCTGGTAAGGTTCATACCGG
AAGGTCTAGAAATGATCAAGTTGCCACTGATATGCGGTTGTATGTCAGA
GACAATCTAACTCAGTTGGCTGACTATCTGAAGCAGTTCATTCAAGTAA
TCATCAAGAGAGCTGAACAGGAAATAGACGTCTTGATGCCCGGTTATA
CTCACTTGCAAAGAGCTCAACCAATCAGATGGTCTCACTGGTTGAGCAT
GTATGCTACCTATTTCACTGAAGATTATGAGAGACTGAATCAAATCGTT
AAAAGGTTGAACAAATCCCCATTGGGAGCTGGAGCTTTGGCTGTCATC
CTTATGGAATTGATCGTGAATACATTGCTGAGAGATTAGGGTTTGATTC
TGTTATTGGTAATTCTTTGGCCGCTGTTTCAGACAGAGATTTTGTAGTCG
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AAACCATGTTCTGGTCTTCGTTGTTTATGAATCATATTTCTCGATTCTCA
GAAGATTTGATCATTTACTCCACTGGAGAGTTTGGATTTATCAAGTTGG
CAGATGCTTATTCTACTGGATCTTCTCTGATGCCTACAAAAAAAAACCC
AGACTCTTTGGAGTTATTGAGGGGTAAATCTGGTAGATGTTTTGGGGCC
TTGGCTGGTTTCCTCATGTCTATTAAGTCCATTCCGTCAACCTATAACAA
AGATATGCAAGAGGATAAGGAGCCTTTATTTGATACTCTAATCACTGTA
GAGCACTCGATTTTGATAGCATCCGGTGTAGTTTCTACCTTGAACATTG
ATGCCGAACGAATGAAGAATGCTCTAACTATGGATATGCTGGCTACAG
ATCTTGCCGACTATTITAGTTAGAAGGGGAGTTCCATTCAGAGAAACTCA
CCACATTTCTGGTGAATGTGTCAGACAAGCCGAGGAGTTGAACCTTTCT
GGTATTGATCAGTTGTCCCTCGAACAATTGAAATCCATTGACTCCCGTT
TTGAGGCTGATGTGGCTTCAACGTTTGACTTTGAAGCCAGTGTTGAAAA
AAGAACTGCCACCGGAGGAACTTCTAAGACTGCTGTTTTAAAGCAATTG
GATGCACTGAATGAAAAGCTAGAGTCTTGA

PYC2
cbs7435 chr2 cbs7435 chr2:46620..50144 (+ strand) class=gene length=3525

ATGGCCGAAGAAGACTACTCCCCGCTGTACCAGCTGAGACGTGACTCG
TCTCTTCTGGGCACAATGAACAAGATTTTGGTTGCCAACAGAGGCGAAA
TTCCAATTCGTATCTTTAGAACAGCCCATGAGCTCTCAATGAACACGGT
GGCCATCTATTCTCACGAGGATCGTTGTCGATGCACAGATTGAAGGCT
GACGAAGCTTATGTCATCGGTGAGCGTGGCCAATACTCTCCAGTCCAGG
CTTATCTTGCAATTGACGAGATCATCAAGATTGCCGTGAAGCACAACGT
TAACATGATTCACCCAGGTTACGGATTTTTGTCTGAAAATTCGGAGTTT
GCTAGAAAAGTCGAGGAAAATGGTATCTTGTGGGTTGGACCGTCCGAT
ACCGTCATCGACGCTGTTGGAGACAAAGTTTCGGCCBSAAACTTGGCCT
ACGCTGCCAATGTTCCAACCGTCCCTGGTACCCCGGGTCCAATTGAAGA
CGTTGCTCAGGCTACAGCTTTTGTTGAGGAATACGGTTACCCAGTTATC
ATCAAGGCCGCCTTTGGGGGTGGTGGAAGAGGTATGCGTGTGGTTCGT
GAAGGAGATGACATAGAAGATGCTTTCCTTAGAGCTTCTAGTGAGGCT
AAGACTGCGTTCGGTAACGGTACTGTTTTCATTGAACGTTTCTTGGACA
AACCGAAGCACATTGAGGTCCAATTGTTGGCTGATAACTACGGTAATGT
TATTCATTTGTTTGAGAGAGATTGTTCTGTTCAAAGAAGACACCAAAAG
GTTGTCGAAATTGCCCCTGCAAAGACACTCCCAGTTGAGGTCCGCAATG
CAATCTTGAATGACGCTGTCAAATTAGCCAAGACTGCCAATTATAGAAA
CGCTGGTACCGCTGAGTTTTTGGTGGACAGCCAGTACAGACACTACTTT
ATTGAGATTAACCCTCGTATTCAAGTTGAGCACACCATTACTGAGGAGA
TCACTGGTGTGGATATAGTAGCTGCCCAAATTCAAATTGCTGCTGGTGC
TTCGTTAGAACAACTAGGCTTATTGCAAGAAAAAATCACCACACGTGG
GTTTGCTATTCAATGTCGTATCACCACTGAAGATCCTACGAAGAATTTC
CAACCAGACACGGGAAAGATCGAAGTTTATAGATCTTCTGGTGGTAAC
GGTGTCAGACTTGACGGTGGTAACGGITTGCTGGTIGCCGTCATCTCTC
CCCATTATGATTCGATGTTGGTCAAGTGTTCCACTTCTGGCTCTAACTAC
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GAGATTGCTCGTCGTAAGATGATCAGAGCTTTAGTTGAATTCAGAATTA
GAGGTGTTAAGACCAACATTCCTTTCTTGTTGGCTTTACTGACTCACCCT
GTTTTCATGACCTCCGAATGTTGGACTACATTTATTGATGATACCCCAG
AATTGTTCAAAATGTTGACTTCTCAGAACAGAGCTCAGAAGCTGCTGGC
TTACTTAGGTGATCTGGCTGTTAATGGTTCCTCAATCAAGGGACAATTG
GGTCTGCCAAAACTACATAAGGAAGCTGATATCCCCGCAATCACTGAC
ATAAATGGAGATGTCATTGATGTTTCTATTCCTCCTCCTGATGGATGGA
GACAGTTTTTGTTGGAGAAAGGTCCTGAACAATTTGCTCAACAAGTACG
TGCCTTCCCTGGTTGTATGATTATGGACACTACCTGGAGAGATGCTAC
CAGTCTTTGCTCGCAACTCGTGTTAGAACTATTGACTTACTAAATATTGC
TCCAGCTACTTCTTACGCCCTGCATCACGCTTTTGCACTGGAATGTTGGG
GAGGTGCCACTTTTGATGTTTCCATGCGTTTCTTGCACGAGGACCCATG
GCAAAGATTGCGCAAACTCCGTAAAGCTGTACCAAACATCCCATTCTCC
ATGTTATTGAGAGGTGCTAACGGTGTTGCCTACTCTTCTCTCCCAGATA
ACGCTATTGATCACTTTGTTAAGCAGGCCAAAGACACTGGTGTTGATGT
CTTCCGTGTATTTGATGCTCTTAACGATATCGAGCAATTGAAGGTCGGA
GTTGACGCTGTCAAGAAAGCTGGAGGTGTTGTTGAAGCCACCATGTGTT
ACTCCGGAGACATGTTGAAACCAGGTAAAAAGTATAACTTGGAATACT
ACATCAACCTGGCCACTGAGATTGTTGAGATGGGTACCCACATATTAGC
TGTAAAAGACATGGCTGGTACGTTGAAACCTACTGCTGCCAAACAGTTA
ATCTCTGCTTTGAGGAGAAAGTTCCCCTCGTTGCCAATCCACGTTCATA
CCCATGACTCTGCCGGTACTGGTGTTGCCTCCATGGTGGCCTGTGCTAG
AGCTGGTGCTGATGTTGTGGACTGTGCTGTTAACTCCATGTCTGGTATG
ACTTCTCAACCTTCAATGTCTGCTTTCATTGCGTCTTTAGATGGAGAAAT
TGAGACTGGTATCCCTGAAGCTAATGCTAGAGAGATTGATGCTTACTGG
GCCGAGATGAGACTTTTGTACTCATGTTTCGAGGCTGATCTTAAGGGTC
CTGACCCTGAAGTCTACCAGCATGAAATCCCAGGTGGTCAATTGACTAA
CTTACTCTTCCAAGCTCAGCAAGTTGGTCTGGGAGAAAAATGGGTTGAA
ACTAAGAAGGCATATGAGGCAGCTAACAGGTTACTCGGTGACATTGTA
AAGGTTACGCCAACCTCTAAGGTCGTTGGTGACTTGGCTBATTCATGG
TATCTAATAAATTGTCATCCGAAGATGTCGAAAGATTGGCATCTGAGTT
AGATTTCCCAGATTCTGTTCTTGACTTTTTTGAAGGCTTAATGGGTACTC
CATATGGAGGTTTCCCTGAACCATTGAGAACAAATGTCATCTCAGGTAA
AAGAAGAAAGCTAACTAGCAGACCTGGTTTGACTTTGGAGCCATACAA
CATTCCTGCCATTAGAGAGGATCTTGAGGCTCGTTTCAGTAAGGTTACT
GAGAATGACGTTGCCTCTTACAACATGTACCCAAAGGTTTACGAAGCCT
ACAAGAAGCAACAAGAATTATATGGTGATCTGTCTGTGCTTCCAACCAG
ACATTTCTTATCTCCTCCTAAAATTGATGAAGAGATACATGTTACCATT
GAGCAAGGAAAAACTCTAATCATTAAGTGTATGGCTGTTGGTGAGCTAT
CTCAATCATCTGGTACCAGAGAAGTCTACTTTGAGTTGAACGGTGAGAT
GAGAAAGGTCACAGTTGAGGACAAGAATGCCGCTGTTGAAACTATCAC
TAGACCTAAGGCTGATGCTCACAACCCTAACGAGATTGGTGCTCCAATG
GCTGGTGTCGTTGTCGAGGTTAGAGTGCACGAAAATGGCGAAGTCAAG
AAGGGTGATCCAATTGCAGTTCTATCTGCTATGAAGATGGAGATGGTTA
TCTCCTCCCCTGTTGCTGGTCGTATTGGACAGATCGCAGTCAAGGAGAA
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CGACTCTGTTGATGCAAGCGACCTGACGCCAAAATCGTCAAGGCTGA
GTAA

PDA1
>cbs7435 chr2 chs7435 chr2:555932..557122 (+ strand) class=gene length=1191

ATGCTCAAGTTTCTCAGCCCTCAATCTAGAATTGCTGCAAGAGTGGCCA
ATGCCAGATATATGGCTTCTGCAAGCCCATCGACTGTTTCCATTGACCT
CCCAGCCTCTTCTTTCGAGACTTATGAGTTAGAGCAAGGTCCAGAGCTT
CAGTTTGAAACGGAGAAGGAGACTCTGCTGCAAATGTATAAGCAAATG
GTGATTGTCAGACGTATGGAAATGGCTTCAGATGCCCTCTACAAGGCTA
AAAAGATTAGAG GTTTCTGCCACTTGTCTGTAGGCCAAGAAGCCGTGGC
TGTAGGAATTGAGAGTGCTATAACTAAGAAGGACACTGTTATTACATCC
TATAGATGTCACGGTTTCACATATTTAAGAGGTGCCTCTGTCAAGGAAG
TCCAGGGTGAATTGATGGGTAAGAGATGTGGTGTGTCTTACGGTAAAG
GTGGTTCGATGCATATGTTCACTACTGGATTCTACGGTGGAAACGGAAT
TGTTGGTGCTCAAGTTCCAGTTGAGCTGGTCTGGCCTTTGCACATCAGT
ACAGGAATGAGAAGAACTGTACATTTGCCCTGTACGGGGATGGTGCTT
CTAACCAAGGTCAAGTATTCGAGTCCTTTAATATGGCCAAGTTGTGGGA
TTTGCCTGTGATTTTTGCCTGTGAAACAACAAGTATGGTATGGGAACT
TCTGCTTCTAGATCATCTGCTATGACTGAGTACTACAAGAGAGGGCAAT
TTATCCCCGGTTTGAAAGTGAATGGTATGGATGTICTTGCTTGTTACCA
AGCTTCTAAGTTTGCCAAGGACTGGACTGTCTCGGGAAATGGTCCTCTA
GTAATGGAGTACGAGACCTACAGGTATGGTGGACACTCTATGTCCGAC
CCAGGAACCACTTACAGAACACGTGAAGAAGTGCAGAACATGAGATCC
AGAAATGACCCAATTGCAGGCTTGAAGATGCACTTAATTGAGCTTGGA
ATATCTACAGAGGAGGAACTCAAGGCCTATGACAAGGAGGCTAGAAAG
TATGTTGACAAGCAAACCAAAGAAGCTGAACTCGCTCCTCCCCCTGAA
GCCAAAATGGATATTTTATTTGAAGATGTTTATGTCAAGGGTTCCGAAC
CCCCCGTCCTGAGAGGAAGAATAAATGAGGATTCTTGGTCCTTCGAGA
AGAACGGCTTCGCTAATCGTTAG

PGK1

>cbs7435 chrl cbs7435 chrl:1942992..1944242 (+ strand) class=gene
length=1251

ATGTCTCTTTCAAATAAACTTTCAGTCAAAGATCTCGATGTTGCCGGAA
AGCGTGTCTTCATCCGTGTCGACTTCAACGTTCCTCTGGATGGTGACAA
GATCACCAACAACCAGCGTATCGTTGCTGCTTTGCCAACTATCCAATAT
GTTTTGGATCACAAGCCAAAGGTCGTCGTTCTGGCTTCTCATTTAGGCC
GTCCAAACGGAGAGGTCAACCCAAAATTCTCTTTAAAACCAGTTGCTQRC
TGAATTGTCCTCCCTACTAGGTAAGAAGGTGACTTTCTTGAACGATAGT
GTTGGACCAGAGGTTGAGAAGGCTGTCAACTCTGCCTCCAATGGAGAG
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GTTATTCTTTTGGAGAACTTGCGTTTCCACATTGAAGAAGAAGGATCTC
AAAAGAAAGATGGTCA AAAGATCAAGGCCGACAAGGAGGCTGTTGCC
AGGTTCAGAAAGCAATTGACCGCATTGGCCGATGTCTACGTTAACGAC
GCCTTCGGTACCGUCACAGAGCCCACTCCTCCATGGTTGGATTTGAAT
TGGAGCAAAGAGCTGCTGGTTTCTTGATGGCTAAGGAGTTGACATACTT
CGCTAAGGCCCTGGAAAACCCTGTCAGACCATTCTTGGCCATCCTTGGT
GGTGCTAAGGTTTCTGACAAGATTCAATTGATTGACAATTTGCTGGACA
AGGTCGATTCCATCATCATTGGTGGAGGAATGGCTTTCACTTTTATCAA
GGTTTTGGATAACGTTGCCATTGGRPACTCTTTGTTCGACGAGGCTGGT
GCCAAGTTAGTTCCCGGCTTAGTTGAGAAAGCCAAGAAGAACAATGTC
AAACTGGTTCTTCCAGTCGACTTCGTCACTGCCGACGCCTTCTCCAAGG
ATGCAAAGGTCGGTGAAGCCACGGTTGAGTCTGGTATTCCABCGGAT
TGCAAGGATTGGACGCTGGTCCAAAATCCAGAGAATTGTTCGCAGCTA
CCATCGCTGAGGCTAAGACAATCGTCTGGAACGGTCCTCAGGTGTTTT
CGAGTTTGACAAGTTTGCTGAAGGTACCAAGTCTATGTTGGCAGCTGCC
ATCAAGAACGCTCAGAACGGTGGAACTGTCATCGTTGGTGGTGGTGAC
ACGGCTACCGTTGCTAAGAAGTTCGGTGGTGCTGACAAGCTATCCCACG
TTTCCACTGGAGGAGGAGCTTCTTTGGAACTGTTGGAGGGAAAGGAGC
TTCCAGGTGTAGTTTACTTGTCCAACAAGGCTTAA

ALD4
>cbs7435 lor2 cbs7435_chr2:1464707..1466284t(and) class=gene length=1578

ATGCTTAGAACTTCTCCAGCTACTAAGAAAGCTCTCAAGTCGCAGATTA
ACGCCTTCAACGTTGCTGCCTTGAGATTCTACTCCTCATTGCCTTGCAG
GTTCCAATTACCTTGCCAAACGGTAAGACCTACAATCAGCCAACAGGTT
TGTTTATCAACAATGAGTTCGTTCCTTCTAAGCAAGGTAAGACCTTTGC
TGTTTTAAACCCTTCCACTGAGGAGGAGATTACTCACGTCTACGAGTCC
AGAGAGGACGACGTTGAGTTAGCCGTTGCAGCCGCTCAAAAGGCTTTC
GACTCAACCTGGTCCACCCAGGACCCTGCTGAGAGAGGTAAGGTCTTG
AACAAGTTGGCTGACCTGATCGAGGAGCACTCTGAGACCCTTGCCGCC
ATCGAGTCCTTGGACAACGGTAAGGCCATTTCCTCCGCTAGAGGTGATG
TTGGTCTGGTTGTCGCCTACTTGAAGTCCTGTGCCGGTTGGGCCGACAA
GGTTTTCGGTAGAGTTGTTGAAACCGGAAGCTCCCACTTCAACTACGTT
AGAAGAGAGCCATTGGGTGTTTGTGGTCAGATTATCCCATGGAACTTTC
CTCTTCTGATGTGGTCCTGGAAGTTGGTCCAGCTTTGGCCACTGGTAA
CACTGTTGTCCTGAAGACAGCCGAGTCTACTCCTCTGTCCGCCCTGTAC
GTTTCCCAATTGGTCAAGGAGGCCGGTATCCCAGCTGGTGTCCACAACA
TTGTGTCCGGTTTCGGTAAGATTACTGGTGAAGCTATTGCTACTCATCCT
AAGATCAAGAAGGTTGCCTTCACTGGTTCTACCGCCACTGGTCGTCACA
TCATGAAGGCTGCTGCCGAATCCAACTTGAGGAAGGTTACTTTGGAGTT
GGGTGGTAAATCTCCTAACATCGTGTTCAACGATGCTAACATTAAGCAA
GCTGTCGCCAACATCATCCTCGGTATTACTACAACTCTGGAGAAGTTT
GTTGTGCTGGTTCCAGAGTTTATGTTCAATCCGGTATTTACGACGAGCTT
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TTGGCCGAATTCAAGACTGCTGCTGAGAATGTCAAGGTTGGTAACCCAT
TCGACGAGGACACCTTCCAAGGTGCTCAAACCTCTCAGCARAATTGG
AGAAGATTTTGGGTTTCGTTGAGCGTGGTAAGAAGGACGGTGCTACTTT
GATTACTGGTGGTGGCAGATTAGGTGACAAGGGTTAGTCGTCCAGCCA
ACTATCTTCGGTGATGTTACACCAGAGATGGAGATTGTCAAGGAAGAG
ATCTTTGGTCCTGTTGTCACTATCAGCAAGTTTGACACCATTGATGAGG
TTGTCGACCTTGCTAACGACTCTCAATACGGTCTTGCTGCTGGTATCCAC
TCTGACGATATCAACAAGGTCATTGACGTTGCTGCTAGAATCAAGTCCG
GTACCGTGTGGGTCAACACCTACAACGATTTCCACCAAATGGTTCCAT
CGGTGGATTTGGCCAATCCGGTATTGGTCGTGAGATGGGTGTTGAAGCT
TTGGAAAACTACACCCAATACAAGGCTATCCGTGTCAAGATCAACCAC
AAGAACGAGTAA

FBP1
>cbs7435 chr3 chs7435 chr3:551377..552438rénd) class=gene length=1062

ATGTCCAATAACACCACCCAAAACTTGGCTGAACAGAAGGGTATTCAG
ACCGACTTGGTCACTCTGACTCGTTTCATCTTGGACGAGCAGAAGAAAT
CTGCCCCAAACGCTACCGGTGAGCTGACTTTGCTTCTGAACTCCCTGCA
ATTTGCCTTCAAATTCATTGCTCACACCATCAGAAGATCCGAATTGGTC
AACTTAATTGGATTGGCCGGTGTGACCAACE CACTGGTGACGATCAG
AAAAAGCTGGATGTTATTGGAGATGAGATCTTCATCAATGCCATGAAG
GGATCCGGTAACGTTAAGTTACTTGTTICCGAAGAGCAAGAAGACCTTA
TTGTGTTTGAGTCCTCCAAGGGAAACTATGCTGTTGTCTGCGACCCAAT
TGACGGTTCATCCAACTTGGACGCTGGTGTCTCAGTTGGTACCATTTTTG
GTGTATACAAACTGTTGCCAGGCTCAGCTGGTTCTATTAAGGAGTTTT
GAGATCAGGAACAGAGATGGTGGCTGCCGGTTACACCATGTACGGTGC
ATCTTCTCACTTGATGCTTACTACCGGAAATGGAGTCAACGGTTTCACC
TTGGACACCGACTTGGGAGAGTTCATTCTCACGTATCCATCCTTAAAAA
TTCCGCACACCAGGGCTATCTACTCTATCAATGAAGGTAACTCGCACTA
CTGGACCGATGGAGTCAATGAGTACATTGCTTCTTTGAAGAAACCCCAA
GCAAACGGAAAACCATACAGTGCCCGTTATATCGGATCAATGGTTGCT
GATGTCCACAGAACTCTGTTATATGGAGGTATCTTTGGCTATCCAGCAG
ACTCCAAGTCTAAGTCCGGTAAACTGAGAGTCTTGTACGAGTGTTTCCC
AATGGCCCTCCTGTTGGAGCAGGCTGGTGGTGAGGCAGTCAACGATAA
GGGTGAGAGAATTCTAAACTTGGAGCCAAAACAAGTGCATGAGAGATC
TGGTATCTGGTTGGGTTCCAGGGAGAAGTAGAGAGATTACTACCCTAT
CTAACAAAAAAAATTAAGATCCAATCTGTGAATCTCTAG
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MLS1

>cbs7435 cl  cbs7435 chr4:1395371..1397053 (+ strand) class=gene
length=1683

ATGGCTGCCCCAAGAACTTACGGCTCCCTTGAAGGAGTGCAATTGTATG
GAAAAGTTGACTCAACCCCACTGTATGATAGTCCAATTACCCCTGCTGA
TATCCTGACCAAAGATGCTTTGAAATTTGTCGTTCTACTTCACAGAACTT
TCAACAGTACCAGAAAGGAGCTTCTTGAGAATAGACAGAAGGTCCAGG
CCAAATTGGACAAAGGTGAGAAGTTGACTTTCCTCCCCGAGACTAAGT
ACATCAGGGATGATCCTAACTGGAAGTGTAAGGCTCCAGCACCAGGAC
TGACAGATCGTCGTGCCGAGATCACTGGTCCTCCAGAGAGAAAGATGG
TCGTCAATGCCTTGAACACAGATGTTTATACCTACATGACTGATTTTGA
GGACTCCTGCTCTCCAACATGGTCTAATATTATTTACGGACAAGTTAAT
TTGTATGATGCTCTCAGAGATCAAATTGACTTCACTTTGCCTGCCACTG
GCAAATCATACAAGGTCAAGAAGGAAGGTCGCAACCCACCAACCATCA
TTGTCAGACCTCGTGGATGGCATATGGTTGAGAGCCATGTCACCGTTGA
CGGTGAGCCAATTAGTGCCTCTCTATCGACTTTGGTCTTTACTTCTTCC
ACAATGCCCGTCAATTGCTGGACAATGGTGTTGGTCCCTACTTTTATTTG
CCAAAGATGGAGCACTGGITAGAGGCAAAGTTGTGGAATGACGTTTTC
AACGTCGCTCAAGACGCTTTGGCCATTCCTCGTGGTACCATCAGTGCTA
CTGTCTTGATCGAGACTTTGCCAATTTCCTACCAATTGAACGAAGTTTTG
TATGCCCTAAGAGATCATTCCGCTGGTTTGAACTGTGGACGTTGGGATT
ACATGTTCTCCACTATCAAACGTCTACGTAATGACCCCAAGCACATTTT
GCCAGACCGTGGTCTTGTGACCATGAAGGTCCTTTCATGACCAACTAT
GTTAAGCAGTTAATTAAGGTCTGTCATCAGCGTGGAGTACACGCTATGG
GAGGAATGGCTGCCACAATTCCTATTAAGAACGATGCTGAACGTAATG
CCAAGGCCATGCAAGCTGTTCATGATGACAAACTACGAGAAGTTCTTG®E
TGGCCACGACGGTACCTGGATTGCCCATCCAGCTTTGGCACCAATCGCT
CTTGAAGTCTTCAACAAGCACATGCCAACTCCTAACCAATTGCACAAGA
TTCCCGTCTACGACAGGGAAGTTACTGAGGAAGATCTGGTTGATACCAA
CATCGATGGTTTCAAGATCACTAAAGACGGTATTCTGATTAACATTTAT
ATCGGTCTGAACTATATGGAGGCTTGGTTGCAAGGTTCTGGATGTGTGC
CTATCAATCACTTGATGGAAGATGCTGCCACTGCTGAAGTTTCTCGACT
GCAATTATTCTCCTGGGTCAAGCATGGTGTAAAACTTACTGACACTGGC
GAGAAGATCACAAAGGACCTGGTTGTCAAGTTGATCGACGACGAAGTT
GCAAAGCTGAGCCCCAGCAGACCCAACAACAAGTTTGACATTGCTGCC
GACTGTTTGAAGAAGGAGATTAGTGGAGAAGTCGAGGTTGCTGAGTTT
TTGACCGACTTACTGTACCCAGAGSTTGTTACTCTTGAGTCTTCTCCTGT
TGATTTGGACAGTCTTAAATAG

DAS1
>cbs7435_chr3 cbs7435_chr3:63468%&12 (+ strand) class=gene length=2124
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ATGGCTAGAATTCCCAAAGCAGTTTCTTACAATGATGACATCCATGACT
TGGTCATCAAAACCTTCCGTTGTTACGTTCTCGACTTAGTCGAACAGTA
TGGTGGTGGTCACCCTGGTTCTGCCABGGTATGGTCGCCATTGGTATC
GCTCTGTGGAAGTACCAGATGAAGTACGCTCCAAATGATCCAGACTACT
TCAACAGAGATCGTTTTGTCTTGTCAAACGGTCACGTCTGTTTGTTCCAA
TACTTGTTCCAGCACTTAACTGGTTTGAAGGAGATGACTGTCAAGCAAC
TTCAATCTTACCACTCTTCCGATTATCACTCATTGACTCCTGGACACCCT
GAAATTGAGAACCCTGCTGTTGAGGTTACCACTGGTCCCCTGGGACAAG
GTATCTCTAACGCTGTCGGTATGGCCATTGGTTCAAAGAACCTGGCCGC
TACTTACAACAGACCTGGCTTCCCTGTCGTTGACAACACTATCTATGCT
ATTGTTGGTGATGCTTGTTIGCAAGAGGGACCTGCTTTGGAATCGATTT
CCTTAGCCGGTCACTTGGCCTTGGACAACCTTATTGTGATCTACGACAA
CAACCAGGTTTGTTGTGATGGTTCCGTCGATGTTAACAACACCGAAGBGC
ATCTCCGCAAAGTTCAGAGCTCAGAACTGGAATGTTATCGACATTGTAG
ACGGTTCTAGAGATGTCGCTACCATTGTCAAGGCTATCGATTGGGCCAA
GGCTGAGACTGAGAGACCAACTCTGATCAAGTTAGAACTGAAATTGG
ACAGGATTCTGCTTTCGGTAACCACCACGCTGCTCACGGTTCTGCTCTA
GGTGAGGAAGGTATCCGGGAGTTGAAGACTAAGTACGGTTTTAACCCT
GCCCAAAAGTTCTGGTTCCCTAAAGAAGTATACGACTTCTTTGCTGAGA
AACCAGCTAAAGGTGACGAGTTAGTAAAGAACTGGAAAAAGTTAGTTG
ATAGCTATGTCAAAGAGTACCCTCGTGAGGGACAAGAGTTCCTTICTCG
TGTTAGAGGTGAGCTTCCAAAGAACTGGAGAACTTACATTCCTCAAGAC
AAGCCTACCGAACCAACCGCCACCAGAACCTCTGCTAGAGAAATTGTT
AGGGCCCTTGGAAAGAACCTTCCTCAAGTTATTGCCGGTTCCGGTGACT
TATCTGTCTCAATTCTTTTGAACTGGGACGGAGTGAAGTACTTCTTCAA
CCCTAAGTTACAGACTTTCTGTGGATTAGGTGGTGACTACTCTGGTAGA
TATATTGAGTTTGGTATCAGAGAACACTCTATGTGTGCTATTGCCAACG
GTTTGGCTGCATACAACAAGGGTACTTTCTTGCCTATTACCTCTACCTTC
TACATGTTCTACCTGTATGCAGCACCTGCCTTGGTATGGCTGCTCTTCA
AGAGTTGAAAGCGATTCACATTGCTACACACGACTCTATTGGAGCTGGT
GAAGATGGTCCAACCCACCAGCCTATTGCTTTGTCTTCATTATTCAGAG
CTATGCCCAACTTCTACTACATGAGACCAGCCGATGCTACCGAAGTTGC
AGCTCTGTTTGAAGTGGCTGTTGAGCTTGAACACTCCACATTGCTTTCTC
TGTCCAGACACGAGGTTGACCAATACCCAGGTAAGACTTCTGCCAAG
GAGCCAAAAGAGGTGGTTACGTTGTTGAAGACTGCGAAGGAAAGCCAG
ATGTGCAACTGATCGGAACTGGTTCCGAGTTGGAATTCGCTATTAAGAC
TGCTCGTTTGCTAAGACAACAGAAGGGATGGAAGGTCAGAGTTCTGTC
ATTCCCATGTCAGAGATTGTTTGACGAGCAGTCTATTACTTACAGACGT
TCCGTCCTTAGAAGAGGAGAAGTTCCAACTGTCGTTGTTGAGGCCTATG
TCGCATACGGATGGGAGAGATACGCCACTGCTGGTTACACCATGAACA
CCTTCGGTAAGTCTCTTCCTGTTGAGGATGTCTACAAATACTTCGGATA
CACTCCTGAGAAGATTGGTGAGAGAGTGGTTCAATATGTCAACTCTATC
AAGGCTAGTCCTCAAATCCTTTACGAATTCCACGACTTGAAGGGAAAAC
CAAAGCATGACAAGTTGTAA
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ACT1
>cbs7435 chr3 cbs7435 chr3:1776679..1778468Band) class=gene length=1728

ATGGACGGAGGTAAGTCAGCTCTTTCAGCAAGGGAGCATGGAATCAGA
TTGGCAACGACTTCTGCGATTCTTATTCTTCCGATTGATTCAACAGTAA
TTTGCGAGTGGTTGGCCAAACACACAGTTTCGATGCGATCTCCGTTTGA
TTTGTATGAATACGCAGTCATCTCATTGGTGGAGCATTTTATACGGATT
GATTGAGTGGAAGCATGGTACTGAGAGTATCTACATGTGCATTTCTGTT
GGTTGTCCTCGGTTGAGTTTTCGTATCTGTTTGTCCCCCCAATTTTGTCC
ACTCCTTTTGGCAATCTGCCGAATCCAAGCTCATAATACTAACTCCCAT
TTTAGAAGACGTTGCAGCAGTAAGTACCCTTACATGTAATCCATGAAAG
CAAATGTGGCGCAGTCAATCGAAGTCACTGTCTGATTGATTCTTCCCTC
AGTGGCGGTTAGGATTTTTCAATGGTAGCGCGCCATTTCTTACCGTTG
GGAAGGGATTAGAATTTGATTTCGTAGCAGGATTCTGTGTTGACTGTGC
AGCCTCGCGCTTGTTTTTTCATCTTTCATTTCCTAATGAGGCAATATTGT
ATCATGATAGTATACTAA CACAGACTTTTAGTTAGTTATCGACAATGGT
TCCGGTATGTGTAAGGCCGGATACGCCGGAGACGACGCCCCACACACA
GTGTTCCCATCGGTCGTAGGTAGACCAAGACACCAAGGTGTCATGECG
GTATGGGTCAAAAGGACTCCTTCGTCGGTGACGAGGCTCAATCCAAGA
GAGGTATCTTGACCTTGAGATACCCAATCGAGCACGGTATCGTCACTAA
CTGGGACGATATGGAAAAGATCTGGCACCAACCTTCTACAACGAGTT
GCGTCTGGCCCCAGAAGAGCACCCAGTTCTTTTGACTGAGGCTCCAATG
AACCCAAAGTCCAACAGAGAGAAGATGACCCAAATCATGTTCGAGACT
TTCAACGTTCCAGCCTTCTACGTTTCTATTCAGGCCGTTTTGTCCCTGTA
CGCTTCCGGTAGAACCACTGGTATCGTTTTGGACTCTGGTGACGGTGTT
ACCCACGTTGTCCCAATTTATGCCGGTTTCTCCTTACCACACGTATTTT
GCGTATCGACTTGGCCGGTAGAGATTTGACCGACTACTTGATGAAGATC
TTGTCTGAGCGTGGTTACACTTTTTCTACCTCTGCTGAGAGAGAAATCG
TCCGTGACATCAAGGAGAAGCTTTGTTACGTTGCTCTTGACTTTGACCA
GGAATTGCAAACTTCTTCTCAATCTTCATCCATTGAGAAGTCTTACGAG
TTGCCAGATGGCCAAGTTATCACTATCGGTAACGAGAGATTCAGAGCTC
CTGAGGCTTTGTTCCACCCATCTGTACTTGGCCTTGAGGCTTCTGGTATC
GACCAAACCACTTACAACTCCATCATGAAGTGTGATGTTGATGTTCGTA
AGGAACTCTACAGTAACATCGTTATGTCCGGTGGTACTACTATGTTCCC
AGGTATTGCTGAGCGTATGCAAAAGGAGCTTACTGCCTTGGCTCCATCT
TCGATGAAGGTCAAGATTTCTGCTCCACCAGAAAGAAAGTACTCCGTAT
GGATCGGTGGTTCRATCCTCGCTTCTTTGGGTACTTTCCAACAAATGTGG
ATCTCAAAGCAAGAGTACGACGAATCTGGACCATCCAT
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B. Nucleotide sequences of constructed plasmids

Papn2-wi- Forward
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Papn2-wi- Middle

L Mh Mu Lulmhumm u.uulmwumh.) i h hﬂhmﬂln mnh y ‘hunhhn h h I mhh

N Uil “m‘hl u)l

k m JW h

i “"ﬂiiﬁ"wfmowrml

mmm l»“!m‘

555555

|

ls A

!

Al u mum mu Jm h‘
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ADH2- Reverse

TG AATCAT TCG ATTGC AT T CTCACGCCT TCTGCCCAB TCCTB CCAAT TGCCCATG AATE RGC TRATTTC6T TGATTCCCAGCCCCCTTTCCAAC TCCACAAATTGTCCAATCTCGTT T

i70 180 130 200 210 220 z

TCCGGBGGTBCGAATTCGTBCCCAATTCCTTTCACCCTGCCTATTGTABACGTCAACCC GCATCT GGTGCBAATATAGC GCACCCCCAATGATCACACCAACAATTGBBT CCACCCCTCCC

[¢30] Peak Height: 455 Quality: 48
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Pmaox-Forward

CATCC ACTCCG T TCATG A6 ATCA GATCCG GCG CGCCAACAT CCAAAG ACB AAABGT TG AAT G AAACC T TTT TGCCATCCBACATCCACAGG TCCATT CTCACAC

Illl hun "l'll’lI‘lll'll’ﬂl‘lﬂll’ﬂ!'ﬂh“UAJ M]ml H}l il i h MW ‘HMM
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mApple-Reverse

AQGTCCATGCCGCCGGTEG6AGTGGCGGCCCTCGGCGCE TTCGTACTG TTCCACG AT

AL‘UM mhumumm

AM ‘

204



C. Buffers and Stock Solutons
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