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Kurzfassung

Kurzfassung

Amin- und Aminosaureoxidasen sind wichtige Enzynie Biokatalyse. Zum Bespiel D-
Aminosaureoxidase voiirigonopsis variabilis(TVDAO) ist ein gut untersuchtes Enzym,
welches fur die Umwandlung von Cephalosporin C esmet wurde um halbsynthetische
Antibiotika herzustellen. Weitere Anwendungen vonvDAO sind die analytische
Bestimmung von D-Aminosauren in Lebensmitteln umadBktion von enantiomeren reinen
Aminosauren durch Deracematisierungsprozesse.

Diese Arbeit berichtet von einer neue Strategievarbesserten Expression von Amin- und
Aminosaureoxidasen. Dazu wurden die Proteinsequeviae TVDAO, RgDAO (Rhodotorula
gracilis D-Aminosaureoxidase)crLAO (Calloselasma rhodostomb-Aminoséureoxidase)
and AnMAO (Aspergillus nigerMonoaminoxidase) mittels Webtools analysiert. Besid
auf dieser Analyse wurden synthetische, Kodon-apti® Gene entworfenlvDAO wurde
als Modelenzym fiir die Expressionsoptimierung auvspd.

Heterologe Expression iRichia pastorishat im Vergleich zur Expression E. coli einige
Vorteile. Die methylotrophe HefB. pastoriszahlt zu den Eukaryoten und ist daher in der
Lage postranslationelle Verdnderungen durchzufuhifeiters kénnen einfache DNA
Veranderungstechniken und Kultivierungsprotokokewendet werden. Ein weiterer Vorteil
sind die hohen Zelldichten, die wahrend Fermentaticerreicht werden kénnen.

Um die Kosten fur diesen wichtigen Biokatalysten senken, muss die Expression von
TVDAO und anderen Amin-oxidierenden Enzymeirirpastorisoptimiert werden.

Zur Erreichung dieses Ziel wurde als erstes dieoysomale Targeting-Sequenz
ausgetauscht, um eine Lokalisierung VBWDAO in den Peroxisomen sicherzustellen, wo
auch Katalase vorhanden ist, die wahrend der Ogid®saktion entstehendes zellgiftiges
Wasserstoffperoxid, durch Umwandlung in Wasser @alerstoff, entgiftet. In einem
zweiten Schritt wurden Kodon-optimierte synthetesckbene konstruiert, die optimale
Expression inP. pastoris bei Methanol Induktion gewahrleisten. Zusatzliclurde ein
Fusionsprotein vomfvDAO mit Citrine hergestellt um die Lokalisierung dien Peroxisomen
zu bestatigen. Letztendlich wurden die bestBMDAO Expressionsstamme in 1.5 L
Bioreaktoren kuliviert. Die Kultivierungsbedingungevurden optimiert um die maximale
Aktivitat und Biomasse-Ausbeute zu erhalten. Dieaienen Stamme zeigen die hochste
volumetrischeTVDAO Aktivitat, von der bis jetzt berichtet wurdeinEneues Fed-Batch
Protokoll wurde verwendet, bei dem durch EinsatzeeiMischung aus Methanol und
Glyzerin in der Induktionsphase die hochste voluiseite Aktivitdt durch eine erhdhte
Biomasse-Ausbeute erzielt wurde.
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Abstract

Abstract

Amine and amino acid oxidases are important enzyfoesbiocatalysis. For example
Trigonopsis variabilisD-amino acid oxidaseT{(DAO) is a well characterized enzyme which
mainly was used for conversion of cephalosporiro@roduce semisynthetic antibiotics as
well as for analytical determination of D-aminodgcin food and deracemization processes
such as the production of enantiopure amino acids.

This work reports a new strategy for enhanced esgiwa of amine and amino acid oxidases.
Therefore the protein sequencesTobDAO, RgDAO (Rhodotorula gracilisD-amino acid
oxidase), CrLAO (Calloselasma rhodostoma.-amino acid oxidase) andAnMAO
(Aspergillus nigemonoamine oxidase) were analyzed with webtoolseBaon this analysis
synthetic, codon-optimized genes were desigi®@®AO was chosen as model enzyme for
expression optimization.

Heterologous expression Richia pastorishas several advantages as comparef. tooli.
The methylotrophic yeadP. pastorisis a eukaryote and therefore able to perform post
translational modifications while simple DNA modiition techniques and cultivation
protocols can be applied. Furthermore high celkd&s can be reached during fermentation.
However, to decrease the cost of this importantdialyst, expression GvVDAO and other
amine oxidizing enzymes iA. pastorishas to be optimized.

To reach this goal in my thesis firstly an exchanf&he peroxisomal targeting sequence was
carried out to secure efficient subcellular locatiian of TVDAO to the peroxisomes where
catalase is present to detoxify cell toxic hydrogenoxide which is generated during oxidase
reaction. Secondly a codon-optimized synthetic geas designed for optimal expression in
P. pastorisunder conditions of methanol induction. In additi@ fusion protein oTVDAO
and Citrine (a GFP variant) was generated in otdeconfirm the peroxisomal targeting.
Finally the besfTVDAO expression strains were cultivated in 1.5 liiereactors and the
cultivation conditions were optimized for maximuutigity and biomass yield.

The resulting strains showed the highest voluma@wizgAO activity that has been reported so
far. A new fed-batch protocol was applied, whemaigture of methanol and glycerol in the

induction phase led to highest volumetric actiayyan additional increase of biomass yield.
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Abbreviations

Abbreviations

Table 1: General abbreviations used in this work

Abbreviation Description
4-AAP 4-aminoantipyrine
A activity
AA Amino acid
ABTS 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulforaicid)
Amp ampicillin
AnNMAO Aspergillus nigemonoamine oxidase
AOX1L alcohol oxidase 1 gene
AOX2 alcohol oxidase 2 gene
ATCC American Type Culture Collection, Manassas,, \USA
B Biotin
Bl pPpB1 (E. coli / P. pastoris shuttle vector)
BMD1 buffered minimal dextrose medium1%
BMM10 buffered minimal methanol medium 10%
BMM2 buffered minimal methanol medium 2%
bp base pair
CBS Centraalbureau voor Schimmelcultures, Utrégatherlands
CDS coding sequence
CIAP calf intestine alkaline phosphatase
CrLAO Calloselasma rhodostomaamino acid oxidase
D dextrose
Da dalton
ddH,O double distilled water "Fresenius"
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
dNTP deoxyribonucleotide
dwp deep well plate
EDTA ethylenediamine tetraacetic acid
ER endoplasmic reticulum
EtBr ethidiumbromide
EtOH ethanol
Fd fast digest
FLD1 formaldehyde dehydrogenase 1 gene
fcw fresh cell weight
fwd forward
GAP glyceraldehydes 3-phosphate dehydrogenase gene
HRP horse radish peroxidase
kb kilo base pairs
kDa kilo Dalton
LB Luria Bertani medium
MeOH methanol
MRNA messenger ribonucleic acid
MW molecular weight
NRRL Northern Regional Research Laboratories, Retri USA
ntc no template control
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Abbreviations

OD600 optical density at 600 nm

0ePCR overlap extension PCR

ON over night

ONC over night culture

P(AOX1) promoter of AOX1 gene

P(AOX2) promoter of AOX2 gene

P(FLD1) promoter of FLD1 gene

P(GAP) promoter of GAP gene

PCR polymerase chain reaction

pl isoelectric point

PPB potassium phosphate buffer

gRT-PCR quantitative real time PCR

rev reverse

RgDAO Rhodotorula graciliD-amino acid oxidase
RNA ribonucleic acid

RNase A ribonuclease A

rpm revolutions per minute

RT room temperature

RT-PCR real time PCR

SD standard deviation

T2 pPpT2 (E. coli/ P. pastoris shuttle vector)
TBHBA 2,4,6-tribromo-3-hydroxybenzoic

TVWDAO Trigonopsis variabiliD-amino acid oxidase
WCW wet cell weight

YNB Yeast nitrogen base

YPD Yeast extract / peptone / dextrose medium
Zeo Zeocin"
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Introduction

1 Introduction

1.1 The expression system Pichia pastoris

1.1.1 Important features of Pichia pastoris

Pichia pastorisis a methylotrophic yeast and therefore able tovgom methanol as sole
carbon and energy source [1]. It is nowadays onth@fmost commonly used expression
systems for heterologous expression due to itsvatithn in cheap and simple media and
accessible high cell densities (130 g/L dry cellighe in continuous cultures) [2].
Furthermore the genome dPichia pastoris is well characterized [3] and common
recombinant DNA techniques can be used for moditiod4].

Even thoughEscherichia coliis widely used for heterologous expression it kithisome
major drawbacks due to its prokaryotic protein espron which often hinders the expression
of correctly folded and processed proteins fromaeyditic genes. In contragt. pastorisis
advantageous for heterologous expression of potéiom eukaryotic genes due to its
eukaryotic expression machinery [5, 6]. Compareother eukaryotic expression systems like
mammalian and insect cell cultureghia pastorisdisplays faster growth characteristics and
is cheaper and easier to handle. Nevertheless #bis to perform typical eukaryotic
posttranslational modifications like folding, melidiyon, disulfide bond formation, O- and N-
linked glycosylation, proteolytic processing andgessing of signal sequences and targeting
to subcellular compartments [7].

FurthermoreP. pastorisis able to carry out intracellular and extracauprotein production
due to the possibility to secrete proteins intorttetlia. Secretion of heterologous proteins is
often necessary because some post-translationaifications are carried out during the
secretory pathway, in the media limitation of spdoes not occur, proteins which are toxic
for P. pastorisare diluted. In addition no cell disruption is assary to get the protein, which
can be seen as a first purification step [6].

Moreover there are several strong promoters foresgion inP. pastorisavailable. The most
commonly used is the promoter of the alcohol oxedhgiene P(AOX1). It is tightly regulated
and allows strong inducible expression. P(AOXIneisressed by carbon sources like glucose
and glycerol, which is crucial for the expressidriay P. pastoristoxic proteins because it is
possible to repress the promoter during cell graavtti induce expression with methanol later

on.

Diploma thesis 1 Gabriele Bergler



Introduction

Another well-known promoter is the P(GAP), the poten of glyceraldehydes 3-phosphate
dehydrogenase gene, a constitutive promoter ofaisirength. It works best with high levels
of glucose, but glycerol and methanol can alsodeeluSpecial feeding strategies can enhance
the productivity of strains employing the GAP prdsrcsystem.

Alternatively other promoters such as the FLD1 potanof the formaldehyde dehydrogenase
1 gene can be used. It is inducible by methanol raethylamine, therefore it provides an
alternative for methanol free expression [6, 8].

Since there are no stable plasmidsRarhia pastorisavailable, linearized expression vectors
are usually integrated into the genome via homalsgoecombination [9]. Therefore,
generated expression strains show high stability [6

A basicP. pastorisexpression system is easily available as commekitifrom Invitrogen
Corporation (Carlsbad, CA, USA) providing sever#alai®is, vectors, selection markers

(auxotrophy, antibiotic resistance) [10] and prolsc

1.1.2 Targeted integration into the genome

Currently there are no stable plasmids availablec@édransformations are usually done by
integration of linearized expression vector DNAoirthe genome [6]. This integration via
homologous recombination occurs between sequenta®d by the insert (transformed
DNA) and the genome [9]. In contrast3o cerevisiadonger homologous regions are needed
for integration inP. pastoris

Linearization of the plasmid can be done in any dlegous region (e.g. promoters), but it is
important to consider that the integration locudegermined by the site of linearization of the
plasmid. Depending on the constructed vector singl@ouble crossover events are favoured
nevertheless single crossover events (insertiors)nzore likely to happen than double
crossover event (replacements). Multiple inserggents occur spontaneously at about 1-10
percent of single insertion events [11].

Single crossover events between the free plasniicaed a homologous region of the genome
lead to insertions of the expression cassette. miBpg on the number of integration events,
single and multi copy strains are possible.

Double crossover events occur when both ends oflitlear plasmid are homologous to
sequences of the genome and lead to gene replace@are replacement within the AOX1

locus results in slow methanol utilization (Mythenotype strains.
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1.1.3 Methanol metabolism

As a methylotrophic yeaflichia pastorisis able to use methanol as sole carbon and energy
source. The necessary methanol utilization pathisagartly located in the peroxisomes.
Since peroxisomes are important organelleRiahia pastorist became a model organism for
the examination of peroxisome biogenesis and fandti2].

Peroxisomes are abundant organelles present instlamy eukaryotic cell. They harbour
enzymes to detoxify peroxides (catalase) by comwergito water and oxygen. Therefore
peroxisomes harbour many important metabolic reastsuch as 3-oxidation of fatty acids
and oxidation of methanol [13].

An important feature oPichia pastorisis the proliferation of peroxisomes when cells are
shifted from glucose media to methanol medium.lutgse media there are no peroxisomes
required for cell growth consequently only a snaatiount of peroxisomes is present. When
cells are shifted to methanol media, the numbersaelof peroxisomes increase to cope with
the new conditions. The increased number of peoox¢s have to be selectively degraded
when the cells are shifted to glucose media and nmesided anymore. This selective
degradation of peroxisomes is carried out by thestgacuole and is called pexophagy [14].
In contrast to secretory pathway organelles, whiise from budding from the endoplasmatic
reticulum (ER) or de novo synthesis, peroxisomestlaought to be formed by budding from
pre-existing peroxisomes [15]. Nevertheless, trecemechanism is not completely clear.
The peroxisomal proteins are produced on cytosdic free ribosomes and are
posttranslationally transported into the organdfier. this purpose two peroxisomal targeting
signals (PTSs) are available [16]. The most comgnaskd is PTS1, a C-terminal tripeptide
sequence serine-lysine-leucine (SKL) and a few ewasive variants which are recognised
by transport protein Pex5p [17, 18]. In a few caR€&S2 is used, which is an amino-terminal

signal sequence and is proteolytically cleaved uptort [19].

The first step of the methanol utilization pathwéy20], which is located in the peroxisomes
is oxidation of methanol to formaldehyde and hy@mogeroxide by alcohol oxidase (AOX).
In Pichia pastoristhere are two genes that code for equally funatitlomologous alcohol
oxidases AOX1 and AOX2. Even though the similaigtyery high, 92% for the nucleotide
and 97% for the amino acid level, AOX1 displays2l3 higher specific activity [21]. In
addition the promoter DNA sequence for AOX1 and ADX quite different leading to a
much higher production of the more active oxidag&@XA. Alcohol oxidase is expressed in

Diploma thesis 3 Gabriele Bergler



Introduction

high amounts (up to 30% of the total cellular pitdecause of the slow conversion of
methanol caused by the low affinity for oxygen [20]

The by-product of the first step i$®h, this toxic compound is neutralized in the perowig

by catalase to form oxygen and water. Generateudiolehyde is used in the assimilatory
pathway for further energy production and biomaesegation. In the dissimilation pathway
formaldehyde (which is also toxic) is oxidized hretcytoplasm resulting in G@nd energy
for cell growth on methanol. This is an oxidativegess, where electrons are transported to
produce energy.

Formaldehyde reacts in the assimilation pathwap wyulose-5-phosphate (X¥RB) resulting

in the 3-C compounds dihydroxyacetone (DHA) andcefgldehyde-3-phosphate (GAP),
which is catalyzed by the dihydroxyacetone synth@3EAS) in the peroxisome. Both
molecules enter the cytoplasm and regenerate onkecuoie Xxylose-5-phosphate and

glyceraldehyde-3-phosphate which is used for biepasduction (see Figure 1).

CH{OH)OCH; 7—“-'?*» HCOOCH;

|
HAD* ./ 3
e S NADH \
= _~" Esteras e?\
0, e
AOX =gl
—— GSH = —

Hz0y

FGH
CAT HCHO = GS-CH:0H ;—I;D—FGS-CHO 4/?,_4_ HCOOH
NAD" ./ HaO
1,0 + Ha0 ‘ MADH 2 ~
FDH
a8 XugP=a— HAD* /|
/ \ o X MADH
HHA bt PPP, | €Oz
2 rearrange-
Peroxisome ments /-n‘ Is GAP Biomass
7

DHA GAP |
FEA FBP ;.
o Energy via
TFI1 FysBP \\ FeP PYR, TCA,
. DAK + DHAP ¥ respiration
| F‘I
ATP /

ADP

Cytosol

Figure 1: Methanol utilization pathway in methylotrophic yeasts [20]/AOX: alcohol oxidase, CAT: catalase,
FLD: formaldehyde dehydrogenase, FGH: S-formylghitme hydrolase, FDH: formate dehydrogenase, DAS:
dihydroxyacetone synthase, TPI: triosephosphatmesase, DAK: dihydroxy-acetone kinase, FBA: fruetos
1,6-bisphosphate aldolase, FBP: fructose 1,6-bgphetase, MFS: methylformate synthase; DHA:
dihydroxyacetone, GAP: glyceraldehyde 3-phosphBteéAP: dihydroxyacetone phosphate, F1,6BP: fructose
1,6-bisphosphate, F6P: fructose 6-phosphate, Rispifate, Xu5P: xylulose 5-phosphate, GSH: glutathio
PYR: pyruvate; PPP: pentose phosphate pathway, Tri@Arboxylic acid cycle
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1.1.4 Secretory machinery

Heterologous protein expression Richia pastoriscan be intracellular or extracellular
(secretion into the mediapichia pastorissecretes only low levels of native, endogenous
proteins. Hence the secreted foreign, heterologooigins are usually highly pure due to the
separation of heterologous from cellular proteif [Bhis fact is important for industrial
processes as it is easy to separate the targairptoy filtration or centrifugation from the
(unwanted) biomass.

Unfortunately, secretion is usually limited to miois that are also secreted by their native
host due to protein stability and folding requirense Additionally a signal sequence that
leads the protein into the secretory pathway isiireq for secretion. Especially the following
sequences were frequently used for successfultestrdhe protein’s own native secretion
signal (if existing), the pre-pro leader sequentehe a-mating factor ofSaccharomyces
cerevisiae(a-MF), the acid phosphatase signal sequendeidiia pastoris(PHO1) and the
invertase signal sequence (SUC2) [6, 22].

Another important reason for secretion is that sqmst translational modifications are

carried out during the secretory pathway.

1.1.5 Linear expression cassettes for fast enzyme e  xpression

In order to generate reliable expression constrgetg. expression strain generation or
directed evolution ifPichia pastori$ without time-consuming ligation and cloning step&.

coli, a new strategy was developed by leual [9]. Besides the shorter experiment time
another advantage is the better library qualitydokaryotic proteins, because the common

subcloning step ik. coliresults in loss of diversity and library efficignc

This new strategy is based on overlap extension RERCR). Three fragments (promoter,
gene of interest and terminator/selection marketf) wverlapping ends form an expression

cassette which is assembled and amplified by PERKgyure 2).

overlapping region 1 overlapping region 2

promoter ' gene of interest ~ selection marker

Figure 2: Assembly of linear expression cassettd9]
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The application of universal overlapping regionl®was combinations of any promoter and
selection marker with the gene of interest withaffcting its expression (see Table 2).

Table 2: Universal overlapping regions for the assebly of linear expression cassettes

Overlapping region Fragments linked Sequence (52 3)
1 promoter gene of interest ctaggtacttcgaaacgatggagt
2 gene of interest selection marker gtcagatagcgaggiagtc

The fragments are linked and amplified by oePCRvim steps: For the first step a PCR mix
without primers and equimolar ratios of fragmenighwverlapping ends is produced. During
the first PCR cycles the fragments are linked bsirtloverlapping ends and act therefore
themselves as primers. In the second step, prithatsbind to both ends of the generated
construct are added and the expression cassettepiified to produce a sufficient amount of
DNA. This generated expression cassette can bectlgiraised for Pichia pastoris

transformation without any amplification & col..
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1.2 Enzymes used during this work

Amine and amino acid oxidases are well charactdrzeymes with significant value for
industrial purposes. Therefore D-amino acid oxides@ the fungugrigonopsis variabilis
L-amino acid oxidase from the snakalloselasma rhodostonmand monoamine oxidase from

the fungusAspergillus nigemwvere chosen for this study.

1.2.1 D - Amino Acid Oxidases

1.2.1.1General information

D-Amino acid oxidases (DAO, E.C. 1.4.3.3) are fiteviadenine dinucleotide (FAD)
containing enzymes [23]. These putative peroxisomatymes catalyze the oxidative
deamination of D-amino acids (D-AA) to give the memponding imino acid as an
intermediate, which then hydrolyzes spontaneousth¢a-keto acid, ammonia and hydrogen
peroxide.

DAO activity is found in few bacterial and many awwtic organisms including yeasts,

fungi, insects, amphibians, reptiles, birds, mansnaald humans [24].

D-amino acid oxidases play an important physiolalgioole in many organisms. The
prominent role of D-amino acids (D-AA) as comporsent the peptidoglycan cell wall of
bacteria is well investigated [25]. The presenc®AD in yeasts is related to their ability to
use D-AA for growth [26]. In animals high levels expression of peroxisomal DAO were
found in certain tissues (kidney and liver) [27}aBhino acids are oxidised in vivo in animals
and humans in various tissues, particularly kidaed liver, resulting in the same compounds
as in vitro ¢--keto acid, ammonia and hydrogen peroxide) [28jtHarmore there is evidence,
that D-amino acid oxidase plays a regulatory roletie human brain. It is involved in

controlling the levels of the neuromodulator D-serj29].

Diploma thesis 7 Gabriele Bergler



Introduction

1.2.1.2Properties

All DAOs contain a non covalently bound FAD subung prosthetic group. As FAD-

dependant flavooxidase, DAO belongs to the subgmiuthe dehydrogenase and oxidase
class of flavoproteins which share some interediagures: All members of this family react
rapidly with molecular oxygen in the reduced fornd atabilize the red anionic flavin radical

via one-electron reduction.

D-amino acid oxidases from microorganisms show @rigs that make them suitable for
many biotechnological applications [30]. Such chaastics include high level of protein
expression (native and recombinant), high activitgh turnover number, tight binding of the

non-covalent FAD cofactor, broad substrate spetyfand a strict stereoselectivity.

DAO activity has been mostly reported in tissuemxammals and eukaryotes. The DAO from
pig kidney (pkDAO) was the first to be isolated1ii73 [31]. More than a decade later the
DAOs from the yeastsIrigonopsis variabilis (TVDAO) [32] and Rhodotorula gracilis
(RDAO) [33] became available. Nowadays DAO activigshbeen found in a number of
eukaryotic microorganisms suchAspergillus nigerCandida utilis Hansenula polymorpha
Fusarium solani Surprisingly only one DAO of bacterial origin heeen characterized till

now: Actinobacteria protophormia@ApDAO) [34].

Known DAOs share high primary sequence similard@gnsequently six highly conserved
regions were identified (see Figure 3) [35]. Regidnand IIl are involved in coenzyme
binding, whereas the regions Il, IV and V contaighly conserved residues of the active site.
As peroxisomal enzymes most DAOs share a conservtedminal sequence motif (Ser-
Lys/His-Leu or a similar sequence), representimgtyipe 1 peroxisomal targeting signal [36].
Mammalian DAOs (human, pig, mouse) show 63% sequdhentity, in contrast to DAOs
from microorganismsT(. variabilis R. gracilis F. solan), which share a much lower degree
of identity (18%).
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Figure 3: Comparison of the primary structure of DAOs from significative sources [23]

Red: identity, blue: high similarity, green: lownslarity, black: differnence. Total alignment lehg#29 amino
acids (accession numbers: Human P14920, Pig POOfidLse P18894 Streptomyces coelicol 35265,
Rhodotorula gracilisP80324,Schizosaccharomyes pomBd0989, Fusarium solaniP24552, Trigonopsis
variabilis Q99042). Region | and Ill: coenzyme binding sifesgion Il, IV and V: acitive site

1.2.1.30xidation of D-amino acids

As mentioned before DAO catalyzes the oxidativemdaation of D-AA to givea-keto acids
and ammonia. The reaction scheme can be seenureFMg
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Figure 4: Catalytic reaction of D-amino acid oxidas [37].The redox state of the FAD cofactor is reported as
subscript: ox oxidized; red reduced. E-FAPIA is the non-covalent complex between the redweyme
form and the imino acid product. IA Imino acidKA a-keto acid.

The enzymatic step, the reductive half-reactiohydeogenates the amino acid to the
corresponding iminoacid. This step is coupled i reduction of FAD. FADKreoxidizes
spontaneously in the presence of molecular oxygergducing hydrogen peroxide. The imino

acid hydrolyzes to the-keto acid and ammonia non-enzymatically.

The redox reaction, catalyzed by DAO, can be engmloy a variety of biotechnological
processes due to its absolute stereoselectivitytetroad substrate specificity.

The reaction is restricted to D-isomers when bothaBd L-amino acids are supplied as
substrate. L-amino acids are neither substratesnhdsitors. DAO in vitro displays a broad
substrate specificity even though amino acids wigdrophobic side chains tend to be the
most efficient substrates.

1.2.1.4Applications / DAO in biotechnological processes

DAOs from microorganisms show characteristics whieltilitate their application in
biotechnological processes. As mentioned aboved) hegel of expression, high turnover
number, tight coenzyme binding as well as strigresiselectivity and broad substrate
specificity are essential for successful employnasnbiocatalyst in industrial applications.
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1.2.1.4.1 7-ACA production

The most important biotechnological application@AO is the first step of the chemo-

enzymatic conversion of cephalosporin C (ceph G)-&minocephalosporanic acid (7-ACA).

This large scale (> 1000 tons/year) process is@htgnterest to antibiotic manufacturers as
7-ACA is necessary for the production of semi-sgtithcephalosporins (world market ~200
million US dollars/year).

The traditional method to generate 7-ACA involvegmical deacylation in organic solvents
and usage of toxic chemicals which can be replégea two-step enzymatic transformation.
First oxidative deamination of ceph C to 7-(5-oxadimido) cephalosporanic acid is

catalyzed by DAO. In presence 0f® spontanous decarboxylation occurs to yield glitary
7-ACA, which is hydrolyzed in a second enzymatepsby glutaryl amidase to produce 7-
ACA (see Figure 6).
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Figure 5: Conversion of cephalosporin C into 7-amiacephalosporanic acid (7-ACA) [30]
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1.2.1.4.2 Production of pure L-amino acids and a-keto acids

The importance to produce pure L-amino acids fagesas feed additives, components of
infusion solutions and starting materials for phaceuticals is undoubted. Optimization of L-
amino acid production has been achieved by appitatf a deracemization strategy by
Beard and Turner in 2002 and this process hasdgiie@een scaled up for industrial purposes.
Deracemization has been accomplished by conveafiamacemic mixture into pure L-amino
acids by combination of an enantioselective enzgatalysed oxidation reaction (catalysed
by DAO) with a non enzymatic reduction reactiore(ségure 6) [38].

NH.
oxidation
e D-aming acid
R™ "COAH  oxidase (DAAQ)
TN
01 sy
w%
NH + H;0 0
reduction Jl ”\
M R” ScoH ———— R co
) R CO.H “Hy0 R CO:H
NH -~ 2
= 2 F_.ﬂ""’
o ia R = CH3
R COzH 1b: R = (CH4)2CHCH,
L1

Figure 6: Stereoinversion of D- to L-amino acids [8]

Another interesting industrial application of DA@Gsthe conversion of D-amino acids into

their corresponding-keto acids which are valuable and useful compda0dls

1.2.1.4.3 Analytical determination of D-AA

The traditional D-amino acid determination by gasomatography or reversed-phase liquid
chromatography is reliable and very sensitive, h@rvethese methods have a serious
drawback: they are too slow for the food industifherefore the development of fast
biosensors, which are able to detect D-AAs in smfuis a main advantage for industrial

purposes.

The absolute stereoselectivity of the DAO reaciaplains the usage as biosensor for the

detection and quantification of D-AA in biologicsdmples.
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These biosensor are relevant to indicate the pcesehbacterial contamination in milk [24],
which is possible due to the bacterial peptidoghycell walls which consist of D-amino acid
components. Furthermore D-amino acids or racenoizat food products can decrease the
nutritional value of food products and raise conseabout safety because of the possible
toxicity of D-AA.

Another important application is the clinical debémation of L- and D-amino acids in
biological samples. For example the content of Dranacids in white and grey matter in the
brains of Alzheimer patients is 1-4 times highartliin normal patient brain [39].

Another example is the control of D-Serine andmetabolism. It is relevant for NMDA (N-
methyl-D-aspartate) receptors whose altered funci® associated with schizophrenia,

epilepsy and neurogegenerative disorders [40, 41].
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1.2.1.5D-Amino acid oxidase froririgonopsis variabilig TVDAQO)

1.2.1.5.1 General properties

Due to the relevance aivDAO in industrial processes its pH and temperatiability has
been extensively studie@vDAO is stable from pH 6.0 to 8.2, above this pahght but
continuous decrease in protein stability has bdeemwed [42]. Of all DAOJVWDAO is the
thermally most stable enzyme. It is fully stabletop45°C, which means that after 30 min
incubation 100% of residual activity can be detewdi [42]. Similar to other DAOs from
yeast,TVDAO can be inactivated by, which is a product of the reaction catalysed gy th
enzyme [42]. In general it can be said that thepegtein of TVDAO is far less stable than the

corresponding holoenzyme [43].

In addition the broad substrate specificity DIDAO is important for its application in
biotechnological processes. DAOs are able to oxidismino acids with side chains of
different size and polarity. Neverthele$sDAO shows highest activity on D-AAs possessing
large hydrophobic side chains (D-Trp, D-Met, D-VBLPhe) [44] and shows high specific
activity (higher thanRgDAO [42]) towards modified D-AAs like ceph C, whidh highly
relevant for industrial purposes. Furthermore thietsstereoselectivity of VDAO which only
uses D-amino acids as substrates and does naahteith the corresponding L-amino acid is

essential.

Also kinetic parameters like the turnover numberenaeen determined. The turnover number
of TVDAO is very high (52.5'8) [45] compared to the turnover number (12 Y af pig DAO
[46]. This leads to the conclusion that yeast DAlke TVDAO more suitable for

biotechnological applications than mammalian DAOSs.

GenerallyTVDAO combines a series of features which are importar biotechnological
processes. As a resulDAO has a long history in the production of 7-ACforh the

conversion of ceph C [47].
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1.2.1.5.2 Expression of TVDAO in the native host Trigonopsis variabilis

The native host, the yeabt variabilisis a good DAO producer. It shows higher produttivi
than other natural DAO producers [48]. Another hiéme the possibility of high cell density
fermentation where high volumetric DAO yields canrbached.

DAO activity of up to 225U/g cell has been achiewéth theT. variabilis strains CBS 4095
and NRRL Y7776 using D-Ala as inducer [32, 49] Various D,L-amiacids with nonpolar
or polar side chains, as well as with negativelyaostitively charged side groups have been
tested for induction ofVDAO. All tested D,L-amino acids inducev\DAO, however D,L-
Met, D,L-Ala, D,L-Leu and D,L-Val gave the highesizyme production. Even D-amino acid
analogues that cannot be metabolised indiMd2AO expression. The best results gave N-
carbamoyl-D,L-alanine as sole carbon source yigl@50 U/g cell [48].

Furthermore high level of biomass can be producéd W. variabilis cells. For example
fermentation of th@. variabilisCBS 4095 strain using a fed-batch fermentor gavg é&ll/L
fermentation broth and reached a value of DAO pectda of ~ 35 U/g cell [50].

An other example gave a twofold lower yield of basa with the mutank. variabilis strain
ATCC 2093%, but in this case DAO production was increase856 U/g cell) [51].

A summary ofTVDAO production in the native ho3trigonopsis variabiliscan be found in
Table 3.

1.2.1.5.3 Heterologous expression of TvDAO

TVWDAO was expressed in a mutant of Trégonopsis variabilisstrain ATCC 10679 and gave
175 U/g cell [52].

Heterologous expression i coliis well studied [53, 54] and results in enzymepprations
with better stability [55, 56], higher activity 75 58] and better solubility [59]. Additionally
TWAO has been expressed in various yeasts includfthgveromyces lactis[60],
Saccharomyces cerevisif@0], a catalase deficiel8chizosaccharamyces ponmdteain [61]
andPichia pastorig62].

! CBS: Centraalbureau voor Schimmelcultures, Utredbtherlands
2 NRRL: Northern Regional Research Laboratoriesfiiet, USA
¥ ATCC: American Type Culture Collection, Manas3a8, USA
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TWDAO was also expressed as engineered recombinatdimpras His-taggedvDAO in E.
coli [54, 63]. Additionally His-tagged protein has beetpressed iichia pastoris[64], but
the enzyme expression was threefold lower thaherabsence of the tag [62].

A summary of the results of previous studies oef@bgousTvDAO expression is shown in
Table 3.

Table 3: Level of production of native and recombiant TvDAO [37]

Fermenation
DAO source Host Inducer yield Reference
(U/g cell)
T. variabilisCBS 4095 native D-alanine 175 [32]
NRRL Y7770 native D,L-alanine ~225 [49]
DSM 70714 native N-carbamoyl- 650 [48]
D-alanine
ATCC20931 native D,L-methioning 440 [51]
T. variabilisATCC 20931| T. variabilis D,L-methionine 175 [52]
T. variabilisCBS 4095 Kluyveromyes lactis| Galactose ~40 [60]
T. variabilisCBS 4095 Pichia pastoris Methanol ~240 [62]
T. variabilisCBS 4095 E. coli IPTG n.d. [59]
(~9,700 U/L)
T. variabilisCBS 4095 E. coli Lactose n.d. [54]
(11,700 U/L)

1.2.1.5.4 TvDAO in biotechnological processes

As already mentionedVDAO is an important biocatalyst for industrial pesses. Even
though it has some striking features for biotechgmal applications, stability and
stabilization of the enzyme is still a major resbaiopic [65]. Some strategies to improve the
stability of TVDAO include enzyme immobilization [66], fusion tgpall-down domain [56],

entrapment of the enzyme [55], binding of the engyma carrier [67].

However it has to be said that the specificatioas TVDAO depend on the field of
application, the process which uses the enzymeoaathlyst. For example the conversion of
ceph C relies on hydrogen peroxide, which is gaadras a byproduct of the reaction with
molecular oxygen, even thoughDAO is inactivated by bD,. This is possible because
hydrogen peroxide is necessary for the oxidativead®xilation to produce the valuable
product 7-ACA [66]. In contrast the production dfiral amino acids requires low levels of
H,0, by-product [68].
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1.2.2 L-Amino Acid Oxidases

1.2.2.1General information
L-Amino acid oxidases (LAO) are FAD dependent enggiwhich catalyse the reaction of L-

amino acids with water and oxygen to the correspmna-keto acid, ammonia and hydrogen
peroxide. They are found in many different orgarsdike bacteria Corynebacteriuni69],
Proteus[70]), cyanobacteriaSynechococcuf/1]), fungi (Neurospora crass@r2]), green
algae Chlamydomonas rheinhardfir3]) and most prominently in venomous snakes (fch
crotalids, elapids and viperids) [74].

LAO found in snake venom is considered to contelotits toxicity [75] through generation
of hydrogen peroxide formed as a result of reoxitiaf the transiently reduced flavin
cofactor by molecular oxygen (see Figure 7). Howelve exact role of LAO in snake venom

is not yet fully understood [74].
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Figure 7: Sterospecific oxidative deamination of al-amino acid substrate to an alpha-keto acid along
with the production of ammonia and hydrogen peroxie via an imino acid intermediate [76]

CrLAO, LAO from Calloselasma rhodostoméMalayan pit viper), has been extensively
studied. It was purified from snake venom and itet €rystal structure of a LAO [77] was
solved in the year 2000. Biochemical studies shoamdnteresting feature &€rLAO and

other ophidian LAOs: freeze and pH-induced reveribhctivation process [76].
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Two glycosylation sites (Asn172 and Asn361) havenbiund inCrLAO [78]. It is thought

that glycosylation is essential for the active eneysecretion and induction of apoptosis [79].

1.2.2.2Heterologous expression

Reports of ophidian LAO expression are rare bechéges are predicted to be toxic to the
cell due to depletion of L-aminos acids and promucibf hydrogen peroxide. However a
common observation is that the levels of expressi@generally very low. Expression of
LAOs in the absence of secondary modifications ¢dehd to insoluble protein (native
ophidianCrLAO carries two glycans that are assumed to plagle in solubility) [78]. In
addition, LAOs exists in two forms, an active and inactive one. The interconversion is
dependent on pH, temperature and the presence eaifispions [80]. All these factors

contribute to a very difficult heterologous expreasof LAO.

Expression ofCrLAO in Pichia pastorig[81], using the alpha-mating factor-signal seqeenc
in an expression vector to secrete the protein ih® culture, yielded in a protein
concentration of 0.4 mg/L culture supernatant. Aiddally, attempts were made to express
CrLAO in E. coli, mammalian cell lines or the baculovirus systent twe recombinant

protein was either found in insoluble fractionshad no activity.

1.2.2.3Applications

Ophidian LAOs are used to induce apoptosis [82]binchemical experiments, have

antimicrobial activity [83] and anti-HIV activitys{].
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1.2.3 Monoamine Oxidases

1.2.3.1General information
Monoamine oxidases (MAQ) catalyze oxidative deammmaof monoamines and belong to

the protein family of flavin-containing amine oxmaluctases. In mammals they are found

bound to the outer membrane of mitochondria in meBttypes in the body.

Monoamine oxidases catalyze the deamination of momues therefore oxygen is used to

remove an amine group from a molecule, resultingthi@ corresponding aldehyde and

ammonia.
H O
o L
n~‘7|«m2 +hwo + 0 — R H + nn, + HO,
H

In humans two forms of MAO are known. MAO-A and MA®are particularly important in
the catabolism of monoamines ingested in food. MADs also vital to the inactivation of
monoaminergic neurotransmitters, for which theyldig different specificities.

In lower eukaryotes and bacteria the main bioldgioke of amine oxidases is to provide the
organisms with ammonium. Monoamine oxidasésgpergillus nigefANMAO-N) is formed
when the fungus is cultured in the presence of raomnies as sole nitrogen source [85].

In this study variant of MAO-N with 5 mutations @M, N336S, M348K, T384N, D385S),
AnNMAO 5M, was used. It is a variant mutated for sfieity towards a-methylbenzylamine

[86], provided by Ingenza.

1.2.3.2Heterologous expression
AnNMAO has been expressed i coli [87]. The activity was determined with or without

IPTG induction. The results show, that the additainthe inducer leads to a soluble but
inactive protein. It was discussed, that it isIjkinat the recombinant protein is not correctly
folded.
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2 Aims, Objectives and Experimental Strategy

During this thesis new expression strategies weveldped on the basis of the model enzyme
D-amino acid oxidase fromrigonopsis variabligTVDAO). Therefore a multi-level approach
was considered. Codon-optimization of tMeDAO gene according to a speciBichia
pastoris high level expression codon usage served as basixpression optimization. In
addition specific targeting to the peroxisome bwges of the well recognized peroxisomal
targeting sequence (PTS1) —SKL gave further impr@rds. This is especially benefical as
expression under the control of thAkeohol oxidase Jromoter AOXJ) in the host organism
P. pastorisleads to proliferation of peroxisomes which catetaver 80% of the cytoplasmic
space [10]. Furthermore peroxisomes also harbotalase, an enzyme which catalyzes is
able to neutralize the cell toxic reaction bypradugdrogen peroxide. Moreover, the fusion
of TWDAO to the fluorescence protein citrine was usedafirm the correct cellular location
of the target.

Linear expression cassettes were assembled usiogdifferent strategies based on two
different plasmids pPp-B1 and pPp-T2, which diffethe expression cassette of the Zeocin
resistance marker. Th®. pastoris strain Muf7 was transformed with the assembled
expression cassettes to generate multi copy primustrains and single copy strains for
evaluation of the expression strategies. GenerBtegdastorisstrains, harbouring vDAO
were screened for oxidase activity with a high tigtgout enzyme-coupled colorimetric assay.
Several transformants, representing the activindsaape, were chosen for an additional
rescreening to confirm initial activity measurengentCopy numbers of interesting
transformants were determined using RT-PCR. Fintily best strains were selected for large

scale cultivation in 1.5 L bioreactors and analyrechore detail.
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3 Materials and Methods

3.1 Instruments and devices

3.1.1 Centrifuges

Centrifuge 5810 R:Eppendorf AG, Hamburg, DE
Centrifuge 5415 R:Eppendorf AG, Hamburg, DE
Avanti J-20 XP: Beckman Coulter Inc, Fullerton, CA, USA

3.1.2 Shaker

Thermomixer comfort: Eppendorf AG, Hamburg, DE (3mm)
Titramax 1000: Heidolph Instruments, Schwabisch, DE (1,5mm)
Multitron II:  Infors AG, Bottmingen-Basel, CH (25mm)

RS 306:Infors AG, Bottmingen-Basel, CH (50mm)

Certomat® BS1: Sartorius AG, Gottingen, DE (25 mm)

3.1.3 Thermocycler

GeneAmp® PCR System 2700Applied Biosystems, Foster City, CA, USA
GeneAmp® PCR System 2400Perkin Elmer Inc, Wellesly, USA

3.1.4 Platereader and photometer

Spectramax Plus 384Molecular Devices, Ismaning/Minchen, DE

DU 800 SpectrophotometerBeckman Coulter Inc, Fullerton, CA, USA
Specord 205 Double Beam Spectrophotometefnalytik Jena AG, Jena, DE
BioPhotometer: Eppendorf AG, Hamburg, DE

3.1.5 Microtiter and deep well plates

PS-Microplate 96-well, flat bottom: Greiner Bio.One GmbH, Frickenhausen, DE
PS-Microplate 384 well, flat bottom:Greiner Bio.One GmbH, Frickenhausen, DE
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UV-Star, Plate 96-well, flat bottom: Greiner Bio.One GmbH, Frickenhausen, DE
PS-Microplate 96-well, V-shape: Greiner Bio.One GmHl, Frickenhausen, DE
96-well footprint deep well plate:Bel-Art Products, Pequannock, NJ, USA

3.1.6 Pipettes and devices

Denville XL 3000i (XL2, XL20, XL200, XL1000): Denville Scientific Inc, Westbourne, UK
Biohit Proline® single-channel electronic pipettor0.2-10ul: Biohit Plc., Helsinki, FI
Biohit Proline® multichannel electronic pipettor, 8 ch 5-100ul, 8 ch 50-1200ul, 12 ch
50-1200ul: Biohit Plc., Helsinki, FI

Matrix Multichannel Electronic Pipette 15-1250ul: Thermo Scientifc Inc, Waltham, USA
Easypet Pipetting Aid: Eppendorf AG, Hamburg, DE

Pipette tips 200:Greiner Bio-One GmbH, Frickenhausen, DE

Pipette tips 1000:Greiner Bio-One GmbH, Frickenhausen, DE

Pipette tips, micro P10:Greiner Bio-One GmbH, Frickenhausen, DE,

Biohit®Tips 300 pl: Biohit Plc., Helsinki, FI

Biohit®Tips 1200 ul: Biohit Plc., Helsinki, Fl

3.1.7 Electrophoresis

PowerPacTM Basic power supplyBio-Rad Laboratories, Vienna, AT

Sub-cell GT: Bio-Rad Laboratories, Vienna, AT

PowerEase 500 power supplyinvitrogen Corporation, Carlsbad, CA, USA

XCell SureLock Mini-Cell: Invitrogen Corporation, Carlsbad, CA, USA

NuPAGE® Novex 4-12 % BisTris Gel 1.0 mm, 15 welltnvitrogen Corporation, Carlsbad,
CA, USA

3.1.8 Fermentation

FermProbe® pH Electrode: Broadley James Corporation, Irvine, CA, USA
OxyProbe® D100 Series Oxygen SensdBroadley James Corporation, Irvine, CA, USA
1.5-L febatch-pro® bioreactor system:DASGIP AG, Juelich, DE
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3.1.9 Additional Instruments and devises

MicroPulser™: Bio-Rad Laboratories, Vienna, AT

Vortex-Genie 2: Scientific Industries Inc, Bohemia, NY, USA
InoLab® pH720 pH-meter: WTW, Weilheim, DE

Half-micro cuvettes: Greiner Bio-One GmbH, Frickenhausen, DE
Electroporation cuvettes 2mm, blue capCell Projects, Kent, UK
GP3202 Precision BalanceSartorius AG, Gottingen, DE

ABS 220-4 analytical balanceKern & Sohn GmbH, Balingen, DE

3.2 Strains, plasmids and primers

3.2.1 Escherichia coli strains

DH5a-T1%: F- ¢80lacZDM15, A(lacZ|YA-argF)U169recAl endAl hsdR17(rk, mk") phoA
suE44thi-1 gyrA96 relAl tonA
Invitrogen Corporation, Carlsbad, CA, US: BT4689

ToplOF: F'(lacl®, Tn10(Te®)) mcrA A (mrr-hscRMS-mcBC) {80 lacZAM15 AlacX74
dedR recAl araD139A (ara-lel)7679galU galK rpsL(Str) endAl nupG
Invitrogen Corporation, Carlsbad, CA, US : BT1482

3.2.2 Pichia pastoris strains

Mut 57: Mut® strain derived fronfPichia pastorisCBS 7435 (BT3132)

CBS 7435:Wildtype Muf’, BT3132

WT1: Pichia pastorisstrain containing nativd VDAO, kindly provided by Ingenza Ltd.
(Roslin, UK)
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3.2.3 Plasmids
5'AOX Prom
puUC ORI Bgl11(134)
SO AOXSYN
Pst1(2976)
ADH-TT
pPP-B1
3688 bp
Avrll(2666) /7?
Eco RI(1071)
Zeozin Not1(1092)
Nco I(2289) AOXI1TT
EM72 Bam HI (1359)

Xba 1(2225)

pADH1 Sacch

Figure 8: B1 (pPpB1) -E. coli / P. pastoris shuttle vector kindly provided by Claudia Ruth (IMBT):
P_AOX1_Syn_dBamHI: 5-extension of the standafX1promoter, P_AOX1_Syn: synthe#OX1promoter,
AOXI1TT_Syn: synthetiAOX1transcription termination sequence, P_ADH1 Sa&atcharomyces. cerevisiae
ADH1 (alcohol dehydrogenase) promoter, P_EM72_Syn: s¥icttbacterial promoter EM72, Zeocin_Syn:
synthetic ZeocinTM resistance gene, ADHT$accharomyces. cerevisiae ADHalcohol dehydrogenase)
transcription termination sequence, pUC ORI: origfimeplication fork. coli

P AQX1 Syn dBarmH

PUC ORI L
P AOX1 Syn

pPOT2 (T2)
o |"1:

Am]T L L ]

.“ﬁ" Sy | 10
/ Mk 1 (e
: AOXATT Syn
Zocinsm -
PEMP2Sy -
PILVS

Figure 9: T2 (pPpT2, BT 5709) -E. coli / P. pastoris shuttle vector kindly provided by Claudia Ruth
(IMBT): P_AOX1_Syn_dBamHI: 5’-extension of the standafX1promoter, P_AOX1_Syn: synthe#htOX1
promoter, AOX1TT_Syn: synthetidOX1 transcription termination sequence, P_ILVB: pastoris ILV5
(acetohydroxyacid reductoisomerase) promoter, P_EIByn: synthetic bacterial promoter EM72, Zeocim:Sy
synthetic Zeocif!" resistance gene, AODTP. pastoris AOD(alternative oxidase) transcription termination
sequence, pUC ORI: origin of replication ér coli
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T7 promoder
e Insa rtation site
4 MCS
NN _ ecod7IR

bla{ A

pJET1.2/blunt

207 by
: r Pllacvs)

rep (pME1)

Figure 10: pJET1.2/blunt cloning vector (Fermentasinc., Glen Burnie MA, USA): bla(Ar): B-lactamase
gene conferring Ampicillin resistance; rep(pMB1lgplicon for plasmid replication ifE. coli P(lacUV5):

modified Lac promoter for IPTG independemtat7IR gene expressiorecat7IR: lethal gene for positive
selection of transformants bearing an insert; M@8ttiple cloning site containing different restrast sites; T7
promoter: T7 RNA polymerase promoter forvitro transcription of the cloned insert

pUC ori

CYC1TT
pPICZ Bd1-citrin-SKL

3963 bp

T
citrin-SKL
HindIII (1506)

\Jﬁ,fﬁXhoI (1617)

Zeocin

PEMT)
=
P(TEF1) Not I (1629)
BamHI (2048) Xbal (1642)
M.Sall (1688)
AOX1 TT

3'end of mRNA

Figure 11 pPICZ-B-Al (BT5038), vector kindly provided by Andrea Mellizer: P(AOX1)d1: PAOX1)d1
promoter region (deleted basepairs: 166-231) neitriluorescence proteidOX1TT: transcription termination
region,S. cerevisiae TEF(transcription elongation factor 1) promoter, P(BMsynthetic prokaryotic promoter
region EM7, Zeocin resistancEYCLTT: transcription terminatiors. cerevisiaeColE1: replication origin for
E. coli
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3.2.4 Primers

Primers were purchased from Invitrogen Corporaf@arlsbad, CA, USA) or IDT Integrated

DNA Technologies BVBA (Leuven, Belgium).

Table 4: Primers used during this work

No. Name Sequence (5' --> 3')
P06-117 | P(AOX1)-F agatctaacatccaaagacgaaagg
P07-659 | P(AOX1)-Linker1-R cgtgaagtcctcgtttcgaagtacctag-ttagttgttttitgatcttctcaag
P07-667 | Linkerl-alpha-F ctaggtacttcgaaacgaggacttcacg-atgagattcccatctattttcaccg
P08-295 | Linker2-AOX1TT-F gtcagatagcgaggtcactcagtctcaagaggatgtcagaatgcc
P08-296 | ADHTT-R ctgcagttgtcctctgaggacataaaatac
P08-297 | TEV-Cit-F gaaaatttatattttcaaggtcaatttatggctagcaaaggagaagaac
P08-298 | Cit-Linker2-R gactgagtgacctcgctatctgacttacagcttggacttgtacaattc
P08-299 | Linkerl-Cit-F ctaggtacttcgaaacgaggacttcacgatggctagcaaaggagaagaac
P08-300 | Cit-TEV-R aaattgaccttgaaaatataaattttccttgtacaattcatccatgccatg
P08-301 | Linkerl-synTvDAO-F ctaggtacttcgaaacgaggacttcacgatggctaagattgtcgttatc
P08-302 | synTvDAOper-Linker2-R | gactgagtgacctcgctatctgacttacagcttggatctggtcaaag
P08-303 | Linkerl-natTvDAO-F ctaggtacttcgaaacgaggacttcacgatggctaaaatcgttgttattg
P08-304 | natTvDAOper-Linker2-R gactgagtgacctcgctatctgacctacagctiggaacgagtaagag
P08-305 |synTvDAO-TEV-R aaattgaccttgaaaatataaattttccaagtttggtctggtcaaagc
P08-306 | TEV-synTvDAO-F gaaaatttatattttcaaggtcaatttgctaagattgtcgttatcggtg
P08-307 | alpha-synTvDAO-F gagaagagagaggccgaagctgctaagattgtcgttatcg
P08-308 | alpha-synTvDAO-R ccgataacgacaatcttagcagcttcggcectctctcttct
P08-309 |synTvDAOsec-Linker2-R | gactgagtgacctcgctatctgacttatctggtcaaagctctctc
P08-310 | alpha-natTvDAO-F gagaagagagaggccgaagctgctaaaatcgttgttattg
P08-311 | alpha-natTvDAO-R ccaataacaacgattttagcagcttcggcctctctcttc
P08-312 | natTvDAOsec-Linker2-R gactgagtgacctcgctatctgacctaacgagtaagagctctttc
P08-313 | Linkerl-synRgDAO-F ctaggtacttcgaaacgaggacttcacgatgcactctcagaaacgtgtc
P08-314 | synRgDAO-Linker2-R gactgagtgacctcgctatctgacttacagcttggactctctagceg
P08-315 | alpha-synCrLAO-F gagaagagagaggccgaagctgctgacgatagaaaccctc
P08-316 | alpha-synCrLAO-R agagggtttctatcgtcagcagcttcggcctctctcttc
P08-317 | synCrLAO-Linker2-R gactgagtgacctcgctatctgacttaaagttcgttgtcgttag
P08-318 | Linkerl-synCrLAO-F ctaggtacttcgaaacgaggacttcacgatgaatgttttctttatgttc
P08-319 | Linkerl-natAnMAO-F ctaggtacttcgaaacgaggacttcacgatgacctcccgtgacggttac
P08-320 | natAnMAOper-Linker2-R | gactgagtgacctcgctatctgactcacagcttggacttcacctce
P08-321 | Linkerl-synAnMAO-F ctaggtacttcgaaacgaggacttcacgatgacttctagagatggttatc
P08-322 | synAnMAO-TEV-R aaattgaccttgaaaatataaattttccaatcttgctttaacttctctc
P08-323 | TEV-synAnMAO-F gaaaatttatattttcaaggtcaatticttctagagatggttatcaatg
P08-324 | synAnMAOper-Linker2-R | gactgagtgacctcgctatctgacttacagcttggatttaacttctc
P08-325 | alpha-synAnMAO-F gagaagagagaggccgaagctacttctagagatggttatc
P08-326 | alpha-synAnMAO-R tgataaccatctctagaagtagcttcggcctctctcttctc
P08-327 | synAnMAOsec-Linker2-R | gactgagtgacctcgctatctgacttatttaacttctctcttggtac
P08-328 | alpha-natAnMAO-F gaagagagaggccgaagctatgacctcccgtgacggttac
P08-329 | alpha-natAnMAO-R gtaaccgtcacgggaggtcatagcttcggcctctctcttc
P08-330 | natAnMAOsec-Linker2-R | gactgagtgacctcgctatctgactcacttcacctccctcttcgttcce
P08-360 | Strep-synTvDAO-F atgtggagccacccgcagttcgaaaaaatcgaagggcgcgctaagattgtcgttatc
P08-361 | Linkerl-Strep-R gcgcccttcgattttttcgaactgcgggtggctccacatcgtgaagtcctegtttcgaag
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P08-362
P08-363
P08-364
P08-365
P08-366
P08-367
P08-368
P08-369
P08-370
P08-371
P08-441
P08-442
P08-503
P08-504
P08-507
P08-508
P08-509
P08-510
P08-511
P08-512
P08-513
P08-514
P08-515
P08-516
P08-551
P08-552

Strep-natTvDAO-F
Ndel-Strep-F
synTvDAO-BamHI-R
natTvDAO-BamHI-R
Strep-synRgDAO-F
synRgDAO-BamHI-R
Strep-Linker2-F
synRgDAO-Strep-R
Ndel-synRgDAO-F
Strep-BamHI-R
Seg-Lcit-rv
Seq-CitL-fw
Alpha-natTvDAO-Xhol-F
Alpha-natTvDAO-Spel-R
Spel-natTvDAO-F
natTvDAOper-Ascl-R
EcoRI-synTvDAO-F
Cit-Notl-R

EcoRI-Cit-F
synTvDAOper-Notl-R
EcoRl-alpha-F
synTvDAOsec-Notl-R
EcoRI-synRgDAO-F
synRgDAO-Notl-R
natTvDAO PNL-Ascl-R
synTvDAO PNL-Notl-R

atgtggagccacccgeagticgaaaaaatcgaagggcgcegctaaaatcgttgttattg

gatgtgcatatgtggagccacccgcagttc
ttggatcccagcttggatctggtcaaage
ttggatccacgagtaagagctctttcgac

atgtggagccacccgcagticgaaaaaatcgaagggcgccactctcagaaacgtgte

ttggatcccagcttggactctctagegge

tggagccacccgcagttcgaaaaaatcgaagggcgctaagtcagatagcgaggtcactc
gcgceccttegattttitcgaactgcgggtggctccacagcttggactctctageggeac

gatgtgcatatgatgcactctcagaaacg
ttggatccgcgceccttcgattttttcgaac
tccgtatgtagcatcaccttcaccetcte
gccctgtecttttaccagacaaccattac
aactcgagaagagagaggccgaagc
aaactagtctaacgagtaagagctctttc
actagtgaaacgatggctaaaatcgttg
ggcgcgecctacagettggaacgagtaag
gaattcgaaacgatggctaagattgtcg
gcggccgcttacagettggacttg
gaattcgaaacgatggctagcaaaggag
gcggccgcttacagettggatctgg
gaattcgaaacgatgagattcccatctattttc
gcggccgcttatctggtcaaagctctete
gaattcgaaacgatgcactctcagaaacg
gcggccgcttacagettggactctctage
ggcgcgecctaaaggtitggacgagtaag
gcggcecgcttaaaggtttggtctggte

3.3 Chemicals and media

Unless otherwise stated all media were autoclavet?a°C for 20 minutes. All antibiotic

stock solutions were filter sterilized.

3.3.1 E. coli media

LB (Low Salt Luria Bertani) Agar: 35 g/L LB-agar (Lennox) (Roth) were dissolved in

distilled H20 and autoclaved. If needed, antib®iiere added after autoclaving and cooling

down to~50°C to a final concentration of 1Q@/mL Ampicillin and 50ug/mL Zeocin™

respectively.
SOC: 20 g/L BactoTM Tryptone, 0.58 g/L NaCl, 5 g/L BatM Yeast Extract, 2 g/L,

MgCl,, 0.18 g/L KCI, 2.46 g/L MgS® 3.81 ¢/L a-D(+)-Glucose monohydrate were
dissolved in distilled KD and autoclaved.
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3.3.2 P. pastoris media

YPD: 10 g Bactd" Yeast Extract, 20 g Bactd Pepton, 900 mL dbD. After autoclaving
and cooling down to ~50°C 100 mL/L 10xD were addédeeded, antibiotic was added to
final concentrations of 100g/mL Zeocir™.

YPD Agar: YPD medium was prepared as described above buflLlBarto™ Agar was
added before autoclaving.

BMD1 (1 % D-Glucose): 200 mL 10xPPB, 100 mL 10xYNB, 50 mL 10xD, 2 mL 580x
650 mL dHO

BMM2 (1 % MeOH): 200 mL 10xPPB, 100 mL 10xYNB, 10 mL Methanol, 2 BQO0xB,
700 mL dHO

BMM10 (5 % MeOH): 200 mL 10xPPB, 100 mL 10xYNB, 50 mL Methanol, 2 ®Q0xB,
640 mL dHO

BMGY: 10 g/L yeast expract, 20 g/L peptone, 100 mM PRB§®), 13.4 g/L YNB, 10 g/L
glycerol

Modified basal salt medium:40 g/L glycerol, 0.17 g/L CaS02.32 g/L MgSQ@ 7H,0, 2.86
g/L K;SQy, 17 g/L 85 % HPQ, 2.56 g/L KOH, 0.22 g/L NaCl, 0.6 g/L EDTA. After
autoclaving and cooling down 0.8 mL/L antifoam a#h@®5 mL/L PTM1 trace element
solution were added filter sterilized.

PTM1: 0.2 g/L Biotin, 6 g/L CuS®5H,0, 93.33 mg/L Kl, 3.067 g/L MnS£H,0, 0.2 g/L
NaM00,-2H,0, 20 mg/L HBOs;, 0.916 g/L CoGl6H,0, 42.2 g/L ZnS@Q7H0, 65 g/L
FeSQ-7H,0, 3.75 mL/L HSO,

Antifoam: ACEPOL 83 E (Lubrizol GmbH, DE)

3.3.3 Buffers and solutions

Sterile water: purchased from Freseinus Kabi, Graz, Austria

1 M DTT: 1.54 g dithiothreitol/10 mL dH20O, filter sterilized

BEDS solution: 10 mM bicine-NaOH, pH 8.3, 3 % (v/v) ethylene glic®% (v/v) DMSO, 1
M sorbitol, filter sterilized

500xB:0.02 % (w/v) d-biotin, filter sterilized

10xD: 220 g/L a-D(+)-glucose monohydrate were dissolvedistilled HO and autoclaved.
10xG: 100 g/L glycerol were dissolved in distilledg® and autoclaved.

10xYNB: 134 g/L DifcoTM Yeast Nitrogen Base w/o Amino Acidgere dissolved in
distilled HO and autoclaved.
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10xS:200 g/L D-sorbitol were dissolved in distilleg®l and autoclaved.

10xPPB:1M K2HPO4 and 1 M KKHPO, were mixed to pH 6.0 and autoclaved.

Y-Per™: Yeast Protein Extraction Reagent # 78990, Pierce¢eBhnology Inc., Rockford,
IL, USA

YeastBuster: Protein Extraction Reagetit71186-3Novagen, Merck, Darmstadt, DE
dNTP mix: dATP, dTTP, dCTP, dGTP were mixed to a concentnatiol0 mM each.

3.4 Enzymes

3.4.1 Restriction enzymes

Restriction enzymes were purchased either as ctiomeh or FastDigest! enzymes from
MBI Fermentas. Digestion with conventional enzymess performed as recommended by
the producer using the unique five buffer systerthwblor coded tubes and digestion with
FastDigest” enzymes was performed in 1x FastDigédiuffer.

The concentration of the conventional enzymes vias)fil and those of the FastDig&%t
enzymes was 1 FDUWL. 1 unit (U) was defined as the amount of enzyswuired to digest 1
ng of A-DNA in 1 hour at 37°C in 5QL of recommended reaction buffer and 1 FastDidkst
Unit (FDU) was the amount of enzyme required tcedtglpg of A-DNA in 5 min at 37°C in
50 uL FastDigest” buffer. A list of the used restriction enzymes ahelir recognition sites

can be found in Table 5.

Table 5: Restriction enzymes and their recognitiorsite

Enzyme Recognition site
EcaRl 5-GMAATTC-3
Notl 5-GC"GGCCGC-3
Balll 5-ANGATCT-3’
Spé (Bcu) 5-A"CTAGT-3'
Asd (Sgd) 5'-GG"CGCGCC-3'
Xha 5-C"TCGAG-3'
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3.4.2 Polymerases

The following polymerases were used in PCR accgrthrthe supplied instructor manuals:

Phusion™ High-Fidelity DNA Polymerase, 2 Uil: Finnzymes Oy, Espoo, FlI
GoTaq” Polymerase, 5 U/uL:Promega Corporation, Madison, WI, USA
DreamTagq, 5 U/uL: Fermentas Inc., Glen Burnie, MA, USA

PfuUltra, 2.5 U/uL: Stratagene Corporation, La Jolla, CA, USA

3.4.3 Other enzymes

T4 DNA Ligase, 5 Ufl: Fermentas Inc, Glen Burnie, MA, USA

Calf Intestine Alkaline Phosphatase (CIAP), 1 UIL: Fermentas Inc, Glen Burnie, MA,
USA

Power SYBR'™ Greeen Master Mix, 2x: Applied Biosystems, Foster City, CA, USA

3.5 Software and webtools

3.5.1 Software

EditSeq 5.02:DNASTAR Inc., Madison, WI, USA

GeneDesigner 1.1.2DNA2.0, Menlo Park, CA, USA

Leto 1.0: Entelechon GmbH, Regensburg, DE

PyMOL ™: DelLano Scientific LLC, Palo Alto, CA, USA

SegMan 5.01:DNASTAR Inc., Madison, WI, USA

Simple Primer Tool V0.1: ©Gunther Gruber

SoftMax Pro 4.8: Molecular Devices, Ismaning/Minchen, DE

Vector NTI Advance 10.0:Invitrogen Corporation, Carlsbad, CA, USA
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3.5.2 Webtools

ClustalW - multiple sequence alignment: www.ebi.ac.uk/Tmdstalw2/index.html
Compute pl/Mw — Computation of theoretical pl/Mw: www.expasy togls/pi_tool.html
GeneBee Secondary RNA structure: www.genebee.msu.sutesivna2_reduced.html
MultAlin - multiple sequence alignment: prodes.toulousfiimultalin/multalin.html
NetNGlyc 1.0- Prediction of N-glycosylation sites: www.cbs.dtk/services/NetNGlyc/
NetOGlyc 3.1- Prediction of O-glycosylation sites: www.cbs.dk/services/NetOGlyc/
Phyre - Protein homology modeling: www.sbg.bio.ic.acyiiyre/

Prosite 20.33- Database of protein domains, families and fumai sites: expasy.ch/prosite/
PSIPRED 2.6 protein secondary structure prediction: bioinfickac.uk/psipred/
PSORTII - Prediction of protein subcellular localizatiomvw.psort.org/

PTS1- Prediction of peroxisomal targeting signal 1teamng proteins:
mendel.imp.ac.at/mendeljsp/sat/pts1/PTS1predisfor.j

SignalP 3.0-Signal peptide cleavage sites prediction: wwwadtiisdk/services/SignalP/
TargetP 1.1— Prediction of subcellular location: www.psorgbr
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3.6 Kits and protocols

3.6.1 PCR and overlap extension PCR

The components and the temperature program ohdata PCR can be found in Table 6 and
Table 7. The total volume of the PCR mixtures wagls

Table 6: Components of a standard PCR mixture

Component Volume [pL]
5x Phusion HF Buffer 10
dNTP (2 mM) 5
forward primer (5 pmojiL) 2
reverse primer (5 pmail) 2
template DNA (10-30 ng/uL) 1-3
Phusion™ Polymerase (2 ) 0.3
ddH,O add to 5QuL

Table 7: Standard PCR temperature program used dutig this work

Temperature [°C] Time
98 30s
98 10s
58 15s
35 cycles
<2 kb: 1 min30s
72
>2 kb: 30 s per kb
72 7min 00 s
4 Q0

The length of the overlapping regions of two fragitselinked in an 0ePCR was chosen to
match a melting temperature of 70°C which was dated by the Simple Primer Tool V0.1
but they were at least 20 bp long. In 0ePCRs, thgnients were employed in equimolar

amounts. 1-10 ng of the smallest fragment were ieghplFirst 15-20 PCR cycles were
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performed without primers and the described tentpergorogram. Then another 2Q of a
PCR mixture (Table 8) without template but withnpers were added. The temperature
program of the second step was the same as fdirshene but the number of cycles was

varied between 20 and 30 depending on the amoubiNéf needed.

Table 8: Mixture added for second step of 0ePCR

Component Volume [pL]
5x Phusion HF Buffer 4
dNTP (2 mM) 2
forward primer (5 pmolil)
reverse primer (5 pmail) 2
Phusion™ Polymerase (2 ) 0.3
ddH,O 10

3.6.2 Plasmid isolation and DNA purification

GeneJET™ Plasmid Miniprep Kit (Fermentas Inc, Glen Burnie, MA, USA)

An E. coli colony was streaked out evenly with a sterile tpimth on a selective media plate
which was incubated overnight at 37°C. Cell matdr@an a quarter to half of an agar-plate
was abraded with a sterile toothpick and resuspkndeesuspension buffer. The DNA was
eluted with 5QuL of distilled water.

QIAquick Gel extraction kit (Qiagen N.V., Venlo, NL)
The Spin Protocol was performed strictly as desctiim the manual. The amounts of distilled

water for elution were varied from 15 to @0 according to the desired end volume.

QIAquick PCR-purification kit (Qiagen N.V., Venlo, NL)
The Spin Protocol was performed strictly as desctiim the manual. The amounts of distilled

water for elution were varied between 15 andiB@ccording to the desired end volume.
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3.6.3 Molecular coloning

CloneJET™ PCR Cloning Kit (Fermentas Inc, Glen Burne, MA, USA)

The Blunt-End Cloning Protocol was performed acowdo the manual of the provider. The
amount of purified PCR product was varied from BtoL depending on concentration and
availability. The ligation mixture was incubated RT for 30 min and then all of it was

directly used foE. colitransformation.

Dephosphorylation

After linearization of vector DNA, restriction enmgs were inactivated by heating as
recommended by the distributor. Subsequent deplogiphion was done for 30 min at 37°C
by adding uL of CIAP. The CIAP was inactivated by heating tp tmixture to 85°C for 20
min. For ligations of inserts into a dephosphomldiavector, molar ratios from 1:1 to 3:1 of

insert to vector were used.

Standard Ligation

Ligation was done with iL T4 DNA ligase and luL 10x Ligation Buffer from MBI
Fermentas in a total volume of LQ either over night at 16°C or at RT for 2h. A motatio
vector/insert of 1:2 was used for rapid ligatioor(fRula 1).

Formula 1: Calculation of the amount of insert DNAnecessary for ligation into a certain vector

. kb size of inserb
ng of insert= - ng of vectc
kb size of vector

ng nano grams
kb kilo bases

3.6.4 E. coli transformation

Chemical competent cells

Transformation okE. coli by heat shock was done using chemical compéierbli DH5a-
T1R cells. Therefore, 8L competent cells were incubated with eitheqlQigation mixture
or 1uL plasmid for retransformations on ice for approately 30 min. Afterwards cells were
heat shocked for 40 sec at 42°C and regeneratg@linL. SOC medium at 37°C and 600 rpm
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for 60 min. They were plated on LB plates contagriime appropriate antibiotic and incubated
overnight at 37°C.

Electro competent cells

Transformation ofE. coli by electroporation was done using electro compekentoli
TOP10F cells. Therefore, 8 competent cells were gently mixed with 12 plasmid and
transferred into pre-cooled 0,2cm electroporatiovettes and 5 minutes incubated on ice.
Electroporation was carried out with 2.5kV (progrdae:2). 500 pL ice cold SOC medium
were added immediately as recovery medium and exggan was accomplished at 37°C and
600 rpm for 1 hour. They were plated on LB platestaining the appropriate antibiotic and
incubated overnight at 37°C.

3.6.5 P. pastoris transformation

Competent cell preparation and transformatio® opastoriswere prepared as described in
the condensed protocol [88]. A single colony wasculated in 50 mL YPD medium and
grown over night in a 300 mL baffled wide-mouthéakk at 30°C and 100 rpm (Certoffhat
BS1, Sartorius AG). Then a 50 mL YPD main cultuaswnoculated to an Qg of 0.25 with
the appropriate amount of preculture. Cells wemnedsied at an Ofgo between 0.9 and 1.3
and centrifuged for 5 min at 4000 rpm at room terapge. The pellet was resuspended in a
mixture of 9 mL BEDS and 1 mL 1 M DTT and incubafed 5 min at 30°C and 100 rpm.
Then the cells were centrifuged again at 4000 rpnbfmin and after resuspension in 1 mL
BEDS they were ready for transformation.

For each transformation, 8@ of competent cells were mixed with up to 1« of linearized
DNA and incubated on ice for at least 2 min. TheADded for transformation was either a
vector linearized wittBglll or Sad or a linear expression cassette created by oeBEfRre
transformation, DNA was either purified by gel ¢tephoresis or by the PCR-purification
kit. The total amount of DNA was varied between &8 5ug depending on the total amount
and concentration of DNA as well as on the aimitioee create mainly single or multi copy
strains. Electroporation was carried out with 2 @0 W and 25%.F. 500uL 10xS and 500
uL YPD were added immediately as recovery mediumragéneration was accomplished in
a 15 mL Greiner tube at 30°C and 100 rpm for 2 foifferent aliquots were plated on
YPD-agar plates containing an appropriate antibioBingle colonies could be seen after
about 2 days of incubation at 28°C.
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3.6.6 Microscale cultivation in deep well plates

Microscale cultivation and expression in 96-wekpeavell plates was done according to Weis
et al [89] with some modifications. Cells were growr2s0uL BMD1 at 28°C, 320 rpm and
80 % humidity (Multitron 1l, 25 mm, Infors, Bottmgern, Switzerland) for approximately 60
hours to reach the stationary growth phase andetieplof glucose. Then 250 BMM2
were added, resulting in a final concentration .6f% methanol. About 70 and 82 hours after
the start of the cultivation 5L BMM10 were added. The cultivation was stopped at
approximately 108 hours, resulting in an overaldluction period of ~48 hours. For harvesting
the deep well plates were centrifuged at 4000 rpoh4fC for 10 minutes. Cell lysis of the
cells of each well was done by usage of 200 pL ¥eeser™ the cell debris were removed
by centrifugation and the supernatant was assayeghzyme activity in microtiter plates (see
section 3.6.8). In order to store the clones, thexe either replicated from the deep well plate
on YPD-agar-plates containing the appropriate @oftd or glycerol stocks were made in

microtiter plates directly after the cultivation.

3.6.7 Shake flask cultivation

Precultures of cells were grown in 50 mL shakekBa3 herefore 5 mL BMD 1 medium was
inoculated with one colony and grown for 48 hour28&°C, 160 rpm and 80% humidity
(Multitron I, 25 mm, Infors, Bottmingern, Switzard) until stationary phase was reached.
50 mL BMD1 was inoculated with the preculture to@BDgsgo of 0.5. Cultures were grown in
250 mL baffled shake flasks at 28°C, 160 rpm arfb oimidity.

Methanol induction started by addition of 5 mL BMMlwhich gives a methanol
concentration of 1% to start expression. From gmatt on 500 pL methanol were fed after
10, 24 and 48 hours. Prior to the first methandlugtion and prior to the harvest of the cells,
aliquots of 1 mL were tahen to measuregg@alues. After a centrifugation step at 13,200
rpm for 5 min, cells were broken up with YeastBuSteand oxidase activity was measured

using the photometric assay described in secti®:B 3.
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3.6.8 Screening

An enzyme-coupled colorimetric assay was used terohéne the amino acid oxidase activity
[86]. The enzyme reacts with amine (amino acid)tie correspondingi-keto acid and
produces hydrogen peroxide as by product, whicleldgg a pink colour in presence of HRP
(horse radish peroxidase).

In the lab, 10 pL of appropriately diluted Yeast®uS' lysate were transferred into a
mircrotiter plate. 190 puL assay solution were adaled colour development was monitored at
510 nm for 5 minutes at room temperature. The caitipa of the assay solution was 100
mM potassium phosphate buffer (pH 7.8), 0.5 mM &tdbromo-3-hydroxybenzoic acid,
0.75 mM 4-aminoantipyrine, 10 mM D-methionine, &h@25 mg/mL horseradish peroxidase

(type Vla; Sigma-Aldrich catalogue number P6782).

NH, NH

)\ amine oxidase )]\
Rl R2 / \ Rr! R2

O, H,0,

horse radish peroxidase
substrate

Pink colour
(detected at 510 nm)

Figure 12: Oxidase activity assay

3.6.9 Protein Assay

Detergent Compatible Protein Assay (Bio-Rad, Hercals, CA, USA)

A special protein assay which is detergent comfatias applied to determine the total
protein concentration. The microplate procedure pasormed according to the manual of
the provider with the supplied BSA as standardL®f each sample or standard weneed
with 25 pL reagent A’ (20 pL reagent S / mL reagahtand 200 pL reagent B was added.
The solution was mixed thoroughly on a plate shd&erabout 1 min. Then the plate was
covered tightly with a plate sealer and incubated I5 minutes at room temperature.

Absorption was determined at 562 nm on a plateeread
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3.6.10 Fluorescence microscopy

Strains were cultivated as described in chapte634&fter 24 h of further methanol induction
50 uL samples were taken for fluorescence microscogyorEscence microscopy was
performed using an AXIOVERT 35 microscope (CarlsgeiOberkochen, Germany) with
filter sets no. 09 and 14 (Carl Zeiss). Hg lighddiiter set no. 09 was used for green
fluorescent protein variants and Xenon light wilkef set no. 14 for red fluorescent protein
detection. The fluorescent microscop was providgdFOWF (Fonds zur Forderung der
wissenschatftlichen Forschung) and pictures werentakith kind permission of Ao.Univ.-

Prof. Dr.phil. Hermetter A.

3.6.11 Quantitative real-time PCR for copy numberd  etermination

Quantitative real-time PCR (gRT-PCR, RT-PCR) wasduso determine the number of

integration of our target genes into tRe pastorisgenome. Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, A)Swas used as detection dye which
intercalates nonsequence specifically into dsDNA ganerates a bright fluorescence. The
ARG4gene was used as internal reference gene andranegestrain bearing a single copy of
the expression cassette of interest was used éocdhbration curve. The calibration curves
were set using DNA amounts between 33 and 0.04eacfion, calculation of the copy

guantity of interest (Qty) occurred by multiplicati with 94000, and the cycle threshold

values (Ct) are referring to [90].

ABI PRISM 7300 Real Time PCR System (Applied Bideyss) was used for all
experiments. The following oligonucleotide primevere applied in a concentration of 250
nM when using 2 ng genomic DNA dP. pastoris [91] as template: AOX1-fw-RT
(gaagctgccctgtcttaaacctt) / AOX1-rv-RT (caaaagcHagttggaacca) and ARG4-RT-fw
(tcctccggtggcagttctt) / ARG4-RT-rv (tccattgactcdttghg). The temperature conditions were:
10min at 95°C; 40 cycles for 15 s at 95°C and @@ 60°C followed by a dissociation step
(15 s at 95°C, 30 s at 60°C, 15 s at 95°C) at tickot the last cycle.
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Genomic DNA isolation for real time PCR

Isolation was performed according to the protoddHoffman et al [91] the gDNA isolation
was performed as follows. A single colony of theided strain was used to inoculate 50 mL
YPD media and grown over night at 30°C, 80 % reéahiumidity and 110 rpm. 10 mL of the
cell culture were harvested at an §&fbetween 8 and 15 by a centrifugation step at 1,600
rpm for 5 min. The cells were resuspended in 0.5dhEO and transferred to a microtube.
After centrifugation at maximum speed for a fewswts, cells were resuspended in 200
YEAST Lysis Buffer. Cell disruption occurred afteddition of 200uL phenol: chloroform:
isoamylalcohol (25: 24: 1) and 0.3 g glass beadsdrtexing for about 5 min. Extraction of
water soluble substances occurred by gDO'E Buffer pH 8. After centrifugation for 5 min
at maximum speed, aqueous phase was transfereed mew microtube and precipitation of
the DNA occurred with 1 mL ice cold 100 % EtOH amahtrifugation for 1 min at maximum
speed. The resulting pellet was air-dried and tlesaspended in 4Q0L TE Buffer. RNAse

A was added to a final concentration of 10 mg/mH digestion occurred at 37°C for 30-60
min. To get rid of the proteins, ammonium acetaés wdded to a final concentration of about
0.1 M. After two washing steps (first with 1 mL 190 EtOH and centrifugation at maximum
speed for 1 min, second with 1 mL 70 % EtOH andrdegation at maximum speed for 1

min), the pellet was air-dried and resuspendedipl5dH,0.

Estimation of gDNA concentration
gDNA samples for estimation were prepared withrttethod described above. To determine
the quality and the concentration of the DNA, apton at 230, 260, 280 and 320 nm was

measured in 96-well UV Star plates.
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4 Results and Discussion

4.1 Sequence analysis and gene design

4.1.1 Strategy

D-Amino acid oxidases catalyse the oxidative deation of D-amino acids forming
hydrogen peroxide as byproduct. Therefore, an ieffictargeting to the peroxisomes of
Pichia pastorisseems promising, because its peroxisomal catalas@eutralize toxic $D..
Nevertheless due to several high level expressxamples inP. pastorissecretion to the
media was set as an alternative. The inducible ptePAOX1was used to control expression.
In addition a fusion oTVDAO to citrine, a GFP variant, was generated tdioonthe correct
localization of the target protein.

Since Muf strains have shown to be more reliable in DWP biodeactor cultivation this
work focused on MGtstrains. Furthermore Mutstrains need less oxygen, which seemed
beneficial as the target enzym@DAO is not very stable in the presence of oxygarbbe
aeration).

Integration cassettes were generated for targetegyration into theAOXL locus, which
stability is widely known. Different copy numberkintegrated expression cassettes can have
a dramatic effect on protein expression. Zeocinveseras selection marker, where
manipulation of the number of integrated expressiassettes is easy to handle. An HTP-
Screening (High Throughput-Screening) was usedieatify high expressing transformants,
which were further characterized using RT-PCR (ritale-PCR) to determine the copy
number. APichia pastorisvariant calledTvDAO WT1 was kindly provided by Ingenza Ltd.
and served as benchmark strain. This strain prabdacprotein that has the same substrate
specificity but was more stable than the wild-typetein.

Although the main focus of this work was set ®vDAO, other amino acid and amine
oxidases were considered to be interesting targetsvell. Therefore this chapter, the
computational sequence analysis and design of slatlgenes, deals with a number of
different enzymes.

In addition to the D-amino acid oxidase framgonopsis variabilis(TVDAO) and another
yeast source namelyRhodotorula gracilis (RgDAO), a L-amino acid oxidase from
Calloselasma rhodostom& CrLAO) and a monoamine oxidase fromspergillus niger

(AnMAO) have been investigated (see Table 9) as well.
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4.1.2 Sequence analysis

The native sequence of each gene was used foetjueisce analysis. The accession number
for the PubMed database can be found in Table ®tddés used for the following sequence

analysis are listed in Table 10.

Table 9: Informations about investigated proteins

Protein | Accession # Organism Enzym PDB
TWDAO | AAR98816 | Trigonopsis variabilis D-Amino acid oxidase Karl Grubet
RJOAO | CAA96323 | Rhodotorula gracilis D-Amino acid oxidase 1cOi
CrLAO | CAB71136 | Calloselasma rhodostoma L-Amino acid oxidase 1f8r / 1f8s
AnMAO | AAA98490 | Aspergillus niger Monoamine oxidase N 2vvl / 2 vvm

* unpublished

Table 10: Webtools used for sequence analysis

Webtool Homepage
TargetP 1.1 http://www.cbs.dtu.dk/services/TargetP/
PTS1 predictor http://mendel.imp.ac.at/mendeljtfpssl/PTS1predictor.jsp
SignalP 3.0 http://www.cbs.dtu.dk/services/SignalP/
NetNGlyc 1.0 http://lwww.cbs.dtu.dk/services/NetNGly
Prosite (release 20.33) http://expasy.org/toolsisazsite/
PSORTII Prediction http://psort.ims.u-tokyo.ac gufh2.html

TvDAO

Although TWDAO is supposed to be localized in the peroxisothe,exact targeting is not

completely clear. The prediction with TargetP ai®DIRT Il suggest that it is secreted via the
ER (endoplasmic reticulum), which is sustainedhsy prediction with SignalP indicating that
the protein has a signal peptide (between 17 andTI&-LQ), but the cleavage site

probability is quite low. Furthermore 2 putative gNrcosylation sites (192 NCSG, 262

NWSS) were found, but with the uncertain targetigediction glycosylation remains

doubtful.

The PTS1 predictor calculated a low prediction sdor peroxisomal targeting when standard

parameters (e.g. metazoa) are chosen. Whereasarbespecific algorithm showed that the
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protein is probably not targeted into the peroxiesentCloser observation of the amino acid
sequence reveals that the native C-terminal amaioh taplet of TVDAO is -PNL, which is
quite different from the ideal PTS1 sequence -SKL.

RgDAO

R@DAO is targeted to the peroxisome with a high predn score. But, similar tdvDAO, it
seems to be a mixed form, as it also has a predsitmal peptide (cleavage site between 20
and 21: SSA-LI). The predicted glycosylation sgeinlikely to be actually glycosylated.
RdDAO shows higher probability scores for peroxisotaafjeting as compared T@DAO.

CrLAO

CrLAO is targeted to the secretory pathway via ERpuAative cleavage site between 18 and
19 (GSC-AD) has been recognized and the proteitagm2 putative N-glycosylation sites
(190 NCSY, 379 NFTN), which are likely to be glygtsed.

AnMAO

AnMAO is not secreted and has no signal peptide. &en putative glycosylation site, but

because the protein is not exposed to the glycsgtaachinery these sites won’t be

glycosylated.

According to the PTS1 predictor tool, the proteriargeted to the persoxisome quite clearly.
The result of the PSORT II prediction suggestegetang to the cytoplasm. This webtool only

offers cytoplasmic, mitochondrial, nuclear, vacu@ad endoplasmic reticulum as location

and as the peroxisome is a cytoplasmic organeitiseno conflict in these results.

4.1.3 3D Analysis

TvDAO

Unfortunately there is currently no structure aafalié in the database for this protein, but the
structure was solved by Karl Gruber's group, whiodky provided the structure and made
substantial contribution during expression strategyception.

In Karl Gruber'sTVDAO structure the signal peptide is not cleaved(pfbbably due to the

expression hosk. coli). “The resultinga-helix is involved in the protein structure and a
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truncation of the signal peptide would probablydld¢a an inactive protein.” (Karl Gruber,
personal communication)

The C-terminal PNL triplet, the putative peroxisdraageting sequence, is not visible in the
3D structure, probably due to its mobility. Condegnthe fusion of the protein with a
fluorescence protein (FP) the C-terminal fusioms®éo be more promising, because the C-
term is more accessible than the N-term. In cagéeN-terminal fusion, a linker region of
approximately 10 amino acids would perhaps imprinee correct folding of DAO and FP.
The sequence analysis showed two putative glyctsglaites (192-194: NCSG and 262-264:
NWSS). The first one is located on the inside o gtructure and is not likely to be
glycosylated, the second one lies on the proterfasel and is potentially glycosylated. As
mentioned it is unlikely that the native proteindecreted and therefore exposed to the
glycosylation machinery. Furthermore the structoféehe homologoufRgDAO showed no

glycosylation.

RgDAO

The protein structure dRgDAO with the PDB number 1c0i was analysed usingpiogram
PyMOL. In this structure (see Figure 13) the sigregtide is visible (highlighted in pink) and
it is part of the protein structure. This leadghe conclusion that it is probably not cleaved
off in the native protein, because a missing sigmaiein would lead to an inactive protein.
Similar to the Karl Gruber’s structure fvDAO; the C-term consists of an alpha-helix

which points to the outside.

Figure 13: 3D structure of RgDAO (1c0i): N-terminal signal peptide is highlightal in pink, C-term is
highlighted in blue.
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CrLAO

The 3D structure of the protefdrLAO with the PDB number 1f8r was analysed using the
program PyMOL. It was found that the N-terminal nglfj peptide was missing in the
crystallized protein. This leads to the concludioat the native protein is actually processed
and secreted. In Figure 14 the N-term of the pmoteihighlighted in pink, the C-term is
highlighted in blue.

Figure 14: 3D structure of CrLAO (1f8r): N-term is highlighted in pink, C-term i s highlighted in blue

AnMAO

Figure 3 shows the protein structure AAMAO (PDB number: 2vvm). The C-term is
highlighted in yellow. Interestingly the C-term thiis peroxisomal protein looks very similar
to the C-term ofVDAO andRgDAO for which the native location is not quite alea

Figure 15: 3D structure of AnMAO (2vvm): N-term is highlighted in red, C-term is highlighted in yellow
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4.1.4 Synthetic gene design

The protein sequence of the codon optimized oxidpsess for expression iA. pastoris
under conditions of methanol induction can be foahdsenBank (Accession numbers see
Table 9). FOrAnMAO a variant of MAO-N with 5 mutationsAOQMAO 5M: 1246M, N336S,
M348K, T384N, D385S) has been generated, whichshasn a broader substrate spectrum
in E. coli at studies carried out by Ingenza [86].

Synthetic genes were codon optimized for high esgom level inPichia pastoriswith the
Leto 1.0 (Entelechon, Regensburg, DE) software garédimeters summarized in Table 11.
Therefore the high methanol-codon usage (cumulaia®n usage) was used (see Table 12),
which was calculated from three highly transcrilggshes encoding enzymes of tRehia
pastoris methanol utilization pathway (alcohol oxidase 1 YO [GenBank: U96967];
dihydoxyacetone synthase DAS1 [GenBank: FJ75456tinaldehyde dehydrogenase FLD
[Genbank: XP_002493270]) and from a plant gddevea brasiliensisiydroxynitrile lyase
HbHNL [Genbank: U40402]) that is efficiently expreddga P. pastoris Additionally internal
restriction enzyme recognition sequences were eétad using the program Gene Designer
(DNA 2.0). The resulting sequence was checked WehtorNTI 10.0 (Invitrogen) to avoid
internal EcoR, Notl, Bglll, Sad, Avrll and BamH restriction sites. To prevent strong stem-
loop structures, the sequence was checked by Gend@&aps with < -20 kcal/mol were
classified as acceptable. All genes were orde@d fEenScript Corporation (Piscataway, NJ,
USA) with a 5’ Kozak consensus sequence and flankestriction site€coR andNotl.

Table 11: Optimized parameters for synthetic geneabign

Parameter Limits control
Codon Usage Pichia pastorishigh methanol usage, threshold 10%  Leto analggpert

o _ avoidance of following restriction sites
Restriction sites Vector NTI

Avrll (Xmad), BamH, Bglll, EcoR, Notl, Sad

GC peaks, GC content no peaks over 60% Leto asakyport
AT streches not more than four same nucletidesriow Gene Designer
Codon repeat not 2 same codons near each other [Designer

strongest structure not over -20 kcal/mol and |not
RNA 2° structures o ] GeneBee
within the first ~ 50 bp
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Table 12: Cumulative codon usage for high expressidevels inP. pastoris:
codon usage was calculated from &©X1[92], DAS1[93], FLD1 [94] andHbHNL [95] genes, AA: amino-
acid, N: quantity of the codon, RSCU: relative syyimous codon usage

AA Codon N RSCU AA Codon N RSCU
A-Ala GCU 82 2.17 N-Asn AAU 16 0.43
GCC 35 0.93 AAC 59 1.57

GCA 31 0.82
GCG 3 0.08 P-Pro CCuU 43 1.69
CcCC 6 0.24
C-Cys uGuU 28 1.40 CCA 53 2.08
uGC 12 0.60 CCG 0 0.00
D-Asp GAU 39 0.67 Q-GIn CAA 40 1.33
GAC 78 1.33 CAG 20 0.67
E-Glu GAA 61 0.94 R-Arg CGU 17 1.21
GAG 69 1.06 CGC 0 0.00
CGA 1 0.07
F-Phe Uuu 27 0.62 CGG 1 0.07
uuC 60 1.38 AGA 60 4.29
AGG 5 0.36

G-Gly GGU 115 2.57
GGC 15 0.34 S-Ser uCu 55 2.89
GGA 45 1.01 UCC 31 1.63
GGG 4 0.09 UCA 13 0.68
UCG 5 0.26
H-His CAU 12 0.40 AGU 5 0.26
CAC 48 1.60 AGC 5 0.26
I-lle AUU 61 1.56 T-Thr ACU 54 1.86
AUC 51 1.31 ACC 44 1.52
AUA 5 0.13 ACA 11 0.38
ACG 7 0.24

K-Lys  AAA 33 0.51
AAG 96 1.49 V-Val GUU 67 1.94
GuUC 41 1.19
L-Leu UUA 18 0.69 GUA 9 0.26
uuG 68 2.62 GUG 21 0.61

Cuu 33 1.27
CucC 12 0.46 W-Trp UGG 27 1.00

CUA 4 0.15
CUG 21 0.81 Y-Tyr UAU 19 0.44
UAC 68 1.56

M-Met AUG 37 1.00
Stop UAA 3 2.25
UAG 0 0.00
UGA 1 0.75
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4.1.5 Designed constructs

Information from the sequence analysis resumedreefas used to design interesting

expression constructs which were assembled viaBePC

TvDAO expression constructs

For the expression ofVDAO two strategies were considered. Firstly targgtio the
peroxisome and secondly secretion into the medecreSon has the advantage, that
expressed protein is exported from the cell andetbee has a lot of space in the media. In
contrast the peroxisomal environment seems bengfsiit harbours catalase which converts
emerging, celltoxic hydrogen peroxide. Addtiondilgions with citrine, a codon optimized

GFP variant, seem interesting to prove correcetarg of the protein.

Tvl/Tvla: Peroxisomal targeting, replacement of the natigeoxisomal targeting with —
SKL. Synthetic and native CDS.

Tv2/Tv3: Fusion with the fluorescent protein citrine to yothe correct targeting of the
peroxisomal constructs. Synthetic CDS, C- and Neal fused.

Tv4/Tv4a: Targeting into the medi&ichia pastoriscodon optimized alpha factor leader
sequence frondaccharomyces cerevisidas been N-terminal fused to the gene. The native
peroxisomal sequence has been removed. Syntheticative CDS.

Tv5/Tvba: Peroxisomal targeting, native peroxisomal targetRNL. Synthetic and native
CDS.
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Tv DAO

Peroxisomal Constructs

1 ’ synTvDAO }—{ -PNL H ‘
1a ’ natTvDAO }—{ -PNL H ‘
2 | synTWDAO | Linker |— - |

3 ’ H Linker H synTvDAO }—{ -PNL H ‘

Secretory Constructs

4 | —{ synTvbAO —{ -PNL |
da | I natTvdAO | -PNL |

Control Constructs (putative peroxisomal constructs)

5 | synTvDAO
5a | hatTvDAO

Figure 16: Scheme of th& vDAO expression constructs.

1 Codon optimized syntheti€vDAO gene with exchanged of native peroxisomal tiingesequence, SKLla
Native TVDAO with exchanged of native peroxisomal targetieguence, SKL2 C-terminal citrine fusion with
codon optimized synthetitvDAO and C-terminal addition of engineered peroxiabtargeting sequence, SKL.
3 N-terminal citrine fusion with codon optimized slatic TVDAO and C-terminal exchanged of native
peroxisomal targeting sequence, SKILN-terminal S. cerevisiaai- mating factor leader sequence fusion with
codon optimized synthetitvDAO and removal of native peroxisomal sequedeeN-terminalS. cerevisiae:-
mating factor leader sequence fusion with nativ@AO and removal of native peroxisomal seque&c€odon
optimized syntheticTVDAO gene with native peroxisomal targeting sequefidL. 5a Native TVDAO with
native peroxisomal targeting sequence, PNL.

RgDAO expression constructs
For R®DAO the construct of the synthetic gene, which adseincludes a well recognized

PTS1 seemed to be a promising protein expresgiategy.

Rgl: Synthetic CDS

Rg DAO
Peroxisomal Constructs

+ [amano]

Figure 17: Scheme of th&kRgDAO expression construct.
1 Codon optimized synthetRgDAO gene.
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CrLAO expression constructs

According to the sequence analy€isLAO is clearly a secreted protein. As the LAO

catalyses the oxidative deamination of L-amino scahd generated hydrogen peroxide,
consequently it is cell toxic. Two different seomt constructs have been designed which use
either the native leader sequence or the nativdhaalfactor leader sequence from

Saccharomyces cerevisiae

Crl: Targeting to the media, exchange of the nativddeaequence with tHeichia pastoris
codon optimized alpha factor leader sequence fBancharomyces cerevisia8ynthetic
CDS.

Cr2: Targeting to the media with the native leader sega. Synthetic CDS.

Cr LAO

Secretory Constructs

1 ’ H H synCrLAO
z

Figure 18: Scheme of th&€rLAO expression constructs.
1 N-terminal S. cerevisiaar- mating factor leader sequence fusion with codptinized syntheticCrLAO,
removal of the native leader sequerz€odon optimized syntheticrLAO with native leader sequence.

AnMAO 5M expression constructs
Sequence analysis showed tAaMAO has no signal sequence for secretion and getad
to the peroxisome. Nevertheless expression constifiac secretion into the media were

designed as this option has some advantages camgspace limitations and purification.

Anl/Anla: Peroxisomal targeting, replacement of the natigeoxisomal targeting with —
SKL. Synthetic and native CDS.

An2/An3: Fusion with the fluorescent protein citrin to peothe correct targeting of the
peroxisomal constructs. Synthetic CDS, C- and Neal fused.

An4/Anda: Targeting into the medi&Richia pastoriscodon optimized alpha factor leader
sequence fronsaccharomyces cerevisiias been N-terminal fused to the gene. The native

peroxisomal sequence has been removed. Synthekticadive CDS
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An MAO 5M

Peroxisomal Constructs

1 |synAnMAO — -ARL | |
la | natAnMAO — -ARL |— |

2 [synAnMAO —  Linker |

— sk |

3 | | Linker | synanmao - -arL ]

Secretory Constructs

4 | —{ synAnMAO |—{ -ARL |
4a | — natAnMAO — -ARL |

Figure 19: Scheme of th&nMAO expression constructs.
1 Codon optimized syntheti@nMAO gene with exchanged of native peroxisomal tingesequence, SKlLla
Native AnMAO with exchanged of native peroxisomal targetseguence, SKL2 C-terminal citrine fusion with
codon optimized synthet&nMAO and C-terminal addition of engineered peroxisbtargeting sequence, SKL.
3 N-terminal citrine fusion with codon optimized skatic AnAMAO and C-terminal exchanged of native
peroxisomal targeting sequence, SKILN-terminal S. cerevisiaei- mating factor leader sequence fusion with
codon optimized synthetiinMAO and removal of native peroxisomal sequerd@N-terminalS. cerevisiae:-
mating factor leader sequence fusion with nafimMAO and removal of native peroxisomal sequence.
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4.2 TvDAO expression

In order to evaluate the impact of a protein seqaemnalysis for high level expressionHn
pastoris the designedVvDAO expression constructs were generated, cultivatel screened
during this thesis. The experimental evaluationtied sequence analysis of theMAO,
RgDAO andCrLAO was carried out by Sandra Abad.

In order to generatévDAO Pichia pastorisexpression strains two strategies were chosen:
1. assembly of linear expression cassettes by oePCFhe pPP-B1l plasmid served as
template for the amplification of the Zeocin resiste.

2. classic cloning approachThe gene of interest was cloned into the pPP-&8mid, which
uses another promoter/terminator combination fgression of the Zeocin resistance and

forces single copy integrations.

The Mut7 strain P. pastorisCBS 7435 wildtype strain displaying Mythenotype) served as
host strain for the generation Bf pastorisTVDAO expression strains.

GeneratedP. pastorisstrains were cultivated on a microscale level usiegp well plates.
The enzyme activity was measured with a photomassay (described in section 3.6.8).
Randomly distributed as well as high expressingirsér according to the activity landscape
were chosen for rescreen to verify the resultsalRirstrains, with high activity and a low
standard deviation, were selected for large scalévation in shake flasks and in a 1.5 L

bioreactor.

ThePichia pastorisWT1 strain from Ingenza was used as benchmarkefedence strain. In
contrast to the wildtypdvDAO sequence this strain contains 5 mutations whéed to

stability improvement, while activity is not impred.
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4.2.1 0ePCR strategy

In a first roundTVDAO expression constructs were based on assemHipezr expression
cassettes by 0ePCR. The amplified expression tesssn be used directly fér. pastoris
transformation. In order to obtain back-ups of #x@ression cassettes, the 0ePCR products
were cloned into the commercially available pJE®BILAt vector, which is specially designed
for blunt end ligation of PCR products. The plassnmbntaining theTvDAO expression
cassette were transformed irffo coli DH5a. The plasmid was isolated with the GeneJET
Plasmid Miniprep Kit by Fermentas and then therninaas amplificated via PCR. This linear
expression cassette was used Rorpastoristransformation. Generated. pastorisstrains
were cultivated in deep well plates on a microséedel. Best clones were selected with a
photometric screening assay. Clones representstatiuscape were chosen for a rescreen to
verify the initial results. The best clones (highiaty, low standard deviation) were selected

for large scale cultivation in shake flasks.

pJET cloning ]_>[ E. coli transformattion

A 4
[ insert amplification

N

P. pastoris transformation DWP cultivation

\ J . J

A\ 4
[ screening assay rescreen cultivation
(shake flask, bioreactor)

Figure 20: Flow chart of o0ePCR strategy

A 4

A 4

Table 13: Overview of 0ePCR expression constructs

Construct Gene Fusion Peroxisomal targeting sequence
Tvl synthetic - - SKL
Tvla native - - SKL
Tv2 synthetic C-terminal citrin - SKL
Tv3 synthetic N-terminal citrin - SKL
Tv4 synthetic N-terminad- factor truncated
Tv4da native N-terminat-factor truncated
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4.2.1.1Linear expression cassettes by 0ePCR

Linear expression cassettes were assembled acgdalthe standard procedure described in
the introduction (chapter 1.1.5). A promoter arskkection marker fragment were linked with
the gene of interest by oePCR.

The fragments needed for the assembly of the liegaression cassettes were amplified with

suitable primers listed in Table 14.

Table 14: Primers to amplify fragments for the assebly of the linear expressions cassettes

Fragment Primer fw Primer rv Template Length / bp
P(AOX1)| P(AOX1) P06-117 PO07-659 pADH-ADHTT-B1 956
Zeo Zeo P08-295 P08-296 pADH-ADHTT-B1 1903

CitL Cit TEV  P08-299 P08-300 pPICZBd1-Citrin-SRL 772
LCit TEVCit  P08-297 P08-298 pPICZBd1-Citrin-SKL as
T1 |synTvDAOl P08-301 P08-302 pUC57-synTvDAO 1123
Tla |natTvDAOla P08-303 P08-304 pRES151-DAAOWT 1123

T2 | synTvDAO2 P08-301 P08-305  pUC57-synTvDAO 1123
T3 | synTVDAO3 P08-306 P08-302  pUC57-synTvDAO 1119
T4 | synTVDAO4 P08-307 P08-309  pUC57-synTvDAO 1104
T4a | natTvDAO4a P08-310 P08-312  pRES151-DAAOWT 1104
aT4 alphaTv4  P07-667 P08-308 pPICZ-CALBbpt 315

aT4a | alphaTv4a P07-667 P08-311 pPICZ-CALBopt 315

Between the gene of interest and the other fragsgnahways the same previously optimized
overlapping regions (B. Pscheid, unpublished reswere used. The sequences of the linking

regions are listed in Table 15.

* kindly provided by Claudia Ruth

® kindly provided by Andrea Mellitzer

® synthetic gene ordered from Genescript
" kindly provided by Ingenza

8 kindly provided by Beate Pscheid
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Table 15: Linker regions used to assemble the lineaxpression cassettes

Fragments linked Sequence (52 3)

ter (AOX) gene of interest ‘aqatactt "
romoter ctaggtacttcgaaacgaggacttcag
P (TVDAO constructs) 9 J 9299 J

gene of interest

selection marker (Zeo tcagatagcaaqgtcactcagt
(TVDAO constructs) (Zeo) glcagatagcgagg g

O

All fragments were purified by gel electrophoresisthe 0ePCR, usually 1 ng of tlhieDAO
gene and equimolar amounts of the other fragmemi® wsed to link them as shown in

Figure 21.

overlapping region 1 overlapping region 2

promoter ' gene of interest ~ selection marker

Figure 21: Schematic overview of fragments linked ypoePCR to create linear expression cassettes

4.2.1.2Expression constructs based on vector pPP-B1

The plasmid pPP-B1 served as template for Zeosistence in the 0ePCR strategy. Relevant
features and sequence elements of this shuttlergeiciclude: origin of replication of the.

coli plasmid pBR322; theOX1promoter (Roxj) starting with aBglll site; a multiple cloning
site with unique restriction sites fd&coR, Spd, Asd and Notl; the AOX1 transcription
termination sequence; and an antibiotic resistaassette consisting of a synthetic bacterial
promoter called EM72 in tandem with a truncatedsier of the P. pastoris ILV5
(acetohydroxyacid reductoisomeraggomoter, a synthetic gene coding for the amiitbac
sequence of bleomycin (ble) conferring resistaagainst Zeocin fronttreptoalloteichus
hindustanus This gene had been codon optimized for functiorEi coli as well asP.
pastoris In the pPpB1 vector tieaccharomyceserevisiaeADH1 (alcohol dehydrogenase 1)
promoter and terminator control the transcriptidntiee ble gene. However, it seems that
expression of the selection marker with this pranas less efficient than with other

promoters and therefore more suitable for multicsipgtin generation.
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The ADH1 promoter is glucose inducible, thereforeatly afterP. pastoristransformation
glucose should be added to the regeneration madiangubated for 2 hours. Noteworthy is
that activity landscapes of the generated clonesveti several false positive transformants

and rather low expression levels.

4.2.1.3TVDAO Screen

Using the 0ePCR strategy only three constructsdcbelgenerated: Tvl, Tvla, Tv3. About 90
P. pastorisclones of each construct were cultivated on aasiale level in deep well plates.
The other constructs were generated via oePCRydbtransformants were obtained. Replicas
of the clones were stamped on YPD plates contaiieaxin (YPD-Zeo). In addition glycerol
stocks of the clones were produced and storedac-8

Analysis of the clones was carried out with a phwtric screening assay to determine
enzyme activity. All clones were compared to fhepastorisbenchmark strain WT1 from

Ingenza and Md¥ as negative control.

Tvl
400 -

350 1]
300 |
250 |
200 1
150

oxidase activity [NOD 510 nm/min]

100 - N

52 nmmﬂmmmm”]|]|]|]|]|]|]|]|]|]|]|]|]|]|]|]|]|]|]|]“ﬂ“ﬂﬂﬂﬂﬂm”mﬂﬂmw

Figure 22: Activity screening landscape of Tv1 trasformants
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Tvla
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Figure 23: Activity screening landscape of Tvla trasformants
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Figure 24: Activity screening landscape of Tv3 trasformants

4.2.1.4TVDAO Rescreen

Several clones representing the landscape weretagléor rescreening to verify the initial
screening results. Therefore the clones were t&koem the replica plate and streaked out on
YDP-Zeo (100 mg/L) plates to generate single ca@sniFour colonies of each clone were

cultivated in deep well plates and analysed withghotometric activity assay.
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Figure 25: oxidase activity of rescreenedvDAO strains
Strains are ordered according to their activity sueed in the initial screening from low to high.

Muts7 P .pastorisCBS 7435 wildtype strain displaying MutS phenotyg&1 IngenzaP.pastorisstrain created
by Ingenza, contains 5 mutations which leads tbilitiabut no activity improvementTvl Expression strains
harbouring codon optimized synthefigDAO gene with exchanged native peroxisomal targesequence with
SKL. Tvla Expression strains harbouring natiiéDAO with exchanged native peroxisomal targetingueege
with SKL. Tv3 Expression strains harbouring N-terminal citrinsiéi with codon optimized synthefieDAO
and C-terminal exchanged native peroxisomal tangetequence with SKL.

Screenactivity during screerRescreenactivity during rescreen

Table 16: Summary of data from the rescreen of oePR expression constructs:
A: activity, Aever relative activity compared to other transformams,. average activity, SD: standard
deviation, SR, relative standard deviation

Initial Screen Rescreen
: A Aav SD SDrel
SiiEln moD/min "M | moD/min  mOD/min %
MutS7 0 0 0 0
WT1 Ingenza 0 93 37 40
Tvl E9 37 low 125 61 49
Tvl G9 119 medium 110 24 22
Tvl D12 197 209 5 2
Tvl A7 222 424 44 10
Tvl B8 280 465 84 18
Tvl A4 306 312 58 19
Tvl F9 355 high 476 62 13
Tvl A9 366 high 406 70 17
Tvla H6 35 low 195 34 18
Tvla A2 81 medium 470 80 17
Tvla F10 218 389 45 12
Tvla C10 235 452 114 25
Tvla C3 265 high 388 20 5
Tvla C4 313 high 326 28 9
Tv3 A2 16 178 57 32
Tv3 D8 46 low 150 14 10
Tv3 D3 90 153 26 17
Tv3 C3 147 357 23 6
Tv3 H3 150 medium 109 60 55
Tv3 D2 282 282 72 26
Tv3 F3 345 high 402 42 11
Tv3 H2 441 high 297 30 10
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Based on the results of the rescreen, strains sadeeted for cultivation in shake flasks. Four
strains of each construct were chosen, two with lictivity, one with medium and one with

low activity. If possible strains with low standattdviation were preferred.

4.2.1.5Fluorescence microscopy

To confirm theTVDAO peroxisomal targeting in combination with th€31 sequence —SKL
fluorescence microscopy pictures were taken with kind permission of Ao.Univ.- Prof.

Dr.phil. Hermetter A.

The P. pastorisstrain Tv3 H2, harbouring the N-terminal fusedofiescence protein citrine
and the codon-optimized synthelieDAO with the exchanged PTS1 sequence —SKL, was
cultivated in deep well plates according to stadqaocedure. After 24 h of further methanol
induction 50uL samples were taken for fluorescence microscopy.

Figure 26: Fluorescence microscopy pictures of TvA2 (Citrine- TvDAO fusion protein) expressingPichia

pastoris cells after methanol induction.

Figure 26 shows the location of citrine andAO in Pichia pastoriscells. The protein is not
located in the cytoplasm, in which case fluoreseamould be seen equally distributed in the
cells. Instead fluorescence occurs only in certaamts of the cell, where it is highly
concentrated. The fluorescent protein is accumdletesmall but numerous compartments of
the cell. This leads to the conclusion that thecgjpetargeting to the peroxisomes via the C-
terminal PTS1 —SKL sequence is working.
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4.2.2 Cloning strategy

We recognized that the 0ePCR strategy with the pPPRlasmid as template for the Zeocin
resistance was not reproducible in terms of transition efficiency, probably because it
forces high multi copy integration, which is a raesent. As DNA preparation for
transformations is time consuming, only few transfants could be generated in each round
of transformation and many transformants turnedtoube false positives (growth on agar
plate with antibiotica, but no activity measurable)

In order to generate missing constructs a newegjyatvas established. It is based on a
classical cloning approach using the pPP-T2 plasmideocin template.

To compare the results of the cloning strategyhtoreviously obtained results the existing
constructs Tvl and Tvla were cloned again as dsntfalditionally the missing constructs
harbouring synthetic and native@DAO, both with native peroxisomal targeting sequerc
PNL (Tvs and Tvba), were transformed ink pastoris Of the also targeted secretion
expression constructs Tv4 and Tv4a no transformeset® obtained. As the intracellular,

peroxisomal constructs were promising, the focuhisfwork was on these constructs.

In the first step restriction sites were added Fi@R to the excitinglvDAO constructs.
Digested PCR product was ligated with equally digggsnd dephosphorylated plasmid (pPP-
T2) and transformed int&. coli (TOP10F’). The plasmid was isolated with the Gé&ieJ
Plasmid Miniprep Kit by Fermentas and linearizeddigestion withBglll. The linear plasmid
was then transformed info. pastorisMut®7.

This strategy has one advantage: once the cderembli clone is identified the amplification

to large DNA yields foP. pastoristransformation is much faster and easier to handle

PCR ligation with digested plasmid ]_

\ 4
[ E. coli transformation plasmid DNA Bglll d|gest|on ]
amplification

plasm|d anaIyS|s P. pastorls ]

seauencina transformaﬂon

Table 17: Flow chart of the cloning strategy
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Table 18: Overview of cloning expression constructs

Peroxisomal _ _ _ o
Construct Gene ) Cloning sites Linearization
targeting sequence

cTvl synthetic SKL EcoR Not Balll

cTvla native SKL Spé Asd Balll

cTv5 synthetic PNL EcoR Not Balll

cTv5a native PNL Spe Asd Balll
4.2.2.1Cloning

The existing linear expression cassettes of TvlTarich were used as templates for PCR to
add restriction sites to the target gene in ordgroduce inserts to clone into pPP-T2.
Figure 27 shows the procedure in detalil.

Linear expression cassette based on pPP-B1

| ) | synvoao | en | | | | | zeo | |
Fea Notl
l PCR
| EcoRI | synTvDAO | -PNL | | NotT |

l cloning into pPP-T2
linearization

Linear expression cassette based on pPP-T2

| |EcoRI | synTvDAO| -PNL | | NotI | | | | Zeo | |

Figure 27: Tv1 Linear expression cassette as tempéafor PCR to clone insert into vector pPP-T2
The primers needed for the addition of restricites and the amplification of the insert are
shown in Table 19. All generated inserts were mdifby gel electrophoresis prior to

digestion.

Table 19: Primers to add restriction sites tofvDAO

Construct Produkt fPrlmer Sl Template | Length /bp
orward reverse
cTvl EcoRI-T1-Notl P08-509 P08-512 pJET-Ty1 1200
cTvla Spel-Tla-Ascl P08-507 P08-50¢8 pJET-Tv1a1200
cTv5S EcoRI-T1 PNL-Notl P08-509 P08-552 pJET-Tv1 Q20
cTvba Spel-Tla PNL-Asc P08-507 P08-551  pJET-Tv1al200
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Purified inserts were digested with Fast dif8senzymes and ligated with digested,
dephosphorylated pPP-T2 plasmid under standardtommsi(16°C, over night).

4.2.2.2Vector pPP-T2

The plasmid pPP-T2 was used for cloning and pralittee antibiotica resistance. This
plasmid is similar to pPP-B1, which was used inde®CR strategy. However they differ in
the transcription control features of thie gene for transcription of the antibiotic resis&nc
In pPP-T2 the antibiotic resitance cassette cangibta synthetic bacterial promoter called
EM72 in tandem with a truncated version of tRe pastoris ILV5 (acetohydroxyacid
reductoisomeragepromoter, the synthetible gene and thé>. pastoris AOD(alternative

oxidas@ transcription termination sequence.

4.2.2.3Screening

Using the cloning strategy the constructs cTvl,1@wTv5 and cTvba were successfully
generated. Clones of each construct were cultiviatedep well plates. Replicas of the clones
were stamped on YPD plates containing Zeocin arygegbl stocks of the clones were
produced and stored at -80°C.

Analysis of the clones was carried out with a phwtric screening assay to determine
enzyme activity. All clones were compared to thevmusly generated. pastorisstrain
Tv1A9 as positive control and Muas negative control.

With the new cloning approach more transformantth wnedium to high activity were
generated and some transformants are in the rdnigelA9.
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= |
T

Figure 28: Activity screening landscape of cTv1l trasformants

cTvl: Transformants harbouring codon optimized lsgtit TVDAO gene with exchanged native peroxisomal

targeting sequence with SKL.
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Figure 29: Activity screening landscape of cTvla ansformants

cTvla: Transformants harbouring natiVeDAO with exchanged native peroxisomal targetingusege with

SKL.
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cTv5
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Figure 30: Activity screening landscape of cTv5 trasformants

cTvb: Transformants harbouring codon optimized lsgtit TVDAO gene with native peroxisomal targeting
sequence PNL.
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Figure 31: Activity screening landscape of cTv5a ainsformants

cTvba: Transformants harbouring natieDAO with native peroxisomal targeting sequence PNL.
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4.2.2.4Rescreening

Several clones (usually 8-10) representing the demple were selected for rescreening to
verify the initial screening results. Therefore thenes were taken from the replica plate and
streaked out on YDP-Zeo plates (100 mg/L) to geresimgle colonies. Four colonies of each
clone were cultivated in deep well plates and asedywith the photometric activity assay.

The results of the most active clones are showsguare 32 and Table 20.

Rescreen cTVvDAO O Screen
W Rescreen

700 +

600

500 4

400 4

oxidase activity [NOD 510 nm/min]
w
o
o

Tvl Muts7| B10 | C6
A9

control

Figure 32: Overview of oxidase activity of rescreezd cTVDAO strains

Strains are ordered according to their activity sueed in the initial screening from high to low.

Tv1A9 Best expressing.pastorisstrain harbouring codon optimized synthefdDAO gene with exchanged
native peroxisomal targeting sequence with SKIuts7 P .pastorisCBS 7435 wildtype strain displaying MutS
phenotypecTvl Expression strains harbouring codon optimizedlsstit TvDAO gene with exchanged native
peroxisomal targeting sequence with SKILvla Expression strains harbouring natiir@DAO with exchanged
native peroxisomal targeting sequence with S&ILv5 Expression strains harbouring codon optimized restitt
TVDAO gene with native peroxisomal targeting sequeRbH.. cTv5a Expression strains harbouring native
TVvDAO with native peroxisomal targeting sequence PNL.

Screenactivity during screerlRescreenactivity during rescreen

Table 20 Summary of data from the rescreen of oePCBxpression constructs:
A: activity, A,,: average activity, SD: standard deviation,$Pelative standard deviation

Initial Screen Rescreen
. A Aay SD SDigl
S mU/mL | mu/mL  mU/imL %
Tvl A9 366 406 70 17
Muts7 0 0 0 0
cTvl B10 647 386 48 12
cTvl C6 542 346 30 9
cTvl F8 428 301 10 3
cTvl H2 405 356 60 17
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cTvla Al10 269 251 4 2
cTvla A8 235 255 17 7
cTvla Gl1 234 297 14 5
cTvla A2 88 92 26 29
cTvh F4 426 248 32 13
cTv5 G3 416 312 22 7
cTvh H3 366 369 35 9
cTv5 H6 363 286 29 10
cTvba G3 436 232 23 10
cTvba B5 410 276 30 11
cTvba G4 342 324 16 5
cTvba E3 337 210 15 7

Based on the results of the rescreen, strains sedeeted for cultivation in 1.5 L bioreactors
in order to obtain accurate results for interpretabf the results and perform an evaluation of

the expression strategy. Strains with high actigitg low standard deviation were preferred.

4.3 Activity assay comparison

During this study two different methods of oxidassivity determination were applied and
compared. An enzyme-coupled colorimetric assayessribed by Alexeeva et al. [86] with
slight modifications (see section 3.6.8) was ugeslthis is a photometric assay it is easy to

handle and many samples can be measured in shert ti

In order to confirm the results gained by the fiestsay a second method of activity
measurement was performed by Dr. Jozef Nahalkas @xygen consumption method [55]
does not need a coupled reaction for a colorimeteicelopment. It followed directly the

oxygen consumption rate in the reaction solutioansgquently there is no need for clear
sample solutions and therefore intracellular amtiof lysed cells as well as whole cells can
be determined by activity measurement of the diesaate and the cell debris resulting in more
accurate results. Nevertheless this method is ¢mmsuming and is therefore only applied on

selected samples, and can be seen as a compleioreofahe enzyme-coupled activity assay.
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4.4 Copy number determination by qRT-PCR

The number of copies AGiVDAO expression cassettes integrated intoRhpastorisgenome
(see Table 21) was determined by quantitativetresd PCR (qRT-PCR) as described in the
master thesis of Kerstin Kitz employing the endayenARG4 gene as internal reference [96,
97]. This method is based on the relationship betvwbe amount of the PCR starting material
and the resulting amount of product at any cyclerRo qRT-PCR the isolation of high
qguality genomic DNA (high concentration, very putie) crucial for the success of the
experiment. The pure gDNA is used to amplify theression cassette, the amount of
generated PCR product is correlated to a standaxe ©f a known single copy strain, which
is amplified at the same time. The PCR productsdatected using SYBR Green (Applied
Biosystems) as detection dye. This dye intercalates dsDNA and generates a bright
fluorescence upon intercalating. More detailed rimfation about the experimental setup can
be found in section 3.6.11. As this method is tenasuming and cost intensive it is not a
high through put method, however it is a fasterhodtthan the established southern blot
method and information about copy numbers is esddat many studies. Furthermore it has
to be mentioned that, similar to other techniqugsT-PCR is not exact for multicopy strains
(more than 6 copies), but a clear trend can begrezed.

Table 21: Copy number determinationTvDAO expression strains

Codon usagenative as in the originalvDAO gene, or optimized for expression using the AOptomoter.
PTS1- peroxisomal targeting using the native C-termimigleptide PNL or the engineered motif SKCN:
Number of copies of the expression cassette integjiato theP. pastorisgenome.

. Sequence CN
Strain
Codon usage PTS1
WT1 native PNL 7-9
Tvl A9 optimized SKL 18-19
Tvla C4 native SKL 5
Tv3 H2 optimized SKL 16-17
cTvl B10 optimized SKL 1
cTvla G11 native SKL 1
cTv5 H3 optimized PNL 1-2
cTv5a G4 native PNL 1

The effect of different copy numbers was alreadycdbed in the previous section.
Noteworthy is that only strains with the same copynber level can be compared directly.
Comparison of strains harbouring the same constimictifferent numbers only gives
information about different copy number levels.

Diploma thesis 66 Gabriele Bergler



Results and Discussion

4.5 Shake flask experiment

In the first round of expression cassette constiactia oePCR strategy, three constructs
were generated: Tvl, Tvla and T\B. pastorisstrains harbouring these constructs were
screened for oxidase activity and initial resultsrevconfirmed via rescreen experiments.
Based on these results two high, one medium andamectivity strain were selected for

shake flask cultivation. Selected strains (see daBl) harbouring the constructs Tvl, Tvla,

Tv3 were cultivated in duplicates, as describechiapter 3.6.7.

Table 22: Selected strains for large scale cultivienn in shake flasks

Construct _ Activity level _
high medium low
Tvl A9 F9 G9 E9
Tvla C4 C3 A2 H6
Tv3 H2 F3 H3 D8

4.5.1 Analysis of enzyme activity

Samples for activity measurements were taken befmhection and before culture harvest.
Cells were spinned down and lysed with YeastBus@ell debris were removed by

centrifugation and supernatant was used for théogphetric enzyme activity assay.
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Figure 33: Time course of shake flask experiment

WT1 IngenzaP.pastorisstrain created by Ingenza, contains 5 mutationsiwleads to stability but no activity
improvementMuts7 P .pastorisCBS 7435 wildtype strain displaying MutS phenotyipel Expression strains
harbouring codon optimized synthefigDAO gene with exchanged native peroxisomal targesequence with
SKL. Tvla Expression strains harbouring natiieDAO with exchanged native peroxisomal targetingueege
with SKL. Tv3 Expression strains harbouring N-terminal citrinsidm with codon optimized synthefiaDAO
and C-terminal exchanged native peroxisomal tangesequence with SKIA 10 activity after 10 hoursA 24
activity after 24 hoursA 48 activity after 48 hoursh\anest activity after cell harvest
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Figure 33 shows a continuing activity increase avwee. This effect is independent from

population growth. Optical density at 600 nm #dP was measured and activity is even

increasing when Ofgp data are considered.

Some strains show high standard deviation (e.g. F38 which suggests that the strains

suffered some contamination during isolation otieation or that the integration locus of the

expression cassette is not stable. Neverthelesst, strains show good standard deviation and

therefore experiment reproducibility.

Table 23: Summary of the data of the shake flask @eriment

A 10: activity after 10 hours, A 24: activity afted4 hours, A 48: activity after 48 hours,.Aest activity after cell

harvest
Shake flask
Constructs A 10 SD A 24 SD A 48 SD Anarvest SD
mOD/min mOD/min | mOD/min  mOD/min | mOD/min  mOD/min | mOD/min mOD/min
WT1 7 6 56 48 10 0 65 59
Muts7 0 0 1 0 0 0 0 0
Tvl A9 268 76 445 107 330 0 903 116
F9 273 1 417 9 417 81 763 29
G9 -2 32 4 0 2 1 1 1
E9 -2 0 15 11 3 2 5 2
Tvla C4 17 17 237 0 263 35 843 56
C3 223 53 375 59 380 866 34
A2 0 0 413 0 378 81 833 82
H6 0 0 16 1 1 0 2 1
Tv3 H2 151 117 362 73 137 0 990 9
F3 4 3 99 99 2 0 396 249
H3 3 0 0 0 3 1 3 2
D8 0 0 62 19 3 3 11 6

The final results of the shake flask cultivationreveompared to primary results of screen and

rescreen. Generally speaking the shake flask atilbin showed to be beneficial for high

activity strains, because under shake flask culbwaconditions higher activities could be

obtained. Interestingly the medium activity stra{esy. Tvl G9) showed better performance

during DWP cultivation (see Figure 34).
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Figure 34: Comparison of shake flask results to pmary results of screen and rescreen

WT1 IngenzaP.pastorisstrain created by Ingenza, contains 5 mutationsiwleads to stability but no activity
improvementMuts7 P .pastorisCBS 7435 wildtype strain displaying MutS phenotyipd. Expression strains
harbouring codon optimized synthefieDAO gene with exchanged native peroxisomal targesiequence with
SKL. Tvla Expression strains harbouring natiiDAO with exchanged native peroxisomal targetingusege
with SKL. Tv3 Expression strains harbouring N-terminal citrinsidm with codon optimized synthefiaDAO
and C-terminal exchanged native peroxisomal tamgesiequence with SKLScreen activity during screen,
Rescreenactivity during rescreerghake flaskactivity in shake flasks
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4.6 Bioreactor cultivation

4.6.1 Motivation

Initial results of screening and rescreening havbd confirmed by a large scale cultivation
under reproducible conditions. Bioreactor cultivathas several advantages, selected strains
can be cultivated under highly reproducible condisi where pH, temperature and dissolved
oxygen can be monitored and controlled over time.abdition methanol feeding is
continuous and even mix-feeding of different C-sesrfor special experimental set-ups is
easy to handle. In order to compare the resuligei@ture reports cell material growth with
controlled parameters is beneficial. Moreover Dwzef Nahalka conducted activity and
stability measurements via oxygen consumptionTBDAO expressed by generatd?l
pastorisstrains.

In that manner four different bioreactor cultivatioounds were conducted. The primarily
generated constructs Tvl, Tvla and Tv3 were ctéid/an the first round. Therefore the best
strain after screening and rescreening was chokeaah construct. Additionally WT1 and
Mut>7 were selected as control straiffichia pastorishigh cell density fermentation with
standard induction feed (MeOH 3 mL/h) has been run.

The cultivation was controlled via Qg3, wet cell weight (wcw) and activity measurements,
which suggested that the stand&dpastorisfermentation protocol was unfavourable and
thereforeTVDAO productivity was lower than assumed. For at foptimization during the
induction phase a new feeding profile as well awnia feed strategy (MeOH/glycerin and
MeOH/glucose) were established. Furthermore thelteesf the first fermentation indicated
that the highest whole cell activity could be resthwith the fusion variant Tv3. Therefore
the mix feed strategy was tested in a second faatien round with Tv3. The positive results
of the mix feed strategy encouraged to a third &ation where the mix feeds were tested
on the construct Tvl which is industrially relevaice no IP issues like for Tv3 (GFP
variant fusion) are known.

Finally the constructs generated with the clonitrgtegy were tested in a high cell density
fermentation with standard 3 mL/h MeOH feeding peofThe best results were achieved by
the construct Tv1 which harbours the codon-optichiggnthetic gene in combination with the

improved peroxisomal targeting sequence SKL.
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4.6.2 Experimental

Detailed information about the fermentation wite AS GIP multi-fermentation equipment
can be found in the Appendix in section 7.2 “DA3®Arotocol”.

4.6.3 Fermentation | (0ePCR / B1 constructs)

4.6.3.1Strains and culture conditions

The first bioreactor cultivation was conducted wiitle primarily generated oePCR constructs
Tvl, Tvla and Tv3. From each construct, Fhgastorisstrain which gave the best activities

in screening and rescreening experiments was sdléat large scale cultivation.

Table 24: Strains used for fermentation |

Fermenter Strain TvDAO Fusion Peroxis_omal ZeoR_ Biomass
gene targeting (Plasmid) | [g wcw/Batch]
F1 Tv1A9 synthetic - SKL Bl 122
F2 TvlA9 synthetic - SKL Bl 117
F3 WT1 native - PNL - 210
F4 Tvla C4 native - SKL B1 240
F5 Muts7 - - - pPICK® 63*
F6 Tvlia C4 native - SKL Bl 205
F7 TV3H2 | synthetic | V-terminal SKL B1 131
citrine
F8 TVaH2 | synthetic | Nterminal SKL B1 155
citrine

° plasmid commercially available by Invitrogen Corp
* MutS7 preculture showed a slow growth behaviour, witichld not be supported during bioreactor cultivatio
Therefore this biomass yield should not be considi@s standard.

For this first fermentation the standaPd pastorisfermentation protocol was used with a

standard methanol feeding rate of 3 mL/h and andtion phase of 90 hours.

4.6.3.2Analysis of oxidase activity

During fermentation samples were taken before indnand than every 24 hours until cell
harvest. After 90 hours of induction cells werevesated via centrifugation. The cell material

was washed in phosphate buffer and total biomassweaght (= fcw, fresh cell weight or
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wcw, wet cell weight). The biomass was frozen arahgferred for oxygen consumption
measurements [55].
Of each sample taken @§3 wcw and activity via photometric assay was debeeoh Results

of the activity measurements (activity per wcw) banfound in Figure 35.

TvDAO strains (3 mL/h MeOH)

Activity/wcw
600 - —e— Muts7 F5
—=WTLF3
500 -
§ - TVIA9 F1
(=)
ER-A TVIAQ F2
2 E300 F—""+ | % TvlaC4F4
8 3
S E —%— —9 — T3 H2 F7
% =100 - —x
© ] - TV3H2F8
0 T — 4 4

0 23 49,5 73,5 90
induction time [h]

Figure 35: P.pastorishigh cell density fermentation with standard 3mMeOH induction feed.

Muts7 F5 P.pastorisCBS 7435 wildtype strain displaying Muphenotype (fermenter SNVT1 F3 Ingenza
P.pastorisstrain created by Ingenza, contains 5 mutationstwleads to stability but no activity improvement
(fermenter 3).Tvl A9 F1/F2 Best expressing strain harbouring codon optimiggatheticTVDAO gene with
exchanged native peroxisomal targeting sequendeSHL (fermenter 1and 2Jvla C4 F4/F6Best expressing
strain harbouring nativéVDAO with exchanged native peroxisomal targetingueege with SKL (fermenter 4
and 6).Tv3 H2 F7/F8 Best expressing strain harbouring N-terminal mérifusion with codon optimized
syntheticTVDAO and C-terminal exchanged native peroxisomaeting sequence with SKL (fermenter 7 and
8).

From the results of activity determination it candeen, that the negative control strain (host
strain) Muf7 displays no activity at all. Furthermore the wtyi improvement of all
generated strains as compare®t@astorisWT1 strain (provided by Ingenza) was confirmed
in the large scale bioreactor cultivation. TheistfBvl A9 harbouring the codon optimized
syntheticTVDAO gene with exchanged peroxisomal targeting secgie-SKL, showed the
highest activity. Followed by Tv3 H2, the expressistrain harbouring N-terminal fused
fluorescence protein citrine with codon optimizegntietic TVDAO and peroxisomal
targeting sequence -SKL.

The strain Tvla C4, harbouring the nativddAO gene with peroxisomal targeting sequence
—SKL, showed the lowest activity of the optimizetrams. Noteworthy is the high
reproducibility of the strain cultivated in dupltes.

Unfortunately the biomass yield for the best exgims strain, Tvl A9, was quite low,

especially after 24 hours methanol induction growths impaired (data not shown). This
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situation indicates that the standd&d pastorisfermentation protocol overstressed the cells
and consequently lowrvDAO productivity after 24 hours induction was obed. To

overcome cell stress during the induction phaseva feeding profile as well as a mix feed
strategy (MeOH/glycerin and MeOH/glucose) has hmformed in the second fermentation.

Intracellular activity measurements via oxygen congtion method were conducted by Dr.
Jozef Nahalka. The intracellular activity was detieed by activity measurement of the
“soluble” and “insoluble” fraction of french pre$gsed cells. Compared to the benchmark
strain WT1 from Ingenza engineering of the peroxiab targeting (Tvla) increased
intracellular activity about 8-fold, the codon opization together with the engineered
peroxisomal targeting sequence increased actiabu@a20-fold and the N-terminal citrine
fusion increased about 22.5-fold (see Figure 36).

It should be mentioned, that measurement of seadBoluble” and “insoluble” fraction is
one big advantage of the oxygen consumption metlwodpared to the photometric assay

were only the “soluble” fraction can be measured.
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Figure 36: Activity and stability determination after french press biomass disruption.

Best TWDAO expressing strains were cultivated accordindnitgh cell density fermentation protocol (3mL/h
MeOH). Measurements were performed in a mini-reaci@ oxygen consumption method/Tf3 P.p. WT1
TWDAO strain from Ingenza, harbours 5 mutations tabgity improvement (fermenter 3Jv3f8 P.p. Tv3 H2,
harbours a codon optimized/DAO gene, which is N-term. fussed with citrine adderm. SKL (fermenter 8)
Tv1f2 P.p.Tvl A9, harbours a codon optimiz&dDAO gene with a engineered peroxisomal targetirgisace
(fermenter 2)Tvlaf4 P.p. Tvla C4, harbours a nativeVDAO gene with engineered peroxisomal targeting
sequence (fermenter 4).

It is also important to keep in mind, that activityeasurements via oxygen consumption
method were conducted with french press lysed bellshe photometric activity assay were
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based on detergent lysed cells. Comparison betweetwo methods to lyse cells showed

different activity distribution between soluble andoluble fraction (see Figure 37).
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Figure 37: TVDAO activity comparison between detergent (first bg) and French press (second bar) lysed
cells.

Best TWDAO expressing strains were cultivated accordindnitgh cell density fermentation protocol (3mL/h
MeOH). Measurements were performed in a mini-reaci® oxygen consumption method/'Tf3 P.p. WT1
TVDAO strain from Ingenza, which harbours 5 mutatiémsstability improvement (fermenter 3jv3f8 P.p.
Tv3 H2, which harbours a codon optimiZBdDAO gene, which is N-term. fussed with citrine an¢thanged C-
term. with SKL (fermenter 8Yv1f2 P.p. Tvl A9, which harbours a codon optimiz8dDAO gene with a
engineered peroxisomal targeting sequence (fermghierlaf4 P.p.Tvla C4, which harbours a nativeDAO
gene with engineered peroxisomal targeting sequéaomenter 4)jnsoluble activity measured with cell debris
solubleactivity measured with clear cell lysate.

As mentioned above, conditions for cell growth néede adapted. Strains with no codon
optimization (Tvla and WT1) grew to high cell déies (200-240 g/L). In contrast Tvl and
Tv3, which harbour the codon optimized synthetioggedid not grow well (120-150 g/L).
This indicates that these strains suffer from matalproblems and cultivation conditions
especially during induction phase should be op&uizTherefore a mix feed fermentation
with Tv3, which is the highesTVDAO expression strain after oxygen consumption
measurements was performed. In this case glyceriggucose serves as a carbon source for

all growth and energy production and methanol Iy ased as inducor for expression.
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4.6.4 Fermentation Il (Tv3, mix feed strategy)

4.6.4.1Strains and culture conditions

Results of the first fermentation round suggest dmimization of the cultivation conditions

IS necessary to generate more biomass and thenefore enzyme. The strain Tv3 H2 was
chosen since during activity measurements via axygmsumption method showed that this
strain displayed the higheBtDAO activity.

To find the best culture conditions three differstrategies were tested and compared to the
initial conditions (MeOH feed 3 mL/h). It is knowmhat a mixed substrate feed in the
induction phase can suppdpt pastorisgrowth and productivity at the same time [98].
Therefore in addition to a methanol induction feed 1.5 mL/h two mix-feeds with

MeOH/glycerin and MeOH/glucose were established.

Table 25: Conditions of fermentation Il

. Biomass
Fermenter | Strain Feed [g wew/Batch]

F1 Tv3 H2 MeOH/Glucose 185
F3 Tv3 H2 MeOH/Glycerin 209
F4 Tv3 H2 MeOH)/Glycerin 202
F5 Tv3 H2 MeOH 3 mL/h 123
F7 Tv3 H2 MeOH 1.5 mL/h 115
F8 Tv3 H2 MeOH 1.5 mL/h 125

Beside the change of the induction feed the stahBapastorisfermentation protocol was
followed strictly. Samples were taken every 12 Bostarting prior to induction phase (90

hours).

4.6.4.2Analysis of oxidase activity

Samples were taken every 12 hours during indugifase of fermentation until cell harvest.
ODesoo, Wew and activity via photometric assay was debeeah of each sample (see Figure
38).
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Tv3 H2 Mix-feed
Activity/wcw

—e— Mix Glucose
—a— Mix Glycerol
—a— Mix Glycerol
—x%—MeOH 3 mL/h
—%—MeOH 1.5 mL/h
MeOH 1.5 mL/h

Oxidase activity/wcw
[mMOD510/min/g/L]

0 T T T T T T T 1

0 18 28,5 41 53 65 76 89,5
Induction time [h]

Figure 38: P.pastoris Tv3 H2 high cell density fermentation with 1.5 and3mL/h MeOH, as well as mix-
feed glucose/MeOH and glycerin/MeOH.

Cells were lysed with detergent, and supernatarg maasured photometricallixGlucose F1 Tv3 H2
induced with glucose/MeOH feed mix with ratio 0386 (fermenter 1) MixGlycerin F3/F4 Tv3 H2 induced
with glycerin/MeOH feed mix with ratio 0.33/0.66e(fmnenter 3 + 4)MeOH 3mL/h F5 Tv3 H2 induced with
3mL/h MeOH feed (fermenter SY1leOH 1.5mL/h F7/F8 Tv3 H2 induced with 1.5mL/h MeOH feed (fermenter
7 + 8) wew, wet cell weight [g].

Higher activity was observed in case of both migde The best result was obtained with
glucose/MeOH mix feed, followed by glycerin/MeOH xriieed. Since the activity profile
during the cultivation remained unchanged but shgwiigher activity values it is very likely
that the activity improvement is based on a bettdrgrowth due to availability of a C-source
which can be metabolized faster than MeOH.

Even though the highest activity was reached wititgse/MeOH mix feed, the addition of
glycerin in the methanol feed improved the biomgistd of Tv3 from 123 g/L (F5) to 205
g/L (F3 and F4).

Harvested biomass was washed in phosphate buféeerf and transferred to Jozef Nahalka
for activity measurements via oxygen consumptionthae: Activity determination via
oxygen consumption method confirmed the trend that feed induction increased the
TVDAO activity. It was also shown that glucose/MeOlk fieed gave higher specific activity
(U/g fcw) than glycerine/MeOH.
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4.6.5 Fermentation Il (Tv1, mix feed strategy)

4.6.5.1Strains and culture conditions

Tvl A9, the bestP. pastorisexpression strain, harbouring the codon optimizgathetic
TVDAO gene and exchanged peroxisomal targeting segueBKL, was an interesting target,
because it did not harbour the fusion protein rotrand therefore is more applicable for
industrial processes. Furthermore the reprodutybdi the mix feeding strategy could be
analyzed. As the final goal is a stable, highlynacbiocatalyst for usage in a biotechnological
process the optimization of culture conditionsesessary.

Based on the mix feed strategy for Tv3 (fermentatlp a similar bioreactor cultivation was
conducted with the strain Tvl A9. Again the staddaethanol feed rate of 3 mL/h served as

benchmark for evaluation of the different fermeiotatconditions.

Table 26: Conditions of fermentation Il

. Biomass
Fermenter | Strain Feed [g wew/Batch]
F1 Tvl A9 MeOH/Glucose 207
F3 Tvl A9 MeOH/Glycerin 197
F4 Tvl A9 MeOH/Glycerin 249
F5 Tvl A9 MeOH 1.5 mL/h 148
F6 Tvl A9 MeOH 1.5 mL/h 144
F8 Tvl A9 MeOH 3 mL/h 131

Beside the adaptation of the induction feed thedstedP. pastorisfermentation protocol was
followed strictly. During the induction phase (96uns) samples were taken every 12 hours to

determine Olgyo, WCcw and activity.
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4.6.5.2Analysis of oxidase activity

Results of the photometric activity determinatidnfermentation samples can be found in
Figure 39.

Tv1 A9 Mix feed
Activity/wcw

—— Glucose/MeOH F1
—8— Glucose/MeOH F2
Glycerin/MeOH F3
Glycerin/MeOH F4
—%— MeOH 1.5ml/h F5
—e— MeOH 1.5ml/h F6
MeOH 3ml/h F7
—=#— MeOH 3ml/h F8

Oxidase activity/wcw
[mODs10/min/g/l]

0 19 29 44 55 66 75 90
Induktion time [h]

Figure 39:P.pastoris Tv1l A9 high cell density fermentation with 1.5 andBmL/h MeOH, as well as mix-feed

glucose/MeOH and glycerin/MeOH.

Photometrical activity determination of the fermaiin courseMixGlucose F1/F2 Tvl A9 induced with

glucose/MeOH feed mix with ratio 0.33/0.66 (ferm@ntl+2). MixGlycerin F3/F4 Tvl A9 induced with

glycerin/MeOH feed mix with ratio 0.33/0.66 (fernten 3+4).MeOH 3mL/h F5/F6 Tvl A9 induced with

3mL/h MeOH feed (fermenter 5+6MeOH 1.5mL/h F7/F8 Tvl A9 induced with 1.5mL/h MeOH feed
(fermenter 7+8jvcw wet cell weight [g].

The promising results of the mix feed strategy fréemrmentation of Tv3 could not be
confirmed with Tv1l mix feed cultivation.

Mix feed induction led to a 40% increase in biomassid (~ 200 g wcw) without
compromising the specific activity of the cells. eTlsuperiority of MeOH/glycerin and
MeOH/glucose could not be reproduced for Tv1.

The best result of the intracellular activity wdstaned with the reduced methanol rate (1.5
mL/h), which gave an 1.4-fold enhancement of sjpeeiftivity as compared to the standard
methanol feed of 3 mL/h. However the biomass yigl still low (~ 140 g/L). Figure 40
shows clearly, that the mix feeds improve the bissngeld, but not the specific activity and
that the reduced methanol rate only improves agtwithout a marked growth advantage.
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Figure 40: High-cell-density bioreactor cultivation of P. pastoris strain Tvl A9 using induction with a mix-
feed strategy.

Values are referenced to oxidase activity obtaimgdg the standard methanol feed and set as 100%.
MeOH: 3 mL/h methanolMeOH/2: 1.5 mL/h methanolGlu/MeOH: 3mL/h glucose-methanol mixture,
Gly/MeOH: 3 mL/h glycerol-methanol mixture

Even though the culture optimization did not imgrdhe specific activities as seen for Tv3
H2 it has to be noted, that the activities reacheth Tvl measured with the oxygen
consumption method exceed the values of other krioAO expression strains Table 27.
Tvl A9 is the most efficient host for production B'DAO that has been reported so far.
Comparison with earlier reports shows that thiaistreached an expression level up to one
order of magnitude above the expression levelsrtegpdor E. coli andP. pastoris[59, 62].
Furthermore other yeasts suchSaserevisiaandK. lactis showed significant loweFvDAO

production [60].

Table 27: Comparison of relevant host strains usefbr production of TvDAO

Differences in the conditions used for assayingetheyme activity are problematic for a direct andmtitative
comparison of the published data. However, a cteamd is recognized. Results as already accepted fo
publication in [99].

Expression host Activity Reference
Trigonopsis variabilig 4,620 U/1° [48]
Pichia pastoris 7,596 U/ [64]
Pichia pastoris 23,000 U/L® [100]
Pichia pastoris 12,532 U/ [59]
Pichia pastoris’ 218,926 U/L' Tvl A9
Pichia pastoris 338,616 U/L' Tv3 H2
Saccharomyces cerevisiae-110 U/g dew [60]
Kluveromyces lactis ~150 U/g dew [60]
Escherichia colf 12,340 U/L' [59]

#Induced with N-carbamoyl-D-alanine

® Induced with reduced methanol feed

¢ Induced with Glycerin/MeOH mix-feed

9 Induced with D-methionine results in 4.5 fold exgsion improvement
€ Activity measured with D-alanine as substrate

f Activity measured with D-methionine as substrate

4 dryed cell weight
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4.6.6 Fermentation IV (cloning constructs)

4.6.6.1Strains and culture conditions

In this final fermentation the strains generatet aloning technique based on the T2-plasmid
were cultivated. One aim of this fermentation wasvaluate the various engineering steps

which led to the development of the optimized carcdtTv1.

Table 28: Pichia pastoris TVDAO expression strains chosen for high cell densitigrmentation.

Tv1A9 was fermented as a control. syn. codon. opton optimized syntheti®vDAO. -SKL amino acid
sequence at the C-terminus. —PNL amino acid sequahahe C-terminusZeoR Zeocin resistance gene,
promoter and terminator are characteristic for Bt-T2-plasmids. B1/T2 P.p. expression constructs fo
integration.

: ZeoR Biomass
Fermenter Strain TvDAO gene  PTS1 (plasmid) | [g wew/Batch]

F1 . 275
F2 cTvla G11 native SKL T2 277
F3 Tvl A9 syn- codon opt. SKL Bl 114
F4 cTvl B10 syn- codon opt. SKL T2 144
F5 259
6 cTv5 H3 syn- codon opt. PNL T2 264
F7 . 221
Fs cTv5a G4 native PNL T2 212

To compare the performance of the cloning strainih wthe oePCR strains the culture
conditions were kept the same as in fermentatiofhe standardP. pastorisfermentation
protocol with a standard MeOH feed rate 3 mL/h vedieswed. The best strain from the first

fermentation Tvl A9 was cultivated again as benckratrain.
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4.6.6.2Analysis of oxidase activity

During fermentation samples were taken every 12d)a@tarting prior to induction phase (90
hours). ORy, wcw and activity via photometric assay was debeech of each sample.
Results can be seen in Figure 41.

After 90 hours cell material was harvested via grmgation, frozen for oxygen consumption

measurements which were performed with french gysssl cells.

cTvDAO strains
Activity/wcw
600
—e—F1cTvla G11

500 —s—F2cTvla G11
) —a—F3Tv1 A9
2 400 F4 cTV1 B10
8 E 500 F5 cTV5 H3
23
<A —e—F6 cTV5 H3
2 9 200 —+—F7 cTsa G4
c = W — F8cT5a G4

100

O haal T T T T T T 1
0 18 28,25 40,75 51,5 65 73,75 90
Induction time [h]

Figure 41: P.pastoris high cell density fermentation with standard 3mL/hMeOH induction feed.
Photometrical activity determination of the fernmaitn courseF1/F2 cTvla Gl1Best expressing strain
harbouring nativ VDAO with engineered peroxisomal targeting sequefSté_ (fermenter 1 + 2)F3 Tv1l A9
Best expressing strain harbouring codon optimizedhetic TVDAO gene with engineered native peroxisomal
targeting sequence -SKL, expression cassette coistt via 0ePCR (fermenter 34 cTvl B10 Best
expressing strain harbouring codon optimized sythEVMDAO gene with engineered peroxisomal targeting
sequence -SKL (fermenter 455/F6 cTv5 H3 Best expressing strain harbouring codon optimizguthetic
TVWDAO gene with native peroxisomal targeting sequeRdd. (fermenter 5 + 6)F7/F8 cTvba G4 Best
expressing strain harbouring natiireDAO with native peroxisomal targeting sequence -Rfékmenter 7 + 8).

Tv1l/cTvl, harbouring the codon optimized gene andeachanged peroxisomal targeting
sequence -SKL, showed the highest activity. Notdwois that a difference in terms of
activity could be observed between strains harbguitie sam@vDAO coding sequence but
different Zeocin resistance marker.

The strain cTvba, harbouring the unmodifi@dDAO showed relatively low activity.
Surprisingly the first engineering step, the exdwof the peroxisomal targeting sequence
(cTvla) resulted in an unexpected activity decay 85%.

Starting from the unmodifie@vDAO strain cTvba, a first improvement could be atd by

optimization of the codon usage based on high melhexpression irP. pastoris(cTv5) in
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combination with the native peroxisomal targetirgguence —PNL. This synthetic gene
showed a 2.5-fold improvement compared to the waigsequence found ifirigonopsis
variabilis. By combination of the codon-optimized gene wilie tengineered C-terminal
targeting sequence —SKL, a dramatic expressionneenaent could be observed in construct
Tvl. This strain displayed 5.5-fold improvement @awed to the originalTrigonopsis
variabilis sequence. Detailed results of the activity deteation via oxygen consumption

method can be found in Table 29.

Table 29: Intracellular activity comparison betweenP.pastoris strains harbouring native and engineered
TvDAO expression variants.

Cells were cultivated in a high cell density fertaion with standard 3mL/h MeOH induction fedel/F2
cTvla G1l1Best expressing strain harbouring nafis®AQO with engineered peroxisomal targeting sequence
SKL (fermenter 1 + 2)F3 Tv1l A9 Best expressing strain harbouring codon optimizedhetic TVDAO gene
with engineered native peroxisomal targeting seqeeiSKL , expression cassette constructed via oePCR
(fermenter 3).F4 cTvl B10Best expressing strain harbouring codon optimizatthetic TDAO gene with
engineered peroxisomal targeting sequence -SKLm@ater 4).F5/F6 cTv5 H3 Best expressing strain
harbouring codon optimized synthefigDAO gene with native peroxisomal targeting sequdpidé (fermenter

5 + 6). F7/F8 cTv5a G4Best expressing strain harbouring natidAO with native peroxisomal targeting
sequence -PNL (fermenter 7 + 8).

: Intracellular activity Biomass
Fermenter Strain [Ulg fow] [g fow/Batch] Copy number
F1 90 274
Eo cTvla G11 86 277 1
F3 Tvl A9 1118 114 18
F4 cTvl B10 767 144 1
F5 348 259
F6 CTvo H3 346 264 1-2
F7 137 220
8 cTvba G4 133 212 1

All strains except Tv1l/cTvl reached biomass yiedi®ve 200 g/L using the standard P
pastoris fermentation protocol. The lower biomass of Tvl AA8d cTvl B10 might be
explained by the stress generated when large anodwetombinant DAO accumulates in the
cell. The strain Tvl grew normally in glycerol batphase wher@dvDAO expression was
repressed, but not during the induction phase usigifpanol. Similar observations were made
with other yeast host organisms, were reduced graluting induction due to apparent cell

toxicity of recombinant DAO was reported [60, 64].
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4.6.7 Overview of fermentation results

Summing up it can be said that the strains gericiieing this study exceed the activity of
theP. pastorisWT1 benchmark strain (provided by Ingenza) by far.

Codon-optimization of thef'vDAO gene sequence led to improved activity (2.5Hfchs
compared to the nativErigonopsis variabilissequence. Drastic activity enhancement (5.5-
fold) was observed at the combination of codonroiation with exchange of the native C-
terminal peroxisomal targeting sequence —PNL toimized —SKL sequence.

The P. pastorisTVDAO expression strain Tv3 H2 is the most efficiBost for production of
TWDAO that has been reported so far (see Table 2ahleT30 shows that in bioreactor
cultivation the multi copy (mc) strain Tvl A9 gaadwofold enhancement of specific oxidase
activity as compared to the single copy (sc) stcdiml B10. This implies that the number of
gene copies did not translate linearly into the titf activeTvDAO.

Another interesting result is that the best expoasstrains only show relatively low biomass
yields which can be explained by a possible toxieitect of the recombinaffivDAO or that

the highly engineered expression strains suffeetabolic load which leads to a slow growth
behaviour.

Table 30: Enzyme and strain engineering for effi@nt expression offTvDAO in Pichia pastoris

Enzyme activities are reported fBr pastoriscells obtained in 1.5-L bioreactor cultivation doying standard
induction with 3mL/min methanol. Codon usagstive as in the originalTvDAO gene, or optimized for
expression using the AOX1 promot®TS1- peroxisomal targeting using the native C-termtripeptide PNL

or the engineered motif SKICN: Number of copies of the expression cassette riated into theP. pastoris

genome. Results as already accepted for publicatif99].

Sequence CN Intrac'el.lular Biomass
. activity
Strain
Codon PTS1 [Ulg wew] [g wew/batch]
usage
WT1 native - 7-9 64 210
Tvl A9 optimized SKL 18-19 1283 117
Tvla C4 native SKL 5 550 240
Tv3 H2 optimized SKL 16-17 1448 131
cTvl B10 | optimized SKL 1 767 144
cTvla Gll native SKL 1 90 274
cTv5 H3 optimized PNL 1-2 348 259
cTvba G4 native PNL 1 137 220

Concluding remark: The data of the bioreactor eatton were obtained in collaboration with

Sandra Abad and have already been accepted facatidh in [99].
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5 Conclusion
This study reports the successful development ahaavativeP. pastorisDAO whole-cell

biocatalysator that is suitable for applicationndustrial deracemization processes.
Sequence analysis of oxidases from different ssusgas used to obtain more detailed
information about the target oxidases and chosmldai strategies for expressionRichia
pastoris These constructs included the design of syntlysies, which are codon-optimized
for expression ifP. pastorisunder conditions of methanol induction and exchawigie C-
terminal peroxisomal targeting sequence. Even thalig sequences of several oxidases were
analysed and constructs were designed, the mairs foicthis study lies on the expression of
TVDAO in P. pastoris

Therefore two strategies to assembly the expressigeette foP. pastorisexpression were
chosen. Firstly assembly of a linear expressioseatés by oePCR and secondly a classical
cloning approach. These two strategies also udéstaht plasmids (pPP-B1 and pPP-T2) as
origin of the Zeocin cassette.

With these two strategie®. pastoris strains, harbouring the various constructs, were
generated and cultivated in deep well plates. Tlhees were screened and rescreened for
oxidase activity using an enzyme-coupled colorimedssay. The best clones were selected
for large scale cultivation in bioreactors to proeiiomass under controlled parameters and
characterize the generated strains. The data shthaedll generateB. pastorisstrains have

a higher activity than the benchmark strain WTlomted by Ingenza). Furthermore it was
shown that codon-optimization of tHe/DAO gene lead to 2.5-fold activity improvement.
The additional exchange of the peroxisomal targesequence (PTS1) improved the activity
further (5.5-fold as compared to the nativegonopsis variabilissequence iR. pastori$. To

our knowledge this is the first report describingamnbination of PTS1 exchange with codon
optimization of a gene for improved expression. iliddally it was found out that multi copy
strains show higher activities than single copwies, but that the copy number does not
correlate linearly to the activity.

Notwithstanding the generatdd. pastorisstrain Tv3 H2 is the most efficient host for
production ofTVDAO that has been reported so far. Additional pssadevelopment in terms
of feeding strategy during bioreactor cultivatioelged to overcome growth deficiencies in
the cell and enhanced the biomass yield from 12@gAtandard conditions to 200 g/L.

The overall concept and additive as well as systogieffects from different individual
improvements lead to a highly active and robustdtalyst which might be interesting for
industrial applications.
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7 Appendix

7.1 Strains generated during diploma thesis

Table 31: Strains generated during this work, depdted in the culture collection

BT . Host .
NUETsEr Organism Strain Name Comments VNTI-file
5965 E. coli TOP10F pJET-Tv1l TVvDAO: codon opt., -SKL, B1-ZeoR pJET-TvIL
. , TVvDAO: codon opt., -SKL, N-term citring
5966 E. coli TOP10F pJET-Tv3 fusion, B1-ZeoR pJET-Tv3
3633 E.coli | TOP1OF'| pJET-Tvia| ['DAO:native sequence., -SKL, Bl p1eT.1v1a
3623 E. coli TOP10F T2-Tvl TVvDAO: codon opt., -SKL, T2-ZeoR T2-Tvl
3624 E. coli TOP10F T2-Tvla TVDAO: native, -SKL, T2-ZeoR T2-Tvla
3625 E. coli TOP10F T2-Tvb TVvDAO: codon opt., -PNL, T2-ZeoR T2-Tv5
3626 E. coli TOP10F T2-Tvba TVDAO: native, -PNL, T2-ZeoR T2-Tvba
3577 P. pastoris Muts7 Tvl A9 TvDAO: codon opt., -SKL, B1l-ZeoR, pJET-TvlL
3634 | P.pastoris | Muts7 | Tviaca | ['DAO:nativesequence. -SKL, Bl 5er1y14
- TVDAO: codon opt., -SKL, N-term citring
3576 P. pastoris Muts7 Tv3 H2 fusion, B1-ZeoR pJET-Tv3
- TvDAO: codon opt., 5 pointmutations,
3575 P. pastoris | KM71H WT1 Invitrogen materiall WT1
3629 P. pastoris Muts7 T2-Tvl B10| TVvDAO: codon opt., -SKL, T2-ZeoR T2-Tvl
3630 P. pastoris Muts7 | T2-TV1a G11 TVDAO: native, -SKL, T2-ZeoR T2-Tvla
3631 P. pastoris Muts7 T2-Tv5 H3 TVvDAO: codon opt., -PNL, T2-ZeoR T2-Tv5
3632 P. pastoris Muts7 T2-Tvba G4 TVDAO: native, -PNL, T2-ZeoR T2-Tvba
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7.2 Protokoll DAS GIP Fermentation
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DURCHFUHRUNG

Tag 1 (Mi)

O2 Elektroden putzen

schwarze Schutzkappe abziehen
Elektrode aufschrauben
Elektrolytlosung ausleeren, mit Wasser spiilen
Elektrode mit Zahnbiirste und Zahnpasta putzen
(Vorsicht bei Glaskopf)
griindlich mit Wasser spiilen
mit Zellstoff trocknen

neue Elektrolytlosung (Oxyprobe Elctrolyte,
Broadley James Corp.) einfiillen

zusammenbauen, Schutzkappe aufsetzen

danach die Elektroden nicht mehr umlegen sondern
aufrecht transportieren

zum polarisieren iiber Nacht an die Kabel hangen
mind. 6-8 Stunden

OxyProbe®
Protective Cap Removal

Cartriage
Spenrg

tssmbrans

Assemily

Rernoue maisture-proof dust
cap from 4-pin connecior by
appiying 3 quarter-iurn twist
in the direction of the amow

a5 shown.

Remove the pastic protectve CAUTION

et from the tin of the senzor

action in the direction of the

4
Remove the optional maisture Enxf i
dust cap from cable connector by
applying a quarter-tum twist in the
direciion of the amows as shown.

Catrigge ———

tsembrans

C’ -“ Burface

The use of protective Iu;fﬁ :ndh

i st ifi wear s recommended throughout
by applying a tarsting-pulting the membrane cartridge refill angcl
installation procedures.

Principle Sensor Components

4-pinplg
harmetically sealad

S2rgor baoy
6L slainiess steel

Captive 31EL 32 Retaler Faing
Py 12.5 Thread

Meunting Flange
6L S
Teflon Washer

Witan C-ring
slzel A1

EFDM O-ring
HZET AS-011
Sllver anode

{Glass stem with
Eullt-in 22 tharmistor

Piatnum cathode

Cartrioge slesve
36Lstamess gleel ———————————————

31EL S5 caridge whn composite
Teflonislicons fubber membane ———— ——
reirfonced wih stesl mesh

Membrane Cartridge Refill

Rl
Speut

scid e memirans carricge upighs (with aoecing oo T ane
slecirotyhe sciuton from e Botie

Inia the carridge un leves |3 approsimately 178" (3 mm) from

fbe tnp edge ofthe o ge. Aemove any large entapped ar bubbies

by gertiy @pong an e sde of e memorane carTioge s

Try not o szl any of the simcsise saulion. Sa cartai o mine

off any excess sieciolyde from the outsice surface of the

canrioge Heeve with a clzar Hosue

hani. Carsfuily pour ne

Stepa.
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Cartridge | lati Sensor Polarization

CAUTION

The use of protective gloves and
ewear is recommended throughout

the membrane cartridge refill and

installation procedures.

Grip the filed memiare cartrioge, oy

cagry o M IhUmD and fngers in ane hand while
PS5, hoidng fhe sensor as: winthe

oer hand az shoum.

Step s Aftach e AM-E221 Foiartzing Unk onio e
= 4-Fin cornector of the sensar

Senzor

Aszmmnly

seaing _— |

v Genty sie the memarans
arng

carige over the cathode |
anode assembty unll e

of e sensor assemty.
Stap§.  WIn a clockwise action,
screw ihe mememane

Tuistlock e connecior o the
= AM-S221 Folarzing unk in the
Stepa direcicn o the arrw 25 shown 1

carridge onto the sensar
\\K il ther= b 3 e &5 howrs for compiste
= Dotartzation.

saiing o-ring Should no
longer be wsinle.

HOTE: SENSOR POLARLZATION MAY
ALED BE ACHIEVED BY CONNECTING
THE SENSORTO THE HOST D.O
TRANSMITTER PROVIDED THE

Airse fhe fort poron of the: sersor 1 INETRIMENT 13 POWERED. 1
‘aszemisty wiln clean tap warter and biok dry

Fermenter putzen

mit H20 fiillen und nochmals autoklavieren, nochmals reinigen, und iiber Nacht
trocknen lassen

Reinigung

Schlauche, Filter runter

Feed lines durchspiilen (Wasser, EtOH)

Glaskorper mit heiflem Wasser und Seife schrubben, mit dest. Wasser nachspiilen
Rithrwerk mit Biirste abschrubben

Sparkler durchspiilen, iiberpriifen ob richtig verschraubt

Leitfahigkeitselektrode festschrauben

VK1 ansetzen
Vorkultur in 50 mL BMGY (mit Glycerol oder Glucose) ansetzen

80 mg/L Zeocin verwenden um Kopiezahl Verlust zu verhindern
Achtung bei WT Stammen kein Antibiotika verwenden!
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Vorkultur Medium
VK Medium mit Glycerol VK Medium mit Glucose
10g Yeast Extract 10g Yeast Extract
20g Peptone autoklavieren 20g Peptone autoklavieren
100 mL H20 140 mL H20
+100 mL YNB +100 mL YNB
+100 mL PPB +100 mL PPB
+100 mL 10 X Glycerol (10% v/v) +60 mL 10 XD
80-100 mg/ L Zeo 80-100 mg/ L Zeo
Tag 2 (Do)

VK2 ansetzen

pro Fermenter 50 mL BMGY (mit Glycerol oder Glucose)
um 18 Uhr (Start der Fermentation, Inokulierung) soll die OD 10 sein (laut Andrea
besser 15-20)

Autoklavieren

Spiilldsungen und Losungen zur pH Korrektur °
Feedlosungen

2x 1L Kolben zum Schlauche spiilen
Messzylinder fiir MeOH

Bechergldser um VK zu poolen

Spiill6sungen
80% EtOH (150 mLH20 + 600 mL EtOH)

2M NaOH (60g/ 750mL H20)
H20
Substrat

pH Korrektur
25% NH3
10% H3PO4 (360mL H20 + 40 mL Saure)

ACHTUNG!!
EtOH, Saure, NH3, MeOH|, ... erst nach dem autoklavieren in der Cleanbench in die
Feedflaschen fiillen

° Spiillésungen kénnen auch schon an Tag 1 herdastellautoklaviert werden
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Fed Batch Feeds
Feed Gylcerol Menge ' 1,133333
Einwaage
. 92,1 587,7 666,06 g
autoklavieren .
VE Wasser auf 1,00 L auffullen
sterfiltrieren 12 12,00 mL

ODER

Feed Glucose Menge | 0,63
| Molare Masse Einwaage

632,3 398,35 g

autoklavieren -
VE Wasser auf 0,50 L auffillen
sterfiltrieren 12 12,00 mL
Induktion
Feed Methanol

Molare Masse Einwaage

1000 1000,00 g

sterfiltrieren 12 15,17 mL

1000g MeOH entspricht 1,27 L (0=0,79 g/mL)

ODER

Mixfeed (Glucose — Methanol) Menge | 1,00
Molare Masse Einwaage

452,24 452,24 g
. 346,34 346,34 g
autoklavieren ' ’
VE Wasser auf 0,83 171,08 g
sterilifiltrieren 12 15,17 mL

454,24¢ MeOH entspricht 0,57 L (0=0,79 g/mL)

ODER

Mixfeed (Glycerol — Methanol)

Menge ' 1
Molare Masse Einwaage

452,24 452,24 g
; 321,90 321,90 g
autoklavieren J '
HIOKIAVIBIEN 1 asser auf 0,80 19552 g
sterilfiltrieren 12 15,17 mL

454,24g MeOH entspricht 0,57 L (0=0,79 g/mL)
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Batch Medien

1.) Salze einwiegen

2.) C-Quelle einwiegen (Glycerol oder Glucose)

3.) mit Wasser auffiillen
4.) Phosphorsaure zugeben

Batch Medium mit Glycerol

600 mL Arbeitsvolumen

Summenformel Menge fur 600 mL

Phosphorsaure 85% HsPO, 2.55 mL
Calciumsulfat Dihydrat CaS0, :2H,0 0.10 g
c Kaliumsulfat K,SO, 1.72 g
g Magnesiumsulfat Heptahydrat MgSO, - 7TH,O 1.39 g
'g Kaliumhydroxid KOH 0.38 g
S EDTA Disodiumsalz Dihydrat C1oH12N2Na,04 0.36 g

= monohydrat

® Natriumchlorid NaCl 0.13 g
Glycerol 100% v/v C3HgO4 24 g

Wasser + Inokulum (10%) H,O auf 600 mL

2.61 mL

0,1 mL

ODER
Batch Medium mit Glucose
Summenformel Menge fur 600 mL

Phosphorsaure 85% HsPO, 2.55 mL
Calciumsulfat Dihydrat CaS0, :2H,0 0.10 g
c Kaliumsulfat K,SO, 1.72 g
g Magnesiumsulfat Heptahydrat MgSO, - 7TH,O 1.39 g
'g Kaliumhydroxid KOH 0.38 g
S EDTA Disodiumsalz Dihydrat C1oH12N>Na,04 0.36 g

= monohydrat

® Natriumchlorid NaCl 0.13 g
Glucose Monohydrat CeH1206 H,O 25.83 g

VE Wasser + Inokulum (10%) H,O auf 600 mL

2.61 mL

0,1 mL
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pH Elektroden kalibrieren

Elektroden in richtiger Position anschliefSen

aus Elektrolytlosung in leeres PLASTIK Becherglas geben und mit dest. Wasser
spiilen

Prozedur pH Kalibration am PC starten

Elektroden in pH Kalibrationslosung (pH 7) halten

am PC ,Start” driicken

Elektroden mit dest. Wasser spiilen

Elektroden in pH Kalibrationslosung (pH 4) halten

am PC ,,Start” driicken

Elektroden mit dest. Wasser spiilen

nicht mehr in Elektrolytlosung geben sondern direkt in Fermenter einbauen

O2 Elektroden kontrollieren

Prozedur ,, 02 Kalibration” am PC starten
schauen ob alle Elektroden reagieren

schwarze Kappe runter =70 — 100 % O2

Elektrode mit N2 iiber Greiner-Schlauch-Konstruktion ,spiilen” (O2 Gehalt sollte
sinken)

Kalibration wird aber nicht jetzt, sondern erst nach dem Autoklavieren, kurz vor
dem Fermentations - Start durchgefiihrt

Fermenter zusammenbauen

kontrollieren ob Glasgefafs und Riihrwerk sauber sind

Kiihlungsrohren installieren

neue Schlduche und Filter fiir Zu-/Abluft installieren (auf INLET Richtung achten, IN
soll in O2-Fluss Richtung sein), mit Kabelbinder fixieren

Batch Medium einfiillen und Riithrwerk aufsetzen

Feed Anschliisse mit Deckel verschliefen

Probenahmeventil (lila) montieren und mit lila Deckel verschliefsen, weifse Klemme
schliefSen

Filter mit Alu verschlief3en

Seitenausgange des Fermenters verschlieflen: griiner Deckel, roter Deckel mit
Membran

Elektroden montieren und Autoklavierkappen aufsetzen, auf Farbcode achten

O2 Elektrode gegeniiber vom Sparkler montieren
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autoklavieren (Seitendeckel leicht gedffnet, Elektroden und Filter verschlossen)

Spiil- und Feedldsungen fertig machen

Ethanol, Sdure, Methanol, PMT1, NH3 unter sterilen Bedingungen in der Cleanbench
in die Feedflaschen geben

Schlduche spiilen

Feed Anschliisse (je 4x gelb, rot, griin, blau) mit Nadeln versehen und in leere Kolben
stechen (durch Alufolie)

alle Anschliisse vor dem Offnen mit EtOH desinfizieren
Waschen mit: 80% EtOH, 2M NaOH, H2O, Substratlosung
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Anschluss der ,Substratlosungen”:

Pumpe | Farbe | Losung
A gelb | Saure HsPOu
B grin | Base NHs
C rot | Feed (FedBatch Phase) | Glycerol oder Glukose
D blau | Induktion MeOH oder Mix Glycerol oder Mix Glukose

Fermenter anschliefSen

Achten auf Nummerierung bzw
Farbcode:
1 gelb
grun
rot
blau
gelb — weifs
griin — weif3
rot — weif3
blau — weifs

O I ON U1 = WL DN

Motor installieren (auf Nummerierung achten!!!)

Zuluftfilter an weifse Schlduche anschliefien (griine Schldauche fithren zur
Abgasanalytik, eventuell an Abluftfilter anschliefien)

Kithlungsrohr: blauer Schlauch unten, roter oben (fest reinstecken durch rausziehen
der Metallhiilse fixieren), Wasser an der Riickseite aufdrehen

pH Elektrode anschlieffen (rote Anschliisse, Nummerierung!!)

O2 Elektrode anschliefien (silber Anschliisse, Nummerierung!!)

Thermofiihler in Hiilse stecken

Erdung (griin/gelbes Kabel) an Deckel anschliefsen

2,6 mL PMT1 und 1 mL Antifoam (10% v/v) mit Sterilfilter-Spritze durch Membran
in den Fermenter geben (lange Nadel verwenden)

02 AN
H20 AN
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pH einstellen auf pH 6

manuell Pumpen einschalten, Prozedur pH Kalibration zur pH Uberwachung
NICHTS driicken sonst sind die Elektroden nicht mehr kalibriert!!!

pO2 Kalibrierung

Prozedur pO2 Kalibrierung am PC Starten

zuerst Sauerstoff einschalten, maximale Drehzahl bei der Rithrung (=100%

Sauerstoff)

dann Stickstoff anschlieSen(= 0% Sauerstoff)

anschliefSend O2 wieder einschalten!

neuen Arbeitsablauf starten

- basierend auf ...
- bearbeiten
- ausfiihren

Rithrer AN

pH AN
Temperatur AN
Pumpen AN

Inokulieren

50 mL VK2 durch Membran in den Fermenter spritzen (lange Nadeln verwenden)

Start Fermentation

Fermentations Parameter

Temperatur
Rithrerdrehzahl

DO Kontrolle iiber Riihrung
pH Kontrolle mit 25% NH3
Hungerphase

Feed

Expressionsphase

28°C

500 - 1250 rpm

30%

pH®6

ca. 30 min

6 Stunden

90 Stunden (normal 3 mL MeOH / h)
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OD VK2
OD der VK2 bestimmen

Tag 3 (Fr

Zellen wachsen tiber Nacht und verbrauchen C-Quelle im Batch Reaktor, wodurch
02 verbraucht wird. Sobald die Zellen keine C-Quelle mehr haben stoppt der
Metabolismus, dadurch wird kein/weniger O2 verbraucht und der DO Wert steigt
an. Es bildet sich ein Peak(siehe roter Kreis) in der DO Kurve. Dies wird durch
Verringerung der Rithrerdrehzahl ausgeglichen wodurch der DO Wert wieder sinkt,
ein Wechselspiel zwischen O2-Gehalt und Riithrerdrehzahl entsteht.

TV1_F.Regelung
pO2 1.PV [%DO], pO2 2.PV [%DO], pO2 3.PV [%DO], pO2 4.PV [%D0], pO2 5.PV [%D0], pO2 6.PV
[%D0]

140,0
120,0 1

] 1
& 100,0 T

@
=
o

—pO2 1PV
—— 02 2PV

pO2 3 PV
—— pO24PV
— pO25PV
—— pO26PV

2 il
= B00 T

10,0 1

) il
= 200 o

pO2 1.PV [%D0], pO2 2.PV [%D0], pO2 3.PV [%D0], pO2
4.PV [%DO], pO2 5.PV [%DO0], pO2 6.PV [%DO]

o e
0:08:00 2:24.00 4:4%.00 7:12:00 9:36.00 12.00:00 14.24.00 16.48.00 19:12:00

20,0 1

Duration

Trigger auslosen

warten auf Hungerpeak (siehe Bild, ca. 12-16 Stunden nach Inokulation)
dann Pumpen C und D bei Hauptregelung einschalten - Trigger (offline value A)
auslosen > 6 Stunden spéter fangt die Induktion mit MeOH (bzw. Mix feeds) an

Fermentation lauft 90 Stunden ab dem Zeitpunkt der Induktion

Programm Tv1_F (etc.) hat eine langere Induktionszeit (100 h) eingestellt, um das
Ende der Induktion nicht zu versaumen.
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Probe nehmen

Probe 0 (kurz vor Induktionsstart)

Probe aus Fermenter entnehmen

Verschluss desinfizieren mit EtOH

Spritze mit Drehverschluss and er Offnung fixieren
Klemme 6ffnen

ca. 10 mL entnehmen

Klemme und Verschluss schliefsen

Entnommenes verwerfen

Verschluss erneut desinfizieren

Spritze mit Drehverschluss an der Offnung fixieren
Klemme 6ffnen

Probe entnehmen (ca. 2 mL)

Deckel und Klemme schliefSen

ZNG bestimmen

Eppi abwiegen

500 uL Zellen in Eppi pippetieren

zentrifugieren (10 min, 4°C, 13.200 rpm)

Uberstand verwerfen

zentrifugieren (2 min, 4°C, 13.200 rpm)

restlichen Uberstand mit einer Pippetenspitze abnehmen
wiegen

ZNG= Eppi mit Zellen - Eppi

Probe einfrieren (-20°C) fiir spatere Aktivititsmessung

OD600 bestimmen

Verdiinnung mit 100 mM PPB pH 6
wahrend Fermentation ca. 1:1000 verdiinnen

Tag 4 (Sa), 5 (So), 6 (Mo)

Probe nehmen

jeweils in der Frith und am Abend (am besten ca. 12 Stunden auseinander)

Zentrifuge reservieren fiir Ernte!!!
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Tag 7 (Di)

Ernte

bendétigte Utensilien

Sackerl

Gummiringe

Pipettboy + Spitzen

Pipette + Spitzen

gr. Becherglas als Miill

kl Becherglas zum Austarieren
100 mM PPB pH 6

50 mL Greini

ERNTE
Zentrifuge auf 4°C vorkiihlen

Fermenter einzeln beenden(damit Zellen nicht pelletieren)

am PC: bei jedem Fermenter (Setup1-8) BEENDEN klicken
warten bis Riihrer ausgeschaltet ist
Fermenter abbauen

ACHTUNG Schutzbrille tragen (in den Feed Anschliissen ist NH3, Saure und

MeOH)

Fermenter in Zentrifugenraum tragen

Sackerl mit einer Ecke nach unten in den Zentrifugenbecher geben
Zellen reinleeren (2 Becher pro Fermenter)

zentrifugieren (Rotor JA 10, 4000 rpm, 10 min, 4°C)

Uberstand verwerfen

Zellpellet mit 50 mL 100 mM PPB pH 6 waschen

Sacker mit einer Ecke nach unten in den Becher geben
zentrifugieren (Rotor JA 10, 4000 rpm, 10 min, 4°C)

Uberstand verwerfen

Zellpellet abwiegen und einfrieren (an Jozef iibergeben)

Feed Anschliisse an Nadeln anschliefsen, in die Waschkolben stecken
Schlauche mit sterilem dest. Wasser waschen
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Fermenter totautoklavieren

Darauf achten dass die Elektroden mit Schutzkappen verschlossen sind
Filter evt. abnehmen oder mit Alu verschliefen

Putzen

Schlauche, Filter runter

Feed Anschliisse durchspiilen (Wasser, EtOH)

Glaskorper mit heiflem Wasser und Seife schrubben, mit dest. Wasser nachspiilen
Rithrwerk mit Biirste abschrubben

Daten exportieren

fertiger Arbeitsablauf - rechte Maustaste - Daten exportieren - Daten werden in
Ordner ,DAS GIP Export” am Desktop exportiert
Regelungsdatei 6ffnen und als .exe Datei speichern

Tag 8 (Mi)

Aktivititsbestimmung der Proben

500 uL der Zellsuspension wurden 10 min, 13000 rpm, 4 °C zentrifugiert
Uberstand verworfen und weiter 2 min zentrifugiert. Uberstand wieder verworfen.
ZNG wurde bestimmt.

Das Pellet wurde eingefroren.

Pellet wurde aufgetaut und mit 300 uL Yeastbuster mit der Pipette resuspendiert
Suspension 10 min, 13000 rpm,4°C zentrifugiert

ca.300 pL in einer Mikrotiterplatte transferiert

Aktivitatsmessung bei 30 °C, 510 nm

Zelltrimmer wurden wieder fiir 10 min zentrifugiert.

Restlicher Uberstand entnommen, und mit 200 uL Yeastbuster resuspendiert
Suspension 10 min, 13000 rpm, 4 °C zentrifugiert

Aktivitatsmessung bei 30°C, 510 nm
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Auswertung

jeweiliges Volumen bei den Probenahmen und Endvolumen aus exportierten Daten
herausschreiben

berechnen von:
Aktivitat

Aktivitat / ZNG
Aktivitat / OD
Aktivitat / Volumen
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MEDIEN
Vorkultur
VK Medium mit Glycerol VK Medium mit Glucose
10g Yeast Extract . 10g Yeast Extract
20g Peptone autollavieren 20g Peptone } autoklavieren
100 mL H20 140 mL H20
+100 mL YNB +100 mL YNB
+100 mL PPB +100 mL PPB
+100 mL 10 X Glycerol (10% v/v) +60 mL 10XD
80-100 mg/ L Zeo 80-100 mg/ L Zeo

Spurenelementlosung PTM1 (mit Biotin)

PTM1 (alt) — Fermentation 04/2008 — P. pastoris CBS7435 — T2-Stimme

M [g/mol] (4.35 mL/L)
Biotin 150 mg
CuSOs- 5 H:0 249.69 45 ¢
Nal 149.89 60 mg
MnSO: -H:0 169.02 225 ¢
Na:MoOs:- 2 H20 241.95 150 mg
H:;BOs 61.833 15 mg
CoCl:2- 6 H20 237.93 687 mg
ZnCl2 136.28 15 g
FeSOs- 7 H20 278.0176 4875 g
H:SO: 3.75 mL
Endvolumen 0.75 L

sterilfiltrieren und bei 4°C lagern

Diploma thesis 107 Gabriele Bergler



Appendix

Batch Medien

600 mL Arbeitsvolumen

1.) Salze einwiegen
2.) C-Quelle einwiegen (Glycerol oder Glucose)
3.) mit Wasser auffiillen

4.) Phosphorsaure zugeben

Batch Medium mit Glycerol

Summenformel Menge fiir 600 mL

Phosphorsaure 85% H:PO, 2.55 mL
Calciumsulfat Dihydrat CaS0,-2H,0 0.10 g
c Kaliumsulfat K,SO, 1.72 g
S Magnesiumsulfat Heptahydrat MgSO, - 7H,0 1.39 g
'% Kaliumhydroxid KOH 0.38 g
é EDTA Disodiumsalz Dihydrat Cﬁ?ﬁéﬁ;’;ﬁ;to 8 0.36 g
) Natriumchlorid NacCl 0.13 g
Glycerol 100% v/v C3HgO3 24 g

Wasser + Inokulum (10%) H,O auf 600 mL

2.61 mL

0,1 mL

ODER
Batch Medium mit Glucose
Summenformel Menge fiir 600 mL

Phosphorsaure 85% H:PO, 2.55 mL
Calciumsulfat Dihydrat CaS0,-2H,0 0.10 g
c Kaliumsulfat K,SO, 1.72 g
S Magnesiumsulfat Heptahydrat MgSO, - 7H,0 1.39 g
'% Kaliumhydroxid KOH 0.38 g
é EDTA Disodiumsalz Dihydrat Cﬁ:ﬁéﬁ;’;zto 8 0.36 g
© Natriumchlorid NaCl 0.13 g
Glucose Monohydrat CeH1,06 H,O 25.83 g

VE Wasser + Inokulum (10% H,O auf 600 mL

2.61 mL

0,1 mL
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Feed Berechnungen

C H (@] H,O M C-Anteil Dichte
kg/L
12,0107 1,00794 15,9994 18,01528 g/mol gC/gZucker (25C)
Glycerin 3 8 3 0 92,094 0,391 1,25
Glucose 6 12 6 0 180,156 0,400
Glucose
Monohydrat 6 12 6 1 198,171 0,364
Methanol 1 4 1 0 32,042 0,375 0,791
conc
conc conc MeOH
Feed Dichte glu/gly MeOH concC C
glucosemonohydrat
Medium 1,27 kgL* 0,63 Qgiucosel Grzo 0,23
glycerol Medium 1,13 kg L* 0,59 Qglyceol GH2o 0,23
methanol Medium 0,79 kgL™ 1 % 0,37
glucose- methanol 0,97 kg Lt 0,35 Qgiucosel gHzo'l 0,45 Omeon gHzo'l 0,13 0,17
glycerol- methanol 0,92 kgL 0,32 Uaiyeeol G20 0,45 Queon Grzo ™ 0,13 0,17
feed feed C-Quelle C-Quelle
(mL h-1) (gh-1) zucker methanol
Methanol 3 2,37 0,89
Glycerolfeed 341 3,86 0,89 x
Glucosefeed 3,04 3,86 0,89 x
Mixfeed (glu/meth) 3,10 3,01 0,38 0,51
Mixfeed (gly/meth) 3,25 3,01 0,38 0,51
Anzahl Dauer
Medium Menge reaktoren Fedbatchphase
glucosemonohydraht 772,75 2 100
glycerol 2318,24 6 100
methanol 1000,00 4 106
mix (glucose-methanol | 1000,00 3 110,87
mix (glycerol-
methanol) 1000,00 3 110,87
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Feed Protokoll
Standard MeOH 3mL/h
t \Y Cx_l MX rS_l I'feed_l ered_l
(h] [mL] [gL™] ] [gh™] [gh7] [mLh™]
0.00 650 24 15.6 3.90 5.57 4.77 1l 0.15
0.25 651.2 24.9 16.2 4.05 5.78 4.95 Ysx 0.6
0.50 652.4 25.8 16.8 4.20 6.01 5.14 Creed 700
0.75 653.7 26.7 17.5 4.36 6.23 5.33
1.00 655.0 27.7 18.1 453 6.47 5.54 Js 0.25
1.25 656.4 28.7 18.8 4.70 6.72 5.75
1.50 657.9 29.7 19.5 4.88 6.98 5.97 Paiyc 1.26
1.75 659.4 30.8 20.3 5.07 7.24 6.20 Preed 1.17
2.00 660.9 31.9 21.1 5.26 7.52 6.43
2.25 662.5 33.0 21.9 5.47 7.81 6.68
2.50 664.2 34.2 22.7 5.67 8.11 6.94
2.75 665.9 354 23.6 5.89 8.42 7.20 1,264
3.00 667.7 36.6 24.5 6.12 8.74 7.48
3.25 669.6 379 25.4 6.35 9.07 7.76
3.50 671.5 39.3 26.4 6.59 9.42 8.06
3.75 673.5 40.6 27.4 6.84 9.78 8.37
4.00 675.6 42.1 28.4 7.11 10.15 8.69
4.25 677.8 43.5 29.5 7.38 10.54 9.02
4.50 680.1 45.1 30.6 7.66 10.94 9.36
4.75 682.4 46.6 31.8 7.95 11.36 9.72
5.00 684.8 48.2 33.0 8.26 11.79 10.09
5.25 687.4 499 34.3 8.57 12.25 10.48
5.50 690.0 51.6 35.6 8.90 12.71 10.88
5.75 692.7 53.4 37.0 9.24 13.20 11.29
6.00 695.5 55.2 38.4 9.59 13.70 11.72
6.02 695.5 55.2 38.4 6.55 9.35 8.00 0 0
8.50 705.5 61.3 43.2 0.00 0.00 0.00 3 2.48
15.00 mL/h 3 5
147 Glycerol Feed
12 1 = = MeOH Feed

< 10

-

E 81

o

© 6

I N

2 -
T O T T T / T T T 1
-1 1 3 5 7 9 11 13 15
time after batch phase finished [h]

9g
gkg*

g(gh*

h
mL
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Mix Feed
t \ Cx 1 Iv'X I's 1 rfeedl eredqucerlol ered_qluc0fe
(h] [mL] [gL7] o] [gh”] '[gh™] [mLh"] [mLh"]
0,00 650 24 15,6 3,90 6,63 5,85 5,26 1 0,15 h*
025 6515 249 162 405 = 6,89 6,08 547  Ysx 06 gg*
050 6530 258 168 420 7,15 6,31 567  Cieed 588 g kg™
0,75 654,6 26,7 17,5 4,36 7,42 6,55 5,89
1,00 6562 276 181 453 7,71 6,80 6,12 s 0,25 g(gh)*
1,25 657,9 28,6 18,8 4,70 8,00 7,06 6,35
1,50 659,7 29,6 195 4,88 | 8,31 7,33 6,59  Poifeed 1,26 gL
1,75 661,5 30,7 20,3 507 | 8,62 7,61 6,84  Pyyieed 1,13 gL*
2,00 6634 31,7 211 5,26 8,95 7,90 7,11
2,25 6654 32,9 21,9 5,47 9,30 8,20 7,38
250 667,4 34,0 22,7 5,67 9,65 8,52 7,66
2,75 669,5 35,2 23,6 5,89 | 10,02 8,84 7,95 1.264 g L*
3,00 671,8 36,4 24,5 6,12 = 10,40 9,18 8,26
3,25 6741 37,7 25,4 6,35 | 10,80 9,53 8,57
3,50 676,4 39,0 26,4 6,59 | 11,21 9,89 8,90
3,75 678,9 40,3 27,4 6,84 | 11,64 10,27 9,24
4,00 6815 41,7 28,4 7,11 12,09 10,66 9,59
4,25 684,1 431 29,5 7,38 12,55 11,07 9,96
450 6869 446 30,6 7,66 | 13,03 11,49 10,34
4,75 689,8 46,1 31,8 7,95 | 13,52 11,93 10,73
500 692,8 47,7 33,0 8,26 | 14,04 12,39 11,14
525 6959 49,3 34,3 8,57 | 14,58 12,86 11,57
550 699,1 50,9 35,6 8,90 |« 15,13 13,35 12,01
575 702,4 52,6 37,0 9,24 15,71 13,86 12,47
6,00 7059 544 384 9,59 | 16,31 14,39 12,95
6,02 7059 544 384 5,33 9,07 8,00 7,20
8,50 7158 59,2 423 0,00 0,00 0,00 0,00
15,00 mL/h
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Fed Batch Feeds

Feed Gylcerol

Menge | 1,133333

Molare Masse

Einwaage

92,1 587,7 666,06

autoklavieren 9 B
VE Wasser auf 1,00 L aufftllen
sterfiltrieren 12 12,00 mL

ODER

Feed Glucose

Menge ' 0,63
| Molare Masse Einwaage

632,3 398,35 g

autoklavieren -
VE Wasser auf 0,50 L auffillen
sterfiltrieren 12 12,00 mL
Induktion
Feed Methanol

Molare Masse

Einwaage

1000,00 g

sterfiltrieren 15,17 mL

1000g MeOH entspricht 1,27 L (0=0,79 g/mL)

ODER
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Mixfeed (Glucose — Methanol)

Menge | 1,00
Molare Masse Einwaage

452,24 452,24 g
autoklavieren 346,34 346,34 9
VE Wasser auf 0,83 171,08 g
sterilifiltrieren 12 15,17 mL
454,24g MeOH entspricht 0,57 L (0=0,79 g/mL)
ODER
Mixfeed (Glycerol — Methanol)
Menge ' 1
Molare Masse Einwaage
452,24 452,24 g
; 321,90 321,90 g
kI 1 L
autoKlavieren |\ sser auf 0,80 19552 g
sterilfiltrieren 12 15,17 mL

454,24g MeOH entspricht 0,57 L (0=0,79 g/mL)

Zusitzliche Losungen

ACHTUNG!!!
EtOH, Saure, NH3, MeOH|, ... erst nach dem autoklavieren in der Cleanbench in die
Feedflaschen fiillen

Spiillésungen
80% EtOH (150 mLH20 + 600 mL EtOH)

2M NaOH (60g/ 750mL H20)
H20
Substrat

pH Korrektur
25% NH3
10% H3PO4 (360mL H20 + 40 mL Saure)
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BERECHNUNGEN

Formeln zur Berechnung des Feeds

Gleichung 1:

Gleichung 2:

Gleichung 3:

Gleichung 4:

Gleichung 5:

Gleichung 6:

Gleichung 7:

Gleichung 8:

Berechnung der C- Konzentration

conc c = conc glu / gly . C Anteil Zucker [g C/ g Zucker]

Berechnung der C Konzentration im Methanol

conc MeOH C = conc MeOH . C Anteil Zucker [g C / g Zucker]

Berechnung der Feedgeschwindigkeit
feed [g/h] = feed [mL/h] . 0

Berechnung der C-Quelle Zucker (fiir MeOH)

C-Quelle Zucker (MeOH) = feed [g/h] . conc MeOH . C Anteil [g C/ g Zucker]

Berechnung der C-Quelle Zucker
C-Quelle Zucker = C-Quelle Zucker (MeOH) . conc C
conc C + conc MeOH C

Berechnung feed [mL/h]
feed [mL/h] = feed [g/h] / o [g/mL]

Berechnung feed [g/h]
CQuelleZuker

CAnteil gC/ gZugker] + CQuelleMeOH
conc glu/ gly CAnteilMeOF

feed g M=

Berechnung der Menge an Feedlésung
Menge [g] = feed [g/h] . Dauer [h] . Anzahl Reaktoren
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Formeln zur Berechnung des Feed Protokolls

r
Gleichung 9: Berechnung der spez. Wachstumsrate p M=-=
X
vl spez. Wachstumsrate [h]
I'x Wachstumsgeschwindikeit [g/h]
X Biomassekonzentration [g]
, - AX X=X,
Gleichung 10: Berechnung des Ausbeutekoeffizienten Yxs Yy =——==—7=
AS~ S-S
Yxss Ausbeutekoeffizient [g/g]
AX Zuwachs an Zellen [g]
AS Verbrauch von Substrat [g]
Gleichung 11: Berechnung der spez. Substratverbrauchsgeschwindigkeit gs q, = YL
XIs
gs spez. Substratverbrauchsgeschwindigkeit [g (g h)?]
u spez. Wachstumsrate [h]
Yxss Ausbeutekoeffizient [g/g]
Gleichung 12: Berechnung der vol. Substratverbrauchsgeschwindigkeit rs s =QsX
I's vol. Substratverbrauchsgeschwindigkeit [g/h]
gs spez. Substratverbrauchsgeschwindigkeit [g (g h)?]
X Biomassekonzentration [g]
. rS
Gleichung 13: Berechnung von rteed Meed = ——
Cfeed
Ifeed Feedgeschwindigkeit [g/h]
I's vol. Substratverbrauchsgeschwindigkeit [g/h]
Cieed C-Quelle im Feed [g/kg]
Gleichung 14: Berechnung der Biomasse zur Zeit t Mxg M X() — M X(0) @ﬂm{_t‘))
Mx Menge an Biomasse zur Zeit t [g]
Mx©) Menge an Biomasse zur Zeit 0 [g]
vl spez. Wachstumsrate [h]
t Zeit t [h]
to Zeit 0 [h]
. . . M,
Gleichung 15: Berechnung der Biomasse Konzentration cx C, = v
Cx Konzentration der Biomasse [g/L]
Mx Menge an Biomasse [g]
A% Volumen [L]
. T . — r.feed
Gleichung 16: Berechnung der Feedgeschwindigkeit vteed Vieed =
P feed
Vieed Feedgeschwindigkeit [mL/h]
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I'feed vol. Substratverbrauchsgeschwindigkeit [g/h]
Qfeed Dichte des Feeds [g/mL]

Gleichung 17: Berechnung des Volumens zu einer bestimmten Zeit ViV, =V, + V., [{t— )

Vi Volumen zur Zeit t [mL]

Vo Volumen zur Zeit 0 [mL]
Vieed Feedgeschwindigkeit [mL/h]
t Zeit t [h]

to Zeit 0 [h]
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CHECKLISTE

Zeitpunkt

Aufgabe

erledigt?

Tag 1 (Mi)

Fermenter putzen
O2 Elektroden putzen + polarisieren
VK1 ansetzen

O

Tag 2 (Do)

VK2 ansetzen

Spiillésungen vorbereiten
Feedlosungen vorbereiten
autoklavieren

Batch Medien einwiegen

pH Elektroden kalibrieren

O2 Elektroden kontrollieren
Fermenter zusammenbauen
Fermenter autoklavieren

Spiil- und Feedldsungen fertig machen
Schlduche spiilen

Fermenter anschlieflen

pH einstellen

pO2 Elektroden kalibrieren
neuen Arbeitsablauf anlegen
Inokulieren = Start Fermentation
OD von VK2 bestimmen

Tag 3 (Fr)

Trigger auslosen
Probe nehmen

Tag 4 (Sa)

Probe nehmen
Probe nehmen

Tag 5 (So)

Probe nehmen
Probe nehmen

Tag 6 (Mo)

Probe nehmen
Probe nehmen

Tag 7 (Di)

Probe nehmen

Ernte

Fermenter totautoklavieren
Fermenter putzen

Daten exportieren

Tag 8 (Mi)

Aktivitatsbestimmung
Auswertung
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