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Improvement of NADH-Regeneration in Pichia pastoris

ABSTRACT

The methylotrophic yeast Pichia pastoris gathered much attention as whole-cell biocatalyst for the
production of fine chemicals. Co-factor dependent bioreductions are often used for synthetic
applications, whereby regeneration of the co-factor is a major cost factor. Whole-cells are a
distinguished method for endogenous regeneration of co-factors, but the efficiency of the
regeneration has to be further optimized. In order to improve the endogenous regeneration of NADH
a new chassis strain based on P. pastoris CBS7435 was generated. Therefore, the yeast’s methanol
utilization (MUT)-pathway was genetically engineered by deleting the two homologous genes DAS1
and DAS2 coding for the key enzyme (dihydroxyacetone synthase) of the assimilative pathway that is
responsible for biomass production on methanol. As a consequence, the carbon flux was redirected
into the dissimilative pathway, which increased the NADH-regeneration via methanol oxidation
significantly. This was assessed in whole-cell conversions of acetoin catalyzed by the NADH-
dependent 2,3-butanediol dehydrogenase (BDH1) from S. cerevisiae. Compared to the wild type
strain producing BDH1, the amount of depleted substrate was up to 380% higher in the AdasiAdas2
strain producing BDH1.

Further strain characterization was performed revealing that the knock-out strains did not show
significant growth limitations on glycerol and glucose compared to the wild type strain. However,
simultaneous deletion of both DAS homologs led to significant growth inhibition on methanol (u =
0.01 h') in comparison with the wild type strain (1= 0.15 h?). Protein expression of the model
protein eGFP driven by the two methanol inducible promoters (Paox: and Pcarz) and the constitutive
GAP promoter showed no limitations. In contrary, after induction with methanol P. pastoris

Adas1Adas2 showed significantly higher specific expression levels of eGFP under the control of Pcars.

Die methylotrophe Hefe Pichia pastoris erfuhr viel Bedeutung als Ganzzellen-Biokatalysator fiir die
Produktion von hochwertigen Chemikalien. Co-Faktor abhangige Bioreduktionen werden oft fiir
synthetische Anwendungen benutzt, wobei die Regeneration des Co-Faktors der wesentliche
Kostenfaktor ist. Mikrobielle Ganzzellkatalysatoren sind eine ausgezeichnete Methode fiir die
endogene Regeneration von Co-Faktoren, aber die Effizienz der Regeneration muss weiter optimiert
werden. Um die endogene Regeneration von NADH zu verbessern wurde ein neuer Chassis-Hefe-
Stamm, basierend auf P. pastoris CBS7435, hergestellt. Daflir wurde der Methanol-Verwertungs
(MUT)-Stoffwechselweg gentechnisch verandert, indem die zwei homologen Gene DAS1 und DAS2,
die fir das Schlisselenzym (Dihydroxyaceton-Synthase) des assimilatorischen
Stoffwechwechselweges, der fiir die Biomasse-Erzeugung auf Methanol verantwortlich ist, codieren,

aus dem Genom geldscht wurden. Infolgedessen wurde der Kohlenstofffluss in den dissimilatorischen
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Weg umgeleitet, was die NADH-Regeneration, durch die Oxidation von Methanol, erheblich
verbesserte. Dies wurde mittels Ganzzellumsatz von Acetoin, katalysiert durch die NADH-abhangigen
2,3-Butandiol Dehydrogenase (BDH1) aus S. cerevisiae, evaluiert. Verglichen mit dem BDH1-
produzierenden Wildtypstamm, war die Menge des verbrauchten Substrates bis zu 380% héher im
BDH1-produzierenden Adas1Adas2 Stamm.

Weiterfiihrend wurde eine Stamm-charakterisierung durchgefiihrt, welche deutlich machte, dass die
generierten Knockout-Stamme keine signifikante Wachstumslimitierung auf Glycerol und Glucose,
verglichen mit dem Wildtyp-Stamm, zeigten. Allerdings fiihrte die gleichzeitige Deletion beider Gene
fir die DAS homologen Proteine zu einer signifikanten Wachstumsreduktion auf Methanol (u = 0,01
h?), verglichen mit dem Wildtypstamm (i = 0,15 hl). Die Proteinexpression des Modell-Proteins
eGFP unter der Kontrolle der zwei mit Methanol induzierbaren Promotoren (Paox: und Pcarz) und des
konstitutiven Promotors Pgap, zeigten keine Limitierungen. Im Gegenteil, nach der Induktion mit
Methanol, zeigte P. pastoris Adas1Adas2 ein signifikant hoheres spezifisches Expressionsniveau von

eGFP unter der Kontrolle des Pcars.
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1. INTRODUCTION

1.1. History of biotransformations

In biocatalysis, contrary to classical catalysis (i.e. the use of inorganic substances to enhance reaction
rates), enzymes and microorganism are applied for synthetic chemistry, whereby the properties of
these natural catalysts are used for new objectives (1) (2).

Biotransformations in organic chemistry got their first attention in 1930 when Hilderbrandt et al.
described the production of the precursor of L-ephedrine, (R)-phenylacetylcarbinol, via a
condensation reaction of benzaldehyde and 2-oxo-propionic acid in the presence of S. cerevisae (3).
In the early 30ies the activity of lipases present in the extract of porcine pancrease even in organic
solvent was also already shown, but remained unnoticed in scientific society (4) (5). The wrong
dogma that enzymes were only active in agueous environments has held and prevented biocatalysis
from a breakthrough for industrial application (6). Not before Zaks and Klibanov published papers in
the 1980s considering enzymes were active in organic solvents, bioconversion was on the march.
They deployed a 2-phase systems in their experiments to overcome limitations of dissolving
hydrophobic substrates and products (7) (8). Further industrial applications were developed and
biotransformation became a future field for organic synthesis and food industry, e.g. a method for
producing a cacao butter substitute using lipases instead of classical catalysts as alkali metals, metal

alkoxylates, or others (7) (8) (9) (10) (11).

1.2. Advantages of biocatalysts

There are several advantages using biocatalysts instead of classic catalysts. One of the most
important one is chemical precision. This precision becomes most apparent in case of chemical
selectivity which yields in an number of commercial benefits like better production of single
stereoisomers, fewer side reactions, easier down-stream processing as separation of products gets
simplified. Mild reaction conditions and lack of e.g. heavy metals as reaction catalysts should be
pointed out as well, because these advantages lead to alleviation of pollution and also lead to lower

production costs (12) (13).

1.2.1. Selectivity in bioconversion

As mentioned above selectivity is one of the major advantages of using enzymes as biocatalysts.
Therefore electivity is elaborated in more detail in this section. Four discrete categories of chemical

selectivity can be distinguished:
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First the substrate selectivity, which is the ability of an enzyme to recognize, bind and transform
concrete compounds, while it is relatively inert to a similar molecule. The two highly related tyrosine
(eTATase) and aspartate (eAATase) aminotransferases from E. coli for instance, have similar rate
constants for transamination of di-carboxylic amino acids, whereas eTATase has higher activity for
the transamination of aromatic amino acids. Both enzymes show lower transamination activity with
increasing side-chain length (from aspartate to glutamate to a-aminoadipate). The kinetic data
supports one binding mode for all classes of substrates for eAATase and an additional mode in case
of eTATase for increased affinity for hydrophobic amino acids (14).

Another important feature in biocatalysis is the ability to act on one location in a molecule called
regioselectivity. As example, Jiong et al. described a novel synthetic route for synthesizing the
corticosteroid rimexolone, which is used for the treatment of ocular inflammation without significant
elevation of intraocular pressure. They used the cytochrome P-450 enzymes systems of Curvularia
lunata AS 3.4381 for selective microbial transformation of 16a,17a-dimethyl-173-(1-
oxopropyl)androsta-1,4-dien3-one for the 11B-hydroxylation to rimexolone with a 50%
biotransformation efficiency under optimized incubation conditions (15).

Production of fine chemicals also requires the separation of enantio-pure substances from racematic
mixtures, which are most of the time the raw material for synthesis. This is often difficult to achieve
with classical organic asymmetric synthesis. The stereo- and enatioselectivity of biotransformation
overcomes in many cases this problem as e.g. production of 2-hydroxy acids. They are commonly
used as further raw material for production of complex organic compounds. A method using 2 types
of Pseudomanas sp. 2-halo acid dehalogenases (L-2-halo acid dehalogenase and pL-2-halo acid
dehalogenase) was applied. These enzymes catalyse 2-halopropionic acid with inversion of
configuration to L- and D-lactic acid and show the efficiency of enzymes with different
enantioslectivity. They are employed in a gradually conversion of racematic 2-halopropionic acid, first
L-2-halo acid dehalogenase converts L-2-halopropionic acid to p-lactonic acid and subsequently DL-2
halo acid dehalogenase transforms remaining D-2halopropionic acid to L-lactonic acid (16).

The last useful ability is the functional group selectivity of enzymes, allowing a chemical reaction on a
desired functional chemical group within the molecule. In practice for instance Rhodococcus
rhodochrous J1 shows a high benzonitrilase activity and is used for production of nicotinic acid with
3-cyanopyridine as base material. Nicotinic acid is also known as niacin or vitamin B3, an
intermediate for pharmaceutical products and also important for feedstuff additives (17). Classically
3-cyanopyridine was oxidized with potassium di-chromate under high temperature to nicotinic acid
or 3-cyanopyridine was hydrolysed with aqueous alkali hydroxide and obtained alkali nictotinate

solution was crystallized with mineral acid at temperatures between 99°C and 135°C (18) (19).
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1.3.Whole-cell conversion

Whole cells, cell free extract as well as isolated purified enzymes are now often used for different
applications, whereby whole cells can be simpler and cheaper provided than isolated enzymes. The
enzymes are protected within the cells e.g. from shear forces and can work in a habitant without
external environmental influences and are hence more stable in long-term applications than free
enzymes (20) (12). Another negative effect of removing enzymes from their natural environment, the
microbial cell, may be the loss of activity or inactivation due to pH alteration, higher temperature,
etc. Additionally whole cells (resting or growing) can be economically more feasible, if enzymes
within the cell have no influence on purity of the product and a proper downstream processing is
possible, i.e. enzyme isolation and purification can be expensive procedures and lead to significant
costs in the production process. (21) (22).

If membrane-bound enzymes are employed in biotransformation whole-cells can be an interesting
option. Membrane-bound proteins can lose all of their activity, when detached from the membrane,
as in case of alkane hydroxylase, an integral membrane protein requiring phospholipids for its
functionality (23). To set another example, the prominent enzyme class of cytochrome P-450
enzymes (CYP) should be mentioned. This enzyme class requires specific membrane conditions as
well as a NADH-cytochrome P-450 reductase for catalytic activity. In case of the 3A gene family of
cytochrome P-450, two reconstituted systems were tested. System | consisted of
dilaurolylphosphatidylcholine (DLPC) in which low CYP activity was observable. System Il was a
mixture of phospholipids (DLPC, dioleoylphosphatidiylcholine and phospatidyl serine) and sodium
cholate which yielded in high activities. Due to the high amount of lysine residues within the
cytochrome P-450 3A enzymes, they are cationic and need the anionic phospholipid phosphatidyl
serine for sufficient activity. In Sytem Il cytochrome P-450 and the reductase also showed more
interaction, which is necessary for reduction of the cytochrome P-450 (24).

Another application field for whole-cells is the implementation of multi-step reaction cascades,
where two or more reactions are needed to obtain the final product. It is much easier to apply these
steps within a single microbe than using a set of different isolated enzymes, substrates, cofactors and
additional purification steps to synthesize the product, e.g. production of penicillin in a high yielding
Penicillium chrysogenium strain (25).

Last and most important for the present study is the supply of cofactors (ATP, NAD(P)H or others) in
whole-cell conversions by exploiting the cell metabolism. The NADH regeneration system is essential
for reduction of ketones to chiral alcohols via oxidases and dehydrogenases. Different approaches
can here be differentiated as well: cofactor regeneration with distinctive systems exploiting the
already existing metabolic pathways of the cells, e.g. glycolysis or methanol utilization pathway in P.

pastoris or engineered systems (engineering of pathways towards higher NAD(P)H regeneration

—3-
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rate), enzyme coupled systems and substrate coupled regeneration (26) (27) (28) (29). An example
for co-factor depending reactions or multi-step reactions is the NADH dependent butanediol
dehydrogenase for reduction of acetoin to 2,3-butanediol, which has a high turnover-rate and is
therefore one of the best candidates to test new generated strains for improved NADH-regeneration

(27).

1.4. NAD(P)H-regeneration methods

The application of oxidation of C-H bonds and asymmetric reduction of carbonyl groups to alcohols
and amines is significant for synthetic chemistry industry (30) (31) (32). Many oxidoreductases,
oxidases, peroxygenases, dioxygenases, etc. require pyridine cofactors (NAD(P)* and NAD(P)H) for
catalysing their reactions. Due to high costs of pyridine nucleotide cofactors, stoichiometric use of
cofactors is economically not reasonable. On that account effective regeneration of cofactors needs
to be taken in consideration for planning oxidation and reduction reactions. Different methods have
been developed to allow the use of pyridine cofactors in catalytic quantities. Thereto two definitions
pertaining the turnover numbers of cofactors are important. The “turnover number” (TN) describes
the number of moles of product formed per mole of cofactor per minute and the “total turnover
number” (TTN), which refers to the total number of moles of product formed per mole of cofactor
for the whole reaction time. Both point out the costs whereby TN describes the cost per unit rate of
product formation and TTN the total cost per mole product formed. A rule of thumb for economically
sufficient process is to achieve TTNs of 10% to 10°, depending on the value of the product. TTN also
includes several factors of importance for the reaction as loss of cofactor through degradation or
incorrect regiochemistry of regeneration (33).

Many different systems for regeneration of NAD(P)H are available in cell-free systems as well as in
microbes: enzyme systems (coupled substrate, coupled enzyme regeneration, soluble pyridine
nucleotide transhydrogenase (STH)), whole-cell regeneration machinery, chemical, photochemical or

electrochemical regeneration (34) (35) (36).

1.4.1. Coupled-substrate-system

The coupled-substrate system can be applied for in vitro systems using purified enzymes as well as
for whole-cell biotransformations. In both systems a co-substrate is added and either oxidized or
reduced by the enzyme of interest to regenerate the oxidized or reduced form of NAD(P)*/NAD(P)H.
Lactobacillus kefir DSMZ 20587strain was used as biocatalyst for the asymmetric NADPH-dependent

reduction of the prochiral alcohol ethyl 4-chloro acetoacetate to ethyl (S)-4-chloro-3-
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hydroxybutanoate ((S)-CHBE) with the co-factor regeneration accomplished by oxidizing 2-propanol

to acetone (Figure 1).

Lactobacillus
(0] 0 kefir OH O

ClI ||
J(S)\AOEt

NADPH NADP

Acetone 2-Propanol

Figure 1 “Scheme of asymmetric reduction of ethyl 4-chloro acetoacetate 1 to ethyl (s)-4-chloro-3hydroxybutanoate 2 by
Lactobacillus kefir with regeneration of NADPH using 2-propanol as co-substrate” (29).

A yield of 100% was obtained when 2-propanol was added during the reaction, while a yield of 22%
was observed with glucose as co-substrate after a 5h reaction time. The specific production of (S)-
CHBE was 5.7 mmol per 1 g of dry cell weight (DCW) when 2-propanol was added and only 1.3
mmol/gocw With glucose as co-substrate. Additionally, the enantiomeric excess (ee) was increased
from 87% with glucose to >99% with 2-propanol as co-substrate (29).

Operating with alcohol dehydrogenases (ADH) in cell free systems, the situation is the same as in
whole cell catalysis: Cheap auxiliary substrates as 2-propanol or ethanol are added to regenerate
NAD(P)H. E.g. Schubert et al. tested two commercial available and one heterologous expressed ADHs
for NADH-dependent reduction of a-halogenated progargylic ketones to the respective progargylic
alcohol: horse liver alcohol dehydrogenase (HLADH), Thermoanaerobium brockii ADH (TBADH) and
Lactobacillus brevis ADH recombinantly produced in E. coli (recLBADH).

They used 2-propanol, ethanol or an ethanol/H,O mixture as auxiliary substrate to regenerate NADH.
Halogenated propargylic ketone shows low solubility in aqueous phase and therefore the reaction
was performed in a solution with an amount of 25% short chain alcohol. recLBDH did not show much
of a loss of activity after a reaction time of 24-36 h. >99% conversion of the halogenated progargylic

ketone to the (S)-alcohol with an ee>99% and a TTN of the co-substrate of 20,000 was achieved (37).
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1.4.1.1. Cross-linked enzyme crystals (CLECs) for enhancing

stability of the enzyme and co-factor

To increase activity and stability of enzyme and co-factor towards organic solvents, crystallization
and cross-linking became besides other methods (e.g. directed evolution or immobilization (38) (39))
a promising option. St. Clair et al. crystallized horse liver alcohol dehydrogenase (HLDH) in presence
of reduced NADH, and further treated the crystals with glutaraldehyde to gain cross-linked enzyme
crystals (CLECs). HLDH-NADH-DMSO-CLECs, HLDH-NADH-CLECs and HLDH-CLECs were compared to
the free soluble HLDH with NADH added in catalytic amounts and no NADH added in the reduction of
6-methyl-5-heptene-2-one. The HLDH-NADH-DMSO-CLECs without NADH added had the highest
activity of all tested CLECs. HLDH-NADH-DMSO-CLEC achieved 64% of the activity of the free enzyme
approach where NADH was added. The inhibitor DMSO seemed necessary for correct folded HLDH,
because the HLDH-NADH-CLECs showed only 18% of activity in the same approach. Moreover, the
cross-linking increased the stability of HLDH towards the organic solvent isopropanol at elevated
temperatures. Concerning the turnover number of co-factor regeneration CLECs yielded TTN greater

than 12,000 with 1,4-butanediol as auxiliary substrate for co-factor regeneration (40).

1.4.2. Enzyme-coupled system

Another common method for regeneration of NAD(P)H is the use of an enzyme-coupled system for
“in vitro” as well as for whole cell applications. Figure 2 shows the scheme of such a system. Two
different enzymes are used. Enzyme 1 (E1) oxidizes substrate 1 and regenerates the NAD(P)H and E2

reduces substrate 2 and consumes NAD(P)H (41).

Substrate 1 = > Product 1

=

NADP)+ NAD(P)H

Product 2 <« \ ‘/

E2

Substrate 2

Figure 2 Scheme of enzymatic regeneration of NAD(P)H. E1 and E2 represent two different enzymes, whereby E1 is
reducing NAD(P)* to NADH and E2 is using NAD(P)H as reduction equivalent (41).

Wichmann et al. used L-leucine dehydrogenase (LEUDH) for the reductive amination of a-
ketoisocaproate to L-leucine with formate dehydrogenase as co-enzyme to regenerate membrane-
bound NADH in a continuous membrane reactor in bench scale. Ammonium formate is irreversibly
converted to CO; and NHs, whereby CO; can easily be separated. Through the separation, the desired

regeneration reaction has a strong driving force (42). Beside the described LEUDH/NADH/FDH
— 6 —
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system, lactate dehydrogenase (LDH)/NADH/FDH, alcohol dehydrogenase (ADH)/NADH/FDH,
ADH/NADH/glucose dehydrogenase (GDH) and ADH/NADPH/GDH systems are applied in industrial
applications (1).

Using whole cells for co-factor regeneration can also be very beneficial/advantageous, because the
distinct metabolism of the cell often has enough capacity to regenerate the co-factor for different
reactions (43). However, in some cases boosting the NADH-recycling rate is necessary. For example,
Yamamoto et al. applied two different enzyme-coupled systems (GDH and FDH) in E. coli to
regenerate NADH for a novel NADH-dependent carbonyl reductase (KaCR1) from Kluyveromyces
aestuarii. They used these two systems for the synthesis of (S)-4-chloro-3-hydroxybutanoate (ECHB)
by reducing ethyl 4-chloroacetate (ECAA) with KaCR1. Comparison of both enzyme-coupled systems
in E. coli showed that the GDH-system produced 45.6 g/L (S)-ECHB from 50 g/L ECAA and the FDH-
system produced 19.0 g/L, respectively. This study shows how important the choice of the NADH-
regeneration system can be. Yamamoto et al. claimed the lower productivity of FDH was caused by
low activity and instability at the used conditions (44).

In multi-step-reactions where both NADH- and NADPH-dependent enzymes are used, the
regeneration could be limiting and, in whole-cell systems, the distinctive regeneration system could
have, as in the above described single-step reaction, too low capacity. To overcome this problem
NADH- and NADPH-regeneration systems e.g. enzyme-coupled systems as FDH and GDH are either
added or overexpressed. Consequently, two co-substrates have to be applied, in in vitro as well as in
vivo systems.

Enzyme engineering towards acceptance of both co-factors NADH and NADPH is a solution to handle
the problem of co-factor regeneration in multi-step reactions, as Riebel et al. demonstrated with the
NADPH/NADH oxidase from Lactobacillus sanfranciscensis, but in many cases this engineering is
either not possible or too elaborate (45).

The soluble pyridine nucleotide transhydrogenase (STH) can simplify this system. It has the ability to
catalyse the transfer of reducing equivalents according to the equation: NAD* + NADPH <> NADH +
NADP*. Boonstra et al. applied STH from Pseudomonas fluorescence in a cell-free and in an E. coli-
based-system for the regeneration of NADH and NADPH for the production of the semisynthetic
opiate drug hydromorphone. Conventional hydromorphone production was a whole-cell process
with constitutively expressed NADP*-dependent morphine dehydrogenase and a NADH-dependent
morphinone reductase. Problems as co-factor depletion, unwanted by-product formation (i.e.
dihydromorphine), poor solubility of opiate substrate and instability of the intermediate morphinone
led to a low productivity of hydromorphone and decreased the usefulness of the system. The STH
approach raised the yield of hydromorphone up to 84% with only 4.5% by-product accumulation in

the cell free system after fine tuning of enzyme ratios. The original E. coli construct had a yield of
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about 37.1% t 2.4% and high levels of about 25.6% + 0.5% dihydromorphine. Strains co-expressing
STH improved the hydromorphone yield up to 51.7% + 1.0% and less by-product (12.3% + 2.7%) (35).
For the production of poly-3-hydroxybuytrate (PHB) in E. coli, a STH (native udhA gene from E. coli)
was co-expressed with the phb operon from Alcaligenes eutrophus H16 resulting in an increase of
PHB yield from 49% to 66% gpis/gocw and an increase of PHB in final concentration from 3.52 g/L to

6.42 g/L compared to the control strain, not expressing STH (46).

1.4.3. Chemical co-factor regeneration

In a chemical regeneration of co-factors, a reaction has to be established where the catalyst
stereoselectively transfers the reducing or oxidation equivalents to the co-enzyme from the added
redox reagents. Na,S,04 for instance, a commonly used reducing agent, can be applied for such
transfers in co-factor regeneration (47) (48). As easy as the usage is, enzymes suffer from inactivation

of high salt concentrations and applicability in industries is not factual (49).

1.4.3.1. Electrochemical regeneration

Approaches for electrochemical regeneration have been long in the focus for biocatalystic
applications as there are no by-products due to the fact that no co-enzyme(s) and co-substrate(s) are
needed. The regeneration of NAD(P)H/ NAD(P)* is done by direct or indirect (via a mediator)
oxidation/reduction of the co-factor performed by electrodes. However, various problems still limit
this technology: high overpotentials are needed for direct oxidation or reduction of the co-factor,
electrode fouling, generation of inactive cofactor-dimers and a limited efficiency range (i.e. only
enzyme in direct physical proximity of the electrode are productive) (50).

Figure 3 shows the reduction principle of NAD* to NADH in an electrochemical approach. The first
step is the transfer of one electron (e’) to NAD* forming an NAD-radical, which is either further
reduced and protonated to an enzymatically active 1,4-NADH (step 2a) or two neighbouring NAD-
radicals form an inactive dimer (NAD,) (step 2b). On unmodified electrodes step 2b is significantly

faster and thus the major product of NAD* reduction is NAD; (51).
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NAD:- free radical 1,4 NADH (active)

Figure 3 Scheme of NAD*-reduction to NAD, and enzymatically active 1,4-NADH. Step 1: NAD* is reduced with an electron
(e7) to a NAD-radical. Step 2a: the NAD-radical is further reduced and protonated to give enzymatically active 1,4-NADH.
This step is generally considered to be slow due to slow protonation of the NAD-radical. Step 2b: the slow protonation of
the NAD-radical can result in dimerization of two neighbouring NAD-radicals leading to enzymatically inactive dimers
(NAD).

R= adenosine diphosphoribose (51)

1.4.3.1.1. Mediators

Transition metal mediators were studied for this kind of co-factor regeneration, whereby the
oxidation of NAD(P)H was more efficient as the reduction of NAD(P)* (52) (53).

Direct electrochemical regeneration, in which no mediators are needed stand in contrast to indirect
electrochemical regeneration, where two single electrons are transferred from a mediator (usually
viologen mediators) to a “helper”’-enzyme (e.g. flavoenzymes), which reduces NAD(P)* in a “one-
step” reaction to NAD(P)H (54). As avoiding a co-enzyme for regeneration was mentioned as an
advantage of electrochemical regeneration, the development was directed to mediators, which can
transfer two-electrons (or one hydride) in one-step to NAD(P)* to reduce NAD(P)H.

Two tasks should be fulfilled by such mediators: The two electrons (hydride) should be transferred
directly to the co-factor and not reduce the substrate and the mediator has to operate at potentials
less cathodic than -0.9 V (to avoid NAD-dimer formation) and more cathodic than the standard
potential of the co-cofactor redox couple (E'=0.59 V vs. saturated calomel electrode (SCE), pH 6.0
(55)) to make the reaction thermodynamically feasible (56). Tris(2,2’-bipyridyl) rhodium complexes (
(57) (58) (59)) and substituted or non-substituted (2,2’-bipyridyl) (pentamethylcyclopentadienyl)-

rhodium complexes (60) fulfil these requirements.
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1.4.3.1.2. Electrode modification

Electrode modification can also increase the yield of 1,4-NADH without the use of mediators. As
example, reticulated vitreous carbon (RVC) electrodes only gain enzymatically active 1,4-NADH below
1% at potentials of -0.75 V and -0.8 V. After a rhodium(lll) bis-terpyridine complex with two
covalently linked pyrrol groups was electro-polymerized on RVC, the conversion rate raised up to
30% enzymatically active NADH ( at -0.85 V), compared to 0.6% with non-modified RVC (61).

Using Au- and Cu-electrodes also increases the yield of active NADH to 75% and 71% respectively, but
at low negative potentials and low reduction rates, that are not feasible for industrial application.
When raising the negative potential (relevant for operating on industrial scale) and hence reduction
rate, the yield is low (28%) for Au and intermediate (52%) for Cu. Therefore, an Au electrode was
modified with Pt which led to an increase to 63% of active NADH at industrial relevant potentials
(62). Recently Ali et al. showed that non-modified glassy carbon (GC) electrodes produced at high
cathodic potentials (-2.3 V vs. mercury-mercurous sulphate electrode (MSE)) an amount of 98% of
1,4-NADH in a batch electrochemical reactor (63).

In a next step, the glassy carbon electrode surface was patterned with platinum and nickel nano-
particles to increase electrode efficiency of electrochemical regeneration. Pt and Ni provide “active”
adsorbed hydrogen (Pt-Hags or Ni-Hags) for fast protonation of NAD*, forming a NAD-radical. A 100%
yield of enzymatically active 1,4-NADH could be generated at relatively low electrode potentials (-1.6
V vs MSE for GC-Pt and -1.5 V vs MSE for GC-Ni). In case of GC-Pt the NADH-yield decreased with
potentials being more negative than -1.6 V. The efficiency was also dependent on the Pt nano-
particle diameter. Nonetheless this achievement makes GC-electrodes and the modified GC-Pt and
GC-Ni electrodes interesting for industrial bioreactors (64). However, due to the low surface area of
these electrodes the corresponding conversion rate is rather slow. Employing a multiple electrode
set-up might increase the regeneration rate, but with the disadvantage of increasing the reactor
volume. Ali et al. applied electrodes with a carbon-based surface of very high roughness improving
the surface-to-volume ratio. They used carbon nanofibres (CNFs), because they are carbon-based as
glassy carbon and they have a very large surface-to-volume ratio, thus offering a large electro-active
surface inferring a good electrochemical activity. CNFs were grown on stainless steel mesh as shown
from Baddour et al. (65). Indeed, the CNF cathode showed faster electrochemical NAD* reduction
kinetics and higher NAD* conversion in comparison to the glassy carbon and stainless steel mesh

cathodes alone. CNF cathode had also a high yield (99.3% * 0.6%) of enzymatic active 1,4-NADH (51).
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1.4.3.2. Photochemical regeneration

A relatively new field of chemical regeneration is the photochemical approach using organic or
inorganic photosensitizers and mediators (necessary for the electron transport to the co-factor) for
reduction of NAD*. These photosensitizers, i.e. porphyrin, mimic chlorophyll and therefore are
excited by visible light. For industrial applicability, the photosensitizers as well as the used mediators
have to be chemically stable in bioreactors. For example, Kim et al. used Zn-containing porphyrin as
biomimetic light-harvesting molecule for artificial photosynthesis (under visible light) as shown in

Figure 4.
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Figure 4 The graphic shows the scheme of the natural photosynthesis-system with chlorophyll (A) and an artificial
biocatalyzed photosynthesis-system with porphyrin instead of chlorophyll (B). (66)

The regeneration system (see reaction mechanism in Figure 5) also contains a rhodium-based
electron mediator (M) ([Cp*Rh(bpy)H.0]?*) and triethanolamine (TEOA) as electron donor. Zn-
porphyrin is first excited by irradiation with visible light and the rhodium of M binds non-covalently
to the meso-functional ligand of the porphyrin. Thus, an intramolecular electron-transfer from the
Zn-porphyrin to the M occurs due to the electronegative zinc at the porphyrin’s core. The obtained
reducing power of the M can reduce the NAD* to enzymatically active 1,4-NADH. Further, the
electron donor TEOA is bound via weak axial coordination to the metal centre of the excited Zn-
porphyrin and reduces the Zn-porphyrin through an inner-sphere electron transfer. Afterwards TEOA
dissociates from the Zn-ion. This system was used to mediate the conversion from a-ketoglutarate to

L-glutamate by glutamate dehydrogenase (66).
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Figure 5 “Suggested mechanism of Zn-porhyrin-sensitized, biocatalysed artificial photosynthesis of L-glutamate. R is a meso-
funtional group of the Zn-porphyrin. Red arrows indicate transfer between each component”, by Kim et al. (66)

Besides organic photosensitizers there is a broad spectrum of different inorganic ones (e.g.
nanostructured CdIn,S4 or CdS quantum dots (67) (68)) for production of solar hydrogen under visible
light. Park et al. used the visible light photo-catalyst W;FesTa,017 and coupled it to a redox enzyme
reaction for application in bioreactors as pictured in Figure 6. By visible light (A 2 420 nm)
W,FesTa,017 promotes upon band-gap excitation an electron to the conduction band (e'cs). The
rhodium based mediator (M) receives the ecg, gets reduced and abstracts a proton from the aqueous
solution. Subsequently M transfers the electrons and the hydride to NAD* and reduces it to 1,4-
NADH. EDTA is the sacrificial electron donor, which fills the gap in the valence band (h*ys). NADH is

consumed by glutamate dehydrogenase, producing L-glutamate from a-ketoglutarate. (69).
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Figure 6 Schematic mechanism of the photocatalyst-enzyme coupled bioreduction of a-ketoglutarate to L-glutamate under
visible light, by Park et al. (69).

1.5. Pichia pastoris and the MUT-pathway

1.5.1. Pichia pastoris as recombinant expression system

The focus on the current work lies on improving the NADH-regeneration during whole-cell
biotransformation with recombinant P. pastoris (Komagataella phaffi). This yeast harbours several
advantages compared to other microorganisms as host for recombinant protein production as well as
for biocatalytic applications. This methylotrophic yeast grows to very high cell densities, has available
strong and tightly regulated promoters, and produces gram amounts of recombinant protein per litre
culture both intracellularly and in secretory fashion (70).

Hasslacher et al produced 22 g/L of recombinant s-hydroxynitrile lyase (Hnl) from the tropical rubber
tree (71)Mellitzer et al. were able to produce 18 g/L active secreted recombinant cellulose from
Trichoderma reesei in a small scale bioreactor, which is the highest concentration of active secreted
protein in P. pastoris published so far (72).Non-engineered P. pastoris’ produces, as common for
yeasts, hyper-mannosylated proteins which have a low bioactivity and are somewhat antigenic in
humans (73). Glycan remodelling towards “humanized” glycosylation in yeast is a promising
approach to use P. pastoris for production of pharmaceutical proteins instead of mammalian cell
lines (74). For example Smith et al used the glycoengineered SuperMans strain of GlycoSwitch® P.
pastoris to produce bioactive human mast cell chymase (rhChymase) (75). Krainer et al. also
accomplished a hypomannosylating strain of P. pastoris by knocking-out the OCH1 gene. OCH1 codes
for the a-1,6-mannosyltransferase which triggers hypermannosylation of secreted proteins at great

heterogeneity, significantly impending downstream processing and reproducibility. The och1 knock-
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out strain was able to produce homogenous glycoprotein species of recombinant horseradish
peroxidase (used for applications in diagnostics, bioremediation and cancer treatment) with Man8
instead of Man10 N-glycans as dominant core structure. Though, the knock-out strain showed a
growth impaired phenotype and considerable rearrangements of the cell wall components it

achieved a volumetric productivity of 70% of the wildtype strain (76).

1.5.2. MUT-pathway

The methylotrophic yeast P. pastoris is able to use methanol as sole carbon source. For this
metabolism it needs a set of enzymes to oxidize methanol, which builds the methanol utilization
(MUT) pathway, see Figure 7. Two of the most important enzymes are alcohol oxidase (AOX) and
dihydroxyacetone synthase (DAS), the expression of which is repressed while growing on e.g. glucose
as sole carbon source, but highly induced by methanol. They are regulated at transcriptional level
and can constitute up to 30% of the total protein content, when grown on methanol (77) (78).
Methanol induced cells also show an up-regulation in genes encoding essential genes for peroxisome
biogenesis and proliferation. The first step of the MUT pathway is the oxidation of methanol to
formaldehyde within the peroxisomes via alcohol oxidase. The side product of this step, hydrogen
peroxide, is subsequently reduced by catalase (CAT1) to H,O and O,. Formaldehyde stands at the
branch point between the assimilation and dissimilation pathway. Following the dissimilation to
carbon dioxide, formaldehyde diffuses in the cytoplasm and spontaneously reacts with reduced
glutathione and is further oxidized by formaldehyde dehydrogenase (FLD1) and formate
dehydrogenase (FDH) to CO,, generating 2 equivalents of NADH per mole formaldehyde.
Alternatively, formaldehyde stays in the peroxisome and enters the assimilation pathway reacting
with xylulose-5-phosphate (Xu5P) via dihydroxyacetone synthase (DAS) to glyceraldhyde-3-
phosphate (GAP) and dihydroxyacetone (DHA). DHA is further converted by dihydroxyacetone kinase
to dihydroxyacetone phosphate (DHAP) and this facilitates the production of fructose 1,6-
bisphosphate (FBP) via a reaction between GAP and DHAP by fructose 1,6-bisphosphate aldolase.
FBP is dephosphorylated by fructose 1,6-bisphosphataseyielding in one molecule GAP per three
moles of methanol (79) (77). It was assumed that the Xu5P gets recycled through not yet known
rearrangement reactions in the pentose phosphate pathway (PPP), but RuBmayer et al. postulated a
new recycle mechanism for the Xu5P, called the xylulose-monophosphat cycle, which utilizes a
duplicated methanol inducible enzyme set and is totally localized to peroxisomes. There is not only
an isoform of fructose-1,6-bisphosphate aldolase (Fbal-2) as reported by Kiiberl et al. (80), but also
isoforms of the PPP enzymes transaldolase (Tal1-2), ribose-5-phosphate ketol-isomerase (Rki1-2),
and ribulose-5-phosphate 3-epimerase (Rpel-2). Each of these isoforms have significantly higher

transcript and protein levels when methanol is present and also contain a PTS1 peroxisomal targeting
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signal, indicating their involvement in a separate peroxisomal methanol assimilation pathway.
Additionally sedoheptulose-1,7-bisphosphatase (Shb1) was found to be enriched in peroxisomes
which hydrolyses sedoheptulose-1,7-bisphosphate (S1,7BP) to sedoheptulose-7-phosphate in a
thermodynamically driven pathway for synthesis of pentose-5-phosphates alternative to PPP. Based
on this data a novel carbon assimilation pathway was proposed that shares the concept of
compartmentalization as in plants or cyanobacteria. DAS is responsible for C-C bond formation
followed by a cyclic pathway for regeneration of the pentose phosphate substrate (Xu5P) of the
carboxylation reaction. As Shb17 is driving the flux from erythrose-4-phosphate and DHAP towards
ribose-5-phosphate in S. cerevisiae, it is proposed that Shb17 drives the flux towards Xu5P in a similar

fashion in P. pastoris (81).
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Figure 7 “Simplified schematic representation of the methanol utilization pathway in Pichia pastoris. The main pathways
and the respective enzymes are shown. AOX: alcohol oxidase; FLD: glutathione-dependent formaldehyde dehydrogenase;
FGH: S-formylglutathione hydrolase; FDH: formate dehydrogenase; CAT: catalase; DAS: dihydroxyacetone synthase; DAK:
dihydroxyacetone kinase; DHA: dihydroxyacetone; GAP: D-glyceraldehyde- 3-phosphate; DHAP: dihydroxyacetone
phosphate; FBP: D-fructose 1,6-bisphosphate; F6P: D-fructose 6-phosphate; Xu5P: D-xylulose 5-phosphate. By deleting
dihydroxyacetone synthase the dissimilatory pathway leading to the formation of NADH is strengthened.” Picture taken
from Geier et al. (2015) (82).

Two genes code for alcohol oxidase, AOX1 and AOX2. Both genes are highly homologous in their
DNA- and amino acid sequence, but the flanking regions share no homology. Especially the 5’UTR
(promotor region) differs a lot leading to higher expression levels of the AOX1 gene (77).

For heterologous protein production the tightly regulated AOX1 promoter (Paoxi) is often used,
whereby methanol functions as carbon source and inducer. P. pastoris grows very slowly on

methanol compared to other carbon sources. Thus, an alternative substrate is chosen for initial
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growing phase to gain high cell densities. For induction and producing the protein of interest a switch
to methanol is then performed (83).

Chung et al. analysed in an in silico approach the best feeding strategy for initial growth phase, when
using the Paoxi1, to gain high growth rate with high capacity to synthesize amino acids in the early
phase to have them available in the latter phase for heterologous protein production. Several carbon
sources (glucose, glycerol, alanine, methanol, sorbitol, and trehalose) were tested for high growth
yield of P. pastoris. Glycerol followed by sorbitol achieved best results concerning the gained
biomass. Generally, high utilization of the central metabolism leads to increased production of
various precursors applicable for biomass. However, flux distributions indicated that the utilization of
central carbon metabolism is the highest under methanol conditions, but yielding in lowest growth
rate. By examining the ATP flux-sum and the gaseous exchange rate in methanol utilization, a
significantly higher turnover rate of ATP and gaseous exchange rates were observed, suggesting that
much of the resources have been diverted to energy regeneration during methanol utilization.
Concluding methanol utilization provides higher energy regeneration than other carbon sources (84).
Sola et al. showed in a co-feeding experiment of glycerol/methanol, that on higher dilution rates the
gaseous exchange rates are indeed higher (85), supporting the in silico analysis of Chung et al. (84).
The MUT-pathway was further analysed in an in silico approach. A high turnover rate of NADH was
observed when P. pastoris is grown on methanol minimal media, implying a potential for whole-cell
biotransformation using NADH-dependent oxidoreductases. (86) (84). Moreover, the analysis of the
MUT-pathway by Schroer et al. marked targets (possible bottleneck reactions) for improving the flux
through the dissimilative pathway. The kinetic properties of alcohol oxidase (AOX), formaldehyde
dehydrogenase (FLD) and formate dehydrogenase (FDH) were studied and experimental derived
kinetic data was applied for simulation of NADH-regeneration rates. FLD was determined as main
bottleneck, which was further tested and confirmed experimentally. Therefore, NADH-dependent
2,3-butanediol dehydrogenase (BDH1) from S. cerevisiae and FLD, AOX1 and FDH were both over-
expressed, respectively, in P. pastoris for whole cell biotransformation of acetoin to butanediol.
BDH1 has a high turnover rate (kcat = 98,000 min (87)) and NADH-regeneration can be the limiting
factor for the conversion. Thus, BDH1 is a good candidate to observe improved NADH regeneration.
Methanol functioned as sole carbon source and as inducer for the expression of the actual
biocatalyst 2,3-butanediol dehydrogenase. P. pastoris co-expressing FLD showed significantly higher
turnover rates than the wild type strain. Strains co-expressing AOX and FDH showed even lower turn-
over rates than the wild type. Regarding the high kn, values for FDH and the substrate formate this
step could have be assumed as limiting, but it was not the case in the experimental results. The effect

of FDH overexpression and hence increase of vmax Was not comparable to FLD overexpression Higher
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AOX concentrations were not beneficial for NADH regeneration due to inhibition of FLD by the AOX
product formaldehyde.

FLD overexpression while whole-cell biotransformation with the strongly NADH-dependent BDH1
resulted in better conversion of acetoin to butanediol, concluding a better flux through the
dissimilative pathway and thus a higher NADH-regeneration rate, which can be taken in advantage

for NADH-dependent biotransformations (27).

1.6. Aim of the thesis

The aim of this thesis is to generate a new platform strain of P. pastoris CBS7435 with an improved
NADH-regeneration without the overexpression of additional enzymes. Our approach was an
enhancement of the flux through the dissimilative MUT pathway by shutting-down the assimilative
pathway.

Dihydroxyacetone synthase (DAS) converts formaldehyde to GAP and DHA, the first reaction in the
assimilative pathway. In the methylotrophic yeasts Candida biodinnii, Hansenula polymorpha DAS is
encoded by the single gene DAS1 (88) (89), whereas in P. pastoris dihydroxyacetone synthase is
encoded by two homologs (DAS1 and DAS2), which have a sequence similarity of 91% and are
located close to each other on chromosome 3. DAS1 and DAS2 are orientated in opposite direction
and the small gene, coding for a hypothetical guanosine nucleotide exchange factor, lies in-between,

see Figure 8.

25007 50007 75007 10,0007

[ Hoss SN Dasi

Figure 8 Genomic situation of DASI and DAS2 on chromosome 3 of P. pastoris CBS 7435.

Recently Kiberl et al. discovered that in a former annotation of the genome of P. pastoris GS115
(FN392321.1) the region between the first 238 bp of both genes had been wrongly inverted,
probably due to high similarity. Moreover, earlier annotations of DAS1 (FJ752551.1) and DAS2
(F1752552.1) were incorrect (80).

By knocking out the 2 homologs DAS1 and DAS2 the flux should be directed to NADH-regeneration
only and no biomass should be produced. Sakai et al. showed, that knocking-out DAS1 in the
methylotrophic yeast Candida boidinii led to no growth of it on methanol as carbon source (88).
Naatsaari et al. already generated a double-knockout of das1 and das2 in P. pastoris Aku70, but they

used the wrong annotation of the 2 genes, as mentioned above, for their approach. Despite using the
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wrong sequences, they observed a growth limitation of the single Adas1, Adas2, and the double
knock-out strains on methanol. Genome analysis of Kiiberl et al. also suggested a possible
dihydroxyacetone synthase activity of transketolase 1 (TKL1) (80). Consequently, knocking-out of
TKL1 is desirable as well to completely redirect the methanol flux into the dissimilative pathway.
Goal of this thesis is the construction of P. pastoris CBS7435 strains with single knock-outs of das1,
das2, tkl1 as well as the construction of a das1das2 double knock-out and a das1das2tki3 triple
knock-out strain. 2,3-butanediol dehydrogenase was chosen as model protein to proof improvement
of NADH-regeneration in knock-out strains. The putative recycling of the two NADH, which are
consumed by the model enzyme BDH1 by reducing one molecule acetoin to one molecule 2,3-
butanediol, is achieved by two consecutive oxidations in the dissimilative pathway catalysed by the

NAD-dependent enzymes formaldehyde dehydrogenase and formate dehydrogenase (27).
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. MATERIALS AND METHODS

2.1.Instruments, Devices, Software
2.1.1. Centrifuges and associated devices

e 5810 R centrifuge, Eppendorf
e 415 R centrifuge, Eppendorf

e JA-10 rotor, Beckman Coulter

2.1.2. Shakers and incubators

e Titramax 1000 platform shaker, Heidolph
¢ Thermomixer comfort, Eppendorf
* Drying oven, Binder

e HT Multitron incubator shaker, Infors

2.1.3. Polymerase chain reaction cyclers

e GeneAmp® 2720 thermal cycler, Applied Biosystems

2.1.4. Photometers and plate readers

e Spectrophotometer DU 800, Beckman Coulter
e Semi-micro cuvette, polystyrene 10x4x45 mm, Sarstedt

e NanoDrop 2000c spectrophotometer, Thermo Scientific

2.1.5. Gas chromatography devices

e Hewlett Packard 6890 instrument equipped with a FID
e Chirasil-DEX CB column (25 m x 0.32 mm, 0.25 um film)

2.1.6. Electroporation devices

e Gene Pulser, Bio-Rad Laboratories
e MicroPulser™ Electroporator, Bio-Rad Laboratories

e Electroporation cuvettes, 2 mm, Bridge Bioscience
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2.1.7. Pipettes and pipette tips

Pipetman, adjustable single channel pipettes 0.2-1000 L, Gilson

Research® pipette, adjustable 0.1-2.5 pL, Eppendorf

Pipette tips, 10, 200 and 1000 pL, with and without filter, GBO Greiner Bio-One
Proline® multichannel pipettor, 8 channels 5-50 L, Biohit

Proline® multichannel electronic pipettor, 8 channels 50-1200 pL, Biohit

Tips 300 uL, Single Tray, Biohit

Tips 1200 pL, Bulk, Biohit

2.1.8. Reaction tubes

Microcentrifuge tubes, 1.5 mL with lid, GBO Greiner Bio-One
Polypropylene tubes, sterile 15 mL, GBO Greiner Bio-One
Polypropylene tubes, sterile, 50 mL, GBO Greiner Bio-One
Polypropylene tubes, sterile, 12 mL volume, GBO Greiner Bio-One
Polypropylene tubes, sterile, 15 mL volume, GBO Greiner Bio-One

Nunc™ Cryogenic tubes, sterile, 2 mL volume, ThermoScientific

2.1.9. Microplates
2.1.10. Web tools and software

2.1.11. Other Devices

Vortex-Genie 2, Scientific Industrie

inoLab® pH720 pH meter, WTW

Polyplast Temp Din pH electrode, Hamilton

MR 3000 and MR 2002 magnetic stirrers, Heidolph

Millipore® VSWP01300 MF-Millipore™ DNA Filter Paper for Dialysis of DNA and Proteins,

Plain White Mixed Cellulose Esters, 0.025 um, Diameter 1.3 cm (Capitol Scientific)

2.2. Material for gel electrophoresis

Biozym LE agarose, Biozym Scientific
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GeneRuler™ 1kb DNA-ladder, Thermo Scientific
6x DNA loading dye, Thermo Scientific

Sub-cell GT, Bio-Rad Laboratories

Power Pac™ Basic, Bio-Rad Laboratories
Camera

UV-device

2.3.Media and solutions

2.3.1. Antibiotics

Ampicillin stock, 100 mg/mL: 5 g ampicillin / 50 mL dH20, filter-sterilize (@ 0,2 pm)

Zeocin™ stock, 100 mg/mL: 2 g Zeocin® / 20 ml dH20, filter-sterilize (@ 0,2 um)

Antibiotic concentrations for E. coli 25 mg/L Zeocin®, 100 mg/L ampicillin (1 mL stock solution)
Antibtiotic concentrations for P. pastoris 100 mg/L Zeocin® (transformation of expression

constructs), 50 mg/L Zeocin® (transformation of knock-out constructs)

2.3.2. Media and solutions for E. coli

Low salt Luria Bertani (LB): 10 g/L Bacto™ tryptone, 5 g/L Bacto™ yeast extract, 5 g/L NaCl,
autoclave sterilization

LB agar: 35 g/L LB agar (Lennox, Roth)

Super optimal broth with gluose (SOC): 5 g/L Bacto™ yeast extract, 20 g/L Bacto™ tryptone,
0.58 g/L NaCl, 2 g/L MgCl,, 2.46 g/L MgS0,, 0.18 g/L KCl, 3.81 g/L a-D(+)-glucose

monohydrate, autoclave sterilization

2.3.3. Media and Solutions for P. pastoris

10x D: 220 g/L a-b-glucose-H20 (20 %)

500x biotin: 200 mg/L D-Biotin, filter-sterilize (@ 0,2 um)

10x yeast nitrogen base (YNB): 134 g/L Difco™ yeast nitrogen base w/o amino acids,
autoclave sterilization

1 M potassium phosphate buffer (PPB): 30.0 g/L K;HPO4, 118.0 g/L KH,PO4, pH 6.0, autoclave

sterilization
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* Yeast extract/peptone/dextrose (YPD) medium: 10 g/L Bacto™ yeast extract, 20 g/L Bacto™,
15g/L Difco Bacto Agar for solid medium, for 1 L medium dissolve in 900 mL dH20 and
autoclave; add 100 mL/L 10x D (2%)

* Basal medium with 1 % dextrose (BMD1): 200 ml/L 1 M PPB, 100 ml/L 10x YNB, 50 mL/L 10x
D, 2 mL/L 500x biotin, 650mL sterile ddH,0

*  Basal medium with 0.5% methanol dextrose (BMMO0.5): 200 mL/L 1 M PPB, 100 mL/L 10x
YNB, 5 mL/L methanol, 2 mL/L 500x biotin, 700 mL sterile ddH,0

e Basal medium with 1% glycerol (BMG1): 200 mL/L 1 M PPB, 100 mL/L 10x YNB, 100 mL/L 10x
GY (100 g/L), 2 mL/L 500x biotin, 600 mL sterile ddH,0

* Basal medium with 1% methanol (BMM2): 200 mL/L 1 M PPB, 100 mL/L 10x YNB, 10 mL/L
methanol, 2 mL/L 500x biotin

* Basal medium with 5% methanol (BMM10): 200 mL/L 1 M PPB, 100 mL/L 10x YNB, 50 mL/L
methanol, 2 mL/L 500x biotin

*  Minimal media with 1% methanol (MMMeOH1%): 100 mL/L 10x YNB, 2 mL/L 500x biotin, fill
to 1 L with dH,0; for agar-plates ad 15 g/L agarose before autoclaving, after autoclaving 10
mL/L methanol were added, when solution started to build flakes)

e 10x stocks for TKL1 knock-out screening:

0 10x glycerol (10% (w/v)) (10x GY): 5 g glycerol filled to 50 mL with ddH,0, sterile
filtered (0.2 pm @ (Scientific Strategies))

0 10x oleic acid (5% (w/v)) (10x OA): 2.8 g weighed and filled up to 50 mL with ddH-0,
sterile filtered (0.2 um @ (Scientific Strategies))

0 10x sorbitol (10% (w/v)) (10x SO): 5 g sorbitol weighed and filled to 50 mL with
ddH,0, sterile filtered (0.2 um @ (Scientific Strategies))

0 10x methanol (10% (v/v)) (10x MeOH): 5 mL were pipetted and then filled up to 50
mL with ddH,0, sterile filtered (0.2 um @ (Scientific Strategies))

e Minimal and YP-media for TKL1 knock out screening

0 Yeast extract/peptone/glycerol, oleic acid, sorbitol, methanol (YPGY, YPOA, YPSO,
YPMeOH) medium:
10 g/L Bacto™ yeast extract, 20 g/L Bacto™, 15g/L Difco Bacto Agar for solid medium,
for 1 L medium dissolve in 900 mL dH20 and autoclave; add 100 mL/L 10x GY (10 %),
10x OA (5%), 10x SO (10%), 10x MeOH (10%)

0 Minimal medium with glycerol, oleic acid, sorbitol, methanol (MMGY, MMOA,
MMSO, MMMeOH):
10x YNB 12.5 mL/L, 1 M PPB 50 mL/L, 500x biotin 2 mL/L, 15g/L Difco Bacto Agar for
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solid medium, for 1 L medium dissolve in 900 mL dH20 and autoclave; add 100 mL/L

10x GY (10%), 10x OA (5%), 10x SO (10%), 10x MeOH (10%)

2.3.4. Solutions for gDNA-isolation

10% sodium-dodecyl-sulphate (SDS): dissolve 5 g in 50 mL ddH,0, filter-sterlize (@ 0,2 um)

5 M sodiumchloride: dissolve 14.61 g in in 50 mL ddH-O, filter-sterlize (@ 0,2 um)

0.5 M ethylenediaminetetraacetic acid (EDTA): dissolve 9.31 g di-Na-EDTA.2H,0 in 50 ml|
ddH,0, filter-sterlize (@ 0,2 pm)

Yeast lysis buffer: 2 % Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCI (pH 8.0),
1 mM EDTA (pH 8.0)

TE-buffer: 10 mM Tris-HCI (pH 8.0), 1 mM EDTA

2.3.5. Other media, solutions and chemicals

dNTP mix: 10 mM each, dATP, dTTP, dCTP, dGTP, Thermo Scientific

1 M dithiothreitol (DTT): 0,16 g/mL DTT, filter-sterilize (@ 0,2 pm)

Bicine/ethylene glycol/dimethyl sulfoxide (DMSO)/sorbitol (BEDS): 10 mM bicine-NaOH (pH
8.3), 3% (v/v) ethylene glycol, 5% DMSO (v/v) and 1 M sorbitol filter-sterilize (@ 0,2 um),
freeze aliquots at -20°C

Tris/HCl: 300 mM (pH 7) for pNPB-assay

2.3.6. Solutions for assembly cloning (acib protocol)

1 M Tris/ HCI pH 7.5 (dissolution of 60.57 g of Tris base (Roth, 4855.3) in 500 mL of ddH,0;
pH is adjusted with 32% HCI (Roth, P074.3); solution is autoclaved and stored at room
temperature)

2 M MgCl; (dissolving of 20.30 g MgCl; x 6 H,0 (Merck, 5833) in 50 mL of ddH,0; solution is
sterile filtered 0.2 um @ (Scientific Strategies))

1 M DTT (dissolution of 3.08 g of DTT (Roth, 6908.1) in 20 mL of ddH,O0; sterile filtered 0.2 um
@ (Scientific Strategies) and stored as 1 mL aliquots at -20°C)

100 mM NAD (dissolution of 0.66 g of NAD (Roth, AE11.2) in 10 mL of ddH.O0; sterile filtered
0.2 um @ (Scientific Strategies) and stored as 300 pL aliquots at -20°C))

Before mixing all the ingredients (see Table 1) for the 5x ISO buffer out of the stock solution

PEG-8000 was weighed in a 15 mL Falcon tube. The mixture is then filled up to 6 mLl end-
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volume and vortexed till PEG-8000 was homogeneously dissolved. The solution is then sterile

filtered (0.2 um @ (Scientific Strategies)) and stored in 100 pL aliquots at -20 °C.

Table 1: Preparation of 6 mL of 5x isothermal (1SO) reaction buffer by mixing following components in a 15 mL Falcon tube

component stock solution volume / amount
25% (w/v) PEG-8000 PEG-8000 15¢g
500 mM Tris/Cl pH 7.5 1 M Tris/Cl pH 7.5 3000 pL
50 mM MgClz 2 M MgCl, 150 plL
50 mM DTT 1M DTT 300 pL
1 mM dATP 100 mM dATP 60 pL
1 mM dCTP 100 mM dCTP 60 pL
1 mM dGTP 100 mM dGTP 60 pL
1 mMdTTP 100 mM dTTP 60 pL
5 mM NAD 100 mM NAD 300 pL

sterile ddH.0

up to 6000 uL

e 1.2 mL of the assembly master was prepared with the components listed in Table 2 in a
1.5 mL Eppendorf tube, mixed via pipetting up and down, aliquot in 15 plL each and

stored at -20°C.

Table 2: Preparation of the assembly master mix in a 1.5 mL Eppendorf tube

component Volume to add [pL]
5x ISO reaction buffer 320
T5 exonuclease (10 U/uL) 0.64
Phusion® High-Fidelity DNA Polymerase (2 U/uL) 20
Taqg DNA ligase (40 U/uL) 160
Sterile ddH.0 699.36
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2.4.Enzymes

Enzymes were applied according to manuals.

FastDigest BamHI, 5'GAGATTC3', Thermo Scientific (# FD0054)
FastDigest Bglll, 5'AAGATCT3', Thermo Scientific (# FD0083)
FastDigest EcoRl, 5'GMAATTC3', Thermo Scientific (# FD0274)
FastDigest Hindlll, 5’A*AGCTT3’, Thermo Scientific (# FD0504)
FastDigest Notl, 5'GCA*GGCCGC3', Thermo Scientific (# FD0594)
FastDigest Smil (Swal), 5'ATTAAAAT3', Thermo Scientific ( # FD1244)
FastDigest Xhol, 5'CATCGAG3', Thermo Scientific (# FD0694)

Sfil, 5’'GGCCNNNNANGGCC3', New England Biolabs® Inc. (# R0123S)
T4 DNA Ligase, Thermo Scientific (# EL0014)

EndoH, New England Biolabs (P0702S)

FastAP thermosensitive alkaline phosphatase, Thermo Scientific (# EF0654)
Dream Taq DNA polymerase, Thermo Scientific (# EP0701)

Phusion high-fidelity DNA polymerase , Thermo Scientific (# F-530L)

T5 exonuclease, Biozyme (162340)

2.5. Substrates and buffers for enzymatic assay

3-Hydroxy-2-butanone purum (acetoin), Fluka (00540)
4-Nitrophenyl butyrate (pNPB), Sigma (N9876)
0 pNPB-stock solution: a 8.4% pNPB solution in DMSO was freshly prepared before
doing the assay (42 puL pNPB 98% was mixed with 458 pL dimethylsulfoxide (DMSO)
0 300 mM TRIS/HCI, pH 7 (36.342 g were dissolved in dH,0, pH was set with conc. HCI
and then filled up to 1 L)
0 pNPB-assay solution (0.084 % pNPB): 500 pL of pNPB-stock solution was mixed with
49.5 mL ddH,0 in a 50 mL Greiner® tubes which was covered in aluminium foil to

avoid autolysis.

2.6.Strains

P. pastoris CBS7435 was used as base for the knock-out experiments and E. coli Top 10 F’ for all

cloning approaches. Both were taken from the strain collection of ACIB GmbH/ Institute of

Biotechnology. Other strains, which were provided by others (Thomas Vogl) and used for

experiments are listed in Table 3.
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All generated strains during the work on this thesis were stored at the strain collection and are listed

in Table 30 in the Appendix section (7.3 Generated Strains).

Table 3 Strains used for different experiments in this work.

Host strain Host strain Plasmid Collecti | Interna
designation on No. | INo.

P. pastoris CBS7435 pPICZ-BD1-BDH 3441

P. pastoris CBS7435 mutS pPpT4mutZeoMlyl-intArgd-bidi- 638
CalB_VTU-synPDImutBmrl-
pAOX1+pGAP-fwd K1 [short 3]

P. pastoris CBS7435 mutS pPpT4mutZeoMlyl-intArgd-bidi- 643
CalB_VTU-synPDImutBmrl-
GAP+pCAT1-rev K1 [short 8]

2.7.Sequences

All sequences used for generation of knock-out vectors and vector sequences itself are listed in Table

29 in the 7.1 Sequences section.

2.8.Primers

Table 4: Primer list

Internal

no. Primer name Sequence

c43 AOXTT_seq_rev TCCCAAACCCCTACCACAAG

C54A 3UTRDAS1F TCG GCC GAT CAG GCC ACG GGA AGT CTT TACAGT TTT AGT TAG

C55 3UTRDAS1R GCA TAT CGT AGT CCA ATT TAA ATT GTC ATA CAG ATC CAATGC TGC

C56 S5UTRDAS1F ATG ACA ATT TAA ATT GGA CTA CGA TAT GCT CCAATCC

C57 S5UTRDAS1R TCG GCC CTA GTG GCC GTT GTT TGT AAG TAA ACG AAT CAAGATACT G

C58 Up5UTRDAS1F TACCCAATTCAGTGGAACCGTTC

C59 Down3UTRDAS1R CTCTGC TAG TAAGGT ACATCATCACGG TC

c60 3UTRDAS2F TCG GCC GAT CAG GCCTTT TGATGT TTG ATA GTT TGA TAA GAG TGA AC
c61 3UTRDAS2R GGA ATA AGC AGA ACT GTA GAT TTA AAT CAA ACT CTT CAT CCAGACTCT CATC
C62 S5UTRDAS2F GAA GAG TTT GAT TTA AAT CTACAG TTCTGC TTATTCCCCC

C63 SUTRDAS2R TCG GCC CTA GTG GCC GTA GAT TTG GCC ACT AACGGG TTA G

ce4 Up5UTRDAS2F GAT GTA AGA CGT GAC GAT GAT TGG

C65 Down3UTRDAS2R TAA TCC GGA AGT TCT TCT CCT GG

C66 3UTRDAS1&2F TCG GCC GAT CAG GCC GTG ACG AGT TAG TAA AGA ACT GGA AAA AG

Cc67 3UTRDAS1&2R CGA CAA ACT ATA AGT AGATTT AAATTG ATG GAG TCT ATACTAGGCTAAC
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C68 SUTRDAS1&2F TAG TAT AGA CTC CAT CAATTT AAATCT ACT TATAGT TTGTCG TGCTTT G
€69 SUTRDAS1&2R TCG GCC CTA GTG GCC CGCTGCTCACGG TTC
C70 Up5UTRDAS1&2F CTT ACA CAA CTA CTAACCCGTTAG TGG C
Cc71 Down3UTRDAS1&2R TGG GAG TCCCTATTC TACTTAGTC TCATATC
C72 3UTRTKL1F TCG GCC GAT CAG GCCTTT GTG CGC CTT TAG GTA GTT AG
C73 3UTRTKL1R TAT CAA AGT TGA ATG CAT ATT TAA ATT GTC CAG ACT CAT TTG ATG CAG
CAA ATG AGT CTG GAC AAT TTA AAT ATG CAT TCA ACT TTG ATATTG TGT ATC
C74 SUTRTKL1F GAC AC
C75 SUTRTKL1R TCG GCC CTA GTG GCC TGT GTA GAG TGG ATG TAG AAT ACA AGT CTA GAG
C76 UpSUTRTKL1F CCT ATG AAATCT GTAGTCACG TACTGATACC
Cc77 Down3UTRTKL1R CTT GAC GCT CCA ACATCT GAATCG
C78 3UTRTKL1_disF TCG GCC GAT CAG GCC ACT CTC ACG AGC AATTTG GTATC
C79 3UTRTKL1_disR AAT ATC AAA GTT GAATGC ATATTT AAA TTA ATA CGG CGA AGG AGT TGC
C80 SUTRTKL1_disF TTC GCC GTATTA ATT TAA ATA TGC ATT CAA CTT TGA TAT TGT GTA TCG
c81 SUTRTKL1_disR TCG GCC CTA GTG GCC TGT GTA GAG TGG ATG TAG AAT ACAAGT C
€82 3UTRDAS1&2R_clean AAG CAG AACTGT AGATTT AAATTG TCA TAC AGA TCC AAT GCT GC
c83 SUTRDAS1&2F_clean TTG GAT CTG TAT GAC AAT TTA AAT CTACAG TTCTGC TTATTC CCC
cs4 3UTRDAS1F_sequencing TCT GCC GTA GAT GTT ACC AGA CTG
C85 3UTRDAS2F_sequencing GGT ATT TCT GTG GGG TAG CAT AGC
C86 3UTRDAS1&2F_sequencing | GAA AGC CAG ATG TGC AACTGATC
cs87 3UTRTKL1F_sequencing CTC CTG GGA AGC CAT GTCTC
c88 3UTRTKL1_disF_sequencing | TCC TTA CTA CGG CGG GTCTTC
3UTRDAS1&2_cleanF_seque
C89 ncing GGG GGA GACTTT TAC TGG ATT TGG
C108 CDSDAS1F CAA AGC AGT TTC TTA CAATGATGA CATCCATGAC
C109 CDSDAS1R AAA GGA ACT CTT GTC CCT CAC GAG GG
Cc110 CDSDAS2F CTT AAC GTA CTC ATC CAAAAG TTT CTT CCA GTT AG
Cl11 CDSDAS2R AGT ATC GAC ACA AGA TGA CAT TCA TGA ATT GG
C112 CDSTKL1F TGG CCA AGG CTAACT CCG G
C113 CDSTKL1R GAC AGA CAT TAT TGG AAC ACC GTC TGG
Cl14 Primer_PGAP-fw GAAACCACCAGAATCGAATAT
C115 PucSeqF CTTTTTACGGTTCCTGGCCTTTTGC
Clie6 PAox1SeqR GGTTTCATTCAACCTTTCGTCTTTGGATG
DAS1_check_fwd GCAGGATGCCTGATATATAAATCCCAGATGATC
DAS1_check_rev CATCAGATATTATCATCGCGGCTTACGTAATAAC
DAS2_check_fwd CCATCCCACCCTAGGATGTCCTACAGG
DAS2_check_rev CAAGTTCGTTTTAACTTAAGACCAAAACCAGTTACAAC
ATT TAATTT ATT TGT CCC TAT TTC AAT CAA TTG AAC AAC TAT CAA AAC ACA GAA
C119 EcoRI_CpXYLlopt_fwd TTC GAA ACG ATG TCC ACT GCT ACT G
AAA TGA AGC CTG CAT CTC TCA GGC AAA TGG CAT TCT GACATC CTC TTG AGC
C120 Notl_CpXYLlopt_rev GGC CGC TTA CAC AAA GACTGG AAT G
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ATT TAATTT ATT TGT CCC TAT TTC AAT CAATTG AAC AAC TAT CAA AAC ACA GAA
C121 EcoRI_ScBDH1_fwd TTC GAAACG ATG AGAGCT TTG GCATAT TTC

ATC AAA AAT GAA GCC TGC ATC TCT CAG GCA AAT GGC ATT CTG ACATCCTCT
C122 Notl_ScBDH1_rev TGA GCG GCC GCT TACTTC ATT TCA CCG

2.9.Kits

*  GenelET™ Plasmid Miniprep Kit, Thermo Scientific. Changes to manual: Cells were taken off
an agar plate, grown over night and directly resuspended in the resuspension solution.

e Wizard® SV Gel and PCR Clean-Up System, Promega

¢  CloneJET™ PCR Cloning Kit, Thermo Scientific: For the transformation into E.coli the whole

ligation mix (20 uL) were directly used.

2.10. Methods

2.10.1. Agarose gel-electrophoresis

The concentration of agarose (Biozym) was 1% in TAE-buffer solution. The solution was heated in a
microwave to dissolve the agarose. After cooling down the agarose solution ethidium bromide was
added. GeneRuler™ 1kb DNA Ladder or GeneRuler™ DNA Ladder Mix (Figure 9) were used as a
standard. The gel was run at 120 volts for 45 minutes for an analytical control gel and 1.5 hours at 90

volts for preparative purpose.

GeneRuler™ 1 kb DNA Ladder | GeneRuler™ DNA Ladder Mix
0’GeneRuler™ 1 kb DNA Ladder, | 0'GeneRuler™ DNA Ladder Mix,

ready-to-use ready-to-use
bpngiospg % bpng0spg %
10000 180 36
AR
10000 500 B0 g i :
8000 300 B o, we o
69 0 14, 0 ! !
/ 01188 éBS 38 300 180 36
3500 300 B0 X :
3000 70.0 140 - 7, 2000 160 22
= — 2500 250 50 = 1500 160 32
g 2000 250 50 2 /1200 {60 32
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3 1000 60.0 120 o bl 200 170 24
2 : 8 700 170 34
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2] =R Saok: ol g — 40 200 40
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0.5 palane, 8 cm length gel, 0.5 py/lane, & cm length gel,
1XTAE, 7Vizm, 45 min TATAE, 7 Wem, 45 min

Figure 9: GeneRuler™ 1kb DNA Ladder and GeneRuler™ DNA Ladder Mix
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2.10.1.1.Preparative DNA digests

For preparative DNA digest 0.5 pL of each restriction enzyme (FastDigest enzymes by Thermo
Scientific) per 10 pl reaction mixture or 500 ng of DNA respectively were added. Whereby 1 pL of
FastDigest enzymes is formulated to digest up to 1 pg of plasmid DNA in 20 min, 0.2 ug of PCR
product in 30 min and 1pg of genomic DNA in 30 min. The Standard mixture (Table 5) is incubated at
37°C for 3 h. The volume of the approach was adjusted to the volume and/or the concentration of

the DNA respectively.

Table 5 Standard reaction mixture for preparative DNA digest. The approach is incubated for 3 hours at 37°C.

Component Volume [pL]

DNA (plasmid DNA, gDNA, PCR product) | Up to 50 pL

FastDigest restriction enzyme(s) 1 uL/ug DNA
FastDigest Buffer 10x 6 L
ddH20 Fill up to 60 pL

2.10.1.2. Analytical DNA digests

The standard reaction mixture for analytical DNA digests with FastDigest restriction enzymes of
plasmids is shown in Table 6. Depending of the concentration of the template, the volume of which

was changed.

Table 6 Standard reaction mixture for analytical DNA digest. The mixture is incubated for 30-60 min at 37°C.

Component Volume [pL]

DNA (plasmid DNA) 1ul

FastDigest restriction enzyme(s) | 0.5 pL

FastDigest Buffer 10x 1ul

ddH20 Fill up to 10 pL

2.10.2. PCRs

2.10.2.1.Phusion High-Fidelity DNA polymerase (Thermo

Scientific)

In Table 7 and Table 8 the standard procedures for PCR based on Phusion™ High Fidelity DNA

Polymerase are listed.
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Table 7: Standard mix for Phusion™ DNA polymerase

Component Volume [pL]
5x Phusion HF buffer 10
dNTPs (2mM) 5
Forward primer (5 uM) 2
Reverse primer (5 uM) 2
Template (1ng/pL) 2
Phusion™ polymerase (2 U/uL) 0.3

ddH20 Up to 50

Table 8: Standard program for PCR reactions using Phusion™ DNA polymerase

Temperature [°C] Time [sec]
98 30
98 10
adjusted to primers 20 35 cyles
72 30/1 kb
72 10 min
4 Y

2.10.2.2. Overlap-extension-PCR (0ePCR)

For oePCR a two-step procedure with Phusion™ High Fidelity DNA Polymerase was applied. In the

first step overlapping fragments (fragment 1, fragment 2) with the standard PCR mix (see Table 9)

was run for 15 cycles. The overlapping regions of fragment 1 and fragment 2 are annealing and

elongated 5’ to 3’ during the PCR reaction constructing one DNA strand out of the 2 fragments.

Table 9: Standard mix for oePCR with Phusion™ DNA polymerase

Component Volume [pL]
5x Phusion HF buffer 10
dNTPs (2mM) 5
Fragment 1 (2-15 ng/uL)
Fragment 2 (2-15 ng/uL) 3
Phusion™ polymerase (2 U/uL) 0.5
ddH20 Up to 50

In a second step, 20 pL of fresh PCR mix containing the outer primers to amplify the full-length PCR

product was added, (see Table 10). The program for a standard oePCR is shown in Table 11.
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Table 10: Primer mix for oePCR which is added after the first 15 cycles of the PCR

Components Volume [pL]
5x Phusion HF buffer 4
dNTPs (2mM) 2
Forward primer (5 uM) 4
Reverse primer (5 uM) 4
Phusion™ polymerase (2 U/pL) 0.5
ddH20 Up to 20

Table 11: Standard program for oePCR with Phusion™ DNA polymerase

Temperature [°C] Time [sec]
98 30
98 10 15 20
adjusted to primers 20 c'ycles cyFIes
without with
72 15/1 kb primers | primers
72 10 min
4 =)

2.10.2.3.DreamTaq™ DNA polymerase (Thermo Scientific)

For PCR reactions conducted with DreamTagq™ DNA polymerase (Thermo Scientific), the standard
protocol for a PCR reaction is described in Table 12 and Table 13. DreamTaq™ DNA polymerase was
used for checking the correct size of several constructs, where proof-reading activity was not

necessary.

Table 12: Standard mix for DreamTaq™ DNA polymerase

Component Volume [pL]
10x Taq buffer 2.5
dNTPs (2mM) 2.5
Forward primer (5 uM) 2
Reverse primer (5 uM)
Template (10-50 ng/uL) 1
DreamTaq polymerase (5 U/uL) 0.2
ddH20 Up to 25
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Table 13: Standard program for DreamTag™ DNA polymerase

Temperature [°C] Time [sec]
95 30
95 10
adjusted to primers 20 35 cyles
72 60/1 kb
72 10 min
4 oo
2.10.3. Assembly Cloning - cloning by in vitro recombination

(acib protocol)

Solutions were prepared as described in 2.3.6. for cloning by in vitro recombination. A 15 pL
assembly master mix aliquot was thawed and mixed via pipetting with 5 uL DNA. DNA should be used
in equimolar amounts of each fragment with a minimal concentration of 100 ng of each fragment.

Equation 1 below describes the calculation for each fragment:

Equation 1: Formula for calculation of amount of linear DNA of the 2 fragments, which were cloned together.

amountgna fragment [ng] = Sizelargefragment [kb]
Sizesmall fragment [kb]

amount iarge fragment[(ngl =

After mixing the components, the reaction incubated on a thermo cycler at 50 °C for 60 minutes. If
plasmids were assembled, the mix was desalted for 20 min and 5-20 pL were used to transform
competent E. coli cells. Transformed cells were plated on selective plates and single clones were then

analysed via restriction digest and sequencing (LGC Genomics).

2.10.4. Standard cloning protocol

For standard cloning purposes, the T4 DNA ligase (Thermo Scientific) was used. Before ligation the
vector had to be linearized and the insert DNA had to be cut with the desired restriction enzymes
(see 2.10.1.1). 100 ng of linearized vector was mixed with insert DNA (ratio vector to insert 1:3) using

Equation 2.

Equation 2: Formula for calculation amount of insert DNA to certain amount of linearized vector DNA

ng of vector X kb size of insert

ng of insert required = - - ,
gof 1 kb size of vector X insert : vector ratio
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The calculated amount was then mixed with T4 DNA ligase, T4 DNA ligase buffer 10x and filled up
with ddH,0 to 20 pL (Table 14). The ligation mix was either incubated at 16°C overnight or at 22°C for

20-30 min in an incubator.

Table 14: Compounds for ligation of insert DNA into linear vector DNA with T4 DNA ligase (Thermo Scientific)

Compound Volume [pL] / amount [ng]
Linear vector DNA 100 ng
Insert DNA 3:1 molar ratio over vector

T4 DNA ligase (5 U/uL) 1puL

T4 DNA ligase buffer 10x | 2 uL

H20 Up to 20 uL

After incubation the ligation mixture was deactivated at 70°C for 10 min and desalted for 25 min with

a DNA filter paper. DNA was ready for electroporation into E. coli.

2.10.5. Construction of knock-out strains

2.10.5.1.Knock-out strategy

For knocking-out the desired genes in the genome of P. pastoris CBS7435 the vector-system pPpKC1
(Figure 10), based on the pPp_T4 plasmid, was used (placed at the disposal by Mudassar Achmad).
pPpKC1 is a shuttle-vector for E. coli and P. pastoris, containing a Zeocin™-resistance marker under
the control of the ARG4 promoter and terminator for expression in P. pastoris and a EM72 Syn B
promoter for expression in E. coli. For autonomous replication in E. coli the vector harbors a pUC
origin of replication. There is a stuffer fragment flanked by two Sfil (5'-GGCCNNNNANGGCC-3')
restriction sites. Cloning with Sfil has a big advantage as some nucleotides of the recognition site can
be varied. If designed smartly, two different overhangs are gained, which allows to clone the insert in
the desired direction into the vector by using only Sfil as restriction enzyme. For the generation of
knock-outs two homologous recombination sites flanking the gene of interest (GOI) are needed,
which should be around 1 kb. Gene replacement events can be >50% of the total transformants
population, when targeting fragments are each >1kb, but drop to <0.1% when fragment size is <0.5kb
(92). The integration frequency is also strongly dependent of the locus where the replacement
should happen and has to be considered as well (93). When linearizing the vector, as in the pPpKC1
approach, the frequency of the replacement events are also reduced (92). The empirical value for the
size (~1kb) of the homologous regions for the pPpKC1 supported knock-out provided by Mudassar

Achmad is in line with the data from literature. Other important features of the knock-out cassettes
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are the FRT sequences flanking the stuffer fragment, which are recognized by a flippase required for
the later marker recycling step. The flippase gene is under the control of the AOX1 promotor, to
initiate the vector recycling by the addition of methanol. For linearization of the vector (to obtain the
linear knock-out cassette) a recognition site for a blunt end cutting enzyme (Smil/Swal) has to be

introduced between the two homologues recombination sites.

Cloning of fused 5
and 3’ UTR into
pPpKC1

—>

Sfil  FRT Sfil  FRT

/ pAOX1 AOX1TT PARG4

5‘UTR

Figure 10: Schematic representation of knock-out strategy |

pPpKC1 vector with a flippase from S. cerevisae under the control of AOX1 promoter and terminator (Paox1 and AOX1 TT,
respectively). It also has a stuffer fragment flanked by 2 Sfil sites for cloning homologous sequences for recombination and
2 FRT sites. The FRT sites are recognized by the flippase for excision of the marker after successful replacement of the GOI.
As selection marker zeocin-resistance protein (JQ519690.1) with ARG4 promoter and terminator (Parss and ARG4 TT) was
used. The synthetic promoter EM72SynB for expression of the zeocin-resistance-protein and PucOri for replication in E .coli
is present in the vector as well (adapted from Mudassar Achmad, data not published).

The first step was to design 4 primers (P1, P2, P3, P4) for each GOI that should be removed from the
genome, as depicted in Figure 11. P1 is designed to be about 1 kb upstream of the gene in the 5’UTR
(untranslated region) and P4 1 kb downstream of the gene in the 3’UTR. It was important to have
half of the recognition site of the blunt-end cutting enzyme (Swal) (ATTT or AAAT) at the 5'-end of
the primer P1 and the other half at the 5’-end of the primer P4. That was a limitation for finding a
suitable starting point for the PCR in the genome and determined the exact size of the homologous
region, because this sequence had to be present in the 5’UTR as well as in the 3'UTR of the GOI.
Primers P2/P3 start either within the gene, for partial gene disruption (pPpKC1_DAS1&2 and
pPpKC1_TKL1_dis) or directly upstream of the start ATG and downstream of the stop-codon
respectively for a clear knock-out. For later cloning into the pPpKC1-vector the introduction of Sfil
recognition sites at the 5’-end of P2 and P4 with different variable nucleotides (see vector sequence)

was necessary to assure the cloning happens in the right direction.
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Restricted with Sfil and cloned into pPpKC1

Figure 11: Schematic representation of knock-out strategy Il

Two primer pairs (P1, P2 and P3, P4) amplifying the 5’ and 3’ UTR in 2 PCR reactions were designed. P1 and P4 had to start
with ATTT or AAAT respectively for introducing a Swal cutting side for later linearizing of the vector. To ensure cloning of
the fused 5’ and 3’ UTR 2 Sfil sites with different overhangs had to be attached on the 5’ end of P2 and P3. They all started
upstream and downstream of the ATG and the stop-codon respectively, except cassettes for pPpKC1_DAS1&2 and
pPpKC1_TKL1_dis. In a second step, an oePCR was performed with the fragments generated in the 15t and 2"d PCR and the
resulting product was further restricted with Sfil for cloning into pPpKC1 (adapted from Mudassar Achmad, data not
published).

After amplification of the homologous recombination sites in two separate PCR reactions using P1/P2
and P3/P4 according to the Phusion™ polymerase standard PCR protocol (2.10.2.1, 2.10.2.1 Phusion
High-Fidelity DNA polymerase (Thermo Scientific)). P. pastoris CBS7435 gDNA was employed as
template with a concentration of about 25 ng/pL. The isolated gDNA yielded in concentrations of 2.5-
3.7 pg/uL and had had to be diluted 1:150. PCR products were separated on a preparative agarose
gel, the desired bands (expected size of fragments are summarized in Table 16) were cut out, and
purified via Wizard® SV Gel and PCR Clean-Up System (Promega). Concentrations of the purified DNA
fragments were measured with NanoDrop 2000c spectrophotometer. As final step an 0ePCR,
following the protocol for 0ePCR in section 2.10.2.2, with the fragments of PCR1 and PCR2 was
performed to join these fragments. P2/P3 were used as outer primers for amplification of the joined
fragments. The fragments were then separated on a preparative agarose gel, fragments were cut,
cleaned up, and DNA concentration was determined. Subsequently, the fragments were cut with Sfil
and cloned into the Sfil cut pPpKC1-vector. The pPpKC1 constructs containing the respective
homologous recombination sites as insert were then used to transform E. coli Top 10F'. At least 4

clones were checked via restriction digest for the correct insertion of the insert. The sequence of the
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final knock-out cassette was confirmed by Sanger sequencing (Microsynth AG) with primers listed in

Table 15.

Table 15 List of used sequencing primers for constructed knock-out vectors

Construct Primer fwd Primer binding in the homologous Primer rev
region of the fusion construct

pPpKC1_DAS1 PucSeqF 3UTRDAS1F_sequencing Seq_AOXlrev

pPpKC1_DAS2 PucSeqF 3UTRDAS2F_sequencing Seq_AOXlrev

pPpKC1_DAS1&2_clean PucSeqF 3UTRDAS1&2_cleanF_sequencing Seq_AOXlrev

pPpKC1_TKL1 PucSeqF 3UTRTKL1F_sequencing Seq_AOXlrev

pPpKC1_TKL1 dis PucSeqgF 3UTRTKL1_disF_sequencing Seq_AOXlrev

The pPpKC1_HRS (homologous recombination site) was linearized with a blunt cutting restriction
enzyme (Swal/Smil) and used to transform P. pastoris CBS7435. In this approach 2 homologous
recombination events at the two HRS are necessary (see Figure 12) (94). Clones with integrated
cassette were selected on YPD plates supplemented with 50 mg/L Zeocin®. To control the correct

integration site as well as the full integration of the cassette colony PCRs were performed.
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@Transformation into P. pastoris CBS 7435

Sfil  FRT

pAOX1 AOXITT
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Pichia Genome fPRT
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5'UTR —| Flippase

ﬂ Methanol Induction for Marker recycling
N

Sfil FRT  Sfil

Pichia Genome Pichia Genome
5‘UTR 3‘UTR

Target ORF deleted

Figure 12: Schematic representation of knock-out strategy Il|

After construction of the knock-out cassette, the linearized vector was used to transform P. pastoris CBS7435. At the 5’ and
3’ UTR of the GOI in the genome a double homologous recombination event is supposed to happen, excising the part in
between the homologous sites and integrating the knock-out cassette (94). The proofed knock-out clones still harbored the
marker, which had to be eliminated. Therefore the flippase under the control of Paox1 was induced by methanol addition.
The activated flippase excised the marker cassette in between the HRS to receive a strain with deleted GOI (adapted from
Mudassar Achmad, data not published).

As final step a marker recycling was performed. Therefore, a single colony from a single-streak-out of
the positive clone was inoculated in 250 mL YPD media and incubated at 28°C and shaking at 90 rpm.
After 24 and 48 hours of growth 0.5 mL methanol and after 60 and 72 hours 1 mL methanol was
added to express the flippase from S. cerevisae under control of Paoxi, which then recognizes the FRT
sites and excises the marker cassette located in between them to gain a strain with a deleted GOl as
seen in Figure 12. A single streak-out out of the flask was done after 96h of growth on YPD-plates
which were then incubated for 48 hours at 30°C. About 24 single colonies were cultivated in 96-well
DWP with 600 pL YPD at 28°C, 320 rpm and 80% humidity for 24 hours and then stamped on YPD-
plates and YPD-plates supplemented with Zeocin™ 100 mg/L. These plates were incubated for 2 days
at 30°C. If the marker recycling was successful the colony was growing on the YPD plates, but not on

those containing Zeocin™.
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2.10.5.2. Genomic DNA (gDNA) isolation from P. pastoris CBS7435:
Bust'n’Grab

For gDNA isolation of P. pastoris CBS7435 a slightly altered protocol from Hariju et al. was applied
(95). After two days of growth at 30°C on YPD plates, yeast colonies were resuspended in 100 pL
yeast lysis buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCI (pH 8.0), 1 mM EDTA (pH
8.0)) and well mixed. Afterwards the suspension was frozen in liquid N; for about 2 minutes and then
heated to 99°C in a thermomixer. This step was repeated once and the suspension was mixed in a
vortex again. After adding 100 pL chloroform and 2 minutes of mixing the sample was centrifuged at
13 000 rpm for 3 minutes. The supernatant was transferred in 400 uL of ice cold ethanol (100%),
incubated for 25-30 minutes at -21°C and centrifuged at 13 000 rpm for 5 minutes. The supernatant
was decanted and the pellet was washed with ice cold ethanol (70 %) followed by centrifugation for
5 minutes at 13 000 rpm. The supernatant was removed using a pipette and the pellet was dried in
an incubator at 37 °C. The dried pellet was dissolved in 20 pL of pre-warmed (55°C) ddH,0 and was

stored at -21 °C. DNA concentration was determined with a NanoDrop 2000c spectrophotometer.

2.10.5.2.1. Knock-out cassettes

For construction of all knock out cassettes P. pastoris CBS7435 gDNA was used as a template (for
isolation procedure, see 2.10.5.2). There are in total 5 cassettes planned (pPpKC1_DAS1,
pPpKC1_DAS2, pPpKC1_DAS1&2, pPpKC1_DAS1&2 clean, pPpKC1_TKL1, pPpKC1_TKL1_dis), which
were constructed in a 3 step process (see Figure 11). First the 5’-UTR and the 3’-UTR for each
cassette (see Table 16 for used primers and Figure 13 for differences of pPpKC1_DAS1&2 and
pPpKC1_DAS1&2 clean) were amplified in separate PCRs (2.10.2.1).

Start (0)
25007 soo0o! 75007 10,0007
< 3UTRDASZ | Das2 5'UTR DAS2 5'UTR DAS1 Das1 3UTRDAS1
5'UTR DAS182 { [ Hob3 2 b 3UTRDASIEZ >
CDSDAS2R CDSDAS1F
b {
S'UTR DAS182_clean CDSDAS2F CDSDAS1R 3'UTR DAS182_clean

Figure 13 Schematic overview of the 5’ and 3’UTRs used for the DAS1, DAS2, DAS1/2 and DAS1/2 clean knock-out cassettes.
The used primers for generating 5’ and 3'UTR are summarized in Table 16. The 5’UTR and the 3’UTR of pPpKC1_DAS1&2 are
within the DAS2 and the DAS1 gene respectively. In contrary, the 5’UTR (3’UTR DAS2) and the 3’UTR (3’UTR DAS1) of
pPpKC1_DAS1&2_clean are flanking the genes. Primer binding sites for verification of full marker recycling are highlighted
with black arrows.
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Table 16: Primers used for the construction of the knock-out cassettes. For amplifying the 5’UTR, and 3’-UTR regions P.
pastoris CBS7435 gDNA was used as a template. 5’UTR and the 3’UTR have overlapping regions that were used to join the
fragments in the subsequent oePCR.

PCR-
Vector
Amplified fragment Forward primer Reverse primer product
size (bp)

DAS1 3’ UTR 3UTRDAS1F 3UTRDAS1R 1281

pPpKC1_DAS1
DAS1 5" UTR SUTRDAS1F SUTRDAS1R 978
DAS2 3’ UTR 3UTRDAS2F 3UTRDAS2R 1200

pPpKC1_DAS2
DAS 5’ UTR S5UTRDASF SUTRDAS2R 1125
DAS1&2 3’ UTR 3UTRDAS1&2F 3UTRDAS1&2R 1300

pPpKC1 DAS1&2
DAS1&2 5’ UTR S5UTRDAS1&2F 5UTRDAS1&2R 1320
DAS1&2 clean 3’
3UTRDAS1F 3UTRDAS1&2_cleanR 1286
UTR
pPpKC1_DAS1&2 clean
DAS1&2 clean 5’
SUTRDAS1&2_cleanF SUTRDAS2R 1133
UTR

TKL1 3’ UTR 3UTRTKL1F 3UTRTKL1R 1131

pPpKC1_TKL1
TKL1 5" UTR SUTRTKL1F S5UTRTKL1R 1228
TKL1_dis 3’ UTR 3UTRTKL1_disF 3UTRTKL1_disR 1086

pPpKC1_TKL1 dis

TKL1 dis 5’ UTR SUTRTKL1_disF SUTRTKL1_disR 1228

The generated 5’-UTR and 3’-UTR fragments of each cassette had overlapping sequences, which were
important for the second step, the overlap-extension-PCR (see 2.10.2.2). The overlapping sequences
were used to fuse the fragments together. Outer primers, summarized in Table 17, were added to

amplify the full-length fusion construct.
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Table 17: Fragments and primers used for oePCR.

oePCR
Forward Reverse
Vector Fragment 1 Fragment 2 product
primer primer
size (bp)
pPpKC1_DAS1 DAS1 3’-UTR DAS1 5’-UTR 3UTRDAS1F SUTRDAS1R 2272
pPpKC1_DAS2 DAS2 3’-UTR DAS 5’-UTR 3UTRDAS2F S5UTRDAS2R 2327
pPpKC1_DAS1&2 DAS1&2 3’-UTR | DAS1&2 5’-UTR | 3UTRDAS1&2F | SUTRDAS1&2R 2621
DAS1&2 clean | DAS1&2 clean
pPpKC1_DAS1&2_clean 3UTRDAS1F S5UTRDAS2R 2419
3’-UTR 5-UTR
pPpKC1_TKL1 TKL1 3’-UTR TKL1 5’UTR 3UTRTKL1F S5UTRTKL1R 2372
TKL1_dis 3’-
pPpKC1_TKL1_dis TKL1_dis 5’UTR | 3UTRTKL1_disF | SUTRTKL1_disR 2334
UTR

After the 0ePCR, the obtained PCR product (5'UTR and 3’UTR) was cleaned up and cut with Sfil. The
full-length fusion constructs were cloned into a Sfil cut pPpKC1 and further used to transform E. coli
Top 10 F'. Phenotypically positive clones (growth on LB-Zeocin™ 25 mg/L) were analyzed with
restriction digest and sequencing (LGC genomics). In Figure 14 an example for a knock-out-vector
pPpKC1_DAS1) is shown. Each construct listed in Table 17 with the correct sequence was used to

transform P. pastoris CBS 7435 cells as described in 2.10.9 and 2.10.10.
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Sfil (42)

Swal (1328)

pPpKC1_DAS1
6530 bp

Sfil (2279)

Figure 14: Plasmid map of pPpKC1_DAS1

pPpKC1_DAS1 vector harbors 2 homologous recombination sites located at the 5’ UTR and 3’UTR of DAS1 in the P. pastoris
genome. In between these 2 regions a Swal/Smil cutting site has been introduced, which is required for later linearization
of the vector. The 2 Sfil sites for cloning flank the 2 HRS as well as 2 FRT sites. The FRT sites are recognized by the flippase
from S. cerevisiae which is under the control of the AOX1 promoter and terminator (Paox; and AOX1 TT respectively) for
excision of the marker after successful deleting of the GOI. As selection marker zeocin-resistance protein (JQ519690.1) with
ARG4 promoter and terminator (Parss and ARG4 TT) was used for expression in P. pastoris. The synthetic promoter
EM72SynB was used for expression of Zeocin-resistance-protein expression. The plasmid also harbored a pUCori for
replication in E. coli.

2.10.5.3.gDNA isolation from P. pastoris CBS7435 for knock-out

screenings

For the isolation of genomic DNA from P. pastoris knock-out strains the protocol by Hofmann and
Winston adapted by Mudassar Ahmad was appplied (96).

Single colonies of P. pastoris were cultivated for 24 hours at 28 °C, 320 rpm and 80 % humidity in
deep well plates (DWP) containing 600 uL YPD media. Each culture was transferred into Eppendorf

tubes and centrifuged at 13 000 rpm for 2 minutes. The supernatant was discarded and 150 L yeast
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lysis buffer, 150 uL of a phenol: chloroform: isoamyl alcohol (25:24:1) mixture and 0.3 g of glass
beads were added sequentially. To enhance cell lysis, the mixture was vortexed for at least 8
minutes. Then 150 uL of TE-buffer were added into the tubes and centrifuged at 13 000 rpm for 10
minutes to separate the phases. The aqueous phase was then transferred into a new tube with 1 mL
of 100% ice-cold ethanol. After incubation at -21 °C for 30 minutes, white coils (precipitated gDNA)
were visible in the tube. Centrifugation at maximum speed at 4°C fixed the gDNA as pellet at the
bottom of the tube. The supernatant was removed and the pellet was air-dried at 60°C and was
dissolved in 200 uL of ddH,0. Concentration of the gDNA was measured with NanoDrop 2000c

spectrophotometer.

2.10.5.4. Verification of knock-out cassette integration and CDS

deletion

The positive clones growing on YPD-Zeocin™ 50 mg/L plates after transformation of the knock-out
cassette were verified on genomic level for proper integration and also for the complete absence of
the coding sequence (CDS) of the GOI. Clones were cultivated and gDNA was isolated as described in
2.10.5.3. PCRs were done with DreamTaq DNA Polymerase Kit (see 2.10.2.3)

A three step screening procedure based on colony PCR was applied. The first step was checking for
proper 5’-integration of the cassette performing a PCR with a forward (fwd) primer binding upstream
of the 5’UTR and a reverse (rev) primer binding in the AOX1 promotor region of the knock-out vector.
Positive clones were then checked for proper 3’-integration via a forward primer binding at the
pUCori and a reverse primer binding downstream of the 3’-UTR (used primers are summarized in

Table 18, primer sequences are summarized in Table 4)

Table 18: Primers for 5'- and 3‘-UTR integration check PCRs

P. pastoris CBS7435 5’-Integration primers Band | 3’-Integration primers Band
size size
(bp) (bp)
pPpKC1_DAS1 Up5UTRDAS1F PAox1SeqR | 1100 | PucSeqF | Down3UTRDASIR 1500
pPpKC1_DAS2 Up5UTRDAS2F PAox1SeqR | 1200 | PucSeqF | Down3UTRDAS2R 1200
pPpKC1_DAS1&2 Up5UTRDAS1&2F | PAox1SeqR PucSeqF | Down3UTRDAS1&2R
pPpKC1 DAS1&2 clean | Up5UTRDAS2F PAox1SeqR | 1200 | PucSeqF | Down3UTRDASIR 1500
pPpKC1_TKL1 Up5UTRTKL1F PAox1SeqR | 1500 | PucSeqgF | Down3UTRTKL1R 1400
pPpKC1_TKL1_dis Up5UTRTKL1 PAox1SeqR | 1500 | PucSeqF | Down3UTRTKL1R 1400
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If both 5’- and 3’-integration events happened properly, there was a third PCR done to control if the
CDS is still detectable, because of possible reintegration, with specific primers binding within the CDS
of DAS1, DAS2 and TKL1 (Table 4). Expected sizes of the PCR product and the used primer pairs are
listed in Table 19.

Table 19: Expected band sizes and primer pairs for CDS check PCRs for pPpKC1 transformants

P. pastoris CBS7435 Expected band size DAS1 | Expected and size DAS2 Expected band size TKL1
(bp) (bp) (bp)
Primer pairs CDSDAS1F/CDSDAS1R CDSDAS2F/CDSDAS2R CDSTKL1F/CDSTKL1R
WT 1010 973 1775
pPpKC1_DAS1 - 973 1775
pPpKC1_DAS2 1010 - 1775
pPpKC1_DAS1&2 - - 1775
pPpKC1_DAS1&2 clean | - - 1775
pPpKC1_TKL1 1010 973 -
pPpKC1_TKL1_dis 1010 973 -

2.10.5.4.1. Pool-screening

For the initial screening of correct 5’-integration a pool-screening method was applied. From each
well (pPpKC1_DAS1, pPpKC1_DAS2, pPpKC1_DAS1&2 clean, pPpKC1_TKL1, pPpKC1_TKL1 dis) 150
uL of the ONC culture were pipetted into the well at the same position of a new sterile DWP and well
mixed. This total amount of 750 uL was then transferred into an Eppendorf tube. gDNA was isolated
from the obtained pellets (2.10.5.3) (Figure 15) and a colony PCR to verify 5’-integration of the knock
out cassettes was performed (same procedure as mentioned in 2.10.5.4). Each gDNA sample was

checked for proper integration of each knock-out cassette.
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750ul of
pooled clones

5 x 150yl of ONC

Figure 15: Pool screening schema for 5 different knock-out clones

The positive clones were then picked from stamped YPD-plates and inoculated in DWP as described

in 2.10.5.3 and then screened for 5’-, 3’-integration and the deleted CDS.

2.10.5.5. Growing assay on MMMeOH1% plates

From fresh single-streak outs (30°C, 2 days on YPD-plates) of P. pastoris wild type strain and knock-
out candidates a single colony was picked and single-streak outs were done from all strains on

MMMeOH1%-square-plates and incubated for 6 days at 30°C.

2.10.5.6. Marker-recycling of knock-out clones

Marker-recycling was performed as described in 2.10.5.

2.10.5.6.1. Validation of marker-recycling

From each knock-out strain before and after marker-recycling and from the wild type strain, ONCs in
5 mL YPD (marker recycled clones) or YPD-Zeocin™ (100 mg/L) (clones before marker recycling) (28°C
90 rpm, in 50 ml Greiner® tubes) were done. 1 mL of this ONC was pipetted into Eppendorf® reaction
tubes and centrifuged (13,000 rpm 10 min). Supernatant was discarded and the pellet was further
used for gDNA Isolation (see 2.10.5.3). Again a PCR with primers (CDSDAS1F/CDSDAS1R,
CDSDAS2F/CDSDAS2R, and CDSDTKL1F/CDSTKL1R) as described in 2.10.5.4 was performed to prove

that the respective CDS (DAS1...) were indeed removed from the genome. For a second PCR, primers
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binding at the edge of 5’UTR and 3’UTR of DAS1 and DAS2 were designed (see Figure 13 and Table

20) to check for a clean marker recycling.

Table 20: Primers and expected band sizes (pPpKC1 fully integrated, after marker recycling, wild type) of PCR products
validate the marker recycling.

Knock-out Cassette After marker recycling | Wild type (bp) | Primers
int. (bp) | (bp)

Adas1 4550 250 2400 DAS1_check_fwd; DAS1_check_rev
Adas2 4500 200 2350 DAS2_check_fwd; DAS2_check_rev
Adas1Adas2 | 4600 270 7000 DAS2_check_fwd; DAS1_check_rev

2.10.5.7. Transformation of TKL1 and TKL1_dis knock-out

cassettes

P. pastoris CBS7435 wildtype and Adas1Adas2 were each 4 times transformed via electroporation
(see 2.10.9 and 2.10.10) with 500 ng of pPpKC1_TKL1 and pPpKC1_TKL1_dis linearized with Smil.
Regeneration was done in 1 mL 1M Sorbitol and plated on selective minimal and full media with
different carbon sources with 50 mg/L Zeocin™ (YPGY1%, YPMeOH1%, YPOAO0.5%, YPSO1%,
MMGY1%, MMMeOH1%, MMOAO0.5%, MMSO1%) see 2.3.3 for details. On 2 plates of each media

250 pL of culture of each construct were plated.

2.10.6. Construction of model-protein vectors

2.10.6.1.Enhanced green fluorescence protein (eGFP)

The vectors (see Table 21 and the vector map of pPpT4mutZeoMlyl-intArg4-eGFP_pCAT1 in Figure 16
as an example) for eGFP screening were supplied by Thomas Vogl and used to transform P. pastoris

CBS7435 wildtype, mutS, Adas1, Adas2 and Adas1Adas2.

Table 21: pPpT4_eGFP vectors with different promoters. For sequences see Table 29.

Vector name Promotor
pPpT4mutZeoMlyl-intArgd-eGFP_pAOX1Bglll AOX1
pPpT4mutZeoMlyl-intArgd-eGFP_pCAT1 CAT1
pPpT4mutZeoMlyl-intArgd-eGFP_pGAPshort GAPshort
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Smil - Swal (23)

pPpT4mutZeoMIyI-intArg4-EGFP-pCAT1
5054 bp

Figure 16 Vector map of the eGFP expression vector pPpT4mutZeoMlyl-intArg4-EGFP-pCAT1.

The vector is based on a pPpT4 vector with a homologous site for integration at 3' of ARG4 in P. pastoris and the pUCori for
replication in E. coli. Zeocin-resistance-protein under the control of the P, ys and AODTT for expression in P. pastoris and
pEM72 for expression in E. coli. The expression of the model protein eGFP (enhanced green fluorescent protein) is under
the control of Pcar; (catalase promoter from P. pastoris) and the terminator of AOX1 (AOX1TT).

2.10.6.2. Candida antarctica lipase B (CaLB)

From two E. coli Top 10F strains provided by Tomas Vogl, one containing pPpT4-S_CAT1_calB and
the other pPpT4-S_AOX1_calB (sequences are shown in Table 29), plasmid preparations were
performed, DNA was linearized with Swal FastDigest (Thermo Scientific) and used to transform

(2.10.10) P. pastoris CBS7435 wild type and Adas1Adas2 (2.10.9).

2.10.6.3.Butanediol1-dehydrogenase (BDH1)

A pPpT4_GAP-S vector (see Figure 17) containing BDH1 from S. cerevisiae was constructed.
Therefore, pPICZBd1-BDH1 (provided by Andrea Camattari, TU Graz) was used as template for a PCR
(Phusion® High-Fidelity DNA polymerase) with assembly primers EcoRI_ScBDH1_fwd/ Notl_ScBDH1-
rev. The PCR product had a length of 1150 bp and 5’ and 3’ overlaps with the vector. Subsequently
the vector pPpT4_GAP-S digested with EcoRI/Notl (cut size: 3081 bp) was also prepared for assembly
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cloning (protocol see 2.10.3). The assembled pPpT4_GAP-S_ScBDH1 vector was used to transform E.
coli Top 10F and transformants were selected on LB-Zeocin™ (50 mg/L) plates. A restriction digest
with EcoRI/ Notl (Fast Digest, Thermo Scientific) was done to check for correct assembly. The
sequence of the final construct was confirmed by Sanger sequencing (Primer_GAP-fwd/

AOXTT _seq_rev).

From the correct clone the vector pPpT4_GAP-S_ScBDH1 was isolated, linearized (with Smil) and

used to transform P. pastoris CBS7435 wildtype, Adas1, Adas2 and Adas1Adas2.

Smil - Swal (136)

P_AOX1_Syn_gg
- ~"Pamy
7

EcoRI (627)

pPpT4_GAP_S_ScBDH
4244 bp

NotI (1789)

Figure 17: Vector map of pPpT4_GAP_S_ScBDH1

The pPpT4 vector has a homologous site for integration at Paox; in P. pastoris and the pUCori for replication in E. coli.
Zeocin-resistance-protein under the control of the P;.ys and AODTT for expression in P. pastoris and pEM72 for expression

in E. coli. The expression of BDH1 from S. cerevisiae (butanediol dehydrogenase) is under the control of the constitutive Pgap
(from P. pastoris) and the terminator of AOX1 (AOX1TT). Notl_ScBDH1_rev and EcoRI_ScBDH1_fwd indicate the primers
used to amplify BDH1 gene from pPICZBd1-BDH1.

2.10.7. Preparation of electrocompetent E. coli cells

From freshly streaked-out E. coli Top10F’ cells a single colony was inoculated as a pre-culture in 50
mL LB in 250 ml shaking flasks and incubated at 28-30°C, 120 rpm for at least 12 hours. A main
culture (15 mL of pre-culture in 500 mL LB in 2 L flasks, 37°C, and 200 rpm) was grown to an ODggo of

~0.8. Then cells were transferred in sterile, pre-cooled centrifugation tubes (500 mL) and harvested
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via centrifugation (2000x g, 15 minutes, and 4°C). The supernatant was discarded and the obtained
pellet was washed twice, in a first step with 200 mL and in a second one with 100 mL of ice-cold
ddH,0. After each washing step, a centrifugation step followed at 2000x g, 15 minutes, 4°C.
Subsequently 200 mL of ice-cold 10% (w/v) glycerol was added to the pellet. The mix was centrifuged
again at 2000x g for 15 minutes at 4°C, this step was repeated. The cell pellet was then re-suspended
gently in 1/50 of original culture volume (1 mL) ice cold 10% (w/v) glycerol and 80 uL aliquots were

shock frozen in liquid nitrogen and stored at -80°C.

2.10.8. Electroporation of E. coli

80 pL of electro-competent cells were thawed on ice, mixed with approximately 100-200 ng of
plasmid DNA, transferred in pre-cooled electroporation cuvettes and incubated on ice for 5 minutes.
Instantly after pulsing (2.5 kV, 1 pulse) 1 mL of SOC media was added and the cells were regenerated

(37°C, 850 rpm, 1 hour) and then plated on selective media.

2.10.9. Preparation of electrocompetent P. pastoris cells

P. pastoris cells were prepared according to the condensed protocol of Lin-Cereghino et al. (97)

2.10.10. Electroporation protocol for P. pastoris

100 pL freshly prepared electro-competent P. pastoris cells were mixed with 0.5-2 pg of linearized
plasmid DNA and incubated on ice in pre-cooled electroporation-cuvettes for 10 minutes. Pulsing
conditions for Gene Pulser® Il electroporator (Bio-Rad Laboratories) were: cuvette gap, 2.00 mm;
charging voltage 1.5 kV (single copy integration) or 2.0 kV (multi-copy-integration); resistance, 200 Q;
capacitance, 25 uF. After pulsing 0.5 mL cold 1 M sorbitol and 0.5 mL YPD-media were added and
cells were incubated at 28°C, 110 rpm, and 1.5-2 hours for regeneration in 5 mL sterile tubes. 2x 100

pL, 200 plL and the rest were plated on selective media plates and incubated for 2 days at 30°C.

2.10.11. Deep well plate (DWP) cultivation

The DWP screening is based on the method of Weis et al. (98). 250 uL basal media containing a
carbohydrate source (e.g. BMD1%) were filled in each well of the DWP, inoculated with single
colonies and incubated at 28°C, 320 rpm, and 80% humidity. Before first induction cultures were
stamped on selective or unselective agar plates, incubated at 30°C for 2 days and further stored at

4°C.
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2.10.11.1. Induction protocol for eGFP screening

After about 60 hours of growth on glucose, 250 uL of induction media, BMM2 were added per well.
After 12 h and 24 h after the first methanol induction 50 uL of BMM10 were added for eGFP
expression under the control of the AOX1 and CAT1 promoter. For eGFP expression under the control
of the GAP promoter BMD1% (250 pL after 60 h of initial growth and 50 uL after further 12 h and 24
h) was added at the same time points as for AOX1 and CAT1.

2.10.11.2. Induction protocol CalB-screening

Cultures were grown as described in 2.10.11 with BMD1% and induced with 250 uL BMM2 after
about 60 h of growth and then further induced after about 12 and 24 h with 50 uL BMM10.

2.10.11.3. Induction protocol for standard butanediol-
dehydrogenase 1 (BDH1) screening

Cultures were grown for 60 hours in 250 pL BMD1%, induced with 250 uL BMM2 and then
conversion was started by adding 50 pL of 250 mM rac-acetoin in BMM10 after 72h. Conversion time

was 12 hours.

2.10.12. Enzyme Assays

2.10.12.1. eGFP-assay

Before first induction (after 60 hours of growth) and after 24, 48, 72 hours of the first methanol
induction from the clones of the DWP (see 2.10.11.1) a sample of 10 pL was diluted in 90 pL ddH;0 in
black 96-well-plates with clear, flat bottom. ODgoo Was determined after 30 seconds shaking in the

plate reader. eGFP protein was excited with 488 nm and fluorescence was measured at 507 nm.

2.10.12.2. BDH-assay

P. pastoris was cultivated as in 2.10.11.3 for first screenings and 2.10.12.2.2 for time resolved
screening of promising clones. To 300 uL of fresh or frozen supernatant 100 uL 50 mM n-butanol as
internal standard (in BMM2) and 500 uL ethylacetate were added. The reaction mixture was well
vortexed for about 5 minutes. For phase separation the DWP was spun down at 13,000 rpm, for 10
minutes. Through this extraction the organic compounds (rac-acetoin, meso-, and b-butanediol and

n-butanol) are dissolved in the upper ethylacetetae phase. 270 pL of the organic phase were
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transferred into 96-well plates (polypropylene) and then sealed with aluminium foil. Either the plates
were stored at -20°C till measurement or immediately measured via GLC-FID (samples were always
kept on 4°C during measurement).

Conversion of racematic acetoin to b-butanediol and meso-butanediol was determined via GLC

GLC was performed using a Hewlett Packard 6890 instrument equipped with a FID (275°C) and a
Chirasil-DEX CB column (25 m x 0.32 mm, 0.25 um film) and H, as carrier gas (2.4 mL/min). Following
program was applied (program name: CHIRASIL-DEX-CB_ACETOIN_STANDARD.M): heater 200°C;
detector 250°C; splitless; constant flow 2.4 mL/min; 65 °C 6.5 minutes; 50 °C/min to 80 °C hold 0.70
min; 2°C/min to 85 °C hold 4 min; 50°C/min to 160 °C hold 3 min.

2.10.12.2.1.Standard curve

A standard curve was done to assign the peak areas of the chromatogram to a compound and its
concentration. Acetoin was dissolved and diluted in BMM10 (250 mM, 100 mM, 50 mM and 25 mM)
and then treated as the samples. 50 ulL of each acetoin standard were mixed with 250 uL BMD1%
and 250 uL BMM2. To these 550 plL 100 pL n-BuOH (50 mM) was added and then got extracted with
500 uL ethylacetate. Final concentrations of n-BuOH was 8.60 mM. Acetoin-stock solutions
concentrations were 7.66 mM, 3.06 mM, 1.53 mM and 0.77 mM respectively. 270 uL of the organic
phase were pipetted in ethylacetate resistant microtiter plates sealed with tin foil, cooled to 4°C and

measured with GC-FID. For the calibration, each standard solution was prepared in triplicate.

2.10.12.2.2.Time-resolved BDH1 screening protocol

A single colony was incubated in 200 mL BMD1% (2 L baffled-flask) at 28°C, 90 rpm, 40% humidity
(incubation room). After 24 h, 36 h and 48 h 50 mL of culture were withdrawn, and the ODggo Was
measured for calculation of a standardised ODeoo of 15 in a final volume of 25 mL BM-media for each
sample.

The calculated volume was spun down, supernatant was discarded and pellet was washed in 10 mL
basal media without carbohydrate source (BM) (500x g, 5 min). After careful resuspension of the
washed pellet in 25 mL BM-media, 250 uL of the culture in BM-media and 250 uL of BMM2 was
pipetted into each well of the DWP (triplet determination) and incubated at 28°C, 320 rpm, 80%
humidity for 12 hours. Then 50 pL of 250 mM rac-acetoin in BMM10 was added to each well and
conversion took place for 12 hours under same conditions as for incubation. ODgoo Was measured in
96-well-plates. The DWP was then spun down (500x g, 5 min) and 400 uL of the supernatant was

frozen at -20°C.
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2.10.12.3. CalB-assay

A standard esterase assay for the CalB-screening was applied. In this assay p-nitrophenylbutyrate is
hydrolysed by CalB to p-nitrophenol (PNP; coloured compound) and butyric acid (99). After
cultivation in DWP (see 2.10.11.2) a sample of each well was taken for ODggo measurement in 96-well
plates. DWP were spun down (4000 rpm, 4°C, 5 min) and 20 uL of supernatant were transferred to
96-well plates. 180 pL freshly prepared pNPB-assay solution was added to each well. Kinetic was

measured at 405 nm for 5 min. CalB activity was calculated with the Equation 3.

Equation 3 Formula for calculation of calB activity
AE/min is the alteration of extinction per minute, extinction coefficient € for PNP in 300 mM Tris/HCl pH 7 is 9.594
mL/umol/cm, the factor 1000 is for keeping units in mL.

AE . 1000
U _ min £
mLx0D600  OD600 * dilution

2.10.13. Growth curves

For the determination of growth limitations of the P. pastoris CBS7435 Adas1, Adas2 and
Adas1Adas2, growth curves in three different media (BMD1%, BMMO0.5% and BMG1%) were
recorded. Per strain and per media 3 cultivations were done in parallel.

A single colony of each strain was freshly streaked out on YPD-plates and incubated at 30°C for 2
days. An overnight culture (ONC) of each strain in 50 mL BMD1% (250 mL baffled flasks) was grown
for about 15 hours at 28 °C and 120 rpm. ODgg Was measured (double determination) with a
Beckman Coulter DW 800 spectrophotometer. Main culture (50 mL media in 250 mL baffled flasks)
had a starting ODeoo of 0.1. For this purpose, the volume of ONC was calculated via the formula C1 *
V1 = C2 V2, transferred into three 15 mL Greiner® tubes for each strain and each media, and
centrifuged at 500x g for 5 min. Supernatant was discarded and each pellet was washed with 2.5 mL
desired media for the main culture (BMD1%, BMMO0.5%, BMG1%), spun down again and then re-
suspended in 1 mL of media from the flask of the main culture and poured back into the flask. Before
incubating at 28 °C, 120 rpm ODsqo (to) was measured. Every 2 h an ODgy double measurement out of

each flask was done till the stationary phase.

2.10.14. Preparation of cells for glycerol stocks

A single colony from a fresh single-streak out made on selective or none-selective agar plates (2 days,
30°C P. pastoris; 1 day 37°C E. coli) was incubated overnight in 5 mL full media supplemented or not

supplemented with antibiotics (YPD, 28°C, 110 rpm, P. pastoris; LB, 37°C, 110 rpm, E. coli). 1 mL of
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the ONC was then pipetted to 0.5 mL 60% (w/w) glycerol, well mixed and incubated for about 10 min

in cryogenic tubes (2 mL). These were stored at -80 °C for further use.
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3. RESULTS AND DISCUSSION

3.1. Construction of P. pastoris CBS7435 Adas1, Adas2, Adas1Adas2 and
Atkl1

3.1.1. Construction of knock-out cassettes

P. pastoris CBS7435 strains with improved NADH-regeneration were carried out by eliminating the
assimilatory MUT- pathway. As mentioned in section 2.10.5 the pPpKC1 vector system was used for
deleting the responsible genes DAS1, DAS2 and TKL1 (putative). 5" and 3’UTR regions of the
respective genes were taken as homologous recombination sites for integration of the knock-out
cassettes. In case of the das1das2 double knock-out, the HOB3 gene was deleted as well.

gDNA from P. pastoris CBS 7435 was isolated with the “Bust’n’Grab” protocol, described in 2.10.5.2,
which yielded in concentrations of 2.5-3.7 pg/uL. for the first PCR reaction to amplify the 5’ and
3’UTRs, as described in 2.10.5.2.1. In Figure 18 the control gel with the PCR products, after pooling
four PCRs on a preparative gel and purifying with Wizard® SV Gel and PCR Clean-Up System, are
shown. Most PCRs worked at once with yields (20—60 ng/uL) high enough to do the 0ePCR, except for
the 5’UTR fragment of DAS1 and 3’ and 5'UTRs of DAS2. Hence the PCR was repeated with Phusion®

buffer HF and GC, but again with the same annealing temperature.

DAS1 DAS1&2 DAS1&2_clean TKL1 TKL1_dis
3'UTR 3'UTR 5'UTR 3'UTR 5'UTR 3'UTR 5'UTR 3'UTR 5'UTR

Figure 18 Control gel of amplified homologous 5’ and 3’UTRs for knockout cassettes. 1 pL purified DNA was mixed with 9 pL
ddH,0 and 2 pL 6x DNA loading dye and seperated on a 1% agarose gel at 120 V for 45 min. Every cleaned up product had a
concentration of 20-63 ng/uL. As a standard 5 uL of GeneRuler™ 1kb DNA Ladder was used.

In Figure 19 the control gel of the second PCR with HF and GC buffer of the 3’UTR fragment of DAS1
and the 3’ and 5’UTR fragments of DAS2 is shown after pooling and loading 4 ul of each. There was

only a low yield for the 5’UTR fragment of DAS1 and DAS2 and a band for the 3’UTR of DAS2 was
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hardly visible. Still, the PCR products for each reaction were pooled, put on a preparative gel, cleaned
up und concentrations were determined with NanoDrop spectrophotometer. Concentrations of the

products were 5-12 ng/uL.

DAS1 5'UTR DAS2 3'UTR DAS2 5'UTR
HF GC HF GC HF GC

3 kb

1 Kb ]

Figure 19 Control gel of amplified homologous 5’UTR of DASI and 3’ and 5’UTR of DAS2 for knockout cassettes. 4 PCRs with
Phusion® 5x buffer HF and 4 PCRs with Phusion® 5x buffer GC were done for each construct. The PCRs from each buffer and
construct were pooled and 4l of each was put on a control gel (1% agarose gel at 120 V for 45 min). As standard 5 ul of
GeneRuler™ 1kb DNA Ladder was used.

The homologues 5’ and 3’UTR fragments were diluted to a concentration of 2 ng/uL, except 3’UTR of
DAS1 and 3’ and 5'UTR of DAS2, which had a quite lower concentration after clean-up, for oePCR as
described in 2.10.2.2 and 2.10.5.2.1. Figure 20 A shows the control gel for the cleaned-up oePCR
products, which have a band size between 2200 bp and 2400 bp. The yield for DAS1&2 clean wasn’t
high enough for the preparative cut with Sfil, and the oePCR was repeated (four times each with
Phusion™ buffer HF and buffer GC). The product after pooling all eight PCR reactions, separating on a

preparative gel and clean up showed a brighter and thicker band on the control gel (Figure 20 B).
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A GeneRuler DAS1 DAS2 DAS1&2 TKL1 TKL1_ GeneRuler B GeneRuler DAS1&2
1 kb DNA _clean dis 1 kb DNA 1 kb DNA clean
Ladder Ladder Ladder

e
e
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Figure 20 A Control gel of fused 5’ and 3’ UTR fragments of DAS1, DAS2, DAS1&2 clean, TKL1 and TKL1_dis. B Control gel of
fused 5’ and 3’ UTR of DAS1&2_clean via 0ePCR, after pooling approaches, preparative gel and clean-up (4 reactions each

Phusion™ buffer HF and GC were pooled together).
1pl of cleaned up DNA mixed with 9 pl ddH,0 and 6x DNA loading dye. 1% agarose gel, 120 V, 45 min.

The 0ePCR for fusing the 5’ and 3’UTR of DAS1&2 didn’t work after repeating it under different
conditions. As a clean knock-out of the genes DAS1 and DAS2 was preferred, only DAS1&2 clean was
cloned into pPpKC1. DNA concentrations of the fused 5" and 3’UTR fragments after preparation cut
with Sfil and clean-up were 21-27 ng/uL. The Sfil cut homologous regions were cloned into the Sfil
cut pPpKC1 vector (see 2.10.4) and the resulting constructs were used to transform E. coli Top 10 F’
cells (see 2.10.8).

Four clones of each construct were analyzed with a restriction digest (Sfil) and two vectors of the
right size of each construct were further analyzed with Sanger sequencing (LGC genomics) as

described in 2.10.5.1.

Correct knock-out constructs were linearized with Smil, cleaned-up and 1 pg of the linearized vector

was used to transform 100 pL P. pastoris CBS 7435 cells (see 2.10.9 and 2.10.10).

3.1.2. Screening for correct knock-out cassette integration

Initially, a pool screening (see 2.10.5.4.1) was done to screen about 100 clones of each construct for
proper 5’UTR integration simultaneously (primers are summarized in Table 18). Thus, the number of

gDNA isolation was drastically reduced (i.e. 100 instead of 500 for five different knock-out

constructs).
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Each gDNA sample was checked for every cassette. Here, some limitations have to be mentioned of
this pool screening approach as the 5’UTR for pPpKC1_DAS2 and pPpKC1_DAS1&2 and for
pPpKC1_TKL1 and pPpKC1_TKL1 dis are the same and the PCR reaction performed for this samples is
the same. Positive clones of this PCRs have to be checked again. For example, if clone Al from the
pool-screening is positive for 5’UTR integration with primers UpSUTRDAS2F/ PAox1SeqR , this can
either mean clone Al with pPpKC1_DAS2 cassette or clone Al with pPpKC1_DAS1&2 cassette or both
are positive for 5’-integration of the cassette. Despite this limitation, it was far more efficient to do
an initial pool screening. It had a higher throughput, because a whole DWP of each construct could
be screened at once, which saved time at the gDNA isolation step.

45 positive clones from the pool screening were checked again due to these limitations. Positive
clones (2-12 clones of each gene knock-out) from the pool screening were grown on new YPD plates
containing Zeocin ™ (50 mg/L). These clones were then cultivated in 600 pL YPD DWP at 28°C, 320
rpm, 80% humidity overnight and gDNA was isolated for colony-PCR (2.10.5.3). Two colony-PCRs per
screened construct were performed: one to check again proper integration at the 5’-end of the
target and one for correct 3’-integration. Primers for the 5’-integration were binding upstream of the
homologous integration site and the reverse primer binding within the knock-out cassette (AOX1
promoter region). For checking proper integration at the 3’ site of the locus a forward primer also
binding within the cassette (at the pUCori) was used and the reverse primer binding downstream of
the 3’UTR of the homologous recombination region (exact primer sets are listed in Table 18).

The whole PCR sample of each clone was analysed on a control gel. The gels in Figure 21 and Figure
22 show the results of the colony-PCRs. Clones growing on selection plates do not necessarily have
the integration cassette in the right locus. This off-target integration is caused by non-homologous
end joining (NHEJ) which a common problem in P. pastoris, filamentous fungi and other higher
eukaryotes (100). NHEJ is initially a repair mechanism for double-strand breaks (DSB) caused by
exogenous (e.g. UV-radiation) or endogenous (i.e. by products of the oxidative metabolism) factors
which can lead to cell death (in unicellular organisms) or cancer (in multicellular organisms), but is
also an important factor for integration of heterologous DNA (101).

Though no homologous sequences for repairing DSB are need in NHEJ it is far less specific than
homologous recombination (HR), not necessarily accurate and deletion of a few nucleotides are
often introduced at DSB-sites. Key player in NHEJ is the highly conserved Ku70p/Ku80p heterodimer
which recognizes double-strand breaks (DSB) (100) (101). Gene replacement events in P. pastoris by
HR occur with a frequency of <0.1% when homologous sequences are <500 bp or with an frequency
up to 30% when sequences with about 1 kb homologous regions are used and are also locus
depended (92) (93). In contrary HR is dominant in S. cerevisiae and NHEJ is hardly occurring by

integration of heterologous DNA under laboratory conditions (102).
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Figures A and C show products of 5’-integration PCRs and figures B and D show products of 3’-
integration PCRs. For example, clone 2 (pPpKC1_DAS1) in Figure 21 A and B neither displayed a PCR
product for proper integration at the 5’ end of the locus nor a product for the 3’-integration PCR
which implies off-target integration of the cassette leading to Zeocin™ resistant clones which are
false positives, because the integration of the cassette occurred at the wrong locus. A proper 5’-
integration did not imply proper integration at the 3’ region of the locus, e.g. clone 31
(pPpKC1_DAS2) in Figure 21 C and D or clone 39 (pPpKC1_DAS1&?2) in Figure 22 A and B. As well as
for the false positives with integration of the whole cassette anywhere in the genome the NHEJ can
occur only on one of the two DSB of the double cross-over event, which is done with the pPpKC1
cassettes. So 5’ integration is happening via HR and 3’ integration is a random event forced by NHEJ.
As shown in Figure 21 A and B, 10 out of 12 clones of P. pastoris CBS7435 pPpKC1_DAS1 were
positive for 5’-integration at the right locus (clear band at about 1100 bp), but only 8 clones showed
the desired band of 1500 bp for the 3’ integration at the right locus. The wild type control and the
negative control (ddH,0 instead of gDNA sample) didn’t show any bands.

In summary, for each gene knock-out a clone having the knock- out cassette correctly integrated was
identified: P. pastoris CBS 7435 pPpKC1_DAS2 (only one out of eleven clones showed proper 5’ and 3’
integration), pPpKC1_DAS1&2 clean (two of eleven clones were positive) and

pPpKC1_TKL1/TKL1_dis (one of two clones showed proper integration).
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Gene B Gene
Ruler Ruler
1 kb 1 kb

Ladder 1 2 3 4 5 6 7 8 9 10 11 12 WTneg. 1 2 3 4 5 6 7 8 9 10 11 12 WT neg. Ladder

Gene Gene
Ruler C D Ruler
1kb 1 kb

Ladder 22 23 24 25 26 27 28 29 30 31 32 WT neg. 22 23 24 25 26 27 28 29 30 31 32 WT neg. Ladder

Figure 21 Screening for correct knock-out cassette integration into P. pastoris CBS7435. A, B Colony-PCR of 12 (1-12) clones
of P. pastoris CBS7435 transformed with pPpKC1_DAS1. C, D Colony-PCR of 11 (22-32) clones of P. pastoris CBS7435
transformed with pPpKC1_DAS2.

The PCRs in A and C targeted 5’ integration with one primer binding upstream 5'UTR (Up5UTRDAS1F and Up5UTRDAS2F)
and one primer binding within the knockout cassette at the Psox: region (PAox1SeqR). In B and C respectively correct 3‘-
integration of the knockout cassette was checked. One forward primer was binding in the pUCori within the knock-out
cassette (PucSeqF) and a reverse primer was binding downstream of 3’UTR region (Down3UTRDAS1R, Down3UTRDAS2R).
product sizes: pPpKC1_DAS1 integrated 5’UTR: 1100 bp, 3'UTR 1500 bp; pPpKC1_DAS?2 integrated 5’UTR: 1200 bp, 3'UTR:
1200 bp; 25 pl of PCR mixed with 5 pl 6x loading dye, 45 min, 120 V
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Gene Gene
Ruler A B Ruler
1kb 1 kb

Ladder 33 34 35 36 37 38 39 40 41 42 43 WT neg.33 34 35 36 37 38 39 40 41 42 43 WT neg. Ladder
s

3kbh —t

1kb R

Gene Gene
Ruler C D Ruler
1 kb 1 kb

Ladder 44 45 WT neg. 44 45 WT neg. Ladder

Figure 22: Screening for correct knock-out cassette integration into P. pastoris CBS7435. A, B Colony-PCR of eleven (33-43)
clones of P. pastoris CBS7435 transformed with pPpKC1_DAS1&2_clean. C, D Colony-PCR of two (44-45) clones of P.
pastoris CBS7435 transformed with pPpKC1_TKL1/TKL1_dis.

The PCRs in A and C targeted 5’ integration with one primer binding upstream 5’UTR (Up5UTRDAS2F, UpSUTRTKL1) and one
primer binding within the knockout cassette at Paox: region (PAox1SeqR). In B and C respectively correct 3*-integration of
the knockout cassette was checked. One forward primer was binding in the pUCori within the knock-out cassette (PucSeqF)
and a reverse primer was binding downstream of 3’UTR region (Down3UTRDAS1R, Down3’UTRTKL1R).

product sizes: pPpKC1_DAS1&2_clean integrated 5’UTR: 1200 bp, 3’UTR 1500 bp; pPpKC1_TKL1/TKL1_dis integrated 5’UTR:
1500 bp, 3’UTR: 1400 bp; 25 pl of PCR mixed with 5 ul 6x loading dye, 45 min, 120 V

3.1.3. Proof of eventual re-integration of the coding sequence (CDS)

Clones positive for 5" and 3’ integration at the desired locus were further screened for the respective
knocked-out coding sequence (CDS) with colony PCR. Due to not foreseeable re-integration events a
control PCR was performed to ensure that the targeted CDSs are removed from the genome.
Therefore, gDNA from clones with proper 5’ and 3'UTR-integration served as template and primers
binding in the CDS of das1, das2 and tkl1 were used (for primers and methods see 2.10.5.4).

Due the high homology of DAS1 and DAS2 of 92% (blastp from NCBI was used to align the two CDSs)
primers were designed to bind in areas with less similarity. Consequently, the PCR did not amplify the

whole gene, but the product of the colony-PCR only had about half of the size of the whole gene (91).

— 59 —



Improvement of NADH-Regeneration in Pichia pastoris

Expected size for das1 colony-PCR was 1010 bp, for das2 colony-PCR 973 bp and for tk/1 colony-PCR
1700 bp.

The results of the colony PCR are shown in Figure 23. All clones with correct 5’ and 3’ integration of
pPpKC1 DAS1 (3,6,7,8,9,10, 11, 12) and one clone with pPpKC1_DAS1&2 (clone 43) showed only a
weak band for DAS1 within the colony-PCR compared to the wild type sample and clone 41
(pPpKC1_DAS1&2). The weak band compared to the wild type indicates that the CDS of DAS1 was
removed, but the PCR probably had a contamination with gDNA from other samples. The
CDSDAS1F/R as well as the CDSDAS2F/R primers were also analysed by the “blastn”-tool at the NCBI
homepage for non-specific binding in the CDS of das2 and das1 respectively — no binding areas in the
opposite gene were identified and therefore, unspecific amplification can be excluded.

In case of the CDS of DAS2 colony-PCRs of clone 28 (pPpKC1_DAS2) and clone 43 (pPpKC1_DAS1&2)
show weaker bands compared to the wild type and clone 41 (pPpKC1_DAS1&2). The negative control
also shows a weaker band of the desired size compared to the WT, probably due to a contamination
with gDNA.

As seen in Figure 23 the colony-PCR for the CDS of TKL1 clone 44 shows the expected band for the
CDS as strong as the wild type. Concluding the CDS of TKL1 is still within the genome.

Due to weak bands in colony-PCR of clones with probable knocked-out CDS and also the weak band
in the negative control of DAS2 CDS colony-PCR a growing assay on MMMeOH1%-square-plates was

performed to make a definite statement concerning the deletion of the GOls.
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Gene Gene
Ruler cpspas1 CDS DAS2 CDS TKL1 Ruler
1 kb 1 kb

Ladder 3 6 7 8 9 10 11 12 41 43 WT neg. 28 41 43 WT neg. 44 WT neg. Ladder
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e
L
L
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Figure 23: Colony PCR for proofing that CDS of DAS1, DAS2 and TKL1 is deleted in the genome of P. pastoris CBS7435
pPpKC1_DAS1 (3,6, 7, 8, 9, 10, 11, and 12), pPpKC1_DAS2 (28), pPpKC1_DAS1&2_clean (41, 43) and pPpKC1_TKL1 (44). The
results for the CDS DAS1 PCR reaction clearly showed a strong band at the desired size for the CDS DAS1 product (1010 bp)
for clone 41 and the WT. The negative control showed no band. But also slight bands are visible for all the other clones.
Similar results are seen in the CDS DAS2 PCR, where clone 41 and the wild type show thick bands at about 1000 bp,
whereas clone 28 and 43 show only weak ones. But also in the negative control a band is visible. The one positive TKL1
knock-out (44) however showed a thick band at about 1700 bp as the wild type. The negative control showed no band.

PCR product sizes: CDS DAS1: 1010 bp, CDS DAS2: 973 bp, CDS TKL1: 1775 bp; WT: P. pastoris CBS 7435 wild type, neg.:
negative control

3.1.4. Growing Assay on MMMeoH1%

From each clone (P. pastoris CBS pPpKC1_DAS1 clone 8, pPpKC1_DAS1 clone 12, pPpKC1_DAS2 clone
28, pPpKC1_DAS1&2_clean clone 43 and a wild type strain as positive control) with proper 5’, 3’UTR
integration of the knock-out cassette and a negative colony-PCR targeting the CDS a growing assay
on a MMMeOH1% agar plate (30°C, 6 days) was done. P. pastoris CBS7435 Adas1Adas2 should not or
hardly grow on methanol as a single carbon source due the lack of the 2 key enzymes of the
assimilation pathway DAS1 and DAS2 (103).

In Figure 24, the growing assay showed nearly the same growth behaviour of clones from P. pastoris
wild type, pPpKC1_DAS1 clone 8 and 12 and pPpKC1_DAS2 clone 28 after 6 days of incubation (big
white colonies). The double knock-out clone P. pastoris CBS 7435 pPpKC1_DAS1&2 clean though had
much smaller and more translucent than white colonies after the same time span. This result
indicates that growth behaviour was altered in this strain. As Kiberl et al. assumed that TKL1 might
have also a minor role in the MUT-pathway as dihydroxyacetone synthase, the observed growth

could result from that enzyme’s activity (80).
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P. pastoris P. pastoris P. pastoris P. pastoris P. pastoris
CBS 7435 CBS 7435 CBS 7435 CBS 7435 CBS 7435
pPpKC1_DAS1&2 pPpKC1_DAS2 pPpKC1_DAS1 pPpKC1_DAS1 wildtype

clone 43 clone 28 clone 12 clone 8

Figure 24: Growing assay of knock-out candidates on MMMeOH1% agar plates after 6 days of incubation at 30°C

3.1.5. Marker Recycling

Single colonies from single streak outs (YPD-Zeocin™ 100 mg/L) of P. pastoris CBS pPpKC1_DAS1
clone 8, pPpKC1_DASI1 clone 12, pPpKC1_DAS2 clone 28, pPpKC1_DAS1&2 clean clone 43 were
grown in YPD media and MeOH was added at specific time points to induce the flippase under the
control of Paox; for marker recycling, see 2.10.5.6.

Through induction with methanol the flippase under the control of the AOX1 promotor is expressed.
The flippase recognizes the FRT-sites on the expression cassette and excises the region located in
between them, which contains the gene coding for the zeocin-resistance-protein and the flippase
itself (compare Figure 12). After successful marker-recycling only one FRT-site from the knock-out
cassette is left in the targeted region. Consequently, growth on Zeocin™ should be inhibited for the
P. pastoris CBS7435 marker-recycled knock-out strains.

From single streak outs of these marker recycled clones on YPD plates, colonies were picked and

cultivated in DWPs and stamped on YPD and YPD-Zeocin™ (100 mg/L) and cultivated (30°C, 2 days).
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In Figure 25 (A on YPD plates without Zeocin™ and B on YPD-Zeocin™) the stamped clones from the
DWP cultivation were displayed. All tested P. pastoris Adas1Adas2 and Adas2 candidates (A1-B12 and
C1-D12 in Figure 25 respectively) didn’t grow on YPD-Zeocin™ plates indicating a proper marker
recycling. The recycling procedure for the Adas1 strain (2 different clones E1-F12 and G1-H6
respectively) didn’t work as smooth. A few clones showed normal growth and many clones showed a
weaker growth on the YPD-Zeocin™ plates. Only one of each namely the clone on position E8 had a
proper removal of the integration cassette. It seemed likely that the pPpKC1_DAS1 integration
cassette was harder to remove with the flippase. Maybe a longer methanol incubation would have
been favourable in this case for a higher marker recycle efficiency.

From each construct one clone, growing on YPD and not growing on YPD-Zeocin™ was chosen,
marked with a black circle in Figure 25 (P. pastoris CBS7435 Adasldas2 Al, P. pastoris CBS 7435
Adas2 C1, P. pastoris CBS 7435 Adas1 ES8).
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Figure 25: Marker recycling of P. pastoris CBS7435 knock-out candidates. Single colonies were cultivated in DWP (28°C, 320
rpm, 80% humidity) and then stamped on YPD (A) and YPD-Zeocin™ (100 mg/L) (B) (30°C, 2 days).

Correctly marker recycled clones didn’t grow on the YPD-zeocin100 plate, but grew normally on the YPD plate. All picked
clones from the dasldas2 and the das2 knock-out approach were positive. For the das1 knockout one picked colony was
positive as well. The black circle marked the colonies which were taken for further work. P. pastoris CBS 7435 Adasldas2
Al, P. pastoris CBS7435 Adas2 C1, P. pastoris CBS7435 Adas1 E8

A1-B12: DAS1&2 clean clone 43 K.O. candidate; C1-D12: DAS2 clone 28 K.O. candidate; E1-F12: DAS1 clone 12 K.O.
candidate; G1-H6: DAS1 clone 8 K.O. candidate; H7-H9: sterile control; H10-H12: P. pastoris CBS7435

3.1.6. Verification of knock-out strains

To finally verify the generated knock-out strains 2 different experiments were done. For this purpose,
single streak outs from marker recycled clones and clones containing the whole integration cassette

were done and gDNA was isolated (2.10.5.3), confer Table 22.
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Table 22: List of clones which were chosen for colony-PCRs

Clones containing whole integration cassette

Label [Clone |Origin Name Genomic situation
1 8 single streak out |P. pastoris CBS7435 pPpKC1_DAS1 Adas1; integrated cassette
2 12 single streak out |P. pastoris CBS7435 pPpKC1_DAS1 Adas1; integrated cassette
3 28 single streak out |P. pastoris CBS7435 pPpKC1_DAS2 Adas2; integrated cassette
P. pastoris CBS7435 Adas1Adas2; integrated cassette

4 43 single streak out [pPpKC1_DAS1&2 clean

P. pastoris CBS7435 Adas1Adas2; integrated cassette
5 43 G2, master plate [pPpKC1_DAS1&2 clean

Marker recycled clones

Adas1
6 E8 single streak out |P. pastoris CBS7435 Adas1
Adas2
7 (o] single streak out |P. pastoris CBS7435 Adas2
Adas1Adas2

8 Al single streak out |P. pastoris CBS7435 Adas1Adas2

3.1.6.1. Colony-PCR targeting CDS of DAS1 and DAS2

After successful marker recycling, compare growing assay in section 3.1.5, an additional colony-PCR
was performed to check the effective knock-out of the determined genes (DAS1 and/or DAS2) on
genomic level. This PCR was repeated, because in the initial CDS-control PCR (3.1.3) no clear results
were achievable due to probable contamination of the PCR reactions.

Therefore, clones before and after the recycling step (Table 22) were analysed. To assure a proper
working protocol, the sterile control (ster.) from the DWP was handled as a sample with colonies, in
other words the gDNA isolation protocol was applied on the sterile control.

Figure 26 A shows the agarose gel electrophoresis picture of the colony-PCR targeting CDS of DAS1
(band size: 1010 bp). As expected P. pastoris CBS7435 pPpKC1_DAS2 clone 28, P. pastoris CBS7435
Adas2 and P. pastoris CBS7435 wild type showed a band at this size. P. pastoris CBS7435 clones with
pPpKC1_DAS1, pPpKC1_DAS1&2 clean, resulting in strains Adas1 and Adas1 Adas2, respectively,
didn’t have these bands, concluding that the CDS of DAS1 has been successfully removed in these
ones.

In the gel picture of the colony-PCR targeting CDS of DAS2 (Figure 26 B, band size: 973 bp) P. pastoris
CBS 7435 pPpKC1_DASI1 clone 8, P. pastoris CBS 7435 pPpKC1_DAS1 clone 12, P. pastoris CBS 7435
Adas1, P. pastoris CBS 7435 wild type showed the desired size as expected. In the other clones in
which CDS of DAS2 should be gone, no bands were detectable.
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To summarize the deleted genes were not detectable in the genome of P. pastoris CBS 7435 Adas1,

P. pastoris CBS 7435 Adas2 and P. pastoris CBS 7435 Adas1Adas2 anymore.

A
Gene Gene
Ruler Ruler
1 kb 1 kb
Ladder 1 2 3 4 5 6 7 8 WT ster. neg. Ladder

B
Gene Gene
Ruler Ruler
1 kb 1 kb
Ladder 1 2 3 4 5 6 7 8 WT ster, neg. Ladder

Figure 26: Colony PCR checking CDS of DAS1 (A) and DAS2 (B) in marker recycled clones and clones containing the whole
integration cassette. Clones with deleted das1 and das2 didn’t show a product for appropriate PCR.

1: P. pastoris CBS7435 pPpKC1_DAS1 clone 8; 2: P. pastoris CBS7435 pPpKC1_DAS1 clone 12; 3: P. pastoris CBS7435
pPpKC1_DAS2 clone 28; 4: P. pastoris CBS7435 pPpKC1_DAS1&2_clean clone 43 from single streak out; 5: P. pastoris
CBS7435 pPpKC1_DAS1&2_clean clone 43 from master plate; 6: P. pastoris CBS7435 Adas1; 7: P. pastoris CBS7435 Adas2; 8:
P. pastoris CBS7435 Adas1Adas2; WT: P. pastoris CBS7435; ster.: sterile control from DWP cultivation; neg.: ddH,0

Primers: A: CDSDAS1F/CDSDASIR; B: CDSDAS2F/CDSDAS2R; DAS1 CDS: 1010 bp; DAS2 CDS: 973 bp;

3.1.6.2. Colony PCR targeting the knock-out loci

To ensure a proper recycling of the marker on genomic level a second colony PCR was done, with
primers binding at the inner site of 5’ and 3'UTR (see Figure 13 and Table 20).
The PCR product sizes for properly recycled clones should be between 200 and 270 bp, for clones

containing the whole integration cassette around 4.5 kb. For the wild type control, the PCR product
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sizes are 2.4 kb for each DAS1- and DAS2-check PCRs, and 7 kb for the DAS1&2-check PCR (see Table
20).

In Figure 27 the gel picture of the DAS-check colony PCR is shown. As described above final/recycled
single and double knock-out clones (6, 7, 8) show the desired band of about 200-270 bp, which
approved the proper recycling of the marker, leaving 5’UTR, 3’UTR, 2 Sfil cutting sites and one FRT
fragment left (which was also proved by sequencing of the PCR product).

The results for DAS1- and DAS2-check PCR for clones containing the whole integration cassette with
the desired band sizes of 4550 bp for DAS1-check (clones 1 and 2) and 4500 bp for DAS2-check PCR
(clone 3) and for the wild type control (2400 bp for DAS1-check and 2350 bp for DAS2-check PCR)
were as expected.

For clones 4 and 5 (P. pastoris CBS 7435 pPpKC1_DAS1&2_ clean) no band indicating the integrated
knock-out cassette was observed, neither after repeating under different conditions for the PCR. The
band size for the wild type control, which should be at 7 kb, was about 3.5 kb. DreamTaq DNA
polymerase should be capable of producing 6 kb fragments with gDNA as template, but for longer
fragments the extension temperature should have been lowered to 68°C (104). Despite these
inexplicable band sizes for the DAS1&2-check PCR of P. pastoris CBS 7435 pPpKC1_DAS1&2 clean

and the wild type, it was proven that the knock-out clones were successfully generated.

Gene Gene

gﬂﬁr DAS1-check PCR DAS2-check PCR DAS182-check PCR E‘,{,‘:r
Ladder Ladder

Mix 1 2 6 wWT ster. 3 7 WT ster. 4 5 8 WT ster. Mix

Figure 27: Colony PCR with primers binding at the 3’-end of 5’UTR (forward) and at the 5’-end of 3’UTR (reverse) to see if
integration cassette is fully gone.

1: P. pastoris CBS7435 pPpKC1_DAS1 clone 8; 2: P. pastoris CBS7435 pPpKC1_DAS1 clone 12; 3: P. pastoris CBS7435
pPpKC1_DAS2 clone 28; 4: P. pastoris CBS7435 pPpKC1_DAS1&2_clean clone 43 from single streak out; 5: P. pastoris
CBS7435 pPpKC1_DAS1&2_clean clone 43 from master plate; 6: P. pastoris CBS7435 Adas1; 7: P. pastoris CBS7435 Adas2; 8:
P. pastoris CBS7435 Adas1Adas2; WT: P. pastoris CBS7435; ster.: sterile control from DWP cultivation

Primers: DAS1-check PCR: DAS1_check_fwd/ DAS1_check_rev; DAS2-check PCR: DAS2_check_fwd/ DAS2-check_rev;
DAS1&2-check PCR: DAS2_check_fwd/ DAS1_check_rev

In Figure 28 the genomic situation of the P. pastoris CBS 7435 Adas1Adas2 is shown. The PCR product

of the DAS1&2-check PCR was cloned into pJET1.2/blunt. As planned in between the 5’UTR and
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3’UTR, 2 Sfil sites and one FRT site were left after the marker recycling and the GOIs were deleted,
compare Figure 12. The same result was obtained for the single knock-outs (genomic schemes not

shown).

100 200 300
I | I

UpSUTRDAS1&2F

Sfil Sfil
FRT I 3'UTR DAS1 DAS1_check_rev|

Figure 28: Example for the genomic situation of proper knock-out (P. pastoris CBS 7435 Adas1Adas2). After successful
marker recycling only 5’UTR, 3'UTR, one FRT site and 2 Sfil remain at the locus. The band of about 270 bp from the DAS1&2-
check PCR was cut and cloned into pJET1.2/blunt and further sent to sequencing.

DAS2_check_fwd
DAS2

DAS12_check PCR-product

3.1.7. Alternative tkl1 knock-out strategy

Knocking out TKL1 turned out to be an impossible task with the standard knock-out procedure
applied in 3.1. Only a few transformants were gained by transforming P. pastoris CBS7435 and the
screened clones had the TKL1 gene still within the genome. Transketolase 1 is an important enzyme
in the energy metabolism and for synthesizing aromatic amino acids and therefore the TKL1 is more
difficult to knock out. In contrary to P. pastoris, S. cerevisiae harbours 2 TKL homologs with different
activity and knock-out of both genes resulted in total auxotrophy for aromatic amino acids (105).
Alternative methods for the regeneration and selective media after the transformation of the
pPpKC1_TKL1/ disin P. pastoris CBS 7435 wild type and Adas1Adas2 background were tried to
generate a TKL1 knock-out (2.10.5.7) with a view to reduce the effect of the carbon source on TKL1
necessity.

Transformants were only gained on the minimal media plates with glycerol, methanol, sorbitol and
oleate as sole carbon source, respectively containing 50 mg/L Zeocin™ (Table 23). In contrary no
transformants were gained on full media with the same carbon sources as in minimal media. Most
transformants (96 colonies) were obtained on minimal media with oleate as sole carbon source. This
media seemed most favourable to compensate the stress of deleting TKL1 gene. Nearly no difference
in transformation efficiency was recognizable between the wild type and the double-knock-out
background or the two different knock-out cassettes. From growing clones gDNA was isolated
following the protocol of 2.10.5.3. and a colony PCR for 5’UTR integration (2.10.5.4, for primers see
Table 18) was done (Figure 29 A, B).
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Table 23 List of grown colonies of the pPpKC1_TKL1/ dis in P. pastoris CBS7435 wild type and Adas1Adas2 transformation
on selective plates, which were used for gDNA isolation. No colonies were growing on full media plates.
MMGY: minimal media with 1% glycerol; MMMeOH: minimal media with 1%methanol; MMSO: minimal media with 1%

sorbitol; MMOA: minimal media with 0.5% oleate.

Wild type Adas1Adas2
Plates pPpKC1_TKL1 pPpKC1_TKL1_dis pPpKC1_TKL1 pPpKC1_TKL1_dis
MMGY 1 1 1 1
MMMeOH 1 - 1 -
MMSO - 4 - -
MMOA 24 20 33 19

Obtained transformants are summarized Table 23. From all 106 gained clones a colony PCR checking
for 5’UTR integration was done. The PCR product should have a size of 1.5 kb, if integration at the
5’UTR locus was successful. In Figure 29 the products of these reactions was separated on a control
gel. Only the gels of clones 1-24 and 76-99 are shown, because all the others were negative for
proper 5’UTR integration. Clones 1-51 and 52-106 were transformants in the wild type and in the
Adas1Adas2 background, respectively. Out of these clones only clone no. 5 (Figure 29 A) from the
wild type background with the pPpKC1_TKL1_dis integration cassette (colony grown on MMSO) and
clone no. 99 (Figure 29 B) from the Adas1Adas2 background with transformed pPpKC1_TKL1_dis
(colony grown on MMOA) showed the 1.5 kb band for 5’UTR integration at the control gel and were

thus further investigated.
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Figure 29 Screening for 5’UTR integration of pPpKC1_TKL1/-dis cassette in P. pastoris CBS7435 wild type (A) and

Adas1Adas2 (B). gDNA from transformants on minimal media plates with different carbon sources (Table 23) was isolated
and checked with PCR for 5’UTR integration of the cassette.

1-51: P. pastoris CBS7435 pPpKC1_TKL1/_dis transformants; 52-106: P. pastoris CBS7435 Adas1Adas2 pPpKC1_TKL1/_dis;
WT: P. pastoris CBS7435; ster.: sterile control from gDNA isolation; neg.: negative control, PCR without template. Only two
gel pictures with positive 5’UTR PCR products are shown.

Clones no. 5 and no. 99 were further tested again for 5’UTR integration, to confirm the former result,
and also for proper 3'UTR integration of the cassette. Simultaneously deletion of CDS of TKL1 was
checked with a PCR reaction (protocol and primers are described in 2.10.5.4.).

5’UTR integration of the cassette was again approved by clear bands at the size of 1.5 kb (Figure 30
A). Consecutive the 3’UTR integration was checked as well (Figure 30 B). Here no clear results were
seen for the tk/1 knock-out candidate with the wild type background. Many bands with bigger size
additionally to the wanted band at 1.5 kb were clearly detectable. The candidate with the double-
knock-out background seemed quite promising, it had only one clear band of the desired size for
3’UTR integration. Suspiciously the wild type control showed also 2 bands of the size of 1.5 kb and
one at the size of 1 kb, which was also seen in clone no. 5., maybe due to contamination of the PCR
with genetic material. In advance CDS deletion was also checked in this step (Figure 30 C). The two
knock-out candidates still had the CDS of TKL1 (PCR product size was 1.8 kb) within the genome. The

CDSTKL1F/R primers were also checked with “blastn” on NCBI for binding somewhere else in the
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genome and unspecific bands could be excluded. No knock-out could be achieved with this strategy

either.
A B C
Gene Gene Gene Gene
Ruler Ruler Ruler Ruler
1 kb 1 kb 1 kb 1 kb

Ladder 5 99 WT KO ster.lad. 5 99 WT KO ster. Lad. 5 99 WT KO ster. Ladder

Figure 30 Control PCR for 5’UTR integration (A), 3’UTR integration (B) and CDS deletion (C) from the 2 positive clones of the
5’UTR integration PCR (Figure 29).

5: P. pastoris CBS 7435 pPpKC1_TKL1_dis (MMSO); 99: P. pastoris CBS743 Adas1Adas2 pPpKC1_TKL1_dis (MMOA); WT: P.
pastoris CBS 7435; KO: P. pastoris CBS743 Adas1Adas2; ster.: sterile control from gDNA isolation

The alternative strategy with different regeneration media after electroporation (i.e. regeneration in
1 mL 1 M sorbitol instead of 0.5 ml YPD and 0.5 ml 1 M sorbitol) and growing of the culture on
different selective media resulted in no tkl/1 knock-out. However, it gave a clue how it could be
possible. Eluding dextrose as sole carbon source and minimal media instead of full media increased
the number of transformants. Most promising seemed oleate as carbon source. Keeping in mind that
deletion of TKL1/2 homologs in S. cerevisiae leads to a lethal strain, because of disruption of the
synthesis pathway for aromatic amino acids and elimination of one of the key enzymes in the
pentose-phosphate-pathway as well, probably it’s not possible to generate a P. pastoris Atkl1 strain

(105) (106).

3.2. Characterization of knock-out strains

3.2.1. Growth rates

Growth rates of P. pastoris CBS7435 wild type, Adas1, Adas2 and Adas1 Adas2 in 3 different media
with glucose, glycerol and methanol as sole carbon source (BMD1%, BMG1% and BMMO0.5%) were
determined. Each strain was grown threefold (biological triplicate) in each of the 3 different media
and ODego Was measured every 2hours till stationary phase, for details see 2.10.13.
Glucose, glycerol and methanol are three of the most used carbon sources for expressing
heterologous proteins in P. pastoris (107), therefore it was important to investigate possible growth
limitations in the knock-out strains compared to the wild type. For P. pastoris CBS7435 Adas1Adas2
—-70 -
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weak or no growth in basal media with methanol as sole carbon source was expected. The
assimilative pathway should be blocked, because of lack of dihydroxyacetone synthase. Kiiberl et al
found that TKL1 might have a dihydroxacetone synthase activity as well and therefore growth on
methanol as sole carbon source could be possible for the P. pastoris CBS7435 Adas1Adas2 (80) (100).
Knock-out strains and wild type strains showed nearly identical growth behaviour in BMD1% (see
growth curve in Figure 31) within first 16 hours of growth. The logarithmic growth phase of P.
pastoris CBS 7435 Adas1 continued to an ODgoo of about 14 in contrast to the other strains, which
only grew logarithmically till ODggo of about 7. It seems that knocking-out das1 was beneficial for the
biomass yield when growing on dextrose as sole carbon source. The reasons should be elucidated in
further experiments.

There was no impact regarding the higher ODggo 0n the growth rate (u) of the Adas1 strain conferring
to the other strains (see Table 24). In all 4 tested strains p was similar between 0.23 and 0.26 h%. In
other studies, p of the wild type strain was determined to be 0.30 h'* (Centraalbureau voor
Schimmelcultures, cited published data by N&atsari et al. (100)) thus higher than all values in this

study. Overall no difference in growth was observable in basal media with dextrose as carbon source.

18

0OD600

0 10 20 30 40 50 60
time [h]

Figure 31 Growth curve P. pastoris CBS7434 wild type, Adas1, Adas2 and Adas1Adas2 in BMD1%.
blue: P. pastoris CBS7435 Adas1; red: P. pastoris CBS7435 Adas2; purple: P. pastoris CBS7435 Adas1Adas2; green: P.
pastoris CBS7435

In the growth curves of the 4 tested strains in BMG1% hardly no difference was observable (Figure
32) during about 60 hours of growth. In Table 24 the calculated growth rate p is shown, which was
for all tested strains quite similar at about 0.20 h™ or 0.21 h respectively. This indicates no
limitations in growth in minimal basal media containing glycerol as sole carbon source in the

generated knock-out strains. The growth rate for the Adas1Adas2 strain of this study was
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comparable to the growth rate of P. pastoris CBS7435 Aku70Adas1Adas2 determined by Naatsaari et
al. (100). The growth rate for the wild type strain (0.20 h!) was lower compared to the data observed
for the wild type strain by Centraalbureau voor Schimmelcultures (0.28 h?) (cited published data by
N&atsari et al. (100)).

k-

H
B

OD600

0 10 20 30 40 50 60
time [h]

Figure 32 Growth curve P. pastoris CBS7434 wild type, Adas1, Adas2 and Adas1Adas2 in BMG1%
blue: P. pastoris CBS7435 Adas1; red: P. pastoris CBS7435 Adas2; purple: P. pastoris CBS7435 Adas1Adas2; green: P.
pastoris CBS7435

In comparison to the other 2 investigated basal media (BMD1% and BMG1%) there were a few major
differences in growth behaviour observable for BMMO0.5%. Cell densities in BMMO0.5% were
significantly lower (ODgoo = 1.0-1.8) compared to ODggo of 10.0-16.5 for all strains grown in BMD1%
and BMG1% (confer Figure 31 and Figure 32). In BMMO0.5% the highest ODgoo Was observed for the
wild type strain (ODego = 1.8). Metabolizing methanol as sole carbon source is not as effective as e.g.
glucose, due to high oxygen utilization of the methanol metabolism. Oxidation of methanol to
formaldehyde and further use of oxygen as final electron acceptor in the energy metabolism is
energy consuming and leads to the lower final ODgqo, as it was expected (108). The wild type strain
also shows the highest growth rate (see Table 24) within the experiments. p in this experiment was
lower (0.15 + 0.03 h'!) than the cited published data from Naitsaari et al. (2012) (0.17 + 0.00 h?)
(100). The growth curves in Figure 33 shows that Adas1 and Adas2 strain had slightly lower ODgo
and p compared to the wild type strain, but still grew to a 15-fold and 10-fold higher ODgq in
comparison to the start ODgoo (0.1), respectively. It seems that knocking out DAS2 had a more
negative effect when grown in BMMO0.5% than DAS1 single knock-out. This could be at the bottom of
the results of Krainer et al., who showed that DAS2 gene transcription (99.1-fold) is slightly higher
than DAS1 (98.1-fold) with methanol induction (109), but should be further investigated.
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The P. pastoris CBS7435 Adas1Adas2 strain showed nearly no growth on methanol (u=0.01 £ 0.01 h
1). ODgno Was only doubled during 55 hours of growing from 0.1 to 0.2. In case that DAS1 and DAS2
were the only enzymes involved in the conversion of xylulose-5-phosphate and formaldehyde to
dihydroxyacetone and glyceraldehyde-3-phosphate no growing should have been observed. Maybe
little carbon resources were left after the washing-step of the pre-culture, which could be one way
explain the growing phase. Genome sequencing of P. pastoris CBS7435 from Kiiberl et al. suggested a
hypothetical dihydroxyacetone synthase activity of TKL1 within the MUT-pathway (80). Slightly
growing of the double knock-out strain on BMMO0.5% sustained this hypothesis (see Figure 33). As

described earlier, it wasn’t possible to generate a tk/1 knock-out strain to prove this hypothesis.
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Figure 33 Growth curve P. pastoris CBS7434 wild type, Adas1, Adas2 and Adas1Adas2 in BMMO0.5%

blue: P. pastoris CBS7435 Adas1; red: P. pastoris CBS7435 Adas2; purple: P. pastoris CBS7435 Adas1Adas2; green: P.
pastoris CBS7435

Table 24 Growth rates of P. pastoris CBS 7435 knockouts and wild type in BMD1%, BMG1% and BMMO0.5%

Strain Growth rate p [h}]
BMD1% BMG1% BMMO0.5%
P. Pastorsis CBS 7435 0.25 +0.03 0.20+0.05 0.15+0.03
P. Pastorsis CBS 7435 Adas1 0.23+0.03 0.21+0.03 0.12 +0.03
P. Pastorsis CBS 7435 Adas2 0.24 £+ 0.03 0.20+0.02 0.09 +0.04
P. Pastoris 7435 Adas1Adas2 0.26 +0.03 0.20+0.04 0.01+0.01
P. Pastorsis CBS 7435° 0,30+0.01 0,28 +0.02 0,17 + 0.00
P. Pastoris 7435 Aku70Adas1Adas2® 0,21 +0.00 0,22 £0.01 0

a: cited published data by N&atsari et al. (2012) (100) (Centraalbureau voor
Schimmelcultures.doi:10.1371/journal.pone.0039720.t001)
b: Naatsaari et al (2012) (100)
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3.2.2. Recombinant protein expression in DAS knock-out strains

It is very important that the generated strains are applicable for production of heterologous proteins
and therefore expression levels of the newly generated strains were compared to the wild type
strain. As model protein eGFP under the control of three different promoters was chosen. All strains
were transformed with pPpT4 vectors harbouring this eGFP expression cassettes and screened for
their activity.

Vectors (pPpT4mutZeoMlyl-intArg4-eGFP_pAOX1Bglll, pPpT4mutZeoMlyl-intArgd-eGFP_pGAPshort,
pPpT4mutZeoMlyl-intArgd-eGFP_pCAT1) were, as provided by Tomas Vogl (see 2.10.6.1 and Table
29), used to transform (2.10.10) P. pastoris CBS7435 WT, Adas1, Adas2, Adas1 Adas2 and mutS (only
eGFP under the control of Pcari).

About 100 different clones from each transformation were picked and cultivated in DWP, using the
protocol from 2.10.11.1. GFP-fluorescence at 507 nm and ODggo Was measured (see 2.10.12.1) and
compared to the wild type transformants and in case of pPpT4mutZeoMlyl-intArgd-eGFP_pCAT1
transformants in the mutS background as well.

To settle the different growing within the wells in the DWP the relative fluorescence units per ODsoo
(RFU/ODeno) Was calculated for each clone. To show absolute expression of eGFP in the different
clones RFU without growth settlement was plotted (Figure 36, Figure 37, Figure 38 D, E, F). The
absolute RFU was shown to see differences of the protein yield during the induction phase with
methanol, especially for the double knock-out, which showed hardly no growth in methanol as seen
in the experiments above in comparison to e.g. the wild type strain (2.10.13).

In all knock-out strains eGFP under the control of 3 different promoters (Paoxi, Pcapshort and Pcarz) was
functionally expressed.

The expression level of eGFP (RFU/ODeoo) was depending on the promoter used to drive recombinant
protein expression. Lowest expression levels were observed for clones expressing eGFP under the
control of the constitutive promoter Pgap (confer Figure 34 A for the landscape of P. pastoris CBS7435
Adas1Adas2 and time resolved RFU/ODgqo of Figure 36 to Figure 37 and Figure 38). Transformants
expressing eGFP under the control of Paox; and Pcarz: promoters showed all similar expression levels in
the eGFP assay, except in the P. pastoris CBS7435 Adas1Adas2 background in combination with Pcars,
which showed significantly higher expression (RFU/ODsgo) in comparison to wild type (see Figure 34

C), Adas1 (Figure 35) and Adas2 transformants.

- 74 —



Improvement of NADH-Regeneration in Pichia pastoris

70000

60000

50000

40000

30000 -

RFU/OD,,,

20000 - 14

10000 -+

B5 C4 D8 B4 D11 C11 D4 D10 A1 C6 B9 D9 C7 A7 Cl1 A2 C2 Ci0 Bl A9 Bl1l1l B8

70000

60000

50000

Il

600

[a)
© 40000 -
=

2
£ 30000

20000 -

10000

Il

D4 D10 B2 D5 A6 A5 A3 Bl A9 C7 C4 (C9 B4 B9 B3 (C8 Cl10 A4 A1l D11 B10 B7

70000

60000

50000

600

(=)
© 40000

£ 30000

20000

10000

C8 C6 B9 A9 A6 B8 B3 D6 C3 C7 A8 D2 D4 D9 Cl1 B10 A7 D3 D8 A3 Al D1

Figure 34 Landscapes of eGFP expression levels obtained in P. pastoris CBS 7435 Adas1Adas2 and wild type transformants
using Pgar (A), Paoxz (B), Pcarz (C). After the growth phase of 60 h on glucose independent of the harbouring promoter, the
cells were first induced with glucose (Pgap) or methanol (Paox:, Pcarz) and again after 24, 48 and 72 hours, see 2.10.11.1. This
graph shows the landscapes after 72h of induction with glucose or methanol respectively.

blue: P. pastoris CBS7435 Adas1Adas2; red: P. pastoris CBS7435
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Figure 35 Landscape of eGFP expression levels obtained in P. pastoris CBS7435 Adas1 and wild type transformants using
Pcari. After the growth phase of 60 h on glucose independent of the harbouring promoter, the cells were first induced with
glucose (Pgap) or methanol (Paoxi, Pcarz) and again after 24, 48 and 72 hours, see 2.10.11.1. This graph shows the landscape
after 72h of induction with methanol.

blue: P. pastoris CBS7435 Adas1; red: P. pastoris CBS7435

The mean values for the eGFP fluorescence in all knock-out strains and the wild type with eGFP
under the control of Pgap promoter had an average of about 20,000 RFU/ODego and was constant
before and during the induction period for the time-resolved analysis of the DWP fermentations
(Figure 36 A, B, and C). Copy number of the integration cassette was not determined; outliers were
considered as multiple integration clones for mean value calculation.

The constant expression level ensued from the constitutive Pgap promoter, which controls the
glyceraldehyde-3-phosphate dehydrogenase at a high basal level (110). Though eGFP under the
control of Pgap was expressed from the start of cultivation in the DWP, the highest expression levels
could have been achieved within the 60 h growing phase with high glucose levels (no measurements
done) before first measurement point/“induction point”. To clarify expression levels in the first 60h
of growing measurements within this phase have to be considered for further experiments. In
comparison the absolute RFU values showed no significant differences as well (Figure 36 D, E, and F).
Concluding growth and expression of eGFP under the control of Pgar in BMD1% seemed to have no

difference at all tested strains on expression and growth level.
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Figure 36 Time resolved comparison of eGFP expression under the control of Pgap: in P. pastoris CBS7435 Adas1 (RFU/ODgno
A and RFU D), Adas2 (RFU/ODgoo B and RFU E) and Adas1Adas2 (RFU/ODego C and RFU F) to wild type transformants.

Blue: mean of respective knock-out clones at respective time point; red: mean of wild type clones; black bars indicate
standard deviation based on all clones of the landscape at the respective time points.

Clones which expressed eGFP under the control of the alcohol oxidase 1 promoter (Paox:), showed
hardly any expression before induction with methanol (Figure 37). Paox; is strongly repressed by

glucose, glycerol and ethanol. It gets de-repressed by depletion of glucose, but this doesn’t lead to
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full induction of the promoter. Full promoter strength is only achieved through addition of methanol
(111). The GFP signal before induction resulted from the de-repression.

Highest expression levels in all three knock-out clones and in the wild type strain were achieved after
70 hours of methanol induction (Figure 37 A, B, and C and Figure 37 D, E, and F). The knock-out
clones seemed to gain slightly higher expression levels (RFU/ODeggo) than the wild type. In the single
knock-out clones where growth rate in BMD1% and BMMO0.5% is nearly the same as for the wild type
(confer Table 24) the absolute eGFP expression was in case of the Adas1 strain about 44% better
than in the wild type transformants (after 70 h of induction). Adas2 transformants had still 12% (70
h) to 21% (40 h) better expression than the wild type and nearly same absolute expression levels as
the wild type. In Figure 37 C and F RFU/ODgg and absolute expression of double knock-outs and wild
type clones were plotted. These two graphs show on the one hand that the relative expression was
up to 50% higher (after 46 h of induction with methanol) for the P. pastoris Adas1Adas2 compared to
the wild type. On the other hand that the absolute expression level was much weaker (only about
23% of the wild type niveau) keeping in mind the slow growth of the double knock-out on methanol
and thus lower ODggo and less total protein.

The fact that the maximum of the expression levels in between the 3 different experiments varied
from 30,000 to 45,000 RFU/ODeo, in the knock-out transformants and in wild-type transformants as
well, made clear that different DWP are not comparable with each other and reproducibility within

this system is restricted, excluding that clones weren’t genetic duplicates.
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Figure 37 Time resolved comparison of P. pastoris CBS7435 Adas1 (RFU/ODggo A and RFU D), Adas2 (RFU/ODego B and RFU
E) and Adas1Adas2 (RFU/ODgoo € and RFU F) transformants expressing eGFP under the control of Paox;.

Blue bar: mean of respective knock-out clones at respective time point; red bar: mean of wild type clones; black bars
indicate standard deviation based on all clones of the landscape at the respective time points.

The third promoter tested for recombinant protein production was the one of catalase 1 (Pcarz) from
P. pastoris. Catalase, located in the peroxisome, breaks down the side product H,0; in H,0 and O..
Hydrogen peroxide is a highly toxic molecule, which is produced during oxidation of toxic compounds

as well as during the oxidation of methanol to formaldehyde in the methanol metabolism (112)

-100-



Improvement of NADH-Regeneration in Pichia pastoris

(113). Catalase is associated with many oxidases in the peroxisome producing hydrogen peroxide.
When the carbon source is switched from glucose to methanol, oleate or b-alanine, cytosolic enzyme
expression, like formate dehydrogenase, as well as peroxisomal protein expression (i.e. catalase,
alcohol oxidase) and peroxisome proliferation itself are induced (114) (115).

eGFP expression based on integrated pPpT4mutZeoMlyl-intArg4-eGFP_pCAT1 worked in knock-out
and wild type transformants. No significant differences between P. pastoris Adas1, Adas2 and wild
type were observable. The single knock-outs had about 9-20% better expression considering the
ODeoo (Figure 38 A, B), which is shown in a time resolved plotting of mean RFU/ODgoo. Absolute RFU
were slightly weaker at different time points, but reached 95% (Adas1) and 85% (Adas2) respectively
of the wild type expression level after 70 h of induction (Figure 38 D and E). These results indicate no
alteration of protein expression driven by Pcar; in strains having a single knock-out at the das1 or
das2 locus compared to the wild type.

According to Figure 38 weak expression of the reporter protein before induction with methanol was
seen. Former work pointed out, when P. pastoris is grown on glucose, peroxisome proliferation is
weak as well as induction of associated proteins, i.e. catalase concluding a low Pcar; driven eGFP
expression when P. pastoris is cultivated on glucose (114; 116).

In contrast to the wild type and single knock-out strains P. pastoris Adas1Adas2 transformants with
integrated pPpT4mutZeoMlyl-intArg4-eGFP_pCAT1 showed far higher RFU/ODgqo values (35%, 75%,
150% and 100% higher expression compared to the wild type transformants, respectively) (Figure 38
C). Growth limitations of Adas1Adas2 strains in induction medium with methanol as sole carbon
source became important for the absolute RFU (Figure 38 F). Before induction expression level of
eGFP was at the same niveau as the wild type, afterwards it sank from 63% to 37% compared to the
wild type. The total amount of protein is less, because of the lower cell densities, but the amount of
heterologous protein per cell is higher in the double knock-out transformants, as RFU/ODgqo results
showed. For further investigations another induction/de-repression method with e.g. oleate should
be tested to ensure same growth rate as the wild type and probably also same absolute expression

level (115) (117) (116).

-101-



Improvement of NADH-Regeneration in Pichia pastoris

70000
A 120000
60000
100000
50000
80000
2 40000 >
(@) g
= © 60000
£ 30000
40000
20000
20000
10000
T 0
0 0 22 t46  t70
t0 t22 t46 t70
70000 B
120000
60000
50000 100000
o
Q 80000
© 40000
o )
S 30000 & 60000
&
20000 40000
10000 ' 20000 ii
0 1 0
t0 22 t46 t70 t0 22 t46 170
70000 C
120000
60000
100000
50000
o
3 40000 80000
() -]
e &
-]
[N
[a's

t0 122 t46 t70

& 60000
30000
50000 40000
10000 20000
t0 t22 t46 t70

Figure 38 Time resolved comparison of P. pastoris CBS7435 Adas1 (RFU/ODggo A and RFU D), Adas2 (RFU/ODego B and RFU
E) and Adas1Adas2 (RFU/ODgqgo C and RFU F) transformants expressing eGFP under the control of Pcars.

Blue: mean of respective knock-out clones at respective time point; red: mean of wild type clones; black bars indicate
standard deviation based on all clones of the landscape at the respective time points.

To further investigate the higher expression levels derived from Pcar; in the double knock-out strains,
an experiment with a methanol utilisation slow strain (mutS), wild type and Adas1Adas2
transformants with pPpT4mutZeoMlyl-intArgd-eGFP_pCAT1 integrated was done. The mutS strain
lacks the faster homolog of the first enzyme in the MUT-pathway, namely alcohol oxidase 1 (AOX1).
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This strain relies on the much weaker alcohol oxidase isoform AOX2 and therefore grows much
slower on methanol. In many cases employing the P. pastoris mutS strain leads to higher protein

production, for example as shown for hepatitis B surface antigen (117).

This experiment should proof, if the higher Pcar; driven protein expression is obtained from the
slower growth on methanol, which arises in case of the mutS from the weaker expressed AOX2 gene
and in the Adas1Adas2 strain from deleting the assimilatory pathway. The mutS strain is known for
diminished toxic metabolic compounds, as formaldehyde when grown on methanol (118). The
hypothesis was that the P. pastoris CBS7435 Adas1Adas2 strain accumulates formaldehyde due to
lack of the assimilatory pathway and hence induces the catalase promoter. To valuate this hypothesis
a mutsS strain was transformed with the eGFP-expression cassette harboring Pcar:.

About 30 transformants of mutS and Adas1Adas2 and about 20 transformants of the wild type were
cultivated in in two same treated DWP with different clones from same transformations and RFU and
ODgoo were measured. RFU/ODgoo and absolute RFU were plotted.

The three different strains showed no difference before induction with methanol, weak expression
due to de-repression was observed as in the experiments before (compare Figure 38 C and Figure 39
A, B). After 24 hours of induction a distinct trend for higher expression of eGFP in P. pastoris
Adas1Adas2 transformants was observable, which continued through the whole induction phase.
RFU/ODgqo in mutS and wild type transformants didn’t show significant differences during the whole

induction time. Compared to the double knock-out, mutS and wild type showed 40-60 % less eGFP

expression.
A
60000 T 60000 T
o o
3 T T 3 T
2 40000 T 2 40000
S J S 1
S~ S~
=) =)
2 I 2 |
20000 - i = 20000 - I -
[ 'L
O n T T T O n T
0 24 48 72 0 24 48 72
hours after induction hours after induction

Figure 39 Comparison of P. pastoris CBS7435 Adas1Adas2, mutS and wild type expressing eGFP under the control of Pcar;
over a period of 72 hours. At 4 time points fluorescence and ODggp was measured. One before induction with methanol and
3 times after induction (after 24, 48 and 72 hours). Fluorescence was divided by ODggo, outliers were neglected, mean
values and standard deviation were plotted

Diagrams A and B show the results of two independent DWP cultivations (different clones from the same transformation);
blue: mean of Adas1Adas2 clones at respective time point; red: mean of mutS clones; green: mean of wild type clones;
black bars indicate standard deviation of mean values.
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A different picture was observed when comparing absolute RFU values (Figure 40). Before induction

no significant difference in the eGFP level as well as in the ODgg Was observed (Table 25). The ODgoo

variation between the mutS and wild type strain was not significant during the complete cultivation.

At some points the mutS strain showed even higher cell density, although methanol was the only

carbon source. With longer induction time the mutS and wild type transformants had the highest

absolute expression of eGFP due to more biomass and hence higher protein concentrations (Figure

40). 40-70% more protein/ higher GFP signal was observable on each of the screened plates

compared to the double knock-out. Differences in eGFP expression levels between wild type and

mutS strain were only between 5 and 10% after induction.

Table 25 Mean ODgqo of P. pastoris CBS7435 Adas1Adas2, mutS and wild type expressing eGFP under the control of Pcars.
The decreasing ODggo With time in the double knock-out strain arises from the growth limitation on methanol described in
3.2.1 and the consecutive addition of methanol due to the induction protocol.

KO: P. pastoris CBS7435 Adas1Adas2; mutS: of P. pastoris CBS7435 mutS; WT: P. pastoris CBS7435

0 [h of induction] 24 [h of induction] 48 [h of induction] 72 [h of induction]
strain Plate 1 Plate 2 Plate 1 Plate 2 Plate 1 Plate 2 Plate 1 Plate 2
[ODsoo] [ODé6oo] [ODé6oo] [ODéoo] [ODsoo] [ODsoo] [ODé6oo] [ODsoo]
KO 4,77 3,00 1,28 1,48 1,02 1,07 0,83 0,68
mutS 5,10 2,78 4,07 5,34 3,38 4,69 3,20 3,56
WT 4,24 3,52 4,25 4,43 4,42 4,34 3,54 3,38
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Figure 40 Comparison of P. pastoris CBS7435 Adas1Adas2, mutS and wild type expressing eGFP under the control of Pcar;
over a period of 72 hours. Same results as in Figure 39 were plotted, but ODggo correction was not performed.
Diagrams A and B show the results of two independent DWP cultivations (different clones from the same transformation);
blue: mean of Adas1Adas2 clones at respective time point; red: mean of mutS clones; green: mean of wild type clones;

black bars indicate standard deviation of mean values.

Due to the fact that the assimilation pathway in the double knock-out is eliminated, the metabolic

flux is re-directed towards the dissimilative pathways. Schroer K. et al. showed that the dissimilative

pathway is limited by formaldehyde dehydrogenase (FLD) (27). This limitation of FLD could lead to an
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accumulation of formaldehyde. As formaldehyde is a very toxic compound for the cell, it has to be
detoxified in other ways, where probably further hydrogen peroxide is produced and Pcar; was

additionally induced.

Generally, no serious alteration in protein expression was observable for the single knock-out strains
although the energy metabolism was severely altered. The constructed strains show nearly equal
protein expression as the already established wildtype in terms of absolute RFU and RFU/ODggo. In
the case of the double knock-out the relative and absolute expression levels are the same as the wild
type levels when eGFP was produced under the control of the Pgap. When it came to methanol
induced production of the eGFP by Paox: and Pcar; driven expression, the P. pastoris Adas1Adas2
transformants reached a RFU/ODgqo With the same level as for the wild type (AOX1 promoter) or
significantly higher RFU/ODegoo (CAT1 promoter), but absolute values were significantly lower for both

constructs.

3.2.3. Activitiy assay and lipase B from Candida Antarctica (CalB)

Lipase B from Candida Antarctica (CalB) was chosen as alternative model protein to proof, if Pcars has
similar effects on expression as for eGFP in the double knock-out, described in 3.2.2. CalB is a
triacylglycerol lipase (EC 3.1.1.3, LC026014.1) commonly used in industry, such as detergent industry,
oleochemistry or food industries (118). It shows no “interfacial activation” and higher activity
towards carboxylic acid esters like ethyl octanoate or p-nitrophenyl butyrate, than on triglycerides
(120) (121).

CalB was obtained in two different vectors either with Paox; or Pcar: promoters (pPpT4-CalB+synPDI-
pAOX1+pGAP-fwd and pPpT4-CalB+synPDI-pGAP+pCAT1-rev) from Lukas Sturmberger and Thomas
Vogl (vector maps are pictured in 7.2, Figure 61, Figure 62). These vectors were linearized and used
to transform P. pastoris wild type and Adas1Adas2 as described in 2.10.10.

The gained wild type and Adas1Adas2 transformants harbouring the CalB expression cassette under
the control of Pcar: (35 clones from each strain per DWP, two DWPs were cultivated in parallel with
different clones from the same transformation) and P. pastoris wild type and Adas1Adas2
transformed with the CalB expression cassette under the control of Paox: (seven of each background
in each DWP). All these transformants were screened for their activity towards p-nitrophenol
butyrate as described in 2.10.12.3. Empty strains from each background were used as negative
control and established P. pastoris mutS strains expressing CalB under the control of Pcar: (no. 643)

and Paox: (no. 638) respectively were used as positive controls (strains are listed in Table 3).
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Focus was set on the Pcar; driven expression of CalB, because of the high GFP activity achieved with
the double-knock-out strain harbouring the eGFP expression cassette under the control of Pcars, as
discussed in 3.2.2.

To evaluate the expression levels of CalB a standard p-NPB assay was performed using the
supernatant of the DWP cultivation. The activity level (U/mL/ODegoo) of all tested CalB transformants
(transformants of both plates are plotted in one graph: 1-35 plate 1 and 36-70 plate 2 in Figure 41; 1-
7 plate 1 and 8-14 plate 2 in Figure 42) in different strain background rose with induction time as
shown in Figure 41 and Figure 42 A, B and C. Highest activity levels were achieved after 76 h of
induction with methanol. CalB under the control of the CAT1 promoter showed best activity results
in the tested strains. The wild type and the double-knock-out had comparable activity levels as the
positive control (P. pastoris CBS7435 mutS pPpT4mutZeoMlyl-intArg4-bidi-CalB_VTU-
synPDImutBmrl-GAP+pCAT1-rev K1 [short 8] (internal No. of Thomas Vogl’s group: 643)) over the
whole induction time, no significant difference were observable, only after 76 h of induction the
activity in the Adas1Adas2 was noticeable lower than in the wild type and the positive control.
Transformants and positive control (P. pastoris CBS7435 mutS pPpT4mutZeoMlyl-intArg4-bidi-
CalB_VTU-synPDImutBmrl-pAOX1+pGAP-fwd K1 [short 3] (internal No. of Thomas Vogl’s group:638))
which expressed CalB under the control of the Paox; had an overall lower activity, but it raised with
induction time to the same level as the Pcar: construct in the positive control and the wild type
transformants. The Adas1Adas2 transformants showed after all induction times the lowest activity
and also the lowest ODggo due to weak to no growth on methanol. As expected the empty strains
showed no activity levels.

In contrary to the eGFP experiment, where the fluorescence was direct proportional to the gained
amount of protein, for CalB only the volumetric activity was calculated. Therefore, protein

concentration should be measured in next experiments.
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Figure 41 Landscape of the conversion of p-nitrophenylbutyrate to p-nitrophenol and butyric acid of P. pastoris wild type
and Adas1Adas2 expressing CalB und the control of the Pcar;. Measurements were done after 24 h (A), 48 h (B) and 76 h (C)
of induction with methanol.

blue: P. pastoris pPpT4-CalB+synPDI-pGAP+pCAT1-rev; red: P. pastoris Adas1Adas2 pPpT4-CalB+synPDI-pGAP+pCAT1-rev;
(1-35 transformants from plate 1; 36-70 transformants from plate 2)

black: positive pCAT1_CalB(643) (1 and 2 positive control from plate 1; 3 and 4 positive control from plate 2)
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Figure 42 Landscape of the conversion of p-nitrophenylbutyrate to p-nitrophenol and butyric acid of P. pastoris wildtype
and Adas1Adas2 expressing CalB und the control of Psox: . Measurements were done after 24 h (A), 48 h (B) and 76 h (C) of
induction with methanol.

green: P. pastoris pPpT4-CalB+synPDI-pAOX1+pGAP-fwd; purple: P. pastoris Adas1Adas2 pPpT4-CalB+synPDI-pAOX1+pGAP-
fwd (1-7 transformants from plate 1; 8-14 transformants from plate 2)

orange: positive control pAOX1_CalB (638) (1 and 2 positive control from plate 1; 3 and 4 positive control from plate 2)
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3.2.4. Improvement of NADH regeneration in P. pastoris CBS7435

3.2.4.1. 2,3-butanediol dehydrogenase (BDH1) activity assay

To investigate NADH regeneration in the P. pastoris CBS7435 wild type, Adas1, Adas2 and Adas1
Adas2 strains 2, 3-butanediol dehydrogenase (GenBank entry: U12980, gene YALO60W) from S.
cerevisiae strain BY4741 (ScBDH1) was used as a model protein in NADH-dependent whole-cell
conversions.

BDH1 catalyses the stereospecific reduction of racematic acteoin ((rac)-acetoin; Kn = 4.5 mM) to
(2R,3R) 2,3 butanediol and meso-butanediol, in the presence of NADH (87). Due to the high
conversion rate (ket = 98,000 min? (87)) BDH1 is a good candidate to characterize the generated

strains for improved NADH regeneration.

3.2.4.1.1. Standard curve

For determination of whole-cell conversion of acetoin to butanediol a standard curve was done.
Therefore, different acetoin concentrations (7.66 mM, 3.06 mM, 1.53 mM and 0.77 mM) with the
internal standard BuOH (8.60 mM) were determined by GC-analysis (2.10.12.2.1).

The retention times of s-acetoin, R-acetoin L-butanediol, bD-butanediol and n-butanol (internal
standard, IS) are listed in Table 26. Standard curves for the products were not established due to low

product detection in pre-experiments. Conversion was calculated based on substrate declination.

Table 26 Retention times for compounds investigated with GC-analysis with FID.

Chemical Retention time [min]
n-butanol 3.5
S-acetoin 4.1
R-acetoin 4.6
L-butanediol 11.3
D-butanediol 11.7

Standard curve (Figure 43) was calculated with the trend line function in “Excel 2010” and zero was
set as cutting point. The resulting equation y = 0.068x with R?=0.9955 was used for the calculation of
acetoin concentration in the reaction, where x is the actual concentration of acetoin in mM and y as

for the coefficient of Ay/Ais (Ax... peak area of acetoin; Ai...peak area of internal standard n-BuOH).
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Figure 43 Acetoin standards after extraction. Trend line cutting point was set at zero.
Ax: peak area of acetion, A;s: peak area of n-BuOH, C,: acetoin concentration.

3.2.4.1.2. Screening

Single colonies of P. pastoris CBS7435 wild type, Adas1, Adas2 and Adas1 Adas2 transformants
harbouring the BDH1 expression cassette were cultivated in DWP as described in 2.10.11.3.

In the first screening only a few transformants of each strain containing an integrated expression
cassette were gained for acetoin conversion measurements. This was a pre-screening to evaluate if
differences in acetoin conversion catalysed by BDH1 in the wild type and in the knock-out strain were
observable. Due to serious problems with the GC-device, for the initial screening no valid values for a
standard curve could be determined and no normalization to ODggo Was performed. The relative
conversion for each transformant was plotted. The AS (substrate declination) was calculated as the
difference between A,/A; of the sterile control and A,/A;s of the BDH1 expression transformant. AS
was plotted as a landscape in Figure 44 A. In parallel the proportion of the summarized product
peaks of b-butanediol and meso-butanediol (Ap) to the internal standard (Ais) were plotted referring
to the transformants of the substrate declination graph (Figure 44 B).

As shown in Figure 44 A most of the double knock-out transformants had a measurable AS compared
to the wild type clones where only about half of the clones obtained a AS. But, within these wild type
transformants the highest substrate declination was observed for this experiment.

The single knock-out strain (Adas1 and Adas2) transformants showed a substrate conversion as well.
Adas?2 strains had an overall higher conversion than the screened Adas1 ones. The AS of the best
ones of each strain were comparable to each other, as shown in Figure 45 A.

As the substrate consumption was compared to product formation of the different transformants,

shown in the landscape of Figure 44 B and for the 3 best clones of the landscape in Figure 45 B, it was
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noticeable that the product building of the wild type transformants was not in line with the substrate
declination. For example, the wild type clone with the highest substrate consumption (No. 36 in
Figure 44 A) showed no detectable product formation (No. 36 in Figure 44 B). Overall the wild type
transformants showed hardly any detectable product formations. Substrate declination and product
formation for both single knock-out and the double knock-out transformants went best hand in
hand. The landscape for these almost matched each other for AS and product building. (Figure 44
and Figure 45).

It seemed that there were other, not investigated causes for substrate conversion or other pathways
and circumstances which further converted the products to not detectable molecules. But, if the high
substrate declination was high, detectable amounts of product were present in most cases.
Conclusion of the pre-experiment was to focus on substrate declination as parameter for better

NADH-regeneration, even if some maybe “false” positive clones were further investigated.
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Figure 44 Landscape of the pre-screening of P. pastoris wild type, Adas1, Adas2 and Adas1Adas2 containing pPpT4GAP-
S_ScBDH1. The results were not normalized to ODgoo. For this experiment only empty strain controls of the wild type and
the double knock-out were performed.

A: Substrate declination for each screened clone was plotted from lowest to highest difference.

B: Referring to the AS the product formation was plotted. The areas of the product peaks of b-butanediol and meso-
butanediol were added.

Transformants: blue: wild type ScBDH1; red: Adas1 ScBDH1; green: Adas2 ScBDH1; purple: Adas1Adas2 ScBDH1; orange:
positive; white: wild type; black: Adas1Adas2
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Figure 45 Comparison of the three best clones of the pre-screening of P. pastoris wild type, Adas1, Adas2 and Adas1Adas2
containing pPpT4GAP-S_ScBDH1 of the landscape in Figure 44. Three positive controls and empty strain controls of the wild
type and Adas1Adas2 are also shown. The results were not normalized to ODggo.

A: Substrate declination for the three best clones was plotted from lowest to highest difference.

B: Referring to the AS the product formation was plotted. The area of the product peaks of b-butanediol and meso-
butanediol were added.

Transformants: blue: wild type ScBDH1; red: Adas1 ScBDH1; green: Adas2 ScBDH1; purple: Adas1Adas2 ScBDH1; orange:
positive; white: wild type; black: Adas1Adas2
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For the further screening procedure 2 plates with P. pastoris CBS7435 wild type, Adas1, Adas2 and
Adas1Adas2 clones containing pPpT4GAP-S_ScBDH1 were investigated. As controls 8 acetoin
converting clones (positive control, +, P. pastoris CBS7435 harbouring pPICZ-BD1-BDH; strain
collection no.: 3441), and 2-3 clones each of the strains (wild type, Adas1, Adas2 and Adas1Adas2)
without pPpT4GAP-S_ScBDH1 were cultivated in DWP (wild type and Adas2 transformants, confer
Figure 46 A and B and Adas1 and Adas1Adas2 confer Figure 47 A and B).

For the second screening each strain was newly transformed with the BDH1 expression cassette. The
standard curve from 3.2.4.1.1 was applied for calculation of substrate concentration of the reaction
mixture. The ODggo Was measured via a plate reader to calculate the AS/ODgoo and product formation

per ODeoo ((Ax/Ais)/ODso)) for each screened clone.
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In the second screening AS/ODsoo showed a bigger difference in between the different strains
compared to the pre-screening, where AS was not normalized to ODgoo. Wild type, Adas1 and Adas2
strains harbouring pPpT4_GAP-S_ScBDH1 and empty ones grew to the 1.5-2 fold ODego (Table 27)
compared to the double-knock-out ones.

Substrate declination was in the best Adas1Adas2 transformants 4-fold higher in the ODgoo
normalized calculation than in the other transformed strains (Figure 46 A and Figure 47 A). In
absolute values, not considering the cell mass (ODego Values in Table 27), the conversion of the
double-knock-out was as well clearly better. The product (A«/Ais)/ODeoo landscape linked to the
substrate declination landscape showed that low substrate conversion led to low or no product
formation, compare Figure 46 A and B and Figure 47 A and B.

The AS/ODgoo values for the positive control, the transformants of Adas1/Adas2 and the empty
strains of the wild type, Adas2 and Adas1Adas2 were all at about 1-2 mM/ODggo. The empty strain
controls of Adas1 were not able to convert anything at all (Figure 47 A).

The best Adas1Adas2 pPpTAGAP-S_ScBDH1 clones showed about 60% (absolute values) conversion
of the substrate (substrate concentration for calculation of AS was 11.14 mM). Interestingly some of
the empty strains showed nearly the same conversion as the positive control. This led to the
assumption that the positive control could be wrong named and stored. Due to time limitations the
genetic situation of P. pastoris CBS7435 harbouring pPICZ-BD1-BDH was not proved, but should be
done in the future. It could have also been possible that something with the transformation plasmid

has gone wrong and many of the transformants didn’t have a fully functional integrated vector.
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Figure 46 Landscape of the screening of transformants of P. pastoris wild type and Adas2 containing pPpT4GAP-S_ScBDH1
(copy number of vector not determined)

A: Substrate declination per ODggo for each screened clone was plotted from lowest to highest difference.

B: Referring to AS the product formation per ODggo Was plotted. Areas of the product peaks of D-butanediol and meso-
butanediol were added.

Blue: WT BDH; green: Adas2 BDH; orange: positive control; white: wild type; grey: Adas2;
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Figure 47 Landscape of the screening of transformants of P. pastoris Adas1 and Adas1Adas2 containing pPpTAGAP-
S_ScBDH1 (copy number of vector not determined)

A: Substrate declination per ODggo for each screened clone was plotted from lowest to highest difference.

B Referring to AS the product formation per ODggo Was plotted. Areas of the product peaks of D-butanediol and meso-
butanediol were added.

Red: Adas1 BDH; purple: Adas1Adas2 BDH; orange: positive control; grey: Adas1; black: Adas1Adas2; orange: sterile control
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Table 27 Average ODgoo of the screened transformants in Figure 46 A (plate 1) and Figure 47 A (plate 2). Measured with a
plate reader at a dilution of 1:5

strain ODsoo | Plate no.

Wild type BDH 2.18

Wild type 1.78
Adas2 BDH 1.78 Plate 1
Adas2 1.49

Positive control 1.78

Adas1 BDH 2.16

Adas1 1.69

Adas1Adas2 BDH | 1.01 Plate 2

AdaslAdas2 1.01

Positive control 2.07

The average conversion of acetoin to the two products (2R, 3R)-butane-2,3-diol and meso-butane-
2,3-diol was at low levels for the wild type (3% conversion) and the Adas2 strain (8% conversion)
indicating a not significantly improved NADH-regeneration in the Adas2 knock-out strain. As
mentioned above the screened Adas1 transformants did not show any substrate declination in the
reaction. In P. pastoris Adas1Adas2 expressing the BDH1 31% conversion was reached, which means
an 11-fold higher and about 4-fold higher conversion than the wildtype and the Adas2 strain,
respectively. The double knock-out had a much higher conversion despite the lower number of cells
within the reaction, which gave a first hint of an improvement in the regeneration of NADH due to
the elimination of the assimilative pathway.

As result out of this screenings, as no proper candidate from both single knock-outs was able to be
chosen, one of the best P. pastoris pPpT4AGAP-S_ScBDH1 wildtype transformants and one of the
double-knock-out transformants chosen for a time resolved conversion. For eliminating the
discrepancy of growth in the DPW the best candidates were grown in shake flasks. The same cell
amount was used for the biocatalytic reaction in the DWP to see which growth time is most
favourable for the highest yields concerning conversion of substrate per ODgsgo culture. An empty

strain control (wild type and Adas1Adas2) was chosen as control reference.

3.2.4.1.3. Re-screening - Time-resolved conversion

After the screening procedure one of the most promising candidates of the wild type transformants
(clone 9 from the pre-screening) and one of the double-knock-out transformants (clone 29 from the
screening) and an empty strain from each were chosen for a time-resolved conversion (see

2.10.12.2.2. and 2.10.12.2).
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As seen in the pre-screening the ODgoo Was again about half for the double knock-out strains
compared to the wild type (Table 28), which indicates again, that the Adas1Adas2 knock-out, has

limitation of growth on methanol, as discussed in 3.2.1.

Table 28 Mean value of the triple determination of the ODggo and absolute substrate declination AS (not normalized to
ODeoo) after 12 h reaction. The growth time refers to the inoculation time in the shake flasks

Clone Vector Growth [h] | ODeoo mean | absolute AS mean [mM]
Wild type 24 1,468 0,88
Wild type 36 1,308 0,91
Wild type 48 1,361 1,02
AdaslAdas2 24 0,577 1,33
Adas1Adas2 36 0,520 0,43
AdaslAdas2 48 0,637 0,81
Wild type pPpT4_GAP-S_ScBDH1 24 1,111 1,68
Wild type pPpT4_GAP-S_ScBDH1 36 1,151 1,14
Wild type pPpT4_GAP-S_ScBDH1 48 1,389 1,43
Adas1Adas2 | pPpT4_GAP-S_ScBDH1 24 0,495 2,70
Adas1Adas2 | pPpT4_GAP-S_ScBDH1 36 0,635 1,88
Adas1Adas2 | pPpT4_GAP-S_ScBDH1 48 0,530 2,08

The highest AS/ODsoo and also absolute conversion (AS) (Table 28) at any time point was achieved by
the double knock-out clone expressing BDH1. Due to the fact that standard deviation was very high
through the whole data, the experiment should be repeated for confirmation of the results, which
might be attributed to improved NADH-regeneration.

In Figure 48 the relative conversions of the empty strains (P. pastoris wild type and Adas1Adas2) and
the best double knock-out strain expressing BDH1 under the control of the Paox: promoter are shown
in comparison to the best wild type strain expressing BDH1 (AS =100%). The strain expressing BDH1
has at each measured time-point a higher substrate declination rate as its empty counterpart. This
applies to the wild type strain and to the double knock-out strain as well. The conversion of the
empty P. pastoris Adas1Adas?2 is after 24 h about 52% higher than the wild type producing BDH1. In
later time of the experiment the conversion is at the nearly same level, 83% (36 h) and 124% (48 h),
considering the standard deviation.

The high substrate declination in the empty double knock-out control led to the assumption, that
eliminating das1 and das2 genes has an impact on the conversion of acetoin by site reactions, which
are probably NADH dependent, within the cell. Deletion of the assimilative MUT-pathway may
enhance the conversion of acetoin by this unknown endogen enzymes. Due to problems in product

detection with the GC-device, it was not possible to elicit the proportion of the unwanted conversion

-118-



Improvement of NADH-Regeneration in Pichia pastoris

to the BDH1 driven one. The conversions of the empty wild type strain, which were between 39% (24
h), 71% (36 h) and 72% (48 h) and clearly below the rates of the settlement strain.

Schroer et al. underline this assumption, because they have also observed endogenous reduction
reaction in their experiments with BDH1 expressing P. pastoris strains and suggested to detect and
eliminate BDH1 homologs in this yeast (27). Reduction rate of acetoin was up to four-times higher by
expressing BDH1 in P. pastoris Adas1Adas2 (confer Figure 48). This result confirms the assumption,
that redirecting the carbon flux towards the dissimilative pathway improves NADH formation and
consequently the reaction rate of BDH1 in the new generated chassis. The longer the cells grew in
the pre-culture before substrate addition, the lower became the total conversion, but the empty wild

type was constant at all-time points.
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Figure 48 Time resolved conversion of acetoin to butanediol. The graph shows the substrate declination in comparison to
the wild type strain expressing BDH1. Whereat the AS of the wild type expressing BDH1 was set to 100% at each time-point.
blue: wild type; red: Adas1Adas2; green: wild type pPpT4GAP-S_ScBDH1 clone 9 from pre-screening; orange: Adas1Adas2
pPpT4GAP-S_ScBDH1

Summarizing NADH-regeneration was shown to be improved in the Adas1Adas2 strain, because the
empty strain as well as the BDH1 expressing strain of the double knock-out had an overall better
conversion than the wild type pendants. Causes for the unwanted reactions in the empty strain
controls should definitely be further investigated, i.e. searching and eliminating of BDH1 homologous

genes.
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4. CONCLUSION AND OUTLOOK

Efficient co-factor recycling is not only required for optimal enzyme performances in biocatalytic
applications, but also to set up an ecological and sustainable process in further consequence.
Performing biotransformation in whole cells where the cell metabolism can be exploited for co-factor
supply is an elegant way to fulfill these requirements. In this thesis a new platform strain for whole-
cell catalysis was generated based on the methylotrophic yeast P. pastoris by engineering its
methanol utilization pathway. For this purpose, the assimilative pathway responsible for the biomass
production was eliminated and the carbon flux was forced through the dissimilative pathway by
oxidizing methanol to CO;. Theoretically two molecules of NADH are formed per molecule methanol.
The generated P. pastoris Adas1Adas2 strain was tested for its performance in a dehydrogenase
based whole cell biotransformation without external addition of a co-factor. The double knock-out
strain displayed a better conversion than the wild type strain due to extended NADH supply by
oxidation of methanol.

The cheap carbon source methanol serves as multi tool in the bioconversion of acetoin via BDH1: It
acts as an inducer of the Paox: driven production of the protein as well as of the endogenous NADH
regeneration system. Methanol itself is used as co-substrate for the NADH-regeneration. The
oxidation of methanol is an irreversible process with a high thermodynamic driving force with CO; as
the only side-product. Moreover, methanol has the ability of enhancing the solubility of organic
substrates in the reaction mixture and P. pastoris is already adopted to elevated methanol
concentrations.

In case of the newly developed Pichia strain no additional overexpression for improved NADH-
regeneration is necessary compared to i.e. the often used formate dehydrogenase, which only yields
one mole NADH per mole carbon.

The heterologous protein production with eGFP (driven by Paox: and Pgap) in the generated knock-out
strains showed same expression levels as the wild type. When eGFP was produced under the control
of Pcar: @ higher yield of protein at lower cell density was observable for the P. pastoris Adas1Adas2
strain. Pcar; driven expression of CalB did not lead to higher activity in the double knock-out strain.
The generation of a new valuable host for whole-cell biotransformations, where NADH as co-factor is
an issue, was demonstrated with the redesigned P. pastoris strain. A simple way to boost the
efficiency of the endogenous NADH-regeneration rate, which leads to new opportunities of the
whole-cell catalysis for pharmaceutical and chemical industries.

In the future the new Pichia chassis has to be tested with other NADH-dependent dehydrogenases to

validate its applicability.
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As next step to further enhance the NADH-regeneration of P. pastoris Adas1Adas2 overexpressing of
the formaldehyde dehydrogenase, which catalyzes the bottleneck reaction in the dissimilative

pathway, would be possible.
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7. APPENDIX

7.1. Sequences

Table 29 Sequences used in this work.

Name Sequence

pPpKC1 gaagttcctatactttctagagaataggaacttcggecgatcaggeccaacttactccaaccttctacgataactcttgtectaat
gtgtccaacatcgttagagacaccattgtcaatgaattgagatcagatccacgtattgetgeatctatcttgagacttcactttcat
gactgcttcgtcaacggttgtgatgcttccatcttgetggacaacactacctctttcagaactgagaaggacgctttcggtaatge
caactctgctagaggatttccagtcattgacagaatgaaggctgecgttgaatctgeatgtcectagaactgtgtcatgtgetgacc
ttctgactattgecgcetcageaatctgttaccttagetggtggaccatectggagagttccattgggtegtagagacteccttcaa
gcctttctggaccttgeaaatgcetaacttgectgetecattctttaccttacctcaattgaaagactctttcagaaacgttggtctta
acagatcatccgacttggttgecttatctggaggtcacacctttggtaagaaccaatgtagattcatcatggatcgtctgtacaac
ttctctaacaccggtttgecagatcectactctgaacaccacttacttgcaaaccttaagaggtttgtgeccacttaacggaaatct
gtctgctctggttgacttcgatttgegtactcctaccatcttcgacaacaagtactatgtcaacttggaggaacagaagggtctta
tccaatctgaccaggagttgttctectctectaacgctactgataccattecattggtgagatccttcgcaaactccactcaaacct
tctttaacgctttcgtcgaggcaatggacagaatgggtaacattactectttgaccggtactcaaggacagattagattgaactg
ccgtgttgtcaactctaactcggecactagggecgaagttectatactttctagagaataggaacttcagatctaacatccaaag
acgaaaggttgaatgaaacctttttgccatccgacatccacaggtccattctcacacataagtgccaaacgcaacaggagggg
atacactagcagcagaccgttgcaaacgcaggacctccactectcttctectcaacacccacttttgecatcgaaaaaccagecc
agttattgggcttgattggagctcgctcattccaattecttctattaggetactaacaccatgactttattagectgtctatectgge
ccccctggegaggttcatgtttgtttatttccgaatgcaacaagcetcecgeattacacccgaacatcactccagatgagggcetttct
gagtgtggggtcaaatagtttcatgttccccaaatggeccaaaactgacagtttaaacgetgtcttggaacctaatatgacaaaa
gcgtgatctcatccaagatgaactaagtttggttcgttgaaatgctaacggecagttggtcaaaaagaaacttccaaaagtegg
cataccgtttgtcttgtttggtattgattgacgaatgctcaaaaataatctcattaatgettagegeagtctctctatcgettctgaa
ccccggtgeacctgtgecgaaacgcaaatggggaaacaccegetttttggatgattatgeattgtctecacattgtatgettecaa
gattctggtgggaatactgctgatagectaacgttcatgatcaaaatttaactgttctaacccctacttgacagcaatatataaac
agaaggaagctgccctgtcttaaacctttttttttatcatcattattagettactttcataattgegactggttccaattgacaaget
tttgattttaacgacttttaacgacaacttgagaagatcaaaaaacaactaattattcgaaacgatgccacaatttgatatattat
gtaaaacaccacctaaggtgcttgttcgtcagtttgtggaaaggtttgaaagaccticaggtgagaaaatagcattatgtgetge
tgaactaacctatttatgttggatgattacacataacggaacagcaatcaagagagccacattcatgagctataatactatcata
agcaattcgctgagtttcgatattgtcaataaatcactccagtttaaatacaagacgcaaaaagcaacaattctggaagectcat
taaagaaattgattcctgcttgggaatttacaattattccttactatggacaaaaacatcaatctgatatcactgatattgtaagt
agtttgcaattacagttcgaatcatcggaagaagcagataagggaaatagccacagtaaaaaaatgcettaaagcacttctaag

tgagggtgaaagcatctgggagatcactgagaaaatactaaattcgtttgagtatacttcgagatttacaaaaacaaaaacttt
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ataccaattcctcttcctagctactttcatcaattgtggaagattcagegatattaagaacgttgatccgaaatcatttaagttagt
ccaaaataagtatttgggagtaataatccagtgtttagtgacagagacaaagacaagcgttagtaggcacatatacttctttag
cgcaaggggtaggatcgatccacttgtatatttggatgaatttttgaggaactctgaaccagtcctaaaacgagtaaataggac
cggcaattcttcaagcaataaacaggaataccaattattaaaagataacttagtcagatcgtacaataaagctttgaagaaaa
atgcgccttattcaatctttgctataaaaaatggeccaaaatctcacattggaagacatttgatgacctcatttctttcaatgaag
ggcctaacggagttgactaatgtigtgggaaattggagegataagegtgcettctgeegtggecaggacaacgtatactcatcag
ataacagcaatacctgatcactacttcgcactagtttctcggtactatgcatacgatccaatatcaaaggaaatgatagcattga
aggatgagactaatccaattgaggagtggcagcatatagaacagctaaagggtagtgctgaaggaagcatacgataccecge
atggaatgggataatatcacaggaggtactagactacctttcatcctacataaatagacgcatataagttttagecttagacatg
actgttcctcagttcaagttgggcacttacgagaagaccggtcttgetagattctaatcaagaggatgtcagaatgecatttgect
gagagatgcaggcttcatttttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtttcttctegtacgage
ttgctectgatcagectatctegcagetgatgaatatcttgtggtaggggtttgggaaaatcattcgagtttgatgtttttcttggta
tttcccactectcttcagagtacagaagattaagtgagaccttcgttigtgecggaacggaacgtatcttageatggttgtgegaca
gattcactgtgaaagactgttcattatacccacgtttcactgggagatgtaagecttaggtgttttaccctgattagataatacaa
taaccaacagaaatacgagaatctaaactaatttcgatgattcatttttctttttaccgegetgectcttttggeaattctttcacct
atattctaccttctctttecttttgttctaaacttattaccagctagtgttgttactttatacttceggetcgtataatacgacaaggtg
taaggaggactaaaccatggctaaactcacctctgetgttccagtectgactgetegtgatgttgetggtgetgttgagttctgga
ctgataggctcggtttctcccgtgacttcgtagaggacgactttgecggtgttgtacgtgacgacgttacectgttcatctecgeag
ttcaggaccaggttgtgccagacaacactctggeatgggtatgggttcgtggtctggacgaactgtacgetgagtggtctgaggt
cgtgtctaccaacttccgtgatgeatctggtccagetatgaccgagateggtgaacageectggggtegtgagtttgeactgegt
gatccagctggtaactgcgtgcatttcgtcgcagaagagcaggactaatatactgagtttgttaatgatacaataaactgttata
gtacatacaattgaaactctcttatctatactgggggaccttctcgcagaatggtataaatatctactaactgactgtcgtacggc
ctaggggtctcttcttcgattatttgcaggtcggaacatecttegtctgatgeggatctectgagacaaagttcacgggtatctagt
attctatcagcataaatggaggacctttctaaactaaactttgaatcgtctccagcageatectegeattggtaccactgagegtc
agaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccg
ctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagegeagataccaa
atactgttcttctagtgtagccegtagttaggccaccacttcaagaactctgtagcaccgectacatacctegetetgetaatectgt
taccagtggctgctgecagtggegataagtcegtgtcttaccgggttggactcaagacgatagttaccggataaggegeageggt
cgggctgaacggggggttcgtgecacacageccagettggagegaacgacctacaccgaactgagatacctacagegtgaget
atgagaaagcgccacgcttcccgaagggagaaaggeggacaggtatecggtaageggeagggtcggaacaggagagegcea
cgagggagcttccagggggaaacgectggtatctttatagtectgtegggtttcgecacctcetgacttgagegtegattttigtgat
gctcgtcaggggggcggagectatggaaaaacgecageaacgeggectttttacggttectggecttttgetggecttitgetcac

atgt

pPpKC1_DAS1 gaagttcctatactttctagagaataggaacttcggccgatcaggecacgggaagtctttacagttttagttaggageccttatat
atgacagtaatgctagtacgtttigttttgtttaattaataacttagtttatgttagcctagtatagactccatcaattttttttgttat
tacgtaagccgcegatgataatatctgatgaaaaattcctatcagaaaataatttatcaaaagtttcatgegatatgagactaagt
agaatagggactcccaaagtgtcagtcacaagggtcattcecgttcgtaatgtggtgatagegaggagaaaacctgtcagage

aagtaacaccgacgcaaagacatggctaatgaaagaagagcagagaagaataagacagaaggagcaggagatgaaacaa
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aggctagaggaactagaaaggttcaaaacaaaagtacagaaatcatatataaggaaagaggataggcatttggcacaagag
atagaaaaggatcttgacataatcactgatgattacaatttggacagcgatgtagacctggtctttggagaactcatgcaagcea
gaagagcagcccaaatcgttgaagagtttaccaggagcecagtgatgcaagtgataacacagataaatcggtggaactgttttc
ctttccatctccgaatctgacgctacctgaaaaggtgatacaccatattgggcecactggtgaageacatcagtaatectgaaaac
attcaatgggggagacttttactggatttggaaaaaaatcaggggtttaacggtctatctgecgtagatgttaccagactgattc
aaaatatacccaaagaggaaaaatatcagcatatgtctttgattcatgaaatgatgtttaacagtgggatcagtcctgateggta
cttgacagatttgatgatgactgccttctctgaaaggagctactatgaaccattggttgaggctcttttccaagactatgacatca
atggctgggctccaacagattatacttttggagcattgatcaaagtatattccaagggaaagaagetcgataagatcaataatc
ttctgaatcaaatgaaactaaaataccataaggaacccaataaaaagatatataccatggtcttacaaacctgtatgaagattg
atgattataaaaagacttctgaggtctttgatgccatgaagtttaattctgtcgecactaatccagatacgacggcttatggtteg
atgatattaatgcatgtgctcaatgataatgtggaagcagcattggatctgtatgacaatttaaattggactacgatatgctcca
atccaaattgtcaaaattgaccaccgaaaaagaacaattggaatttgacaagaggaacaactcactagattctcaaacggagc
gtcacctagagtcagtttccaagtcaattacagaaagtttggaaacagaagaggagtatctacaattgaattccaaacttaaag
tcgagctgtccgaattcatgtegetaaggctttcttacttggaccccatttttgaaagtttcattaaagttcagtcaaaaattttcat
ggacatttatgacacattaaagagcggactaccttatgttgattctctatccaaagaggattatcagtccaagatcttggactcta
gaatagataacattctgtcgaaaatggaagcgctgaaccttcaagcttacattgatgattagagcaatgatataaacaacaatt
gagtgacaggtctactttgttctcaaaaggccataaccatctgtttgcatctcttatcaccacaccatectectcatctggecttca
attgtggggaacaactagcatcccaacaccagactaactccacccagatgaaaccagttgtcgcttaccagtcaatgaatgttg
agctaacgttccttgaaactcgaatgatcccagecttgetgegtateateectecgetattecgecgcettgetecaaccatgtttee
gcctttttcgaacaagttcaaatacctatctttggcaggacttttectectgecttttttagectcaggtcteggttagectctaggc
aaattctggtcttcatacctatatcaacttttcatcagatagectttgggttcaaaaaagaactaaagcaggatgectgatatata
aatcccagatgatctgcttttgaaactattttcagtatcttgattcgtttacttacaaacaacggccactagggecgaagttectat
actttctagagaataggaacttcagatctaacatccaaagacgaaaggttgaatgaaacctttttgccatcegacatccacagg
tccattctcacacataagtgccaaacgcaacaggaggggatacactagcagcagaccgttgcaaacgcaggacctecactect
cttctectcaacacccacttttgecatcgaaaaaccageccagttattgggcttgattggagcetegetcattecaattecttctatta
ggctactaacaccatgactttattagectgtctatcctggeccecctggegaggttcatgtttgtttatttccgaatgcaacaaget
ccgcattacacccgaacatcactccagatgagggctttctgagtgtggggtcaaatagtttcatgttccccaaatggeccaaaac
tgacagtttaaacgctgtcttggaacctaatatgacaaaagcegtgatctcatccaagatgaactaagtttggttcgttgaaatge
taacggccagttggtcaaaaagaaacttccaaaagtcggeataccgtttgtettgtttggtattgattgacgaatgctcaaaaat
aatctcattaatgcttagcgcagtctctctategettctgaaccccggtgeacctgtgecgaaacgcaaatggggaaacaccege
tttttggatgattatgcattgtctccacattgtatgettccaagattctggtgggaatactgetgatagectaacgttcatgatcaa
aatttaactgttctaacccctacttgacagcaatatataaacagaaggaagctgecectgtcttaaacctttttttttatcatcattat
tagcttactttcataattgcgactggttccaattgacaagcttttgattttaacgacttttaacgacaacttgagaagatcaaaaa
acaactaattattcgaaacgatgccacaatttgatatattatgtaaaacaccacctaaggtgcttgttcgtcagtttgtggaaag
gtttgaaagaccttcaggtgagaaaatagcattatgtgctgctgaactaacctatttatgttggatgattacacataacggaaca
gcaatcaagagagccacattcatgagctataatactatcataagcaattcgetgagtttcgatattgtcaataaatcactccagt
ttaaatacaagacgcaaaaagcaacaattctggaagcctcattaaagaaattgattectgcettgggaatttacaattattectta

ctatggacaaaaacatcaatctgatatcactgatattgtaagtagtttgcaattacagttcgaatcatcggaagaagcagataa
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gggaaatagccacagtaaaaaaatgcttaaageacttctaagtgagggtgaaageatctgggagatcactgagaaaatacta
aattcgtttgagtatacttcgagatttacaaaaacaaaaactttataccaattcctcttectagetactttcatcaattgtggaaga
ttcagcgatattaagaacgttgatccgaaatcatttaagttagtccaaaataagtatttgggagtaataatccagtgtttagtgac
agagacaaagacaagcgttagtaggcacatatacttctttagcgcaaggggtaggatcgatccacttgtatatttggatgaattt
ttgaggaactctgaaccagtcctaaaacgagtaaataggaccggcaattcttcaagcaataaacaggaataccaattattaaa
agataacttagtcagatcgtacaataaagctttgaagaaaaatgcgecttattcaatctttgctataaaaaatggeccaaaatct
cacattggaagacatttgatgacctcatttctttcaatgaagggcctaacggagttgactaatgttgtgggaaattggagegata
agcgtgcttctgeegtggecaggacaacgtatactcatcagataacageaatacctgatcactacttcgeactagtttcteggta
ctatgcatacgatccaatatcaaaggaaatgatagcattgaaggatgagactaatccaattgaggagtggcagcatatagaac
agctaaagggtagtgctgaaggaagcatacgataccccgeatggaatgggataatatcacaggaggtactagactacctttca
tcctacataaatagacgcatataagttttagecttagacatgactgttectcagttcaagttgggceacttacgagaagaccggtct
tgctagattctaatcaagaggatgtcagaatgccatttgcctgagagatgcaggcttcatttttgatacttttttatttgtaacctat
atagtataggattttttttgtcattttgtttcttctcgtacgagettgetectgatcagectatcetecgeagetgatgaatatcttgtggt
aggggtttgggaaaatcattcgagtttgatgtttttcttggtatttcccactectcttcagagtacagaagattaagtgagaccttc
gtttgtgcggaacggaacgtatcttagcatggttgtgcgacagattcactgtgaaagactgttcattatacccacgtttcactggg
agatgtaagccttaggtgttttaccctgattagataatacaataaccaacagaaatacgagaatctaaactaatttcgatgattc
atttttctttttaccgegcetgectcttttggeaattctttcacctatattctaccttctetttecttttgttctaaacttattaccagcetag
tgttgttactttatacttccggctcgtataatacgacaaggtgtaaggaggactaaaccatggctaaactcacctcetgcetgtteca
gtcctgactgctegtgatgttgcetggtgctgttgagttctggactgataggeteggtttcteccgtgacttegtagaggacgacttt
gceggtgttgtacgtgacgacgttaccctgttcatctccgeagttcaggaccaggttgtgecagacaacactctggeatgggtat
gggttcgtggtctggacgaactgtacgetgagtggtctgaggtegtgtctaccaacttecgtgatgeatetggtecagetatgacc
gagatcggtgaacagccctggggtegtgagtttgcactgegtgatccagetggtaactgegtgeatttcgtcgeagaagageag
gactaatatactgagtttgttaatgatacaataaactgttatagtacatacaattgaaactctcttatctatactgggggaccttct
cgcagaatggtataaatatctactaactgactgtcgtacggectaggggtctcticttegattatttgecaggtcggaacatccttc
gtctgatgcggatctcctgagacaaagttcacgggtatctagtattctatcagcataaatggaggacctttctaaactaaactttg
aatcgtctccagcageatcctegeattggtaccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatecttt
ttttctgcgegtaatctgetgettgcaaacaaaaaaaccaccgctaccageggtggtttgtttgecggatcaagagcetaccaact
ctttttccgaaggtaactggcttcagcagagegeagataccaaatactgttcttctagtgtagecgtagttaggecaccacttcaa
gaactctgtagcaccgcctacatacctcgetetgetaatectgttaccagtggetgetgecagtggegataagtegtgtcttaceg
ggttggactcaagacgatagttaccggataaggcgcageggtegggctgaacggggggttcgtgcacacageccagettggag
cgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagegecacgcttcccgaagggagaaaggeggac
aggtatccggtaagcggeagggtcggaacaggagagegeacgagggagcttccagggggaaacgectggtatctttatagtc
ctgtcgggtttcgecacctctgacttgagegtegatttttgtgatgetegtcaggggggcggagectatggaaaaacgecageaa

cgcggectttttacggttectggecttttgetggecttttgetcacatgt

pPpKC1_DAS2 gaagttcctatactttctagagaataggaacttcggccgatcaggecgtagattiggecactaacgggttagtagttgtgtaagt
ctattaaatttgatttttgtttatggatgatcatcgtagtggctatctgtttacctgtaggacatcctagggtgggatggtgatgtac
accccctcaatcttcagatgcaacactatgtggtaggtcattgacataaggtttaggaaagacctgttttttgaccaataaatgg

aacaggaaggaaaggaggaaccagtttacgaaccccgtcggacatacaaaaccaaaaaatgagagcatgtagetectcttga
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tggctttgcaggaaacactgctgeactcagaaatggcaacgeccggatattgaagggacgaagattgtgggggagaaacctgt
cactgcagatatgaggagtttgatttataggaaacatttttcaatgtgggtgaatcctctgegacctacatactatgtgeataata
cgtgcataaaaagacaacaagataaatatagtaaaatatggggtaatagagagggctcaaccgaacgttagtggtaggattg
gggaaacagtattggagagagtggaatagatacacagctagtgttggattgtatagtagtttegtgtttataggtegetgattct
agtactgcgtacagctgaagagagaaaaaaaaatctgaaaactggggtaaagaactccttaaaaatttttcatatgtatgatg
aaagactgctgcaggagacgttcacacttgaaaaatttgatcgaagegagctacaagtccatatcgtgttggaacagaatctgg
aggtgtaaacaccgtcattccctaatctaagtttctgtccagecegtttagaaagttcctcttcgtcaataaagtttaactttgaacg
tgagagttgagctaatcggaaatactcccgagagcacacccgageagtgaageggggcatcatcaaaagaattaaggggtgc
tgggtgcggattgcgegcagtagetggcatcaatgccaaacgtagaactcatacattctectatcagaatcatacgacatcgag
agatacaccagccagcaccacttgaacactcccaatgagggtgeggtggtgggggaataagcagaactgtagatttaaatcaa
actcttcatccagactctcatcaagatggtttgtcttcataaggacctgegttccagetctattgacggcetttcttgaaccctgacc
aggacataatgatatttgagggtgttagttacttcgtctccagagtagcttatagggagaaaaaccgagacaacgatggaactc
ccatgtagattccaccgccccaattactgttttgggeaatectgttgataagacgceattctagagttgtttcatgaaagggttacg
ggtgttgattggtttgagatatgccagaggacagatcaatctgtggtttgctaaactggaagtctggtaaggactctageaagtc
cgttactcaaaaagtcataccaagtaagattacgtaacacctgggcatgactttctaagttagcaagtcaccaagagggtccta
tttaacgtttggcggtatctgaaacacaagacttgectatcccatagtacatcatattacctgtcaagetatgetaccccacagaa
ataccccaaaagttgaagtgaaaaaatgaaaattactggtaacttcaccccataacaaacttaataatttctgtagecaatgaa
agtaaaccccattcaatgttccgagatttagtatacttgeccctataagaaacgaaggatttcagcettecttaccccatgaacag
aaatcttccatttaccccccactggagagatccgeccaaacgaacagataatagaaaaaagaaattcggacaaatagaacac
tttctcagccaattaaagtcattccatgcactcectttagetgecgttecateectttgttgagcaacaccategttagecagtacg
aaagaggaaacttaaccgataccttggagaaatctaaggcgcgaatgagtitagectagatatcecttagtgaagggttgttecg
atacttctccacattcagtcatagatgggcagctttgttatcatgaagagacggaaacgggcattaagggttaaccgccaaatta
tataaagacaacatgtccccagtttaaagtttttctttectattcettgtatcctgagtgaccgtigtgtttaatataacaagttegttt
taacttaagaccaaaaccagttacaacaaattataacccctctaaacactaaagttcactcttatcaaactatcaaacatcaaa
aggccactagggcecgaagttcctatactttctagagaataggaacttcagatctaacatccaaagacgaaaggttgaatgaaa
cctttttgccatccgacatccacaggtccattctcacacataagtgecaaacgcaacaggaggggatacactageageagaccg
ttgcaaacgcaggacctccactcctcttctectcaacacccacttttgecatcgaaaaaccageccagttattgggettgattgga
gctcgctcattccaattecttctattaggcetactaacaccatgactttattagectgtctatectggeccecctggegaggttcatgt
ttgtttatttccgaatgcaacaagctcegeattacacccgaacatcactccagatgagggctttctgagtgtggggtcaaatagtt
tcatgttccccaaatggeccaaaactgacagtttaaacgetgtcttggaacctaatatgacaaaagegtgatctcatccaagatg
aactaagtttggttcgttgaaatgctaacggecagttggtcaaaaagaaacttccaaaagteggeataccgtttgtcttgtttggt
attgattgacgaatgctcaaaaataatctcattaatgcttagegcagtctctctategettctgaaccecggtgeacctgtgecga
aacgcaaatggggaaacacccgctttttggatgattatgcattgtctccacattgtatgettccaagattctggtgggaatactge
tgatagcctaacgttcatgatcaaaatttaactgttctaacccctacttgacagcaatatataaacagaaggaagcetgeectgtc
ttaaacctttttttttatcatcattattagcttactttcataattgcgactggttccaattgacaagcttttgattttaacgacttttaa
cgacaacttgagaagatcaaaaaacaactaattattcgaaacgatgccacaatttgatatattatgtaaaacaccacctaaggt
gcttgttegtcagtttgtggaaaggtttgaaagaccttcaggtgagaaaatagceattatgtgetgetgaactaacctatttatgtt

ggatgattacacataacggaacagcaatcaagagagccacattcatgagctataatactatcataagcaattcgetgagttteg
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atattgtcaataaatcactccagtttaaatacaagacgcaaaaagcaacaattctggaagcctcattaaagaaattgattectg

cttgggaatttacaattattccttactatggacaaaaacatcaatctgatatcactgatattgtaagtagtttgcaattacagttcg
aatcatcggaagaagcagataagggaaatagccacagtaaaaaaatgcttaaagcacttctaagtgagggtgaaageatcetg
ggagatcactgagaaaatactaaattcgtttgagtatacttcgagatttacaaaaacaaaaactttataccaattcctcttccta

gctactttcatcaattgtggaagattcagcgatattaagaacgttgatccgaaatcatttaagttagtccaaaataagtatttggg
agtaataatccagtgtttagtgacagagacaaagacaagcgttagtaggcacatatacttctttagcgcaaggggtaggatcga
tccacttgtatatttggatgaatttttgaggaactctgaaccagtcctaaaacgagtaaataggaccggceaattcttcaagcaat

aaacaggaataccaattattaaaagataacttagtcagatcgtacaataaagctttgaagaaaaatgegcecttattcaatctttg
ctataaaaaatggcccaaaatctcacattggaagacatttgatgacctcatttctttcaatgaagggcectaacggagttgactaa
tgttgtgggaaattggagcgataagegtgcttctgecgtggecaggacaacgtatactcatcagataacageaatacctgatca

ctacttcgcactagtttctcggtactatgcatacgatccaatatcaaaggaaatgatagcattgaaggatgagactaatccaatt
gaggagtggcagcatatagaacagctaaagggtagtgctgaaggaagcatacgataccccgeatggaatgggataatatcac
aggaggtactagactacctttcatcctacataaatagacgcatataagttttagcecttagacatgactgttcctcagttcaagttg
ggcacttacgagaagaccggtcttgctagattctaatcaagaggatgtcagaatgecatttgectgagagatgeaggetteattt
ttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtticttctcgtacgagettgetectgatcagectatct
cgcagctgatgaatatcttgtggtaggggtttgggaaaatcattcgagtttgatgtttttcttggtatttcccactectcttcagagt
acagaagattaagtgagaccttcgtttgtgcggaacggaacgtatcttagcatggttgtgegacagattcactgtgaaagactgt
tcattatacccacgtttcactgggagatgtaagecttaggtgttttaccctgattagataatacaataaccaacagaaatacgag
aatctaaactaatttcgatgattcatttttctttttaccgegetgectcttttggeaattctttcacctatattctaccttctctttecttt
tgttctaaacttattaccagctagtgttgttactttatacttccggetcgtataatacgacaaggtgtaaggaggactaaaccatg

gctaaactcacctctgetgttccagtectgactgetegtgatgttgetggtgetgttgagttctggactgataggeteggtttctecc
gtgacttcgtagaggacgactttgccggtgttgtacgtgacgacgttaccctgttcatctccgeagttcaggaccaggttgtgeca
gacaacactctggcatgggtatgggttcgtggtctggacgaactgtacgetgagtggtctgaggtegtgtctaccaacttecgtg

atgcatctggtccagctatgaccgagatcggtgaacageectggggtegtgagtttgeactgegtgatecagetggtaactgegt
gcatttcgtcgcagaagagcaggactaatatactgagtttgttaatgatacaataaactgttatagtacatacaattgaaactct

cttatctatactgggggaccttctcgcagaatggtataaatatctactaactgactgtcgtacggectaggggtctcttcttegatt
atttgcaggtcggaacatccttcgtctgatgeggatctectgagacaaagttcacgggtatctagtattctatcageataaatgga
ggacctttctaaactaaactttgaatcgtctccagcageatectcgeattggtaccactgagegtcagaccccgtagaaaagatc
aaaggatcttcttgagatcctttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccgctaccageggtggtttgtttg
ccggatcaagagctaccaactctttttccgaaggtaactggettcagcagagegeagataccaaatactgttcttctagtgtage

cgtagttaggccaccacttcaagaactctgtagcaccgectacatacctegetetgetaatectgttaccagtggetgetgecagt
ggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggegeageggtcgggcetgaacgggggsttc

gtgcacacagcccagcettggagegaacgacctacaccgaactgagatacctacagegtgagctatgagaaagegecacgcttc
ccgaagggagaaaggeggacaggtatccggtaageggeagggtcggaacaggagagegeacgagggagcettccaggggga
aacgcctggtatctttatagtcctgtcgggtttegecacctetgacttgagegtegatttttgtgatgcetegtcaggggggcggage

ctatggaaaaacgccagcaacgeggcctttttacggttectggecttttgetggecttttgetcacatgt

pPpKC1_DAS1& | gaagttcctatactttctagagaataggaacttcggccgatcaggecgtgacgagttagtaaagaactggaaaaagttagttga

2 tagctatgtcaaagagtaccctcgtgagggacaagagttcctttctcgtgttagaggtgagcttccaaagaactggagaacttac
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attcctcaagacaagcctaccgaaccaaccgccaccagaacctctgctagagaaattgttagggeccttggaaagaaccttect
caagttattgccggttccggtgacttatctgtctcaattcttttgaactgggacggagtgaagtacttcttcaaccctaagttacag
actttctgtggattaggtggtgactactctggtagatatattgagtttggtatcagagaacactctatgtgtgctattgecaacggt
ttggctgcatacaacaagggtactttcttgectattacctctaccttctacatgttctacctgtatgcageacctgecttgegtatgg
ctgctcttcaagagttgaaagcgattcacattgctacacacgactctattggagetggtgaagatggtccaacccaccagectat
tgctttgtcttcattattcagagctatgeccaacttctactacatgagaccagecgatgcetaccgaagttgeagetctgtttgaagt
ggctgttgagcttgaacactccacattgctttctctgtccagacacgaggttgaccaatacccaggtaagacttctgeccaagga
gccaaaagaggtggttacgttgttgaagactgcgaaggaaagecagatgtgcaactgatcggaactggttccgagttggaatt
cgctattaagactgctcgtttgctaagacaacagaagggatggaaggtcagagttctgtcattcccatgtcagagattgtttgac
gagcagtctattacttacagacgttccgtccttagaagaggagaagttccaactgtcgttgttgaggectatgtegeatacggat
gggagagatacgecactgcetggttacaccatgaacaccttcggtaagtctcttectgtigaggatgtctacaaatacttcggata
cactcctgagaagattggtgagagagtggttcaatatgtcaactctatcaaggctagtcctcaaatectttacgaattccacgac
ttgaagggaaaaccaaagcatgacaagttgtaaacgggaagtctttacagttttagttaggageecttatatatgacagtaatg
ctagtacgttttgttttgtttaattaataacttagtttatgttagcctagtatagactccatcaatttaaatctacttatagtttgtcgt
gctttggttttcccttcaaatcggtgaattcgtaaaggatttgaggactagecttaatagagttgacgtatgecageaaccttctca
ccaatcttctcaggagtgtatccgaagtatttgtagacatcctcaacaggaagagacttaccaaaggtgttcatggtgtaaccag
cagtggcgtatctctcecatecgtatgegacataggectcaacaacgacagttggaacctctectcttctaaggacagaacgtct
gtatgccagggattgttggtcaaacagtctctgacatgggaatgacagaactctgaccttccateccttctgttgtcttagecaaac
gagcagttttgacggcaaactccaattcggaaccagcaccaattaattggacgtctggcttacectcacagtcttcaacgacgta
accacctcttttggctccctcagecgaagtcttacctgggtattgetcaacctegtgtctggacagagagaacaaggtggagtgc
tcgagctcaacagctacttcaaacagagctgcaaccteggtageateggetggtctaatgtagtagaagttgggeatagetctg
aataatgaagacaaagcaataggctggtgegttggaccatcttcaccagetccgatggagtegtgtgtageaatgtgaattgcet
ttcaactcttgaagtgcagcecatacgcaaggceaggtgctgeatacaggtagaacatgtagaaagtigaggtaataggcaagaa
agtacccttgttgtatgcagccaaaccattggcaatagcacacatagagtgttctctgataccaaactcaatatatctaccagag
tagtcaccacccaatccacagaaagtttgtaacttagggttgaagaagtacttaactcctecccagttcaaaagaatggacacg
gacaagtcaccagaaccagcaataacctgaggaaggttttgtcccagagatctaacaatttctctagcagaggttctggtagea
gttggcteggttggttigtcctgtggaatgaaactcttccagttctttggaagttcacctctaatacgggectttaattectcacctt
cttgaggatagttcttaacgtactcatccaaaagtttcttccagttagcaactagttgatcacccteggetggtttttcagcaaaga
aatcatagacctcctgtgggaaccagaactttctagcgacatcgaaaccgtacttggecttcaacteceggataccttectcacc
aagagcagaaccgtgagcagegggccactagggecgaagttcctatactttctagagaataggaacttcagatctaacatcca
aagacgaaaggttgaatgaaacctttttgccatccgacatccacaggtcecattctcacacataagtgccaaacgcaacaggag
gggatacactagcagcagaccgttgcaaacgcaggacctccactectcttctectcaacacccacttttgecatcgaaaaacca
gcccagttattgggcttgattggagcetcegcetcattecaattecttctattaggetactaacaccatgactttattagectgtctatec
tggcecccctggegaggttcatgtitgtttatttccgaatgeaacaageteegeattacaccecgaacatcactccagatgaggget
ttctgagtgtggggtcaaatagtttcatgttccccaaatggeccaaaactgacagtttaaacgcetgtettggaacctaatatgaca
aaagcgtgatctcatccaagatgaactaagtttggttcgttgaaatgctaacggecagttggtcaaaaagaaacttccaaaagt
cggcataccgtttgtcttgtttggtattgattgacgaatgctcaaaaataatctcattaatgettagegeagtctctctategettct

gaaccccggtgcacctgtgecgaaacgcaaatggggaaacacccgctttttggatgattatgeattgtctecacattgtatgette
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caagattctggtgggaatactgctgatagcectaacgttcatgatcaaaatttaactgttctaacccctacttgacagcaatatata
aacagaaggaagctgccctgtcttaaacctttttttttatcatcattattagettactttcataattgegactggttccaattgacaa
gcttttgattttaacgacttttaacgacaacttgagaagatcaaaaaacaactaattattcgaaacgatgccacaatttgatatat
tatgtaaaacaccacctaaggtgcttgttcgtcagtttgtggaaaggtttgaaagaccttcaggtgagaaaatagceattatgtgc
tgctgaactaacctatttatgttggatgattacacataacggaacagcaatcaagagagccacattcatgagctataatactatc
ataagcaattcgctgagtttcgatattgtcaataaatcactccagtttaaatacaagacgcaaaaagcaacaattctggaagec
tcattaaagaaattgattcctgcttgggaatttacaattattccttactatggacaaaaacatcaatctgatatcactgatattgta
agtagtttgcaattacagttcgaatcatcggaagaagcagataagggaaatagccacagtaaaaaaatgcttaaageacttct
aagtgagggtgaaagcatctgggagatcactgagaaaatactaaattcgtttgagtatacttcgagatttacaaaaacaaaaa
ctttataccaattcctcttectagctactttcatcaattgtggaagattcagegatattaagaacgttgatccgaaatcatttaagtt
agtccaaaataagtatttgggagtaataatccagtgtttagtgacagagacaaagacaagegttagtaggcacatatacttcttt
agcgcaaggggtaggatcgatccacttgtatatttggatgaatttttgaggaactctgaaccagtcctaaaacgagtaaatagg
accggcaattcttcaagcaataaacaggaataccaattattaaaagataacttagtcagatcgtacaataaagctttgaagaa
aaatgcgccttattcaatctttgctataaaaaatggceccaaaatctcacattggaagacatttgatgacctceatttctttcaatga
agggcctaacggagttgactaatgttgtgggaaattggagegataagegtgcttctgecgtggecaggacaacgtatactcatc
agataacagcaatacctgatcactacttcgcactagtttctcggtactatgcatacgatccaatatcaaaggaaatgatageatt
gaaggatgagactaatccaattgaggagtggcagcatatagaacagctaaagggtagtgctgaaggaageatacgatacccc
gcatggaatgggataatatcacaggaggtactagactacctttcatcctacataaatagacgcatataagttttagecttagaca
tgactgttcctcagttcaagttgggcacttacgagaagaccggtcttgetagattctaatcaagaggatgtcagaatgecatttge
ctgagagatgcaggcttcatttttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtttcttctcgtacga
gcttgetectgatcagectatctegeagetgatgaatatcttgtggtaggggtttgggaaaatcattegagtttgatgtttttcttgg
tatttcccactcctcttcagagtacagaagattaagtgagaccttegtttgtgeggaacggaacgtatcttageatggttgtgcga
cagattcactgtgaaagactgttcattatacccacgtttcactgggagatgtaagccttaggtgttttaccctgattagataatac
aataaccaacagaaatacgagaatctaaactaatttcgatgattcatttttctttttaccgegetgectcttttggeaattctttcac
ctatattctaccttctctttecttttgttctaaacttattaccagctagtgttgttactttatacttccggetcgtataatacgacaagg
tgtaaggaggactaaaccatggctaaactcacctctgetgttccagtectgactgetegtgatgttgetggtgcetgttgagttctg
gactgataggctcggtttctccegtgacttcgtagaggacgactttgecggtgttgtacgtgacgacgttacectgtteatctecge
agttcaggaccaggttgtgccagacaacactctggcatgggtatgggttegtggtctggacgaactgtacgetgagtggtctga
ggtcgtgtctaccaacttccgtgatgeatctggtccagetatgaccgagatcggtgaacageectggggtegtgagtttgeactg
cgtgatccagctggtaactgegtgceatttcgtcgcagaagagcaggactaatatactgagtttgttaatgatacaataaactgtt
atagtacatacaattgaaactctcttatctatactgggggaccttctcgcagaatggtataaatatctactaactgactgtcgtac
ggcctaggggtctcttcttegattatttgcaggtcggaacatecttegtetgatgeggatctectgagacaaagttcacgggtatct
agtattctatcagcataaatggaggacctttctaaactaaactttgaatcgtctccagcageatectegeattggtaccactgage
gtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatctgetgettgcaaacaaaaaaacca
ccgctaccageggtggtttgtttgecggatcaagagetaccaactctttttccgaaggtaactggettcagcagagegeagatac
caaatactgttcttctagtgtagccgtagttaggecaccacttcaagaactctgtagcaccgectacatacctegetetgetaate
ctgttaccagtggctgetgecagtggegataagtegtgtcttaccgggttggactcaagacgatagttaccggataaggegceag

cggtcgggctgaacggggggttcgtgcacacageccagettggagegaacgacctacaccgaactgagatacctacagegtg
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agctatgagaaagcgccacgcttcccgaagggagaaaggeggacaggtatecggtaageggeagggteggaacaggagage
gcacgagggagcttccagggggaaacgcectggtatctttatagtectgtcgggtttcgecacctetgacttgagegtegatttttg
tgatgctcgtcaggggggcggagectatggaaaaacgecageaacgeggcectttttacggttectggecttttgetggecttttge

tcacatgt

pPpKC1_DAS1& | gaagttcctatactttctagagaataggaacttcggccgatcaggecacgggaagtctttacagttttagttaggageccttatat
2_clean atgacagtaatgctagtacgttttgttttgtttaattaataacttagtttatgttagcctagtatagactccatcaattttttttgttat
tacgtaagccgcgatgataatatctgatgaaaaattcctatcagaaaataatttatcaaaagtttcatgegatatgagactaagt
agaatagggactcccaaagtgtcagtcacaagggtcattcecgttcgtaatgtggtgatagegaggagaaaacctgtcagage
aagtaacaccgacgcaaagacatggctaatgaaagaagagcagagaagaataagacagaaggagcaggagatgaaacaa
aggctagaggaactagaaaggttcaaaacaaaagtacagaaatcatatataaggaaagaggataggcatttggcacaagag
atagaaaaggatcttgacataatcactgatgattacaatttggacagcgatgtagacctggtctttggagaactcatgcaagea
gaagagcagcccaaatcgttgaagagtttaccaggagcecagtgatgcaagtgataacacagataaatcggtggaactgttttc
ctttccatctccgaatctgacgctacctgaaaaggtgatacaccatattgggecactggtgaageacatcagtaatectgaaaac
attcaatgggggagacttttactggatttggaaaaaaatcaggggtttaacggtctatctgecgtagatgttaccagactgattc
aaaatatacccaaagaggaaaaatatcagcatatgtctttgattcatgaaatgatgtttaacagtgggatcagtectgateggta
cttgacagatttgatgatgactgccttctctgaaaggagctactatgaaccattggttgaggcetcttttccaagactatgacatca
atggctgggctccaacagattatacttttggagcattgatcaaagtatattccaagggaaagaagctcgataagatcaataatc
ttctgaatcaaatgaaactaaaataccataaggaacccaataaaaagatatataccatggtcttacaaacctgtatgaagattg
atgattataaaaagacttctgaggtctttgatgccatgaagtttaattctgtcgecactaatccagatacgacggettatggtteg
atgatattaatgcatgtgctcaatgataatgtggaagcagcattggatctgtatgacaatttaaatctacagttctgcttatteecc
caccaccgcaccctcattgggagtgttcaagtggtgctggetggtgtatctctegatgtegtatgattctgataggagaatgtatg
agttctacgtttggcattgatgccagcetactgegegeaatecgeacccageaccecttaattettttgatgatgececgetteactg
ctcgggtgtgctctcgggagtatttccgattagetcaactctcacgttcaaagttaaactttattgacgaagaggaactttctaaa
cggctggacagaaacttagattagggaatgacggtgtttacacctccagattctgttccaacacgatatggacttgtageteget
tcgatcaaatttttcaagtgtgaacgtctcctgcageagtctttcatcatacatatgaaaaatttttaaggagttctttaccccagtt
ttcagatttttttttctctcttcagetgtacgecagtactagaatcagegacctataaacacgaaactactatacaatccaacacta
gctgtgtatctattecactctctccaatactgtttccccaatectaccactaacgtteggttgagecctetctattaccecatatttta
ctatatttatcttgttgtctttttatgcacgtattatgcacatagtatgtaggtcgcagaggattcacccacattgaaaaatgtttcc
tataaatcaaactcctcatatctgcagtgacaggtttctcccccacaatcettegteccttcaatatcegggegttgecatttctgag
tgcagcagtgtttcctgcaaagecatcaagaggagcetacatgcetcteattttttggttttgtatgtccgacggggttegtaaactgg
ttcctectttecttectgttccatttattggtcaaaaaacaggtctttcctaaaccttatgtcaatgacctaccacatagtgttgeate
tgaagattgagggggtgtacatcaccatcccaccctaggatgtcctacaggtaaacagatagecactacgatgatcatecataa
acaaaaatcaaatttaatagacttacacaactactaacccgttagtggccaaatctacggecactagggecgaagttectatac
tttctagagaataggaacttcagatctaacatccaaagacgaaaggttgaatgaaacctttttgccatccgacatccacaggtec
attctcacacataagtgccaaacgcaacaggaggggatacactagcagcagaccgtigcaaacgcaggacctecactectctt
ctcctcaacacccacttttgecatcgaaaaaccageccagttattgggcettgattggagetegcetcattecaattecttctattagg
ctactaacaccatgactttattagcctgtctatcctggececcctggegaggttcatgtttgtttatttccgaatgecaacaagetec

gcattacacccgaacatcactccagatgagggctttctgagtgtggggtcaaatagtttcatgttccccaaatggeccaaaactg
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acagtttaaacgctgtcttggaacctaatatgacaaaagcegtgatctcatccaagatgaactaagtttggttcgttgaaatgcta

acggccagttggtcaaaaagaaacttccaaaagtcggeataccgtttgtcttgtttggtattgattgacgaatgctcaaaaataa
tctcattaatgcttagegcagtctctctategettetgaaccceggtgeacctgtgecgaaacgcaaatggggaaacaccegettt
ttggatgattatgcattgtctccacattgtatgcttccaagattctggtgggaatactgetgatagectaacgttcatgatcaaaat
ttaactgttctaacccctacttgacagcaatatataaacagaaggaagctgeectgtcttaaacctttttttttatcatcattattag
cttactttcataattgcgactggttccaattgacaagcttttgattttaacgacttttaacgacaacttgagaagatcaaaaaaca

actaattattcgaaacgatgccacaatttgatatattatgtaaaacaccacctaaggtgcttgttcgtcagttigtggaaaggttt

gaaagaccttcaggtgagaaaatagcattatgtgctgctgaactaacctatttatgttggatgattacacataacggaacagcea

atcaagagagccacattcatgagctataatactatcataagcaattcgctgagtttcgatattgtcaataaatcactccagtttaa
atacaagacgcaaaaagcaacaattctggaagcctcattaaagaaattgattcctgettgggaatttacaattattecttactat

ggacaaaaacatcaatctgatatcactgatattgtaagtagtttgcaattacagttcgaatcatcggaagaagcagataaggga
aatagccacagtaaaaaaatgcttaaagcacttctaagtgagggtgaaagcatctgggagatcactgagaaaatactaaattc
gtttgagtatacttcgagatttacaaaaacaaaaactttataccaattcctcttcctagetactttcatcaattgtggaagattcag
cgatattaagaacgttgatccgaaatcatttaagttagtccaaaataagtatttgggagtaataatccagtgtttagtgacagag
acaaagacaagcgttagtaggcacatatacttctttagcgcaaggggtaggatcgatccacttgtatatttggatgaatttttga

ggaactctgaaccagtcctaaaacgagtaaataggaccggcaattcttcaagcaataaacaggaataccaattattaaaagat
aacttagtcagatcgtacaataaagctttgaagaaaaatgcgecttattcaatctttgctataaaaaatggceccaaaatctcaca
ttggaagacatttgatgacctcatttctttcaatgaagggcctaacggagttgactaatgttgtgggaaattggagegataageg
tgcttctgecgtggecaggacaacgtatactcatcagataacagcaatacctgatcactacttcgeactagtttctcggtactatg
catacgatccaatatcaaaggaaatgatagcattgaaggatgagactaatccaattgaggagtggcagcatatagaacagcta
aagggtagtgctgaaggaagcatacgataccccgeatggaatgggataatatcacaggaggtactagactacctttcatecta

cataaatagacgcatataagttttagccttagacatgactgttcctcagttcaagttgggcacttacgagaagaccggtcttgcta
gattctaatcaagaggatgtcagaatgccatttgcctgagagatgeaggcttcatttttgatacttttttatttgtaacctatatagt
ataggattttttttgtcattttgtttcttctcgtacgagcettgetectgatcagectatctegeagetgatgaatatcetigtggtaggg

gtttgggaaaatcattcgagtttgatgtttttcttggtatttcccactectcttcagagtacagaagattaagtgagaccttegtttg
tgcggaacggaacgtatcttagcatggttgtgegacagattcactgtgaaagactgttcattatacccacgtttcactgggagat

gtaagccttaggtgttttaccctgattagataatacaataaccaacagaaatacgagaatctaaactaatttcgatgattcatttt
tctttttaccgegetgectcttttggeaattctttcacctatattctaccttctetttecttttgttctaaacttattaccagcetagtgttg
ttactttatacttccggctcgtataatacgacaaggtgtaaggaggactaaaccatggctaaactcacctctgetgttecagtect
gactgctcgtgatgttgctggtgcetgttgagttctggactgataggeteggtttctecegtgacttcgtagaggacgactttgeegg
tgttgtacgtgacgacgttaccctgttcatctccgeagttcaggaccaggttgtgecagacaacactctggeatgggtatgggttc
gtggtctggacgaactgtacgctgagtggtctgaggtegtgtctaccaactteegtgatgeatetggtccagetatgaccgagat

cggtgaacagcectggggtegtgagtttgeactgegtgatccagetggtaactgegtgcatttcgtcgcagaagageaggacta

atatactgagtttgttaatgatacaataaactgttatagtacatacaattgaaactctcttatctatactgggggaccttctcgcag
aatggtataaatatctactaactgactgtcgtacggcctaggggtctcttcttcgattatttgcaggtcggaacatecttegtetga
tgcggatctcctgagacaaagttcacgggtatctagtattctatcagcataaatggaggacctttctaaactaaactttgaatcgt
ctccagcagcatcctegeattggtaccactgagegtcagaccecgtagaaaagatcaaaggatcttcttgagatectttttttctg

cgcgtaatctgetgcttgcaaacaaaaaaaccaccgctaccageggtggtttgtttgecggatcaagagetaccaactcttttte
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cgaaggtaactggcttcagcagagcegcagataccaaatactgttcttctagtgtagecgtagttaggecaccacttcaagaactc
tgtagcaccgcctacatacctegetctgetaatectgttaccagtggetgetgecagtggegataagtegtgtcttaccgggttgg
actcaagacgatagttaccggataaggcegcageggtcgggctgaacggggggttcgtgcacacageccagettggagegaac
gacctacaccgaactgagatacctacagcgtgagctatgagaaagcegecacgettcccgaagggagaaaggeggacaggtat
ccggtaagcggcagggtcggaacaggagagegeacgagggagettccagggggaaacgectggtatctttatagtectgtegg
gtttcgccacctetgacttgagegtegatttttgtgatgetcgtcaggggggeggagectatggaaaaacgccageaacgeggc

ctttttacggttcctggecttttgetggecttttgetcacatgt

pPpKC1_TKL1 gaagttcctatactttctagagaataggaacttcggccgatcaggectttgtgegectttaggtagttagttaattagtaagttcat
agtgcgggaagaataggctgtcttagaatgetcgacaaagttaccaggattgegaggattatttattggagtgaatacttgtaat
ttattttgcttecttcttactctectcttecttegactcattatttgecaccctcaaagatggececgatatecgttgegtttgtatgtct
aggaaacatttgccgaagcceccatggetgaggeggtgttcacccacttagtcaaagaaaaaggactcgactctaagttcaaaa

agattgactcctttggaacttcaggataccatatcgacgatactcctgatcaccgttccgtggegtgttgcaagaaacatggagtt
cctgtgaaccatagaggtcagcagatctcgecggacgacttctaccactttgactacatactggecatggatgaatcaaatctct
ccaatctcaaacgcatacagcccaaagactccaatgecgtagtcaggetctttggagactacagaacggacaagtccttecaca
ggattgtggaggatccttactacggegggtcttctggatttgagagaaatttcaaacagattacgcatttcagtgaagaattctta
aacaaagagttatagattatagattatcaacttttcaaagatacaacgtttccaacttgtccttctcaaaagtaaaategtcttttc
tcctgggaagecatgtctectggtaatcaaagtatttccagttgetcttttgttgaacgtgctcttcaataggeggaggagtttgat
tagcttcgtcattattgagcaggaaccaggtcttgagetctttgtggtacttccagecccttctatgecaactecttcgecgtattaat
ttgtaggaaactgcctgagttgtcgaataccttatgttcatcagetgeattctegtagetgtgataatagaaacagtagaataaa

gtctccaaatcaaagttctgtaaaatctttgecgagttcataatctccaacaaaggttcctgagggaacgaaatatgggtagggt
gtggttgtctagggatatacatgtttggcacatctgcatcaaatgagtctggacaatttaaatatgeattcaactttgatattgtgt
atcgacacttcttgacgtagtatgtcactcaatgatcgcaatgcetgecttcattggggceatactgaccgtatccaatgaacgaata
gaatgccagtacagatgaaaaaaacaccaagtgecttttgtagggcttttctacctttgtcattaccttgagegcaacatgtgag

aagtacaacgctgtcttgtaattgatatcgattccactgctcagagtcttttcatcaagcetctaagaaaagtceggggatggagg

agccagcgcaacagaaaactatgtcgggactaaaaccaacttectctaaaacacgctcacactggtcatatttggagatatcetg
ctgccacgtaagaaattgtgttgeecttcteggteccgtgaatatcaatagegtectttactacctgetttagtaaggattetgttct
agccacaatcacaacggaacatccttttccatacaaaagtttagcaaactcggctccaacaccctgggatgeacccgtaataat
tgcctttttgttggtgacatcaaaattatcaaacattccagttccctctacactttgtatgagaatgatagcetgaaattgtgeacca

gatgttagaagataaggtcgtgtcatgaactaatatcatgaattccgagggtggctcaacaactattcacgtgacttggacgttg
gaagttgaggtggttggtggatgttgcacggagtatcatttgtaagcatgaaatcagtctaaaaaacttgcagaatagecagagce
ggttcggaaattcattcaaaaccacctcctcagattggatctgecctactcetgtttagetctgggagattttcteggtegtgttettt

cgctggtctacccacgctataggaategetgtgaacgcetaccttetteccaacttcteggtgactattataagecatteccactttg

ttttcaagcaccaacaacccacceccaccttatctactccatettgggtgtcceccgegectgttgecaaagteecgaaccatagaacc
cccgacctttgtcccactaaccctcagacacccctcggaagtcagggagaaaccactccgaagtacattaatcateectegtatt
ctcgacggtgcccattttctttataaaaagggagacacaggttgettcactaactctagacttgtattctacatccactctacaca

ggccactagggecgaagttectatactttctagagaataggaacttcagatctaacatccaaagacgaaaggttgaatgaaac

ctttttgccatccgacatccacaggtccattctcacacataagtgccaaacgcaacaggaggggatacactageageagaccgt

tgcaaacgcaggacctccactcctcttctectcaacacccacttttgecatcgaaaaaccageccagttattgggettgattggag
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ctcgctcattccaattecttctattaggctactaacaccatgactttattagectgtctatectggeccecctggegaggttcatgtt
tgtttatttccgaatgcaacaagctecgeattacacccgaacatcactccagatgagggctttctgagtgtggggtcaaatagttt
catgttccccaaatggceccaaaactgacagtttaaacgetgtctiggaacctaatatgacaaaagcegtgatctcatccaagatg
aactaagtttggttcgttgaaatgctaacggecagttggtcaaaaagaaacttccaaaagteggeataccgtttgtcttgtttggt
attgattgacgaatgctcaaaaataatctcattaatgcttagegcagtctctctategettctgaaccecggtgeacctgtgecga
aacgcaaatggggaaacacccgctttttggatgattatgeattgtctccacattgtatgettccaagattetggtgggaatactge
tgatagcctaacgttcatgatcaaaatttaactgttctaacccctacttgacagcaatatataaacagaaggaagcetgeectgtc
ttaaacctttttttttatcatcattattagcttactttcataattgcgactggttccaattgacaagcttttgattttaacgacttttaa
cgacaacttgagaagatcaaaaaacaactaattattcgaaacgatgccacaatttgatatattatgtaaaacaccacctaaggt
gcttgttegtcagtttgtggaaaggtitgaaagaccttcaggtgagaaaatagceattatgtgetgetgaactaacctatttatgtt
ggatgattacacataacggaacagcaatcaagagagccacattcatgagctataatactatcataagcaattegetgagtttcg
atattgtcaataaatcactccagtttaaatacaagacgcaaaaagcaacaattctggaagcctcattaaagaaattgattectg
cttgggaatttacaattattccttactatggacaaaaacatcaatctgatatcactgatattgtaagtagtttgcaattacagttcg
aatcatcggaagaagcagataagggaaatagccacagtaaaaaaatgcttaaagcacttctaagtgagggtgaaageatcetg
ggagatcactgagaaaatactaaattcgtttgagtatacttcgagatttacaaaaacaaaaactttataccaattcctcttccta
gctactttcatcaattgtggaagattcagcgatattaagaacgttgatccgaaatcatttaagttagtccaaaataagtatttggg
agtaataatccagtgtttagtgacagagacaaagacaagcgttagtaggcacatatacttctttagcgcaaggggtaggatcga
tccacttgtatatttggatgaatttttgaggaactctgaaccagtcctaaaacgagtaaataggaccggcaattcttcaagcaat
aaacaggaataccaattattaaaagataacttagtcagatcgtacaataaagctttgaagaaaaatgegcecttattcaatctttg
ctataaaaaatggcccaaaatctcacattggaagacatttgatgacctcatttctttcaatgaagggectaacggagttgactaa
tgttgtgggaaattggagcgataagegtgcttctgecgtggecaggacaacgtatactcatcagataacageaatacctgatca
ctacttcgcactagtttctcggtactatgcatacgatccaatatcaaaggaaatgatagcattgaaggatgagactaatccaatt
gaggagtggcagcatatagaacagctaaagggtagtgctgaaggaageatacgataccccgeatggaatgggataatatcac
aggaggtactagactacctttcatcctacataaatagacgcatataagttttagcecttagacatgactgttcctcagttcaagttg
ggcacttacgagaagaccggtcttgctagattctaatcaagaggatgtcagaatgecatttgectgagagatgcaggcttcattt
ttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtticttctcgtacgagettgetectgatcagectatct
cgcagctgatgaatatcttgtggtaggggtttgggaaaatcattcgagtttgatgtttttcttggtatttcccactectcttcagagt
acagaagattaagtgagaccttcgtttgtgcggaacggaacgtatcttagcatggttgtgegacagattcactgtgaaagactgt
tcattatacccacgtttcactgggagatgtaagecttaggtgttttaccctgattagataatacaataaccaacagaaatacgag
aatctaaactaatttcgatgattcatttttctttttaccgegetgectcttttggeaattctttcacctatattctaccttctctttecttt
tgttctaaacttattaccagctagtgttgttactttatacttccggetcgtataatacgacaaggtgtaaggaggactaaaccatg
gctaaactcacctctgctgttccagtectgactgetegtgatgttgcetggtgetgttgagttctggactgataggeteggtttctecc
gtgacttcgtagaggacgactttgccggtgttgtacgtgacgacgttaccctgttcatctccgeagttcaggaccaggttgtgeca
gacaacactctggcatgggtatgggttcgtggtctggacgaactgtacgetgagtggtctgaggtegtgtctaccaacttecgtg
atgcatctggtccagctatgaccgagatcggtgaacageectggggtegtgagtttgeactgegtgatccagetggtaactgegt
gcatttcgtcgcagaagagcaggactaatatactgagtttgttaatgatacaataaactgttatagtacatacaattgaaactct
cttatctatactgggggaccttctcgcagaatggtataaatatctactaactgactgtcgtacggectaggggtctcttcttegatt

atttgcaggtcggaacatccttcgtctgatgeggatctectgagacaaagttcacgggtatctagtattctatcageataaatgga
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ggacctttctaaactaaactttgaatcgtctccagcagcatectcgeattggtaccactgagegtcagaccccgtagaaaagatc
aaaggatcttcttgagatcctttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccgctaccageggtggtttgtttg
ccggatcaagagctaccaactctttttccgaaggtaactggettcagcagagegcagataccaaatactgttcttctagtgtage

cgtagttaggccaccacttcaagaactctgtagcaccgectacatacctegetetgetaatectgttaccagtggetgetgecagt
ggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggegeageggtegggctgaacgggggsttc

gtgcacacagcccagcttggagegaacgacctacaccgaactgagatacctacagegtgagetatgagaaagegecacgcttc
ccgaagggagaaaggeggacaggtatccggtaageggeagggtcggaacaggagagegeacgagggagcettccaggggga
aacgcctggtatctttatagtcctgtcgggtttegecacctetgacttgagegtegatttttgtgatgcetcgtcaggggggcggage

ctatggaaaaacgccagcaacgeggcectttttacggttectggecttttgetggecttttgetcacatgt

pPpKC1_TKL1_d | gaagttcctatactttctagagaataggaacttcggccgatcaggccactctcacgagcaatttggtatcaacagatttggtattt
is ctggaccaggccctgagatttacaagttctttgagttcactgctgagggggtigetgacagggcttctaaagtegtecaattctac
aagggaaaggaacttctatcgccacttaataaggcttttgagtctgttcatgegtagtttgtgegectttaggtagttagttaatta
gtaagttcatagtgcgggaagaataggctgtcttagaatgctcgacaaagttaccaggattgegaggattatttattggagtga
atacttgtaatttattttgcttccttcttactctectettecttcgactcattatttgecaccctcaaagatggecccgatatecegttge
gtttgtatgtctaggaaacatttgccgaagecccatggetgaggeggtgttcaccecacttagtcaaagaaaaaggactcegactct
aagttcaaaaagattgactcctttggaacttcaggataccatatcgacgatactcectgatcaccgttecgtggegtgttgeaaga
aacatggagttcctgtgaaccatagaggtcagcagatctcgecggacgacttctaccactttgactacatactggecatggatga
atcaaatctctccaatctcaaacgcatacagcccaaagactccaatgecgtagtcaggetctttggagactacagaacggacaa
gtccttccacaggattgtggaggatecttactacggegggtcttctggatttgagagaaatttcaaacagattacgcatttcagtg
aagaattcttaaacaaagagttatagattatagattatcaacttttcaaagatacaacgtttccaacttgtccttctcaaaagtaa
aatcgtcttttctcctgggaagecatgtctectggtaatcaaagtatttecagttgetcttttgttgaacgtgetcttcaataggegg
aggagtttgattagcttcgtcattattgagcaggaaccaggtcttgagctctttgtggtacttccageeccttctatgeaactecttc
gcegtattaatttaaatatgcattcaactttgatattgtgtatcgacacttcttgacgtagtatgtcactcaatgatcgeaatgetg
ccttcattggggcatactgaccgtatccaatgaacgaatagaatgccagtacagatgaaaaaaacaccaagtgecttttgtagg
gcttttctacctttgtcattaccttgagegcaacatgtgagaagtacaacgetgtcttgtaattgatatcgattccactgetcagag
tcttttcatcaagctctaagaaaagtccggggatggaggagecagegcaacagaaaactatgtcgggactaaaaccaacttcc
tctaaaacacgctcacactggtcatatttggagatatctgetgecacgtaagaaattgtgttgeccttcteggtecegtgaatatc
aatagcgtcctttactacctgetttagtaaggattctgttctageccacaatcacaacggaacatcecttttccatacaaaagtttage
aaactcggctccaacaccctgggatgcaccegtaataattgecttittgttggtgacatcaaaattatcaaacattccagttecct
ctacactttgtatgagaatgatagctgaaattgtgcaccagatgttagaagataaggtcgtgtcatgaactaatatcatgaattc
cgagggtggctcaacaactattcacgtgacttggacgttggaagttgaggtggttggtggatgttgcacggagtatcatttgtaa
gcatgaaatcagtctaaaaaacttgcagaatagcagagceggticggaaattcattcaaaaccacctcectcagattggatctgee
ctactctgtttagctctgggagattttcteggtegtgttctttcgetggtctacccacgetataggaategetgtgaacgcetaccttc
ttcccaacttctcggtgactattataagecatteccactttgttttcaagcaccaacaacccacceccaccttatctactecatettg
ggtgtcccegegectgttgcaaagtccgaaccatagaacccecgacctttgteccactaaccctcagacacccecteggaagtcea
gggagaaaccactccgaagtacattaatcatccctegtattctcgacggtgeccattttctttataaaaagggagacacaggttg
cttcactaactctagacttgtattctacatccactctacacaggccactagggecgaagttcctatactttctagagaataggaac

ttcagatctaacatccaaagacgaaaggttgaatgaaacctttttgccatccgacatccacaggtccattctcacacataagtge
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caaacgcaacaggaggggatacactagcagcagaccgttgcaaacgcaggacctccactectcttctectcaacacccactttt
gccatcgaaaaaccagceccagttattgggcettgattggagcetegeteattccaattecttctattaggetactaacaccatgactt
tattagcctgtctatcctggecccectggegaggttcatgtttgtttatttccgaatgcaacaagetecgeattacacccgaacatc
actccagatgagggctttctgagtgtggggtcaaatagtttcatgttccccaaatggeccaaaactgacagtttaaacgetgtcett
ggaacctaatatgacaaaagcgtgatctcatccaagatgaactaagtttggttcgttgaaatgctaacggecagttggtcaaaa
agaaacttccaaaagtcggcataccgttigtcttgtttggtattgattgacgaatgctcaaaaataatctcattaatgcettagege
agtctctctatcgcttctgaaccceggtgeacctgtgecgaaacgcaaatggggaaacaccegctttttggatgattatgeattgt
ctccacattgtatgcttccaagattctggtgggaatactgetgatagectaacgttcatgatcaaaatttaactgttctaaccecta
cttgacagcaatatataaacagaaggaagctgcecctgtcttaaacctttttttttatcatcattattagettactttcataattgega
ctggttccaattgacaagcttttgattttaacgacttttaacgacaacttgagaagatcaaaaaacaactaattattcgaaacga
tgccacaatttgatatattatgtaaaacaccacctaaggtgcttgttcgtcagttigtggaaaggtttgaaagaccttcaggtgag
aaaatagcattatgtgctgctgaactaacctatttatgttggatgattacacataacggaacagcaatcaagagagccacattc
atgagctataatactatcataagcaattcgctgagtttcgatattgtcaataaatcactccagtttaaatacaagacgcaaaaag
caacaattctggaagcctcattaaagaaattgattcctgettgggaatttacaattattecttactatggacaaaaacatcaatct
gatatcactgatattgtaagtagtttgcaattacagttcgaatcatcggaagaagcagataagggaaatagccacagtaaaaa
aatgcttaaagcacttctaagtgagggtgaaagcatctgggagatcactgagaaaatactaaattcgtttgagtatacttcgag
atttacaaaaacaaaaactttataccaattcctcttcctagetactttcatcaattgtggaagattcagegatattaagaacgttg
atccgaaatcatttaagttagtccaaaataagtatttgggagtaataatccagtgtttagtgacagagacaaagacaagcegtta
gtaggcacatatacttctttagcgcaaggggtaggatcgatccacttgtatatttggatgaatttttgaggaactctgaaccagtc
ctaaaacgagtaaataggaccggcaattcttcaagcaataaacaggaataccaattattaaaagataacttagtcagatcgta
caataaagctttgaagaaaaatgcgecttattcaatctttgctataaaaaatggeccaaaatctcacattggaagacatttgatg
acctcatttctttcaatgaagggcctaacggagttgactaatgttgtgggaaattggagegataagegtgettctgecgtggeca
ggacaacgtatactcatcagataacagcaatacctgatcactacttcgcactagtttctcggtactatgeatacgatccaatatc
aaaggaaatgatagcattgaaggatgagactaatccaattgaggagtggcagcatatagaacagctaaagggtagtgcetgaa
ggaagcatacgataccccgcatggaatgggataatatcacaggaggtactagactacctttcatcctacataaatagacgcata
taagttttagccttagacatgactgttcctcagttcaagttgggcacttacgagaagaccggtcttgctagattctaatcaagagg
atgtcagaatgccatttgcctgagagatgecaggcttcatttttgatacttttttatttgtaacctatatagtataggattttttttgtc
attttgtttcttctegtacgagettgetectgatcagectatctegeagetgatgaatatcettgtggtaggggtttgggaaaatcatt
cgagtttgatgtttttcttggtatttcccactectcttcagagtacagaagattaagtgagaccttcgtttgtgeggaacggaacgt
atcttagcatggttgtgcgacagattcactgtgaaagactgttcattatacccacgtttcactgggagatgtaagecttaggtgttt
taccctgattagataatacaataaccaacagaaatacgagaatctaaactaatttcgatgattcatttttctttttaccgegetge
ctcttttggcaattctttcacctatattctaccttctctttecttttgttctaaacttattaccagctagtgttgttactttatacttcegg
ctcgtataatacgacaaggtgtaaggaggactaaaccatggctaaactcacctctgetgttccagtectgactgetegtgatgtt
gctggtgctgttgagttctggactgataggeteggtttctecegtgacttcgtagaggacgactttgecggtgtigtacgtgacga
cgttaccctgttcatctccgcagttcaggaccaggttgtgccagacaacactctggeatgggtatgggttegtggtctggacgaa
ctgtacgctgagtggtctgaggtcgtgtctaccaacttcegtgatgeatctggtccagetatgaccgagateggtgaacagecct
ggggtegtgagtttgeactgegtgatccagetggtaactgegtgeatttcgtcgcagaagageaggactaatatactgagtttgt

taatgatacaataaactgttatagtacatacaattgaaactctcttatctatactgggggaccttctcgcagaatggtataaatat
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ctactaactgactgtcgtacggcctaggggtctcttcttcgattatttgcaggtcggaacatccttegtctgatgeggatctectga
gacaaagttcacgggtatctagtattctatcagcataaatggaggacctttctaaactaaactttgaatcgtctccageagceatc
ctcgcattggtaccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatetget
gcttgcaaacaaaaaaaccaccgctaccageggtggtttgtttgecggatcaagagcetaccaactctttttccgaaggtaactgg
cttcagcagagcgcagataccaaatactgttcttctagtgtagccgtagttaggecaccacttcaagaactctgtagcaccgect
acatacctcgctctgctaatectgttaccagtggetgetgecagtggegataagtegtgtcttacegggttggactcaagacgata
gttaccggataaggcgcageggtegggctgaacggggggttcgtgeacacageccagettggagegaacgacctacaccgaa
ctgagatacctacagcgtgagctatgagaaagcegccacgettcccgaagggagaaaggeggacaggtateeggtaageggcea
gggtcggaacaggagagegeacgagggagcttccagggggaaacgectggtatctttatagtectgtegggtttegecacctcet
gacttgagcgtcgatttttgtgatgctcgtcaggggggcggagectatggaaaaacgecagcaacgeggcectttttacggttect
ggccttttgetggecttttgetcacatgt

pPpT4mutZeoM | tggccttttgctcacatgtatttaaattgccagtgtatgtgcacttatagaggatgtacaaatggtcagagtttccccaaagagcea

lyl-intArg4- gatggaaaagcaattagattttcgttactgaatcaggcattcaaaaagaaacaataagtcgcaacaatgatgttaatctcgaat
EGFP- attgaagtaaatgcttccagcaataatgtgacagttgctcgaatctagaacggtattaacagaatagaccgagactctectattt
pGAPshort cagcgtcctaaactctatcttgggaccaaggaagaaagctacgcacttaagaataggaccatgcataccaaaacaatagacct

gacctgatacgctatgcactgcaaatcgaagaaaaaagcaattcattcggaacaaaacgtcagagegggttttctaatagaat
ttgcgtaatatataaacctaaataccataattgaggtgtttcttttctctgataaaagtacaacgaagtgctcttgtcataccgea
acaaagatgttgaacacttcgtatcagtttcccaaagatgttgcaagatacgacgtggcagatgctgtcaatgagcaacttcaa
gctacctttttgaattcaaaggttcaacatgagceccggttcaagatatcaacaccaagagggaatcaactcatcaccagagaga
aaaaattcagtcttttcatctgetgatatatctaccacatcgtcacctacttctccgaagtctaaagecaattctcaatttgetaga
gactctgtcgacagttctatctacccgaggaaaccgatacataggagatctaatacagaggtatcatccaatgattccgaaaaa
gatttcagtttggactccctttttaaagcacagtatcgggatacaaagetgaaacccteeccatttcaagettctagtggtaggaa
ttctgtaccggtttacagaaggacgactcttgatgcgccaaccacagtgacaatagacatagaggaaatgacaaaaggattat
gcgaggatgctgctggagacgattcaaagtttagtttagaaaggtectcecatttatgetgatagaatactagatacccgtgaact
ttgtctcaggagatccgcatcagacgaaggatgttccgacctgcaaataatcgaagaagagaccectaggecgtacgacagtc
agttagtagatatttataccattctgcgagaaggtccttttttgtagaaatgtcttggtgtcctegtccaatcaggtagecatctctg
aaatatctggctccgttgeaactccgaacgacctgetggeaacgtaaaattctecggggtaaaacttaaatgtggagtaatgga
accagaaacgtctcttcecttetctetecttccaccgeccgttacegtecctaggaaattttactctgetggagagcettcttctacgg
cccecttgeageaatgetcttcccageattacgttgegggtaaaacggaggtegtgtacccgacctageageccagggatggaa
aagtcccggecegtegetggeaataatagegggeggacgcatgtcatgagattattggaaaccaccagaatcgaatataaaagg
cgaacacctttcccaattttggtttctcctgacccaaagactttaaatttaatttatttgteectatttcaatcaattgaacaactatc
aaaacacaatggctagcaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcea
caaattttctgtcagtggagagggtgaaggtgatgctacatacggaaagettacccttaaatttatttgeactactggaaaacta
cctgttccatggecaacacttgtcactactttgacttatggtgttcaatgcttttecegttatcecggatcatatgaaacggceatgact
ttttcaagagtgccatgeccgaaggttatgtacaggaacgcactatatctttcaaagatgacgggaactacaagacgegtgctg
aagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaaaggtattgattttaaagaagatggaaacattctcggaca
caaacttgagtacaactataactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaa

attcgtcacaacattgaagatggttccgttcaactagcagaccattatcaacaaaatactccaattggegatggecectgtectttt
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accagacaaccattacctgtcgacacaatctgeectttcgaaagatcccaacgaaaagegtgaccacatggtccttcttgagttt
gtaactgctgctgggattacacatggcatggatgaattgtacaagtaageggecgctcaagaggatgtcagaatgecatttgec
tgagagatgcaggcttcatttttgatacttttttatttgtaacctatatagtataggatttttittgtcattitgtttcttctcgtacgag
cttgctectgatcagectatctcgcageagatgaatatcttgtggtaggggttitgggaaaatcattcgagtttgatgtttttctiggt
atttcccactcectcttcagagtacagaagattaagtgagaccttcegtttgtgeggatccttcagtaatgtcttgtttcttttgttgea
gtggtgagccattttgacttcgtgaaagtttctttagaatagttgtttccagaggccaaacattccacccgtagtaaagtgcaage
gtaggaagaccaagactggcataaatcaggtataagtgtcgagcactggeaggtgatcttctgaaagtttctactagcagataa
gatccagtagtcatgcatatggcaacaatgtaccgtgtggatctaagaacgegtectactaaccttegeattegttggtccagttt
gttgttatcgatcaacgtgacaaggttgtcgattccgegtaageatgeatacccaaggacgectgttgcaattccaagtgageca
gttccaacaatctttgtaatattagagcacttcattgtgttgegettgaaagtaaaatgcgaacaaattaagagataatctcgaa
accgcgacttcaaacgccaatatgatgtgeggeacacaataagegttcatatcegetgggtgactttctegetttaaaaaattat
ccgaaaaaattttctagagtgttgttactttatacttccggetcgtataatacgacaaggtgtaaggaggactaaaccatggcta
aactcacctctgctgttccagtectgactgetegtgatgttgetggtgetgttgagttctggactgataggeteggttictecegtga
cttcgtagaggacgactttgeeggtgttgtacgtgacgacgttaccctgttcatctcecgeagttcaggaccaggttgtgecagaca
acactctggcatgggtatgggttcgtggtctggacgaactgtacgctgagtggtctgaggtegtgtctaccaactteegtgatgcea
tctggtccagetatgaccgagatcggtgaacageectggggtegtgagtttgeactgegtgatccagetggtaactgegtgceatt
tcgtcgcagaagagcaggactaacaattgacaccttacgattatttagagagtatttattagttttattgtatgtatacggatgttt
tattatctatttatgcccttatattctgtaactatccaaaagtcectatcttatcaagecagcaatctatgtccgegaacgtcaacta
aaaataagctttttatgctcttctctcttttttteccttcggtataattataccttgeatccacagattctectgecaaattttgeataa
tcctttacaacatggctatatgggagcacttagegecctccaaaacccatattgectacgeatgtataggtgttttttccacaatat
tttctctgtgctctctttttattaaagagaagctctatatcggagaagcettctgtggecgttatatteggecttategtgggaccaca
ttgcctgaattggtttgccccggaagattggggaaacttggatctgattaccttagetgeaggtaccactgagegtcagacceceg
tagaaaagatcaaaggatcttcttgagatcctttttttctgegegtaatetgetgetigcaaacaaaaaaaccaccgctaccage
ggtggtttgtttgceggatcaagagetaccaactctttttccgaaggtaactggettcagcagagegeagataccaaatactgttc
ttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgectacatacctegetetgetaatectgttaccagtg
gctgctgecagtggegataagtegtgtettaccgggttggactcaagacgatagttaccggataaggegcageggtegggctga
acggggggttcgtgeacacageccagettggagegaacgacctacaccgaactgagatacctacagegtgagetatgagaaa
gcgecacgcttcccgaagggagaaaggeggacaggtatccggtaageggeagggtcggaacaggagagegeacgagggag
cttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgecacctetgacttgagegtegatttttgtgatgetegtca

ggggggcggagectatggaaaaacgccagcaacgeggectttttacggttectggecttttge

pPpT4mutZeoM | tggccttttgctcacatgtatttaaattgccagtgtatgtgcacttatagaggatgtacaaatggtcagagtttccccaaagagea

lyl-intArg4- gatggaaaagcaattagattttcgttactgaatcaggcattcaaaaagaaacaataagtcgcaacaatgatgttaatctcgaat
EGFP- attgaagtaaatgcttccagcaataatgtgacagtigctcgaatctagaacggtattaacagaatagaccgagactctectattt
pAOX1Bglll cagcgtcctaaactctatcttgggaccaaggaagaaagctacgcacttaagaataggaccatgcataccaaaacaatagacct

gacctgatacgctatgcactgcaaatcgaagaaaaaagcaattcattcggaacaaaacgtcagagegggttttctaatagaat
ttgcgtaatatataaacctaaataccataattgaggtgtttcttttctctgataaaagtacaacgaagtgctcttgtcataccgea
acaaagatgttgaacacttcgtatcagtttcccaaagatgttgcaagatacgacgtggeagatgcetgtcaatgagcaacttcaa

gctacctttttgaattcaaaggttcaacatgageccggttcaagatatcaacaccaagagggaatcaactcatcaccagagaga
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aaaaattcagtcttttcatctgctgatatatctaccacatcgtcacctacttctccgaagtctaaagecaattctcaatttgetaga
gactctgtcgacagttctatctacccgaggaaaccgatacataggagatctaatacagaggtatcatccaatgattccgaaaaa
gatttcagtttggactccctttttaaagcacagtatcgggatacaaagetgaaacccteeccatttcaagettctagtggtaggaa
ttctgtaccggtttacagaaggacgactcttgatgcgccaaccacagtgacaatagacatagaggaaatgacaaaaggattat
gcgaggatgctgctggagacgattcaaagtttagtttagaaaggtectccatttatgetgatagaatactagatacccgtgaact
ttgtctcaggagatccgcatcagacgaaggatgttccgacctgcaaataatcgaagaagagaccectaggecgtacgacagtc
agttagtagatatttataccattctgcgagaaggtcctagatctaacatccaaagacgaaaggttgaatgaaacctttttgecat
ccgacatccacaggtccattctcacacataagtgccaaacgcaacaggaggggatacactagcagcagaccgttgcaaacge
aggacctccactcctcttctcctcaacacccacttttgecatcgaaaaaccageccagttattgggettgattggagetegceteatt
ccaattccttctattaggctactaacaccatgactttattagectgtctatectggecccectggegaggtteatgtttgtttatttec
gaatgcaacaagctccgcattacacccgaacatcactccagatgagggctttctgagtgtggggtcaaatagtttcatgttecec
aaatggcccaaaactgacagtttaaacgctgtcttggaacctaatatgacaaaagegtgatctcatccaagatgaactaagttt
ggttcgttgaaatgctaacggcecagtiggtcaaaaagaaacttccaaaagtcggeataccgttigtcttgtttggtattgattgac
gaatgctcaaaaataatctcattaatgcttagegeagtctctctategettctgaaccecggtgeacctgtgecgaaacgcaaat
ggggaaacacccgctttttggatgattatgcattgtctccacattgtatgettccaagattctggtgggaatactgetgatagect
aacgttcatgatcaaaatttaactgttctaacccctacttgacagcaatatataaacagaaggaagctgecctgtcttaaaccttt
ttttttatcatcattattagcttactttcataattgcgactggttccaattgacaagcttttgattttaacgacttttaacgacaactt
gagaagatcaaaaaacaactaattattcgaaacgatggctagcaaaggagaagaacttttcactggagttgtcccaattcttgt
tgaattagatggtgatgttaatgggcacaaattttctgtcagtggagagggtgaaggtgatgctacatacggaaagcttaccctt
aaatttatttgcactactggaaaactacctgttccatggccaacacttgtcactactttgacttatggtgttcaatgcttttecegtt
atccggatcatatgaaacggcatgactttttcaagagtgccatgeccgaaggttatgtacaggaacgcactatatctttcaaaga
tgacgggaactacaagacgcgtgctgaagtcaagtttgaaggtgatacecttgttaatcgtatcgagttaaaaggtattgatttt
aaagaagatggaaacattctcggacacaaacttgagtacaactataactcacacaatgtatacatcacggcagacaaacaaa
agaatggaatcaaagctaacttcaaaattcgtcacaacattgaagatggttccgttcaactagcagaccattatcaacaaaata
ctccaattggcegatggecctgtccttttaccagacaaccattacctgtcgacacaatctgecctttcgaaagatcccaacgaaaa
gcgtgaccacatggtccttcttgagtttgtaactgetgetgggattacacatggeatggatgaattgtacaagtaageggecegcet
caagaggatgtcagaatgccatttgcctgagagatgeaggcttcatttttgatacttttttatttgtaacctatatagtataggattt
tttttgtcattttgtttcttctcgtacgagettgetectgatcagectatctcgcageagatgaatatcttgtggtaggggtitgggaa
aatcattcgagtttgatgtttttcttggtatttcccactectcttcagagtacagaagattaagtgagaccttegtttgtgeggatec
ttcagtaatgtctigtttcttitgttgcagtggtgagecattttgacttcgtgaaagtttctttagaatagttgtttccagaggcecaaa
cattccacccgtagtaaagtgcaagcegtaggaagaccaagactggcataaatcaggtataagtgtcgageactggeaggtgat
cttctgaaagtttctactagcagataagatccagtagtcatgcatatggcaacaatgtaccgtgtggatctaagaacgegtecta
ctaaccttcgcattcgttggtccagtttgttgttatcgatcaacgtgacaaggttgtcgattccgegtaageatgceatacccaagg
acgcctgttgcaattccaagtgagecagttccaacaatctttgtaatattagagceacttcattgtgttgegettgaaagtaaaatg
cgaacaaattaagagataatctcgaaaccgcgacttcaaacgccaatatgatgtgeggeacacaataagegttcatatcegcet
gggtgactttctcgctttaaaaaattatccgaaaaaattttctagagtgttgttactttatacttccggetcgtataatacgacaag
gtgtaaggaggactaaaccatggctaaactcacctctgetgttccagtectgactgetegtgatgttgetggtgetgttgagttct

ggactgataggctcggtttctccegtgacttcgtagaggacgactttgecggtgttgtacgtgacgacgttaccctgttcatcteeg
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cagttcaggaccaggttgtgccagacaacactctggcatgggtatgggttcgtggtctggacgaactgtacgctgagtggtctga
ggtcgtgtctaccaacttccgtgatgeatctggtccagetatgaccgagatcggtgaacagecectggggtegtgagtttgeactg
cgtgatccagctggtaactgegtgceatttcgtcgcagaagagcaggactaacaattgacaccttacgattatttagagagtattt
attagttttattgtatgtatacggatgttttattatctatttatgeccttatattctgtaactatccaaaagtcctatcttatcaageca
gcaatctatgtccgcgaacgtcaactaaaaataagctttttatgetcttctctctttttttcectteggtataattataccttgeatec
acagattctcctgecaaattttgcataatcctttacaacatggctatatgggageacttagegeectccaaaacccatattgecta
cgcatgtataggtgttttttccacaatattttctctgtgetctctttttattaaagagaagctctatatcggagaagcttctgtggec
gttatattcggcecttatcgtgggaccacattgectgaattggtttgeccccggaagattggggaaacttggatctgattaccttaget
gcaggtaccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatetgetgcttg
caaacaaaaaaaccaccgctaccageggtggtttgtttgecggatcaagagetaccaactctttttccgaaggtaactggcttca
gcagagcgcagataccaaatactgttcttctagtgtageegtagttaggecaccacttcaagaactctgtagcaccgectacata
cctegetctgetaatectgttaccagtggetgetgecagtggegataagtegtgtcttaccgggttggactcaagacgatagttac
cggataaggcgcageggtcgggctgaacggggggttcgtgracacageccagettggagegaacgacctacaccgaactgag
atacctacagcgtgagctatgagaaagegccacgcttcccgaagggagaaaggeggacaggtatecggtaageggeaggstc
ggaacaggagagcgcacgagggagcttccagggggaaacgectggtatctttatagtectgtegggtttcgecacctetgactt
gagcgtcgatttttgtgatgctcgtcaggggggcggagectatggaaaaacgecageaacgeggcectttttacggttectggect
tttgc

pPpT4mutZeoM | tggccttttgctcacatgtatttaaattgecagtgtatgtgeacttatagaggatgtacaaatggtcagagtttccccaaagagea
lyl-intArg4- gatggaaaagcaattagattttcgttactgaatcaggcattcaaaaagaaacaataagtcgcaacaatgatgttaatctcgaat
EGFP-pCAT1 attgaagtaaatgcttccagcaataatgtgacagttgctcgaatctagaacggtattaacagaatagaccgagactctectattt
cagcgtcctaaactctatcttgggaccaaggaagaaagctacgcacttaagaataggaccatgcataccaaaacaatagacct
gacctgatacgctatgcactgcaaatcgaagaaaaaagcaattcattcggaacaaaacgtcagagegggttttctaatagaat
ttgcgtaatatataaacctaaataccataattgaggtgtttcttttctctgataaaagtacaacgaagtgctcttgtcataccgea
acaaagatgttgaacacttcgtatcagtttcccaaagatgttgcaagatacgacgtggeagatgetgtcaatgagcaacttcaa
gctacctttttgaattcaaaggttcaacatgageccggttcaagatatcaacaccaagagggaatcaactcatcaccagagaga
aaaaattcagtcttttcatctgetgatatatctaccacatcgtcacctacttctccgaagtctaaagecaattctcaatttgetaga
gactctgtcgacagttctatctacccgaggaaaccgatacataggagatctaatacagaggtatcatccaatgattccgaaaaa
gatttcagtttggactccctttttaaagcacagtatcgggatacaaagctgaaacccteccccatttcaagettctagtggtaggaa
ttctgtaccggtttacagaaggacgactcttgatgegeccaaccacagtgacaatagacatagaggaaatgacaaaaggattat
gcgaggatgctgctggagacgattcaaagtttagtttagaaaggtcctecatttatgectgatagaatactagatacccgtgaact
ttgtctcaggagatccgcatcagacgaaggatgttccgacctgcaaataatcgaagaagagacccctaggecgtacgacagtc
agttagtagatatttataccattctgcgagaaggtcctagtgtgtaatcatatatataataaatgaggaataataattgaataga
gatttaacgagtcgaagtttctgaaatatacgcacagtttatatttatgattttgatatctaactacagtcttctccatatatttaac
tataaataataaagtatataactcttatgaaactgtttcaccacatttttttctacgtaatcgaactccgaatgeggttctectgta
accttaattgtagcatagatcacttaaataaactcatggectgacatctgtacacgttcttattggtcttttagcaatcttgaagtct
ttctattgttccggtcggeattacctaataaattcgaatcgagattgetagtacctgatatcatatgaagtaatcatcacatgeaa
gttccatgataccctctactaatggaattgaacaaagtttaagcttctcgcacgagaccgaatccatactatgcacccctcaaag

ttgggattagtcaggaaagctgagcaattaacttccctegattggectggacttttegettagectgecgeaatcggtaagtttca
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ttatcccagcggggtgatagectctgttgctcatcaggccaaaatcatatataagetgtagacccageacttcaattacttgaaat
tcaccataacacttgctctagtcaagacttacaattaaaatggctagcaaaggagaagaacttttcactggagttgtcccaattc
ttgttgaattagatggtgatgttaatgggcacaaattttctgtcagtggagagggtgaaggtgatgctacatacggaaagcttac
ccttaaatttatttgcactactggaaaactacctgttccatggccaacacttgtcactactttgacttatggtgttcaatgcttttec
cgttatccggatcatatgaaacggcatgactttttcaagagtgecatgcccgaaggttatgtacaggaacgceactatatctttca
aagatgacgggaactacaagacgcgtgctgaagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaaaggtattg
attttaaagaagatggaaacattctcggacacaaacttgagtacaactataactcacacaatgtatacatcacggcagacaaa
caaaagaatggaatcaaagctaacttcaaaattcgtcacaacattgaagatggttccgttcaactagcagaccattatcaacaa
aatactccaattggcgatggccctgtccttttaccagacaaccattacctgtcgacacaatctgecctttcgaaagatcccaacg
aaaagcgtgaccacatggtccttcttgagtttgtaactgetgetgggattacacatggeatggatgaattgtacaagtaageggc
cgctcaagaggatgtcagaatgccatttgectgagagatgcaggctteatttttgatacttttttattigtaacctatatagtatag
gattttttttgtcattttgtttcttctcgtacgagettgetectgatcagectatctcgeageagatgaatatcttgtggtaggggttt
gggaaaatcattcgagtttgatgtttttcttggtatttcccactcectcttcagagtacagaagattaagtgagaccttegtttgtge
ggatccttcagtaatgtcttgtttcttttgttgcagtggtgagecattttgacttcgtgaaagtttctttagaatagttgtttccagag
gccaaacattccacccgtagtaaagtgcaagegtaggaagaccaagactggcataaatcaggtataagtgtcgageactggc
aggtgatcttctgaaagtttctactagcagataagatccagtagtcatgcatatggcaacaatgtaccgtgtggatctaagaacg
cgtcctactaaccttcgceattegttggtecagttigttgttatcgatcaacgtgacaaggttgtcgattecgegtaagceatgeatac
ccaaggacgcctgttgcaattccaagtgagecagttccaacaatctttgtaatattagageacttcattgtgttgegettgaaagt
aaaatgcgaacaaattaagagataatctcgaaaccgcgacttcaaacgccaatatgatgtgeggeacacaataagegttcata
tcegetgggtgactttctegetttaaaaaattatccgaaaaaattttctagagtgttgttactttatacttecggetegtataatacg
acaaggtgtaaggaggactaaaccatggctaaactcacctetgetgttccagtectgactgetegtgatgttgetggtgetgtiga
gttctggactgataggctceggtttctecegtgacttcgtagaggacgactttgecggtgttgtacgtgacgacgttacectgttcat
ctccgeagttcaggaccaggttgtgeccagacaacactctggeatgggtatgggttcgtggtctggacgaactgtacgetgagtg
gtctgaggtcgtgtctaccaacttcegtgatgceatctggtccagetatgaccgagateggtgaacagecctggggtegtgagttt
gcactgcgtgatccagetggtaactgegtgceatttcgtcgcagaagagcaggactaacaattgacaccttacgattatttagaga
gtatttattagttttattgtatgtatacggatgttttattatctatttatgcccttatattctgtaactatccaaaagtectatcttatca
agccagcaatctatgtccgegaacgtcaactaaaaataagcetttttatgetettctetctttttttcectteggtataattataccttg
catccacagattctcctgecaaattttgcataatcectttacaacatggctatatgggageacttagegeectccaaaacccatatt
gcctacgcatgtataggtgttttttccacaatattttctctgtgctctctttttattaaagagaagetctatatcggagaagcettctgt
ggccgttatattcggecttatcgtgggaccacattgectgaattggtttgeccccggaagattggggaaacttggatetgattacct
tagctgcaggtaccactgagcegtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatetget
gcttgcaaacaaaaaaaccaccgctaccageggtggtttgtttgecggatcaagagcetaccaactctttttccgaaggtaactgg
cttcagcagagcgcagataccaaatactgttcttctagtgtagcegtagttaggecaccacttcaagaactctgtagcaccgect
acatacctcgctctgctaatectgttaccagtggetgetgecagtggegataagtegtgtcttacegggttggactcaagacgata
gttaccggataaggcgcageggtegggctgaacggggggttcgtgcacacageccagettggagegaacgacctacaccgaa
ctgagatacctacagcgtgagctatgagaaagcegccacgettcccgaagggagaaaggeggacaggtateeggtaageggcea

gggtcggaacaggagagegeacgagggagcttccagggggaaacgectggtatctttatagtectgtegggtttcgecacctct
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gacttgagcgtcgatttttgtgatgctcgtcaggggggcggagectatggaaaaacgecageaacgeggcectttttacggttect
ggccttttge

pPICZBd1-BDH1 | agatctaacatccaaagacgaaaggttgaatgaaacctttttgccatccgacatccacaggtccattctcacacataagtgeca
aacgcaacaggaggggatacactagcagcagaccgttgcaaacgcaggacctcecactectcttctectcaacacccactttagg
ctactaacaccatgactttattagcctgtctatcctggececcctggegaggttcatgtttgtttatttccgaatgeaacaagetec
gcattacacccgaacatcactccagatgagggcetttctgagtgtggggtcaaatagtttcatgttccccaaatggeccaaaactg
acagtttaaacgctgtcttggaacctaatatgacaaaagcegtgatctcatccaagatgaactaagtttggttegttgaaatgcta
acggccagttggtcaaaaagaaacttccaaaagtcggeataccgttigtcttgtitggtattgattgacgaatgctcaaaaataa
tctcattaatgcttagegceagtctctctategettetgaaccceggtgeacctgtgecgaaacgcaaatggggaaacaccegcttt
ttggatgattatgcattgtctccacattgtatgcttccaagattctggtgggaatactgetgatagectaacgttcatgatcaaaat
ttaactgttctaacccctacttgacagcaatatataaacagaaggaagcetgecectgtcttaaacctttttttttatcatcattattag
cttactttcataattgcgactggttccaattgacaagcttttgattttaacgacttttaacgacaacttgagaagatcaaaaaaca
actaattattcgaaagaattcgaaacgatgagagctttggcatatttcaagaagggtgatattcacttcactaatgatateccta
ggccagaaatccaaaccgacgatgaggttattatcgacgtcetettggtgtgggatttgtggeteggatcttcacgagtacttggat
ggtccaatcttcatgectaaagatggagagtgecataaattatccaacgetgetttacctctggeaatgggecatgagatgtcag
gaattgtttccaaggttggtcctaaagtgacaaaggtgaaggttggegaccacgtggtegttgatgctgecageagttgtgegg
acctgcattgctggecacactccaaattttacaattccaaaccatgtgatgettgtcagaggggeagtgaaaatctatgtaccca
cgeeggttttgtaggactaggtgtgatcagtggtggctttgetgaacaagtegtagtctctcaacatcacattatcecggttccaa
aggaaattcctctagatgtggetgctttagttgagectctttctgtcacctggeatgetgttaagatttctggtttcaaaaaaggcea
gttcagecttggttcttggtgcaggteecattgggttgtgtaccattttggtacttaagggaatgggggctagtaaaattgtagtgt
ctgaaattgcagagagaagaatagaaatggccaagaaactgggegttgaggtgttcaatcectccaageacggtcataaatct
atagagatactacgtggtttgaccaagagccatgatgggtttgattacagttatgattgttctggtattcaagttactttcgaaac
ctctttgaaggcattaacattcaaggggacagccaccaacattgeagtttggggtccaaaacctgteccattccaaccaatggat
gtgactctccaagagaaagttatgactggttcgatcggcetatgttgtcgaagecttcgaagaagttgttegtgecatccacaacg
gagacatcgccatggaagattgtaagcaactaatcactggtaagcaaaggattgaggacggttgggaaaagggattccaaga
gttgatggatcacaaggaatccaacgttaagattctattgacgectaacaatcacggtgaaatgaagtaageggeegecagett
tctagaacaaaaactcatctcagaagaggatctgaatagegecgtcgaccatcatcatcatcatcattgagtttgtagecttaga
catgactgttcctcagttcaagttgggcacttacgagaagaccggtcttgctagattctaatcaagaggatgtcagaatgecattt
gcctgagagatgcaggettcatttttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtttcttctegtac
gagcttgctcctgatcagectatctcgeagetgatgaatatcttgtggtaggggtttgggaaaatcattcgagtttgatgtttttctt
ggtatttcccactcctcttcagagtacagaagattaagtgagaccttegtttgtgeggatcccccacacaccatagettcaaaatg
tttctactccttttttactcttccagattttctcggactccgegeategecgtaccacttcaaaacacccaageacageatactaaa
ttttcectctttettectctagggtgtegttaattacccgtactaaaggtttggaaaagaaaaaagagaccgectegtttctttttct
tcgtcgaaaaaggcaataaaaatttttatcacgtttctttttcttgaaatttttttttttagtttttttctetttcagtgacctecattga
tatttaagttaataaacggtcttcaatttctcaagtttcagtttcatttttcttgttctattacaactttttttacttcttgttcattagaa
agaaagcatagcaatctaatctaaggggcggtgttgacaattaatcatcggcatagtatatcggeatagtataatacgacaag
gtgaggaactaaaccatggccaagttgaccagtgecgttccggtgctcaccgegegegacgtegecggageggtegagttetgg

accgaccggctegggttctcecgggacttegtggaggacgacttcgeeggtgtggteecgggacgacgtgaccctgttcatcage
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gcggtccaggaccaggtggtgecggacaacaccectggectgggtgtgggtgcgeggectggacgagetgtacgecgagtggtc
ggaggtcgtgtccacgaacttccgggacgectcegggeeggecatgaccgagateggegageagecgtgggggegggagttc
gcectgegegacccggeceggeaactgegtgeacttegtggeecgaggageaggactgacacgtecgacggeggeccacgggtec
caggcctcggagatccgteecccttttectttgtcgatatcatgtaattagttatgtcacgettacattcacgeectceccccacate
cgctctaaccgaaaaggaaggagttagacaacctgaagtctaggtecctatttatttttttatagttatgttagtattaagaacgt
tatttatatttcaaatttttcttttttttctgtacagacgegtgtacgeatgtaacattatactgaaaaccttgcttgagaaggttttg
ggacgctcgaaggctttaatttgcaagcetggagaccaacatgtgagcaaaaggccagcaaaaggecaggaaccgtaaaaag
gcegegttgetggegtttttccataggeteegeccecctgacgageatcacaaaaatcgacgcetcaagtcagaggtggegaaac
ccgacaggactataaagataccaggcgtttcccectggaagcteectegtgegcetctectgttcecgaccectgeegcettaccggat
acctgtcegcectttcteecttcgggaagegtggegctttctcaatgetcacgetgtaggtatctcagttcggtgtaggtegttegetc
caagctgggctgtgtgcacgaaccccccgttcageccgaccgetgegecttatceggtaactategtettgagtccaacccggta
agacacgacttatcgccactggcagcagccactggtaacaggattagcagagcegaggtatgtaggeggtgctacagagttctt
gaagtggtggcctaactacggctacactagaaggacagtatttggtatctgegcetctgetgaagecagttaccticggaaaaag
agttggtagctcttgatccggcaaacaaaccaccgetggtageggtggtttttttgtttgcaagcageagattacgegecagaaaa
aaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtca

tgagatc

pPpT4_GAP_S_ | agatccaattcccgctttgactgectgaaatctccatcgectacaatgatgacatttggatttggttgactcatgttggtatigtga
ScBDH aatagacgcagatcgggaacactgaaaaatacacagttattattcatttaaattttttgtagaaatgtcttggtgtectegtccaa
tcaggtagccatctctgaaatatctggctecgttgcaactccgaacgacctgetggeaacgtaaaattetecggggtaaaactta
aatgtggagtaatggaaccagaaacgtctctteccttctctetecttccaccgeccgttaccgteectaggaaattttactetgetg
gagagcttcttctacggcecccttgecageaatgcetcttcccageattacgttgegggtaaaacggaggtegtgtaccegacctag
cagcccagggatggaaaagtcecggeegtegetggeaataatagegggeggacgcatgtcatgagattattggaaaccacca
gaatcgaatataaaaggcgaacacctttcccaattttggtttctcctgacccaaagactttaaatttaatttatttgtecectatttca
atcaattgaacaactatcaaaacacagaattcgaaacgatgagagctttggcatatttcaagaagggtgatattcacttcacta
atgatatccctaggccagaaatccaaaccgacgatgaggttattatcgacgtctcttggtgtgggatttgtggeteggatcettcac
gagtacttggatggtccaatcttcatgcctaaagatggagagtgecataaattatccaacgetgetttacctetggeaatgggee
atgagatgtcaggaattgtttccaaggttggtcctaaagtgacaaaggtgaaggttggegaccacgtggtcegttgatgetgeca
gcagttgtgcggacctgcattgetggecacactccaaattttacaattccaaaccatgtgatgettgtcagaggggcagtgaaaa
tctatgtacccacgeceggttttgtaggactaggtgtgatcagtggtggcetttgectgaacaagtegtagtctctcaacatcacattat
cccggttccaaaggaaattcectctagatgtggetgcetttagttgagectctttetgtcacctggeatgetgttaagatttetggtttc
aaaaaaggcagttcagecttggttcttggtgcaggteccattgggttgtgtaccattttggtacttaagggaatgggggctagta
aaattgtagtgtctgaaattgcagagagaagaatagaaatggccaagaaactgggegttgaggtgttcaatcectecaageac
ggtcataaatctatagagatactacgtggtttgaccaagagccatgatgggtttgattacagttatgattgttctggtattcaagtt
actttcgaaacctctttgaaggcattaacattcaaggggacagccaccaacattgeagtttggggtccaaaacctgteccattec
aaccaatggatgtgactctccaagagaaagttatgactggttcgatcggctatgttgtcgaagecttcgaagaagttgttegtge
catccacaacggagacatcgccatggaagattgtaagcaactaatcactggtaagcaaaggattgaggacggtigggaaaag
ggattccaagagttgatggatcacaaggaatccaacgttaagattctattgacgcctaacaatcacggtgaaatgaagtaage

ggccgetcaagaggatgtcagaatgecatttgectgagagatgeaggcttcatttttgatacttttttatttgtaacctatatagta
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taggattttttttgtcattttgtttcttctegtacgagettgetectgatcagectatctcgecageagatgaatatcttgtggtagggs
tttgggaaaatcattcgagtttgatgtttttcttggtatttcccactectcttcagagtacagaagattaagtgagaccttegtttgt

gcggatccttcagtaatgtcttgtttcttttgttgcagtggtgagecattttgacttcgtgaaagtttctttagaatagttgtttccag

aggccaaacattccacccgtagtaaagtgcaagegtaggaagaccaagactggcataaatcaggtataagtgtcgageactg

gcaggtgatcttctgaaagtttctactagcagataagatccagtagtcatgcatatggcaacaatgtaccgtgtggatctaagaa
cgcgtectactaaccttegeattegttggtecagtttgttgttatcgatcaacgtgacaaggtigtcgatteegegtaageatgceat
acccaaggacgcctgttgcaattccaagtgagecagttccaacaatctttgtaatattagageacttcattgtgttgegettgaaa
gtaaaatgcgaacaaattaagagataatctcgaaaccgcgacttcaaacgccaatatgatgtgeggcacacaataagegttca
tatccgctgggtgactttctegetttaaaaaattatccgaaaaaattttctagagtgttgttactttatacttecggetegtataata

cgacaaggtgtaaggaggactaaaccatggctaaactcacctctgetgttccagtectgactgetegtgatgttgetggtgetgtt
gagttctggactgatagactcggtttctcccgtgacttcgtagaggacgactttgeeggtgtigtacgtgacgacgttaccctgttc
atctccgcagttcaggaccaggttgtgccagacaacactctggeatgggtatgggttcgtggtctggacgaactgtacgetgagt
ggtctgaggtcgtgtctaccaacttcegtgatgeatctggtccagetatgaccgagateggtgaacagecctggggtegtgagtt

tgcactgegtgatccagetggtaactgegtgcatttcgtcgcagaagagcaggactaacaattgacaccttacgattatttagag
agtatttattagttttattgtatgtatacggatgttttattatctatttatgeccttatattctgtaactatccaaaagtcctatcttatc
aagccagcaatctatgtccgegaacgtcaactaaaaataagctttttatgetcttctctctttttttcecttcggtataattatacctt
gcatccacagattctcctgecaaattttgeataatcectttacaacatggcetatatgggageacttagegeectccaaaacccatat
tgcctacgeatgtataggtgttttttccacaatattttctctgtgetctctttttattaaagagaagctctatatcggagaagcettctg
tggccgttatattcggecttatcgtgggaccacattgectgaattggtttgecccggaagattggggaaacttggatcetgattacc

ttagctgcaggtaccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatetge
tgcttgcaaacaaaaaaaccaccgctaccageggtggttigtttgtcggatcaagagcetaccaactctttttccgaaggtaactg
gcttcagcagagcgcagataccaaatactgttcttctagtgtageegtagttaggecaccacttcaagaactctgtageacegec
tacatacctcgctctgctaatcctgttaccagtggetgetgecagtggegataagtegtgtcttacegggttggactcaagacgat
agttaccggataaggcgcageggtegggctgaacggggggttcgtgeacacageccagettggagegaacgacctacaccga

actgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggeggacaggtateeggtaageggc
agggtcggaacaggagagcegeacgagggagcttccagggggaaacgectggtatctttatagtectgtegggtttegecaccte
tgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagectatggaaaaacgecageaacgeggcectttttacggttcec

tggccttttgetggecttttgetcacatgttctttectgeggtaccc

pPpT4- tggccttttgctcacatgtatttaaattgecagtgtatgtgcacttatagaggatgtacaaatggtcagagtttccccaaagagea
CalB+synPDI- gatggaaaagcaattagattttcgttactgaatcaggcattcaaaaagaaacaataagtcgcaacaatgatgttaatctcgaat
pAOX1+pGAP- attgaagtaaatgcttccagcaataatgtgacagttgctcgaatctagaacggtattaacagaatagaccgagactctectattt
fwd cagcgtcctaaactctatcttgggaccaaggaagaaagctacgcacttaagaataggaccatgcataccaaaacaatagacct
gacctgatacgctatgcactgcaaatcgaagaaaaaagcaattcattcggaacaaaacgtcagagegggttttctaatagaat
ttgcgtaatatataaacctaaataccataattgaggtgtttcttttctctgataaaagtacaacgaagtgctcttgtcataccgea
acaaagatgttgaacacttcgtatcagtttcccaaagatgttgcaagatacgacgtggeagatgcetgtcaatgagcaacttcaa
gctacctttttgaattcaaaggttcaacatgageccggttcaagatatcaacaccaagagggaatcaactcatcaccagagaga
aaaaattcagtcttttcatctgetgatatatctaccacatcgtcacctacttctccgaagtctaaagecaattctcaatttgetaga

gactctgtcgacagttctatctacccgaggaaaccgatacataggagatctaatacagaggtatcatccaatgattccgaaaaa
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gatttcagtttggactccctttttaaagcacagtatcgggatacaaagetgaaacccteeccatttcaagettctagtggtaggaa
ttctgtaccggtttacagaaggacgactcttgatgcgccaaccacagtgacaatagacatagaggaaatgacaaaaggattat
gcgaggatgctgctggagacgattcaaagtttagtttagaaaggtectcecatttatgetgatagaatactagatacccgtgaact
ttgtctcaggagatccgcatcagacgaaggatgttccgacctgcaaataatcgaagaagagaccectaggecgtacgacagtc
agttagtagatatttataccattctgcgagaaggtcccctgeagggcacaaacgaaggtctcacttaatcttctgtactctgaag
aggagtgggaaataccaagaaaaacatcaaactcgaatgattttcccaaacccctaccacaagatattcatctgetgegagat
aggctgatcaggagcaagctcgtacgagaagaaacaaaatgacaaaaaaaatcctatactatataggttacaaataaaaaa
gtatcaaaaatgaagcctgcatctctcaggcaaatggceattctgacatectcttgageggecgcttatggggtcacgataccgga
acaagttctcttaccaacagcgaaaggtctagcatatggcatcaaatctggttcacagttttgcttaggaccagcaacaatagct
gcggcagcaggagccaacaatgeageggeagegaccttttgetctggagtaaggtegtttgetggtaaagggttacagtcagtg
ataccgtaatcagcagaacgagcttgaccagtggtggatctaagtgeggatctaccaacgacgtaagagaattgggaggtaag
agaaccggcgtggtcaataacgaacaaaggaccacaaacagcttgtgettggacgttctttccgttgaacaagtaagaggagt
ccaatggggagttagacacttgaggctgaacgatctcgtcagtggcagagtacaggttagtggtagggacaatttgggtcaaa
cctectgegtttctcaaggeggtagtcaaageagaaccggtggtttgttgeccacacagaaggageggaaacagecaatgegtec
aatggtccagcaagaacagttcecttgtagtcaggtgcgaaggccatcaatctgtcaaccttggaacggatagatgggaagaa
ggtcaaaccccattgagcaaccaatccaccttgagaccaagtaaggactggcaacttgttgttaccagaaccagegtaaagag
cggtgattgcgttgaccatgtattcggtgttaacttgggtgtcgttcaacatgaatggaggtggggaaatccageatggagtgta
acccaactgagtagacagaggaatccagttggagtcgaaagattgtggtccagtggtaccagtacctggaaccaacaaaattg
gcttagagacagaagatggagaagcaccttgacaggtcaaacctgcegtcaaggacggactttggctgggagaaagcaggatc
agaaccagatggaagagcttcggectctctcttctcgagagagacaccctcttecttagcageaatggaagegatagtggtgtt
aatgaacaacaaaccgttgttagtggagttagagaaaggcaaaacagcgacgtcgaaatcaccctcaaggtcagagtaaccg
ataactgcttcagctggaatttgagcagtctegtcttcagtggtagtgttaacaggggcagcecaatgcagaggaggeagegaac
aagacagcggtgaaaatagatgggaatctcatcgtttcgaataattagttgttttttgatcttctcaagttgtcgttaaaagtegtt
aaaatcaaaagcttgtcaattggaaccagtcgcaattatgaaagtaagctaataatgatgataaaaaaaaggtttaagacagg
gcagcttccttctgtttatatattgetgtcaagtaggggttagaacagttaaattttgatcatgaacgttaggctatcageagtatt
cccaccagaatcttggaagcatacaatgtggagacaatgcataatcatccaaaaagegggtgtttccccatttgegtttcggeac
aggtgcaccggggttcagaagcgatagagagactgegctaageattaatgagattatttttgagceattcgtcaatcaataccaa
acaagacaaacggtatgccgacttttggaagtttctttttgaccaactggecegttageatttcaacgaaccaaacttagttcatct
tggatgagatcacgcttttgtcatattaggttccaagacagegtttaaactgtcagttttgggccatttggggaacatgaaactat
ttgaccccacactcagaaagccctcatctggagtgatgttcgggtgtaatgeggagcetigttgeattcggaaataaacaaacatg
aacctcgccaggggggccaggatagacaggctaataaagtcatggtgttagtagectaatagaaggaattggaatgagegag
ctccaatcaagceccaataactgggcetggtttttcgatggcaaaagtgggtgttgaggagaagaggagtggaggtcctgegtttg
caacggtctgctgctagtgtatceectectgttgegtttggeacttatgtgtgagaatggacctgtggatgtcggatggcaaaaag
gtttcattcaacctttcgtctttggatgttagatctttittgtagaaatgtcttggtgtectegtccaatcaggtagecatctctgaaa
tatctggctccgttgcaactccgaacgacctgetggeaacgtaaaattctecggggtaaaacttaaatgtggagtaatggaacc
agaaacgtctcttcecttetetetecttccaccgeecgttacegtecctaggaaattttactctgetggagagcettcttctacggecc
ccttgcagcaatgctcttcccageattacgttgegggtaaaacggaggtegtgtaccegacctageageccagggatggaaaag

tcceggecegtegetggeaataatagegggeggacgcatgtcatgagattattggaaaccaccagaatcgaatataaaaggega

-154-



Improvement of NADH-Regeneration in Pichia pastoris

acacctttcccaattttggtttctcctgacccaaagactttaaatttaatttatttgtccctatttcaatcaattgaacaactatcaa
aacacaatgcaattcaattgggacatcaagacagttgcatccatcctttctgecttgactcttgcacaagettctgaccaagaag
ctattgctccagaagactctcacgttgtgaagttgactgaggctactttcgagtecttcatcacctctaaccctcatgtattggeag
agtttttcgcaccttggtgtggtcactgcaagaagttaggtcctgagttggtatcetgetgetgagattttgaaggacaatgagceaa
gtcaagattgcccagattgactgcactgaggaaaaggagttgtgtcaaggttacgagattaagggttaccctaccttgaaggtg
tttcacggtgaagttgaggttccatctgactaccaaggacaaagacagtcccaatccategtttectacatgetgaagceaatctc
ttccacctgtatccgagatcaacgcaactaaggacttggatgacaccattgcagaggctaaagagcecagttatcgtccaagtec
ttccagaagatgcatccaacttggagtccaatacgaccttttacggagttgcaggtacattgegtgagaagttcacctttgtctct
accaagtctactgactacgctaagaagtacacctctgactctactccagcettacctgttggttagacctggagaagagecateceg
tctactctggtgaggaattggatgagactcaccttgttcactggatagacatcgagtccaaacctctgtttggagacattgatggt
tccaccttcaagtcttatgetgaggctaacattectettgectactatttctacgagaacgaagagcaaagagcageagetgetg
acatcattaagccatttgctaaggagcaaagaggcaagattaacttcgttggtttggatgcagtcaagttcggeaaacatgeca
agaaccttaacatggatgaggagaagttgccactgttcgttatccatgacttggtttccaacaagaaattcggtgttcctcaaga
ccaagaactgaccaacaaggacgttacagagctgattgagaagttcattgcaggtgaagcagaacccattgtcaagtctgage
ctattccagagatacaagaggagaaggtcttcaagttggtaggtaaagctcacgatgaagtegttttcgacgaatccaaggac
gttttggtcaagtactatgctccttggtgtggtcactgtaagagaatggcaccagettacgaagagettgetactttgtacgecaa
tgatgaggatgcatcttccaaggtggttattgccaagettgatcacactcttaacgacgttgataacgtggacatacagggatac
ccaaccttgatcctttatcctgetggtgacaagtctaacccacagttatacgacggttccagagaccttgagtctttggetgagttt
gtcaaggaaagaggtactcacaaggttgacgctttagctttgagacctgttgaagaggagaaagaagctgaggaagaagcetg
agtctgaagctgatgctcacgacgaattgtaageggeegetcaagaggatgtcagaatgecatttgectgagagatgeaggcett
catttttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtttcttctcgtacgagettgetectgatcagece
tatctcgcagcagatgaatatcttgtggtaggggtttgggaaaatcattcgagtttgatgtttttcttggtattteccactectcettc
agagtacagaagattaagtgagaccttcgtttgtgcggatccttcagtaatgtcttgtttcttttgttgcagtggtgagecattttg
acttcgtgaaagtttctttagaatagttgtttccagaggccaaacattccacccgtagtaaagtgcaagegtaggaagaccaag
actggcataaatcaggtataagtgtcgagcactggcaggtgatcttctgaaagtttctactagcagataagatccagtagtcatg
catatggcaacaatgtaccgtgtggatctaagaacgcgtcctactaaccttegeattegttggtccagtttgttgttatcgatcaa
cgtgacaaggttgtcgattccgegtaageatgeatacccaaggacgectgttgeaattccaagtgagecagttccaacaatcttt
gtaatattagagcacttcattgtgttgcgctigaaagtaaaatgcgaacaaattaagagataatctcgaaaccgegacttcaaa
cgccaatatgatgtgcggeacacaataagegttcatatcegetgggtgactttctegetttaaaaaattatccgaaaaaattttct
agagtgttgttactttatacttccggctcgtataatacgacaaggtgtaaggaggactaaaccatggctaaactcacctetgetgt
tccagtectgactgctcegtgatgttgetggtgetgttgagttctggactgataggeteggtttctecegtgacttcgtagaggacga
ctttgccggtgttgtacgtgacgacgttacectgttcatctccgeagttcaggaccaggttgtgecagacaacactctggeatggg
tatgggttcgtggtctggacgaactgtacgcetgagtggtctgaggtegtgtctaccaacttecgtgatgcatctggtccagetatg
accgagatcggtgaacagccctggggtegtgagtttgecactgegtgatccagetggtaactgegtgeatttegtcgeagaagag
caggactaacaattgacaccttacgattatttagagagtatttattagttttattgtatgtatacggatgttttattatctatttatgc
ccttatattctgtaactatccaaaagtcctatcttatcaagccagcaatctatgtccgegaacgtcaactaaaaataagctttttat
gctcttetetcttttttteccttcggtataattataccttgeatccacagattctectgecaaattttgeataatectttacaacatgge

tatatgggagcacttagcgccctccaaaacccatattgectacgeatgtataggtgttttttccacaatattttctetgtgetetett
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tttattaaagagaagctctatatcggagaagcttctgtggecgttatatteggecttategtgggaccacattgectgaattggttt
gccceggaagattggggaaacttggatctgattaccttagetgeaggtaccactgagegtcagaccccgtagaaaagatcaaa
ggatcttcttgagatcctttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccgetaccageggtggtttgttigecg
gatcaagagctaccaactctttttccgaaggtaactggcttcagcagagegcagataccaaatactgttcttctagtgtageegt
agttaggccaccacttcaagaactctgtagcaccgectacatacctegetetgetaatectgttaccagtggetgetgecagtgge
gataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcegeageggtcgggctgaacggggggttcgtgc
acacagcccagcttggagcgaacgacctacaccgaactgagatacctacagegtgagctatgagaaagegecacgcetteceg
aagggagaaaggcggacaggtatccggtaageggcagggtcggaacaggagagegeacgagggagettccagggggaaac
gcctggtatctttatagtcctgtegggtttegecacctctgacttgagegtegatttttgtgatgetegtcaggggggcggagecta

tggaaaaacgccagcaacgeggcectttttacggttectggecttttge

pPpT4-
CalB+synPDI-
pGAP+pCAT1-

rev

tggccttttgctcacatgtatttaaattgecagtgtatgtgcacttatagaggatgtacaaatggtcagagtttccccaaagagea
gatggaaaagcaattagattttcgttactgaatcaggcattcaaaaagaaacaataagtcgcaacaatgatgttaatctcgaat
attgaagtaaatgcttccagcaataatgtgacagttgctcgaatctagaacggtattaacagaatagaccgagactctectattt
cagcgtcctaaactctatcttgggaccaaggaagaaagctacgcacttaagaataggaccatgcataccaaaacaatagacct
gacctgatacgctatgcactgcaaatcgaagaaaaaagcaattcattcggaacaaaacgtcagagegggttttctaatagaat
ttgcgtaatatataaacctaaataccataattgaggtgtttcttttctctgataaaagtacaacgaagtgctcttgtcataccgea
acaaagatgttgaacacttcgtatcagtttcccaaagatgttgcaagatacgacgtggeagatgetgtcaatgagceaacttcaa
gctacctttttgaattcaaaggttcaacatgagcccggttcaagatatcaacaccaagagggaatcaactcatcaccagagaga
aaaaattcagtcttttcatctgctgatatatctaccacatcgtcacctacttctccgaagtctaaagecaattctcaatttgetaga
gactctgtcgacagttctatctacccgaggaaaccgatacataggagatctaatacagaggtatcatccaatgattccgaaaaa
gatttcagtttggactccctttttaaagcacagtatcgggatacaaagcetgaaaccctceccatttcaagettctagtggtaggaa
ttctgtaccggtttacagaaggacgactcttgatgcgccaaccacagtgacaatagacatagaggaaatgacaaaaggattat
gcgaggatgctgctggagacgattcaaagtttagtttagaaaggtectcecatttatgetgatagaatactagatacccgtgaact
ttgtctcaggagatccgcatcagacgaaggatgttccgacctgcaaataatcgaagaagagaccectaggecgtacgacagtc
agttagtagatatttataccattctgcgagaaggtcccctgeagggcacaaacgaaggtctcacttaatcttctgtactctgaag
aggagtgggaaataccaagaaaaacatcaaactcgaatgattttcccaaacccctaccacaagatattcatctgetgegagat
aggctgatcaggagcaagctcgtacgagaagaaacaaaatgacaaaaaaaatcctatactatataggttacaaataaaaaa
gtatcaaaaatgaagcctgcatctctcaggcaaatggceattctgacatectcttgageggecgcttatggggtcacgataccgga
acaagttctcttaccaacagcgaaaggtctagcatatggcatcaaatctggttcacagttttgcttaggaccagcaacaatagct
gcggcagcaggagccaacaatgcageggeagegaccttttgetetggagtaaggtegtttgetggtaaagggttacagtcagtg
ataccgtaatcagcagaacgagcttgaccagtggtggatctaagtgeggatctaccaacgacgtaagagaattgggaggtaag
agaaccggcgtggtcaataacgaacaaaggaccacaaacagcttgtgettggacgttctttccgttgaacaagtaagaggagt
ccaatggggagttagacacttgaggctgaacgatctcgtcagtggcagagtacaggttagtggtagggacaatttgggtcaaa
cctectgegtttctcaaggeggtagtcaaageagaaccggtggtttgttgeccacacagaaggageggaaacagecaatgegtec
aatggtccagcaagaacagttcecttgtagtcaggtgcgaaggcecatcaatctgtcaaccttggaacggatagatgggaagaa
ggtcaaaccccattgagcaaccaatccaccttgagaccaagtaaggactggcaacttgttgttaccagaaccagegtaaagag
cggtgattgcgttgaccatgtattcggtgttaacttgggtgtcgttcaacatgaatggaggtggggaaatccageatggagtgta

acccaactgagtagacagaggaatccagttggagtcgaaagattgtggtccagtggtaccagtacctggaaccaacaaaattg
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gcttagagacagaagatggagaagcaccttgacaggtcaaacctgcegtcaaggacggactttggctgggagaaagcaggatc
agaaccagatggaagagcttcggectctctcttctcgagagagacaccctcttecttagcagcaatggaagegatagtggtgtt

aatgaacaacaaaccgttgttagtggagttagagaaaggcaaaacagcgacgtcgaaatcaccctcaaggtcagagtaaccg
ataactgcttcagctggaatttgagcagtctegtcttcagtggtagtgttaacaggggcagcecaatgcagaggaggeagegaac
aagacagcggtgaaaatagatgggaatctcattttaattgtaagtcttgactagagcaagtgttatggtgaatttcaagtaattg
aagtgctgggtctacagcttatatatgattttggectgatgagcaacagaggctatcaccecgetgggataatgaaacttaccega
ttgcggeaggctaagegaaaagtccaggecaatcgagggaagttaattgetcagetttectgactaateecaactttgaggggt

gcatagtatggattcggtctcgtgcgagaagcttaaactttgttcaattccattagtagagggtatcatggaacttgeatgtgatg
attacttcatatgatatcaggtactagcaatctcgattcgaatttattaggtaatgccgaccggaacaatagaaagacttcaaga
ttgctaaaagaccaataagaacgtgtacagatgtcaggccatgagtttatttaagtgatctatgctacaattaaggttacaggag
aaccgcattcggagttcgattacgtagaaaaaaatgtggtgaaacagtttcataagagttatatactttattatttatagttaaat
atatggagaagactgtagttagatatcaaaatcataaatataaactgtgcgtatatttcagaaacttcgactcgttaaatctctat
tcaattattattcctcatttattatatatatgattacacacttttttgtagaaatgtcttggtgtcctcgtccaatcaggtagecatct

ctgaaatatctggctccgttgcaactccgaacgacctgetggeaacgtaaaattctccggggtaaaacttaaatgtggagtaat

ggaaccagaaacgtctctteccttctctctecttccaccgeccgttaccgtecctaggaaattttactctgetggagagettcttcta
cggececcttgcagcaatgctctteccageattacgttgegggtaaaacggaggtegtgtaccecgacctageageccagggatg
gaaaagtcccggecgtcgetggeaataatagegggeggacgeatgtcatgagattattggaaaccaccagaatcgaatataaa
aggcgaacacctttcccaattttggtttctcctgacccaaagactttaaatttaatttatttgtcectatttcaatcaattgaacaac
tatcaaaacacaatgcaattcaattgggacatcaagacagttgcatccatcctttctgecttgactcttgcacaagcettctgacca
agaagctattgctccagaagactctcacgttgtgaagttgactgaggctactttcgagtccttcatcacctctaaccctcatgtatt
ggcagagtttttcgcaccttggtgtggtcactgcaagaagttaggtectgagttggtatetgetgetgagattttgaaggacaatg
agcaagtcaagattgcccagattgactgcactgaggaaaaggagttgtgtcaaggttacgagattaagggttaccctaccttga
aggtgtttcacggtgaagttgaggttccatctgactaccaaggacaaagacagtcccaatecategtttcctacatgetgaagea
atctcttccacctgtatccgagatcaacgcaactaaggacttggatgacaccattgcagaggctaaagagcecagttategteca

agtccttccagaagatgcatccaacttggagtccaatacgaccttttacggagttgcaggtacattgegtgagaagttcacctttg
tctctaccaagtctactgactacgctaagaagtacacctctgactctactccagettacctgttggttagacctggagaagagcec

atccgtctactctggtgaggaattggatgagactcaccttgttcactggatagacatcgagtccaaacctctgtttggagacattg
atggttccaccttcaagtcttatgetgaggctaacattectettgectactatttctacgagaacgaagagcaaagagcageage

tgctgacatcattaagccatttgctaaggagcaaagaggcaagattaacttcgttggtttggatgcagtcaagttcggcaaacat
gccaagaaccttaacatggatgaggagaagttgcecactgttcgttatccatgacttggtttccaacaagaaattceggtgttectc

aagaccaagaactgaccaacaaggacgttacagagctgattgagaagttcattgcaggtgaagcagaacccattgtcaagtct
gagcctattccagagatacaagaggagaaggtcttcaagttggtaggtaaagcetcacgatgaagtcgttttcgacgaatccaa

ggacgttttggtcaagtactatgctecttggtgtggtcactgtaagagaatggeaccagettacgaagagcettgctactttgtacg
ccaatgatgaggatgcatcttccaaggtggttattgccaagettgatcacactcttaacgacgttgataacgtggacatacaggg
atacccaaccttgatcctttatcctgctggtgacaagtctaacccacagttatacgacggttccagagaccttgagtctttggetg

agtttgtcaaggaaagaggtactcacaaggttgacgctttagetttgagacctgttgaagaggagaaagaagcetgaggaagaa
gctgagtctgaagctgatgetcacgacgaattgtaageggecgctcaagaggatgtcagaatgecatttgectgagagatgceag

gcttcatttttgatacttttttatttgtaacctatatagtataggattttttttgtcattttgtttctictcgtacgagettgetectgate
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agcctatctcgcagcagatgaatatcttgtggtaggggtttgggaaaatcattcgagtttgatgtttttcttggtatttcccactect
cttcagagtacagaagattaagtgagaccttcgtttgtgcggatccttcagtaatgtcttgtttcttttgttgcagtggtgagecatt
ttgacttcgtgaaagtttctttagaatagttgtttccagaggccaaacattccaccegtagtaaagtgcaagegtaggaagacca
agactggcataaatcaggtataagtgtcgagcactggcaggtgatcttctgaaagtttctactagcagataagatccagtagtc

atgcatatggcaacaatgtaccgtgtggatctaagaacgegtcctactaaccttcgeattegttggtecagtttgttgttatcgatc
aacgtgacaaggttgtcgattccgegtaageatgeatacccaaggacgectgttgeaattccaagtgagecagttccaacaatc
tttgtaatattagagcacttcattgtgttgcgctigaaagtaaaatgcgaacaaattaagagataatctcgaaaccgegacttca
aacgccaatatgatgtgcggcacacaataagegttcatatcegetgggtgactttctcgetttaaaaaattatccgaaaaaattt
tctagagtgttgttactttatacttccggcetcgtataatacgacaaggtgtaaggaggactaaaccatggctaaactcacctctge
tgttccagtectgactgetegtgatgttgetggtgctgttgagttctggactgataggeteggtttcteccgtgacttegtagagga

cgactttgccggtgttgtacgtgacgacgttaccctgttcatctccgeagttcaggaccaggttgtgecagacaacactetggceat
gggtatgggttcgtggtctggacgaactgtacgctgagtggtctgaggtcegtgtctaccaactteegtgatgeatctggtccaget
atgaccgagatcggtgaacagccctggggtcegtgagtttgeactgegtgatccagetggtaactgegtgeatttegtegeagaa

gagcaggactaacaattgacaccttacgattatttagagagtatttattagttttattgtatgtatacggatgttttattatctattt

atgcccttatattctgtaactatccaaaagtcctatcttatcaagecagcaatctatgtccgegaacgtcaactaaaaataagcett
tttatgctcttctctctttttttcectteggtataattataccttgeatccacagattctectgecaaattttgeataatectttacaac

atggctatatgggagcacttagegeectccaaaacccatattgectacgeatgtataggtgttttttccacaatattttctetgtge
tctctttttattaaagagaagctctatatcggagaagcttctgtggecgttatatteggecttategtgggaccacattgectgaat
tggtttgccccggaagattggggaaacttggatctgattaccttagetgcaggtaccactgagegtcagaccecgtagaaaaga
tcaaaggatcttcttgagatcctttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccgetaccageggtggttigtt
tgceggatcaagagctaccaactctttttccgaaggtaactggettcagcagagegeagataccaaatactgttcttctagtgta

gccgtagttaggccaccacttcaagaactctgtagcaccgectacatacctegetctgetaatectgttaccagtggetgetgeca
gtggcgataagtcegtgtcttaccgggttggactcaagacgatagttaccggataaggegeageggtegggetgaacgggggst
tcgtgcacacagceccagettggagegaacgacctacaccgaactgagatacctacagegtgagetatgagaaagegecacgcet
tcccgaagggagaaaggeggacaggtatecggtaageggeagggtcggaacaggagagegeacgagggagcttccaggeg

gaaacgcctggtatctttatagtcetgtcgggtttegecacctetgacttgagegtegatttttgtgatgetegtcaggggggcgga

gcctatggaaaaacgccagcaacgeggcectttttacggttectggecttttge

7.2. Vector maps

Sequences of the pictured vectors are listed in Table 29.
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7.2.1.1. Genomic Situation of TKL1

putative secreted protein

| Down3UTRTKL1R and Down3UTRTKL1_disR
UpSUTRTKL1F

CDSTKL1F CDSTKL1R

protein-tyrosine phosphatase

TKL1 genomic situation
7620 bp

Figure 49 Genomic situation of the transketolase 1 (TKL1) gene. TKL1 is located on chromosome 1 of P. pastoris CBS 7435.
5’ of the gene a putative secreted protein and 3’ a tyrosine phosphatase are coded. The tyrosine phosphatase gene lies
within the 3’UTR HRS.
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7.2.2. Knock-out vectors

Sfil (42)

Sfil (978)

pPpKC 1

5229 bp

Figure 50 Plasmid map of pPpKC1

pPpKC1 vector harbours a stuffer fragment flanked by two Sfil sites for cloning homologous recombination sites (HRS) for
integration in the desired region of the P. pastoris genome. Further 2 FRT regions are besides the Sfil cutting sites. The FRT
sites are recognized by the flippase from S. cerevisae under the control of AOX1 promoter and terminator (Paox; and AOX1
TT respectively) for excision of the marker after successful deleting of the GOI. As selection marker Zeocin-resistance
protein (JQ519690.1) with ARG4 promoter and terminator (Parss and ARG4 TT) was used for expression in P. pastoris. The
synthetic promoter EM72SynB was used for expression of Zeocin-resistance-protein expression. The plasmid also harbored
a pUCori for replication in E.coli.
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Sfil (42)

Swal (1328)

pPpKC1_DAS1
6530 bp

Sfil (2279)

Figure 51 Plasmid map of pPpKC1_DAS1

pPpKC1_DAS2 vector harbours 2 homologous recombination sites located at the 5’ UTR and 3'UTR of DAS1 in the P. pastoris
genome. In between these 2 regions a Swal/Smil cutting site has been introduced via constructing, which required for later
linearization of the vector. The 2 Sfil sites for cloning flank the 2 HRS as well as 2 FRT sites. The FRT sites are recognized by
the flippase from S. cerevisae under the control of AOX1 promoter and terminator (Paox; and AOX1 TT respectively) for
excision of the marker after successful deleting of the GOI. As selection marker zeocin-resistance protein (JQ519690.1) with
ARG4 promoter and terminator (Parss and ARG4 TT) was used for expression in P. pastoris. The synthetic promoter
EM72SynB was used for expression of Zeocin-resistance-protein expression. The plasmid also harbored a pUCori for
replication in E.coli.
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Sfil {42)

Swal (1172)

pPPKC 1_DAS2
6631 bp

Sfil (2380)

Figure 52 Plasmid map of pPpKC1_DAS2

pPpKC1_DAS1 vector harbours 2 homologous recombination sites located at the 5" UTR and 3’UTR of DAS2 in the P. pastoris
genome. In between these 2 regions a Swal/Smil cutting site has been introduced via constructing, which required for later
linearization of the vector. The 2 Sfil sites for cloning flank the 2 HRS as well as 2 FRT sites. The FRT sites are recognized by
the flippase from S. cerevisae under the control of AOX1 promoter and terminator (Paox; and AOX1 TT respectively) for
excision of the marker after successful deleting of the GOI. As selection marker zeocin-resistance protein (JQ519690.1) with
ARG4 promoter and terminator (Pares and ARG4 TT) was used for expression in P. pastoris. The synthetic promoter
EM72SynB was used for expression of Zeocin-resistance-protein expression. The plasmid also harbored a pUCori for
replication in E.coli.
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Sfil (42)

Swal (1328)

pPpKC 1_DAS1&2_clean
6712 bp

Sfil (2461)

Figure 53 Plasmid map of pPpKC1_DAS1&2 clean

pPpKC1_DAS1&2_clean vector harbors 2 homologous recombination sites located at the 3’ UTR and 3’UTR of DAS1 and
DAS2 respectively in the P. pastoris genome. The 3’UTR DAS2 in this vector corresponds to the 5'UTR in the other vectors
i.e. pPpKC1_DAS1, because DAS2 gene is coded on the complement strand in the genome pictured in Figure 8. In between
these 2 regions a Swal/Smil cutting site has been introduced via constructing, which required for later linearization of the
vector. The 2 Sfil sites for cloning flank the 2 HRS as well as 2 FRT sites. The FRT sites are recognized by the flippase from S.
cerevisae under the control of AOX1 promoter and terminator (Paox: and AOX1 TT respectively) for excision of the marker
after successful deleting of the GOI. As selection marker zeocin-resistance protein (JQ519690.1) with ARG4 promoter and
terminator (Parss and ARG4 TT) was used for expression in P. pastoris. The synthetic promoter EM72SynB was used for
expression of Zeocin-resistance-protein expression. The plasmid also harbored a pUCori for replication in E.coli.
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Sfil {42)

Swal (1178)

pPpKC 1_TKL1
6665 bp

Sfil (2414)

Figure 54 Plasmid map of pPpKC1_TKL1

pPpKC1_TKL1 vector harbours 2 homologous recombination sites located at the 5' UTR and 3’UTR of TKL1 in the P. pastoris
genome. In between these 2 regions a Swal/Smil cutting site has been introduced via constructing, which required for later
linearization of the vector. The 2 Sfil sites for cloning flank the 2 HRS as well as 2 FRT sites. The FRT sites are recognized by
the flippase from S. cerevisae under the control of AOX1 promoter and terminator (Paox; and AOX1 TT respectively) for
excision of the marker after successful deleting of the GOI. As selection marker zeocin-resistance protein (JQ519690.1) with
ARG4 promoter and terminator (Pares and ARG4 TT) was used for expression in P. pastoris. The synthetic promoter
EM72SynB was used for expression of Zeocin-resistance-protein expression. The plasmid also harbored a pUCori for
replication in E.coli.
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Sfil (42)

Swal (1133)

pPpKC 1_TKL1_disrupted
6620 bp

Sfil (2369)

Figure 55 Plasmid map of pPpKC1_TKL1_disrupted (pPpKC1_TKL1_dis)

pPpKC1_TKL1_dis vector harbours 2 homologous recombination sites located at the 5" UTR and 3’UTR (and a small part of
the TKL1 gene as well) of TKL1 in the P. pastoris genome. In between these 2 regions a Swal/Smil cutting site has been
introduced via constructing, which required for later linearization of the vector. The 2 Sfil sites for cloning flank the 2 HRS as
well as 2 FRT sites. The FRT sites are recognized by the flippase from S. cerevisae under the control of AOX1 promoter and
terminator (Paox: and AOX1 TT respectively) for excision of the marker after successful deleting of the GOI. As selection
marker zeocin-resistance protein (JQ519690.1) with ARG4 promoter and terminator (Parss and ARG4 TT) was used for
expression in P. pastoris. The synthetic promoter EM72SynB was used for expression of Zeocin-resistance-protein
expression. The plasmid also harbored a pUCori for replication in E.coli.
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7.2.3. Vectors for model protein expression

7.2.3.1. eGFP vectors

Smil - Swal (23)

pPpT4mutZeoMIyI-intArg4-EGFP-pAOX1BgIII

5302 bp

Figure 56 Vector map of the eGFP expression vector pPpT4mutZeoMlyl-intArgd-EGFP-pAOX1Bglll.

The vector is based on a pPpT4 vector with a homologous site for integration at 3' of ARG4 in P. pastoris and the pUCori for
replication in E. coli. Zeocin-resistance-protein under the control of the P;ys and AODTT for expression in P. pastoris and
pEM72 for expression in E. coli. The expression of the model protein eGFP (enhanced green fluorescent protein) is under
the control of Paox: (AOX1 promoter from P. pastoris) and the terminator of AOX1 (AOX1TT).
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Smil - Swal (23)

pPpT4mutZeoMIyI-intArg4-EGFP-pCAT1

5054 bp

Figure 57 Vector map of the eGFP expression vector pPpT4mutZeoMlyl-intArg4-EGFP-pCAT1.

The vector is based on a pPpT4 vector with a homologous site for integration at 3’ of ARG4 in P. pastoris and the pUCori for
replication in E. coli. Zeocin-resistance-protein under the control of the P, s and AODTT for expression in P. pastoris and
pEM72 for expression in E. coli. The expression of the model protein eGFP (enhanced green fluorescent protein) is under
the control of Pcar; (catalase promoter from P. pastoris) and the terminator of AOX1 (AOX1TT).
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Smil - Swal (23)

pPpT4mutZeoMIyI-intArg4-EGFP-pGAP

4848 bp

Figure 58 Vector map of the eGFP expression vector pPpT4mutZeoMlyl-intArg4-EGFP-pGAP.

The vector is based on a pPpT4 vector with a homologous site for integration at 3’ of ARG4 in P. pastoris and the pUCori for
replication in E. coli. Zeocin-resistance-protein under the control of the P;ys and AODTT for expression in P. pastoris and
pEM72 for expression in E. coli. The expression of the model protein eGFP (enhanced green fluorescent protein) is under
the control of Pgar (GAP promoter from P. pastoris) and the terminator of AOX1 (AOX1TT).
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7.2.3.2. BDH1 Vectors

pPICZd1-BDH1
4370 bp

3-
€Nd of mrNA

Figure 59 Vector map of pPICZd1-BDH1 (which was used as template for BDH1 gene from S. cerevisiae).

The pPICZd1 vector has a homologous site for integration at Paox: in P. pastoris and the pUCori for replication in E. coli.
Zeocin-resistance-protein under the control of the Prg; and CYCLTT for expression in P. pastoris and pEM7 for expression in
E. coli. The expression of BDH1 from S. cerevisiae (butanediol dehydrogenase) is under the control of the constitutive Paox:
(from P. pastoris) and the terminator of AOX1 (AOX1TT)..
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vSmiI -Swal (136)

EcoRI (627)

pPpT4_GAP_S_ScBDH
4244 bp

NotI (17389)

Figure 60 Vector map of pPpT4_GAP_S_ScBDH1.

The pPpT4 vector has a homologous site for integration at Paox: in P. pastoris and the pUCori for replication in E. coli.
Zeocin-resistance-protein under the control of the P,.vs and AODTT for expression in P. pastoris and pEM72 for expression

in E. coli. The expression of BDH1 from S. cerevisiae (butanediol dehydrogenase) is under the control of the constitutive Pgap
(from P. pastoris) and the terminator of AOX1 (AOX1TT). Notl_ScBDH1_rev and EcoRI_ScBDH1_fwd indicate the primers
used to amplify BDH1 gene from pPICZBd1-BDH1.
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7.2.3.3. CalB vectors

Smil - Swal (23)

pPpT4-CalB+synPDI-pAOX1+pGAP-fwd

8117 bp

Figure 61 Vector Map pPpT4-CalB+synPDI-pAOX1+pGAP-fwd

The vector is based on the pPpT4 with a pUCori for replication in E. coli, the zeocin-resistance-protein under the control of
Pivs and AODTT for expression in P. pastoris and under the control of the pEM72 for expression in E. coli respectively. For
integration in P. pastoris a homologous region of ARG4 gene is available and a Swal/Smil site for linearizing the vector. Two
further proteins namely CalB_VTU with the a-factor from S. cerevisae for secretion (C. Antarctica lipase B; LC026014.1) and
syn_PDI (protein disulphide isomerase from P. pastoris; CAC33587.1) under the control of a bidirectional promoter P4ox:-
Pcap (Paox: for CalB and Pgap for synPDI) and both terminated by an AOX1TT.
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Smil - Swal (23)

pPpT4-CalB+synPDI-pGAP+pCAT1-rev

7870 bp

Figure 62 Vector map of pPpT4-CalB+synPDI-pGAP+pCAT1-rev

The vector is based on the pPpT4 with a pUCori for replication in E. coli, the zeocin-resistance-protein under the control of
Pivs and AODTT for expression in P. pastoris and under the control of the pEM72 for expression in E. coli respectively. For
integration in P. pastoris a homologous region of ARG4 gene is available and a Swal/Smil site for linearizing the vector. Two
further proteins namely CalB_VTU with the a-factor from S. cerevisae for secretion (C. Antarctica lipase B; LC026014.1) and
syn_PDI (protein disulphide isomerase from P. pastoris; CAC33587.1) under the control of a bidirectional promoter Pgap-
Pcar1 (Pcarz for CalB and Pgap for synPDI) and both terminated by an AOX1TT.
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7.3.Generated Strains

Table 30 Strains stored at the strain collection of University of Technology, Institute of Molecular Biotechnology.

Hosts train Host strain: Plasmid Collecti
designation on No.
E. coli K12 Top10F’ pPpKC1-DAS1-verkirzte 5’UTR 7120
E. coli K12 Top10F pPpKC1-DAS2 7121
E. coli K12 Top10F’ pPpKC1-DAS1/2-clean 7122
E. coli K12 Top10F pPpKC1-TKL1 7123
E. coli K12 Top10F pPpKC1-TKL1-dis 7124
E. coli K12 Top10F’ PPpPT4-GAP-S-ScBDH1 7125
E. coli K12 Top10F pPpT4-GAP-S-CpXYL1lopt 7126
E. coli K12 Top10F’ pPpT4-S-pCAT1-MAO-DS-DNA-2.0 | 7127
E. coli K12 Top10F’ pPpKC1-DAS2 7128
P. pastoris CBS 7435 pPpKC1-DAS1-verkiirzte 5’UTR int. 7060
P. pastoris CBS 7435 pPpKC1-DAS2 int. 7061
P. pastoris CBS 7435 pPpKC1-DAS1/2-clean int. 7072
P. pastoris CBS 7435 Adasl 7073
P. pastoris CBS 7435 Adas2 7074
P. pastoris CBS 7435 Adas1Adas2 7072
P. pastoris CBS 7435 pPpT4_GAP_S SCBDH1, C7 7181
P. pastoris CBS 7435 Adasl1Adas2 | pPpT4_GAP_S _SCBDH1, F3 7182
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