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Abstract

Kurzfassung

Bei der Kultivierung von Saugerzellen in glutamihiigeen Medien werden grol3e Mengen an
Laktat und Ammonium in den Kulturiberstand ausgesign. Diese toxischen Neben-
produkte kénnen sich nicht nur negativ auf die Allitat und die Produktivitat auswirken,
sondern auch das Wachstum zu hohen Zelldichtennd=in. Verschiedene Produktions-
zelllinien, die fur die Herstellung von biopharmatischen Produkten eingesetzt werden,
kénnen zum Beispiel auch mit Pyruvat (Pyr) anstetie Glutamin (GIn) im Kulturmedium
wachsen. Als Folge verbrauchen diese Zellen nialnt weniger Glucose (Gluc), sie

produzieren auch signifikant weniger Laktat unchk&mmonium.

Eine Moglichkeit, den Zellstoffwechsel und die augge liegenden zelluldren regulato-
rischen Mechanismen naher zu untersuchen, stellegniaktivitatsstudien dar. Obwohl die
Analyse von Enzymen relativ komplex ist und Hocluthsatztechnologien fur Enzym-
aktivitaten nicht Uberall zur Verfigung stehen, ikaleren Messung wertvolle Informationen
Uber Flussraten im Stoffwechselweg liefern, die fi;s Verstdndnis von metabolischen
Netzwerken von grofRer Bedeutung sind. Dartber Binkginnen Datensatze zu Enzym-
aktivitdten zusammen mit Proteom- und MetabolomdateSinne eines systembiologischen
Ansatzes in mathematische Modelle zum Zellmetabmigs integriert werden. Solche
Modelle konnen Informationen Uber Stoffwechselweligfern, die wichtig fir die

Optimierung von Zelllinien und Kulturmedien sind.

Die Zielsetzung der vorliegenden Studie bestandMesentlichen in der Charakterisierung
der Wirkung von verschiedenen Kultivierungsbedirggmauf die Aktivitaten von Schlissel-
enzymen des Zentralstoffwechsels der Madin-Darbyineakidney (MDCK)-Produktions-

zelllinie. Auf Basis einer Hochdurchsatzplattforir fEnzymaktivitatsmessungen in Pflan-
zenzellextrakten sollte zunéchst eine effizientealgseplattform zur Bestimmung von
Enzymaktivitaten in Saugerzellen entwickelt werdéfine geeignete Gruppierung von
verschiedenen Enzymen sollte es ermdglichen, dAfgivitaten mit einer gemeinsamen

Messmethode nachzuweisen.

Der erste Abschnitt dieser Arbeit befasste sich deit Etablierung von sensitiven und auf
Mikroplattenbasierenden Assays zur Messung von 28yfeaen des zentralen Kohlenstoff-
und GIn-Metabolismus in Saugerzellen. Die neue Iidaothsatzplattform zur Bestimmung
von Enzymaktivitaten bestand aus vier verschiedebyling-Assays. Der Vorteil bei der

Verwendung von enzymatischen Cycling-Assays und\Ve@fl- Mikrotiterplatten lag in der
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hohen Sensitivitat bei der Produktbestimmung (00i25,4 nmol) und im Probendurchsatz.
Aufgrund des Fehlens von Zellwanden in Saugerzellandie Generierung von Proben im
Vergleich zur Plattform fur Pflanzenzellen einfach&€udem kdnnen kontinuierliche
Zelllinien leicht unter kontrollierten Bedingungemachsen. Auch waren entsprechende
Versuche weit weniger zeitaufwendig als Experimemie Pflanzen. Zellextrakte konnten
stark verdinnt werden, so dass eventuelle Interzere durch andere Komponenten im
Extrakt verringert sowie Uber- und Unterschatzungk tatsachlichen Enzymaktivitat
vermieden wurden. Da Substratkonzentrationen imassirchgehend auf einem annéahernd
konstanten Niveau gehalten werden konnten, wurdemef mogliche Enzyminhibierungen
durch zu hohe Produktkonzentrationen unterbundem Wine Inhibierung des zu
untersuchenden Enzyms durch zu hohe Substratlevelermeiden, wurde die maximal
maogliche Substratkonzentration verwendet, bei @amekInhibierung beobachtet wurde. Alle

Enzymassays wurden mit MDCK-Zellextrakt optimiendualidiert.

Im Zuge der Entwicklung der Assay-Plattform fiir §éuzellen wurde im zweiten Schritt der
Arbeit ein wichtiges Kopplungsenzym fur die Anwendun sensitiven Glycerol-3-Phosphat
(G3P)-Assays produziert, welches auch fur zukiefti§tudien zum Zellstoffwechsel
Verwendung finden kann. Dazu wurde eine Glycerade@néGK) ausPichia farinosa mit
einem 5-L Bioreaktor rekombinant iRichia pastoris hergestellt. Das Enzym wurde
anschlielend mit einer Kombination aus Nickel-Affits- und Anionenaustauschchromato-
graphie aufgereinigt. Die spezifische Aktivitdt deslen Produkts lag bei etwa 200 Units
pro mg an Protein. Das pH- und Temperaturoptimwgrbks 7,0 beziehungsweise 45 °C. Der
effektivste Phosphatdonor fur die Umwandlung vogo@tol in G3P war ATP, wobei auch
ITP, UTP, GTP oder CTP genutzt werden konnte. Desyia zeigte mit UTP, GTP und CTP
das Phanomen der negativen Kooperativitdt und koenfolgreich fur die Messung der

Pyruvatkinase-Aktivitat in MDCK Zellen verwendet rden.

Im dritten Teil der Studie wurde die entwickeltesag-Plattform fir die Untersuchung der
Wirkung von Medienwechsel auf Enzymaktivitaten d&@sic- und Gln-Metabolismus von
adharenten MDCK-Zellen genutzt. Dabei wurden diedein Sechs-Well-Platten mit Gin-
oder Pyr-haltigem GMEM-Medium bis zur exponentiellend stationdren Wachstumsphase
kultiviert und die Aktivitdten von 28 metabolisch&mzymen in Zellextrakten untersucht.
Vorangegangene Studien zu Stoffflussanalysen in KiZEllen vermuteten unter anderem,
dass dem Medium zugesetztes extrazellulares Pydirekt in den Citratsaurezyklus eingeht.

Wahrend des exponentiellen Wachstums in Pyr-haftigdedium waren die Enzym-
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aktivitaten des Pentosephosphatweges insgesamt, hishe auf einen erhdhten Fluss von
Glucose-6-Phosphat in den oxidativen Teil diesedfi@&chselweges hindeutete. Dartber
hinaus zeigten die anaplerotischen Enzyme Pyrudmigglase und Pyruvatdehydrogenase
hohere zellspezifische Aktivitditen mit dem Pyr-lggdh Medium. Gesteigerte Aktivitaten
wurden ebenfalls bei der NABabhangigen Isocitratdehydrogenase, Glutamatdebgdease
und Glutaminsynthetase in MDCK-Zellen mit Pyr alohkenstoff- und Energiequelle
gefunden. Es liegt die Vermutung nahe, dass detidgen den Enzymaktivitaten hochst-
wahrscheinlich fir die Kompensierung des Energialfsdder Zelle und zur Auffullung des
GIn-Pools benotigt wurde. Zudem waren die Aktiwtatder glutaminolytischen Enzyme
Aspartat- und Alanintransaminase, Phosphoenolpy@asboxykinase und des NADP
abhangigen Malatenzyms (ME) geringer, was auf ewveiminderten GIn-Stoffwechsel in
mit dem Pyr-haltigen Medium kultivierten Zellen waiten liel3.

Der letzte Teil dieser Arbeit befasste sich mit dérus-Wirtszell-Interaktion und der
Zellantwort wahrend der frihen Virusinfektion vowlhédrenten MDCK-Zellen. Friihere
Studien zu Infektionsexperimenten mit Influenzavireeigten deutliche Anderungen im
Proteom sowie im Verlauf von intra- und extrazeélleh Metaboliten wahrend der spéaten
Infektionsphase in MDCK-Zellen. Konfluente Zellemurslen in der vorliegenden Studie mit
einem Influenza-A-Virus (H1N1) bei einer hohen ktfensmultiplizitat infiziert und hin-
sichtlich Aktivitdtsanderungen von Enzymen des edstoffwechsels untersucht. Virus-
infizierte Zellen zeigten eine Hochregulierung eimer Schlisselenzyme, die fur die Pro-
duktion des Reduktionsaquivalents NADPH (Glucodehésphat-Dehydrogenase, 6-Phos-
phogluconat-Dehydrogenase und ME) und Acetyl-Coré§@yase und Acetat-CoA-Ligase),
ein wichtiger Vorlaufermetabolit fir die Lipid- un@holesterolbiosynthese, verantwortlich
sind. Da sich Viren unter Mitnahme von Zellmembmsthndteilen (Lipidhtlle) von der
Wirtszelloberflache abldsen, scheint die Synthesa ¥ettsauren und Cholesterol eine

wichtige Rolle bei der Replikation von Influenzaarin MDCK-Zellen zu spielen.

Zusammenfassend konnte eine Hochdurchsatzplattfarndie Bestimmung von Enzym-
aktivitaten in Saugerzellen etabliert werden, neit thetabolische Zustande von Produktions-
zellen n&her charakterisiert werden kdonnen. Dies knschlieRend dazu verwendet werden,
um zellulare Prozesse besser zu verstehen undniggillund Kulturmedien zu optimieren.
DarlUber hinaus konnen die Datenséatze zu Enzymglewi zusammen mit Daten zu intra-
und extrazellularen Metabolitkonzentrationen fure dtrstellung und Validierung von

mathematischen Modellen zum Zellstoffwechsel vorziu sein.
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During growth of mammalian cells in glutamine-contag media, large amounts of lactate
and ammonia are secreted into the culture supemalaese toxic by-products not only
affect cell viability and productivity but oftensal prevent growth to high cell densities.
However, different production cell lines typicallysed for manufacturing of biopharma-
ceuticals and viral vaccines can also grow on pat@iyPyr) instead of glutamine (GIn) in the
culture medium. As a consequence, these cells nigt release no ammonia but glucose

(Gluc) consumption and lactate production are edgloiced significantly.

One possibility to better understand cell metaboland the cellular regulatory mechanisms
that govern cell growth is to perform enzyme atyivstudies. Although the analysis of
enzymes is more complex and high-throughput teclgie$ for enzyme activities are not
commonly available, enzyme activities provide infiation on pathway flux rates, which is
important for the understanding of metabolic netsorFurthermore, the integration of
enzyme activity data into mathematical models df metabolism together with proteome
and metabolome data by systems biology approachiesigwnificantly contribute towards a

better understanding of metabolic pathways relef@ntell line and media optimization.

The objective of this thesis was to characterizedffect of different culture conditions on
key enzyme activities of central metabolic pathwayshe Madin-Darby canine kidney
(MDCK) production cell line. On the basis of a hifitoughput platform for measuring
enzyme activities in plant cell extracts, the wbrgt involved the development of a platform
to determine enzyme activities in mammalian ceilduding grouping of various enzymes

that share a common detection method.

The first part of this work addressed the estabiisht of sensitive microplate-based assays to
measure the activities of 28 enzymes involved intre¢ carbon and GIn metabolism of
mammalian cells. The new high-throughput platforon €énzyme activity measurements
consisted of four different cycling assays. The asenzymatic cycling methods combined
with the application of 96-well microplates allowadmore sensitive (0.025 to 0.4 nmol
product) and faster determination of enzyme addiwithan most of the existing assays.
Compared to the platform for plant cells, samplepgaration steps were less laborious for
mammalian cell lines as disruption of cell wallsswaot required. Furthermore, continuous
cell lines can be easily grown under controlled dittons and studies were not as time-

consuming as experiments using plant cells. Cefllaets could be highly diluted, which

Vi
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reduced possible interferences caused by other @oemps of the extract and additionally
minimized under- or overestimation of the actuatyene activity. Furthermore, possible
enzyme inhibition by high concentration of a pradweas prevented since substrate
concentrations could be maintained at a near congtgael throughout the assay. Enzyme
inhibition by high substrate levels was avoidedusyng the maximum possible substrate
concentration at which no inhibition was observatl.enzyme assays were validated and

optimized with extracts from adherent MDCK cells.

Within the development of the assay platform fommaalian cells, the second step of this
work was comprised of the production of an impdrtemupling enzyme to exploit all the
benefits of the glycerol 3-phosphate (G3P) cycleer&fore, a glycerokinase (GK) from
Pichia farinosa was produced recombinantly iichia pastoris using a 5-L stirred-tank
bioreactor. The enzyme was purified by a combimatibnickel affinity chromatography and
anion exchange chromatography. The specific agtivf the final preparation was
approximately 200 units per mg protein. The pH temdperature optimum was determined as
7.0 and 45 °C, respectively. Although the mostative phosphoryl group donor tested was
ATP, GK fromP. farinosa could also utilize ITP, UTP, GTP, or CTP to produg3P. The
kinetic properties of the enzyme with respect toPUTGTP, and CTP suggested that GK
exhibited negative cooperativity as double reciptquots showed a biphasic response to
increasing nucleoside triphosphate concentratidfisally, the homogeneous enzyme
preparation was successfully applied to measurspheific activity of pyruvate kinase (PK)

in MDCK cell extracts by coupling the PK-induced Rproduction to the formation of G3P.

In the third stage of this thesis, the developeshwaglatform was used to investigate the
impact of media changes on Gluc and GIn metabotismdherent MDCK cells. Therefore,
the cells were grown to stationary and exponerglases in six-well plates in GMEM
supplemented with GIn or Pyr, and 28 key metabatizyme activities of cell extracts were
analyzed. Previous studies on MDCK cell metabolitioused, for example, on the
measurement of intracellular metabolites or on bwia flux models. Evaluation of flux
distributions suggested that the additional extralee Pyr enters the TCA cycle directly,
whereas most of the consumed Gluc is excreted etatdain MDCK cells. During
exponential cell growth in Pyr-containing mediunhe toverall activity of the pentose
phosphate pathway was up-regulated, which suggélstednore glucose 6-phosphate was
channeled into the oxidative branch. Furthermotee tnaplerotic enzymes pyruvate

carboxylase and pyruvate dehydrogenase showed rhaghliespecific activities with Pyr.

Vi



Abstract

Increased specific activities were also found f&IN-dependent isocitrate dehydrogenase,
glutamate dehydrogenase and glutamine synthetad®@K cells grown with Pyr. It could
be assumed that the increase in enzyme activi@ssmost likely required to compensate for
the energy demand and to replenish the GIn pootebeer, the activities of the glutamino-
lytic enzymes aspartate transaminase, alanine am@nase, malic enzyme (ME) and
phosphoenolpyruvate carboxykinase were decreasBtDiGK cells grown with Pyr, which

seemed to be related to a decreased GIn metabolism.

The last part of this work dealed with the investign of virus-host cell interactions and the
cell response during early virus infection in adimer MDCK cells. Previous infection
experiments with influenza viruses clearly showeatgome alterations as well as changes in
intra- and extracellular metabolites during lateusiinfection in MDCK cells. In this study,
confluent cells were infected with an influenza KA1(N1) virus at a high multiplicity of
infection, and key metabolic enzyme activities elf extracts were analyzed. Virally infected
cells showed an up-regulation of some key enzynreslysing the reducing equivalent
NADPH (glucose-6-phosphate dehydrogenase, 6-phgiptanate dehydrogenase, and ME)
and acetyl-CoA (citrate lyase and acetate-CoA &yjaa precursor needed for lipid and
cholesterol biosynthesis. It seemed that the sgrghef fatty acids and cholesterol plays a
crucial role for the replication of influenza viessin adherent MDCK cells as they acquire
lipid envelopes from their host cells (specific iceg of the apical membrane) during
budding.

Taken together, a high-throughput platform for theasurement of enzyme activities in
mammalian cells was established where metaboliessta production cell lines can now be
further characterized. This can then be used torawg the understanding of metabolic
pathways relevant for cell line and media optimaat Furthermore, valuable datasets on
enzyme activities together with data on intra- arttacellular metabolite concentrations will
support the validation of mathematical models dfut@ metabolism in systems biology

approaches.

VI
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Introduction

1 Introduction

Over the past 20 years, biotechnology emerged asobithe most important technologies
leading to a rise in developing new production peses for a wide variety of
biopharmaceuticals such as monoclonal antibodiast{€au et al., 2007; Kunert et al., 2000;
Ruker et al., 1991), recombinant proteins (Bakexl.e2001; Gaillet et al., 2007; Negro et al.,
1994), and viral vaccines (Aunins, 2000; BucklagdQ5; Doroshenko and Halperin, 2009;
Genzel et al.,, 2010; Lohr et al.,, 2009; Shen et 2012). These biologicals are mainly
produced using human and animal cell lines sucth@<hinese hamster ovary (CHO) cell
line for antibody manufacturing. Appropriate foldirand post-translational modifications
(i.e., glycosylation) of the product are generaldt properly performed using other microbial
systems (e.g., yeasts and bacteria). However, ogtisines display an inefficient metabolic
phenotype characterized by up-regulation of glytolgnd glutaminolytic fluxes during the
cultivation in glutamine (GlIn)-containing media, i results in the release of incompletely
oxidized intermediates such as lactate (Lac) anch@mma into the culture broth. These toxic
by-products often not only affect cell viability caproductivity but also can prevent growth
to high cell densities (Genzel et al., 2005; GlagKE988; Hassell et al., 1991; Ozturk et al.,
1992). For example, ammonia in culture medium, Wwhis mainly resulting from Gin
degradation, was shown to decrease the growthofditadin-Darby canine kidney (MDCK)
cells at levels exceeding 7 mM by about 50 % (Gdackt al., 1986), and the accumulation of
more than 2 mM ammonia resulted in growth inhilitaf baby hamster kidney (BHK) cells
(Butler and Spier, 1984). Lac as the second majastev product arises from anaerobic
glycolysis, and Lac levels higher than 20 mM weheven to inhibit growth as well as
recombinant protein and antibody production of BldKd hybridoma cells, respectively
(Cruz et al., 2000; Glacken, 1988; Ozturk et &92).

Different measures can be taken to better undetdtas metabolic interactionglevant for
cell growth and product formation, and to increask densities and process yields. These
include not only optimization of cultivation conidihs such as advanced feeding strategies,
but also design of media or modification of specgroperties of cells by molecular biology
approaches. For example, by introducing a cytos@wst pyruvate carboxylase (PC) gene
into the BHK-21A and HEK-293 cell line, glucose (@) uptake, GIn consumption, Lac
production and ammonia formation could be markedtjuced (Henry and Durocher, 2011;
Irani et al., 1999). Another approach was presebte@Genzel et al. (2005) who found that
the replacement of GIn by pyruvate (Pyr) supporgeowth of different production cells
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(MDCK, BHK, CHO) without reduction in specific grdkw rate in serum-containing and
serum-free media. For MDCK cells, the addition d&h @r Pyr to cell culture media resulted
in distinct differences in extra- and intracellulaetabolite concentrations as well as in
metabolic fluxes in glycolysis and tricarboxylicidqTCA) cycle (Genzel et al., 2005;
Sidorenko et al., 2008; Wahl et al., 2008). In Bgntaining (GIn-free) medium, MDCK cells
grew to comparable cell densities without the nefeal long adaptation process. Furthermore,
Gluc uptake and Lac release were significantly ceduand the cells produced no ammonia
during growth. Evaluation of flux distributions gg&sted that the additional extracellular Pyr
enters the TCA cycle directly, whereas most of ¢basumed Gluc is excreted as Lac in
MDCK cells (Sidorenko et al., 2008). However, tracalation of flux distributions from
extracellular concentrations was only possible urmBgtain assumptions, and some open
guestions remained. For example, the flux of Glarbon through the oxidative branch of the
pentose phosphate pathway was assumed to be fitaghiand set to zero for both
cultivations considered (GIn and Pyr-containing dibans). Furthermore, the flux through
the anaplerotic reaction to the TCA cycle via castation of Pyr (catalyzed by PC) was
assumed to be negligible under both conditionsallinfluxes through metabolic pathways
not only depend on metabolite concentrations bsm ain activities of enzymes as well as
regulatory mechanisms. Therefore, key enzyme #gtivieasurements could give further
insights into primary energy metabolism and premupols required for product formation
(Newsholme and Crabtree, 1986).

Early work on metabolism in animal cells focusedyoon Gluc and GIn metabolism by
measuring specific maximum activities of regulateryzymes involved in glycolysis and
glutaminolysis (Board et al., 1990; Fitzpatrickadt, 1993; Neermann and Wagner, 1996;
Vriezen and van Dijken, 1998a). The simplest meshosled for determination of enzyme
activities are direct assays in which the enzyntalgzed reaction is monitored by measuring
product accumulation or substrate uptake over ftiRepatrick et al., 1993; Madej et al.,
1999; McClure, 1969; Neermann and Wagner, 19962ém and van Dijken, 1998b; Yallop
et al., 2003; Zammit and Newsholme, 1976). In caeBanges in product or substrate
concentrations cannot be observed directly, it isoemmon practice to use one or more
coupling enzymes to generate a detectable pro@ecgeyer et al., 1978; Kotze, 1967). An
advantage of these continuous assays is that tigegss of reaction is immediately measured
and initial rates can be directly checked for lntga Therefore, continuous assays are

generally preferred compared to stop-time assagause they give more information during



Introduction

the measurement, for instance on substrate deplgifoduct inhibition or enzyme stability.
However, this assay principle does not allow angaltfon of the signal because the amount
of product accumulating depends on the activitghef enzyme under study in the sample
preparation. Additionally, if the enzyme activitg very low, only small quantities of a
product can be formed in a certain time intervalténg in low signal intensities. Therefore,
several enzymatic cycling systems have been desédl@nd applied for the quantitative
determination of low levels of an enzyme (Chi et 8088; Gibon et al., 2004; Lowry et al.,
1978; Lowry et al., 1983; Sulpice et al., 2007nanetabolite (Gibon et al., 2002; Khampha
et al., 2004; Valero and Garcia-Carmona, 1998; idaét al., 1995). For example, Gibon et
al. (2004) developed a robot-based platform to nmeasnzyme activities of central carbon
and nitrogen metabolism in plant cell extracts gsirset of cycling assays. In such a cycling
system, a target metabolite is regenerated by tvegrees acting in opposite directions. This
leads to a constant concentration of the recyctingstrate, while other products of the
enzymatic reactions are accumulated at each tutheotycle. As a result, the amount of
product accumulated is directly proportional to thrgginal amount of metabolite in the
sample (Lowry, 1980). This technique significanihgreases the sensitivity of enzymatic
assays. The indirect assays require additionasstaph as the preincubation of the sample
with a substrate of the enzyme and the stoppinthefreaction by pH extremes or heat
before measuring the amount of accumulated proddctvever, low detection limits for
metabolites allow high extract dilution, which nimzes interferences by other components
of the sample extract and reduces unwanted siddiona by other interfering enzymes
(Gibon et al., 2004; Lowry, 1980).

The aim of the present work was to better charaetehe cell metabolism by quantitative
analysis of key enzymes in mammalian cells undecifip cultivation conditions. The focus

was on the determination of maximum enzyme aatisitinvolved in the central carbon
metabolism (glycolysis, pentose phosphate pathw&A cycle, and glutaminolysis) of

adherent MDCK cells to better understand growth pratluct formation of cells under

different cultivation conditions. Although the aysik of enzymes is more complex and high-
throughput technologies for enzyme activities aseaommonly available, enzyme activities
provide valuable information on pathway flux ra(Bewsholme and Crabtree, 1986), which
is important for the understanding of metabolicwweks. Furthermore, the integration of
enzyme activity data into mathematical models df meetabolism together with proteome

and metabolome data by systems biology approachiesignificantly contribute towards a
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better understanding of metabolic pathways relevantproduct formation, cell line and

media optimization.

Accordingly, the task of this work was to establsid validate a new enzyme assay platform
for mammalian cells and to subsequently analyzerarzactivities during cell growth and
product formation. The new assay platform shoulavigle valuable information regarding
available metabolic pathways of mammalian cellsenrgpecific cultivation conditions, on
interactions between metabolic pathways, and orharesms of enzyme control. Therefore,
17 different cycling assays used in plant metabalsmvere adapted to monitor enzyme
activities in mammalian cells. In addition, the tfidam was extended to 11 new enzyme
assays for reactions relevant in central carbon@ndmetabolism of mammalian cells. The
method is based on a high-throughput platform disteddl for measuring enzyme activities in
plant cell extracts that uses three cycling systendetermine NAD(H), NADP*(H), and
glycerol 3-phosphate (G3P) or dihydroxyacetone phate (DAP) (Gibon et al., 2004;
Sulpice et al., 2007).

Furthermore, the newly established enzyme platfmmmammalian cells had to be extended
with a special enzyme that not only allowed for swang pyruvate kinase (PK) activity in
extracts of MDCK cells but also provided the flakilp needed (e.g., to analyze UTP-
generating enzymes) for future studies on cell bwism. The glycerokinase (GK) from
Pichia farinosa, for example, is not specific for ATP and can ulferent nucleoside
triphosphates (e.g., GTP and UTP) for the phospaboy of glycerol to G3P. Therefore, this
enzyme was produced with an adequate expressidansypurified to homogeneity, and
applied as an additional coupling enzyme to explbithe benefits of the G3P cycling system
(Gibon et al., 2002).

Subsequently, the aim of the present study wapptydhe established enzyme platform for
monitoring of enzyme activities in MDCK cells. As axample, maximum enzyme activities
should be measured in these cells under differedfiivation conditions. It could be

previously shown that Pyr in the culture medium sapport growth of different production

cell lines in the absence of GIn (Genzel et alQ3)0 For a better understanding of the
metabolic switch from GlIn-containing to GIn-freey(P medium, new data on enzyme
activities of the central carbon and GIn metabola&VIDCK cells had to be generated. The
results obtained should give useful informatiorcheck assumptions concerning the activity
of critical enzymes in metabolic pathways requif@dmetabolic flux analysis (Sidorenko et

al., 2008; Wahl et al., 2008). Together with datsmsen intracellular and extracellular
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metabolites obtained in previous studies with MDGHIs (Genzel et al., 2004b; Genzel et
al., 2005; Ritter, 2010; Ritter et al., 2008), tne®w measurements of the central metabolic
enzymes should contribute towards a better undeistg of the general effect of GIn
substitution by Pyr on enzyme activities and towaml better understanding of cell

metabolism in general.

Finally, metabolic activity of key enzymes had dnalyzed in MDCK cells infected with a
human influenza A virus. For the manufacturing wfluenza vaccines, cell culture-based
technology is nowadays thought to be more efficerd allows a more flexible production
compared to the traditionally used virus propagaiio embryonated hens’ eggs. Adherent
MDCK cells have been shown to replicate influenzaiss to sufficient titer and are already
used as a cell substrate for influenza vaccineymtooh (Brands et al., 1999; Doroshenko and
Halperin, 2009; Genzel et al., 2004a; Genzel eRall0; Genzel and Reichl, 2009; Liu et al.,
2009). In general, the cultivation of anchorageamefent MDCK cells in stirred tank
bioreactors or in a Wave BioreactofWave Biotech, Tagelswangen, Switzerland) requires
microcarriers to provide a surface for cell growatid this can be performed in serum-free
cell culture media (Genzel et al., 2006a; Genzedlgt2006b). However, like all viruses,
influenza relies on the host's metabolic networkptovide energy and macromolecular
precursors for viral replication. Influenza virudmsd from the apical host plasma membrane
with an envelope containing lipid rafts enrichedholesterol and glycosphingolipids (Nayak
et al., 2009; Scheiffele et al., 1999; Zhang et2000). For example, it has been shown that
enveloped viruses directly alter the central carbod lipid metabolism of their host cell
during the infection process, e.g., by increasing Gluc consumption, Lac release, and
intracellular metabolite concentrations of the uppart of glycolysis in influenza infected
MDCK cells compared to mock-infected cells afteril@ost infection (Ritter et al., 2010) or
by up-regulating various genes involved in choledteiosynthesis and genes associated with
lipid metabolism in, for example, human immunodeficy virus and hepatitis C virus
infected cells (reviewed in Chan et al., 2010).r€fme, newly obtained data on key enzyme
activities should improve the understanding of sihost cell interaction and cell response
during early influenza virus infection, and helpdeercome limitations such as slow virus

replication and low virus yields in cell culturerded influenza vaccine production.
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2 Background and Theory

The Bioprocess Engineering group of the Max Platmetitute (MPI) for Dynamics of
Complex Technical Systems in Magdeburg aims atrthestigation and optimization of cell
culture derived influenza vaccine production preess One emphasis is on the analysis of
cellular metabolism of different production cehidis, such as MDCK and Vero cells. Among
the basic concepts of kinetic analysis of enzyntls, following chapters address some

aspects and properties of cell metabolism.

2.1 Metabolism in mammalian cell culture

Primary cells are isolated directly from tissuesoogans of apparently healthy animals or
humans that can be expanded by appropriate célireulechniques. Although widely used
for a variety of research and medical purposeseticells do have one major drawback. They
have been shown to exhibit only a finite replicatoapacityin vitro, meaning that a specific
cell type can undergo only a limited number of maxin 50+10 doublings before reaching a
non-proliferated state termed cellular senesceHes/flick and Moorhead, 1961; Passos et
al., 2009). The industrial production of, e.g., ghiastic and therapeutic proteins or viral
vaccines, however, usually necessitates a grompoophologically uniform cells that can be
propagated for an indefinite period of time in audt The most established method to extend
the cellular life span is to inactivate tumor siggsor genes (e.g., p53 and Rb) that can
induce a replicative senescent state (Munger e1889; Scheffner et al., 1990; Wazer et al.,
1995). This can be achieved by vitro immortalization using viral oncogenes, including
human papillomavirus E6 and E7 (Kiyono et al., J9%mian virus 40 large and small
T antigen (Yuan et al., 2002), adenovirus E1A at& EShay et al., 1991), and Epstein-Barr
virus latent membrane protein 1 (Mainou et al.,30®owever, cells with an extended life
capacity can also be generated by spontaneousiomui@adin and Darby, 1958). Such
modified cells are most suitable for the large-sqaioduction of various biologicals and are
referred to as permanent or continuous cell lind®wvever, continuous cell lines show a
change in central carbon metabolism, which resalen increased glycolytic rate and in the
production of high amounts of Lac even under aerabnditions (Donnelly and Scheffler,
1976; Haggstrom, 2000). Furthermore, most immaalicells have a high demand for GIn
as the major energy and carbon source and exagiteamounts of incompletely oxidized

intermediates (e.g., ammonium, Lac, alanine, and&partate) into the culture medium.
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These waste-products (mainly Lac and ammonium)b&atoxic and, therefore, negatively
affect cell growth and product formation. The fallag two chapters give a summary of the
most important metabolic pathways that provide dngd blocks, cofactors and energy for

cell growth, and enzymes involved in Gluc and Gigrédation.

2.1.1 Glucose metabolism: glycolysis and pentose phosplegbathway

Gluc is a main carbon and energy source for cudturemmalian cells in most cases,
and culture media forn vitro cultivation of primary and continuous cell linegpically
contain 5to 25 mM Gluc. The degradation of Gluketaplace in the cell's cytoplasm via
glycolysis and the pentose phosphate pathway. 8lgwercursor metabolites, such as glucose
6-phosphate (G6P), fructose 6-phosphate (F6P), [x&é, 3-phosphoglycerate (3PG) are
produced in the glycolytic pathway (Figure 2.1).
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ATP S
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Figure 2.1: Schematic overview of glucose metabolism (modifrech Haggstrom, 2000).
Metabolites of glycolysis are highlighted in reddapossible products from glycolytic precursor
metabolites are shown in green. The oxidative brariche pentose phosphate pathway is highlighted
in yellow. For names of enzymes and metabolitesabbeeviation list.

The first step of Gluc degradation in mammalianiscéd catalyzed by the key enzyme
hexokinase (HK), which transfers a terminal phosplgaoup from ATP to Gluc. The HK
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reaction is regulated by feedback inhibition bypteduct to prevent accumulation of large
amounts of G6P in the cell. Due to the relatively Ispecific activity in different cell lines,
the HK reaction is thought to be a limiting stepgigcolysis (Neermann and Wagner, 1996;
Nelson et al., 2008). After the isomerization ofRa6 F6P via the phosphoglucose isomerase
(PGI) follows a second activation reaction, in WhiTP is used to produce fructose 1,6-
bisphosphate (FBP) from F6P. This reaction stegsgentially irreversible and is catalyzed
by the action of phosphofructokinase (PFK). The PiBKa highly regulated, allosteric
enzyme in all types of cells (Nelson et al., 2008gt et al., 2002). Because the activity of
this key regulatory enzyme is affected by a varigtynetabolites (reviewed in Dunaway,
1983), it controls not only fluxes but also theedifon of the glycolytic pathway. Most
notably, the activators AMP and fructose 2,6-biggiate and the inhibitors ATP, citrate and
various fatty acids are considered to be importiffectors in the regulation of PFK
(Ramadoss et al., 1976; Reddy and Ramaiah, 1984ame 1978; Van Schaftingen et al.,
1981). After the hydrolysis of FBP into the twodhfrcarbon units DAP and glyceraldehyde
3-phosphate (GAP) by fructose-1,6-bisphosphate laddo (FBPA), the products can be
reversibly interconverted by the triose-phosphsdenerase (TPI).

The subsequent reactions of Gluc catabolism reptéise energy-yielding steps that produce
ATP and NADH in the cell. At first, the glyceraldate-3-phosphate dehydrogenase
(GAPDH) catalyzes the reversible NABlependent oxidation and phosphorylation of GAP
to 1,3-bisphosphoglycerate (1,3BPG) and NADH. Thergy-rich intermediate 1,3BPG is

then used to form ATP and 3PG via the phosphogiyeekinase (PGK). Until now, two

moles of ATP per mole of Gluc are produced, whiocmpensate for the cost of energy used
for the upper part of glycolysis. The two subsequeactions are aimed at converting 3PG to
a higher energy form (phosphoenolpyruvate, PER)yzdd by phosphoglycerate mutase and

phosphopyruvate hydratase/enolase.

The final step in aerobic glycolysis is catalyzedthe regulated PK enzyme, which converts
the essentially irreversible reaction from PEP yo &d transfers the high-energy phosphate
group from PEP to ADP, thus generating ATP. Fotfedint types of PK have been found in
mammalian tissues: M1 (in muscles and brain), M2kfdney, adipose tissue and lungs),
L (in liver), and R (in red blood cells) (reviewad Munoz and Ponce, 2003). These
isoenzymes have different kinetic properties tleflect the different metabolic requirements
of the tissues (Carbonell et al., 1973; Munoz aodde, 2003; Nowak and Suelter, 1981). For

example, type L PK shows distinct sigmoidal kinetigith respect to the concentration of
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PEP, is allosterically inhibited by ATP and alan{Ada), and activated by FBP (Carbonell et
al., 1973). One theory for the energetically ir@&nt metabolism (e.g., secretion of high
amounts of Lac) is that the isoenzyme compositidAkoshifts from the tissue-specific to the
M2 type in immortal cells (Mazurek et al., 2005hig isoenzyme (M2-PK) can switch
between a nearly inactive dimeric form (low affynfor its substrate PEP) and a highly active
tetrameric form (high PEP affinity), thus regulatitne flux through the downstream-part of
the glycolytic pathway (Gupta and Bamezai, 2010 dgm et al., 2009). The tetramer/dimer
ratio of M2-PK is regulated by certain oncoprotearsd the glycolytic phosphometabolite
FBP, which at high levels induces the associatibiw@ dimers to the tetrameric form
(Ashizawa et al., 1991; Eigenbrodt et al., 1992zMak and Eigenbrodt, 2003). An increase
in FBP levels is induced by high levels of dimeM2-PK. Consequently, when the
tetrameric form predominates, Gluc is converted-@ac with production of energy (ATP)
until FBP concentrations drop below a certain lev&tcordingly, the tetrameric form
dissociates to the inactive dimeric form and thermediates of the upper part of glycolysis
accumulate and are available as precursors foryftiostic processes (Mazurek, 2012).
Another allosteric activator of M2-PK is serine rffyesized from 3PG, see Figure 2.1),
which increases the affinity of M2-PK to its sulasér PEP. Inhibitors of M2-PK are other
amino acids that are linked to the glutaminolytattpvay (e.g., Ala and proline, see Figure
2.2) as well as fatty acids (Mazurek and Eigenhrdd®3; Mazurek et al., 2001).

The last metabolite of aerobic glycolysis, Pyr, eéther be transported into the mitochondria,
where it enters the TCA cycle and is further meliabd under aerobic conditions to produce
reducing equivalents (NAD(P)H) and more energy (GAFP) or Pyr is anaerobically
reduced to Lac. Continuous cell lines, howevernocarompletely oxidize Pyr via the TCA
cycle to CQ and HO (plus ATP). These cells predominantly excreteGhec-derived three-
carbon molecule as Lac into the culture broth. &ample, Fitzpatrick et al. (1993) could
demonstrate that only limited amounts of Gluc weetabolized by the TCA cycle in murine
B-lymphocyte hybridoma cells grown in batch cultugtudies on maximum enzyme
activities of key enzymes connecting glycolysishvilte citrate cycle revealed that no or only
very low activities of pyruvate dehydrogenase (PDpyruvate carboxylase (PC), and
phosphoenolpyruvate carboxykinase (PEPCK) are praesemammalian cell lines, which
may partly explain the low amount of Gluc-derivexthon being shunted into the TCA cycle
(Board et al., 1990; Neermann and Wagner, 199&2¢n and van Dijken, 1998a; Yallop et

al., 2003). Typically, over 90 % of Gluc taken updontinuous cell lines is broken down to
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Lac via the lactate dehydrogenase (LDH) (Fitzpltet al., 1993; Wagner, 1997). In this
way, only two moles of ATP can be produced per n@llec metabolized to Pyr compared to
approximately 30 (if NADH from glycolysis is trarsped by the glycerol 3-phosphate
shuttle) to 32 (malate-aspartate shuttle) mole&Td® during complete Gluc oxidation in the
TCA cycle (Garrett and Grisham, 2010; Glacken, 1988ggstrom, 2000). Glycolysis also
releases two moles of NADH per mole Gluc convettedyr. However, NAD must be
regenerated to drive the glycolytic pathway. Tkisnainly done by the reduction of Pyr via
LDH in permanent cell lines rather than transpgrthh/ADH into mitochondria via shuttle
mechanisms (e.g., malate-aspartate shuttle) (Hamys2000; Wagner, 1997). The abnormal
metabolic behavior in continuous cell lines (retea$ large amounts of Lac during growth)
may be partly explained by the very high activifyL®H in these cells compared to the
limited activity of different shuttle systems tl@mpete for reducing equivalents.

The intermediate metabolite G6P can also be metagubVia the pentose phosphate pathway,
which major role is the biosynthesis of NADPH usedreducing equivalent for anabolic
processes (e.g., fatty acid and cholesterol syisheand ribose 5-phosphate (R5P) for
synthesis of nucleotides and nucleic acids (Haggst2000; Wagner, 1997). The two key
enzymes of the oxidative branch are glucose-6-ghaispdehydrogenase (G6PDH) and
6-phosphogluconate dehydrogenase (6PGDH), which pemduce one mole of NADPH.
Additionally, G6PDH converts G6P to 6-phosphoglumantone (6PGL), and 6PGDH
catalyzes the oxidative decarboxylation of 6-phaginconate (6PG) to ribulose 5-phosphate
(Ru5P). In the case that the cell needs more NADPidductive biosyntheses than Ru5P for
nucleotides, Ru5P can be further converted to nméeliates of glycolysis (F6P and GAP)
catalyzed by non-oxidative branch enzymes, suclrasaldolase (TA) and transketolase
(TK) (Nelson et al., 2008). The pentose phosphatbwpay only seems to play a minor role
in continuous cell lines, as only about 3 % of Glvere metabolized via this route in murine
B-lymphocyte hybridoma cells (Fitzpatrick et al99B). In HelLa cells, however, it was
shown that an increase in the Gluc concentratioiiaed the flux of Gluc-derived carbon
through the pentose phosphate pathway while simettasly the flux of Gluc carbon through
the glycolytic pathway to Lac increased (Reitzealet1979).

Finally, Gluc can be synthesized from non-carboagglisources such as amino acids and
fatty acids. However, this metabolic pathway, knagngluconeogenesis, plays only a minor
role at sufficient substrate supply during theigation of continuous cell lines (Haggstrom,

2000), and is not considered in the following.
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2.1.2 Glutamine metabolism: glutaminolysis

GIn can be considered to be a key amino acid aadnthjor energy source in cultured
mammalian cells since it provides typically 30 ® % of the cell energy (Fitzpatrick et al.,
1993; Glacken, 1988; Reitzer et al., 1979; Zielkale 1978). Furthermore, GIn provides
important carbon precursors fde novo peptide and protein synthesis and its nitrogeneser

as a donor for several biosynthetic reactions (@ugyines, pyrimidines, and amino sugars)
(Haggstrom, 2000). The GIn metabolism in mammatafi cultures (Figure 2.2), which

comprises parts of the TCA cycle machinery and riaate-aspartate shuttle, is termed

glutaminolysis (McKeehan, 1982).
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Figure 2.2: Schematic overview of GIn metabolism (modifiednfrélaggstrom, 2000).
Metabolites involved in glutaminolysis are highligd in red and possible products from
glutaminolytic precursor metabolites are shownreeg. For names of enzymes and metabolites see
abbreviation list.

NH:1 -

The first step in glutaminolysis is initiated byethmitochondrial enzyme glutaminase
(GLNase), which catalyzes the deamination of Glngtatamate (Glu) and ammonia/
ammonium (NH"). Glu is the direct precursor of both proline andithine, and Glu is a
major donor of amino groups in several biosynthptithways (Haggstrom, 2000). The next
step of GIn degradation involves the enzymes glatandehydrogenase (GLDH), alanine
transaminase (AlaTA), and aspartate transaminas@TA). In all cases, the TCA cycle
intermediate 2-oxoglutarate (2-OG) is formed, wher¢he reversible GLDH reaction is
additionally characterized by the release of a sg¢@mmonium (Amm) ion using NADas
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coenzyme. The formation of 2-OG from Glu in thent@aminase pathways, however, is
stoichiometrically coupled to the transaminationPgf and oxaloacetate (OAA) to Ala and
aspartate (Asp), respectively (Haggstrom, 2000p&-can then be completely oxidized in
the TCA cycle to C@®and HO, which is rather unlikely inn vitro cultivated continuous
cells. However, 2-OG can also be converted to Lhere the key enzymes malic enzyme
(ME) and/or phosphoenolpyruvate carboxykinase (REP@re involved (Ardawi and
Newsholme, 1982).

The complete GIn oxidation to G@and HO) via the GLDH pathway yields a maximum of
27 moles of ATP per mole GIn compared to only 9 esobf ATP during the incomplete
oxidation to Lac or to the amino acids Ala and A&pthe transaminase pathways (Glacken,
1988; Haggstrom, 2000). However, cultured mammati@its mainly use the transaminase
pathways for energy production, which was confirrbgd\NMR studies of GIn and nitrogen
metabolism (Martinelle et al., 1998; Street et 8093). The more energy efficient pathway
involving GLDH appears to be only used at limitisgbstrate supply. For example, it could
be shown that the flux via GLDH (and GLNase) inctase-grown hybridoma cells and in
Gluc-starved myeloma cells significantly increaseih a concomitant increase of GIn
uptake and Amm release as compared to cells wifitiemt supply of Gluc (Martinelle et
al., 1998). This behavior may be partly explaingdh®e complex allosteric regulation of the
responsible key enzymes (Schoolwerth et al., 1980dgrass and Lund, 1984). The reaction
product 2-OG, for instance, which accumulates iisagith high transaminase activity, is a
competitive inhibitor of GLDH (Schoolwerth et al980).

Glutamine synthetase (GS) is an important key eeziyrat catalyzes the biosynthesis of GIn
via the ATP-dependent condensation of Glu and anmndine catalytic properties and the
regulation of GS have been reported to vary maykbdtween different mammalian tissues
(reviewed in Eisenberg et al., 2000). For examile, liver enzyme has been shown to be
inhibited by, e.g., Ala and carbamoyl phosphatel, activated by 2-OG and citrate (Tate and
Meister, 1971). Several continuous cell lines caowgin culture media devoid of GIn where
the GIn needed for protein synthesis was suppliethe action of GS. This was shown for
CHO and BHK cells when the GIn concentration in thedium was decreased or the
medium was supplemented with Glu instead of Glspeetively (Christie and Butler, 1999;
Sanfeliu and Stephanopoulos, 1999). This findings walso demonstrated by label
incorporation of >N from *®NH,CI into the amide position of Gln in CHO cells eagsing
high levels of GS (Street et al., 1993). Additidpabtreet et al. (1993) showed that HelLa
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cells possessed GS activity when cells were adafied medium containing low Gin

concentrations. An increase in GS activity was albserved for murine B-lymphocyte
hybridoma cells in the stationary phase (limitindn Goncentrations) of the cultures
(Fitzpatrick et al., 1993). These results indicttat GS activity is up-regulated at low
GIn concentrations in the medium and down-regulatethe presence of exogenous Gin.
However, mammalian cells, which do not express igefit GS to survive without

added GIn, can be transfected with a GS gene tmipgrowth in a GIn-free medium

(Bell et al., 1995).

2.1.3 Metabolic waste products ofin vitro cultured cell lines

Mammalian cell lines grown under batch conditiome aharacterized by high rates of
glycolysis and glutaminolysis (Warburg, 1956). Aseault, these cells often show inefficient
use of nutrients for growth, leading to the accuatiah of inhibitory by-products, such as
Lac and ammonia/Amm. This often not only affectd @bility, productivity, and product
guality but can also prevent growth to high celhglees when large amounts are secreted
into the culture medium (Glacken, 1988; Hasseklet1991; McQueen and Bailey, 1990a;
Ozturk et al., 1992).

2.1.3.1 Ammonium and lactate

Free Amm accumulating in cell culture is eitherigk directly from the GIn in the medium
by temperature-dependent degradation (Tritsch andr®) 1962) or results from cellular
metabolism via GLDH and/or GLNase pathways (gluteotyisis). For example, Amm
concentration at levels exceeding 2 mM in cultues\hown to decrease the growth rate of
BHK cells (Butler and Spier, 1984), and an accutmmaof more than 7 mM ammonia
resulted in growth inhibition of MDCK cells (Gladkeet al., 1986). One proposed
mechanism of ammonia/Amm toxicity is through changeintracellular pH that can alter
the activity of different metabolic enzymes (Maediie and Haggstrom, 1993; McQueen and
Bailey, 1990b; McQueen and Bailey, 1990c; Ozturklet1992). Formation of mitochondrial
ammonia/Amm essentially results in cytoplasmic déiciaktion (decrease in intracellular pH).
The regulation of intracellular pH in responsehe formation of ammonia/Amm by the cell
and the transport mechanisms are complex (Maréiresld Haggstrom, 1993). For example,
Amm can be transported across the cytoplasmic nmemebwia certain transport proteins
(e.g., the N§K™-ATPase transporter) (Post et al., 1960). The anfae of different Amm
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concentrations on cell growth and productivity gbhdoma cells (mainly; see reference) is

summarized in Table 2.1.

Table 2.1: Influence of different ammonium concentrations el growth and productivity
(Wagner, 1997).

Ammonium
concentration (mM) Growth Productivity Reference
<2 no effect no effect (Glacken, 1988)
(Cruz et al., 2000)
2-5 inhibition no effect (Glacken et al., 1988)

(McQueen and Bailey, 1990a)
(Newland et al., 1990)
(Ozturk et al., 1992)
>5 inhibition inhibition (Glacken et al., 1986)
(Glacken, 1988)

Lac is mainly generated from Gluc degradation kimeénzyme LDH. When secreted into the
culture medium, Lac can become inhibitory by lowgrthe pH of the medium generally at
concentrations exceeding 20 mM (Glacken, 1988; &anfet al., 1996). This can be
restricted by controlling the concentration of Glac the pH within an optimum range
(Reuveny et al., 1986). However, Lac levels higtlean 20 mM were shown to inhibit
growth as well as recombinant protein and antibmayluction of BHK and hybridoma cells,
respectively (Cruz et al., 2000; Glacken, 1988;utkzet al., 1992). The inhibitory effect of
Lac most likely results from an increase in the olsmty of the medium with increasing Lac
concentrations (Hassell et al.,, 1991; Ozturk antdda, 1991; Ozturk et al., 1992). The
influence of different Lac concentrations on celbwgth and productivity of hybridoma cells

(mainly; see reference) is shown in Table 2.2.

Table 2.2: Effect of different medium concentrations of laetabn cell growth and
productivity at constant pH (Wagner, 1997).

Lactate
concentration (mM) Growth Productivity Reference
<20 no effect no effect (Wagner et al., 1988)
(Miller et al., 1988)
(Cruz et al., 2000)
20-40 no effect inhibition (Glacken et al., 1988)
>40-60 slight inhibition inhibition (Glacken et al., 1988)
(Ozturk et al., 1992)
>60 inhibition inhibition (Glacken, 1988)
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2.1.3.2 Measures to reduce toxic by-product formation durirg cultivation

Many efforts have been made to reduce the accuimnlaf Lac and ammonia in the culture
medium, and, therefore, to increase the produgtioft mammalian cell culture processes
(reviewed in Schneider et al., 1996). A promisipgr@ach to optimize cultivation strategies
is the use of perfusion systems. Here, cells degned in the cultivation vessel and substrate
as well as product concentrations can be maintaated constant level by continuously
feeding fresh and discarding waste medium (Merteal.£1994). Another method to reduce
the concentration of waste products was describethybridoma cells. The cultivation was
performed under Gluc and Gin-limited conditionded-batch mode and, as a consequence,
the cells metabolized these substrates more efflgi€l junggren and Haggstrom, 1994). For
high-density cultivation of adherent MDCK cells, rapeated fed-batch operation was
established, which also reduced the concentratfomnwanted by-products of the cellular
metabolism by removal of medium after defined timervals (Bock et al., 2010). Irani et al.
(1999) presented a different approach to avoid anenaccumulation. By introducing a
cytosolic yeast PC gene into a BHK-21A cell lindn @nd Gluc utilization could be reduced
by a factor of two and four, respectively. A simipproach was described by Bell et al.
(1995) for a mouse hybridoma cell line. Here, theaduction of a vector containing the GS
cDNA enabled growth in GiIn-free medium and redudbd production of ammonia.
However, unwanted by-product formation in producticells can also be dramatically
decreased by deletion of specific genes (Chen.g2@01; Zhou et al., 2011). For example,
Chen et al. (2001) genetically manipulated the wathof Lac synthesis in hybridoma cells,
which significantly reduced the specific activitfy €DH and Lac production. As a
consequence, cell growth was improved in termstfdensity and cell viability. Finally, the
substitution of one or several components in tHauemedium can also lead to a reduction
of ammonia in the medium (Butler and Christie, 199%4cDermott and Butler (1993) found
that the replacement of GIn by Glu supported groweftitMcCoy cells with normal specific
growth rates (doubling time of 20 h) after 2-3 @&Es in the medium. Furthermore, it was
recently shown that GIn could be substituted bywiyinout reduction in specific growth rate
of different adherent cell lines (MDCK, BHK21, CHKCE) in serum-containing and serum-
free media (Genzel et al., 2005). In GIn-free medivith Pyr as carbon source, MDCK cells
grew to high cell densities without the need obmgl adaptation process. Gluc consumption
and Lac production was reduced significantly whilells released no ammonia during
growth.
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2.1.4 Cell metabolism under stress conditions: viral infetion

Besides the superior capacity of continuous cekdifor large-scale manufacturing of a
variety of medical and diagnostic biologicals, sashmonoclonal antibodies (reviewed in
Birch and Racher, 2006) or recombinant proteinsiémed in Wurm, 2004), several cell
lines are also accessible to viral infection antbleziconsidered or already used for industrial
production of viral vaccines (Aunins, 2000; Barrettal., 2009; Genzel and Reichl, 2009;
Pérez and Paolazzi, 1997). For example, Medimm8aaté Clara, CA, USA) and Novartis
Vaccines (Marburg, Germany) developed new mammatieh culture-based production
processes for influenza virus vaccines (Aggarwahlet 2011; Doroshenko and Halperin,
2009). However, although different human and anio&l lines can be employed for cell
culture-based influenza vaccine production (revibwe Genzel and Reichl, 2009; Hickling
and D'Hondt, 2006), the manufacture of influenzecirges is still predominantly performed
in embryonated (fertilized) hen’s eggs (Tree et2001). Cells that are suitable as substrates
for influenza virus propagation include the simemd canine kidney epithelium cell lines
Vero and MDCK, respectively, (Doroshenko and Halpe2009; Kistner et al., 2010), the
human embryonic retina cell line PERTC@au et al., 2001), the human embryonic kidney
cell line HEK-293 (Le Ru et al., 2010), the aviankeyonic retina cell line AGE1.CR(Lohr

et al., 2009; Sandig and Jordan, 2005), and threnainbryonic stem cell line EBB§Brown
and Mehtali, 2010). Among these cell lines, MDCHKlxean be considered to be one of the
most investigated and best characterized cell lihaspossess optimal influenza replicating
properties (Aggarwal et al.,, 2011). They have bskown to produce high quantities of
influenza virus (Merten, 2002; Merten et al., 19®®&rten et al., 1999; Tree et al., 2001), and
MDCK-derived vaccines showed similar or even sliglmigher immunogenicity in young
and elderly adults as compared to the control wac¢egg-based) (Gregersen et al., 2011;
Groth et al., 2009).

The influenza virus belongs to the family@ithomyxoviridae, and like all viruses, influenza
relies on the host's metabolic network to providergy and macromolecular precursors for
viral replication. The replication cycle of influem viruses including entry, uncoating,
genome transcription and replication, assembly retehse (budding) has been extensively
studied with type A strains (reviewed in Cox et @D10; Nayak et al., 2004; Rossman and
Lamb, 2011). The influenza virus particle consadtshree major parts: the ribonucleocapsid,

the matrix protein M1, and the envelope, whichasived from the plasma membrane of the
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host cell. The lipid bilayer of the viral envelopentains the ion channel protein M2 and the

immunogenic glycoproteins hemagglutinin (HA) andir@eninidase (NA) (Figure 2.3).

Figure 2.3: Schematic representation of an influenza A viRsprinted from Subbarao and
Joseph (2007), with permission.

The lipid envelope of the influenza A virus pamids derived from the host cell membrane. Three
viral proteins are embedded in the lipid bilaydrofsn in red) of the viral envelope: the glycoprotei
(HA and NA) and the ion channel protein M2. Theanside of the viral envelope is covered with a
layer consisting of M1 matrix proteins and contaéndifferent ribonucleoprotein (RNP) complexes.
A RNP complex is composed of a negative sense esstghnded RNA molecule, which is
encapsidated with nucleoprotein (NP) and assocwatddthree polymerase proteins (PA, PB1, and
PB2). The different RNA molecules encode for PA1PBB2, HA, NA, NP, M (M1 and M2), and
the non-structural proteins (NS1 and NS2).

The success of viral replication within the infetteell is directly linked to the ability of
viruses to hijack host cell mechanisms. Influenzases bud from the apical host plasma
membrane with an envelope containing lipid raftsich are enriched in cholesterol and
glycosphingolipids (Scheiffele et al., 1999; Zhastgal., 2000). Numerous studies indicate
that enveloped viruses directly alter the lipid afetlism of their host cell during the
infection process (reviewed in Chan et al., 20FHay. example, it could be shown that the
metabolic flux of citrate through the TCA cycle aitsl efflux to the pathway of fatty acid
biosynthesis as malonyl-CoA increased in humanroggmlovirus (HCMV) infected MRC-5
fibroblasts (Munger et al., 2008). A more recentabelite profiling study found significant
changes in metabolite concentrations during infraeA virus replication in human lung
adenocarcinoma A549 and human gastric adenocaraind@S cells, indicating that
influenza A virus altered fatty acid biosynthesnsl @holesterol metabolism in these cell lines
(Lin et al., 2010). Furthermore, it is known thafphtitis C virus enhances its replication by

modulating host cell lipid metabolism (increasedofienic activity), and inhibitors of

17



Background and Theory

cholesterol/fatty acid biosynthetic pathways inhiius replication, maturation and secretion
(Su et al., 2002; Syed et al., 2010; Yang et a0g2.

Continuous cell lines with enhanced lipogenesisineegenerate cytosolic acetyl-CoA, the
building block for both cholesterol and fatty asighthesis (Haggstrom, 2000). The cytosolic
precursor originates from citrate formed from mitordrial acetyl-CoA and OAA by citrate
synthase (CS). The acetyl-CoA may either be derifredh Gluc degradation or the
consumption of amino acids (Sharfstein et al., 19Bbwever, OAA is likely to be formed
by GIn metabolism in permanent cell lines lacki@gHPand PC activities (Haggstrom, 2000).
Mitochondrial citrate can be exported to the cyasph via the citrate/malate shuttle where it
is cleaved by the key enzyme citrate lyase (CLgymsolic acetyl-CoA and OAA (Figure
2.4). Cytosolic OAA can then enter the mitochon@ma be further metabolized in the TCA
cycle after being converted to malate by MDH. Hoargymalate may also be converted to
Pyr via the mitochondrial ME and patrticipate in &klaTA reaction to yield 2-OG (and Ala).

Lipid/cholesterol
synthesis
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Figure 2.4: Schematic overview of GIn metabolism involving tiped cycle (modified from
Haggstrom, 2000).

Metabolites involved in GIn metabolism and thedigiycle are highlighted in red. The citrate/malate
carrier is shown in yellow. For names of enzymes metabolites see abbreviation list.
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2.1.5 Analytical tools to measure cell metabolism

There exist many different approaches for chareatey cell metabolism and the regulation
of biochemical pathways in response to environmentiaences, such as the global analysis
of gene expression (transcriptomics), comprehengreéein analysis (proteomics), and the
guantitative study of metabolites (metabolomics)jolr will be introduced in the following
(Figure 2.5).
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Figure 2.5: High-throughput “omics” research tools and tecbgas. Reprinted from Lee et
al. (2005), with permission.

The majority of genome-wide mMRNA expression profiliapproaches in cell culture studies
is based on DNA microarray methods that providatred quantitative measurements of
transcripts (MRNA) between samples being compa@dfiq et al., 2007). This analytical

tool can simultaneously measure the expressiorhafisands of mRNAs and is used to
characterize changes in biological processes suschiesponses to drugs or mutations,

development stages, and disease states (Young).206@ major limitation of this high-
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throughput technology can be seen in the restridtospecies for which a large collection of
gene sequences is available, e.g., the genomieseguwf the CHO-K1 cell line (Xu et al.,
2011). Therefore, gene expression studies strargpgnd on the availability of the transcript
sequence for preparing DNA probe molecules thatbeammmobilized on the array surface
(Griffin et al., 2007). Another drawback of this tned is the limitation to measure only
changes at the mRNA level. Although the expressibmany genes is controlled at the
transcriptional level, the cellular transcriptonseonly predictive of protein expression and
typically does not give information about post-samptional regulation mechanisms
involving mRNA structure, mRNA stability and mRNAanslation (Tian et al., 2004).
Finally, the amount of datasets produced that nedxt analyzed and correctly interpreted is
another major problem evolved with this techniq@ur(is et al., 2005). However, the
microarray technique was successfully appliedjristance, to probe transcriptomic changes
on the response to hypoxia in a myeloma NSO a&dl, which revealed the up-regulation of
metabolic pathways such as glycolysis and the dagoiation of genes involved in
purine/pyrimidine metabolism (Swiderek et al., 2D0OBtegrated analyses by using DNA
microarrays together with protein expression pirggilcan, however, gain more information
on regulatory mechanisms in cellular developmemroduct formation (Krampe et al., 2008;
Tian et al., 2004).

Proteome studies can be seen as a complemenhserigome studies that aim at the large-
scale analysis of proteins encoded by the genomwmedtic technologies potentially offer
information on protein isoforms, post-translationabdifications, the structure of proteins,
and the subcellular localization of proteins (Zlwale, 2003). The most established practical
approach for proteomic analysis is the two-dimemalioseparation of proteins by
polyacrylamide gel electrophoresis, which reliestemo characteristics of proteins: charge
and molecular weight. This method allows for siran#ous separation of over a thousand
different proteins and quantitative comparison lwdrgges in protein profiles of cells (Klose,
1975; O'Farrell, 1975). Visualization of the sepedaproteins from complex mixtures is
achieved by different staining techniques followmdimage analysis, where identification
and characterization is most commonly accomplisyedising either matrix assisted laser
desorption/ionization (MALDI) mass spectrometry (M8 electrospray ionization (ESI) MS
(reviewed in Garbis et al., 2005; Gevaert and Viadkhove, 2000). Although proteomic
analysis is an effective investigative tool, itiuffers from significant technical limitations,

such as the difficulty in the separation and idemtiion of low-abundant proteins, the
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extraction of integral membrane proteins (low sdity), and the visualization of highly
basic proteins (Klein and Thongboonkerd, 2004). ey, the application of the proteomic
approach was shown to be an effective method fgr, #he characterization of a recombinant
monoclonal antibody production process using a &8-Rurine myeloma cell line (Dinnis
et al., 2006; Smales et al., 2004). Furthermore atialysis of cellular proteome alterations in
virus infected cells can gain detailed insight® iptoteins involved in the host cell's stress

response and the virus-induced apoptosis (van Diepal., 2010; Vester et al., 2009).

Metabolomic analysis is the complement for traqggomic and proteomic measurements,
and aims at comprehensively quantifying all smadlenule metabolites within a biological

system. As metabolites are the end products atglilation, metabolomics leads to a better
characterization of physiological states and tHksgehenotypic behavior compared to other
high-throughput studies (e.g., proteomics) (Dietnaaial., 2010). The analysis of metabolites
in complex biological samples is generally accost@d by nuclear magnetic resonance
(NMR) and MS (reviewed in Cuperlovic-Culf et alQXD; Dettmer et al., 2007). To avoid

metabolite degradation and alteration of the sarophaposition, special care has to be taken

in quenching the cell metabolism (enzyme activjteesfast as possible.

Compartmentalization of cells and the enormous dexiy of the metabolome (e.g., wide
variety of compound classes, very diverse physacal chemical properties) create a major
problem in the recovery of intracellular metabdittom the cells. Therefore, optimized
sampling and extraction methods have been develtgpagliable metabolite profiling, that
are specific to the cells being analyzed (Dettnteale 2011; Dietmair et al., 2010; Ritter
etal.,, 2008; Sellick et al., 2011). For the chtarzation of mammalian cell culture
processes, a metabolite profiling approach wasesstally applied to monitor changes of
intracellular metabolite pools of central metabgathways during growth under different
cultivation conditions (Ritter, 2010). A similar pywach was used to investigate the
metabolic effects of influenza virus infection amtracellular metabolite concentrations in
MDCK cells (Ritter et al., 2010).

Another useful experimental method for analyzing celture metabolites involves stable
isotope labeling, and either NMR or MS techniques ased to determine the labeling
patterns. Together with metabolic flux analysis WKQuek et al., 2010), this approach
allows tracing of the metabolic pathways and measent of intracellular metabolic fluxes
(Lin et al., 1993; Marin et al., 2004; Wittmann, &), which lead to an improved

understanding of cell metabolism and regulatory mesms under different metabolic
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states. Frequently used substrates for cell cuturgies aré>C-labeled Gluc and Glin, either
uniformly labeled or position-specific labeled. Fetample, the investigation of CHO cell
metabolism using isotopic tracers and MS revealguaifecant changes in energy and redox
metabolism, oxidative pentose phosphate pathwayaaagblerosis during different growth
phases (Ahn and Antoniewicz, 2011). In particullae, glycolytic flux from Gluc to Lac and
the rate of anaplerosis (from Pyr to OAA and froru ® 2-OG) were increased at the
exponential growth phase in CHO cells comparedh¢ostationary phase. However, although
MFA is a powerful tool to analyze cell metabolisshydies that are exclusively based on the
known biochemistry and extracellular rates with&@abwledge of intracellular metabolite
concentrations or details of the enzyme kinetice ba highly questionable, as several
assumptions on, e.g., fluxes in cyclic metabolichpays have to be made that not
necessarily reflect the true vivo situation of a cell under the specific conditi@mmnsidered
(Bonarius et al., 1996; Nadeau et al., 2000; Sidayeet al., 2008; Wabhl et al., 2008).

The metabolism of adherent MDCK cells during growgimoduct formation and under
different cultivation conditions has been extenlgiaudied at the Bioprocess Engineering
group (MPI Magdeburg). Different analytical toolene developed to determine extra- and
intracellular metabolite concentrations (Genzealet 2004b; Ritter et al., 2008), and MFA
was used to analyze the cell metabolism (Sidorestkal., 2008; Wahl et al., 2008). For
example, previous work on MDCK cell metabolism raed that the addition of GIn or Pyr
to cell culture media resulted in distinct diffeces in extra- and intracellular metabolite
concentrations as well as in metabolic fluxes ipcglysis and TCA cycle (Genzel et al.,
2005; Sidorenko et al., 2008; Wahl et al., 2008).particular, cells grew to similar cell
densities without ammonia release when Pyr wasdaddsead of GiIn. Additionally, Gluc
uptake and Lac release was lower. However, conugrtiie interpretation of experimental
data, for example, measured changes in extracetiatecentrations and calculated metabolic
fluxes, still some open questions remained. Seamsimptions were made for calculation of
flux distributions from extracellular concentrat®orconcerning the activity of critical
enzymes in metabolic pathways required for MFA. Erample, the flux of Gluc carbon
through the anaplerotic pathway via carboxylatibPwr (PC) was neglected and assumed to
be zero in both cultivations (GIn and Pyr-contagnaonditions) (Sidorenko et al., 2008). For
PDH a zero assumption for the flux was also madé&sta-containing medium, whereas for
Pyr-containing medium a transport of Pyr into thg#oshondria (TCA cycle) was found.

Therefore, with regard to the dependence of maxiratalytic activities on certain enzymes
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and to the maximum flux through metabolic pathwdyey enzyme activity measurements
could give further insights into primary energy at&ilism and precursor pools required for
product formation (Fitzpatrick et al., 1993; Newkhe and Crabtree, 1986; Vriezen and van
Dijken, 1998b). Finally, label-free approaches blasa measuring enzyme activities could
avoid the need fol°C-based MFA, and thus, the use of comparativel\ersive substrates

and equipment, and sophisticated data analysis.tool

2.2 Measuring enzyme activities in mammalian cells

The measurement of key metabolic enzyme activitg®sg, e.g., enzymatic cycling assays is
an additional analytical tool to assess metabolismmammalian cell cultures. As enzymes
play a key role in all metabolic processes (e.gntlling biochemical pathways), the
influence of key enzymes on metabolic fluxes are feasurement of enzyme activities in
cell extracts will be described in the followingeéschapters 2.2.3 and 2.2.4). However,
another aim of this work was to produce and to léoaically characterize a coupling
enzyme for the application in sensitive cyclingagss Therefore, the first parts of this

chapter provide an overview of the basics of enzlimetics.

Enzymes are highly specific and efficient proteatatysts that mediate almost all of the
biochemical reactions in a cell. They modify andrdatically increase the rate of a given
reaction by lowering the activation energy neededstart the reaction without being

consumed in the process (Figure 2.6).
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Figure 2.6: Free energy diagram according to the transitionestheory for a simple
unimolecular exothermic reaction€8°, indices) (modified from Rogers and Gibon, 2009).
Gs and G represent the average free energies per molehfrréactant S and the product P,
respectively. Th&G’ is the standard state free energy change forehetion. Reactant S must pass
the transition state in order to be transformegraduct P. TheAG,* and theAG;** indicate the
activation energy needed to perform this transifmnthe uncatalyzed (solid graph) and catalyzed
(dashed, red graph) reactions, respectively.
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The transition state theory suggests that a tempa@pecies with high free energyG,
(activated complex) is formed when the reactanteqdes come into contact with each other
and the reaction proceeds (bonds are breaking manéle bonds are forming) (Cornish-
Bowden, 2004). The state of the reaction at whieh ftee energy reaches a maximum is
defined as the transition state. The importanegah is that colliding molecules must have
sufficient energy to overcome this potential enebogyrier, known as the activation energy
(AGY), to react. As mentioned above, enzymes functiolowering the activation energy of a
particular reaction, thus accelerating reactiongwan permitting a reaction that practically
takes only place with a catalyst. For example,idm¢ 5'-phosphate (OMP), the immediate
biosynthetic precursor of UMP, decarboxylates aithalf time of 78 million years in neutral
aqueous solution at room temperature, whereas OdtRrbloxylase enhances the reaction
rate by a factor of 10 (Radzicka and Wolfenden, 1995). An accepted maset! to explain
the enzymatic catalysis is the induced fit theargere the enzyme binds its substrate to form
an enzyme-substrate (ES) complex (Koshland, 19B&)}. substrate causes a change in the
conformation of the active side, which brings tla¢atytic groups into the proper orientation
for reaction. Furthermore, the conformation of shstrate can also be altered upon binding,
and thereby reducing the amount of energy requoethe conversion of the reactant into a
product (Rogers and Gibon, 2009). However, mostymezcatalyzed reactions are more
complex than illustrated in Figure 2.6. Frequenthyre substrates are involved, and the
reaction consists of more steps with intermediated multiple transition states (Cornish-
Bowden, 2004).

2.2.1 The Michaelis-Menten equation

In 1913 Michaelis & Menten analyzed in their stgdilbe hydrolysis of sucrose into Gluc and
fructose by performing initial velocity measurenseonn the enzyme invertase, and showed
that the rate of an enzyme-catalyzed reaction apgational to the concentration of the ES
complex predicted by the Michaelis-Menten equafidohnson and Goody, 2011; Michaelis
and Menten, 1913). This formulation was then furtdeveloped by Briggs & Haldane
(1925) and is described in the following.

The mechanism of an irreversible reactio® catalyzed by an enzyme E, where the first
step in the reaction is the substrate binding &edsecond step is the catalytic conversion of
the substrate into product, can be depicted as:
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K, K,
ES—— > E+P

ks (Equation 2.1)
The k (mM™ min?) is the association rate constant of ES bindimgl k&, (min?) and k

E+S

(min™) are the rate constants of the ES complex relgdsié® enzyme E and substrate S or
product P, respectively. With [E]=(E[ES], where [E] is the total amount of enzyme present

and [ES] the amount of enzyme in the ES compleg, fdllowing rate equation can be

formulated:
d[dliS] =k, EQ[EO] —[ES]) [ﬁS] ~k, [[]ES] -k, E[]ES] (Equation 2.2)

Briggs & Haldane (1925) assumed that the conceotratf the ES complex will not change
and [ES] will rapidly approach a steady state urcerditions [S]>>[E], thus d[ES]/dt~0

(steady-state assumption). Therefore, equationahzde rearranged to:

[ES] = " E[[kEO-f]-[ingtlS] (Equation 2.3)

The second step in this single-substrate reacBS]©[E]+[P]) is a simple first-order
reaction. The rate of the reaction is directly mmdjpnal to the concentration of the ES
complex ([ES]) at all values of [S] and is given sk, [ES] (Lineweaver and Burk, 1934),

thus equation 2.3 can be represented as:

_ ki [[E](S] _ k([E](s]

B k—1+k2 +k1[ﬁ5] 7k—1+k2 +[S]
Ky

The term (k+kz)/k; including the three rate constants can be writterk,, known as the

(Equation 2.4)

Michaelis constant, and the dissociation constaig generally denoted as.k the turnover
number of the enzyme:

=%[]é[§] (Equation 2.5)
However, the true molar concentration of an enz{ffag) is often unknown. The problem is
commonly avoided by combining.k and [E] into a single constant px (the limiting
maximum rate) (Cornish-Bowden, 2004), thus yielding widely known Michaelis-Menten

equation:
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—_— Vmax [[S] 1
V= —Km N [S] (Equation 2.6)

Because the enzyme molarity is usually unknowngcttalytic activity (v) is often defined as
Unit (U), where 1 U is the amount of enzyme that catalyze the conversion of 1 pmol of
substrate (or the formation of 1 pumol of producgr pninute under standard conditions
(Cornish-Bowden, 2004).

Equation 2.6 contains two important parameters.y¥@nd K, whose values can be used to
assess the enzyme’s properties. Thgx¥ the limiting value of v at which the catalytate
reaches its maximum (achieved at saturating [8])gdneral, the Michaelis constan, ks
defined as the substrate concentration at whiclcatelytic rate of the reaction is at half the
maximum (V=\ha/2). Furthermore, as Kis defined as (k+ky)/k;, this value also provides
an indication of the binding strength of the enzyimés substrate (Rogers and Gibon, 2009).
However, only if k is much smaller thank does a low k indicate strong binding. On the

other hand, a largeKindicates a lower affinity of the enzyme for itdstrate.

2.2.2 Graphical determination of K, and Vax

The hyperbolic relationship between the substrateentrations and the rate of reaction for a
simple enzyme-based reaction obeying the Michdésten equation is shown in Figure
2.7.

[S]

Figure 2.7: Relationship between the reaction rate (v) andtsatiesconcentration ([S]) for an
enzymatic reaction based on equation 2.6. The Michaonstant () is equal to [S]
corresponding to one-half¥x

At very low substrate concentrations ([S]<pKthe reaction rate (v) is directly proportional

to [S] (first-order dependence):
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v:Vm";‘z—[[S] (Equation 2.7)

m

When [S] is equal to ki equation 2.6 simplifies to:

—_ Vmax [[S] —_ Vmax 1
= ZEﬁS] == (Equation 2.8)

At very large values of [S] ([S]>>K), the reaction rate (v) is essentially independerS]

\Y

(zero-order dependence):

v=V_. =k, E (Equation 2.9)
Although the best method for analyzing enzyme daby fitting the experimentally acquired
data directly to the Michaelis-Menten equation gsionlinear regression, the determination
of Ky and Mhax is commonly achieved by using double-reciprocaitgl For example,
Lineweaver & Burk (1934) introduced an analysi®ontzyme kinetics based on the plotting of
the reciprocals of v and [S]. Therefore, equatidcan be transformed into:

Ez Km 1 +i
v Vmax S Vmax

(Equation 2.10)

A plot of 1/v against 1/[S] gives a straight linatlwa slope of K/Vmax and intercepts of
1/Vmax and -1/K, on the y-axis and on the x-axis, respectively Feg2.8 A). However, the
reciprocals distort the experimental error, whickams that small errors in v at low substrate
concentrations produce large errors in 1/v andcéethis could lead to large errors in the

determination of kg and Vjhax (Cornish-Bowden, 2004).

® 1 S|

Slope = 1/V 5

N\

IV hax Kin/Vimax
\ \
1 s 1 s
1K, [S] K. [S]

Figure 2.8: (A) Lineweaver-Burk plot (double-reciprocal plot ofvldgainst 1/[S]) andB)
the Hanes plot ([S]/v against [S]) of the Michadlenten equation (Hanes, 1932;
Lineweaver and Burk, 1934).
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Another plot, sometimes referred to as the Hanet pan be obtained by multiplying both
sides of equation 2.10 by the substrate conceotrétianes, 1932):

[—3] = i ¢S]+% (Equation 2.11)
The Hanes plot ([S]/v against [S]) is more reliatdethe graphical visualization of enzyme
data as the error is more evenly distributed owsid@ range of [S] (Cornish-Bowden, 2004).
This plot gives a straight line with a slope of 34¢ and the intercepts on the y-axis and on
the x-axis are K/Vmax and —kK;,, respectively (Figure 2.8 B). However, the cotiela
coefficient R (widely used goodness-of-fit measure) is not agplie, as the independent

variable [S] also appears on the dependent axis.

The following chapter focuses on key enzymes, whiehimportant for the regulation of the

metabolism and how they can be used to assessfths@igh metabolic pathways.

2.2.3 Key enzymes and metabolic fluxes

In vitro studies on single enzyme reactions might not pevidormation on metabolic
processes as they ocguarvivo, but can give valuable information on the metabfilix. The
difficulty is to develop assays that truly mimicetim vivo physiological conditions (different
cell compartments, metabolite concentrations, piélf for all enzymes under investigation.
However, measurement of enzyme activity can idgmitié steps in a metabolic pathway that
are likely to be rate-limiting and can provide thetential for alternative pathways under

different cultivation conditions or in differentlte

The metabolic flux through a pathway depends nb¢ on metabolite concentrations but is
also closely related to the cellular amount of rbelia enzymes as well as to regulatory
mechanisms (e.g., allosteric effects). Biochemieakttions in the metabolic network can be
divided into two classes: near-equilibrium and mguslibrium reactions. Newsholme and
Crabtree (1986) described near-equilibrium reastias those in which both the forward and
the reverse catalytic process are much greater tt@aroverall flux. Hence, the catalytic
activity of the enzyme is high in relation to thetigities of other enzymes in the metabolic
pathway. Non-equilibrium reactions are potentiaitool points in a metabolic pathway. The
rate of the reverse reaction is much lower thanréte of the forward reaction (e.g., an
enzyme catalyzes a reaction with comparatively dotwity in the metabolic pathway). This
is exemplarily shown in the following equation 2.The upper and lower numbers represent

the rates of the forward and the reverse reaatespectively (Newsholme et al., 1979):
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8.01 80 8.1
S A B<———=P
0.01 70 0.2

(Equation 2.12)

The reactions SA and B>P are therefore non-equilibrium. The reactio®B is near-
equilibrium AG~O0) as the difference in the rates of the fornemd the reverse reaction is
only 10 % and the rate of the forward reactiondsdld higher than the overall flux through
the hypothetical pathway.

If an enzyme catalyzes a non-equilibrium reactimraimetabolic pathway under substrate-
saturating conditions, the catalytic rate of thact®mn only depends on the amount of
produced enzyme (zero-order dependence; see ega@ipand the reaction is known as the
“flux-generating step” for the pathway. In a steatigte, this reaction step initiates a defined
flux (S=>A) to which all other reactions in the pathway muastjust (Newsholme and
Crabtree, 1986; Newsholme et al., 1979). On thesldsthis concept, a metabolic pathway
can be defined as an enzyme-catalyzed reactioasstrat is initiated by a flux-generating
step and ends with the loss of products to a métasiak (e.g., lipids) or to the surrounding
environment (e.g., Lac and Ala). Alternatively, tead-product(s) can serve as pathway
substrate(s) for key-enzymes that initiate rateting steps in other metabolic pathways
(Newsholme and Crabtree, 1986).

The assumption that the rate of a metabolic pathgagntrolled by only one flux-generating
step in the pathway seems to be rather unlikelyad¢ty most metabolic enzymes work below
their maximum capacities (low fractional saturatimintotal binding sites)n vivo to serve
their physiological roles in the pathways (Suareale 1997). This allows regulation by both
substrate/product concentrations and modulatiobiding affinity by allosteric effectors
and covalent modifications (e.g., acetylation ahdgphorylation) (Lo6ffler, 2005; Suarez and
Darveau, 2005). The glycolytic pathway, for insncontains three potentially rate-limiting
enzymes (HK, PFK, and PK; see chapter 2.1.1) th&tlyze non-equilibrium reactions and
are subjected to various forms of regulation (Dobsbal., 2002; Suarez et al., 1997). One
could conclude that these key enzymes of glycolysisld be ideal candidates to control the
metabolic flux through this pathway. Genetic engieg of cells using recombinant DNA
technology allows increasing the amount of a cerésizyme activity through an increase in
the respective gene copy number. However, an opegsgion of one or several enzymes of
glycolysis in, for example, the fermentative yeSatcharomyces cerevisiae did not result in

a significant effect on the glycolytic flux (Daviesd Brindle, 1992; Niederberger et al.,
1992; Schaaff et al., 1989; Smits et al., 2000)usThthe central carbon metabolism of
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S cerevisiae is tightly regulated and robust towards most chanfjevas suggested that only
the simultaneous elevation of a group or all enz/mea metabolic pathway could produce
significant increase in the pathway flux (Niededw®sret al., 1992). This is also proposed by
the “metabolic control theory” (Heinrich and Rapdpdl974; Kacser and Burns, 1973),
which states that the flux through a linear pathviaycontrolled by multiple steps and
analysis of the regulation of a metabolic pathwaystrconsider the whole reaction chain.
The metabolic control analysis was successfullyiagpgo studies on physiological control of
flux through various metabolic pathways (Fell, 19¢2Il, 1998; Fell and Thomas, 1995;
Thomas et al., 1997). The authors revealed thati¢frelopment of pathways with high flux
rates requires the modulation of enzyme activiiemultiple sites. A characteristin vivo
behavior of “multisite modulation” is the coordieathange in enzyme levels whose relative
contribution can change in response to changesysiglogical or environmental conditions
(Fell and Thomas, 1995).

However, past studies showed that maximum actvi(én.) Of certain key enzymes
(e.g., HK, PFK, and G6PDH vitro can provide a quantitative indication of the maoim
flux through metabolic pathways vivo (Ardawi and Newsholme, 1982; Blomstrand et al.,
1983; Board et al., 1990; de Almeida et al., 1988wsholme et al., 1979; Newsholme et al.,
1986). The maximum capacity for flux g\, see equation 2.9) is a function of the total
amount of enzyme/enzyme concentration)[EBnd catalytic efficiency (4), and thus, Wax
values set theoretical upper limits to flux in nietc pathways (see Figure 2.7).
Furthermore, these values, when obtained undemapiiopposed to physiologicahl vitro
conditions, can be expressed in the same unitseasured or calculated vivo flux rates
(Suarez et al.,, 1997). For instance, close matdieseen enzymatic flux capacities
(Vmax, vk ~40 pmol/g/min) and maximum physiological flux est (glycolytic flux rate
~30 umol/g/min) were found in muscles of flying lkgbhees (Suarez et al., 1996). In
combination with other data (e.g., intracellular taflite concentrations), these rates
(Vmaxandin vivo flux) provide insights into enzyme function, anahcbe used to correlate
capacities to physiological loads (Neermann and M#ggl996; Staples and Suarez, 1997;
Suarez et al., 2009). Finally, enzyme data canseed to establish and improve mathematical
models for, e.g., the selection of available patsyshe identification of optimal metabolic
pathways or the prediction of metabolic flux distiions (De et al., 2008; Kurata et al.,
2007; Rossell et al., 2011).
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2.2.4 Determination of maximum enzyme activities

Most studies of enzymes, which involve the detectod their catalytic activity, rely on
assays that were developed and optimized for theedbmicroplate format (Ashour et al.,
1987; Gibon et al., 2004). Enzyme activity is detieed by measuring the quantity of
product formed or substrate consumed per unit tinder specified experimental conditions
(e.g., temperature, pH, and ionic strength). When doncentrations of enzymes are much
smaller than their substrate concentrationg]{€S], e.g., in highly diluted cell extracts),
most enzymes obey the Michaelis-Menten kineticg€5€1988). The maximum catalytic
activity of an enzyme (May can then be measured in optimized assays whereotiditions,
including the substrate concentrations, are keatlpeonstant so that the reaction rate solely
depends on the concentration/amount of enzyme umistigation (pseudo-zero-order
reaction, see equation 2.9) (Rogers and Gibon, 2608vever, although the equipment for
enzyme activity assays is relatively inexpensivd Hrese assays provide quantitative data,
the large diversity of enzymes, which requires aeieation of specific assay conditions for
each single enzyme under investigation, makes thighughput studies difficult. A promising
approach towards generating large datasets of enagtivities under different conditions
was presented by Gibon et al. (2004), where anieffi robot-based platform using 96-well
microplates was developed. In this assay systetapleshed for plant cells, subsets of
enzymes could be grouped in modules that sharemanom detection method (e.g., for
NADPH).

2.2.4.1 Overview on available assay procedures

The most widely used procedures for the measurenzéntenzyme activities are

spectrophotometric (Bergmeyer et al., 1983; Bergmey al., 1984), fluorometric (Castro
and Fernandez-Romero, 1991; Donato et al., 2004x Ma al., 2001), and luminometric

methods (Bessho et al., 1988; Ching, 1982; Hanaogrigr et al., 1988). Typically, this

involves the monitoring of the change in absorbaaten accessible wavelength with a
spectrophotometer. Many enzymatic reactions use akidized or reduced forms of

NAD*(P), where the reduced forms exploit large absarbaat a wavelength of 340 nm
(Horecker and Kornberg, 1948). However, NAD(P)H @so be measured by using its
fluorescent properties (Lohmann et al., 1988). bses, where these two forms of
dinucleotides are not directly involved, it mayllsbe possible to couple the reaction of
interest to detect a spectrophotometric changedfsagter 2.2.4.4).
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Radiometric assays measure the rate of incorporaiito substrates or release of
radioactivity from labeled substrates and are galyemore sensitive (Broschat et al., 2002;
Johnson and Russell, 1975; Thorner and Paulus,)18tvever, these methods lack the
convenience and safety needed for broad applicatisnience and industry.

Furthermore, enzyme activities can also be asselsgeamperometric assays or by MS
methods. The first procedure involves, e.g., oxygerhydrogen peroxide electrodes that
measure signal intensities of enzymatic reactiana &unction of the corresponding electric
current (Gyurcsanyi et al., 2002; Sagi et al., 200@llace et al., 1977). The second principle
is based on mass differences between substrateraddct peaks, and has the advantage that
most natural substrates and/or products of enzgmeadictions can be detected directly, and
thus, does not require chromophore or radiolalgl(iBothner et al., 2000; Greis, 2007,
Rathore et al., 2010; Shen et al., 2004). Both aompetric and MS-based assay systems for
the measurement of enzyme activities are evolveghnologies and amenable to high-
throughput mode, but require comparatively expensind sophisticated equipment as well

as highly trained personnel.

2.2.4.2 Continuous and discontinuous assay systems

Several continuous and discontinuous assays wemaied for the measurement of enzyme
activities. In a continuous assay system, the gssgof an enzyme-catalyzed reaction is
directly monitored by measuring product accumutato substrate decrease over time, where
the signal is usually being followed photometrigabir fluorimetrically (Eisenthal and
Danson, 2002). In case the changes in producthstiate concentrations cannot be observed
directly, it is a common practice to use one or enopupling enzymes to generate a
detectable product. An advantage of these contsmassays is that the progress of reaction is
measured immediately and initial rates can be tyrechecked for linearity. Therefore,
continuous assays are generally preferred ovepuliswious approaches as they give more
information during the measurement, for instancesobstrate depletion, product inhibition
or enzyme stability. During the progress of an ematyc reaction, the amount of product
accumulated is proportional to the amount of sabstconverted. Therefore, the application
of continuous methods may be restricted to purifedymes (highly concentrated) or

enzymes that are highly active in raw cell extracts

In a discontinuous assay, the enzymatic reacti@oigped by addition of a strong acid/base
or by heat after a defined time period and the pecodnay then be measured with a second
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specific reaction (Eisenthal and Danson, 2002; Roge:d Gibon, 2009). A potential
disadvantage of this type of assay is that progoesses (enzymatic reactions) are not
monitored directly, they are more time-consumingot@n pipetting steps), and volume
inaccuracies may be introduced. Furthermore, ittbd®e checked that the estimated rates are
truly proportional to the enzyme concentration. ldeer, these methods allow many enzyme
assays to be run in parallel and different stepshefprocedure can easily be automated
(e.g., robotic pipetting platform) (Gibon et al.0®). Furthermore, the first step in
discontinuous assays (the enzymatic reaction) canpbérformed with low volumes
(e.g., 20 pL per well of a 96-well microplate), wiican significantly decrease the cost of
assays when expensive reagents are to be usedlyFtha analytical sensitivity of the
enzyme assay can be increased significantly wherdétermination of the product (second
step) is performed with tracer or kinetic methodgy( enzymatic cycling) (Lowry, 1980;
Rogers and Gibon, 2009). This offers the possybiiit measure enzymes from raw cell
extracts that possess only low activity, and tlamgy produce small quantities of a product in

a certain time interval.

2.2.4.3 Increasing the sensitivity by enzymatic cycling

The method of enzymatic cycling allows the ampdifion of analytical sensitivity (see
Figure 2.9) for a variety of biochemical substanaed has been developed and applied, for
instance, to quantitatively determine enzyme antisi(Chi et al., 1988; Gibon et al., 2004;
Lowry et al., 1978; Lowry et al., 1983; Sulpiceadt, 2007) or the amount of metabolites
(Gibon et al., 2002; Khampha et al., 2004; Valend &arcia-Carmona, 1998; Valero et al.,
1995). In such a cycling system, a target metabdiregenerated by two enzymes acting in
opposite directions, which leads to a constant eotration of the recycling substrate
(Lowry, 1980; Passonneau and Lowry, 1993).
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Figure 2.9: Choice of assay for determination of enzyme agtivi

The enzyme activitieg€l and E2 are high enough to be measured directly in a ooatis assay.
However, enzyme samples that were highly diluteetluce interferences from other components in
the cell extract (e.g., specific or non-specifidivators or inhibitors) or enzymes that show low
activities in cell extractsH3 andE4, in blue) are difficult to detect by a continucassay procedure.
Therefore, the signal from the enzymatic reactsie 1) needs to be amplified, which can be done
by an enzymatic cycling system (step 2).

The amplification of an enzymatic activity in a absitinuous (stop-time) assay using the
enzymatic cycling method, where A and B is the #albs and the product of the enzyme to

be measured ¢, respectively, may be described as follows:

El
A B (Equation 2.13)
S, B P,
E E
2 s (Equation 2.14)
I:)2 C S3

In equation 2.14, Sand B are the substrates for the cycle enzymeiid S and C are the
substrates for the cycle enzymg #where B and C are the recycling substratesand B are

products of the enzymatic reactions that accumuatagach turn of the cycle.

It is assumed, that the reaction rateof the first step (equation 2.13) remains constant
(steady state), when the concentration of A israsing or the consumption of A during the
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reaction time is very low ([A]>>[d). The S and S concentrations of the second step
(equation 2.14) are also assumed to be saturatingrmain constant during the cycling
reaction under conditions J|S>[E;] and [S]>>[E3]. Furthermore, the concentrations of B
and C must be clearly lower than their respectivehislelis constants (kg and Ky c towards

E, and E, respectively) during the cycling, so that thectem rates (y and ) are
proportional to their respective concentrationsdéhthese conditions, a small quantity of B
produced by the enzymatic reaction of the firspstan yield to the formation of many
molecules of the products Bnd RB. Thus, the cycling system acts as a chemical &erplor
the B activity, when either Por B is measured. For detailed information on kinetic
analyses of these systems, the reader is refeordfet studies performed by Valero and
Garcia-Carmona (Valero and Ga«Tarmona, 1996; Valero et al., 2004; Valero et1&197;
Valero et al., 1995).

Discontinuous/indirect assays with enzymatic cyglprovide a 100 to 10,000-fold higher
analytical sensitivity compared to conventional nfmuous/direct) assays. This has the
advantage that interferences from raw cell extrdetg., unwanted reactions, unrelated
optical absorbance, or turbidity) can be avoidedgignificantly reduced (Rogers and Gibon,
2009). Furthermore, enzymes with low catalytic\astican be determined precisely, and if
the amplification achieved is still insufficiengrssitivity can be further increased by double
cycling (Lowry, 1980). Many different cycling metti® are described for the quantification
of low amounts of a substance in the literatureweher, the most suited cycling systems for
the determination of enzyme activities are the G@fte (Gibon et al., 2002; Misaki, 1987),
the NAD' cycle (Bernofsky and Swan, 1973), and the NADRRle (Nisselbaum and Green,
1969; Villee, 1962). For example, enzymes belongittg the NAD(P)-dependent
dehydrogenase family can be assayed by a G6PDHipimenethosulfate (PES) cycle or an
alcohol dehydrogenase (ADH)/PES cycle (Gibon et24l04). As these cycling systems do
not distinguish between oxidized and reduced fotins,excess pyridine nucleotide must be
destroyed. When the product is an oxidized coenzyngeenzymatic reaction can be stopped
with HCI (NAD(P)' is stable at low pH and labile at high pH), othieey NaOH can be used
to adjust the pH (NAD(P)H is stable at high pH aledtroyed at low pH).
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2.2.4.4 Coupling enzymes

If an enzyme catalyzes a reaction, where the ptsdeen not be directly quantified or the
enzymatic reaction under study has an unfavouradplélibrium constant (e.g., the forward
reaction of GLDH; Kq= 3.87x% 10° mM, Williamson et al., 1967), coupling enzymes tan
included to the assay mixture to convert one of iaction products to a measurable
metabolite or displace the equilibrium, respectivi@ornish-Bowden, 2004). For example,
the HK-catalyzed phosphorylation of Gluc can beaged by coupling the production of G6P
to the formation of NADPH using the G6PDH:

()  ATP+D-glucoser ATP O H5 _ ADP+G6P

i)  GeP+NADP' 0 88TPH _ 6PG+NADPH +H*

In a coupled assay, it is essential that the ratikeomeasured reaction is directly proportional
to the concentration of the enzyme under investigaand does not become limiting. Thus,
the coupling enzyme(s) must be present in sufficeetccess in terms of activity. For the
above reaction, the activity of the G6PDH couplamzyme must be high enough to oxidize
G6P as fast as it is produced, so that the ralA®P" reduction corresponds to the rate of
the HK reaction. However, high concentration of g enzyme can lead to complications
because of unwanted side reactions (e.g., G6PDHusanGluc as substrate) (Storer and
Cornish-Bowden, 1974). Therefore, appropriate abiwas for the measured rate must
always be performed by recording the blank ratéhvéabsence of substrate (e.g., ATP in the

assay for HK).

If an important coupling enzyme is needed to ddtexactivity of an enzyme under study but
is not commercially available or cannot be replabgda similar enzyme from a different
species as it has, e.g., different substrate &aé®iit may be possible to produce this coupling
enzyme recombinantly when the specific gene seguisrknown. In the following chapter, a

widely used expression system is presented, wkiblased on the yedaichia pastoris.
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2.3 The Pichia pastoris expression system

Many different heterologous expression platform#s d¢se used for the production of
intracellular or secreted proteins (e.gescherichia coli, S. cerevisiae). However, the
methylotrophic yeasP. pastoris as host species has been shown to be supericthéo o
eukaryotic and prokaryotic expression systems duetst capacity for post-translational
modifications (e.g., glycosylation) and ease ofifipation of secreted products (reviewed in
Cregg et al., 2000; Li et al., 2007; Romanos et1&92).

P. pastoris is known as a Crabtree-negative organism, whicksdoot show ethanol
production followed by repression of respiratoryzyanes when exposed to sugar excess
(P. pastoris is more sensitive to changes in oxygen concentrathan to variations in
substrate levels) (Alexander and Jeffries, 19907 Wk et al., 1989). Its preference to
respiratory growth facilitates high cell density Itation processes using low-cost
chemically defined media, and its ability to meti#® methanol as a sole carbon source
greatly prevents contamination with other microoigas during the production process.
P. pastoris can grow in a relatively broad pH range of 3 ton & bioreactor (Cregg et al.,
1993). Furthermore,P. pastoris can, to a certain degree, perform post-translation
modifications on proteins, such as glycosylatioalypeptide folding, or disulphide bond
formation. Another advantage d?. pastoris is its classification as GRAS (generally
recognized as safe) because yeast cells do not éadetoxin and viral contamination
problems associated with bacteria or with biololgicaroduced in mammalian cells,
respectively (Cereghino and Cregg, 2000; Gellissteal., 2005). Finally, the availability of
the P. pastoris expression system as a “ready-to-use” kit inclgddifferent strains and
expression vectors facilitates the development e processes for recombinant products
(Invitrogen, 2002a; Invitrogen, 2002b).

Recombinant proteins can either be produced intudady or secreted into the culture
medium. To ensure secretion of the product, theppoeleader sequence & cerevisiae
mating factor alphaotMF) is often used (Cregg, 2007). The extracellyaoduction of
recombinant biomolecules, such as antibodies otigeeg is generally preferred (Tschopp et
al., 1987b), a®. pastoris secretes only very low levels of native protembjch simplifies
the purification of the target product (Cregg et 2000; Romanos et al., 1992). However, if
the product quality is negatively affected (e.gastable enzyme with rapidly decreasing

activity in the culture broth due to adverse cuation conditions, i.e., medium, pH and
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temperature influences), intracellular expressiaghinbe the only method. Many different
expression strains &. pastoris with multiple genotypes and three phenotypes aadable

for research and industry purposes (Daly and He2005). For example, the. pastoris
GS115 and KM71 strains are the most commonly ugpdession hosts and are defective in
the histidinol dehydrogenase ger#l $4), which allows transformants to be selected based
on their ability to grow in histidin-free mediumh@& GS115 strain contains functional copies
of both the alcohol oxidase 1 ge(X1) and the alcohol oxidase 2 ge#K2), where the
AOX1 promotor regulates 85 % of the alcohol oxidasalpetion (Cregg et al., 1989). This
strain grows on methanol at the wild-type rate #dherefore designated as Mufhe
KM71 strain, however, contains a delet®@X1 gene replaced with th& cerevisiae ARG4
(argininosuccinate lyase) gene (Cregg et al., 2089) result, this strain relies on the much
weakerAOX2 gene for alcohol oxidase and grows only slowly athmanol. The phenotype is
therefore termed ‘methanol utilization slow’ (MutHowever, if bothAOX genes are deleted,
as it is the case for the expression host MC1003r(volu et al., 1997), this strain is totally

unable to grow on methanol (Mut

RecombinanP. pastoris strains are generally generated in three stepe@@mo and Cregg,
2000; Higgins, 2001): (i) insertion of the gene inferest into an expression vector, (ii)
introduction of the plasmid into the genome, ani) (dentification of recombinants
expressing the foreign gene product. M@spastoris expression vectors contain an origin of
replication and an ampicillin resistance gene ftasmid replication and maintenance in
E. coli, an expression cassette and one or more functioasgkers (e.g.HIS4 and/or the
kanamycin resistance gene). The expression cassetfeen composed of the 5 promoter
sequence oAOX1 followed by a multiple cloning site (MCS) for insen of the foreign
gene and the transcription termination sequenca theP. pastoris AOX1 gene that directs
efficient 3 processing and polyadenylation of the mRNAs (Koetzal., 1989; Li et al.,
2007). TheP. pastoris alcohol oxidase 1 promoter is tightly regulatelde expression is
completely repressed under growth on Gluc or ghicand strongly induced when the yeast
is exposed to methanol (Tschopp et al., 1987a).dv¥ew in cases where tA©X1 promoter

is inappropriate for certain heterologous proteaiodpiction processes, alternative promoters
that are not (or not necessarily) induced by meaihauch as th&AP (glyceraldehyde-3-
phosphate dehydrogenase gene) oAhie1 (formaldehyde dehydrogenase gene) promoters
may be useful (Shen et al., 1998; Waterham e1997).
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3 Materials and Methods

All chemicals, consumables, equipment, and standpsettating procedures (SOPSs) used in
this study can be found in the appendix. All SORsrewestablished in the Bioprocess
Engineering group of the MPI for Dynamics of Compleechnical Systems (Magdeburg,
Germany). Ultra-pure water from a Milli-Q systemi(ljdore, Billerica, MA, USA) was used

for dissolving chemicals. All assay validations e/@erformed using the validation template

“temp_vali_AR_v1.8.xIs” (version 1.8) of the Biom®ss Engineering group.

3.1 Cell line and culture media

Adherent Madin-Darby canine kidney (MDCK) cells aibed from the European Collection
of Animal Cell Cultures (No. 84121903) were usedthis study. Cell thawing and cell
passaging were done according to the SOPs Z/02ZZ&%d The number of passages was

limited to a maximum of 20 steps.

Under serum-containing conditions cells were graw@MEM-GIn or GMEM-Pyr. The cell
culture media were produced according to the SOR Mnd M/04. In brief, GMEM-GIn
composition was GMEM (Gibco/Invitrogen, Carlsbadd,dJSA) containing 2 mM GIn
supplemented with Gluc (Sigma, Taufkirchen, Germdmal concentration 30 mM), 10 %
(v/v) fetal calf serum (FCS, Gibco) and 2 g/L pemo(International Diagnostics Group,
autoclaved 20 % (w/v) solution) and 48 mM NaHC@/erck, Darmstadt, Germany),
whereas GMEM-Pyr composition was GMEM without GI8igma) supplemented as
GMEM-GIn but with additional 10 mM Pyr (Sigma). Usrdserum-free conditions cells were
grown in Episerf (Gibco) supplemented with Glua&i concentration 30 mM), Gin (final
concentration 2 mM) and Pyr (final concentratiom®!). Before the experiments, cells were
cultivated in the respective medium for at leash passages to adapt cells to the different
growth conditions. For virus culture the medium gasition was GMEM containing 2 mM
GIn supplemented with Gluc (final concentration raM), and 2 g/L peptone (autoclaved
20 % (w/v) solution) and 48 mM NaHGQeferred to as virus maintenance medium, VMM).

3.2 Cell culture

Cells were routinely cultured in six-well plate(&nf) containing 4 mL of GMEM-based
medium or Episerf medium in a G@cubator at 37 °C and 5 % GQOnoculation of the cell

culture plates was done with approximately 4 to 50 viable cells per well. Cells were
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grown to exponential phases (~2 days of growth,t@.0.5 x 18 viable cells/well) with
GMEM-GIn (referred to as GMEM-Gftf) and GMEM-Pyr (referred to as GMEM-F¥B) or
to stationary phases (~5 days of growth, 3.5 tox41@ viable cells/well) with GMEM-GIn
(referred to as GMEM-GHf), GMEM-Pyr (referred to as GMEM-P¥), and Episerf
(referred to as Episéll). Before storing, cells were washed twice with-écéd phosphate-
buffered saline (PBS, 8.0 g/L NaCl, 0.2 g/L KCR@/L KH,PQ,, 1.15 g/L NaHPQO,). The

complete plate was snap-frozen in liquid nitroged stored at -80 °C until further use.

3.3 Virus culture

Adherent MDCK cells were cultured in six-well plateontaining 4 mL of GMEM-based
medium (2 mM GIn, 30 mM Gluc, 10 % (v/v) FCS, 2 gbeptone, 48 mM NaHC)

in a CQ incubator at 37 °C and 5 % G@ the stationary phase (~5 days of growth, 3.5 to
4.0 x 16 cells/well). Before infection, cells were washedce with PBS. For virus culture,
serum-free VMM containing ~2.0 x P0U/cell porcine trypsin (Gibco) was used. MDCK
cells were either mock-infected or infected with MK cell-adapted human influenza virus
A/Puerto Rico/8/34 (H1N1) from the Robert Koch Ihge (RKI, Berlin, Germany) at a
multiplicity of infection (MOI) of 5 or 20 as desbed by the SOP V/03 (titer of seed virus
was 3.18 x 19 virions/mL, which was estimated by the TGiDassay — SOP V/08
version 2.1). Cells were washed twice with ice-deRIS 9 hours post infection (hpi), and the

complete plate was then snap-frozen in liquid ggrmand stored at -80 °C until further use.

3.4 Analytical techniques

3.4.1 Cell concentration and cell viability

Cell concentration and viability were determined f&amples from six-well plates by
counting at least three separate wells per samphmg point (the mean was used for further
analysis). Cells were counted using the trypan lklxdusion method in an automated cell
counter (Vi-CELL®, Beckman Coulter, Krefeld, Germany; cell type MDIIK, SOP G/21
version 1.5). Cells were detached from the growiifese with trypsin, and diluted with PBS.
Briefly, the cells were washed twice with PBS amdaghed by exposure to 0.5 g/L trypsin/
0.2 g/L EDTA (0.5 mL). The trypsin activity was pfged by addition of an equal volume of

FCS to the cell suspension.
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For the quantification of MDCK cells, an assay #ation with weighted linear regression
analysis (inhomogeneous variances) for a rangedsets.0 x 1band 1.0 x 10cells/mL was
performed (08.08.08). The limit of detection (LOps 1.7 x 10 cells/mL, the limit of
quantitation (LOQ) was 5.0 x 1@ells/mL, and the relative standard deviation ($D}he

method was 8.9 %.

3.4.2 Extracellular metabolites

The metabolite concentrations were determined fgesatants from six-well plates by
measuring at least three separate wells per sagnpiime point. Gluc, Lac, GIn, Glu, and
Amm in cell culture medium were measured with apiodile 100 Plus (Nova Biomedical,
Waltham, MA, USA) according to the SOP A/02 (versib.0). The relative SDs of the
validated method are given in Table 3.1. ExtratailiPyr was determined directly after
dilution of the samples with water by anion exchamdpiromatography and conductivity
detection (BioLC system with eluent generator, DB3Pionex, Sunnyvale, CA, USA) as
described by Genzel et al. (2005).

Table 3.1: The validated range, LOD, LOQ, and the relativd ahsolute SD of the method
for Gluc, Lac, GIn, Glu, and Amm measured with aofile 100 Plus.

Concentration LOD LOQ Relative SD of Absolute SD of

Metabolite (mM) (mM) (mM) the method (%) the method (mM)
Glucose 1.11-41.07 0.650 1.859 10.97 0.194
Lactate 2.22-33.30 0.921 2775 1.58 0.278
Glutamine 0.20-2.60 0.136 0.411 4.67 0.041
Glutamate 0.20-2.60 0.072 0.217 3.35 0.022
Ammonium 0.20-5.20 0.057 0.172 2.22 0.017

Note. An assay validation with weighted linear regression analysis (inhomogeneous variances)
was performed for Gluc (10.05.11), GIn (20.04.11), Glu (20.04.11), and Amm (04.05.11)
measurements. For Lac (15.04.11), an unweighted quadratic regression analysis (homogeneous
variances) was used.

3.4.3 Virus titer

For the quantitation of influenza virus, HA (hemhgmin) activity was determined as
described by Kalbfuss et al. (2008). The assayqulo®, as well as the preparation of
internal standards and chicken-erythrocyte suspaasvas done according to the SOPs V/05
(version 2.2) and V/07. The HA assay was used witkell to well dilution of 1:2° and a
chicken-erythrocyte solution of ~2.0 x 16ells/mL. HA titers were determined in 96-well
microplates with a plate reader (Tecan, Manned®fitzerland) at 700 nm, and extinction

data were evaluated after Boltzmann sigmoid fittirsing Microsoff Excel spreadsheets.
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The HA titers are expressed asi8A units/100uL with a relative SD of the validated
method of 9.3 %.

3.4.4 Protein concentration

Total protein concentration was determined by tiABassay (Pierce, Rockford, IL, USA)
according to the manufacturer’s protocol (microplptocedure) using bovine serum albumin

as a standard.

For the measurement of protein concentration invtheking ranges of 20 to 2,000 pg/mL

(standard test tube protocol) and 5 to 250 pug/nmhdeced test tube protocol), two assay
validations with unweighted quadratic regressiomlgsis (homogeneous variances) were
performed. For the “standard” assay validation 1839), the LOD was 40.02 pg/mL, the

LOQ was 121.28 pg/mL, and the absolute and rel&eof the method was 12.13 pg/mL
and 1.77 %, respectively. For the “enhanced” assdigation (21.08.08), the LOD was

3.73 pg/mL, the LOQ was 11.30 pg/mL, and the albsaud relative SD of the method was
1.13 pg/mL and 1.49 %, respectively.

3.5 Specific growth rate, doubling time and yield coeftient

The metabolism of adherent MDCK cells during growthdifferent substrates was assessed
by calculating the maximum specific growth rateploling time and the total molar yield

coefficients.

The maximum cell-specific growth rateng (h') was estimated during the exponential

growth phase based on equation 3.1.

dX

Y = u X (t) (Equation 3.1)
X cell concentration (cells wé)l
I cell-specific growth rate ()

After integration, equation 3.1 has the solution:

In(%j = ult, -t) (Equation 3.2)
1

X1 cell concentration at time point t (cells well!)

X2 cell concentration at time point t (cells well!)

t1 time point t (h)

to time point § (h)
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The pnax Value was then determined by linear regressighegxponential growth phase data
(see Figure 4.21).

The doubling timegt(h) of the cells was calculated according to eiguad.3.

t, =M (Equation 3.3)
:umax

tq doubling time (h)

Mmax maximum cell-specific growth rate ](}1

The total molar yield coefficients Xcciucand Yammicin Were calculated by equation 3.4.

e = FPa =R (Equation 3.4)
S0 - Send
Ypis yield coefficient of any product/substrate pair (mM mM?)
Po product concentration at the beginning of cuttva (mM)
Pend product concentration at the end of cultivation (mM)
S substrate concentration at the beginning of vatiton (mM)
Send substrate concentration at the end of cultivation (mM)

3.6 Intracellular enzyme activity measurements

All chemicals for the enzyme activity measuremewexe purchased from Sigma (see
appendix), except acetyl-CoA, NADNADP’, NADH, and NADPH (Roche, Mannheim,
Germany). Enzymes for analysis were purchased fRache, except glycerol-3-phosphate
oxidase fromSreptococcus thermophilus, aspartate transaminase from pig heart, citrate
synthase from porcine heart, diaphorase, glutandateydrogenase from bovine liver,
creatine kinase, phosphoglycerate kinase, and G E. coli (Sigma) andP. farinosa (see
chapter 3.7).

3.6.1 Preparation of cell-free crude extract

After thawing, samples were extracted by sonif@ati(USC600D, VWR, Darmstadt,
Germany) on maximum power for 30 s with 1 mL eximac buffer (EB) and kept at 0 to
4 °C. The composition of the EB was similar to thegported for plant cells (Gibon et al.,
2004) but adapted for mammalian cells with respedhe specific concentrations of each
component (17 % (v/v) glycerol, 1 % (v/v) Triton 200, 50 mM Hepes/KOH, pH 7.5,
10 mM MgCh, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 1 mdvaminocaproic acid,
20 mM leupeptin, 0.5 mM dithiothreitol (DTT), andriM phenylmethylsulfonyl fluoride

43



Materials and Methods

(PMSF)). PMSF was added just prior to extractidme $amples were centrifuged at 16,000 g
and 4 °C for 5 min to remove cell debris. The soptnt was used to measure the respective

enzyme activities.
3.6.2 Pipetting scheme for enzyme assays

3.6.2.1 Indirect assays with enzymatic cycling

Enzyme activity analysis was performed as previoagscribed with a few modifications
(Gibon et al., 2004; Sulpice et al., 2007). A schgmoverview of the assay procedure is
presented in Figure 3.1. In brief, enzymes werayass on flat bottom 96-well microplates
with single- and multichannel Reseatgbro pipettes (Eppendorf, Hamburg, Germany). Per
well of a 96-well microplate (0 to 4 °C), 2 uL ofteact or standard were given. Then, the
microplate was transferred to 37 °C and 18 uL efdpecific assay mix with substrate £

or without substrate (Wi Were added to start the reaction. Depending eraisay, plates
were incubated with gentle shaking either for 2@@min. To stop the reaction 20 pL of a
stop solution (containing 0.5 M HCI in 100 mM TneYKOH, pH 9, or 0.5 M NaOH) were
added and the plates were incubated for 10 or 20 ahiroom temperature or 70 °C,
respectively. After cooling, 20 puL of a neutraligisolution and 50 pL of the cycling reagent
were added to determine the concentration of ptodacumulated. Therefore, the reaction
was immediately and continuously monitored by meaguhe change in absorbance at 340
or 570 nm (depending on the assay) in an ELx808T&k, Winooski, VT, USA) microplate
reader kept at 37 °C. Typically, about 2 min werguired to reach a linear rate. Then, the
rate was constant for at least 30 min. The ratesaiftions were calculated as the decrease or
increase (depending on the assay) of the absorliame®D/min by using the Gen5 software
(BioTek). All microplates included five standardsdaeach measurement gk and Vnay
was performed in three to four replicates. MicroSdExcel spreadsheets were used to

calculate the activity for each well on the micipl
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2 pL of extract or standard

A 4

[ 18 pL of the specific assay mix with ]

(Vmax) Or without substrate (V  pjank)

Incubation at 37 °C
for 20 or 40 min
G3P & Glu NAD* & NADP*
cycling assay cycling assay
Stopping the reaction Stopping the reaction
20 pL of 0.5 M HCI buffer 20 pL of 0.5 M HCI buffer or NaOH
Step 1
Step 2
A\ 4 v
Incubation at room Incubation at 70 °C for 20 min
temperature for 10 min

!

Cooling down & centrifugation
at 2,000 g for 2 min

A 4 l
Neutralizing the reaction Neutralizing the reaction
20 pL of 0.5 M NaOH 20 pL of 0.5 M NaOH or HCI buffer

\ 4

50 pL of cycling reagent

'

's '
Measurement of absorbance

at 340 nm or 570 nm
. J

Figure 3.1: Flow chart of the procedure for the indirect assaiys enzymatic cycling.
The method for the G3P and Glu cycling assaysdiated in blue and for the NADand NADP
cycling assays in orange.

3.6.2.2 Direct assays

Extracts (5uL) were dispensed into a flat bottom 96-well midede (0 to 4 °C). After adding
50 pL of specific assay mix, the microplate was transi to 37 °C, gently shaken, and
preincubated for 1 min. Then, 4& of the appropriate starter solution with substrétma,)

or without substrate (Wn) Were added to start the reaction, and the miatephas shaken
again. The reaction was immediately and continyomnsinitored for change in absorbance at
340, 405 or 570 nm (depending on the assay) (ELxBi@8oplate reader, 37 °C). Typically,
about 2 min were required to reach a linear ratechvwas then constant for at least 10 min.

Determination of rates was performed according e previous chapter (3.6.2.1). The
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following molar extinction coefficients were useat the calculation of enzyme activity: 6.22
(NADH, NADPH), 12.8 (reduced DTNBY), and 17 miMm* (reduced MTT).

3.6.3 Enzyme activity assays

The determination of enzyme activities was basedenn-order kinetics meaning that the
measured enzyme activity was independent of substancentration since the assays were
carried out under relatively high substrate conegians and low enzyme concentrations. For
all enzyme assays, individual protocols and SORe weepared according to the standards of
the Bioprocess Engineering group (MPI in Magdebueg)d all assays were validated as
described in chapter 4.1.2. In all enzyme assayumag, 0.05 % (v/v) Triton X-100 was
added to the assay system to complete the extnagtithe enzymes. Cell extracts, as well as
standards, were prepared in the EB (chapter 3.5113ll cases, blank determinations were
carried out simultaneously, which typically contdnsimilar reaction mixtures to the activity

test, but with the “starting reagent” omitted.

In the following chapters (3.6.3.1 to 3.6.3.22) aa@isays are shortly described until the end of
step 1 (see Figure 3.1). The simplified enzymagiactions presented in the following are
depicted as they would occur under physiologicalditions in mammalian cells. However,
the assay conditions were set to drive the reaxtiorthe desired conversion (on the right-
hand side). Step 2, the quantification of produntrked in bold letters in the reaction
schemes) by addition of the cycling reagent is idiesd under chapter 3.6.4.

3.6.3.1 Citrate synthase (CS: EC 2.3.3.1)

MDH

(i) L-malatet NAD"* OAA +NADH +H"

(i) AcetylCoA+OAA +H,O &]Q’ - Citrate+ CoA

The assay is based on the coupled reaction giveveal\ctivity was assayed in the forward
direction by measuring the consumption of OAA. Toacentrations used for malate, NAD

and acetyl-CoA were chosen according to Shephefglafland (1969). Extracts, as well as
NADH standards prepared in the EB and ranging ffbto 200 uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8.5, 0.3vinmalate, 0.25 mM NAD, and

5 U/mL malate dehydrogenase (MDH). The reaction staged by addition of acetyl-CoA to

a final concentration of 0.2 mM (maximum activity)he blank was measured without
acetyl-CoA. The reaction was stopped after 40 mth 20 puL of 0.5 M NaOH.
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3.6.3.2 Citrate lyase (CL: EC 2.3.3.8)

0] ATP + citrate+ CoA [ % - ADP + phosphate acetylCoA + OAA
MDH

(i) OAA + NADH +H" L-malatet NAD"*

Activity was assayed in conditions adapted from gRarathan et al. (1980). Extracts, as well
as OAA standards prepared in the EB and ranging foto 200 uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8.5, 10 migCl,, 10 mM KCI, 20 mM
citrate, 0.2 mM NADH, 0.3 mM CoA, and 1 U/mL MDH. ekre adding NADH,
contaminating NAD was removed from the NADH stock solution (20 mM 180 mM
NaOH) by heating for 10 min at 95 °C. The reacias started by addition of ATP to a final
concentration of 5 mM (maximum activity). The blamkas measured without ATP. The
reaction was stopped after 20 min with 20 pL of @.5Cl in 100 mM Tricine/KOH, pH 9.

3.6.3.3 NAD"-dependent isocitrate dehydrogenase (NAD-ICDH: EC.1.1.41)

isocitrater NAD* 00 VP9 . 2.06+ CO, +NADH +H*

Activity was assayed in conditions adapted from|¥gih & Tipton (1980). Extracts, as well
as NADH standards prepared in the EB and rangimm 0 to 200uM, were incubated in a
medium containing 100 mM MOPS, pH 7.5, 5 mM MgSénd 1 mM NAD. The reaction
was started by addition of isocitrate to a finahoentration of 2 mM (maximum activity).
The blank was measured without isocitrate. Theti@aovas stopped after 40 min with
20 pL of 0.5 M NaOH.

3.6.3.4 Fumarase (FUM: EC 4.2.1.2)

FUM

) Fumarater H,O L-malate

MDH

(i) L-malatet NAD" OAA + NADH +H"

(i)  AcetykCoA+OAA +H,00 EE_» citrate+ CoA

Activity was assayed in the malate-forming direstiaccording to Gibon et al. (2004).
Extracts, as well as malate standards prepardweiiEB and ranging from 0 to 1Q0/4, were
incubated in a medium containing 100 mM Tricine/KOpH 8, 5 mM MgC4, 5 mM
KoHPQ,, 0.15 mM NAD, 0.2 mM acetyl-CoA, 100 U/mL MDH, and 1 U/mL CSh&

reaction was started by addition of fumarate tanal fconcentration of 10 mM (maximum
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activity). The blank was measured without fumaratee reaction was stopped after 20 min
with 20 pL of 0.5 M NaOH.

3.6.3.5 Glutamate dehydrogenase (GLDH: EC 1.4.1.2)

GLDH

2-OG+NHj + NADH + H"* Glu+H,0+NAD"

Activity was assayed in the direction of reductamination of 2-OG in conditions adapted
from Cho et al. (1995). Extracts, as well as NAdbandards prepared in the EB and ranging
from O to 200uM, were incubated in a medium containing 100 mMcihe/KOH, pH 8,

1 mM CaC}, 640 mM ammonium acetate, 0.1 mM NADH, and 1 mMPABefore adding
NADH, contaminating NAD was removed from the NADH stock solution (20 mM in
100 mM NaOH) by heating for 10 min at 95 °C. Thacateon was started by addition of
2-0OG to a final concentration of 15 mM (maximumidtg). The blank was measured
without 2-OG. The reaction was stopped after 20 with 20 puL of 0.5 M HCIl in 100 mM
Tricine/KOH, pH 9.

3.6.3.6 Alanine transaminase (AlaTA: EC 2.6.1.2)

AlaTA

0] Ala +2-0OG Pyr+ Glu

) LDH
(i) Pyr+ NADH + H* <——= | -lactate+t NAD"

Activity was assayed in conditions adapted from 8esal. (1987). Extracts, as well as Pyr
standards prepared in the EB and ranging from BOtouM, were incubated in a medium
containing 100 mM Tricine/KOH, pH 8, 60 mM Ala, 0miM NADH, and 0.3 U/mL LDH.
Before adding NADH, contaminating NADwvas removed from the NADH stock solution
(20 mM in 100 mM NaOH) by heating for 10 min at 95. The reaction was started by
addition of 2-OG to a final concentration of 5 mihaximum activity). The blank was
measured without 2-OG. The reaction was stopped 2@ min with 20 pL of 0.5 M HCI in
100 mM Tricine/KOH, pH 9.

3.6.3.7 Aspartate transaminase (AspTA: EC 2.6.1.1)

ASPTA

OAA +Glu
MDH

0] Asp+ 2-0G

(i) OAA + NADH +H" L-malatet NAD"*
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Activity was assayed in conditions adapted from énmgd et al. (1989). Extracts, as well as
OAA standards prepared in the EB and ranging fromo Q00 uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8, 35 mMs@ 0.1 mM NADH, and
0.25 U/mL MDH. Before adding NADH, contaminating BA was removed from the
NADH stock solution (20 mM in 100 mM NaOH) by hewsgifor 10 min at 95 °C. The
reaction was started by addition of 2-OG to a finahcentration of 2.5 mM (maximum
activity). The blank was measured without 2-OG. Tdection was stopped after 20 min with
20 pL of 0.5 M HCl in 100 mM Tricine/KOH, pH 9.

3.6.3.8 Phosphoenolpyruvate carboxykinase (PEPCK: EC 4.1.32)

PEPCK

0] GDP+ PEP+CO, GTP+0OAA

MDH

(i) OAA + NADH +H" L-malatet NAD*

Activity was assayed in the direction of carboxgatof PEP in conditions adapted from
Gallwitz et al. (1988). Extracts, as well as OAArglards prepared in the EB and ranging
from O to 20QuM, were incubated in a medium containing 50 mM H&KOH, pH 7.5,
45 mM NaHCQ, 1 mM MgCh, 1 mM MnCL, 1 mM GDP, 0.15 mM NADH, and 6 U/mL
MDH. Before adding NADH, contaminating NADwas removed from the NADH stock
solution (20 mM in 100 mM NaOH) by heating for 1@nat 95 °C. The reaction was started
by addition of PEP to a final concentration of 2 nfMaximum activity). The blank was
measured without PEP. The reaction was stopped 20tenin with 20 puL of 0.5 M HCI in
100 mM Tricine/KOH, pH 9.

3.6.3.9 Acetate-CoA ligase (ACoAL: EC 6.2.1.1)

(1) ATP +acetate CoA 0 OF9% _ AmP + diphosphat+ acetylCoA

(i) Acety-CoA+OAA +H,0 0 &?ﬁ citrate+ CoA
MDH

(i)  L-malater NAD" OAA +NADH +H*

Activity was assayed in conditions adapted fromkiziva et al. (1995). Extracts, as well as
NADH standards prepared in the EB and ranging ffbho 200uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8.5, 10 m¥gCl,, 50 mM KCI, 10 mM
acetate, 1 mM CoA, 0.3 mM malate, 0.25 mM NAR U/mL CS, and 5 U/mL MDH. The

reaction was started by addition of ATP to a fimahcentration of 6 mM (maximum
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activity). The blank was measured without ATP. Téaction was stopped after 20 min with
20 pL of 0.5 M NaOH.

3.6.3.10Hexokinase (HK: EC 2.7.1.1)

(1) ATP + D-glucosel] Hﬁ - ADP + G6P
i)y cep+nNaADP 0 EPEPH . 6pGL+ NADPH + H

Activity was assayed in conditions adapted frome®chet al. (1978). Extracts, as well as
G6P standards prepared in the EB and ranging from 000 uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8, 5 mM Mg, 2 mM Gluc, 0.5 mM
NADP®, and 1 U/mL G6P dehydrogenase grade Il (lowertypafi the enzyme preparation).
The reaction was started by addition of ATP toralficoncentration of 1 mM (maximum
activity). The blank was measured without ATP. Téaction was stopped after 20 min with
20 pL of 0.5 M NaOH.

3.6.3.11Glucose-6-phosphate dehydrogenase (G6PDH: EC 1.49)

G6P+ NADP" [ BGE%H -~ 6PGL+NADPH +H"
Activity was assayed according to conditions addjtem Postma et al. (1989). Extracts, as
well as NADPH standards prepared in the EB andingnfgom O to 10QuM, were incubated
in a medium containing 100 mM Tricine/KOH, pH 8, &M MgCl, and 0.5 mM NADP.
The reaction was started by addition of G6P tonalfconcentration of 5 mM (maximum
activity). The blank was measured without G6P. Tdaction was stopped after 20 min with
20 pL of 0.5 M NaOH.

3.6.3.126-Phosphogluconate dehydrogenase (6PGDH: EC 1.1.4)4

6PG+ NADP" [ EPS%H - Ru5P+CO, + NADPH +H"

Activity was assayed basically by the method ofl@aBerres & Nguyen (1992). Extracts, as
well as NADPH standards prepared in the EB andingnigom 0 to 10QuM, were incubated
in a medium containing 100 mM Tricine/KOH, pH 8, &M MgCl, 1 mM EDTA, and
0.5 mM NADP. The reaction was started by addition of 6PG tiinal concentration of
2 mM (maximum activity). The blank was measurechaitt 6PG. The reaction was stopped
after 20 min with 20 pL of 0.5 M NaOH.
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3.6.3.13NADP*-dependent isocitrate dehydrogenase (NADP-ICDH: EQ.1.1.42)

isocitrater NADP* 0 MAPRISGRH . 206+ CO, + NADPH +H"

Activity was assayed in conditions adapted fromdgmg& Newsholme (1975). Extracts, as
well as NADPH standards prepared in the EB andingnigom 0 to 20QuM, were incubated
in a medium containing 100 mM Tricine/KOH, pH 8&mM MgCh, and 5 mM NADP.
The reaction was started by addition of isocittata final concentration of 2 mM (maximum

activity). The blank was measured without isocdrathe reaction was stopped after 20 min
with 20 pL of 0.5 M NaOH.

3.6.3.14Malic enzyme (ME: EC 1.1.1.40)

ME

L-malate+r NADP” Pyr+CO, + NADPH +H”

Activity was assayed in conditions adapted fromdratz et al. (2007). Extracts, as well as
NADPH standards prepared in the EB and ranging féota 100uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8, 1 mM Mg, and 0.5 mM NADP. The
reaction was started by addition of malate to alficoncentration of 10 mM (maximum

activity). The blank was measured without malatee Teaction was stopped after 20 min
with 20 pL of 0.5 M NaOH.

3.6.3.15Phosphofructokinase (PFK: EC 2.7.1.11)

@)  ATP+FePO It . ADP+EBP
FBPA

(i) FBP DAP + GAP

TPI

(i)  GAP DAP

G3PDH

(v) DAP+NADH +H* G3P+NAD*

Activity was assayed in conditions adapted fromsRaial. (2000). Extracts, as well as FBP
standards prepared in the EB and ranging from 20tbuM, were incubated in a medium
containing 100 mM Tricine/KOH, pH 8, 5 mM Mg{b mM F6P, 0.25 mM NADH, 1 U/mL
FBPA, 1U/mL TPI, and 2 U/mL glycerol-3-phosphatehgdrogenase (G3PDH). The
reaction was started by addition of ATP to a fimahcentration of 1 mM (maximum
activity). The blank was measured without ATP. Téaction was stopped after 20 min with
20 pL of 0.5 M HCl in 100 mM Tricine/KOH, pH 9.

51



Materials and Methods

3.6.3.16Fructose-1,6-bisphosphate aldolase (FBPA: EC 4.113)

FBPA

() FBP DAP + GAP

TPI

(i) GAP DAP

G3PDH

(i) DAP+NADH +H* G3P+NAD*

Activity was assayed in conditions adapted fromddaol & Storey (1994). Extracts, as well as
DAP standards prepared in the EB and ranging froto @00 uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8.5, 5 mMQgCl,, 1 mM EDTA, 0.3 mM
NADH, 1 U/mL TPI, and 2 U/mL G3PDH. The reactionsastarted by addition of FBP to a
final concentration of 5 mM (maximum activity). Thé&ank was measured without FBP. The

reaction was stopped after 20 min with 20 pL of @.5Cl in 100 mM Tricine/KOH, pH 9.

3.6.3.17Glyceraldehyde-3-phosphate dehydrogenase (GAPDH: EC2.1.12)

GAPDH

() 1,3BPG+ NADH + H”

GAP + phosphate NAD*

(i)  ATP+3PG
TPI

ADP +1,3BPG

(i) GAP DAP

Activity was assayed according to conditions additem Lambeir et al. (1991). Extracts, as
well as DAP standards prepared in the EB and rgnigom 0 to 20QuM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8, 30 mMyll,, 20 mM KCI, 2 mM EDTA,
0.5 mM DTT, 5 mM ATP, 0.5 mM NADH, 10 U/mL PGK, arildU/mL TPI. The reaction
was started by addition of 3PG to a final conceimmaof 4 mM (maximum activity). The
blank was measured without 3PG. The reaction wagpstd after 20 min with 20 pL of
0.5 M HCI in 100 mM Tricine/KOH, pH 9.

3.6.3.18Pyruvate kinase (PK: EC 2.7.1.40)

@)  ADP+PEPO D . ATP+Pyr
(i) ATP + Glycerol Bﬁ - ADP+G3P

Activity was assayed by measuring the PEP-depengtentuction of ATP from ADP. The

concentrations used for PEP, ADP, and KCI were ehaaccording to Faustova & Jarv
(2001). Extracts, as well as ATP standards preparédte EB and ranging from 0 to 20,
were incubated in a medium containing 50 mM Hep&K pH 7.5, 10 mM MgGl
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100 mM KCI, 0.4 mM EDTA, 120 mM glycerol, 1 mM ADR,mM AMP, and 2 U/mL GK.
The reaction was started by addition of PEP tonal fconcentration of 5 mM (maximum
activity). The blank was measured without PEP. fidaetion was stopped after 20 min with
20 pL of 0.5 M HCl in 100 mM Tricine/KOH, pH 9.

3.6.3.19Transketolase (TK: EC 2.2.1.1)

TK
()  XS5P+E4P=<—— = F6P+GAP

) TPI

(i) GAP DAP

G3PDH

(i) DAP+NADH +H" G3P+NAD"

Activity was assayed according to conditions addtem Sprenger et al. (1995). Extracts,
as well as DAP standards prepared in the EB argingrirom 0 to 10QuM, were incubated

in a medium containing 50 mM Hepes/KOH, pH 7.5, M rvgCl,, 0.5 mM thiamine
pyrophosphate, 0.6 mM NADH, 1 U/mL TPI, and 2 U/@BPDH. The reaction was started
by addition of erythrose 4-phosphate (E4P) and lagki 5-phosphate (X5P) to final
concentrations of 1.5 mM and 5 mM, respectivelye Blank was measured without E4P and
X5P. The reaction was stopped after 20 min with |20 of 0.5 M HCI in 100 mM
Tricine/KOH, pH 9.

3.6.3.20Transaldolase (TA: EC 2.2.1.2)

TA
® E4P+ F6P sedoheptulse7-phosphate GAP
) TPI
(i) GAP DAP
G3PDH
(i)  DAP+ NADH +H" G3P+NAD"

Activity was assayed in conditions adapted fromnteh et al. (1976). Extracts, as well as
DAP standards prepared in the EB and ranging froto @00 uM, were incubated in a
medium containing 50 mM Hepes/KOH, pH 7.5, 2 mM ED0.6 mM NADH, 10 mM F6P,

1 U/mL TPI, and 2 U/mL G3PDH. The reaction was tsthiby addition of E4P to a final
concentration of 1 mM (maximum activity). The blamlas measured without E4P. The
reaction was stopped after 20 min with{20of 0.5 M HCIl in 100 mM Tricine/KOH pH, 9.
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3.6.3.21Glycerokinase (GK: EC 2.7.1.30)

ATP + Glycerol[J BE - ADP+G3P

The assay was used for the activity measuremettteofecombinant Histagged GK (see
chapter 4.2). Activity was assayed in conditionged from Guan et al. (2002). Extracts, as
well as G3P standards prepared in the EB and rgrighm 0 to 20QuM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 7.5, 50 m¥gCl,, 100 mM KCI, 0.4 mM
EDTA, and 120 mM glycerol. The reaction was started addition of ATP to final
concentrations of 5 (maximum activity). The blanksameasured without ATP. The reaction
was stopped after 20 min with pQ of 0.5 M HCI in 200 mM Tricine/KOH, pH 9.

3.6.3.22Glutaminase (GLNase: EC 3.5.1.2)

Gin+H,00 BN%F _ Giu +NH,

Activity was assayed in conditions adapted fromtliays & Weiss (1974). Extracts, as well
as Glu standards prepared in the EB and ranging fiao 200uM, were incubated in a
medium containing 100 mM Tricine/KOH, pH 8.5, 0.MntEDTA, and 150 mM KHPOQO,.
The reaction was started by addition of GIn toralficoncentration of 40 mM (maximum
activity). The blank was measured without GIn. Taaction was stopped after 20 min with
20 pL of 0.5 M HCI in 100 mM Tricine/KOH, pH 9.

3.6.3.23Glutamine synthetase (GS: EC 6.3.1.2)

ATP + Glu + hydroxylanine [] Eﬁc’ — ADP + phosphate yGH

Activity was measured in a “synthetic” reaction Wwhich the ammonia was replaced by
hydroxylamine as essentially described by MeistE986). Extracts (5uL), as well as
y-glutamyl hydroxamateyGH) standards prepared in the EB and ranging from 8 mM
were dispensed in flat bottom 96-well microplateptkat O to 4 °C. Then, the microplate was
transferred to 37 °C and 48. of assay mix with (May or without (Myank) Substrate were
added to start the reaction followed by gentle sigak37 °C, 60 min, sealed with adhesive
aluminum foil). The assay medium contained, inlfo@ncentrations, 50 mM imidazole/HCI,
pH 7.5, 20 mM MgCJ, 10 mM ATP, 100 mM hydroxylamine-HCI, adjusted bl 7.5,
10 mM creatine phosphate, and 2 U/mL creatine ki(&K). The reaction was started by

addition of Glu to a final concentration of 50 mihgximum activity). The blank was

54



Materials and Methods

measured without Glu. The reaction was terminatedcdxdition of 50uL of stop solution
containing 200 mM Fe@l6H,O, 120 mM trichloroacetic acid, and 250 mM HCI. The
amount ofyfGH was measured from the absorbance at 505 nm (Mave XS, BioTek) by
comparison with a standard curve y@&H. The microplate reader ELx808 (faster readout)

could not be used for the GS assay due to the ebsdrihe respective wavelength filter.

3.6.3.24Lactate dehydrogenase (LDH: EC 1.1.1.27)

LDH
Pyr+ NADH + H* <———>= | -lactate+t NAD"

Activity was assayed in conditions adapted fromedlagt al. (1997). Extracts prepared in the
EB were incubated in a medium containing 100 mMihg/KOH, pH 8, 0.1 mM EDTA, and
1.2 mM NADH. The reaction was started by additidnPyr to a final concentration of

2.25 mM (maximum activity). The blank was measusgtiout Pyr.

3.6.3.25Malate dehydrogenase (MDH: EC 1.1.1.37)
MDH

OAA + NADH +H" L-malatet NAD”

Activity was assayed in conditions adapted fromvCet al. (1982). Extracts prepared in the
EB were incubated in a medium containing 100 mMihg/KOH, pH 8, 0.1 mM EDTA, and
1.2 mM NADH. The reaction was started by additidnORAA to a final concentration of

1.1 mM (maximum activity). The blank was measuréith@ut OAA.

3.6.3.26Phosphoglucose isomerase (PGI: EC 5.3.1.9)

PGI

() F6P G6P

iy cep+NADP* 0 FO5PH | 6pGL+ NADPH+ H
Activity was assayed in conditions adapted frombset al. (1971). Extracts prepared in the
EB were incubated in a medium containing 100 mMtimg/KOH, pH 8, 100 mM MgG)
2 mM EDTA, 1.2 mM NADP, and 1 U/mL G6PDH grade Il. The reaction was sthity
addition of F6P to a final concentration of 2.25 nfMaximum activity). The blank was

measured without F6P.

55



Materials and Methods

3.6.3.27Triose-phosphate isomerase (TPI: EC 5.3.1.1)
TPI

()  GAP DAP

G3PDH

(i) DAP + NADH +H" G3P+ NAD*

Activity was assayed in conditions adapted from INe& Pretsch (1989). Extracts prepared
in the EB were incubated in a medium containing @ Hepes/KOH, pH 7.5, 5 mM
EDTA, 0.6 mM NADH, and 1 U/mL G3PDH. The reactiomsvstarted by addition of GAP
to a final concentration of 2.25 mM (maximum adyi The blank was measured without
GAP.

3.6.3.28Pyruvate dehydrogenase (PDH: EC 1.2.4.1)

(i) Pyr+CoA+NAD" O EDEH - acetytCoA + CO, + NADH +H*
i) MTT, +NADH +H* 0 B'BPRPEF . mTT_ + NAD"

Activity was assayed according to conditions adajtem Schwab et al. (2005), except that
MTT was used as electron acceptor. Extracts preparthe EB without DTT were incubated
in a medium containing 50 mM Hepes/KOH, pH 7.5, W iwlgCl,, 20 uM CaCh, 5 mM
L-carnitine, 25 mM oxamate, 0.2 mM thiamine pyrogploate, 0.1 mM CoA, 2.5 mM NAD

1 mM MTT, and 1 U/mL diaphorase. The reaction wiasted by addition of Pyr to a final

concentration of 5 mM (maximum activity). The blanks measured without Pyr.

3.6.3.29Pyruvate carboxylase (PC: EC 6.4.1.1)

(1) ATP+Pyr+HCO; O ES — ADP + phosphate- OAA

(i) AcetylCoA+0OAA +H,0 0 Eﬁ?ﬁ citrate+ CoA

(i) CoA+DTNB [J - TNB + CoA-TNB
Activity was assayed by coupling the productiorO#A to the reduction of 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB), using CS, as describgdSerutton & White (1974). Extracts
prepared in the EB without DTT were incubated inm&dium containing 100 mM
Tricine/KOH, pH 8, 10 mM MgGl 50 mM KHCQ, 2.5 mM ATP, 0.5 mM acetyl-CoA,
0.25 mM DTNB, 5 mM creatine phosphate, 5 U/mL CKd& U/mL CS. The reaction was

started by addition of Pyr to a final concentratadn5 mM (maximum activity). The blank

was measured without Pyr.
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3.6.4 Cycling assay reagents

The second step of the indirect assays with enzgrogtling involves the quantification of

the product by sensitive cycling assays as destiibéhe following.

3.6.4.1 NAD" cycling assay

The NAD" cycling assays consisted of the enzymatic reactisna first step, then the
degradation of NAD or NADH and its subsequent analysis. The enzynuatiting is based

on the following reaction.

Ethanol NAD+ PESqq
X X A=570 nm
Acetaldehyd NADH H* PES, MTT g
For the degradation of NADor NADH the plates were sealed with an adhesiuenadum
foil, gently mixed and heated at 70 °C for 20 midter cooling, plates were centrifuged

(2 min at 2,000 g) and 20L of 0.5 M HCI in 100 mM Tricine/KOH, pH 9, or 0/g NaOH
were added to adjust the pH to 9.

NADH or NAD"* was then measured indirectly via the reductiothi@zolyl blue tetrazolium
bromide (MTT) according to Bernofsky & Swan (1973), the presence of 100 mM
Tricine/KOH, pH 9, 8 mM EDTA, 1 % (v/v) ethanol, M MTT, 0.2 mM PES, and
300 U/mL ADH. The absorbance of MTT was read at Bi#Ountil the rates were stabilized.

The rates of reactions were calculated as theaseref the absorbance in mOD/min.

3.6.4.2 NADP" cycling assay

The NADF cycling assays and the destruction of NAD®re performed according to the
previous chapter (3.6.4.1). The enzymatic cyclsgased on the following reaction.

NADP* PES.y
GGPDHX X A=570 nm
NADPH H PES, MTT g
The amount of NADPH was determined indirectly byaswing reduced MTT (MTdy)

according to the methods of Villee (1962) and Nizmeém & Green (1969), in the presence
of 100 mM Tricine/KOH, pH 9, 8 mM EDTA, 5 mM G6P,daM MTT, 0.2 mM PES, and
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2.5 U/mL G6PDH grade | (higher purity of the enzymeparation was needed for the
cycling assay). Determination of rates was perfaraecording to the previous chapter.
3.6.4.3 G3P cycling assay

The G3P cycling assays consisted of the enzymeasiction as a first step and the analysis of

G3P. The enzymatic cycling is based on the follgwieaction.

0, NAD*
G3POX G3PDH )= 340 nm
H,0, NADH, H*

G3P or DAP was measured via NADH absorbance dex@ésr neutralizing with 2QL of
0.5 M NaOH according to Misaki (1987) and Giborakt(2002), in the presence of 100 mM
Tricine/KOH, pH 8, 2 mM MgC), 0.6 mM NADH, 1 U/mL G3PDH, and 2.5 U/mL glycerol-
3-phosphate oxidase (G3POX). For determinationBR® A& or GAPDH, 0.5 U/mL TPI were
added. The absorbance of NADH was read at 340 riifrtlue rates were stabilized. The rates

of reactions were calculated as the decrease aftiberbance in mOD/min.

3.6.4.4 Glu cycling assay

Glu was measured indirectly by photometric measergrof MTT..q according to conditions
adapted from Mayer et al. (1999) after neutral@atwith 20uL of 0.5 M NaOH, in the
presence of 100 mM Tricine/KOH, pH 8, 1 mM EDTA51InM NAD", 0.5 mM ADP,
100 mM Asp, 1 mM MTT, 0.2 mM PES, 5 U/mL AspTA, artD U/mL GLDH.
Determination of rates was performed accordinghapter 3.6.4.1. The enzymatic cycling is

based on the following reaction.

Asp 2-0G NADH, H* PES, MTT 1o
ASP% GLDH X A=570 nm
OAA NAD* PES.q MTT,

(02,8
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3.6.5 Expression of results

All maximum enzyme activities are expressed as naficdubstrate consumed or product
formed per min per focells at 37 °C. All data given in Table 4.5 anclEa4.10 were
compared by Studenttstest (Microsoff Excel) with p< 0.05 being considered significant.
To evaluate the significance of changes in maxinemayme activities a minimum cut-off
criterion taking into account errors imposed byldgacal (n vivo or in vitro) and technical
(procedure noise) variation is required (McCartimg &myth, 2009; Molloy et al., 2003).
Here, enzyme activities were calculated from meament of absorbance (product per time)
divided by the concentration of viable cells usedtihe assay. The error, which was
introduced by the determination of the cell dengitytomatic cell counter Vi-CEL1) was
estimated to be maximum 10 % (relative SD of thikdated method of 9 %). The average
error of all enzyme activity measurements (relaB@eof four to six biological replicates) did
also not exceed 10 %, whereas the highest valaé &6 was observed for PC (relative SD of
six replicates) in GMEM-Py¥ (see Table 4.10, chapter 4.3.2). Therefore, antbioprise
day-to-day and user-to-user variability, enzymevdids with fold changes higher than 1.3 or
lower than -1.3 (overall maximum error about 26-9,3) between the different cultivation
conditions (GMEM-GIn and GMEM-Pyr) were considesgghificantly different.

3.7 Cloning, expression, purification, and characterizdon of

Pichia farinosa glycerokinase

This chapter summarizes the basic materials andadst requirements to produce the
recombinant GK for the application as a couplingyame in sensitive G3P cycling assays as

given by Janke et al. (2010a). Additional inforroatcan be found in the appendix section.

3.7.1 Strains, plasmids, enzymes and reagents

The E. coli TOP10F strain (Invitrogen, Carlsbad, CA, USA) wased for propagation of
plasmid DNA.E. cali cells with plasmids were cultured aerobically @°& in LB medium
(10 g/L trypton, 5 g/L yeast extract, 10 g/L Na&Upplemented with 2Eg/mL kanamycin
or 100 pg/mL ampicillin. The methylotrophi®. pastoris yeast strain GS115i&4; Mut)
was purchased from Invitrogen, and was used foexipeession of Histagged GK. Minimal
dextrose (MD) medium, minimal methanol (MM) mediutoyffered minimal glycerol
(BMG) medium, buffered minimal methanol (BMM) mediuand fermentation basal salts
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medium (BSM) supplemented witR. pastoris trace metals 1 (PTM were prepared

according to the manufacturer’s instructions (Irogen, 2002a; Invitrogen, 2002b).

The bacterial expression vector pETM-11-GK, in viahibe coding region of thie. farinosa
GUT1 gene (obtained by Prof. Candida Lucas, Universitiyimho, Braga, Portugal) was
cloned between th&lcol and EcoRI sites of expression plasmid pETM-11, was kindly
provided by Dr. John Lunn (MPI for Molecular Pldaysiology, Golm/Potsdam, Germany)
(Gibon et al., 2009). TheUT1 gene (GenBank Accession No. AY391774) frBnfarinosa
(CBS 7064) was first cloned and sequenced by Netves. (2004). The pETM-11 plasmid
was originally derived from a pET (Novagen, Madis@f, USA) backbone, which includes
an N-terminal Histag and a TEV (tobacco etch virus) protease clgaste before the
inserted gene (Dummler et al.,, 2005). The integeatyeast expression vector pPIC3.5
(Invitrogen) containing the promoter and terminaibthe alcohol oxidase gend®Xx1) was

used as the expression cassette anitBé selectable marker.

Restriction enzymes were purchased from New EnglRidabs (Ipswich, MA, USA).
Enzymes for analysis were purchased from Rochegpgxalcohol oxidase and GK from
E. cali (Sigma). Chemicals were purchased from Sigma,@X¢ADH (Roche).

3.7.2 Construction of the expression vector

The DNA fragment containing tf@UT1 gene was obtained from the pETM-11-GK plasmid
(containing a Histag) after digestion witiXbal and Notl restriction enzymes, and was used
as template for the polymerase chain reaction (PTRy digestion product®,000 bp) was
isolated from an agarose gel band using a Wiz&k Gel and a PCR Clean-Up System kit
(Promega, Madison, WI, USA). The following two pems were designed to amplify the
entire coding sequence, and to introducefaril site at the 5’ end and Botl site at the

3’ end (underlined): forward primer GKforAvrll, &CTACCTAGGATGAAACATCACC
ATCACCA -3, and reverse primer GKrevNotl, 5-GTCAGCGGCCE&GAATTCTTAGT
CATTGTTCTGA -3' (letters in bold indicate the Hitag andGUT1 coding sequence,
respectively). PCR was performed using PhUSiBNA Polymerase (Finnzymes, Espoo,
Finland) for 30 cycles consisting of an annealisgiperature of 64 °C for 30 s and an
elongation time of 70 s at 72 °C. After purificatigPCR Clean-Up System Kkit), the
Avrll—-Notl fragment of the PCR product (containing ad-teg and the coding region of GK)
was ligated into pPIC3.Bwrll-Notl sites. The resulting plasmid was named pPIC3.5-GK
(Figure 3.2), and the expected structure was eerifiy restriction digestion and sequencing
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from both ends of the inserted segment (GATC Biot&onstanz, Germany). The resulting
DNA sequence was analyzed with sequence databas#es using BLAST sequence
comparison algorithms at NCBI (http://blast.ncbhnmih.gov/Blast.cgi). Competefi. coli
TOP10F cells were transformed with the vectors FETL-GK or pPIC3.5-GK, and grown

on LB agar plates supplemented with kanamycin ggieittin, respectively.

5' AOX1 promotor fragment GKforAvrll primer site (992-1017)
SR

Poul(9041) _AvrlIl(993)

6xHis-Tag (1004-1021)

E

Amp resistance

Puul (1549)
\\_Glycerokinase (1076-2968)

pBR322 ori

Ndel (7601)
pPIC3.5-GK Ndel (2156)

=
EcoRV (7321) | | 9767 bp

EcoRV (2740)

3’ AOX1 fragment /‘» / GKrevNotl (2953-2984)

NotI(2979)

P 3' AOX1 TT fragment

HIS4 ORF EcoRV (3496)

Figure 3.2: Construction of pPIC3.5-GK expression vector.
TheAvrll-Notl fragment of the PCR product (containing agHey and thésUTL1 coding region) was
inserted into théwrll and Notl sites of the pPIC3.5 vector.

3.7.3 Transformation of Pichia pastoris

The construct pPIC3.5-GK was isolated frémcoli cells using a NucleoSginPlasmid Kit
(Macherey-Nagel, Duren, Germany), and was linedrizg digestion withStul in order to
favor integration at thé®. pastoris his4 locus. Approximately 1ug of linearized plasmid
DNA was used to electroporake pastoris GS115 cells using an Easyject Prima (Equibio,
Ashford, UK) at 1.8 kV, 13uF, and 33%). As a reference, yeast cells were also transformed
with the empty vector (pPIC3.5) using the same otiSelection of Histransformants was
done on minimal selective MD or MM agar platBspastoris transformants were randomly

selected and analyzed for integration of BT1 gene into the genome by PCR.

For selection of high yield strains, colonies o§itwe P. pastoris clones were inoculated into
2 mL of BMG medium and incubated in round-bottommni# polypropylene tubes (Greiner
Bio-One, Kremsmunster, Austria) for approximateby/HL (27 °C, shaking at 150 rpm). When
the culture reached an @9 of 2 to 5, the cells were collected by centrifugratand
resuspended to an @fg of 1 in 2 mL BMM medium. To promote methanol-incale
expression of GK, cultures were incubated (27 t@ksg at 150 rpm), and supplemented
with methanol to a final concentration of 1 % (véwery 24 h. Aliquots of fresh culture were
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collected after 45 h, the cells were lysed withsgldbeads according to the protocol of
Invitrogen (Invitrogen, 2002a), and then screermed3K activity. The clone showing highest

expression level (maximum GK activity) was chosamrécombinant protein production.

3.7.4 Production of Pichia farinosa glycerokinase byPichia pastoris

A colony containing pPIC3.5-GK from a MD plate wiasculated into 300 mL BMG and
split in three 1-L shaking flasks. Cells were grofan approximately 22 h at 30 °C and
250 rpm. Cultures were then combined, centrifugediin at 16,000 g) and resuspended in
30 mL BMG. The cultivation procedure was done adiay to the guideline of Invitrogen
(Invitrogen, 2002b), which is based on fermentatiérMut” Pichia strains in a 15-L glass
fermenter. The fed-batch cultivation was perfornred 5-L stirred-tank bioreactor (Sartorius
BBI Systems, Melsungen, Germany) with a water ap@as mix station, and with feeding
pumps. Process control and data acquisition wagedaout by a Simatic PCS7 automation
system (Siemens, Munich, Germany). For feedingrognflow rates (mass flow) were
adjusted using peristaltic pumps and balances. Bampere taken for determination of

ODeoo, dry cell weight (DCW), GK activity, glycerol, menol, and protein concentration.

In brief, 3 L BSM supplemented with PfMrace salts were inoculated with 30 mL
preculture. Temperature was kept at 30 °C, and @$ waintained at 5 with 28 %
ammonium hydroxide. Aeration (oxygen and air) argitation were adjusted to keep
dissolved oxygen levels above 30 % during the fetat®n process. After glycerol
exhaustion (19 h), a methanol pulse was added ¢o féhmenter (final concentration
approximately 55 mM) to adapt the culture to growth methanol. The 1.5 L methanol
(100 % containing 18 mL PTNfeed adjusted to a growth-limiting rajes{= 0.04 h') was
initiated after 21 h. The fed-batch control strateged was based on the calculation of a
time-dependent feeding rate following an exponértiaction. The methanol utilization
phase (induced expression) was maintained for S4fterwards, cells were removed from
the culture medium by centrifugation at 3,660 g30rmin at 4 °C, and the cell pellets were
stored at -80 °C until needed.

Exponential feeding was performed using equatidnh &orz et al., 1995; Zeiger and

Grammel, 2010). Parameters for the exponential égihtion are given in Table 3.2.
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Msﬂ)=FG)BgZpS%i§1+ng]a@£59®%m%) (Equation 3.5)
YX/S SF

Ms(t) mass feeding rate (@h
F(t) feeding rate (Lh
Ps density of the feed solution L
Mset desired specific growth rate “Yih

Y x/s yield coefficient of biomass/substrate (b g
Ms specific maintenance coefficient G b
Vo culture volume at the start of feeding (L)
Xo biomass concentration at the start of feeding gLy
St substrate concentration in the feeding solution (g LY
t-to time span since starting of the feed (h)

Table 3.2: Control parameters for the exponential fed-batclocgss according to
equation 3.5.

Ps 790 (g L)
Hset 0.04 (h™h
Yys 0.347 (g g7
Ms 0.013*(gg™*h?
Vo 3(L)

Xo 30 (gLh

Sk 780 (g L™

& from Jahic et al. (2002)

3.7.5 Purification of Hisg-tagged recombinant glycerokinase

P. pastoris cell pellets (7.5 g of frozen cells) were thawed aesuspended in 500 mL lysis
buffer (50 mM NaHPQ,, 5 % (v/v) glycerol, 1 % (v/v) Triton X-100, 1 mMMSF, 1 mM
benzamidine, 1 mM-aminocaproic acid, 2QM leupeptin, 0.5 mM DTT, pH 7.4) and kept
at 0 to 4 °C. Cells were disrupted by an Emulsifl&xhigh pressure homogenizer (Avestin,
Ottawa, ON, Canada) at 172 MPa. Clarification o€ tbrude extract was done by
centrifugation at 10,000 g and 4 °C for 20 min, ansubsequent filtration through a bottle-
top 0.2um-pore-size cellulose acetate filter (Nalgene, Rstér, NY, USA).

The recombinant GK was purified by a two-step pdoce consisting of nickel affinity
chromatography followed by anion exchange chromragny at room temperature. The
clarified supernatant (about 450 mL) was appliecdlly onto a Ni-Sepharose column
(5 mL bed volumes, BV) using an AKTA Purifier syst€GE Healthcare Europe, Munich,
Germany). The column (XK 16/20, GE Healthcare) pasked with IMAC Sepharose 6 Fast
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Flow (GE Healthcare), charged with “Niions, and then pre-equilibrated with buffer A
(50 mM NaHPQ,, 0.5 M NaCl, 20 mM imidazole, pH 7.4). After loadi the column was
washed with the equilibration buffer until absorbar(280 nm) reached the baseline level
(CR0 BV). Bound enzyme was eluted subsequently witifeb B (buffer A containing 0.5 M
imidazole). Aliquots of collected fractions wereafyzed by SDS-PAGE and MS, and
assayed for GK activity and protein concentratisaspectively. Fractions (1.5 mL)
containing GK activity were pooled and then conaetd by Amicon Ultra-15 filter units
(10 kDa cut-off) (Millipore, Billerica, MA, USA) att °C and 5,000 g for 25 min.

Concentrated protein (about 8 mLl5 mg) was subsequently transferred to 100 mL of
buffer C (15 mM NakHPO,, pH 6.8) and applied onto a pre-equilibrated @u€) HiTrap Q
HP column (1 mL BV; GE Healthcare). After washiing tcolumn (buffer C{1L0 BV), the
enzyme was eluted with buffer D (buffer C contagnibh M NaCl). Aliquots of collected
fractions were analyzed as described above, antveadtactions were pooled and
concentrated by ultracentrifugation (Amicon Ultra).1Aliquots of the concentrated enzyme
were stored in 10 mM NalRQ,, pH 7.4, containing 50 % (v/v) glycerol at -80 G6til use in

the respective enzyme assays.

3.7.6 Protein analysis

Total protein concentration was determined by ti@ABassay (standard test tube protocol,
see chapter 3.4.4). Enzyme purity was assessedDI8tPRAGE according to conditions
developed by Laemmli (1970) using a 10 % separaei@nd with Coomassie Brilliant Blue
R-250 staining. For non-reducing conditiofsnercaptoethanol was omitted. Protein bands
were digested tryptically and identified by usinganoHPLC-nanoESI-MS/MS (QStar XL,
Applied Biosystems/MDS SCIEX, Darmstadt, Germamyass spectrometric detection, data
processing and interpretation of online acquirettES/MS peptide spectra were carried out
by Dr. Erdmann Rapp (MPI for Dynamics of Complexchigical Systems) as described by
Schwarzer et al. (2008).

3.7.7 Determination of glycerol and methanol

Changes in glycerol and methanol concentrationg waalyzed during the production of the
recombinant GK. Glycerol was determined by an erewassay kit (Roche) according to the
manufacturer’s protocol. Methanol concentration Watermined according to the procedure
described by Anthon & Barrett (2004) using alcolmidase and the reagent Purfald
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(4-amino-3-hydrazino-5-mercapto-1,2,4-triazole).bimef, 50 puL of culture supernatant, as
well as methanol standards ranging from 0 to 1 Meweacubated (30 °C) in a medium
(150 pL) containing 67 mM Tris/HCI, pH 7.5, and &l/inL alcohol oxidase. After 10 min,
200 pL of Purpald (5 g/L in 0.5 M NaOH) were added and the reactioixture was
incubated (30 °C) again. After 30 min, the mixtwas diluted with 600 pL of 0 and the
concentration of methanol was measured from therbbhace at 550 nm (PowerWave XS,

Biotek) by comparison with a standard curve of raati.

3.7.8 Enzymatic characterization of recombinant Hig-tagged GK

Hiss-tagged GK activity was assayed in 96-well plateslescribed in chapter 3.6.3.21. The
effect of pH on purified GK activity was studied &f °C with different buffer media at
100 mM final concentrations: sodium phosphate (pH, %, 5.5, 6, 6.5, and 7), tricine
(pH 7.5, 8, and 8.5), and sodium borate buffer §19.5, and 10). The optimum temperature
for GK activity was investigated at 4 to 70 °C apd 7. The kinetic parameters were
determined at 37 °C and pH 7 with 120 mM glycerad @ range of concentrations of ATP,
UTP, ITP, CTP, and GTP. Lineweaver-Burk plots waesed to calculate the,Kand Vnax
values of each substrate. One unit (U) of actiwgs defined as the amount of enzyme that

produced Jumol of G3P per minute at the respective temperandepH.
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4 Results

The Results section is divided into four main paijschapter 4.1 deals with the development
of an assay platform to measure enzyme activitiegtral metabolism in mammalian cells,
(i) chapter 4.2 then describes the production, ifigation and the biochemical
characterization of a GK frorR. farinosa as well as its application as a coupling enzyme in
G3P cycling assays, (iii) chapter 4.3 is relatedh® effect of GIn substitution by Pyr on
maximum activities of key metabolic enzymes in MDC&ls grown in GMEM by using the
established assay platform, and (iv) chapter 4alsdeith the influence of influenza A virus
infection on the metabolism of MDCK cells regardkey enzyme activities.

The major results have previously been publishethénBiotechnology and Bioengineering
journal (Janke et al., 2011a; Janke et al., 20l@bihe Journal of Biotechnology (Janke et
al., 2010a), and in the BioMed Central Proceediogsnal (Janke et al., 2011b) and are
included in this thesis (with permission from théblishers). Moreover, selected results from
supervised theses (Ruhmkorf, 2009; Schafer, 200@eghann, 2010; Handel, 2010; Wetzel,
2011) that were part of this study (see first pajethe Reference section) are also

incorporated in this thesis.

4.1 Development of an enzymatic assay platform for mamalian
cells

As a starting point for the development of the eneyplatform for mammalian cells, 17

enzyme assays from a high-throughput platform éstedd for plant cells (Gibon et al.,

2004), which uses three cycling systems for enzgotwity measurements were adapted for
intended use. Overall, 28 enzymes from the cewsttdbon metabolism (glycolysis, pentose
phosphate pathway, TCA cycle, glutaminolysis) ofrmaalian cells were selected to be
investigated in adherent MDCK cells in more detadihe first step was to optimize the

extraction and reaction conditions, which was ckdcfor all enzymes under investigation.
However, the following optimization process is exdanily shown only for selected enzymes
from different metabolic pathways.
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4.1.1 Optimization of extraction and reaction conditions for enzymes

from mammalian cells

One major modification of the enzyme assay platfémom plant cells to mammalian cells
was necessary for the preparation of crude cellaetd. The extraction of intracellular
compounds from plant cells is difficult due to tingid cell wall, and most enzymes can only
be extracted by vigorous vortexing at low tempeeg|(Gibon et al., 2004). As mammalian
cells possess only a cell membrane, intracellutenymes could easily be extracted by a
combination of chemical and mechanical (ultrasdareatment) cell disruption in this study.
However, concentrations of various EB componergpeeially the detergent and protease
inhibitors were adapted to ensure the release ahbrene-bound enzymes and to prevent
enzymes of interest from degradation. The conceoirs of the EB components for plant

cells in comparison to the adapted EB for mammal&lls are shown in Table 4.1.

Table 4.1: Composition of the enzyme extraction buffer (E&) fplant and mammalian cells.

Concentration

Compound Plant cells ®  Mammalian cells
Hepes/KOH, pH 7.5 (mM) 50 50
Glycerol (%, v/v) 10 17
Triton X-100 (%, v/v) 0.1 1
MgCl, (mM) 10 10
EDTA (mM) 1 1
EGTA (mM) 1 1
Benzamidine (mM) 1 1
g-aminocaproic acid (mM) 1 1
Leupeptin (UM) 10 20
DTT (mM)° 1 0.5
PMSF (mM) 1 1

BSA (%, wiv) 0.25 -
 As described by Gibon et al. (2004).
®DTT was omitted in the EB for plant cells when using MTT-based

indicator reactions and in the EB for mammalian cells when assaying
the activity of PC or PDH.

As a first modification, the BSA (bovine serum atin) in the EB for mammalian cells was
omitted to ensure proper determination of intradatl protein concentrations in MDCK cell
extracts and to allow for a calculation of enzyneéivities on a basis of protein content.
However, BSA was used in the EB for plant cellptevent the enzymes in question from
degradation as it serves as a substrate for sguetalases also present in crude cell extracts.
It was then decided to increase the concentratafnglycerol (1.7-fold) and leupeptin

(2-fold). Glycerol is known to stabilize the cati@atyactivity of different purified enzymes in
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solution and leupeptin is a reversible inhibitor fysteine and serine proteases (Umezawa,
1976). With these madifications, no significantlirince of protease degradation on enzyme
activities was found for MDH and LDH (see Figurel elow). The third step in the
adaptation of the EB for mammalian cells was toaase the Triton X-100 concentration by
a factor of 10 to favor the extraction yield. TritX-100 is a detergent commonly used in
lysis buffers to permeabilize cell membranes of asyétes without denaturing
proteins/enzymes. However, extraction of enzymemfplant cells based on increasing the
Triton X-100 concentration alone would be very kely (rigid cell wall). In the contrary,
aliquots of plant rosettes were extracted by vigereortexing with EB at -180 °C (Gibon et
al., 2004). At last, the concentration of DTT, whis used to stabilize enzyme preparations
by preventing the formation of disulfides from $wMiryl groups, was decreased by 50 %.
Due to its reducing power on MTT, this chemical wampletely omitted from the EB in the
assay platform for plant cells when MTT (thiazdidie tetrazolium bromide)-based indicator
reactions were used. However, by decreasing theecdration in the formulation to 0.5 mM,
DTT could still be present in the EB without sigcéintly increasing the reduction rate of
MTT (data not shown).

The adapted EB for mammalian cells was finallygédstn confluently grown MDCK cells

in six-well plates and the lysis ability was congzhto the original EB for plant cells (Figure
4.1). These scouting experiments were performetgudirect assays for the measurement of
LDH and MDH activities. One reason for choosing MDths due to the intracellular
localization of the enzyme, which can be found he tytosol as well as in mitochondria
(representing different compartments of the celjereas LDH is a cytosolic enzyme.
Furthermore, as the catalytic activities of LDH aviDH are very high in many mammalian
cell lines (Neermann and Wagner, 1996), cell exsraould be highly diluted to minimize
interferences from crude extract (e.g., other ereg)nFinally, the assay procedures for these

enzymes are comparatively fast and easy to appé/dsapters 3.6.3.24 and 3.6.3.25).
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Figure 4.1: Influence of extraction buffer (EB) composition ¢ime specific activities of
MDH (white bar) and LDH (grey) in crude cell exttac

MDCK cells were grown in GMEM-GIn and extracted wiEB for mammalian cells or plant cells
(hatched) at 0 to 4 °C without additional sonificat(Table 4.1). Each determination was performed
in three biological replicates; results are givemean + SD.

No significant differences were found for the sfiecactivities of MDH and LDH, and
hence, for the extraction efficiency between the twffers. The EB for plant cells seems to
be also applicable to mammalian cells. Howevemastioned above, it does not allow for
the quantification of the protein content in celtracts due to the added BSA. Furthermore,
no significant change in specific activities wasrid after 3 or 5 h post extraction (stored at
0 to 4 °C), which showed that MDH and LDH coulddtabilized in the EB for a prolonged
time period.
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Figure 4.2: Effect of sonication time on the specific activétief MDH (white bar) and LDH
(grey) in crude cell extracts.

MDCK cells grown in GMEM-GIn were extracted with EB 0 to 4 °C. Each determination was
performed in three biological replicates; resuis given as mean + SD.
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The effect of sonication treatment on the additisaekase of the selected enzymes MDH and
LDH from adherent MDCK cells in EB was further istigated (Figure 4.2). The additional
sonication procedure of MDCK cell extracts had baious effect on the release of enzymes.
The specific enzyme activities of MDH (cytosolic damitochondrial) and LDH (only
cytosolic) were both maximum when applying 30 ssohication at maximum power to
MDCK cell extracts (1.7-fold and 1.3-fold increaseespectively). Longer ultrasonic
treatment did not result in a further increasepscgfic MDH and LDH activities. Although
the release of LDH or the maximum cell-specific LREtivity did not change significantly
between the different time points, the specifievégt of MDH increased significantly during
ultrasonic treatment. Therefore, to maximize théraetion efficiency, a combination of
chemical (Triton X-100) and mechanical (30 s ofisation) cell disruption was used for all

enzymes under investigation in this study.

The pH optima and substrate affinities of most emey differ for plants and mammalian
cells. Therefore, the substrate and coupling enzgomeentrations, as well as the pH of the
assay buffers had to be adapted. Different databgse://www.brenda-enzymes.org/ and
http://enzyme.expasy.org/) were used to identifgwant publications for the enzymes under
investigation. The appropriate substrate conceaatratincluding cofactors and activators (if
any), and pH values for the different enzymes waken from the literature to ensure the
determination of maximum catalytic activities (dbe Materials and Methods section for
optimal assay conditions). Additionally, scoutingperiments with different pH values of the
assay solutions ranging from 7.5 to 8.5 were cotatuto identify optimal conditions. Higher
or lower pH values were not considered due to tiegriirements, and because a significant
increase in the catalytic rates of central metabelnzymes was not expected for this
extended range. The overall intracellular pH of MDCells grown under different
cultivation conditions (e.g., isosmotic or hyperagitracidic) was determined to be
approximately 7.4 (Feifel et al., 1997). Howevéiistdoes not necessarily represent the pH
optimum for all intracellular enzymes in MDCK cell§he optimum pH values for three
different metabolic enzymes from MDCK cells undee assay conditions used in this study

are exemplarily shown in Figure 4.3.
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Figure 4.3: Influence of pH on the specific activities of PBPCA), ME (o), and ACoAL
(m) from confluently grown MDCK cells in GMEM-GIn.

Enzymes were incubated at 37 °C for 20 min in 100 ofl Hepes (pH 7.5) or Tricine (pH 8 and 8.5).
Each determination was performed in three bioldgieplicates; results are given as mean + SD
(some error bars are smaller than symbols).

PEPCK, which catalyzes the carboxylation of PEFO®A with the generation of GTP,
exerted the highest activity at pH 7.5 (68.5+4.7Hmin/1C cells). At a pH of 8 and 8.5, the
specific PEPCK activity decreased by 1.10 and 1of®-respectively. The optimum pH for
the oxidative decarboxylation of malate to Pyr M& was found to be at pH 8 in adherent
MDCK cells (9.9+1.2 nmol/min/10cells). At a pH of 7.5 and 8.5, the activities @esed by
1.45 and 1.11-fold, respectively. For ACOAL, thetiopum was found at pH 8.5
(1.9+0.1 nmol/min/1Bcells), whereas the specific activity at pH of 8ril 7.5 decreased by
1.36- and 1.84-fold. As mentioned above, the eftéthe buffer pH on the specific enzyme
activities was studied in the limited range from @b to 8.5 (in 0.5 pH unit intervals).
However, if pH 7.5 or 8.5 was the pH optimum fag.ePEPCK and ACOAL, respectively,
could not be clarified and still has to be investegl in future studies by extending the pH
range to higher and lower levels (e.g., pH 6 to &@J by decreasing the pH interval (e.g.,
from 0.5 pH units to 0.2 pH units).

Similar to the existing enzyme assays for plantscél7), 11 new assays were set up for
mammalian cells. One important key enzyme of Glnatmaism in mammalian cells is the
GLNase, which could not be analyzed with the abéélacycling systems. Therefore, a new
assay based on substrate cycling between GLDH apd A was established. The cycling
assay generates an accumulating product (MTT), lwhlzsorbs light at a wavelength of
570 nm. Details of the method development are de=ttin the following and the validation

results of all other assays will be provided inptiea4.1.3.
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4.1.2 Establishment of a new glutaminase assay

This chapter describes the approach for the eshabént of a new assay to determine
GLNase activity in crude MDCK cell extracts, thesfi enzyme of glutaminolysis in
mammalian cells. The study by Gibon et al. (20@¢uEed on the investigation of transcripts
and the enzyme activities involved in central carbad nitrogen metabolism é8fabidopsis
thaliana during diurnal changes, however, without consitgGLNase. The protein encoded
by the A. thaliana genePDX2 was shown to have GLNase activity and to be inelin

de novo vitamin B (pyridoxal 5’-phosphate) biosynthesis (Denslovalet 2007; Tambasco-
Studart et al., 2007). For the establishment ofGidase assay in this study, all reaction
conditions had to be determined, calibration curesgraction, recovery and validation had
to be optimized and performed. This is shown herédetail for the new assay. For all other
enzyme assays, the same verification procedures pegformed. Due to the high amount of
data, details are not given. Final conditions canftund in the Materials and Methods
section, and validation results are provided inptéad.1.3.

GLNase catalyzes the deamination of GIn to Glu.sTémzyme is strongly activated by
phosphate (Haser et al., 1985) and, therefore,naetdration of 150 mM was used in the
specific assay mix. After incubation for a fixedn& period (20 min), the assay was
stopped with an excess of HCI, the extract neuwdliwith NaOH, and the amount of
produced Glu determined using the newly developsgdTA/GLDH/(PES + MTT) cycling
system (Figure 4.4).

Asp 2-0G NADH, H* PES,, MTT g
Ast GLDH X A=570 nm
OAA NAD* PES MTT,,
GL

red

Gin + H,0 2% [Giu]

Figure 4.4: Assay principle for GLNase activity. The deterntioa is based on the Glu

cycling assay.

The reaction below the cycling system represergsatisay for GLNase (highlighted in bold italics).
Products that are not measured have been omittehbdlites (in grey) are detected indirectly via th
reduction of MTT (in bold).

In the first step of the Glu cycling assay, GLDHatgzes the deamination of Glu to 2-OG,
simultaneously NAD is reduced to NADH + H In the second step, AspTA catalyzes the
reaction in the opposite direction by convertin@@- with Asp back to Glu. A third step is
added to drive the reaction into the direction eD@ formation and to increase the
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sensitivity of this assay{so nm= 6.22 mM* cmi* [NADH]; €570 nm= 17 mM* cmi* [MTT ed,

Kistler and Lin, 1972). Electrons from NADH arerisferred to the electron acceptor dye
MTT via the electron transmitter compound PES, #wedpyridine nucleotide is subsequently
oxidized again. The net reaction (Asp +QH+ oxidized MTT (MTT,) = OAA + NH;" +

reduced MTT (MTTeg) is a reaction of pseudo zero-order with a rafM{ T g/dt =

-d[Asp]/dt) that depends on the sum of Glu and 2i®@@e assay. Amplification is obtained
because each molecule of Glu or 2-OG is cycled ntiamgs, leading to the accumulation of
OAA, NH;" and MTTes The increase of MTJy concentration can be directly monitored
at 570 nm. During the establishment of this cyclasgay for the determination of GLNase
activity (and of all other cycling assays, see tbap.1.3), three major points were
considered: (i) the effect of enzyme and substcatecentrations on cycling rates was
investigated (chapter 4.1.2.1), (ii) the lineargarmf amplification with standard curves from
dilutions of Glu was checked (chapter 4.1.2.2), @mdthe influence of cell extracts on the

response of the cycling system was examined (chapte?.3).

4.1.2.1 Optimization of cycling reagent concentrations

The substrate concentrations Asp and NAfad to be high enough to be saturating or
remain constant during the complete reaction tiAspTA was found to be fully saturated
with Asp at concentrations higher than 20 mM (datt shown) and, therefore, the
assay concentrations were set to 100 mM. The coratem of the substrate NAD
for GLDH remained constant due to the recyclingapproximately 1.5 mM. The & for
GLDH ([2-OG] [NADH] [NH,"] / [Glu] [NAD '] = 3.87x 10° mM; Williamson et al., 1967)
strongly favors reductive amination of 2-OG with NH and the I of 4.5 mM for Glu
(Prisco and Garofano, 1975) indicates a low affiridr its substrate relative to AspTA
(Km2-06 = 0.15mM and kK asp = 2.0 mM; Martinez-Carrion et al., 1967). GLDH was
therefore included in excess of AspTA to obtairfisigint cycling rates. A linear increase in
the rate of NADH-coupled MTJq4 production was reached at 10 U/mL GLDH and 5 U/mL
AspTA (Figure 4.5).

73



Results

Absorbance at 570 nm (AU)

Time (min)

Figure 4.5: Reaction rates of the Glu cycling assay with 1onU/GLDH and 5 U/mL
AspTA at Glu concentrations of @), 0.0625 ¢), 0.125 (&), and 0.25 ) nmol/well.

After a short lag-phase of approximately 5 min, thaction rate was constant over a period
of at least 40 min. The rate of cycling was optexizat pH 8 (data not shown) with 1 mM
EDTA included to trap inhibiting Mg ions present in cell extracts (Kuo et al., 1994)P
(0.5 mM) was used as an allosteric activator of GL{Plornby et al., 1984). During cycling
the concentrations of Glu and 2-OG had to be oldakker than their Michaelis constants
(Kmeu and Kq2.oc toward GLDH and AspTA, respectively), so that tleaction rates
remained proportional to the corresponding conediotrs. Under these conditions and with
relatively high activities of AspTA and GLDH, a slnamount of 2-OG or Glu could
produce large quantities of the product NADH, aedoadingly MTTes Thus, the system
acted as a chemical amplifier in the quantitatigeedmination of low levels of 2-OG and Glu
when MTTeq Was measured.

4.1.2.2 Calibration curve with standard liquid samples

The linearity of the cycling system was checkechwéference liquids containing the analyte
at a known concentration. Figure 4.6 shows seiitgitand linearity for the measurement at
low levels of Glu. Due to the cycling of Glu/2-OSimilar data could be obtained for 2-OG.
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Figure 4.6: Calibration curve of the Glu cycling assay for Glu

The cycling reaction was run for 30 min, includeti§erent amounts of Glu (0, 0.025, 0.05, 0.1, 0.15

0.2, 0.3, and 0.4 nmol) per reaction. The speasigay mix (including Gin) and the EB (in which the

Glu was added) are described in the Materials arethtls section. Each determination was
performed in four replicates, results are givennamsan = SD (some error bars are smaller than
symbols). Dotted line obtained from linear regressanalysis.

The assay validation was performed with a definédidn series of Glu over a range of 0 to
0.4 nmol/well (higher concentrations were not cdased). Eight replicate measurements at
the lower (25 pmol) and upper (0.4 nmol) workingnge were performed to investigate
homogeneity of variances (F-Test; 99 %). The Glaliog assay showed homogeneous
variances and, therefore, an unweighted regressiaiysis was carried out. Linearity was
checked by quantification of four replicates of teatilution (Mandel's fitting test was

performed at the 99 % confidence level). The LODhwa signal to noise ratio of 3.3, was
found to be 6.3 pmol/well. The LOQ was 19.0 pmollwand the absolute and relative SD of
the method was 1.9 pmol/well and 1.24 %, respdgtivEhe high offset in the absence of

added Glu (~6.7 mOD/min) was due to GIn in the yassix preparation (Max conditions).

4.1.2.3 Confirmation with cell extract

After developing and validating this new cyclingag for measuring low amounts of Glu (or
2-0G), determination of GLNase activity in MDCK Ise{(grown to confluency in GMEM-
GIn) was evaluated. Samples of MDCK cell extractsenincubated under ‘N’ conditions
with an excess of GIn (40 mM) and phosphate (150)rfdvla fixed time period (20 min)
before stopping the reaction with HCI (step 1, Fég8.1). The control (Man) Was performed
without GIn. The amount of produced Glu under eaghdition was then measured in the
second step of the GLNase assay. The enzyme gotwas determined by subtracting the

Viank from the V. rates.
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At first, the influence of MDCK cells on the enzynaetivity had to be characterized.

Therefore, different amounts of extracted MDCK gellere included in the new GLNase

assay to ensure proportionality between productm#&tion and cell amount or time,

respectively (Figure 4.7).
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Figure 4.7: Glu production againgiA) the cell concentration ar(@) the incubation time for
GLNase activity determination in extracts of MDCIlls grown in six-well plates with

GMEM-GIn.

For panel(A), the GLNase reaction was stopped after 20 minfanganel(B), 8,750 cells per well
were used. Results are given as mean * SD of thdependent determinations (some error bars are

smaller than symbols).

The amount of Glu formed was linear with the celhcentration in the range of 1,100 to

~9,000 cells/well when the reaction was stoppeer &0 min (Figure 4.7 A). Linearity with

time was checked by stopping the reaction aftelouartime periods (Figure 4.7 B) with a

concentration of 8,750 cells/well. The progresthefenzymatic reaction was linear with time

at least up to 25 min. In general, the reaction vesar until about 0.6 nmol product per

assay was formed. The rate of cycling reaction was linearly proportional to the

concentration of Glu if more than 1.2 nmol GIn wezduced in the assay system (suggesting

the conversion of GIn by GLNase into equimolar diies of Glu and NH).

Secondly, the recovery of the product of the GLNass checked by spiking the assay

mixture with different amounts of Glu before stagtithe reaction with extract addition

(Vextrac) @and comparing this with the response when Glu aded in the absence of extract
(Vputrer). Product recoveries of 98 and 107 % were obtainéd, . (Figure 4.8 B) and Wax

(Figure 4.8 A) conditions, respectively.
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Figure 4.8: Recovery of Glu standards in extracts of MDCK gtown in six-well plates
with GMEM-GIn during the assay of GLNase.

Before starting the GLNase assay, 0.025, 0.05,0015, 0.2, 0.3, and 0.4 nmol of Glu were added to
the assay mix before starting the reaction by agldixtract (\Mxac) Or, as a reference, EB ((\e)).
This test was carried out with assay mix containiAy GIn (Vimay, or (B) from which Gln was
omitted (Myany. The slope of the line gives the fraction of Gdeovered. The GLNase reaction was
stopped after 20 min and a cell concentration 40@,cells per well was used. Data are given as
mOD/min = SD (n=3, some error bars are smaller #yanbols).

GLNase activity was not inhibited by the Glu thatamulated during the assay because the
amount was orders below the inhibition concentratd the enzyme (Shapiro et al., 1982).
Compounds in the extract did not seem to inhibé& tycling reaction significantly. The
extract was highly diluted prior to addition to thgcling assay. Figure 4.6 and Figure 4.8
show that the sensitivity limit for routine measuent in MDCK cell extracts was
[0.025 nmol product per assay, which accounts &x flean 10 % of the GLNase activity at a

cell amount of 8,750 cells and an assay duratid20ahin (Figure 4.7).

The coefficient of variation (CV) was calculatedrfr five paired determinations of GLNase
activity in which three to four technical replicaterere measured.,Mnx and Vinaxconditions

gave a mean CV of 3.4 and 2.2 %, respectively.

4.1.3 Validation of the remaining enzyme assays

The remaining enzyme assays were validated acgprdirthe above mentioned GLNase
assay. Aliquots of extracts were incubated with tbgpective substrates for a fixed time
period before stopping the reaction. Afterwardsghmduct concentration was determined in
the respective cycling assay. An assay validatiath wtandards in EB was performed to
evaluate the quality of the established microasdaight replicate measurements at the lower

(25 pmol) and upper (0.3 or 0.4 nmol) working rangere performed to investigate
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homogeneity of variances (F-Test; 99 %). All invgated cycling assays showed

homogeneous variances, and unweighted regressalysanwas carried out with a defined

dilution series of the respective standard ovemge of O to 0.4 nmol. Linearity was checked
by quantification of four replicates of each diartiand was found for all assays over the
respective range (Mandel's fitting test was perfmnmat the 99 % confidence level). If

necessary, the concentration range was consti{@texl0.3 nmol per well) to avoid quadratic

regression. For all assays, the coefficient of meiteation (R) was above 0.99. For most

cycling assays, the LOD (3.3 x SD of the method$ wathe lower pmol range (<10 pmol)

and the LOQ (10 x SD of the method) below the lowerking range (<25 pmol).

Ethanol NAD*
X X A=570 nm
Acetaldehyde NADH H+

MDH
Cit + ATP + CoA —=> oaa 128 [NaD']

PEPC
> oaa +2> [nAD] m

Acetate + ATP + CoA 4 Acetyl-CoA —) NADH

NADP + PES
G6PDHX X A=570 nm
NADPH H

6PG + NADP 08

PEP + GDP + CG,

Mal + NADP* ﬁ NADP

NAD*
@ G3P(X G3PDH A= 340 nm
NADH , H+

FBPA_ TPI
GAP G3P
G3PDH

G3PD
E4P + F6P > pap 228 ﬁ

Asp 2-0G NADH, H*
@ AspTA GLDH X A=570 nm
PES,,

NAD *

ATP + FoP— FBP

Gin + H,0 22

Figure 4.9: Principles of indirect assays with enzymatic aygliDeterminations are based on
(A) the NAD' cycling assay(B) the NADP cycling assay(C) the G3P cycling assay, and
(D) the Glu cycling assay.

The reactions below the respective cycling assa&mwesent the 8 enzyme assays additionally
established. All other enzyme reactions are desdrim the Materials and Methods section.
Enzymes analyzed are highlighted in bold italiostedtable molecules in grey. Products as well as
co-substrates that are not measured have beeredmitt
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An overview of the principles of the newly develdpassays with enzymatic cycling is
provided in Figure 4.9 and the results of the erzyamssay validation are reported in the
following three tables: Table 4.2 summarizes thiedation results obtained from calibration
curves of the remaining cycling assays and the &yawith the respective standards,
Table 4.3 shows the linear range (proportionaléyween product formation and cell amount
or time) for the different enzyme assays, and Tdblesummarizes the results found for the

recoveries of spiked standards when using thergyessays and the GS assay.
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Table 4.2: Summary of assay validation from calibration csreéthe different cycling assays with the respecsitandards.

Linear LOD LOQ Relative SD of

No. Enzyme Method Standard Amount # (nmol) regression b R? (pmol) (pmol) the method (%)

1 CS NAD" cycle via NADH 0, 0.025, 0.05, 0.1, y = 151.032x 0.9998 6.7 20.4 1.34
(EC 2.3.3.1) ADH/(PES + MTT) 0.15,0.2,0.3and 0.4 +4.311

2 CL asl OAA 0, 0.025, 0.05, 0.1, y = 126.905x 0.9999 6.1 18.5 1.21
(EC 2.3.3.8) 0.15,0.2,0.3and 0.4 +9.528

3 NAD-ICDH asl NADH 0, 0.025, 0.05, 0.1, y = 159.749x 0.9998 7.9 23.9 1.56
(EC 1.1.1.42) 0.15,0.2,0.3and 0.4 +3.711

4 FUM asl Malate 0, 0.025, 0.05, 0.1, y = 73.855x% 0.9998 53 16.1 1.37
(EC4.2.1.2) 0.15, 0.2, and 0.3 + 5.567

5 GLDH asl NAD* 0, 0.025, 0.05, 0.1, y = 173.070x 0.9997 8.2 247 1.62
(EC1.4.1.2) 0.15,0.2,0.3and 0.4 + 3.967

6 AlaTA asl Pyr 0, 0.025, 0.05, 0.1, y = 176.809x 0.9999 4.4 13.4 0.88
(EC 2.6.1.2) 0.15,0.2,0.3and 0.4 + 7.300

7 AspTA asl OAA 0, 0.025, 0.05, 0.1, y = 140.456x 0.9997 7.0 21.2 1.80
(EC 2.6.1.1) 0.15, 0.2, and 0.3 + 4.685

8 PEPCK asl OAA 0, 0.025, 0.05, 0.1, y = 135.318x 0.9999 4.8 14.5 0.95

(EC 4.1.1.32) 0.15,0.2,0.3and 0.4 + 24.594
9 ACOAL asl NADH 0, 0.025, 0.05, 0.1, y =132.411x 0.9997 8.0 24.1 1.58
(EC 6.2.1.1) 0.15,0.2,0.3and 0.4 + 16.539

10 HK NADP" cycle via GoP 0, 0.025, 0.05, 0.1, y = 174.909x 0.9998 5.9 17.7 1.51
(EC 2.7.1.1) G6PDH/(PES + MTT) 0.15, 0.2, and 0.3 + 3.130

11 G6PDH as 10 NADPH 0, 0.025, 0.05, 0.1, y = 230.548x 0.9996 7.5 22.7 1.93
(EC 1.1.1.49) 0.15, 0.2, and 0.3 + 0.823

12 6PGDH as 10 NADPH 0, 0.025, 0.05, 0.1, y = 217.790x 0.9996 7.4 22.6 1.91
(EC 1.1.1.43) 0.15, 0.2, and 0.3 + 0.935

13 NADP-ICDH as 10 NADPH 0, 0.025, 0.05, 0.1, y = 225.488x 0.9998 6.4 19.3 1.26
(EC 1.1.1.42) 0.15,0.2,0.3and 0.4 +0.900

14 ME as 10 NADPH 0, 0.025, 0.05, 0.1, y = 299.432x 0.9997 7.1 215 1.82
(EC 1.1.1.40) 0.15, 0.2, and 0.3 + 0.610
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Table 4.2:(Continued from previous page.)

Linear LOD LOQ Relative SD of
No. Enzyme Method Standard Amount ? (nmol) regression ° R? (pmol) (pmol) the method (%)
15 PFK G3P cycle via FBP 0, 0.025,0.05,0.1, y=-40.870x 0.9999 3.7 11.3 0.74
(EC 2.7.1.12) G3POX/G3PDH 0.15,0.2,0.3and 0.4 -1.084
16 FBPA as 15 DAP 0, 0.025,0.05,0.1, y=-16.642x 0.9998 6.6 20.1 1.31
(EC 4.1.2.13) 0.15,0.2,0.3and 0.4 -—3.567
17 GAPDH as 15 DAP 0, 0.025,0.05,0.1, y=-14.850x 0.9998 7.4 22.4 1.46
(EC 1.2.1.12) 0.15,0.2,0.3and 0.4 -1.010
18 PK as 15 ATP 0, 0.025,0.05,0.1, y=-13.694x 0.9998 7.4 22.5 1.47
(EC 2.7.1.40) 0.15,0.2,0.3and 0.4 —7.367
19 TK as 15 DAP 0, 0.025,0.05,0.1, y=-12.815x 0.9991 153 46.5 3.04
(EC 2.2.1.1) 0.15,0.2,0.3and 0.4 —14.373
20 TA as 15 DAP 0, 0.025,0.05,0.1, y=-11.431x 0.9998 7.7 23.2 1.52
(EC 2.2.1.2) 0.15,0.2,0.3and 0.4 —13.292
21 GLNase Glu cycle via AspTA/ Glu 0, 0.025,0.05,0.1, y=15.684x 0.9998 6.3 19.0 1.24
(EC 3.5.1.2) GLDH/(PES + MTT) 0.15,0.2,0.3and 0.4 +6.664
22 GS indirect via yGH 0, 1.5625, 3.125, y = 0.002x 0.9998 985 2,986 2.12
(EC 6.3.1.2) NH,OH-HCI + FeCS 6.25, 12.5,25and 50 + 0.048

Note. Details for the specific enzyme mixes (Vnax conditions) and the EB (in which the respective standard was added) can be found in the Materials and
Methods section. Eight replicate measurements at the lower (25 pmol) and upper (0.3 or 0.4 nmol) working range were performed to investigate
homogeneity of variances (F-Test; 99 %).
? The cycling reactions were run for ~30 min, including different amounts of standards per reaction.
® Assay validation with unweighted regression analysis was performed with a defined dilution series of the respective standard over a range of 0 to 0.3 or
0.4 nmol. Four replicates of each dilution were quantified by the respective cycling system to check the linearity (Mandel's fitting test; 99 %). Equations
from the linear regressions are given.
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Table 4.3: Linear ranges of enzyme activity for the differassay conditions in extracts of
MDCK cells grown in six-well plates in GMEM-GIn.

Linearrange ® Time® Sample Av tech

No. Enzyme Method (cells) (min) size® (cells) error (%)
1 Cs NAD" cycle via 10-115 40 115 5.8
ADH/(PES + MTT)
2 CL asl 715-1,820 40 1,580 4.5
3 NAD-ICDH as1 910-8,450 60 8,450 7.9
4 FUM as1 5-115 40 60 10.1
5 GLDH as1 455-2,690 40 1,690 5.1
6 AlaTA asl 455-9,100 60 1,210 7.4
7 AspTA asl 10-225 40 115 6.9
8 PEPCK asl 15-125 25 125 6.1
9 ACOAL as1 530-16,900 60 2,115 4.7
10 HK NADP" cycle via 30-910 60 230 9.0
G6PDH/(PES + MTT)
11 G6PDH as 10 115-910 60 455 12.8
12 6PGDH as 10 25-810 25 810 12.6
13 NADP-ICDH as 10 115-910 40 455 9.4
14 ME as 10 220-3,500 60 880 9.8
15 PFK G3P cycle via 30-450 60 230 3.3
G3POX/G3PDH
16 FBPA as 15 15-910 60 115 4.4
17 GAPDH as 15 10-180 60 45 4.5
18 PK as 15 5-90 60 25 35
19 TK as 15 115-820 60 455 3.3
20 TA as 15 100-1620 60 810 5.0
21 GLNase Glu cycle via AspTA/ 1,095-9,000 25 8,750 5.6
GLDH/(PES + MTT)
22 GS indirect via 42,240-168,960 120 168,960 34
NH,OH-HCI + FeCS
23 LDH direct 5-150 n/a n/a 7.7
24 MDH direct 5-150 n/a n/a 7.8
25 PGl direct via G6PDH 130-8,110 n/a n/a 2.5
26 TPI direct via G3PDH 5-150 n/a n/a 2.3
27 PDH directviaDP + MTT  21,120-168,960 n/a n/a 8.7
28 PC direct via CS + DTNB 2,500-80,000 n/a n/a 5.2

Note. Different amounts of extracted MDCK cells (grown to confluency in GMEM-GIn) were included in
the assay to check proportionality between product formation and cell amount or time, respectively.

% Reaction rates were linear in the given range of MDCK cells in 2 or 5 uL EB for cycling and standard
assays, respectively. Cycling assays were run for 20 min, except for CS and NAD-ICDH (40 min). The
assay of GS was run for 60 min.

® The assays were checked for linearity with time at the respective sample size (°). The upper limit is
given.

© Sample sizes refer to cells in 2 (cycling assays) or 5 (GS) uL EB.

¢ Average technical error expressed as CV from 5 to 6 independent determinations of enzyme activity in
which three to four technical replicates were measured (Vyjank + Vimax cOnditions).
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Table 4.4:Recovery of standards in extracts of MDCK cellsigron six-well plates in GMEM-GIn for the enzymesay validation.

d

Sample Vyank conditions © Vmax conditions
No. Enzyme Standard Amount ? (nmol) size® Linear regression R® Linear regress ion R®
1 CS NADH 0.025, 0.05, 0.1, 80 y =1.0142x - 0.6019  0.9992 y = 1.0116x + 5.6794 0.9996
(EC 2.3.3.1) 0.15, 0.2, and 0.3
2 CL OAA 0.025, 0.05, 0.1, 1,170 y = 1.096x + 0.8081 0.9995 y =1.128x + 11.655 0.9999
(EC 2.3.3.8) 0.15, 0.2, and 0.3
3 NAD-ICDH NADH 0.025, 0.05, 0.1, 4,090 y = 0.845x + 4.431 0.9997 y = 0.9028x + 6.5872 0.9991
(EC 1.1.1.42) 0.15, 0.2, and 0.3
4 FUM Malate 0.025, 0.05, 0.1, 30 y =0.9913x + 0.7573  0.9998 y = 0.9577x + 4.6982 0.9992
(EC 4.2.1.2) 0.15, 0.2, and 0.3
5 GLDH NAD* 0.025, 0.05, 0.1, 820 y =0.9759x + 4.5614  0.9994 y = 0.9782x + 9.3754 0.9997
(EC 1.4.1.2) 0.15, 0.2, and 0.3
6 AlaTA Pyr 0.025, 0.05, 0.1, 1,640 y = 1.009x + 0.7555 0.9997 y =1.015x + 14.288 0.9999
(EC 2.6.1.2) 0.15, 0.2, and 0.3
7 AspTA OAA 0.025, 0.05, 0.1, 30 y = 1.0489x - 0.3095 0.9997 y =0.9811x + 9.974 0.9994
(EC 2.6.1.1) 0.15, 0.2, and 0.3
8 PEPCK OAA 0.025, 0.05, 0.1, 80 y = 1.0965x - 3.4111 0.9997 y = 1.0338x + 32.505 0.9992
(EC 4.1.1.32) 0.15, 0.2, and 0.3
9 ACOoAL NADH 0.025, 0.05, 0.1, 1,640 y = 0.9994x - 0.2884 0.9997 y =1.0747x + 3.2807 0.9994
(EC6.2.1.1) 0.15, 0.2, and 0.3
10 HK G6P 0.025, 0.05, 0.1, 205 y = 1.1519x + 0.083 0.9991 y = 1.1453x + 12.92 0.9996
(EC 2.7.1.1) 0.15, 0.2, and 0.3
11 G6PDH NADPH 0.025, 0.05, 0.1, 80 y = 1.0037x + 0.032 0.9993 y = 0.9862x + 14.637 0.9996
(EC 1.1.1.49) 0.15, 0.2, and 0.3
12 6PGDH NADPH 0.025, 0.05, 0.1, 80 y = 1.0073x - 0.1642 0.9995 y = 1.013x + 9.6467 0.9997
(EC 1.1.1.43) 0.15, 0.2, and 0.3
13 NADP-ICDH NADPH 0.05, 0.1, 0.15, 0.2, 120 y = 1.0021x - 0.0596 0.9998 y = 1.0122x + 13.386 0.9999
(EC 1.1.1.42) 0.3and 0.4
14 ME NADPH 0.05, 0.1, 0.15, 0.2, 270 y = 1.0136x + 0.469 0.9996 y =1.0086x + 13.125 0.9999
(EC 1.1.1.40) 0.3and 0.4
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Table 4.4:(Continued from previous page.)

d

Sample Vyank conditions © Vmax conditions
No. Enzyme Standard Amount # (nmol) size® Linear regression R? Linear regression R?
(cells)
15 PFK FBP 0.05, 0.1, 0.15, 0.2, 410 y =0.9862x —0.1324  0.9999 y = 0.9933x — 6.4561 0.9998
(EC 2.7.1.12) 0.3and 0.4
16 FBPA DAP 0.05, 0.1, 0.15, 0.2, 205 y = 0.9865x — 0.0665  0.9994 y = 0.9838x — 3.9869 0.9993
(EC 4.1.2.13) 0.3and 0.4
17 GAPDH DAP 0.05, 0.1, 0.15, 0.2, 30 y =0.9887x + 0.0745  0.9997 y =0.9929x — 4.772 0.9993
(EC 1.2.1.12) 0.3and 0.4
18 PK ATP 0.05, 0.1, 0.15, 0.2, 20 y = 0.9998x — 0.369 0.9993 y = 1.0065x — 9.0716 0.9995
(EC 2.7.1.40) 0.3and 0.4
19 TK DAP 0.05, 0.1, 0.15, 0.2, 545 y =0.9776x + 0.0256  0.9998 y =1.0102x — 1.2411 0.9992
(EC 2.2.1.1) 0.3and 0.4
20 TA DAP 0.05, 0.1, 0.15, 0.2, 410 y = 1.009x - 0.1639 0.9997 y = 0.9862x — 2.494 0.9991
(EC 2.2.1.2) 0.3and 0.4
21 GLNase Glu 0.025,0.05,0.1,0.15, 4,400 y=0.9817x+2.2075 0.9994 y = 1.0704x + 14.384 0.9992
(EC 3.5.1.2) 0.2,0.3and 0.4
22 GS yGH 1.5625, 3.125, 6.25, 42,240 y=0.9951x + 0.0662  0.9992 y = 0.9929x + 0.0657 0.9996
(EC 6.3.1.2) 12.5, 25 and 50

Note. The cycling reactions were run for ~30 min, including different amounts of standards per reaction. Details for the specific enzyme mixes can be
found in the Materials and Methods section.
% Before starting the respective assay, different amounts of standard were added to the assay mix before starting the reaction by adding extract (Vexract)
or, as a reference, EB (Vpuffer)-
® Sample sizes refer to cells in 2 (cycling assays) or 5 (GS) uL EB.
° This test was carried out with assay mix from which the respective substrate was omitted (Vyan). The slope of the function gives the fraction of
standard recovered.
“ This test was carried out with assay mix containing the respective substrate (Vimay).
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4.1.4 Application of the established enzyme platform on MCK cells

As a first application of the established methody lenzymes of the central metabolic
pathways in adherent MDCK cells grown in GMEM-&thand Episeff® medium were
investigated (Figure 4.10). To determine the maxmanzyme activities during maintenance
metabolism (in the stationary phase) in MDCK cetlsltures were grown to confluency
(~5 d of growth). Both cell culture media contairseahilar initial concentrations of the main
carbon and energy sources Gluc (30 mM) and GIn &).nGMEM-GIn was a serum-
containing (10 % (v/v) FCS) medium, which is typigaused in the growth phase of cell
cultures. Episerf was chosen as a serum-free atteenin this study because adherent
MDCK cells showed similar growth characteristicsl anaximum cell densities (~4.0 x °10
viable cells/well) in six-well plates in this mediu(data not shown). Furthermore, a serum-
free environment is beneficial for the productidrape of, e.g., influenza viruses in adherent
MDCK and Vero cells as well as for the subsequemifipation step (Genzel et al., 2010).
Washing steps and medium exchange to remove thensare therefore not required for
Episerf compared to GMEM-GIn (Genzel et al., 2006a)
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Figure 4.10: Reaction network of the central carbon metabolignadherent MDCK cells
(modified from Wabhl et al., 2008).

Enzymes (oval symbols) measured in this study aklighted in green for glycolysis, in red for
pentose phosphate pathway, in blue for citrateecgdd in orange for glutaminolysis. Transporters
are shown in red. Blue broken lines separate thesol and mitochondrion (grey). Metabolites/
lumped metabolites are depicted as white squarbgkiess of arrows indicates the relative
magnitude of enzyme activity in GMEM-Glfi(Table 4.5).

A total of 28 enzymes from four metabolic pathwéylycolysis, pentose phosphate pathway,
TCA cycle, and glutaminolysis) were determined aadh enzyme was measured in five to
six biological replicates (Table 4.5).
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Table 4.5: Measured activities of 28 metabolic enzymes fromfloently grown MDCK
cells in GMEM-GIn and Episerf.

Specific activity (nmol/min/10  ° cells) @

Enzyme EC No. GMEM-GIn** Episerf **
Glycolysis
HK 2.7.1.1 19.20 + 2.00 (5) 17.77 + 1.23(5)
PGI 5.3.1.9 271.88 + 15.73 (6) 407.53 + 16.51 (6)
PFK 2.7.1.11 16.78 + 2.92 (5) 46.15 * 2.37 (6)
FBPA 4.1.2.13 23.60 + 3.53(6) 42.34 + 4.79 (6)
TPI 5.3.1.1 6771.68 =+ 133.73 (6) 7803.62 + 350.87 (6)
GAPDH 1.2.1.12 360.57 + 13.90 (6) 306.50 + 22.53(6)
PK 2.7.1.40 1233.77 * 75.40 (6) 1366.18 + 95.76 (6)
LDH 1.1.1.27 948.48 + 45.37 (6) 1844.58 + 62.24 (6)
Pentose phosphate pathway
G6PDH 1.1.1.49 58.12 + 3.92(6) 96.11 + 7.99 (5)
6PGDH 1.1.1.44 4482 + 3.03 (6) 65.90 + 5.51(6)
TK 2.2.1.1 11.23 + 1.23 (5) 23.17 + 0.62 (6)
TA 2.2.1.2 15.57 + 0.75(6) 24.92 + 2.79 (6)
Tricarboxylic acid cycle
PDH 1.2.4.1 0.25 * 0.02(5) 0.05 % 0.01(6)
PC 6.4.1.1 0.62 + 0.07 (6) 0.88 + 0.07 (6)
CSs 2.3.3.1 12.88 + 0.67 (5) 28.05 + 1.80 (6)
CL 2.3.3.8 5.87 £ 0.27 (6) 9.28 + 0.28 (6)
NAD-ICDH 1.1.1.41 0.43 =+ 0.03(6) 0.63 * 0.06 (6)
NADP-ICDH 1.1.1.42 36.48 * 2.44(5) 53.19 + 4.83(5)
FUM 4.2.1.2 125.93 + 21.20(5) 71.23 + 5.52(5)
MDH 1.1.1.37 795.05 + 52.07 (6) 1247.58 =+ 47.66 (6)
Glutaminolysis
GLNase 3.5.1.2 3.58 £ 0.29 (6) 7.03 * 0.54(6)
GS 6.3.1.2 0.60 =+ 0.08 (5) Not detected (6)
GLDH 14.1.2 4.63 + 0.48 (6) 6.89 + 0.63(6)
AlaTA 2.6.1.2 1.97 £ 0.14 (6) 2.18 + 0.12(6)
AspTA 2.6.1.1 124.75 + 18.18 (5) 96.90 + 1.84(6)
ME 1.1.1.40 10.41 + 0.57 (6) 11.13 + 0.48(6)
PEPCK 4.1.1.32 72.50 + 7.01(5) 193.42 + 19.34 (6)
Miscellaneous
ACOAL 6.2.1.1 1.84 + 0.18(6) 2.87 = 0.22(6)

% Mean values and 95 % confidence intervals for the number of biological replicates shown in
parentheses.

Activities of different enzymes (even from the sapshway) are spanning several orders
of magnitude in MDCK cells grown in GMEM-GIfi' and Episeff® The overall
range of stationary-phase cells comprises valuesn fi0.25+0.02 nmol/min/f0 cells
(PDH) to 6771.68+133.73 nmol/minf0cells (TPl) in GMEM-GIA® and from
0.05+0.01 nmol/min/10 cells (PDH) to 7803.62+350.87 nmol/minfi@ells (TPI) in

Episerf™ In both media, very high activities (>700 nmoli(® cells) were found for the
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glycolytic enzymes TPI, PK and LDH, and MDH, whiles other activities were in the range
of 1 to 500 nmol/min/1Dcells. The lowest enzyme activities in both mes&re found for

PDH, PC, and NAD-ICDH (<1 nmol/min/2@ells). A very low activity was also detected for
GS in GMEM-GIri™ (0.60+0.08 nmol/min/10cells), whereas no activity was detected for
GS under serum-free conditions (GS activity wawethe detection level of the assay

in Episerf™).

Existing assays for enzyme activity measuremerienaise continuous procedures based on
direct assays, which are not as sensitive andvelataborious when using cuvettes instead
of 96-well microplates. The established enzymef@iat using four sensitive cycling assays
(0.025 to 0.4 nmol product per assay) allowed peedetermination of enzyme activities in
very small sample volumes or samples with low ereyevels. This makes cycling assays
extremely valuable for studies on metabolic conéiadl capacity of different continuous cell
lines typically used for manufacturing of biophaoeaticals. Compared to the platform for
plant cells, sample preparation steps were leseri@s for mammalian cell lines as
disruption of cell walls was not required. The gsa of key enzyme activities showed
typical characteristics of glycolysis (high PK dridH activities), citrate cycle (low PDH, PC
and NAD-ICDH activities) and glutaminolysis in batimedia supporting the hypothesis of a
truncated TCA cycle in confluent MDCK cell culturgsee the Discussion section). Changes
in specific enzyme activities of adherent MDCK seatbuld be recorded during their growth
under different cultivation conditions because eneyactivities are determined in cell
extracts under maximum substrate supply, so thatchange in enzyme activity measured
can be referred to a direct change in enzyme pratitent. Moreover, these tools can easily

be adapted to the detection of key enzyme actsvitieother cell lines.
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4.2 Production of Pichia farinosa glycerokinase for the application
In sensitive cycling assays

This chapter describes the production of a new loogipenzyme, namely GK from
P. farinosa, with the P. pastoris expression system to measure the activity of PKIDCK

cell extracts, and to provide the flexibility toadyze, e.g., UTP-generating enzymes in future
studies on cell metabolism. The assay to measeradtvity of PK, which produces Pyr and
ATP from PEP and ADP, is based on coupling of AT GK. GK catalyzes the
phosphorylation of glycerol to yield G3P, which daen be analyzed using the G3P cycling
system of the enzyme platform (Figure 4.9 C andifeigt.11).

PPi

UDPGal
UDP-Gal PPase
NAD €2\ ADH
PEP7;—PKT>NTP SK Lisap] DA
Yy LA
“le1d O Gapox 12O

# UDP-Glc PPase

PPi

Figure 4.11: Principles of GK-coupled assays and other seleeieshys based on the

G3P cycling.

GAPDH and FBPA (highlighted in red) activities da@ determined via the coupling enzyme TPI (in
green), which converts GAP to DAP. The couplingyemz PGK is needed to deliver 1,3BPG (not
commercially available) from 3PG in the assay f&fRBH. GK fromP. farinosa (in blue) is useful

to couple the reactions catalyzed by UDP-Gal PRaB&®-Glc PPase or PK, as it converts any NTP
to G3P. G3P and DAP can be quantified by the G3fngyassay (in grey) via the G3POX/G3PDH-

driven depletion of NADH. Metabolites are depictedwhite squares and all enzymes in italic type.

In contrast to other GKs (e.g., fraf coli; Hayashi and Lin, 1967), GK froi. farinosa can
also utilize different nucleoside triphosphates BSY for phosphorylation of glycerol, which
makes this enzyme very valuable for the applicaiera coupling enzyme in G3P cycling
assays (Figure 4.11). In the following, the cordtiom of the expression vector, the
production inP. pastoris and the purification will be described in detail.
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4.2.1 Construction of expression vector for Hig-tagged glycerokinase

For the production of active HisaggedP. farinosa GK, the yeasP. pastoris and the vector
pPIC3.5 were selected as the host and the expnessotor, respectively. Parallel
investigations concerning the expression of thisyere with the vector pPIC9 (Invitrogen)
for extracellular production was not successfultddaot shown), probably due to adverse
cultivation conditions (e.g., medium, pH and tenapeare influences). The DNA fragment
encoding for a Histagged GK [2,000 bp) was amplified from plasmid DNA (pETM-11-
GK) using PCR with specific primers containing riesion sites at the 5’ ends and cloned
into theAvrll and Notl sites of pPIC3.5. The resulting vector pPIC3.5-Gkgure 3.2) was
purified from TOP1OF E. coli cells, and its digestion witiNdel or Pwvul indicated
two nucleotide fragments at the expected sizes .8fahd 5.5 kb or 2.3 and 7.5 kb,
respectively (Figure 4.12, lanes 3 and 4). The dige of the plasmid by the restriction
endonucleasBcoRYV resulted in three fragments of the expectedssife).8, 3.8 and 5.2 kb
(Figure 4.12,lane 5). Finally, the integrity ofethconstruct was confirmed by DNA
sequencing (see appendix).

bp 1 2 3 4 5 6

10,000
8,000
6,000
5,000
4,000
3,000
2,500

2,000

1,500

1,000

Figure 4.12: PCR and restriction enzyme analysis of the coostdupPIC3.5-GK vector on
1 % (w/v) agarose gel.

Lane 1: size marker 1 kb (Sigma); lane 2: pETM-IK.dduble digested witibal andNotl, showing
the (2,000 bp GUT1 gene; lanes 3 to 5: pPIC3.5-GK digested wiHel, Pvul or EcoRV,
respectively; lane 6: PCR amplification ®@UT1 gene on recombinaRt pastoris cells using specific
primers.

TheP. pastoris GS115 strain was transformed using pPIC3.5-GKnpid$NA linearized by
digestion withSul to generate Hisstrains (Invitrogen, 2002a). Chromosomal integratf
GUTL1 gene inP. pastoris was evidenced by PCR and gene-specific primegu(€i4.12,

lane 6). Transformants carrying the iagged GK were grown on BMM medium and the
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clone showing highest GK activity (~2.5 U/mg pradewas selected for production of

recombinant GK (clone 32, Figure 4.13).
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Figure 4.13: Intracellular GK activity of selected pPIC3.5-Glérrying transformants
(clones 5 to 51) and of the control clone (carryihg empty vector pPIC3.5) after 45 h of

cultivation.

The cells were grown in BMM medium (27 °C, shakiag 150 rpm), and supplemented with
methanol to a final concentration of 1 % (v/v) ev2d4 h. Each determination was performed in two
replicates (results are given as mean * SD).

4.2.2 Glycerokinase production by exponential feeding ofnethanol

A fed-batch culture (Figure 4.14) using an expoiatrieeding strategy was carried out to
achieve high cell density cultivation Bf pastoris GS115 harboring pPIC3.5-GK (clone 32,
Figure 4.13).
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Figure 4.14:High cell density cultivation of recombinaRt pastoris expressing Histagged
GK from P. farinose (clone 32) in BSM supplemented with PTNface saltsn a 5-L
bioreactor at 30 °C and pH 5. Dissolved oxygen \apt above 30 % during the
fermentation process.

After unlimited growth in the batch phasg.{ = 0.23 H) with glycerol as substrate (0 to 19 h),
protein expression was induced with 1.8 g/L of raatil (dashed vertical line). After adaptation to
methanol, the fed-batch mode with methanol as ocalpon source was started at 21 h with a specific
growth rate ofis = 0.04 . Time course of DCW(), concentrations of glycerob] and methanol
(A), mass flow of methanol into the bioreactor (f)d apecific GK activity t).
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Production of GK was induced after 19 h of cultureglycerol-containing medium with a
final methanol concentration of 1.8 g/L. The methlailed-batch process was initiated after
21 h at 29.8 g/L DCW. According to Trinh et al. (&), the methanol flow rate was
increased exponentially, and the specific cultu@mth rate was kept at 0.04'lio prevent
accumulation of methanol to a toxic level. The maxn specific growth rate in BSM on
methanol for clone 32 was determineduas, = 0.07 i, which was half as much (0.14)h
as theP. pastoris wild-type strain (Brierley et al., 1990). The sifiecGK activity increased
for 48.5 h after induction to a maximum value of4l@/mg cellular protein at 81.4 g/L
DCW. The cultivation was stopped after decreaspetific GK activity was observed. Total
biomass was harvested after 73 h of cultivatiorhv@i#.1 g/L CDW and a specific GK

activity of 5.4 U/mg cellular protein.

4.2.3 Purification of recombinant glycerokinase

Recombinant Histagged GK was purified by a combination of an raf§i and anion
exchange chromatography. First, the crude proteim . pastoris lysate (cell free extract
obtained from homogenization of 7.5 g of frozenlcéh 500 mL lysis buffer and the
subsequent clarification process) was directly iagpto NF*-Sepharose 6 FF, a typical
column for His-tagged proteins (Figure 4.15). The Was then eluted from the column at an
imidazole concentration di25 to 150 mM in buffer B. At this stage, the samfpeoled
fractions) was purified 46.8-fold with a specifictigity of 154.5 U/mg protein and 56 %

recovery (see Table 4.6 at the end of this chapter)

After affinity chromatography, enzyme fractions 15% 628 mL) were combined and loaded
onto a Q-Sepharose HP column (Figure 4.16).
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Figure 4.15:First purification step of recombinant iHigged GK isolated frorR. pastoris
(clone 32) cell lysate using NiSepharose 6 FF chromatography.

450 mL of a cell-free extracf(.2 g) was loaded onto a fSepharose column (5 mL BV). The
column was equilibrated with 50 mM sodium phosphatter, pH 7.4, containing 0.5 M NaCl and
20 mM imidazole at a flow rate of 5 mL/min. Aftevdding, the column was washed with the same
buffer and the proteins containing GK activity wénen eluted from the column with a gradient of
buffer B (containing 500 mM imidazole). The actifractions (561 to 628 mL, indicated by the
hatched area) were pooled and concentrated. Thklsals indicate the absorbance at 280 nm (total
protein concentration) and the dotted lines thédowoncentration.
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Figure 4.16: Second purification step of recombinant ¢tisgged GK from the collected
fractions of step 1 (Figure 4.15) using Q-SephakiiBe

100 mL of buffer C containing active fractioriSl6 mg) from the Ni-Sepharose 6 FF column were
applied to a HiTrap Q HP column (1 mL BV). The aoluwas pre-equilibrated with 15 mM sodium
phosphate buffer, pH 6.8, at a flow rate of 1 mio'mAfter loading, the column was washed with the
same buffer and the GK enzyme was then eluted ffmencolumn with a gradient of buffer D
(containing 1 M NacCl). The active fractions (119 184 mL, second peak) were separated from
contaminating proteins (first peak) and were pootemhcentrated, and stored at -80 °C. The solid
lines indicate the absorbance at 280 nm (totalepratoncentration) and the dotted lines the buffer
concentration.
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Two peaks appeared during this final purificatioeps The target enzyme was eluted from
the column at a NaCl concentration[@f30 to 680 mM in buffer D. Contaminating proteins
from the first peak were identified by MS-analysiainly as beindp. pastoris mitochondrial
alcohol dehydrogenase (ADH) with a molecular weight37 kDa (Figure 4.17, lane 4).
The enzymatically active fractions (checked by wss#aGK activity) corresponding to the
second peak (119 to 124 mL, Figure 4.16) were coetband used for further experiments
(chapters 4.2.4 and 4.2.5).

SDS-PAGE analysis revealed that the two-step gatibhn resulted in a nearly homogeneous
preparation of Histagged GK (Figure 4.17, lane 5).

kpa) 1 2 3 4 5

170
130

95 ..
- - Hisg-tagged GK
72 . - W8 € from P. farinosa
(073 kDa)
55 ..
43 Mitochondrial ADH
- 4 from P. pastoris
34 (CB7 kDa)

26

Figure 4.17: SDS-PAGE analysis under non-reducing condition$lisi-tagged GK from
P. farinosa at various stages of purification.

Lane 1. molecular mass marker (Fermentas, Vilnishuania); lane 2: cell-free extract; lane 3:
sample of pooled active fractions from*NSepharose 6 FF chromatography (Figure 4.15); ldnes
and 5: samples from Q-Sepharose HP (Figure 4.6)ktography showing the impurity (first peak)
and the purified recombinant GK (second peak),aetsyely.

A major band corresponding to a molecular weighabroximately 73 kDa (Figure 4.17,
lanes 3 and 5) agreed with the predicted molecwizight of P. farinosa GK (70 kDa)
combined with a Histag (3 kDa). The overall yield from an initial 123 mg of total protein
supernatant was 0.3 % (Table 4.6). The purificabbrGK was 61.1-fold with a specific
activity of 201.6 U/mg protein and the recovery yeld) of total enzyme activity was 21 %.
During storage, GK activity decreased fast withawstabilizing agent such as (N8O, or
glycerol. The addition of glycerol (50 %, v/v) tet buffer solution retained GK activity for

several months at -80 °C and withstood severakédlkawing cycles (data not shown).
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Table 4.6:Summary on purification of Hisagged GK expressed ih pastoris.

Total Total Specific
Volume protein  activity activity Yield Purification
Purification steps (mL) (mg) (V) (U/mg protein) (%) (fold)
Cell-free extract 450 1229.3 4056.7 3.3 100 1.0
Ni**-Sepharose 6 FF 8 147 2271.2 154.5 56 46.8
Q-Sepharose HP 2 4.2 846.7 201.6 21 61.1

4.2.4 Biochemical characterization of glycerokinase

Recombinant Histagged GK fromP. farinosa showed an optimum pH around 7 (100 %)
(Figure 4.18 A), and more than 70 % activity wasni@ within a broad pH range from 6
to 8.5. The optimum temperature for the enzymatitviy was determined as 45 °C (100 %,
Figure 4.18 B).
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Figure 4.18: Effect of pH and temperature on the activity ofifsed GK from P. farinosa.

(A) Effect of pH: purified enzyme was incubated at@7#or 20 min in 100 mM of sodium phosphate
(m), tricine () or sodium borate&) buffer. (B) Effect of temperature: reactions were carriedfout
20 min at pH 7.0. The conditions that gave maxintikhactivity were set to 100 %. Error bars: mean
+ SD of three enzymatic reactions.

Initial velocity studies ofP. farinosa GK in the forward direction (glycerol + ATP G3P
+ ADP) at 37 °C and pH 7 were performed with déf@rNTPs (ATP, UTP, ITP, CTP, and
GTP). Michaelis-Menten and Lineweaver-Burk plotgevgenerated to calculate the kinetic

parameters. The Michaelis constants and the maxienayme activities are given at the end
of this chapter in Table 4.7.

As expected, ATP saturation curves were hyperbgialding linear double reciprocal plots
(Figure 4.19). The K value ofP. farinosa GK for ATP was determined as 4Q8/.
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Figure 4.19: Effect of substrate concentration (ATP) on the\aistiof purified GK from

P. farinosa.

Michaelis-Menten and Lineweaver-Burk plot (inset)tle initial rate data for Higagged GK were
determined over a 20 min incubation period at vegiooncentrations of ATP. Error bars: mean + SD
of three enzymatic reactions.

Most remarkable was the ability of the GK frdMfarinosa to utilize different NTPs for the
phosphorylation of glycerol to yield G3P. ATP wakown to be the most efficient
phosphoryl group donor of the tested NTPs. At catreéions of 10 mM ITP, GTP, UTP,
and CTP resulted only in 87, 76, 66, and 29 % efdttivity observed with ATP (Table 4.7).
Interestingly, the relation between reaction valpeind GTP, UTP or CTP concentration at
saturating glycerol was unusual in this study. Wtien activity was measured over a wide
range of NTP concentrations (0 to 10 mM), the ndrtighaelis-Menten kinetics could not
be observed. As shown in Figure 4.20, the doubtgpmecal plots were biphasic, which
suggested that the enzyme fréinfarinosa exhibited negative cooperativity with respect to
GTP, UTP and CTP.

0.30+
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Figure 4.20:Relation between reaction velocity and NTP conegiuin of purified GK from
P. farinosa.

The activity of GK at varying concentrations of G, CTP (@), and UTP A) was measured over a
20 min incubation period at 37 °C and pH 7.
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The biphasic behavior did not change when diffel®Kt concentrations were used or by
aging (prolonged storage and several freeze-thaleg€)y of the enzyme (data not shown).
The Ky, values of 4.1, 9.6 and 11.4 mM were estimatedxtrapolating the linear portion of
the curve corresponding to the GTP, UTP and CTPcemnations above 0.2 mM,
respectively (Table 4.7).

Table 4.7:K, and Vihax Values of purified GK fronf. farinosa for various NTPs.

Vimax Specific activity @
NTP Kma (MM) Kmz (MM)  (U/mg protein) (U/mg protein)
ATPP 0.428 n/a 249.9 235.8 + 30.7
ITPP 0.845 n/a 228.0 205.2 +19.0
GTP® 4,134 0.142 262.2 180.0 £ 17.0
UTP® 9.640 0.267 292.3 156.5+12.1
CTP® 11.430 0.079 135.0 68.5 +6.3

Phosphorylation of glycerol was measured at 37 °C and pH 7. Kinetic data were
obtained from three replicate analyses. The values shown are mean + SD. Values
for SD are omitted for clarity but did not exceed 15 %.

4 NTP was present at a concentration of 10 mM.

® Kinetic constants (Km1 and Vna) were determined with NTP concentrations
ranging from 25 uM to 10 mM.

“Kmz or K1 and Vo, values were determined with NTP concentrations ranging
from 25 to 200 uM or 0.2 to 10 mM, respectively.

4.2.5 Use of the recombinant glycerokinase as a couplirepzyme

Finally, the purified GK fromP. farinosa was used as a coupling enzyme to determine the
specific PK activity in extracts of stationary-pbeaBIDCK cells grown in GMEM-Pyr or
serum-free Episerf medium. The specific activityRi in MDCK cells grown with Episerf
medium was approximately 1,362 nmol/mirf/1¢ells and, therefore, considerably higher
than in cells grown in GMEM-Pyr{l,087 nmol/min/1®cells). As a control, bacterial GK
from E. coli was also used for determination of PK activity {[Ea4.8). No significant
differences in the specific PK activity were foumdth either source of GK, which

demonstrated good performance as a coupling enfiyntiee PK assay (chapter 3.6.3.18).

Table 4.8:Measured activities of PK from confluently grown @B cells in six-well plates.

Culture Specific PK activity *  Av biol.
medium Coupling enzyme (nmol/min/10 °® cells)  error® (%)
GMEM-Pyr GK from P. farinosa 1086.7 + 68.3 2.5
GK from E. coli 1105.0 £125.0 4.6
Episerf GK from P. farinosa 1361.7 £ 91.7 2.7
GK from E. coli 1355.0 + 148.3 4.4

4 Mean value and 95 % confidence interval of three replicates.
® Average biological error expressed as coefficient of variation from three
enzymatic reactions.
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4.3 Central metabolic enzymes in MDCK cells under diffeent

cultivation conditions

This chapter describes the effect of GIn substitutby Pyr on the metabolic enzyme
activities of the central carbon metabolism in MDC&#ls. Different assumptions concerning
the activity of critical enzymes in metabolic patys made in former studies (Sidorenko et
al., 2008; Wahl et al., 2008) are checked by usivegestablished high-throughput platform

for enzyme activity measurements of mammalian cells

Genzel et al. (2005) found out that GIn can be tsuibsd by Pyr without reduction in specific
growth rate of different adherent cell lines (MDCBHK?21, CHO-K1) in serum-containing
and serum-free media. In GIn-free medium with Fycarbon source, MDCK cells grew to
high cell densities without the need of a long aaépn process. Gluc consumption and Lac
production was reduced significantly while cell$eesed no ammonia during growth. To
assess the influence of Pyr substitution for Glrenmyme activity levels during exponential
and stationary growth, adherent MDCK cells werénegitcultivated in Pyr or in GIn-
containing GMEM medium in six-well plates (chapieB.2).

4.3.1 Cell growth in six-well plates in glutamine and pyuvate-

containing medium

In addition to the measurement of maximum enzynteviaes of central carbon and Gin
metabolism, the cell growth in six-well plates veasluated. MDCK cells were cultivated in
the same media as in previous studies (GIn- ang&yaining GMEM), where roller bottles
and stirred-tank bioreactors were used (Genzel.eR@05; Sidorenko et al., 2008). For all
experiments, viable cell numbers (adherent) andaeeliular metabolites (Gluc, Lac, Gin,
Glu and Amm) were determined. The concentratioPyf was only measured in GMEM-
Pyr. To compensate for batch-to-batch variationsl aa improve data quality, all

measurements were performed at least in tripliaadexy six-well plates.
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4.3.1.1 Cell densities

A representative example for the cultivation of edimt MDCK cells in six-well plates in
Gln-containing GMEM medium (GMEM-GIn) and Pyr-comiag GMEM medium
(GMEM-Pyr) is shown in Figure 4.21.
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Figure 4.21:Viable cell density and maximum specific growthergtax (inset) of adherent
MDCK cells during the cultivation in six-well plaen (A) GMEM-GIn and(B) GMEM-Pyr.
After cell attachment and adaptation (0 to 23 hgjlsc grew exponentially to a density of
~1.6 x 16 cells/well followed by a reduced cell growth deecontact inhibition (~56 to 95 h). From
this time point, the cell monolayer became conftuend no significant further growth could be
observed after 95 h (3.2 to 3.5 x*XlIs/well). Error bars: mean + SD of six biologficeplicates.
Some error bars are smaller than symbols and didxueed 10 %.

The growth behavior of adherent MDCK cells in GMEBMR was comparable to that
achieved with GMEM-Pyr. The increase in viable adhsity of MDCK cells in stationary
culture can be described by four characteristicsphgWahl et al., 2008). During the lag
phase (0 to 23 h), in which the cells attachedh&osurface of the six-well plate and adapted
to fresh medium, no significant changes in the delhsity were measured. During the
exponential phase (23 to ~56 h), MDCK cells in GME&\h grew at maximum specific rate
with a doubling time of 12.8 h tal.6 x 16 cells/well (Figure 4.21 A), whereas MDCK cells
in GMEM-Pyr reached a cell density @t.5 x 16 cells/well with a doubling time of 14.3 h
(Figure 4.21 B). Increasing cell density resultedreduced cell growth due to contact
inhibition (transient phase). During this phasg§ to 95 h), the cells reached a maximum
density of(B.2 x 16 (GMEM-Pyr) and ~3.5 x 10cells/well (GMEM-GIn). In the stationary
growth phase, when the cells were confluent anspace was left on the surface, cell growth

ceased. A cell viability of >95 % was maintainerbtighout the cultivation (data not shown).
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4.3.1.2 Extracellular metabolites

The progress of extracellular metabolites in GMEM-@&edium for MDCK cells grown in

six-well plates according to the previous chapeshiown in Figure 4.22.
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Figure 4.22: Extracellular metabolites of adherent MDCK cellsidg the cultivation in
six-well plates in GMEM-GIn.

(A) After the lag phase (0 to 23 h), Gluk ) was continuously taken up by the cells until ¢imel of

the cultivation (145 h). At the same time, Lag (vas produced and accumulated in the medium to
concentrations of ~44 mMB) GIn (A) was taken up by the cells and Amm) fvas continuously
produced until the end of the cultivation perio8 M after 145 h). Gluq) concentrations remained
constant until 51 h and then decreased below tteiilen limit after ~80 h. Error bars: mean + SD of
three biological replicates. Some error bars aralsmthan symbols and did not exceed 15 %.

144 168

During the lag phase (0 to 23 h), in which thesallapted to the fresh medium and attached
to the surface of the six-well plate, Gluc concatins remained nearly constant (31.40 mM
at the beginning) and then decreased to 14.49 mtdr af45 h (Figure 4.22 A).
Simultaneously, Lac was released by the cells théoculture medium and accumulated to
concentrations of 44.18 mM. The total yield coediit Lac to Gluc (Yacciud during cell
growth was determined as approximately 2.61. llomheone mole of Gluc can be converted
to a maximum of two moles of Pyr (and hence La@lycolysis. Therefore, additional Lac is
most likely derived from degradation/consumptionotiier substrates (e.g., amino acids) in
GMEM-GIn. The elevated Y¢cuc value can be further explained by the evaporatibtine
culture medium. The loss of volume for GMEM-GIn itgr the cultivation of MDCK cells in
six-well plates (2.75 pL/h/well) was previously @ehined by Ritter (2010). Therefore, the
measured concentration differences were apparaydlyow for Gluc and too high for Lac.
Considering of volume loss (~399 uL after 145 hyiseml by evaporation, the corrected
Y Laciciuc Would be ~2.17.
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The profiles of GIn, Amm and Glu concentrations ah®wn in Figure 4.22 B. GIn was
continuously taken up by the cells from 1.17 mMtla beginning of the cultivation to
0.55 mM at the end. However, after about 95 h,rdte of Gln consumption significantly
decreased (stationary growth phase). During grafthMDCK cells in GMEM-GIn, Amm
was excreted by the cells and accumulated intontddium (1.15 mM aftto 2.97 mM after
145 h). The ¥mm/cin Was determined as about 2.94. Theoretically, twwtesnof Amm can be
produced per mole of GIn consumed (via GLNase ah®Hb reactions) (Glacken et al.,
1986). The remaining amount of Amm in GMEM-GIn whsrefore most likely produced
from the consumption of Glu (via GLDH). The congatibn of Glu in the culture medium
remained constant until 51 h (~0.55 mM) and therreBesed below the detection limit after
approximately 80 h. Furthermore, the loss of voludugng the cultivation in six-well plates
could also have led to the increasegh¥Ycn. By taking the evaporation of culture medium
and the formation of Amm from Glu consumption iatcount, the total yield coefficient of

Amm from GIn and Glu (Xmmi(2xcin+ciu) would be ~0.81.

©
iy

.@;

N S

)
a
1
o
o
1

N
o

" 1 "
T
t

[}

9

o

o

1

0.4

0.3

=
o
M

0.2+

]
P B

0.1

Extracellular metabolites (mM)
&
Extracellular metabolites (mM)

o

0.0 ? A AIAMA AIMA

0O 24 48 72 96 120 144 168 0O 24 48 72 96 120 144 168
Time (h) Time (h)

Figure 4.23: Extracellular metabolites of adherent MDCK cellgidg the cultivation in six-
well plates in GMEM-Pyr.

(A) After the lag phase (0 to 23 h), Gluk Y and Pyr &) were continuously taken up by the cells until
the end of the cultivation (154 h). At the sameetirhac ©) was produced and accumulated in the
medium to concentrations of ~29 mKB) GIn (A) concentrations were below the detection limit
during the whole cultivation period. Amma)(did not accumulate in the medium and remainedsim
constant (~0.5 mM). However, a slight decreaseabagrved from 0.57 at the beginning to 0.48 after
83 h. Glu 6) concentrations remained constant until 47 h e tdecreased below the detection
limit after ~72 h. Error bars: mean = SD of threeldyical replicates. Some error bars are smaller
than symbols and did not exceed 15 %.

When MDCK cells were grown in GMEM-Pyr (Figure 4)2a significant uptake of Pyr
could be observed during the whole cultivation @eriFigure 4.23 A). Pyr was continuously
taken up by the cells from 11.67 mM atté 5.36 mM after 154 h. Gluc profiles showed
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basically the same trend. During the first 23 hydaoncentrations remained nearly constant
(21.37 mM at the beginning) and then decreased2t621mM after 154 h. Compared to
GMEM-GIn, significantly less Gluc was consumed Ine tcells during growth in Pyr-
containing medium (8.75 mM for GMEM-Pyr compared 16.91 mM for GMEM-GIn).
Consequently, MDCK cells also produced less Lad #wumulated in the medium to
concentrations of 28.94 mM at the end of the cation. By taking the loss of volume as a
result of evaporation into account (~424 pL), tlerected Yacocue Was determined as
approximately 2.56, which was slightly higher tfan GMEM-GIn (2.17) probably due to
additional Lac production from Pyr in GMEM-Pyr.

During growth of MDCK cells in GMEM-Pyr, GIn couldbt be observed and concentrations
remained below the detection limit over the whalmet period (Figure 4.23 B). As a
consequence, no ammonia accumulation was detelRegtier, a slight decrease of Amm
could be observed from 0.57 mM at the beginninghefcultivation to 0.50 mM at the end.
Similar to GMEM-GIn (Figure 4.22 B), the concenibas of Glu in GMEM-Pyr remained
constant until 47 h (~0.43 mM) and then decreasdalbthe detection limit after about 72 h.

A short summary of the growth properties of MDCHls@n six-well plates in GMEM-GIn

and GMEM-Pyr medium is given in Table 4.9.

Table 4.9: Impact of GIn substitution by Pyr on MDCK cell grth and “basic” metabolism
(extracellular metabolites).

GMEM-GIn GMEM-Pyr
Maximum cell density (cells/well) 3.5x10° 3.2x10°
Hmax (W) 0.0540 0.0484
tg (h) 12.8 14.3
Y Lac/Gluc 2.17 2.56
YAmm/(2><GIn+GIu)b 0.81 n/a
Glucose uptake (mM)° 16.91 8.75
Lactate release (mM)® 44.18 28.94
Glutamine uptake (mM)° 0.62 n/a
Glutamate uptake (mM)° 0.55 0.43
Pyruvate uptake (mM)° n/a 6.31
Ammonium release (mM)® 1.82 n/a

Note. Adherent MDCK cells were grown in six-well plates in either GIn (2 mM)
or Pyr (10 mM)-containing GMEM medium for ~6 d.

% The values were corrected for the loss of volume (2.75 uL/h/well) during the
cultivation as a result of the evaporation of culture medium (Ritter, 2010).

® The value was corrected for the loss of volume (evaporation), and the
formation of Amm from Glu was taken into account.

¢ Overall consumed Gluc, GIn, Glu and Pyr

4 Overall produced Lac and Amm
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4.3.1.3 Cellular protein concentration

To evaluate the change in the cell-specific promancentration of adherent MDCK cells
during the cultivation in six-well plates, an aduial experiment was performed separately,
where the cells were grown in GMEM-GIn medium (Fegd.24). For each sampling point,
adherent cell numbers, extracellular metabolitegaldhot shown) and intracellular protein

concentrations (enhanced test tube protocol, sseteh3.4.4) were determined.
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Figure 4.24: Progress of the intracellular protein concentrat@inMDCK cells during
growth in six-well plates in GMEM-GIn.

After cell attachment and adaptation (0 to 21.5 d¢8lls grew exponentially to a density of
[2.0 x 16 cells/well followed by a reduced cell growth dwedontact inhibition (54.5 to 82.5 h).
From this time point, the cell monolayer becameflcemt and no significant further growth could be
observed after 82.5 h (3.9 to 4.1 X ells/well). Time profiles of viable cell numbes)( protein
concentration €), and cell protein«). Error bars: mean + SD of three biological regiiegs. Some
error bars are smaller than symbols and did natexxd5 %.

In this experiment with GMEM-GIn as culture mediusimilar growth characteristics
were observed as shown before in chapter 4.3.1diveMer, the maximum cell density
(4.0 x 16 cells/well) was already reached after 82.5 h caepéo the previous cultivation
with GMEM-GIn (95 h; Figure 4.21 A), probably dwedifferences in medium and/or serum.
GIn and Gluc in the medium were both reduced taiab0 % of their initial concentrations
and a cell viability of >95 % was maintained thrbagt the cultivation (data not shown). The
intracellular protein content varied from a maximafr0.75 mg per 10cells at the beginning
of the exponential growth phase to a minimum of40mg per 10 cells in the stationary
growth phase. This behavior (decrease in intralegllprotein concentration during cell

growth) could also be observed for a murine B-lyopjite hybridoma cultivated in RPMI
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(Roswell Park Memorial Institute) 1640 medium s@opénted with 10 % (v/v) horse serum
in 250 mL spinner flasks (Fitzpatrick et al., 1993)

4.3.2 Maximum enzyme activities in glutamine- and pyruvae-
containing medium
At two time points of growth (~2 and ~5 d), reprasgg the exponential and the stationary
phase in both media (GMEM-GIn and GMEM-Pyr), a ltotamber of 28 key metabolic

enzyme activities were measured in MDCK cell exgassing the developed assay platform

for mammalian cells (Table 4.10).
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Table 4.10: Maximum enzyme activities of glycolysis, pentoseogphate pathway, TCA cycle, and glutaminolysis iDGK cells grown to

exponential phases with GMEM-GIn and GMEM-Pyr, &amdtationary phases with GMEM-GIn and GMEM-Pyr.

Enzyme activities in adherent MDCK cells (hmol/m  in/10° cells) ®
exponential growth phase (2 days of growth) stationary growth phase (5 days of growth)
Enzyme EC No. GMEM-GIn GMEM-Pyr GMEM-GIn® GMEM-Pyr

Glycolysis

+ + + +
PGI 5.3.1.9 200.61 + 7.59(6 324.73 + 19.97 (6 # 27188 + 1573 (6 t 36991 + 31.40(6 #
+ + + +
FBPA 41.2.13 31.99 + 4.54(6) 43.96 + 1.24(6) # 23.60 = 3.53(6) T 1951 + 1.14(6) ¥
TPI 5.3.1.1 5740.24 + 534.20 (6) 8317.32 + 882.85(6) # 6771.68 + 133.73(6) 9746.64 + 579.07(6) #
GAPDH 1.2.1.12 406.24 + 48.15(6) 557.78 + 56.37(6) # 360.57 *= 13.90 (6) 413.24 + 2575(6) ¢
PK 2.7.1.40 765.57 + 19.49 (6) 103190 + 55.42(6) # 1233.77 + 75.40(6) T 1078.96 * 49.72(6)
LDH 1.1.1.27 791.24 + 26.63(5) 964.57 = 97.16 (6) 948.48 =+ 45.37 (6) 947.24 + 40.95 (6)
Pentose phosphate pathway
G6PDH 1.1.1.49 74.27 * 4.00 (6) 122.34 + 5.18(6) # 58.12 + 3.92(6) 48.86 + 1.55(6) ¥
6PGDH 1.1.1.44 4041 + 3.22(6) 86.00 = 6.39(6) # 4482 + 3.03(6) 2995 + 1.19(6) #,1
TK 2211 772 = 0.78 (5) 18.19 + 1.76(6) # 11.23 + 1.23(5) T 11.64 + 0.67(6) ¥
TA 2.2.1.2 16.91 + 1.08(6) 23.60 + 1.96(5) # 1557 + 0.75(6) 19.31 + 0.57(6)

Tricarboxylic acid cycle

+ 0.03(6) + 0.10 (6) + 0.02(5) + 0.06 (6)

+ = = =
cs 2.3.3.1 30.80 + 1.36(6) 3421 + 2.44(6) 1288 + 067(5) t 1082 + 084(6) 1
cL 2.3.3.8 542 + 0.24(6 6.91 + 0.38(6 587 + 0.27(6 247 + 0.07(6 #.1
NAD-ICDH  1.1.1.41 = + + +
NADP-ICDH  1.1.1.42 3353 + 2.34(6) 42.99 + 2.47(6) 36.48 * 2.44(5) 30.16 + 1.74(6)
FUM 4212 9229 + 9.09 (6) 130.65 * 6.13(6) # 12593 + 21.20(5) t 10568 * 11.03(5)
MDH 1.1.1.37  938.18 + 52.06 (6) 762.42 + 32.90 (6) 795.05 + 52.07 (6) 856.13 + 46.70 (6)
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Table 4.10:(Continued from previous page.)

Enzyme activities in adherent MDCK cells (hnmol/m  in/10° cells)

exponential growth phase (2 days of growth) stationary growth phase (5 days of growth)
Enzyme EC No. GMEM-GIn GMEM-Pyr GMEM-GIn® GMEM-Pyr
Glutaminolysis
GLNase 3.5.1.2 739 + 0.54(6) 6.80 + 0.56(6) 358 + 029(6) Tt 146 * 016(4) #¢t
GS 6.3.1.2 220 + 0.27 (6) 651 * 0.55(6) # 060 + 0.08(B) t 259 + 032(5) #t
GLDH 1.4.1.2 492 + 0.38(5) 6.63 + 0.62(5) # 463 + 0.48(6) 484 + 041(6) t
AlaTA 2.6.1.2 6.18 + 0.53(6) 254 + 0.16 (6) # 197 + 014(6) t 120 * 0.05(6) #1
AspTA 2.6.1.1 150.39 + 9.89 (6) 99.28 + 11.25(5) # 124.75 + 18.18(5) 99.00 + 7.23(6)
ME 1.1.1.40 9.70 + 0.74(6) 6.44 + 0.37(6) # 1041 + 057 (6) 829 + 0.77(6)
PEPCK 4.1.1.32 4219 + 3.69(6) 28.87 + 3.81(4) # 7250 + 701(5) t 5763 + 455(6) f
Miscellaneous
ACOAL 6.2.1.1 1.14 + 0.03(5) 277 + 0.20(6) # 184 + 018(6) Tt 224 * 0.12(6)

Note. Potential “bottlenecks” in metabolic pathways of adherent MDCK cells are highlighted in grey.

4 Mean values and 95 % confidence intervals for the number of biological replicates shown in parentheses.

® For values in GMEM-GIn®®, see also Table 4.5.

* Significantly different from GMEM-GIn during the respective growth phase as determined by Student's t-test (p < 0.05; >1.3-fold or <-1.3-fold change)
"* Significantly different during exponential growth phase of GMEM-GIn and GMEM-Pyr, respectively (p < 0.05; 21.3-fold or <-1.3-fold change)
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The overall range in GMEM-PY# for instance, comprises values from 0.43+0.01 INA
ICDH) to 9746.64+579.07 nmol/min/iells (TPI). For all media, very high activities
(>700 nmol/min/18 cells) were found for TPI, PK, LDH, and MDH, whilhe other
activities were in the range of 1 to 600 nmol/m@i/gells. The lowest enzyme activities were
found for PDH, PC, and NAD-ICDH (<1 nmol/minfL@ells), indicating possible rate-

limiting steps in the metabolic pathway.

4.3.2.1 Glycolysis

For a better data evaluation, the fold changesyirotytic enzyme activities for growth under
different cultivation conditions were calculatedgiie 4.25). The first two values represent
the changes between GMEM-Pyr and GMEM-GIn in thpoaential and stationary growth
phase, and the last two values represent the chkangeaximum enzyme activity between
the different growth phases with GMEM-GIn and GMBMFr. For simplification in the
following chapters (4.3.2.1 to 4.3.2.4), the coiotié during exponential and stationary
growth phase of GIn- and Pyr-containing GMEM arfemed to as GExp and GStat or PExp
and PStat, respectively.

Glucose
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1st | 2nd | 3rd | 4th
1.44]-1.53[1.04
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Figure 4.25: Simplified reaction scheme of glycolysis with faldanges of enzyme activities
for MDCK cell growth in different media.

The fold changes presented below the name of thgnaes in the squares are for 1) PExp compared
with GExp, 2) PStat compared with GStat, 3) GStahgared with GExp, and 4) PStat compared
with PExp. Value$1.30 or<-1.30 indicate significant differences (see TablO%
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During exponential growth in PEXxp, a significantn@ase in maximurm vitro activities was

observed for most of the enzymes in glycolysis carag to GExp. Maximum activities of
several key enzymes, for example, HK, FBPA, GAPRHK PK were increased by 1.35 to
1.62-fold. However, one of the important enzymeglgtolysis, PFK, remained unchanged.
When the MDCK cells were grown to stationary phase®Stat, there was a significant

decrease in HK activity (-1.53-fold change) compaeGStat.

Furthermore, there existed significant differenicesnzyme activities between the stationary-
phase and the exponential-phase cells in GMEM-R\significant decrease in the HK and

GAPDH activities was observed when the cells switclirom exponential to stationary

growth phase (-2.13-fold and -1.35-fold changepeetvely). For both media (GStat and

PStat compared to GExp and PExp, respectively)etivas also a decrease in the activity
of FBPA.

4.3.2.2 Pentose phosphate pathway

G6PDH
Glucose 6-phosphate 6-phosphogluconolactone
165 Prosenos '

6-phosphogluconate

6PGDH
-1.50|1.11
4

Ribulose 5-phosphate

a

Ribose 5-phosphate Xylulose 5-phosphate

TK
2.36 -1.56

Glyceraldehyde 3-phosphate Sedoheptulose 7-phosphate

/
TA
1.40]1.24]-1.09]-1.22

Glycolysis 4——————— Fructose 6-phosphate Erythrose 4-phosphate

TK

Glyceraldehyde 3-phosphate  Xylulose 5-phosphate

Figure 4.26: Simplified reaction scheme of pentose phosphatewzat with fold changes of
enzyme activities for MDCK cell growth in differentedia.

The fold changes presented below the name of thgness in the squares are for 1) PExp compared
with GExp, 2) PStat compared with GStat, 3) GStahgared with GExp, and 4) PStat compared
with PExp. Value$1.30 or<-1.30 indicate significant differences (see TablO%
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The enzyme activities of exponential-phase celtsmgrin PExp consistently increased by
1.40 to 2.36-fold compared to GExp, indicating thadre Gluc-derived carbon units could
potentially be metabolized via this pathway (Figdr26). In the stationary phase with Pyr
(PStat compared to GStat), only one major changbeobxidative part occurred. In contrast

to the exponential phase, there was a decreaseGDbl activity by 1.50-fold.

For stationary-phase cells grown with GIn (GStai)jncrease by 1.45-fold was found for TK
activity from the non-oxidative part compared tdicdrom the exponential growth phase
(GExp). On the other hand, for stationary-phasés gglown with Pyr (PStat compared to
PExp), a significant decrease in the enzyme ads/iof G6PDH, 6PGDH, and TK was
observed (-1.56 to -2.87-fold change). In gendmker maximum cell-specific activities

were found for the enzymes of the non-oxidativenbhacompared to the oxidative branch of
the pentose phosphate pathway (Table 4.10).

4.3.2.3 Tricarboxylic acid cycle

Oxaloacetate + Acetyl-CoA
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Figure 4.27. Simplified reaction scheme of TCA cycle with folthanges of enzyme
activities for MDCK cell growth in different media.

The fold changes presented below the name of thgnees in the squares are for 1) PExp compared
with GExp, 2) PStat compared with GStat, 3) GStahgared with GExp, and 4) PStat compared
with PExp. Value$1.30 or<-1.30 indicate significant differences (see TabEO® The broken line
separates the mitochondrion from the cytosol.

The activity of PDH that catalyzes the first stéghe TCA cycle was significantly increased
(4.17-fold change) during exponential growth in GMHPyr compared to GMEM-GIn,
indicating that more Pyr could potentially be comed to acetyl-CoA (Figure 4.27). In
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contrast, LDH activity was not significantly incesal (Figure 4.25). However, the enzyme
activity of NAD-ICDH was significantly increased PEXxp (2.70-fold change). Additionally,
the anaplerotic enzyme PC, which “refills” the TC¥cle with OAA from Pyr, showed also
an increased activity in PExp (1.91-fold changay] also the activity of FUM was increased
by 1.42-fold in PExp compared to GExp. No signifitahanges in maximum enzyme
activities were found for CS, NADP-ICDH, MDH, and_Gn PExp compared to GEXxp.
When comparing the stationary-phase cells (PStapeoed with GStat), the activity of PDH
was still significantly increased (2.02-fold chahgehereas the activity of CL, which is
responsible for the synthesis of cytosolic acetyACdecreased in Pyr-containing medium
(-2.38-fold change).

A different behavior was found when comparing thatignary growth phases with the
exponential growth phases of MDCK cells (GStat &8tat compared to GExp and PExp,
respectively). For both culture media, a significdacrease of CS activity was observed for
cells from the stationary growth phase (<-3-folcirege). In addition, when the cells were
grown with Pyr, the activity levels of PDH (-2.5@ change), PC (-3.24-fold change),
CL (-2.80-fold change), and NADP-ICDH (-1.43-folthange), decreased in the stationary
growth phase (PStat compared to PExp). Howeverathigity of NAD-ICDH in GStat and
PStaincreased by 4.04-fold and 1.49-fold, respectively.
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4.3.2.4 Glutaminolysis
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Figure 4.28: Simplified reaction scheme of glutaminolysis withidf changes of enzyme
activities for MDCK cell growth in different media.

The fold changes presented below the name of thgnaes in the squares are for 1) PExp compared
with GExp, 2) PStat compared with GStat, 3) GStahgared with GExp, and 4) PStat compared
with PExp. Value$1.30 or<-1.30 indicate significant differences (see TablEO® The broken line
separates the mitochondrion from the cytosol.

During growth of MDCK cells in GMEM-Pyr, a major @hge in GS activity of both growth
phases was observed compared to GMEM-GIn (Figu28)4.GS activity increased by
2.96-fold in the exponential phase and 4.31-foldh@ stationary phase, which emphasizes
the importance of the amino acid GIn as a precui@oseveral biosynthetic reactions in the
cell (e.g., nucleotide synthesis). In contrasteotbnzymes of GIn metabolism were down-
regulated. A significant decrease (<-1.30-fold deggnn enzyme activities of AspTA, ME,
and PEPCK was seen in exponential-phase cells gmowixp compared to GExp. An even
more pronounced decrease was found for AlaTA dgtithat decreased by 2.43-fold in
PExp. In the stationary phase (PStat), however atiirity of GLNase was decreased by
2.46-fold, compared to GStat, and the change i Alactivity was less distinct (-1.64-fold

change).

In both media (GStat and PStat compared to GExpRiExp, respectively), there was a

significant decrease in GS, GLNase and AlaTA atiéigj when the cells reached confluency.
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In contrast, PEPCK activities increased by 1.78fahd 2.00-fold in GStat and PStat,

respectively.

Overall, a major shift of maximum enzyme activitibstween the two growth phases
(exponential and stationary) and also between @hd Pyr-containing GMEM medium
could be observed. Most cell-specific enzyme aiitisiof central carbon and Gln metabolism
were higher during the exponential growth phase paoed to the stationary phase in
GMEM-GIn and GMEM-Pyr. However, the cell-specificopein concentration of MDCK
cells decreased from 0.75 (exponential phase)li# @Gtationary) mg/10cells during growth

in GMEM-GIn (see Figure 4.24). Therefore, when itieximum enzyme activities measured
would be related to the biomass (cellular protesnoentration) and not to the viable cell
number (as in this study), likely higher differeadsetween the two growth phases could be
expected with overall higher protein-specific eneyactivities in MDCK cells during the
stationary phase compared to the exponential grpiése in GMEM-GIn and GMEM-Pyr
(see chapter 5.3). Major changes in enzyme activitye observed when the cells were
grown in GMEM-Pyr compared to GMEM-GIn. In partiaul the activities of the
“bottleneck” enzymes PDH and PC were significamtigreased in Pyr-containing medium,
which suggested that more Pyr was shunted intoT®& cycle for growth and precursor
supply. Furthermore, the maximum activity of GS #mel activities of the pentose phosphate
pathway significantly increased under Gin-free a¢bons, probably due to the need of Gin as
a precursor for, e.g., protein synthesis and of RADfor reductive biosynthesis reactions
(e.g., fatty acid synthesis), respectively. Howewan increase or decrease in maximum
enzyme activity was not restricted to only one wo tenzymes of a particular metabolic
pathway but activities seemed to overall changendugrowth under different cultivation
conditions, which indicated that changes in pathflayes could only be attained by parallel

changes in activity of many or all of the enzynreghie pathway.
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4.4 Influence of influenza virus infection on key metablic enzyme

activities in MDCK cells

MDCK cells are considered a suitable substratectdl culture-based influenza vaccine
manufacturing (Genzel and Reichl, 2009; Halperid Bxoroshenko, 2009). Like all viruses,
influenza viruses take advantage of the host cethbolism to replicate their genetic material
and to synthesize viral proteins. However, only fwdies have characterized the influence

of an influenza infection on the central carbonabetism of host cells (Ritter et al., 2010).

Therefore, adherent MDCK cells grown in GMEM-GIn5(days) were infected with an
H1N1 influenza strain and the maximum catalyticivatoeés of 28 enzymes from central
carbon metabolism were measured. Again, most mea&nts (except for HA titers) were
performed in triplicates using six-well plates tnpensate for batch-to-batch variations and
to improve data quality. Before infection, the GMENas replaced by serum-free VMM
containing trypsin to cleave the HA protein inte ttwo subunits (HA1 and HA2). Post-
translational cleavage of HA is essential for thiegtivity of the virus particle and entry of
the virus into the host cell’'s cytoplasm (Klenkadt, 1975). To compensate the effect of
medium exchange (high substrate concentrationgsitryactivity, no FCS) on metabolic
changes, a mock-infection (same conditions butautlvirus) was performed in parallel to
infection on separate six-well plates. For compmerisvith previous data on intracellular
metabolite concentrations in infected MDCK cellsiti@ et al., 2010) and to ensure
simultaneous infection of almost all cells in a i@l high MOI of 20 was used for the
enzyme activity experiments in this work. At thesenditions, virus and mock-infected
MDCK cells showed comparable cell densities urttiba 8 to 12 hpi, which was also the
time point of virus release in infected cells (Ritet al., 2010). It was therefore decided to

analyze key enzyme activities 9 hpi in infected MD€&lIs (chapter 4.4.2).

4.4.1 Cell numbers and virus replication

The viable cell densities of mock- and influenzéeated cells as well as virus titers of

infected cultures from an infection experiment asetdd at a MOI of 5 are shown in Figure

4.29. For a thorough investigation of virus infeatunder the same conditions (MDCK cells,
six-well plates, same virus strain) but at a MOI26f the reader is referred to the study by
Ritter et al. (2010).
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Figure 4.29: Viable cell density of adherent MDCK cells afterock-infection @) or
infection with influenza A ¢), and virus titer ).

Cells were cultured in GMEM-GIn until confluency svaeached (~5 days of growth). For virus
replication, the medium was replaced by serum-W¥&M containing trypsin. MDCK cells were
either mock-infected or infected with influenzausrA/Puerto Rico/8/34 (H1N1) at a MOI of 5. Cell
density: mean £ SD of three biological replicafEiser: error bars are not shown for clarity reasons
(relative SD of the validated assay 9.3 %).

The initial cell number at time of infection wasocai 3.7 x 16 cells/well. Under both
conditions, the cell numbers were constant for edst 8 hpi. In influenza infected
MDCK cells, the viable cell numbers then decreaskedavly until 12 hpi and dropped to
~1.6 x 16 cells/well after 23 hpi. The overall cell densifymock-infected cultures remained
nearly constant at ~3.5 x %6ells/well over the cultivation period. The higariability of cell
numbers (for instance, between 10 and 16 hpi inkantfection experiments) most likely
resulted from erroneous cell counts due to trymsitivity in VMM (irregularities in cell
detachment). Virus titers started to increase aft@rhpi parallel to the beginning of
cell detachment in infected cells. The final HAetitwas determined as approximately
2.3 log HA units per 100 pL, which is typical wharhigh MOI is used (Ritter et al., 2010;
Vester et al., 2010).

4.4.2 Maximum enzyme activities in influenza infected céd

The maximum catalytic activities of the glycolygnzymes in mock-infected MDCK cells
and influenza A (H1N1) infected cells 9 hpi arewhan Figure 4.30 (the infection in this
experiment was performed at a MOI of 20). For thkewation of the cell-specific enzyme
activities under both conditions (mock- and inflaannfected cells), the viable cell density at

time of infection was used (4.1+0.2 x®1¢ells/well, mean + SD of nine biological replicsite
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data not shown). The numerical values for all mesasenzyme activities are given by Janke
et al. (2011b).
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Figure 4.30: Specific activities of glycolytic enzymes in infioea A infected MDCK cells
9 hpi.
Cells were cultivated in six-well plates with GMEG®In to stationary phases and then either mock-

infected (white) or infected (grey) with human irdhza A (HLIN1) in VMM at a MOI of 20. Error
bars: mean + SD of three biological replicates.

No significant changes in specific activities wdoand for enzymes of the glycolytic
pathway in influenza infected MDCK cells comparediock infection 9 hpi. However, an
increase of several TCA cycle enzymes was observadfected cells compared to mock
(Figure 4.31).
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Figure 4.31: Specific activities of TCA cycle enzymes in infleenA infected MDCK cells

9 hpi.

Cells were cultivated in six-well plates with GMEG®In to stationary phases and then either mock-
infected (white) or infected (grey) with human irdhza A (HLIN1) in VMM at a MOI of 20. Error
bars: mean + SD of three biological replicates. 3tae symbol indicates a significant differenceniro
control as determined by Student's t-test (p05).
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During infection of MDCK cells, a major change imetactivity of PC was observed: PC
activity increased by 1.69-fold in infected celtsmpared to mock. Furthermore, a significant
increase in the activity of CL (1.34-fold), whichtalyzes the production of cytosolic acetyl-
CoA from citrate, was seen in infected cells. AEEgA is an important precursor of many
cellular “building blocks” including cholesterol drfatty acids (Wakil et al., 1964). Finally,
the activities of NAD-ICDH and CS were increasedimfiected cells by 1.26-fold and
1.18-fold, respectively.

~
o

HH %

[e2]
o
1

a1
o
L

N
o
1 n
)(.

w
©
[&]
0
o
d
=
S
g
£ 304 T
2 1 T T
= 20+ T E L 1
‘g i 1
* 10-
(@]
g ]
0 : : :
o G6PDH  6PGDH TK TA

Figure 4.32: Specific activities of pentose phosphate pathwayyees in influenza A
infected MDCK cells 9 hpi.

Cells were cultivated in six-well plates with GMEGIn to stationary phases and then either mock-
infected (white) or infected (grey) with human irdhza A (HLIN1) in VMM at a MOI of 20. Error
bars: mean = SD of three biological replicates. Jtae symbol indicates a significant differencariro
control as determined by Student's t-test (p05).

The activities of GGPDH and 6PGDH, the first and third enzyme of the oxidative branch
of the pentose phosphate pathway were also inadeasefected cells by 1.21-fold and 1.25-
fold, respectively (Figure 4.32). Both enzymes plevNADPH for reductive biosynthetic
reactions (e.g., amino acid, cholesterol, and fatig synthesis) (Salati and Amir-Ahmady,
2001). No significant changes were found in the imam activities of TK and TA that

participate in reactions of the non-oxidative bitanc

The specific enzyme activities of glutaminolysisvesll as the specific activity of acetate-
CoA ligase (ACoAL) for influenza A and mock-infedtéDCK cells are shown in Figure
4.33.

116



Results

iy
o
o

Spec. activity (nmol/min/lO6 cells)
)

[ AL

GLNase GS GLDH AlaTA AspTA ME ACoAL

Figure 4.33: Specific activities of glutaminolytic enzymes a®@€oAL in influenza A
infected MDCK cells 9 hpi.

Cells were cultivated in six-well plates with GMEGIn to stationary phases and then either mock-
infected (white) or infected (grey) with human idhza A (H1IN1) in VMM at a MOI of 20. Error
bars: mean = SD of three biological replicates. Jtae symbol indicates a significant differencariro
control as determined by Student's t-test (p05).

Within the glutaminolytic pathway, the GLNase (:fb& change) and the ME (1.30-fold
change), which catalyzes the oxidative decarboyiabf malate to Pyr and the production
of NADPH, exerted significantly higher catalytic t&dies in influenza infected cells
compared to mock infection of MDCK cells. In additj the activity of ACoAL, which
physiological role is to activate acetate to ac€gA, was increased by 1.34-fold in infected

cells.

The fact that maximum enzyme activities in influernk infected MDCK cells were always
higher than in mock-infected cells suggests anagpiation of metabolic activities during
early virus replication (Figure 4.34). As mentioregdhe beginning of this chapter, the viable
cell density at time of infection was used for botmditions (mock- and influenza infection)
to avoid incorrect calculation of the cell-speciiszyme activities due to varying cell counts
post infection (see Figure 4.29). However, evahefcell densities slightly decreased 9 hpi in
this experiment (MOI of 20) and the calculatioreozyme activities was performed by using
lower cell numbers for the virus condition (commhte mock), the same tendency could be
expected with increased enzyme activities in irfed!DCK cells compared to mock-control

cells.
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Figure 4.34: Simplified scheme for a reaction network of thatca carbon metabolism of

adherent MDCK cells.

Enzymes up-regulated in influenza A (H1N1) infectedls are highlighted in blue. Enzymes shown
in green (MDH and PDH) were not affected by vimfgction but were included for clarity reasons.
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5 Discussion

Systems biology aims to tightly link mathematicabdrling with experimental approaches
for analysis, design and optimization of biologisgktems (e.g., cells, tissues, and organs).
Therefore, systems biology depends on high-comipatgberformance and sophisticated
software and, among others, on high-throughputn@lcigies for generation of high-quality
guantitative data. By following a systems biologypeach and to better understand the
mammalian cell metabolism, different analytical ggdures, such as the determination of
intracellular metabolite levels (Ritter, 2010; Ritet al., 2007), uptake and release of amino
acids (Genzel et al., 2004b) or enzyme activity sueaments (Neermann and Wagner, 1996)
could be combined to provide further informatioroabthe physiological status of a cell and
to create a full picture of a system’s behavioevaht for cell line and media optimization.
The basic strategy in the present work towards teebenderstanding of Gln and central
carbon metabolism of mammalian cells was to usetaof sensitive cycling assays for
measuring key metabolic enzyme activities in MDCHll under different cultivation
conditions. Previous studies focused, for example, the measurement of extra- and
intracellular metabolites or on metabolic flux misd@enzel et al., 2004b; Ritter et al., 2008;
Ritter et al., 2010; Sidorenko et al., 2008; Wahdle 2008), and made significant progress in
better understanding the central metabolism of matttédIDCK cells. Comprehensive data on
maximum enzyme activities in these cells grown urdiferent conditions are, however,

shown for the first time in this study.

The following discussion is divided into four magvarts. The first chapter (5.1) covers the
development of the assay platform for mammaliahscébllowed by a discussion of the
findings for the recombinant GK frof. farinosa (chapter 5.2)The third section examines
effects of different cultivation conditions on tmeaximum activity of central metabolic
enzymes in MDCK cells (chapter 5.3), and the foyrént focuses on the influence of an

influenza A virus infection on key metabolic enzyawivities in MDCK cells (chapter 5.4).

5.1 Development of an enzymatic assay platform for mamaiian

cells

A high-throughput platform established for plantis¢Gibon et al., 2004), which uses three
cycling systems for enzyme activity measuremen@P(GNAD", and NADP cycle), served

as a basis for the development of an enzymatig/gdatorm for mammalian cells. The main
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physiological difference between plant and mammalcells is that plant cells have
chloroplasts and a cell wall while mammalian celtéy have a cell membrane. Modifications
of the enzymatic assay platform taking this diffexe into account were therefore required in
sample preparation, i.e., cell culture samples werepared by quenching the cells
immediately after harvesting in liquid nitrogen aesgtracting under ultrasonic treatment.
Concentrations of various EB components, espeqgmabiyease inhibitors and detergents were
adapted to prevent enzymes of interest from degmadand to ensure the release of
membrane-bound enzymes. As a starting point foeshgation of enzyme activities of
central carbon metabolism of MDCK cells, 17 enzyassays for plant cells were adapted.
Most enzymes from plants differ substantially irithsubstrate affinity and pH optimum
compared to mammalian cell cultures. Thereforee ¢aad to be taken when adapting the
enzyme assays regarding the substrate and cowglimgne concentrations, as well as the pH
of the assay buffer. Additionally, the temperatopimum for enzyme activity measurements
in mammalian cells is higher (37 °C) than for plastls (room temperature). Analogous to
the existing cycling assays, 11 new assays wem@ledted and optimized for enzyme
reactions relevant in mammalian cell culture. A Bmamber of enzymes (e.g., PDH, PC)
could not be transferred to enzymatic cycling dughe high activity of LDH in mammalian
cell cultures (Neermann and Wagner, 1996). Thesynees were analyzed using direct
assays. One important key enzyme from the GIn mésab in mammalian cells is GLNase,
which produces Glu and ammonia from GIn. The aigtiof GLNase could not be analyzed
with the existing cycling systems. Several methtmddetermine the reaction product Glu are
based on the enzymatic recycling of the substr@te)( for example spectrophotometric
methods (Valero and Garcia-Carmona, 1998) or flen@toic methods (Chapman and Zhou,
1999). To avoid fluorometric analysis and to ussirailar approach as for the other 27
enzymes described here, a new GLNase assay wammgedewhich is based on substrate
cycling between GLDH and AspTA. It generates aruandating product (MTEg), which
absorbs light at 570 nm.

Although most of the enzyme assays presented snsthidy can easily be adapted to other
cell lines, care has to be taken when prepariniglaelextracts for enzyme analysis because
optimal dilution varies from enzyme to enzyme aivdaes can differ in magnitude (Table
4.3 and Table 4.5). Furthermore, it has to be pdirdut that linearity of assay (step 1, see
Figure 3.1) with time and cell/protein concentratiffirst order conditions) needs to be
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established for each cell line or tissue indepetiggeonfirmation with cell extract; see
chapter 4.1.2.3 and Table 4.3).

5.1.1 Development of 28 enzyme assays

All enzyme assays were validated according to thBl&3e assay. Aliquots of extracts were
incubated with the respective substrates for afitk@e period before stopping the reaction.
Afterwards the product concentration was determinetthe respective cycling assay. Tables
4.2 to 4.4 list enzymes for which assays were apesl based on the NAzycle, NADP
cycle, G3P cycle and Glu cycle, and summarize médion about the validation results. The
NAD™ and NADP cycling systems were used for the amplified quatitie determination of
low levels of NAD(H) or NADP'(H), respectively (Figure 4.9 A+B). The third suiasé
cycle was beneficial for the determination of lomaunts of G3P or DAP (Figure 4.9 C)
(Gibon et al., 2002). In this reaction scheme, @&3¢bntinuously interconverted into DAP by
means of G3POX and G3PDH working in opposite dioest Scouting experiments
indicated that the concentrations of substrateenp@l activators, coupling enzymes, ionic
conditions and pH values of the buffers used reduih maximum enzyme activities. For
example, ACoAL, an enzyme participating in Pyr rbetsm, was assayed using the
sensitive NAD cycle (Figure 4.9 A The enzyme catalyzes the formation of acetyl-CoA
from acetate, ATP and CoA. To feed acetyl-CoA itlte cycling assay, CS and MDH were
included in the assay mix as coupling enzymes ¢olyoze citrate and simultaneously reduce
NAD" to NADH. In principle, one molecule of NADH gentzd by ACOAL can catalyze the
production of many molecules of formazan dye beeauseach turn of the cycle, one
molecule of the tetrazolium salt MTT is reducedhe blue-colored compound (formazan).
As the enzyme has an absolute requirement foricantavalent cations and bivalent metal
ions, KCI and MgCJ were added, respectively (Londesborough and Webs874). The
enzyme activity was determined by subtracting tigaa “without substrate” (Mang from

the signal “with the complete assay mix”" () using a standard curve obtained with pure
NADH. It was important to treat all standards, darand samples in a uniform manner
throughout the assay, so that the cycling rate avbalthe same even when some components

(e.g., substrates, coupling enzymes) of the previbdeps might have affected the rate.

A small number of enzymes could not be adapteti¢ccycling systems and were therefore
analyzed using direct assays (Table 4.3). The arap enzyme PC catalyzes the reaction of
Pyr, ATP and C@to form OAA, ADP and phosphate. Unfortunately, Opfduction could
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not be determined in the presence of NADH and MQ@Hdtiowing the oxidation of NADH
because of the highly active LDH present in MDCHKnlogenates (Table 4.5). Therefore, the
formation of OAA was measured in the presence ofb@3ts reaction with acetyl-CoA,
which is also an allosteric activator of the enzyieapakdee and Wallace, 1999), to form
citrate and CoA. The CoA then reacted with DTNBdom a compound, which absorbs light
at 405 nm. Kinetic studies have shown that certamnovalent cations were effective
activators (Barden and Scrutton, 1974) and®Mgas an essential cofactor of the reaction
(Bais and Keech, 1972). Therefore, the potassium-fof the substrate HGQand MgC}
were added to the assay mix. To reduce the effestilastrate inhibition creatine phosphate
and CK were added to rapidly recycle consumed AM&QJure and Lardy, 1971). Unlike the
PC from rat liver (McClure et al., 1971), chickavel PC (Irias et al., 1969; Scrutton and
Utter, 1965) has been reported to be unstablevatdmperatures (0 to 15 °C). Reactivation
of enzyme activity and protection from cold inaation has been achieved by simply re-
warming the enzyme mixture and by the additionrafyene substrates to the sample buffer,
respectively (Irias et al., 1969). This effect wasified with crude extracts from MDCK cells
by extracting the cells at room temperature diyeatter cultivation compared to the standard
extraction at 4 °C after thawing the samples. Tk dtivity measurements showed no

significant difference with either extraction prdcee (data not shown).

The multienzyme complex PDH, consisting of thredalgdc enzymes (E1, pyruvate
decarboxylase, EC 1.2.4.1; E2, dihydrolipoyl traesalase EC 2.3.1.12; E3, dihydrolipoyl
dehydrogenase, EC 1.8.1.4) and two regulatory eagyfPDH kinase, EC 2.7.1.99;
PDH phosphatase, EC 3.1.3.43), catalyzes the dox@alecarboxylation of Pyr with
concomitant formation of acetyl-CoA (Butterworti98B). To measure PDH activity, the
NADH production of the enzyme complex was coupledtite reduction of MTT via
diaphorase as electron transfer mediator (Antioehial., 1997). The enzyme assay had an
absolute requirement for the cofactors NAROA and thiamine pyrophosphate, and MgCl
and Pyr (data not shown). Because PDH is regulajedcetyl-CoA feedback inhibition,
L-carnitine was added to the assay mix (Behal .et1893). Oxamate has been shown to act
as a potent competitive inhibitor of LDH and wasluded in order to obtain linear reaction
rates of the PDH (Chretien et al., 1995). The PD#&k wot inhibited by oxamate at the
concentrations present in the assay. The PDH platssé was stimulated by €and Mg*
ions to activate the E1 component of the PDH muityene complex (Severson et al., 1974).
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GS catalyzes the ATP-dependent amidation of Gl@ltoin the presence of divalent cations.
The first attempts to measure this “biosyntheti@ct®n” in crude cell extracts by coupling
the GS-induced production of ADP to G6P via an Addpendent HK fronPyrococcus
furiosus (Asahi Kasei, Tokyo, Japan) were not successfata(ehot shown). Typically, G6P
formation can easily be coupled via G6PDH to NADRHijch can then be analyzed using
the sensitive NADP cycling assay (Figure 4.9 B). However, the adtsitof other ATP-
utilizing enzymes, such as HK (see Table 4.5) orPAJes, in the crude extracts were
comparatively high and interfered with the measweaimof ADP from the GS reaction.
Therefore, GS was assayed by a procedure commealy for determining its activity. The
“synthetic reaction” involved the replacement of NBy hydroxylamine, and thgGH
formed in this reaction gave a characteristic colaction on addition of ferric chloride
(Wellner and Meister, 1966). Since GS was inhibitydADP, creatine phosphate and CK
were added to the assay mixture (Berl, 1966). Marmnactivity was attained, when the ratio
of Mg®* to ATP was about 2 (Rowe, 1985).

The activities of MDH, LDH, PGI and TPI were higimcaigh to measure the products
directly by oxidation or reduction of pyridine naeotides. All standard assays contained
optimized concentrations of substrates, activa{drsany) and coupling enzymes, ionic

conditions and pH values of the buffers. Activitiesre calculated from the rate of change of
absorbance within a linear range and appropriateciions were made by subtracting blank

rates (Miank from maximum rates (Way).

5.1.2 Advantages and disadvantages of enzymatic cyclingsays

The four sensitive enzymatic cycling systems of ésablished enzyme platform that were
applied to determine most enzyme activities of r@ntarbon metabolism in MDCK cell
extracts had a sensitivity limit between 0.025 @atdnmol product per well (Table 4.2). This
limit was in the same range as described for reutimreasurements in plant leaf extracts
(Gibon et al., 2004). Cell extracts could therefbee highly diluted, which (i) minimized
interferences from other components (enzymes, fipeor non-specific activators or
inhibitors) in the extract, (i) minimized over- énunderestimations of actual enzyme
activities as substrate concentration could be tamied at a near constant level (which, in
addition, minimized product inhibition), and (igllowed to detect low enzyme levels. Mid-
throughput was achieved by adapting the enzymeysigeaa 96-well microplate format and
by using electronic 8-channel pipettes allowing aperator to measure three to four
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different enzyme activities in 20 samples per wagkday including extraction, assay, and
calculation. Throughput can still be further in@ed by using 96-channel pipetting robots
(Gibon et al., 2004).

However, there are also potential disadvantagestag-time assays: (i) they are generally
more time-consuming (more pipetting steps) compat@ddirect assays, (i) volume

inaccuracies may be introduced, and (iii) progressses (enzymatic reactions) are not
monitored directly. Hence, it is important to chettlat the estimated rates are truly
proportional to enzyme concentration and time. lfmrhore, contaminating components
(e.g., pyridine nucleotides) in the cycling (stepse Figure 3.1) and pre-cycling reagents
(specific assay mix; step 1) can have a signifigaiitence on the cycling blank of, e.g., the
NAD(P)" cycle system, and thus, on the sensitivity linfitre method (Lowry, 1980). It is

therefore essential to treat all samples, standandsblanks in a uniform manner throughout
the assay, so that the cycling rate will be theesawen if several factors (e.g., temperature,

pH levels, substrates, and coupling enzymes) optbeious steps affect the rate.

5.1.3 Enzyme activities in confluent MDCK cells

As a first application of the established enzymatfpim for mammalian cells, maximum
activities (Mnay Of 28 central metabolic enzymes of confluentlpwgn MDCK cells in
GMEM-GIn and Episerf were investigated (Table 4ri &igure 4.10). ¥ax values set
theoretical upper limits to flux, and\x values obtainedn vitro can be expressed in the
same units as flux ratdés vivo. Therefore, determination of maximum enzyme aibtisi
(Vmax under optimal conditions vitro (equal to [k] X Kear Where [E] and kg are enzyme
concentration and turnover number, respectivelgesas a valid estimate of maximum flux
capacities through metabolic pathways (NewsholnieGuabtree, 1986; Suarez et al., 1997).
In combination with other data (e.g., intracellulanetabolite concentrations) and
physiological flux, these rates provide insightsoirenzyme function, and can be used
to determine how capacities correlate to physialagioads (Staples and Suarez, 1997,
Suarez et al., 1997).

Among the glycolytic enzymes, the measured actisitof HK, PFK and FBPA were
comparatively low in GMEM-GI (around 20 nmol/min/focells). Biochemical textbooks
describe the first enzyme in glycolysis (HK) to uge the entry of Gluc into the glycolytic
pathway. The PFK is known to catalyze a rate-limgjtstep in glycolysis and is regulated by

substrate inhibition at high ATP concentrations.obercome this inhibitory effect, PFK can
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be allosterically activated by high levels of AMRdafructose 2,6-bisphosphate (Muniyappa
et al., 1983; Sola et al., 1993). However, in MDCHIs the measured activities of PFK did
not seem to be a bottleneck in the glycolytic patyhwith a ratio of HK to PFK of about
1 and 0.4 in GMEM-GI{* and Episeff® respectively. For brain tumor cells this ratio is
described to be 0.1 to 0.9 (Lowry et al., 1983)tr&smthaler et al. (1999) showed a ratio
between 0.5 and 5 for renal epithelial cells, white HK/PFK ratio for mammalian
lymphocytes ranged between 0.5 and 1 (Ardawi anddielme, 1982; Newsholme et al.,
1986). The highest activities of glycolytic enzymedMDCK cells were found for PK and
LDH, which might be correlated with the high Laccestion during growth of continuous

cell lines (Haggstrom, 2000; Haggstrom et al., 3996

Although previous MFA studies have assumed thaflthethrough the oxidative branch of
the pentose phosphate pathway can be neglecteor€¢8lkd et al., 2008; Wahl et al., 2008),
the measured maximum activities of G6PDH and 6PGIibEl first and the third enzyme of
the oxidative shunt suggest that this route mightiroportant in the Gluc metabolism in
MDCK cells. Both enzymes supply NADPH for lipid andcleotide synthesis and were more
active than TK and TA (see Figure 4.10), which lga&athe non-oxidative reactions of the

pentose phosphate pathway.

The PC is described to be a major anaplerotic eazymwolved in the maintenance of the
TCA metabolite pool and is known to be post-tratisteal regulated (Crabtree et al., 1972,
Jitrapakdee and Wallace, 1999; McClure and Lar@y1). The entry of carbon from Pyr is
also regulated by the PDH complex. Both enzymevitiets measured in MDCK cells were

relatively low (<1 nmol/min/1cells).

The specific enzyme activity of NAD-ICDH was foumal be significantly lower than the
activity of FUM in MDCK cells. Taking into accoutihat PDH and PC activities were low
this might suggest that the metabolic activityhd# tight part of the TCA cycle was decreased
in MDCK cells and that most of the 2-OG suppliedtlie TCA cycle originated from Glu
rather than from Pyr entering the TCA cycle as @g8bA or OAA, respectively (truncated
TCA cycle, Figure 4.10). Flux studies in MDCK celgth GIn- and Pyr-containing medium
clearly suggested that Gluc was mainly metaboliziedglycolysis and the Pyr produced
excreted via Lac formation (Sidorenko et al., 208&hl et al., 2008). Only 2 % of the Gluc
uptake entered the TCA cycle, while GIn was takerby the cells at a rate of about 10 % of
the Gluc uptake rate. Therefore, as for other mammaells (Reitzer et al., 1979; Zielke et

al., 1984), the enzyme activity measurements aonflat GIn is the major carbon source
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refilling the TCA cycle of MDCK cells cultivated iIGMEM medium (Wahl et al., 2008;
Zielke et al., 1984).

The measured GLNase activity, the entrance enzyingdutaminolysis, was comparatively
low in MDCK cells grown in GMEM-GIn. This suggedtsat GLNase rather than GLDH and
AspTA regulated the glutaminolytic flux. Howevers #he activity of GLDH, as well as
AlaTA, was comparatively low, 2-OG might be supglilarough the transamination of Asp
via AspTA. Although, the transaminase pathway iscdéed to yield only 9 moles of ATP
per mole Gln, compared to 27 ATP for the GLDH pathwGlacken, 1988; Haggstrom,
2000), the relatively high AspTA activity measum@ehfirms the central role of this enzyme
in the malate-aspartate shuttle, which transfegh-bBnergy electrons produced during

glycolysis to the electron transport chain.

Theoretically, malate and citrate could leave tATcycle by the citrate/malate carrier to be
converted to Pyr and OAA via the ME or the CL, exdjvely (see Figure 4.10). The MDH
activity, which is not restricted to the mitochoidrwas found to be very high in MDCK
cells. Finally, the low specific activity of GS nsaed could reflect the fact that the
extracellular GIn concentration during growth in &GM-GIn was always above critical

levels.

Many of the measured maximum enzyme activities DQK cells during stationary growth
were higher under serum-free compared to serunagong conditions (Table 4.5).
However, it remains unclear if the different compoa of the different media
(Episerff GMEM-GIn), the absence of certain FSC conmgnmts, or cell stress from adaptation
(at least two passages) were responsible for treased enzyme activities under serum-free
conditions. Nevertheless, these findings give Malkiaclues concerning the flexibility of
cellular metabolism in response to substrate awditia and metabolic state. Together with
the higher activities observed during exponentralxgh compared to the stationary phase in
batch culture (Table 4.10), these results cleandlycate that the specific enzyme activities of
MDCK cells depend on culture conditions and chamgg the physiological state. This
flexibility of cells to adapt their metabolism tanpicular growth conditions was, for instance,
also described for a murine B-lymphocyte hybridqigzpatrick et al., 1993), and different
mammalian cell lines, insect and primary liver gfown in batch culture (Neermann and
Wagner, 1996).
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5.2 Production of Pichia farinosa glycerokinase: “missing enzyme”

for PK analysis in G3P cycling assay

When methods are used that rely on, e.g., speaitoptetric or fluorometric determination
of enzyme activity, most enzymes cannot be mordtalieectly. Often, one or more coupled
reactions are necessary to convert a reaction ptadiuhe enzyme under investigation into a
detectable metabolite. Therefore, a variety of tiagpenzymes were used in the assay
platform for mammalian cells to exploit all the leéits of the different cycling systems
(e.g., NAD" and G3P cycle). For example, MDH is an importamipting enzyme in the
application of the NAD cycle, as it can be used for the measuremenbofn$tance, CL and
CS activities by coupling the formation of OAA orafate to the production of NADor
NADH, respectively. The motivation for the prodacti of GK from P.farinosa in
recombinant yeast was threefold: (i) GK frétrfarinosa has the potential to use any NTP as
phosphate donor for the formation of G3P that ¢em tbe analyzed using the sensitive G3P
cycle, (i) this enzyme (or a GK with similar prapes) is not commercially available, and

(iif) it can be applied to measure the activity@fy., PK in MDCK cell extracts.

The nucleotide sequence of tB&JT1 gene coding for GK fror®. farinosa was successfully
cloned into a vector (pPIC3.5) for intracellulan@uction inP. pastoris. The integrity of the
construct was confirmed by restriction analysis &ydDNA sequencing. This expression
vector contains a ~0.9 kb fragment fré"®X1 composed of the 5’ promotor sequence and a
second AOX1-derived fragment with sequences required for trapson termination
(Cereghino and Cregg, 2000; Invitrogen, 2002a). Ghd1 gene for GK fromP. farinosa
was inserted into the MCS of pPIC3.5 between thmmptor and terminator sequences.
Highest expression levels can be reached whenistende between the start codon (ATG) of
the heterologous coding sequence and the positiotheoAOX1 ATG is small, which
corresponds to the first restriction siigafnHI) in pPIC3.5 (Cereghino and Cregg, 2000). In
this study, however, the coding sequence for GKnhfio farinosa was ligated downstream of
the BamHI site into Avrll—Notl restriction sites. Furthermore, the expressimelleould also
be increased by multiple integration of the expgmswector containing th&UT1 gene

sequence into the genomePipastoris (Clare et al., 1991).

The production of the recombinant GK was perforrae80 °C and pH 5 (dissolved oxygen
levels above 30 % of saturation) in a 5-L bioreactofed-batch mode. An exponential

feeding strategy was used in fed-batch culturechviallowed cells to grow at a constant
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growth rate (0.04 ). The recombinar®ichia cells were harvested after 73 h with a specific
activity of the Hig-tagged GK of about 5 U/mg cellular protein. Whka tells were grown
under the same conditions but at higher growthsrtg, = 0.06 K%, no significant increase
in the specific GK activity could be achieved (datd shown). Furthermore, a glycerin fed-
batch prior to the induction phase with methanaos wiaown to be beneficial for the yield of
different heterologous proteins (Bahrami et alQ&0Chiruvolu et al., 1997), but did also not
result in an increased production of Hiagged GK inP. pastoris (data not shown).
However, the specific GK activity under the cultiea conditions used in this study could be
doubled (~10 U/mg cellular protein) by simply hastieg the cells at an earlier time point of
approximately 65 h (see Figure 4.14). Finally, tmee of different pH values and/or
temperatures during the cultivation process cowdeha positive effect on the production
yield of recombinant Histagged GK. For example, Li et al. (1999) showeat the yield of
biologically active herring antifreeze protein eagsed at 23 °C increased about 10 times in
P. pastoris compared to the expression at 30 °C after 4 dagslture. The authors suggested
that the increase in the expression level of thiglpct resulted from better protein folding at
a lower temperature and from a higher viabilityPodhia cells during the cultivation at 23 °C
(Li et al., 2001). The optimum pH for experimentatiand for stability of recombinant
proteins inP. pastoris is described to be in the range of 2.8 to 6.5¢8ishna et al., 1997).
However, the pH optimum for expression of recombirfeookworm Ancylostoma caninum)
anticoagulant peptide iR. pastoris was found at pH 7 and the lowest peptide prodactio
occurred between pH 4 and 5 (Inan et al., 1999at The level of expressed protein is
affected strongly by the pH of the culture mediurasvalso shown by Zhu et al. (1995).
During the entire methanol induction phase of reoo@nt P. pastoris in shake flasks,
significantly higher activity levels of coffee beargalactosidase were observed at a pH of
5.5 and 6.5 compared to pH 7.5. However, the phihmaph for the stability of recombinant
a-galactosidase activity in the bioreactor culturgpesnatent was found to be at 4.5
(Zhu et al., 1995).

The purification of the produced Hitagged GK inP. pastoris (final activity of ~200 U/mg
protein) was performed in three steps: i) cellufgion (high pressure homogenizer) followed
by clarification of the crude cell extract by cefutgation and filtration at 4 °C, ii) nickel
affinity chromatography, and iii) anion exchangearhatography at room temperature (see
chapter 4.2.3). The third purification step wasdseeto obtain an almost homogeneous

preparation of Histagged GK for the subsequent biochemical chariaetesn of this
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recombinant enzyme, as other proteins from the ecruell-free extract (mainly a
mitochondrial ADH fromP. pastoris) coeluted from the affinity column (see Figured.1
The extraction was optimized with respect to thdrastion conditions (e.g., buffer
composition, temperature) and the chromatograpfucgsses were performed with different
buffer concentrations, washing steps and elutiasfilps to find the optimal purification
strategy for this enzyme (data not shown). Howeadurther improvement in yield could be
expected by performing the chromatographic rureslatver temperature (in a cold room), as
the GK fromP. farinosa was shown to loose its activity faster over timec@m temperature

than at, e.g., 4 °C in the respective purificatoiffer (data not shown).

5.2.1 Biochemical characterization of glycerokinase

The pH optimum of the purified Higagged GK fromP. farinosa of 7 was similar to the
optimal values reported in studies drypanosoma brucei (Krakow and Wang, 1990), and
Debaryomyces hansenii (Nilsson et al., 1989). However, an unusual behawas found for
GK from larvae of Culex pipiens fatigans, which showed pH optima at 7 and 10
(Ramabrahmam and Subrahmanyam, 1983). A relatibégjn pH optimum was also
observed for GK from chicken liver (pH 10) (Rao atwli, 1977). The optimum temperature
for the enzymatic activity was about 45 °C. Presiatudies indicated that the temperature
optimum ranged from 25 to 80 °C for GK from diffetespecies (Hayashi and Lin, 1967,
Koga et al., 1998; Pasteris and de Saad, 1998).

Michaelis-Menten and Lineweaver-Burk plots were egated from initial velocity studies
of P. farinosa GK with ATP, UTP, ITP, CTP, and GTP in the forwardirection
(glycerol + ATP -> G3P + ADP) to calculate the kinetic parameterse Ky, value of
P. farinosa GK for ATP was generally higher than those of oiG&s. While the kg,atp was
estimated to be 428M, the enzymes fronPyrococcus kodakaraensis, T. brucei, and
Pediococcus pentosaceus had values ranging from 15 to 3idM for ATP (Koga et al., 1998;
Krakow and Wang, 1990; Pasteris and de Saad, 1®s}jides, the GK fronk. coli
(Novotny et al., 1985),Haemophilius influenzae (Pawlyk and Pettigrew, 2001) and
Salmonella typhimurium (Novotny et al., 1985) exhibited negative coopeiigt The
respective k; values were reported to be g®, 45 uM and 250uM at low concentrations of
ATP, and 0.9 mM, 2.5 mM and 0.9 mM at high ATP camtcations. As expected, GK from
P. farinosa could also utilize other NTPs for glycerol phospfation, which was checked by

the formation of G3P. ATP was shown to be the reffgtient phosphoryl group donor of the
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tested NTPs (Table 4.7). Other species that shovegalytic GK activity with different
phosphate donors includgandida mycoderma (Janson and Cleland, 197#),kodakaraensis
(Koga et al., 1998), cucumber radicle tissue (Sadawd Moore, 1987)X. pipiens fatigans
(Ramabrahmam and Subrahmanyam, 1983), and chislar(Rao and Kou, 1977), whereas
the enzyme fronk. coli was shown to be specific for ATP only (Hayashi ama 1967).
Furthermore, a remarkable behavior of the GK frienfiarinosa was found in the relation
between the reaction velocity and GTP, UTP or C®Rcentration at saturating glycerol.
When the activity was measured over a wide rangeTdé? concentrations (0 to 10 mM), the
double reciprocal plots were biphasic (Figure 4.2@)ich suggested that the enzyme from

P. farinosa exhibited negative cooperativity with respect foRGUTP and CTP.

5.2.2 Use of the recombinant glycerokinase as a couplirenzyme

After the production, purification and charactetiaa processes, the recombinant is
tagged GK fronP. farinosa was successfully applied as a coupling enzymeesterthine the
specific activity of PK in extracts of MDCK celldNo significant differences in the
determination of the specific activities of PK wdoaind when the recombinant GK was
compared to a bacterial GK frofa. coli, which demonstrated good performance as a
coupling enzyme for the PK assay. In principle, &ify° could be coupled to G3P formation
by GK fromP. farinosa, as this enzyme was not specific for ATP. For eplamGibon et al.
(2004) described an assay for ADP-glucose pyrogimstase (AGPase, EC 2.7.7.27)
activity in the reverse direction by measuring #8-dependent production of ATP from
ADP-glucose. Therefore, the UTP-producing enzymdscoge-1l-phosphate uridylyl-
transferase (UDP-Glc PPase) (EC 2.7.7.9) and gaect-phosphate uridylyltransferase
(UDP-Gal PPase) (EC 2.7.7.10) could be assayeceteyrdining the amount of UTP formed
from UDP-glucose and UDP-galactose, respectivelyprevious studies, determination of
UDP-Glc PPase and UDP-Gal PPase activities wergedarout with an excess of
phosphoglucomutase (EC 5.4.2.2) and G6PDH (EC .49).{Turnquist et al., 1974) or PGK
(EC 2.7.2.3) and GAPDH (EC 1.2.1.12) (Chacko et1#72) as auxiliary enzymes. Hence,
the use of GK as the only coupling enzyme couldo$ifgnthe assays for UDP-Glc PPase and
UDP-Gal PPase, and in combination with the G3Pimgchssay (Gibon et al., 2002)
sensitivity could be increased significantly.
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5.3 Effect of different cultivation conditions on central metabolic

enzymes in MDCK cells

The motivation for analyzing maximum enzyme acigtof adherent MDCK cells under
different cultivation conditions was to improve thenderstanding of Gluc and Gin

metabolism as well as substrate requirements dgmogth in batch culture. In a previously
published report (Genzel et al.,, 2005), it was ghdhat different mammalian cell lines
(MDCK, BHK21, CHO-K1) can be cultivated in GIn-freeedia when Pyr was added to the
culture medium. During growth of adherent MDCK satht GMEM-Pyr, an apparent shift to
a more efficient metabolism was observed, i.e., amomonia was released and Gluc
consumption and Lac production were reduced sicamtly. Sidorenko et al. (2008) applied
MFA to adherent MDCK cells in microcarrier cultuduring different growth phases

(exponential and stationary) to further investigéte influence of Pyr substitution on
metabolism. It was suggested from flux distribusidghat metabolism of MDCK cells during

exponential growth did not change dramatically wRgn was substituted for GIn. However,
it seemed that the consumption of ATP in futilelegc(e.g., glucose-fatty acid cycle) was
significantly reduced and more Pyr entered the TE&ale, whereas most of the Gluc
consumed was excreted as Lac leading to a reducdfiahe Gluc uptake necessary for
cellular metabolism in Gin-free but Pyr-containif@MEM medium. Based on the

assumption that a significant fraction of the coned Pyr enters the TCA cycle, the
activities of PDH and PC (key enzymes connectiregglycolysis with the TCA cycle), and

GS (catalyzing the synthesis of GIn from Glu) skloble up-regulated in GMEM-Pyr.

Therefore, the influence of Gln substitution by Ryr central metabolic enzymes will be

discussed in more detail in the following two cleapt(5.3.1 and 5.3.2).

In this study, the specific enzyme activities of MR cells were related to the viable cell
number per well at time of harvest, which increagemn 1.0-1.5 x 10 cells/well after
~2 days of growth (exponential phase) to 3.5-410%cells/well after ~5 days (stationary) in
six-well plates in GMEM-GIn and GMEM-Pyr (see Figut.21 and Figure 4.24). However,
the biomass/cellular protein concentration per wieltreased from ~0.7 (2 days) to about
0.6 mg/well (=5 days) in GMEM-GIn (Figure 4.24).cibuld also be shown that the cellular
volume of adherent MDCK cells changed during growtlsix-well plates in GMEM-GIn
(Ritter, 2010). Cellular volumes were highest dgriexponential growth (average cell

diameter of about 20 um) and lowest values wereaiodd in the stationary phase (~16 pum).
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Different results could therefore be expected wthenenzyme activities were related to the
biomass and not to the viable cell number (as is gtudy). Higher protein-specific enzyme
activities of central metabolism would likely betained in adherent MDCK cells of the
stationary growth phase compared to exponentiat¢eltalls. This should be considered in
future studies on enzyme activity measurements ammalian cell cultures at different

growth stages.

5.3.1 Glucose metabolism

Gluc is used by almost all mammalian cell lines detl functioning and cell proliferation
since it provides a source of ATP and NADPH as wasllphospholipid and nucleic acid
precursors (Newsholme et al.,, 2003). The first stépthe glycolytic pathway is the
conversion of Gluc to G6P, catalyzed by HK. It bagn previously suggested that HK plays
an important role for adjusting the glycolytic ratemost continuous cell lines (Neermann
and Wagner, 1996). When examining the metabolisnrarisformed mammalian cells,
continuous insect cells and primary liver cellseNeann & Wagner (1996) found relatively
high PK/HK ratios (49 to 106) in mammalian celldsy The PK/HK ratios measured in this
study were in a similar range as for other mammati! lines (39 to 87, depending on the
cultivation condition/physiological state of thellgeFitzpatrick et al. (1993) also found a
high PK/HK ratio between 26 and 560 for a murineéridoma cell line. On the other hand,
insect and primary cells with PK/HK ratios of 416 exhibited a more balanced glycolytic
activity, which indicates better regulatory capgileis (Neermann and Wagner, 1996). When
adherent MDCK cells were grown in GMEM-Pyr, theleelonsumed less Gluc and released
less Lac into the culture supernatant with simgaywth behaviors (see Genzel et al., 2005;
compare also Figure 4.21 to Figure 4.23). It waggseated that the inhibition of Gluc
consumption upon Pyr supplementation may eventuaflgct a feedback controlling effect
on the activity of glycolytic enzymes (Genzel et, &#005; Hassell and Butler, 1990).
Sidorenko et al. (2008) then proposed from expertaledata and calculated flux
distributions that the fluxes through the glycatytpathway were decreased with Pyr.
However, this did not correspond to the decreaddKnactivity in exponential-phase cells
(2 d of growth) grown with Pyr. The HK activity wasgher in GMEM-PyF® compared to
GMEM-GIn®®, Although the activity of HK then decreased intistaary-phase cells (5 d of
growth) and was lower in GMEM-PY compared to GMEM-GHf* the reduced uptake rate
of Gluc by the cells grown with Pyr might not bep&ined solely by a change in activity of

HK. A similar effect was observed in a recent stbgyCarinhas et al. (2010) where insect
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cells were infected with baculovirus. When the utds were supplemented with 12 mM Pyr
at the time of infection, the overall activity dfet glycolytic pathway was peaking during the
initial phase of infection (until 48 to 72 h postaction) when compared to control cultures
(without Pyr). During the second phase (from 4& 2ohpi), the estimated glycolytic fluxes
were smaller. This effect, however, disappeareti witreasing Pyr concentrations (24 mM)
and the glycolytic fluxes were then generally seratlompared to the control. Therefore, the
initial amount of Pyr present in the medium wa®ljkto be responsible for the change in
glycolytic fluxes during different states of inseetls. According to the enzyme activity data
in this study, this may eventually be an indicatibat the glycolytic pathway is more likely
regulated via the key regulatory enzyme of glyaglyRFK, and not HK in adherent MDCK
cells. In particular, as the maximum catalyticatyiof PFK did not change during growth in
either medium and was generally lower than thevigtof HK in exponentially growing
MDCK cells (Table 4.10).

G6P from Gluc and ATP can serve as a substrat&®DH (pentose phosphate pathway).
Alternatively, it can be further metabolized to FPygr entry into the TCA cycle or for release
into the medium as Lac. G6PDH and 6PGDH, whichlgag¢athe first and third reaction of
the pentose phosphate pathway, are important erzyagelating the biosynthesis of nucleic
acid precursors (R5P) and the supply of reducingvedents in form of NADPH (Stryer,
1995). Previous work has shown that the pentosepitadte shunt and G6PDH in particular
were activated by addition of growth factors (Stanand Seifter, 1988; Stanton et al., 1991).
When comparing the maximum pentose phosphate pgwttagévities of exponentially
growing MDCK cells in response to Pyr, it seems tm@re G6P was channeled into the
oxidative branch of the pathway suggesting thatemNADPH is required. In dividing
glioblastoma cells, the NADPH production neededfétty acid synthesis was shown to be
supported by GIn metabolism via the ME (DeBeragliei al., 2007). However, the ME
activity was decreased in MDCK cells grown in medliwithout GIn indicating a decreased
potential for regeneration of NADPH. It can be ased from the enzyme activity results that
the G6PDH reaction possibly compensated for the RBMDrequirements of fatty acid
synthesis in proliferating MDCK cells grown with G@W-Pyr in which extracellular GIn
was not available. These findings, however, areantrast to the zero flux assumption
through the oxidative branch of the pentose phdsppathway in the study by Sidorenko et
al. (2008). Additionally, the flux through the nomidative branch of this pathway was

described to be low with a similar value in bothdme Isotopomer labeling experiments
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could be used in the laboratory of the Bioprocesgifieering group to further investigate

these findings.

An option to decrease the yield coefficient of Lpmduced per Gluc (Xgud IS by
stimulation of the PDH and/or PC reaction. Iranakt(1999) demonstrated that BHK cells
harboring a cytosolic yeast PC required less Ghet @In than untransfected cells. Thus, an
increase in the PC activity resulted in a morecgffit Gluc metabolism and reduced Lac
production as Pyr was shunted directly into the TEGAle. Neermann & Wagner (1996)
could not detect any PDH or PC activity in theimexned mammalian cell lines, whereas
activity was found in continuous insect cells adlvas primary liver cells, which possibly
could explain the higher flux of Gluc metabolitegoi the TCA cycle in these cells. For
MDCK cells, Sidorenko et al. (2008) assumed thatfthx through the anaplerotic enzyme
PC was zero for both cultivation conditions (Glmtaning as well as Pyr-containing
medium). The flux through the PDH pathway was getetro in GIn-containing medium only,
whereas a significant increase was assumed fofflthsvith Pyr. The anaplerotic role was
suggested to be fulfilled by a mitochondrial ME @ied in the direction of malate. In this
study, both enzymes PDH and PC were detected, uglthavith very low activities.
Furthermore, both enzymes seemed to be up-regulat&dIEM-Pyr, which was indicated

by an increase in maximum activities compared to-€ntaining conditions.

For adherent MDCK cells grown with Pyr-containingara, no decrease inayguc could be
observed although less Gluc was taken up (Genzdl,62005). MFA studies suggested that
even when GIn was substituted by Pyr, only a smaition of Gluc-derived carbon was
oxidized in the TCA cycle (Sidorenko et al., 2008ahl et al., 2008). More than 98 % of
Gluc seemed to be secreted as Lac in the cultutkume In fact, it was assumed that only
extracellular Pyr was taken up by the cell and diasctly shunted into the TCA cycle. As
mentioned above, the respective enzymes involved raost likely PDH and PC. A
significant fraction of carbon units in TCA cyclatérmediates could then be used to
synthesize GIn as shown by a significant increa9¢AD-ICDH and GS activity under Pyr-
containing conditions. However, if there was arréase in the flux through the right part of
the TCA cycle, and if the increase in enzyme aiitisi was most likely required to
compensate for the energy demand and to replehishGin pool during growth of the
MDCK cells remains to be investigated. In the @éhdse hypotheses can only be validated by
further research usingC-labeled substrates, such as L}{8]GIn and D-[1,6**C,]Gluc, and

analyzing the isotopomer distribution data (DeBdiras et al., 2007). However, studies with
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labeled substrates and the analysis of isotoponstribditions of the central metabolic
metabolites are generally much more complex ane@-tonsuming compared to enzyme

activity measurements.

5.3.2 Glutamine metabolism

GIn is an important precursor for the synthesipatides and proteins, amino sugars as well
as nucleic acids and nucleotides. Furthermore,i$skmown to be the major energy source
refilling the TCA cycle of mammalian cells cultieat in GIn-containing media (DeBerardinis
et al., 2008; Newsholme et al., 2003; Reitzer et1879; Wahl et al., 2008; Zielke et al.,
1984). The immediate product of glutaminolysis isi,Gvhich is catalyzed by GLNase, an
enzyme associated with the mitochondria (Kvammal.et2000). The observed maximum
enzyme activity of GLNase of exponential-phase MDG#Is was similar in GMEM-GIn
and GMEM-Pyr medium. In stationary-phase cells, éwav, the activities were clearly
decreased by 2.07-fold and 4.67-fold in both meBivdalian et al. (1980) found similar
results for cultured human diploid fibroblasts. TB&Nase activity reached its maximum
after two days of growth independently of the Glmeentration (0.2 to 2.0 mM) and
decreased once the cells reached confluency. Thepfélduced can either enter the TCA
cycle as 2-OG or serve as a substrate for anapatlovays (e.g., amino acid biosynthesis).
Generated ammonia, which is known to be a primaowyth inhibitor in adherent cells, is
released into the culture medium (Glacken et &86). However, no ammonia release was
observed for MDCK cells grown under Pyr-containgonditions (Genzel et al., 2005). This

is most likely due to the absence of GIn in théuwel medium.

In cultures grown in media devoid of GIn, GIn i®guced from Glu and NH by the action
of GS, a key enzyme in nitrogen metabolism supplyire cells with GIn needed for protein
synthesis (McDermott and Butler, 1993; Sanders \atildon, 1984). This finding was also
demonstrated by label incorporation’d from *NH,CI into the amide position of GIn in
CHO cells expressing high levels of GS (Street let 093). Data of enzyme activity
measurements showed that the GlIn limitation in MDCHKls under Pyr-containing
conditions was overcome with an increase in thaviacof GS (compared to GMEM-GIn).
Similar findings were reported for CHO and BHK sellhen the GIn concentration in the
medium was decreased or the medium was supplemenmittd Glu instead of Gin,
respectively (Christie and Butler, 1999; Sanfeld &tephanopoulos, 1999).
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As mentioned above, the right part of the citricdarycle seemed to be up-regulated under
Pyr-containing conditions. Especially, there wasgaificant increase in cell-specific activity
of PC, PDH, NAD-ICDH, GLDH, and GS in proliferatifdDCK cells cultivated with Pyr.
Furthermore, the activities of AspTA, AlaTA, ME aEPCK decreased in MDCK cells
from the exponential growth phase. Ardawi & Newshel(1982) have suggested that the
conversion of OAA to PEP via PEPCK is part of tlaghgvay for GIn oxidation. By using an
inhibitor of PEPCK (3-mercaptopicolinate), the aarth could confirm the participation of
this enzyme in the oxidation of GIn in lymphocytésrdawi and Newsholme, 1983).
Together with the decreased GLNase activity in@tary-phase MDCK cells, this is a strong
indicator of a decreased GIn metabolism in theges of Pyr. Previous studies using flux
analysis (DeBerardinis et al., 2007; Street et1893) and enzyme activity measurements
(Neermann and Wagner, 1996; Vriezen and van Diked98a) suggested that the
transaminase pathway is the main pathway in mamamatell lines for Gin utilization,
although only 9 moles of ATP are produced comparcedhe GLDH pathway yielding
27 ATP (Glacken, 1988; Haggstrom, 2000). As presfipsuggested, AspTA seems to be the
major enzyme in MDCK cell metabolism with AlaTA atclearly lower level (Table 4.5).
Genzel et al. (2005) observed for extracellular édacentrations a slight (not significant)
decrease (10 %) during growth of the cells in Rymtaining medium. Moreover, the authors
found even a slight decrease in Amm concentrationng cell growth in Pyr-containing
medium, which was also observed during growth xaveell plates (Figure 4.23 B). In this
study, a decrease in the activity of AlaTA was see@MEM-Pyr. The decrease in AlaTA
activity in the presence of Pyr and during cellvgito suggested that the AlaTA route may be
an important pathway in glutaminolysis of MDCK eellFinally, the activity of GLDH
slightly increased in exponentially growing cellBhis enzyme can catalyze the reverse
reactionin vivo (2-OG + NADH + NH' = Glu + NAD" + H,0), which has been observed,
for example, in hybridoma cells stressed with higincentrations of extracellular ammonia
(Bonarius et al., 1998). This could therefore lstrang indication that the GLDH route was
used for GIn synthesis in MDCK cells grown with Pyr

It is evident from several studies on metabolismanimal cells that changes in enzyme
activities highlight metabolic changes (Fitzpatrigkal., 1993; Leveille and Hanson, 1966;
Neermann and Wagner, 1996; Segner and Verreth,; M@®ven and van Dijken, 1998a;

Yallop et al., 2003). It is, however, worth mentimgthat although change in enzyme activity

is mostly represented by change in the total amotiah enzyme, catalytic activity can also
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be altered by allosteric effectors that, for ins@nchange the substrate affinity{Kof the
enzyme. Interestingly, this study shows that mastymes in the affected pathways are
coordinately up- or down-regulated. These corrdlatkanges are in agreement with the
proposed “multisite-modulation” mechanism of Fell Baomas (1995), which states that
large changes in metabolic flux can only be atthibg parallel changes in activity of many
or all of the enzymes in a pathway. To which exfént changes in this cell system can be
predicted by using enzyme activity information aofwithout any knowledge on enzyme
kinetics and intracellular metabolite concentragjoremains to be explored in future studies.
However, a recent study by Rossell et al. (2015cdees a method for the construction of
mathematical functions in which flux changes coblkl predicted solely on the basis of
changes in total amounts of enzymes/enzyme coratemts. The approach was based on
“Metabolic Control Analysis”, which defines a flugontrol coefficient to provide a
guantitative estimation of control of the flux thgh a pathway exerted by an enzyme (Fell,
1998). The validity of the methodology was checkedsilico by using a multi-branched
kinetic model andn vivo by using enzyme activity and flux measurementghefglycolytic
and fermentative pathways loctococcus lactis.

In vitro maximum enzyme activities can only be used asxifidicator by investigating the
relative activity changes under specific conditiamsl serve as a valid measure of maximum
flux capacities through metabolic pathways (Newsteolnd Crabtree, 1986; Suarez et al.,
1997). But the actuah vivo flux and the direction of flux through a pathwagnoot be
inferred. As mentioned above, for example, the fllaough GLDH was reversed in
ammonia-stressed hybridoma cells (Bonarius etl@P8). Therefore, additional future flux
analysis studies usingN and*C labeled nutrients would be useful to clarify soaiehe
open questions (DeBerardinis et al., 2007; Martenet al., 1998; Metallo et al., 2009; Street
et al., 1993). For cells grown with Pyr-containingedium it would be interesting, for
instance, to investigate the metabolic fluxes tglothe glycolysis and the TCA cycle with
labeled Gluc and Pyr, respectively. Together with €énzyme activity data and extra- and
intracellular metabolite concentrations (Genzelakt 2004b; Ritter et al., 2008), this
approach may lead to a more comprehensive view efalmolism and show how the
extracellular Pyr is distributed, and clarify whetlthe substrate indeed passes the GLDH
pathway for GIn synthesis in MDCK cells. Finally, cambination of the methods will
provide a sound basis for establishing detailedadyn mathematical models to analyze key
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parts of cellular metabolism and, therefore, cbuote significantly towards a systems

biology understanding of mammalian cells cultivafi@dproduction of biologicals.

5.4 Influence of influenza virus infection on key metablic enzyme

activities in MDCK cells

The motivation to measure the activity of 28 enzgriet are involved in central carbon and
GIn metabolism in influenza A infected MDCK cellsmes from recent studies that showed
changes in metabolic activity (e.g., altered fatgid biosynthesis and cholesterol
metabolism) during viral replication in differen¢lts (Heaton et al., 2010; Lin et al., 2010;
Munger et al., 2008). Up to now, only few studiemvdr described the effects of virus
infection on the central carbon metabolism (emfracellular metabolite concentrations) of
host cells (Hollenbaugh et al., 2011; Munger et2006; Ritter et al., 2010). Like all viruses,
influenza relies on the host’'s metabolic networkprovide energy and macromolecular
precursors for viral replication. Influenza virudasd from the apical host plasma membrane
with an envelope containing lipid rafts, which amnriched in cholesterol and
glycosphingolipids (Gerl et al., 2012; Nayak et, #009; Rossman and Lamb, 2011;
Scheiffele et al., 1999; Zhang et al., 2000). Ayvegcent study by Gerl et al. (2012) who
guantitatively analyzed the lipidomes of the infiaa virus envelope and the MDCK cell
apical membrane, confirmed these results. The autfound the apical membrane to be
enriched in sphingolipids and cholesterol, and treis membrane exhibited a further

enrichment of sphingolipids and cholesterol comgdoethe host cell membrane.

When analyzing the effect of influenza A virus ictien at a MOI of 20 on enzyme activities
of the central carbon metabolism of MDCK cells, 1928 enzymes were found to be up-
regulated compared to the control group 9 hpi (Fegu30 to Figure 4.33). The high MOI
was used to ensure simultaneous infection of esltsfor comparison with previous data on
intracellular metabolite concentrations in the gtbg Ritter et al. (2010). At the time post-
infection (9 hpi) when the cells were harvestedy keetabolic enzyme activities were
analyzed in virus and mock-infected MDCK cells. &lzyme of the glycolytic pathway was
increased during early virus infection in adher®2CK cells compared to mock-infected
cells (see Figure 4.30). This is in agreement Withfindings by Ritter et al. (2010) who also
could not find an effect of influenza A infectiom sntracellular metabolite concentrations of

infected MDCK cells during the first 10 to 12 hgithe same culture conditions. However,
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after 12 hpi intracellular metabolite concentrasioof the upper part of glycolysis were

significantly increased.

Other studies also found an increase of glycolgisisng virus infection. It has to be pointed
out that the kinetics of viral replication may eiffsignificantly between different viruses and
host cells. For example, viral DNA replication irfCMV infected fibroblasts begins between
24 and 48 hpi, and highest virus yields are expeefter 72 to 96 hpi (Furukawa et al.,
1973). However, large changes in metabolite comagans in MRC-5 fibroblasts infected
with HCMV at a MOI of 3 appeared after 48 hpi (Mengt al., 2006). HCMV is a medically
relevant herpesvirus, which also contains a hoste® lipid envelope. Furthermore,
transcript levels for PFK and PDH were found tarmeased in HCMV infected cells at 24,
48 and 72 hpi. In a subsequent study, metabolicghofiling using [°C]Gluc of uninfected
and virally infected cells then revealed that theagjytic flux increased approximately 2-fold
in HCMV infected MRC-5 fibroblasts after 48 hpi (Mger et al., 2008). For BHK21 cell
cultures infected with rubella virus at a high M@110 to 20, the first increase in total virus
titer was found at 12 hpi and maximal titers werached between 36 to 48 hpi, after which
the cells began to detach from the surface (VaretiCristofalo, 1967). The first evidence of
an increased aerobic glycolytic rate occurred betw24 and 36 hpi in rubella infected
BHK21 cells. Enveloped viruses therefore seem itmudate aspects of the glycolytic
pathway. However, virus induced alteration of glys in these cells occurred only during

late virus infection.

One hypothesis for the increased metabolic loadnduate stages of infection might be
related to the onset of apoptosis in influenzaadtefe cells (Lowy, 2003). As a result of
programmed cell death, mitochondria undergo peritieafion processes that cause the
release of metabolites and the stop of cellulgsiraBon. The cells therefore seem to respond
with an increase in glycolytic rate to compensatetlie energy requirements. Furthermore, it
could be shown that the energy charge (([ATP] +[ARP]) / (JATP] + [ADP] + [AMP]))
dropped below physiological levels (<0.9) in infhza infected MDCK cells as well as in
reovirus infected Vero cells, indicating the breakd of metabolism after virus infection
(Burgener et al., 2006; Ritter et al., 2008; Ridgeal., 2010).

In contrast to glycolysis, the specific enzyme \atés of PC, CS, CL, and NAD-ICDH,
which are related to the TCA cycle were increasemfluenza infected MDCK cells during
early virus infection (Figure 4.31). Among theseynes, the PC showed the highest change
in maximum specific activity (1.69-fold change). eTiPC catalyzes the ATP-dependent
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carboxylation of Pyr to OAA, which is an importaataplerotic reaction within the central
carbon metabolism of mammalian cells, replenistinggpools of metabolic intermediates in
the TCA cycle. Munger et al. (2008) also found gmregulation of the flux for the
anaplerotic pathway for formation of four-carbonitsirby ~4-fold from Pyr to OAA in
HMCYV infected cells after 48 hpi. Moreover, the @lso showed a significantly increased
activity in influenza infected MDCK cells (1.34-tbchange). Subsequent to the transport of
mitochondrial citrate into the cytosol (via therate/malate shuttle), citrate is cleaved by
ATP-dependent CL to yield acetyl-CoA and OAA. OAAncthen be transported back into
the mitochondria as malate (via MDH and the shutiistem). Malate can also be
decarboxylated to form Pyr and NADPH (via ME), wehdytosolic acetyl-CoA can be used
to feedde novo biosynthesis of fatty acids and cholesterol. As\tie@ed above, assembly
and budding of influenza particles is organizetipid raft domains in the cellular membrane
of the host. In addition to the increased activafyCL, an up-regulation was observed for
ACOAL (Figure 4.33), which also produces acetyl-O@A P-dependent reaction) that can be
used for energy production (mitochondrial) or lipad cholesterol synthesis (cytosolic)
(Luong et al., 2000; Starai and Escalante-Seme20G4). For example, studies with L929
cells showed that-fC]acetate was incorporated into cell lipids whes ¢hltures were grown
in serum-containing medium devoid of exogenougds$piHoward et al., 1974). A dramatic
increase in intracellular acetyl-CoA concentratiomas observed when fibroblasts were
infected with HCMV and flux studies usirtgC-labeled Gluc and Gln showed that the efflux
of two-carbon units to fatty acid biosynthesis ffra@itrate to malonyl-CoA, which is an
intermediate in fatty acid synthesis) was up-reigagMunger et al., 2006; Munger et al.,
2008). The requirement of fatty acid biosynthesisvirus replication was also identified in
[**Clacetate-pulsed human embryonic lung cells infeetith dengue virus (Heaton et al.,
2010). Unfortunately, no data of intracellular 3t€0A concentrations are available for
influenza infected MDCK cells (Ritter et al., 2010Mowever, the increased citrate
concentrations after 10 hpi in virally infectedIsg¢bgether with the measured increase in CL
and ACOAL activities may be a strong indication &ovirus-induced activation/up-regulation
of the fatty acid biosynthetic pathway. This hypesis is supported by a recent study, which
employed GC/MS for analysis of the dynamic courigsinfluenza A virus infection in
different cell lines (Lin et al.,, 2010). The authdiound that endogenous metabolites of
cholesterol and fatty acids differed in influenz#fected A549 and AGS cells, which
indicated an altered cholesterol metabolism artgt &atid biosynthesis upon virus infection in

these cell lines.
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Fatty acid and cholesterol biosynthesis not onbuie sufficient concentrations of acetyl-
CoA but also NADPH as reducing equivalent. The oguy power can be supplied from the
reactions of the first and the third enzyme of pemtose phosphate pathway, G6PDH and
6PGDH. These enzymes were both up-regulated tongasidegree during early influenza
infection of MDCK cells in this study (Figure 4.3Besides, G6PDH and 6PGDH indirectly
participate in the production of R5P and X5P. R&Rn important intermediate metabolite of
nucleotide synthesis and can be produced from G#&Psadoheptulose 7-phosphate (S7P)
catalyzed by TK or from Ru5P via the R5P isomerd@3€ 5.3.1.6). Munger et al. (2008)
could show that the incorporation of R5P into natiies was increased in HCMV infected
fibroblast cultures. Increase in intracellular RieRels was also observed for MDCK cells
infected with influenza virus from 10 hpi until tleed of the period (Ritter et al., 2010). In
contrast, measured ATP concentrations in influeniected cells showed a clear decrease.
However, virus-induced up-regulation of nucleotid®synthesis and thus also RNA
synthesis might be essential for viral replicatdanaka et al., 1975). Another important
metabolite regulating lipid synthesis in mammalkatis is X5P, which can be produced from
Ru5P by Ru5P epimerase (EC 5.1.3.1) or from GAP R (or S7P) via TK (see Figure
4.26). It was shown that X5P can activate protdiagphatase 2A (EC 3.1.3.16), an enzyme
with broad substrate specificity, which plays a onajple in the long-term control of the
enzymes required for fatty acid synthesis (Kabaahahal., 2003; Veech, 2003). Another
explanation for the increased G6PDH activity irected MDCK cells could be the oxidative
stress as a result of the propagation of influerimases in infected cells (Buffinton et al.,
1992; Lowy, 2003). Préville and coworkers (1999)rfd that small stress proteins protect
against oxidative stress in L929 cells throughrthbility to increase the activity of GGPDH.

NADPH can also be produced by the conversion ofateao Pyr via the ME. This reaction
was found to be the predominant route for NADPHpdymn Hela cells during growth on
GIn (Reitzer et al., 1980). Here, the activity oEMignificantly increased (1.30-fold change),
which suggests the need of NADPH for fatty acidtisgais in infected MDCK cells (Figure
4.33). This is in agreement with the findings byrdar et al. (2006) who measured increased
transcript levels of ME in HMCV infected cells. Huermore, Ritter et al. (2010) found
increased levels of intracellular Pyr in influenirdected MDCK cells after 10 hpi. As
mentioned above, the activity of PC in infectedscelas significantly increased compared to
mock-infected cells (~1.7-fold). Part of the ingean specific PC activity therefore may

directly contribute to the NADPH production via M®ise and Ball, 1964). Another enzyme
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of glutaminolysis that showed increased activityinfected MDCK cells was the GLNase
(Figure 4.33). However, the concentration profifeegtracellular GIn between infected and
mock-infected cells was basically the same andigrifcant differences could be detected
(Ritter et al., 2010). If the rise of GLNase adivn infected cells was necessary to maintain
the increased demand in carbon atoms for citratedtion (and hence acetyl-CoA for lipid
synthesis) remains to be investigated in futurelisgiby investigating the metabolic fluxes

through the TCA cycle using labeled GIn.

Taken together, these results may indicate thay fatid biosynthesis is necessary for
influenza replication in MDCK cells. It can be foer suggested that transcription of enzymes
involved in cholesterol and fatty acid biosynthesias coordinately controlled as the
G6PDH, 6PGDH and the ME, producers for NADPH, wergeased by influenza virus
infection. Furthermore, the activities of CL and @&, which are also required for fatty
acid synthesis by providing acetyl-CoA, were inseghin infected MDCK cells. However, to
validate these findings, experiments at differemtet points post infection (e.g., late virus
infection) as well as with different influenza wéristrains should be taken into account.
Furthermore, measurements of other enzymes paticg in lipid synthesis should be
considered. For example, the,¥ of the fatty acid synthase complex (EC 2.3.1.85) major
rate controlling step in the process of fatty asythesis (Guynn et al.,, 1972). Moreover,
labeling experiments witf’C-labeled substrates could be used to elucidatélukes of the
central carbon metabolism in cultured cells andifglavhich fraction of labeled citrate
comes from Gluc and Gin in virally infected celdunger et al., 2008). In addition, cell
lysates from infected and mock-infected cells cdagdncubated withfC]malonyl-CoA as a
direct measure of fatty acid synthesis (Heaton lgt 2010). Finally, experiments with
pharmacological inhibitors of enzymes participatindipid and/or cholesterol biosynthesis
(e.g., 5-(tetradecyloxy)-2-furoic acid specificallynhibits acetyl-CoA carboxylase,
EC 6.4.1.2) could be used to determine whetheuenfta-induced up-regulation of fatty
acid/cholesterol synthesis is required for virgbli@ation in MDCK cells (Munger et al.,
2008).
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6 Conclusions

The presented project aimed at a better understgradicentral metabolism of MDCK cells
typically used for manufacturing of influenza vaws. Therefore, central metabolic key
enzyme activities under different growth conditi@aswell as during virus replication were
investigated. As a first step, 17 enzyme assay®doas a high-throughput platform
developed for plant cells (Gibon et al., 2004) wadapted to use for monitoring enzyme
activities in mammalian cell cultures. The use wiynatic cycling methods combined with
the application of 96-well microplates allowed armgensitive and faster determination of
enzyme activities than most of the existing cordimiassays. Compared to the platform for
plant cells, sample preparation steps were lesgitals for mammalian cells as disruption of
cell walls was not required. Furthermore, contiraigell lines can be easily grown under
controlled conditions and studies were not as wom@suming as experiments using parts of
plants.

On the basis of a reaction network for adherent MDeells (Wahl et al., 2008), 11 new
assays were established for selected enzymes melevaentral carbon and Gln metabolism
to set up a platform with 28 assays for monitomgyme activities in mammalian cells. For
the assay procedures and for sample preparatiohardling, including sample extraction, a
new set of SOPs was generated to minimize variplahd to promote a standard for future
enzyme studies. All cycling assays were validatedoaling to the standards of the
Bioprocess Engineering group. The linear rangenhefdifferent cycling assays was checked
with calibration curves from serial dilutions ofethrespective standards. For all enzyme
assays, proportionality between product formatiaod aell amount or time was evaluated.
Finally, spiking experiments with standards wergied out to examine the influence of cell
extracts on the response of the cycling assayss Hew enzyme platform allowed
measurement of enzyme activities at maximum velqdit.ay), as all assays were optimized
to proceed under substrate-saturating (optimalilitmms. Analysis of key enzyme activities
in extracts of MDCK cells grown in serum-containlB§/EM-GIn (stationary phase) showed
typical characteristics of glycolysis (high PK dridH activities), citrate cycle (low PDH, PC
and NAD-ICDH activities) and glutaminolysis suppigt the hypothesis of a truncated TCA

cycle in confluent MDCK cell cultures.

The comparison with stationary-phase cells growrsenum-free Episerf medium clearly

indicated that the specific enzyme activities of ®cells depend on culture conditions and
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change with the physiological state. Although theseyme assays do not differentiate
between isoforms (e.g., cytosolic or mitochondéDH, PEPCK, AspTA, AlaTA), the

sensitivity of the cycling assays (0.025 to 0.4 hrmpooduct per assay) allowed precise
determination of enzyme activities in very smalmpée volumes or samples with low

enzyme levels.

To provide the flexibility for future studies on lcenetabolism, the developed enzyme
platform for mammalian cells was extended with & meupling enzyme, namely GK from
P. farinosa. The Hig-taggedGUT1 gene (Gibon et al., 2009; Neves et al., 2004) was
cloned into pPIC3.5 vector for intracellular exmies. The resulting recombinant plasmid
(pPIC3.5-GK) was then transformed and express&l pastoris GS115 cells. The following
fed-batch cultivation in a 5-L stirred-tank bioréarcresulted in production of recombinant
GK with a specific activity of 5.4 U/mg cellulargiein at the time of harvest. A subsequent
two-step purification procedure (nickel affinityrdmatography followed by anion exchange

chromatography) resulted in a high purity enzynapct (~200 U/mg protein).

The biochemical characterization revealed thaptieand temperature optimum was at 7 and
45 °C, respectively. Furthermore, it was shown tthet GK from P. farinosa not only
phosphorylates glycerol with ATP but also with ITBPTP, CTP or GTP, which makes this
coupling enzyme extremely valuable for studies oFfPMNbroducing enzymes. Finally, this
enzyme was applied for the measurement of spdeKiactivities in MDCK cell extracts by
coupling the PK-induced ATP formation to G3P. Tkeroducibility was compared with a

commercially available preparation of GK frdincoli, which can only use ATP as substrate.

In this study, all enzyme activities were deterndimne cell extracts under maximum substrate
supply, so that any change in enzyme activity megsaould be referred to a direct change
in enzyme amount. The maximum capacity for metabfiix is a function of the total
amount of enzyme and the catalytic efficiency. Thaigdies on maximum enzyme activities
in vitro can provide a quantitative indication of the maim flux through metabolic
pathwaysin vivo, as \nax values set theoretical upper limits to flux in atmilic pathways.
The next step was to determine changes in spamizgme activities of MDCK cells during
their growth under different cultivation conditioni$ is known that Pyr can be used as a
carbon source and is expected to be shunted diiatdl the TCA cycle (Genzel et al., 2005;
Sidorenko et al., 2008). To analyze the flexibiltlycentral carbon metabolism in cultured
adherent MDCK cells in response to changes of salesand cultivation conditions, cells

were grown in either GIn- or Pyr-containing GMEM dinem and two growth phases
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(exponential and stationary) were selected for emzyactivity measurements. Metabolic
adaptation to Pyr- and GIn-containing medium in MDE€klls was correlated with up- and
down-regulation of enzyme activity levels. In pautar, the overall activity of the pentose
phosphate pathway was up-regulated during expaienéll growth in Pyr-containing
medium, which suggests that more G6P was channetedthe oxidative branch and,
therefore, more NADPH was required via this rodtee anaplerotic enzymes PC and PDH
showed higher cell-specific activities in Pyr-caniag medium. Furthermore, higher enzyme
activities were also found for NAD-ICDH, GLDH andSGndicating an up-regulation of the
right part of the TCA cycle in MDCK cells grown @&tyr. The increase in enzyme activities
was most likely required to compensate for the gndemand and to replenish the Gin pool.
A down-regulation was observed for the glutaminiolgnzymes AspTA, AlaTA, ME and
PEPCK in cells grown in Pyr-containing medium, whgeems to be related to a decrease in
GIn metabolism. However, further studies (e’gG-labeling experiments) will have to be

performed to better understand the switch from @intaining to Gin-free (Pyr) medium.

The last part focused on the effect of an influenzas infection on host cell metabolism.
So far, only few studies identified changes in ntarbon metabolism of cells upon viral
infection, e.g., up-regulation of intracellular raetlite concentrations in HCMV or influenza
infected cells (Munger et al.,, 2006; Ritter et &Q10). Here, an up-regulation of key
metabolic enzyme activities in influenza A infectd®CK cells during early virus infection

was observed. This shift in metabolism was mostlyikequired to compensate for the
metabolic imbalance caused by viral replicationtetdestingly, activities of some key
enzymes producing the reducing equivalent NADPHRBH, 6PGDH, and ME) and acetyl-
CoA (CL and ACo0AL), a precursor needed for lipiddacholesterol biosynthesis, were
increased by at least 1.20-fold in infected celisseems that fatty acid and cholesterol
synthesis play a crucial role for the replicatidnirdluenza viruses in adherent MDCK cells
as they acquire lipid envelopes from their hoskscéliring budding, and their glycoproteins
(HA and NA) are associated with sphingolipid-chtdéesl membrane domains (lipid rafts).
However, these results will have to be verifiedpnospective studies using, for example,

inhibitors of lipid metabolism.

Taken together, an efficient high-throughput platfdor the measurement of 28 metabolic
enzyme activities in mammalian cells was estabtish@d successfully applied to six
different cultivation conditions (two growth phas#dwee different media, and influenza virus

infection) of MDCK cells. The enzyme platform watapted to a 96-well microplate format,
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which allowed the reduction of assay volumes tqu20(the first step of stop-time assays).
The cost of assays could therefore be reducedfisignily, especially when comparatively
expensive reagents (e.g., acetyl-CoA, X5P, and G3R&re used. Furthermore, by using
electronic 8-channel pipettes, one operator cousure three to four different enzyme
activities in 20 samples per working day includiegtraction, assay, and calculation.
Throughput can still be further increased by usangpmated multi-channel pipetting robots
(Gibon et al., 2004), which allow the measureméenemzyme activities in 100 to 1,000

samples per day (depending on the platform). Enzgatieity measurements, together with
the ability to measure more than 20 extracellutawall as intracellular metabolites, clearly
allow to produce unique datasets for charactednaif cell culture processes and will serve
as a major contribution to the understanding of wetabolism during growth and product
formation (also without performing*°C-labeling experiments). This allows further
characterization of metabolic states of typicaldarction cell lines or other interesting animal
cells. This platform can certainly be used to inwerahe understanding of metabolic
pathways relevant for cell line and media optimaat Furthermore, it will support the

validation of mathematical models of cellular metagm in systems biology approaches.
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7 Outlook

The developed enzyme platform, which consists of &ensitive cycling assays allowed the
measurement of 28 enzyme activities involved intreércarbon and GIn metabolism of
mammalian cells. This assay platform was optimifmdadherent MDCK cells. However,
these tools can easily be adapted to the detectibry enzyme activities in other cell lines,
such as adherent Vero cells or human suspensionl&®¥E cells (ProBioGen, Germany,
Berlin), which is currently done in the Bioprocdsasgineering group (MPI in Magdeburg) by
A. Rath (studies on AGE1.HN cell metabolism).

Here, the extraction conditions were set up andnopeéd to release all enzymes from
intracellular organelles of mammalian cells at ondewever, it would be interesting to
discriminate between different cell compartmerts eixample, to determine the cytosolic and
the mitochondrial activities of NADP-ICDH, MDH, MEspTA, and AlaTA. This could be
done by selective permeabilization of cellular mesmles using different concentrations of
digitonin and Tritoff X-100 (Niklas et al., 2011). Furthermore, enzynutivities were
measured under optimized conditions to obtain marincatalytic rates (May, which means
that each enzyme assay was performed in differaffeds at different pH values and in
different ionic strength conditions. However, foatmematical models of cellular pathways,
which strongly depend on reliable data from differaspects of metabolism, it is often
desired to obtain realistia vivo parameters. Therefore, it might be of intereside separate
invivo-like assay media for mammalian cells that reflapproximately the intracellular
condition/environment of various cell compartmefgsgy., mitochondrion, cytosol) in which
the enzymes function. With such standard assay anfmti the measurement of enzyme
activities, data could be obtained that are remitasige for thein vivo situation as proposed
by van Eunen et al. (2010) f&. cerevisiae. Whether this can be achieved in higher
eukaryotes (such as mammalian cells) taking all difeerent enzyme and metabolite

concentrations as well as pH levels into accoamains to be investigated in future studies.

Moreover, the established enzyme platform for mahamaells could be further extended to
measure the activities of enzymes from other méiapathways or cell compartments. For
example, assays for the quantification of enzynteviies from fatty acid biosynthesis or

endoplasmic reticulum and the Golgi apparatus cdodduseful to better understand the
metabolic response of host cells upon viral infattand post-translational modifications
(e.g., glycosylation), respectively. Finally, thign sensitivity makes cycling assays not only

suitable for the measurement of maximum rates.{\Mout also for the determination of
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Michaelis constants (¥). This was shown, for instance, with the sensi®a® cycling assay
by assaying ribulose-bisphosphate carboxylase (B(1.89) or AGPase iA. thaliana at
different substrate levels (Hadrich et al., 201dlp&e et al., 2007).

Enzyme measurements can be used as a qualitadblentorder to verify the presence of
cellular enzymes in metabolic pathways and qudivitly because ¥ax values serve as a
valid measure of maximum flux capacities throughahelic pathways (Suarez et al., 1997).
Therefore, based on the established enzyme plattbemmetabolic states of mammalian cell
lines used for production of biologicals could letlier characterized. One intention of this
work was to better characterize the switch from @&n Pyr-containing conditions by
investigating the general effect of GlIn substitntity Pyr on key metabolic enzyme activities
in adherent MDCK cells. To compensate for batchdteh variations and to improve data
quality, replicate measurements in six-well plateere performed. In contrast, the
cultivations reported in the studies by Genzelle{2005) and Sidorenko et al. (2008) were
performed in roller bottles and 5-L bioreactors.wewer, the set-up of the experiments in
six-well plates was based for analyzing the exptiakand stationary growth phases but not
the complete cultivation period. In a next stepréactor experiments should be conducted in
which all assays (e.g., intracellular and extratatl metabolites, enzyme activity
measurements) could be applied to obtain a morepagmnsive view on MDCK cell
metabolism. Furthermore, high resolution dynamios gelected enzymes could help to
identify regulatory principles for metabolic adjonnt in response to change in cultivation

conditions.

Additionally, the assumptions about the intracalfudistribution of extracellular Pyr made in
former studies on the effect of Gln substitutiore@el et al., 2005; Sidorenko et al., 2008)
could be reviewed. For instance, it might be irgéng to elucidate the fluxes of the central
carbon and GIn metabolism in cultured MDCK cellsridgi growth on GIn or Pyr.
Furthermore, investigation of the fate of Gluc &ld in influenza infected cells may clarify
which substrate fractions are hijacked during virgplication. Therefore, future studies
should focus on the quantification of intracellufluxes in central carbon metabolism using
MFA based on*C labeling experiments (DeBerardinis et al., 20d@nger et al., 2008). In
the end, the information obtained could then bedusevalidate mathematical models of
cellular metabolism and to improve the understagaihintracellular metabolic interactions

relevant for product formation, growth to high addinsities, and process optimization.
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Appendix

A. Chemicals, consumables and equipment

Table A1l: List of Chemicals.

Name Manufacturer Cat. No.

Sodium acetate Sigma, Taufkirchen, S8750
Germany

O-Acetyl-L-carnitine hydrochloride, min 99% Sigma A6706

Acetyl-CoA Roche, Mannheim, 11585371001
Germany

Acetylphosphate lithium potassium salt Sigma 01409

Acetylpyridine adenine dinucleotide, approx. 90% Sigma A5251

Acrylamide Sigma A8887

Adenosine-5'-diphosphate (ADP) Roche 10 127 507 001

ADP disodium salt Sigma 01897

ADP-Hexokinase (ADP-HKPII) Asahi Kasei Pharma, Tokyo, 0701A
Japan

AMP monohydrate from yeast Sigma A2252

Adenosine-5’-triphosphate (ATP) Roche 10127 523 001

ATP disodium salt, grade I, minimum 99% Sigma A2383

Agar, grade A BD, Franklin Lakes, NJ, USA 212304

Agarose Roth 2267

L-Alanine Sigma A7627

Alcohol dehydrogenase Roche 10127 558 001

Alcohol oxidase solution From Pichia pastoris Sigma A2404

Aldehyde dehydrogenase potassium-activated Sigma A6338

from baker’s yeast

Aldolase Roche 10102 652 001

Aldolase, from rabbit muscle Sigma A8811

6-Aminocaproic acid Sigma A2504

Ammonium acetate Sigma Al1542

Ammonium chloride Sigma A9434

Ammonium hydroxide solution, 28.0-30.0% Sigma 320145

Ammonium iron(lll) sulfate dodecahydrate Sigma 221260

Ammonium persulfate (APS) AppliChem, Darmstadt, A1142
Germany

Ampicillin Merck, Darmstadt, 171257
Germany

Antifoam agent Zschimmer & Schwarz, Contraspum 210
Lahnstein, Germany

L-Aspartic acid sodium salt monohydrate Sigma A6683

BCA Protein Assay Kit Thermo Scientific, 23225
Waltham, MA, USA

Benzamidine Sigma 12072

Bromphenol blue Roth, Karlsruhe, Germany A512

Calcium chloride Sigma C5670
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Caproic acid

L-Carnitine hydrochloride, approx. 98%
L-Carnitine inner salt, approx. 98%
Catalase preparation, from Aspergillus niger
Cholesterol from lanolin

Sodium citrate tribasic dihydrate

CASO Broth

Citrate synthase, from porcine heart
Coenzyme A trilithium salt

Coenzyme Q;p298% (HPLC)

Coomassie Brilliant Blue R250

Creatine kinase (CK)

Creatine phosphokinase, type I: from rabbit
muscle

Cytidine 5’-triphosphate disodium salt
DL-Dithiothreitol

Diaphorase from Chlostridium kluyveri
Dihydroxyacetone phosphate dilithium salt
DNA ladder, 1 kb

DNA ladder, 1 kb

DNA ladder, GeneRuler™ 1 kb

EDTA

EGTA

Episerf medium

D-Erythrose 4-phosphate sodium salt

Ethanol absolute

Ethidium bromide

Fetal calf derum (FCS)

Formaldehyde dehydrogenase, from
Pseudomonas putida

D-Fructose 6-phosphate dipotassium salt
D-Fructose-1,6-diphosphate trisodium salt
octahydrate

Fumarase, from porcine heart

Sodium fumarate dibasic

Glucose

D-Glucose 6 phosphate sodium salt
Glucose-6-Phosphate dehydrogenase, grade |
Glucose-6-Phosphate dehydrogenase, grade |l
L-Glutamic acid, monosodium salt monohydrate
L-Glutamic acid y-monohydroxamate
L-Glutamic dehydrogenase solution from bovine
liver

Glutamic-oxalacetic transaminase, type |: from
porcine heart

L-Glutamine

DL Glyceraldehyde 3-phosphate diethyl acetal
barium salt

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Roth

Roche
Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Roth

Fermentas, St. Leon-Rot,
Germany

Sigma

Sigma

Gibco, Karlsruhe, Germany
Sigma

Merck

Roth

Gibco

Sigma

Sigma
Sigma

Sigma
Sigma
Sigma
Sigma
Roche
Roche
Sigma
Sigma
Sigma

Sigma

Sigma
Sigma

170

153745
C0283
C0158
C3515
26732
54641
22098
C3260-
C3019
C9538
3862
10127 566 001
C3755

C1506
43819
D5540
D7137
D0428
Y014
SM0311

EDS

E3889
10732-022
E0377
1070172511
7870
10270-106
F1879

F1502
47810

F1757
F1506
G8270
G7879
10127 655 001
10127 671001
49621
G2253
G2626

G2751

G3126
G5376
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Glyceraldehyde-3-phosphate dehydrogenase
D(+) Glyceric acid hemicalcium salt, 99.9% GC
Glycerol

Glycerol Testkit

sn-Glycerol 3-phosphate
Glycerol-3-phosphate dehydrogenase
Glycerol 3-phosphate oxidase, from
Streptococcus thermophiles

Glycerokinase from E. coli, 300-600 units/mL
Glycine

Glyoxylic acid monohydrate

GMEM powder

GMEM Medium without glutamine

Go Taqg Polymerase

Guanosine 5’-diphosphate sodium salt, type |,
minimum 96% HPLC

Guanosine 5’-triphosphate sodium salt hydrate
HEPES

Hexokinase

Hydrochloric acid, 37 %

DL-B-Hydroxybutyl coenzyme A lithium salt
Hydroxylamine hydrochloride

Imidazole

Inosine 5’-triphosphate trisodium salt

Iron(lll) chloride hexahydrate

DL-Isocitric acid trisodium salt

Isocitric dehydrogenase (NADP) solution, type IV:

purified from porcine heart

Isopropanol

Kanamycin sulfate

a-Ketoglutaric acid sodium salt (2-oxoglutarate)
a-Ketoglutaric acid disodium salt dihydrate
L-Lactate dehydrogenase from rabbit muscle
Leupeptin hemisulfate

MagicMark™ XP Western Protein Standard

Magnesium chloride hexahydrate
Magnesium sulfate heptahydrate

L-Malate dehydrogenase (L-MDH) from pig heart
L(-) Malic acid disodium salt

Malonyl coenzyme A lithium salt
Manganese(ll) chloride
2-Mercaptoethanol

Methanol, 299,5 %

L-Methionine sulfoximine

MOPS

NAD, free acid, grade Il, approx. 98%
NADH, disodium salt, grade Il, approx. 98%

Roche
Sigma
Sigma
Roche
Sigma
Roche
Sigma

Sigma

Merck

Sigma

Gibco

Sigma

Promega, Madison, W],
USA

Sigma

Sigma
Roth

Roche
Roth

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

Merck
Merck
Sigma
Sigma
Roche
Roth
Invitrogen, Carlsbad, CA,
USA
Roth
Roth
Roche
Sigma
Sigma
Sigma
Roth
Roth
Sigma
Sigma
Roche
Roche

171

10 105 686 001
G8766
G7757
10148 270 035
G7886
10127 752 001
G4388

G6278
1041690250
50710
22100-093
G5154
M300

G7127

G8877
9105
11426 362 001
4625
HO261
159417
12399
10879
31232
11252
12002

1096342511
420411

K1875

75892
10127 876 001
CN33

LC5602

2189

P027

10127 248 001
M9138

M4263

328146

4227

CP43

M5379

M1254
10127990 001
10128 023 001
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NADP, disodium salt approx. 98%
NADPH, tetrasodium salt, approx. 98%
Nickel(ll) sulfate hexahydrate
NucleoSpin® Plasmid Kit

Oxaloacetate

Oxamic acid sodium salt

PageRuler™ Prestained Protein Ladder
Peptone

Peptone

Phenazine ethosulfate, approx. 95% (PES)
Phenazine methosulfate
Phenylmethanesulfonyl fluoride (PMSF)
Phosphocreatine disodium salt hydrate
Phospho(enol)pyruvate monopotassium salt
Phospho(enol)pyruvate monosodium Salt
Phospho(enol)pyruvate carboxylase from corn
6-Phosphogluconic acid trisodium salt, grade IV
6-Phosphogluconic dehydrogenase, from yeast
Phosphoglucose isomerase from baker’s yeast
D-(-)-3-Phosphoglyceric acid disodium salt
3-Phosphoglyceric phosphokinase, from baker’s
yeast

Phosphotransacetylase from Bacillus
stearothermophilus

Phusion Polymerase

Ponceau S

Potassium chloride

Potassium dihydrogen phosphate

Potassium hydroxide

Potassium phosphate dibasic trihydrate
Pyruvate decarboxylase, from baker’s yeast
Pyruvate dehydrogenase solution, from: porcine
heart

Pyruvate kinase (PK) from rabbit muscle
Pyruvate kinase preparation, type VI, from rabbit
muscle

Pyruvic acid 98%

Sodium pyruvate

Pichia Expression Kit

Purpald 99+%

Resazurin sodium salt

Restriction enzymes, different

D-(-)-Ribose

D-Ribose 5-phosphate disodium salt dihydrate
RNase A

Saccharose

Roche
Roche
Merck

Macherey-Nagel, Diren,

Germany
Sigma
Sigma
Fermentas
Lab M, Lancs, UK
BD

Sigma
Sigma
Roth
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

Sigma

Finnzymes (Thermo
Scientific)

Roth

Merck

Merck

Sigma

Sigma

Sigma

Sigma

Roche
Sigma

Sigma
Sigma
Invitrogen
Sigma
Sigma

New England Biolabs,

Ipswich, MA, USA
Sigma

Sigma

Roth

Sigma

172

10128 040 001
10107 824 001
1067270250
740588

04126
02751
SM0671
MC033
211677
P4544
P9625
6367
P7936
860077
P0O564
P2023
P7877
P4553
P5381
P8877
P7634

P2783

F-530S

5938
1.04935.5000
1048731000
484016
60349

P9474

P7032

10128 155001
P7768

10736
P8574
K1710-01
162892
199303

R7500
83875
7156

84097
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Sodium azide, purum p.a., 299.0%
Sodium bicarbonate

Sodium chloride

Sodium dodecyl sulfate (SDS)

Sodium hydroxide
Sodium phosphate dibasic
D-Sorbitol

Succinic acid

T4 DNA-Ligase

N,N,N',N'-Tetramethyl-ethylenediamine (TEMED)

Thiamine pyrophosphate

Thiazolyl blue tetrazolium bromide (MTT)
Trichloroacetic acid

Tricine, 299%

Triosephosphate isomerase
Triosephosphate isomerase preparation, from
rabbit muscle

TRIS

TRIS-HCI

Triton X-100

Trypan blue

Trypsin (1:250) Powder

Tryptone

Tween® 20

Uridine 5’diphosphoglucose disodium salt
Uridine 5'-triphosphate tris salt, type VI
Uridine 5'-triphosphate trisodium salt hydrate
Water, nuclease-free

Wizard® SV Gel and PCR Clean-Up System
D-Xylulose 5-phosphate sodium salt
D-(+)-Xylose

Zymolase

Yeast Extract
Yeast Nitrogen Base (YNB) without amino acids

Sigma

Merck

Roth

Biomol, Hamburg,
Germany

Merck

Merck

Sigma

Sigma

Promega, Madison, W],
USA

Serva, Heidelberg,
Germany

Sigma

Roth

Sigma

Roth

Roche

Sigma

Roth

Roth

Sigma

Merck

Gibco

BD

Roth

Sigma

Sigma

Sigma

Roth
Promega
Sigma

Sigma
Seikagaku Biobusiness,
Tokyo, Japan
BD

BD

71290
106329
P029
04051.1

1064950250
1.06585.5000
85529
W502707
M1804

35925

C8754

4022

16399

6977
10109 762 001
T2391

5429
9090
X100
1117320025
27250-018
211705
9127
94335
u6875
u6625
T143
A9281
X0754
X3877
120493

212750
291940
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Table A2: List of Consumables

Name Manufacturer Cat. No.

6-well plates (Cellstar, 10 cm?) Greiner Bio-One, Solingen, 657165
Germany

96-well plates (flat bottom) Sarstedt, Nimbrecht, Germany 82.1581

96-well plates (flat and round bottom) Greiner bio-one 655901 and

650101

Aluminum foil (425, core series 591) 3M Scotch, Neuss, Germany

Amicon Ultra-15 Centrifugal Filter Units Millipore, Billerica, MA, USA UFC901008

(10 kDA)

Bottle Top Filter Nalgene, Rochester, NY, USA 595-4520

Centrifuge tubes (15 and 50 mL Cellstar Greiner Bio-One 188261 and

Tubes) 188271

Column, HisTrap™FF (1 mL) GE Healthcare, Miinchen, 17-5319-01
Germany

Column, HiTrap™Q HP (1 mL) GE Healthcare 17-1153-01

Cuvettes (PMMA, 1.5 mL) Brand, Wertheim, Germany 759085D

Filter Units (0.2 um) Nalge Nunc International Corp. 161-0020
(Nalgene)

Glass beads (0.5 mm) Roth A553

Gloves (Nitrile 3000) Meditrade, Kiefersfelden, Gemany 1280

IMAC Sepharose 6 Fast Flow GE Healthcare 17-0921-07

Micro pipette tips (10, 100, 200, 1000 and  Eppendorf, Hamburg, Germany

5000 pL)

Microcentrifuge Tubes Beckman Coulter, Krefeld, 357448
Germany

Multichannel pipette tips (5-100 pL, 20- Eppendorf

300 pL)

PCR thermo tubes (0.2 mL) Peqlab, Erlangen, Germany 82-0337

Pipette tips (1, 2, 5, 10, 25, 50 mL) Eppendorf

PVDF Transfer Membranes Millipore IPVH09120

Reaction tubes (1.5 and 2 mL)

Syringes (Omnifix® 5, 10, 20, 50 mL)
Syringe Filter Holders (Minisart® 0.2 and
0.45 pm)

T-Flasks (Cellstar 75 and 182 cm?)

Tubes, polystyrol

Eppendorf, Corning, VWR
B. Braun, Melsungen, Germany
Sartorius, Gottingen, Germany

Greiner bio-one

Greiner bio-one

16534 and 17824

658175 and
660175
191180
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Table A3: List of Equipment

Name Manufacturer Model

Akta™Purifier GE Healthcare

Autoclave Certoclav Steriliser, Traun, CV-EL 12L
Germany

Autoclave Tuttnauer Systec, Wettenberg, 5075 ELVC Varioklav® 65T
Germany

Automatic cell counter
Balance
Balance

Balance
Bioreactor

Bioreactor
Block heater
Camera

Cell counter
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Clean bench
Column
Darkroom
Drying Oven
Electroporator

Electrophoresis System
Freeze dryer

Freezer

Gel chamber

High pressure homogenizer
Incubator

Integrity testing of membrane
filter systems

lon chromatography

Magnetic agitator
Magnetic Stirrer
Mass flow controller
Mass spectrometer

Metabolite analyzer

Microscope
Peristaltic pump

Beckman Coulter
Mettler Toledo, Giessen, Germany
Mettler Toledo

Mettler Toledo

B. Braun Biotech International
(Sartorius)

Sartorius

Grant, Shepreth, UK

Herolab, Wiesloch, Germany
Beckmann Coulter

Thermo Scientific

Hettich Lab, Tuttlingen, Germany
Beckman Coulter™

GrantBio, Hillsborough, NJ, USA
Thermo Scientific

Thermo Scientific

Thermo Scientific

GE Healthcare

UVP, Upland, CA, USA

Heraeus (Thermo Scientific)
Thermo Electron Corporation,
Milford, MA, USA

Biorad, Miinchen, Germany
Martin Christ, Osterode am Harz,
Germany

Thermo Scientific

Biostep, Jahnsdorf, Germany
Avestin, Mannheim, Germany
Heraeus (Thermo Scientific)
Sartorius

Dionex, Sunnyvale, CA, USA

Mavag, Neunkirch, Switzerland
IKA, Staufen, Germany
Bronkhorst High-Tech, Ruurlo, The
Netherlands

Applied Biosystems/MDS SCIEX,
Darmstadt, Germany

Nova Biomedical, Waltham, MA,
USA

Zeiss, Gottingen, Germany
Ismatec, Glattbrugg, Switzerland
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Vi-CELL®

XS205 Dual Range
PG5002-S and PG12001-S
Delta Range

XS32001L

CT5-SK

Biostat® B plus

QBT

Easy 429K

Vi-Cell™ XR

Heraeus® Biofuge primo R
Mikro 200

Avanti J-20 XP

CV 3000

Heraeus® Fresco 17
Heraeus® Multifuge® 1S-R
HERAsafe®

XK 16/20

EpiChem Il (EC2)

T 6060

EquiBio EasyjecT prima

Mini-PROTEAN Tetra
Alpha 1-2

HERRAfreeze
10x11.5cm
EmulsiFlex®-C5
HERAcell® 240
Sartocheck Junior BP-Plus

BioLC system with eluent
generator, DX320

Type MDB 300

RET basic

nanoHPLC-nanoESI-MS/MS
(QStar XL)
Bioprofile 100 Plus

Axiovert 40C
ISM832A
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Peristaltic pump

pH meter
Pipettes
Pipetting aid

Power supply system
Process control system
Research® pro pipettes, single
channel

Research® pro pipettes, 8-
channel

Scanner

Shaker

Software

Software
Spectrophotometer
Spectrophotometer
Spectrophotometer, plate
reader
Spectrophotometer, plate
reader

Superloop™

Thermomixer
Thermocycler

Ultrasonic bath

Ultrapure Water Purification
System

UV Transilluminator

Vacuum pump
Vortexer

Vortexer

Watson Marlow, Wilmington, MA,
USA

WTW, Weilheim, Germany
Eppendorf

Hirschmann Laborgerate,
Eberstadt, Germany

Biorad

Siemens, Miinchen, Germany
Eppendorf

Eppendorf

Umax

Kihner, Birsfelden, Germany
Herolab, Wiesloch, Germany
Biotek, Winooski, VT, USA
Peqglab

Amersham (GE Healthcare)
Biotek

Tecan, Mannedorf, Switzerland

GE Healthcare

Eppendorf

Biometra, Gottingen, Germany
VWR, Darmstadt, Germany
Millipore

Life Technologies, Grand Island,
NY, USA

Vacuubrand, Wertheim, Germany
Scientific Industries, Bohemia, NY,
USA

Heidolph, Schwabach, Germany

SCI-Q 400

Inolab pH/Cond level 1
5, 10, 100, 1000, 5000 pL
Pipetus®

PowerPac 300
simtec7
0.5-10 pL, 5-100 uL

5-100 pL, 20-300 plL

ISF-1-W

EasyWin 32 vV.3.01

Gen5 ver. 1.05.11
NanoDrop ND-1000
Ultrospec 500 pro

ELx 808 and PowerWave XS

Rainbow Spectra

50 and 150 mL

comfort

T3000

UsCe00D

Milli-Q-Biocel A10 and Milli-
Q-Gradient A10

TFX-20M

Mz2C
Vortex-Genie®

Reax Control
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B. Microorganisms, expression vector, primers

E. coli TOP10F’ strain (Invitrogen, Carlsbad, CA, USA)

Genotype: F' (proAB, laclg, lacZAM15, Tn10 (Tet®)) mcrA, A(mrr-hsdRMS-mcrBC), ¢80lacZAM15,
AlacX74, deoR, recAl, araD139, A(ara-leu)7697, galU, galK, rpsL (Str%), endA1, nupG A

P. pastoris GS115 (his4; Mut") yeast strain from Invitrogen

Genotype: his4, Phenotype: Mut”

Comments for pPIC3.5:
7751 nucleotides

5" AOX1 promoter fragment: bases 1-937
5" AOX1 primer site: bases 855-875
Multiple Cloning Site: bases 938-968
3" AOXT1 primer site: bases 1055-1075
3" AOX1 transcription termination
(TT) fragment: bases 981-1314
HIS4 ORF: bases 4242-1708
3" AOX1 fragment: bases 4598-5354
pBR322 origin: bases 6436-5764
Ampicillin resistance gene: bases 7442-6582

Figure B1: Map of pPIC3.5 (www.invitrogen.com).

Table B1: Overview of the used primers.

Primer name Base sequence
5'AOX1 5'-GACTGGTTCCAATTGACAAGC-3'

3'AOX1 5'-GCAAATGGCATTCTGACATCC-3'

T7 5’-TAATACGACTCACTATAGGG-3’

GKfor_Avrll  5'-GCTACCTAGGATGAAACATCACCATCACCA-3'
GKrev_Notl 5'-GTCAGCGGCCGCTCGAATTCTTAGTCATTGTTCTGA-3'
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C. E. coli and P. pastoris media recipes

Table C1: Media for the cultivation of P. pastoris.

Bezeichnung Komponente Konzentration
YPD Yeast extract 1% (w/v)
Peptone 2 % (w/v)
Glucose 2% (w/v)
Agar (for solid medium) 2 % (w/v)
MD YNB* 1.34 % (w/v)
Glucose 2 % (w/v)
Biotin 4x10° % (w/v)
Agar (for solid medium) 1.5 % (w/v)
MM YNB* 1.34 % (w/v)
Methanol 1% (v/v)
Biotin 4x10° % (w/v)
Agar (for solid medium) 1.5 % (w/v)
BMG Potassium phosphate buffer, pH 6.0 100 mM
YNB* 1.34 % (w/v)
Glycerol 1% (v/v)
Biotin 4x10° % (w/v)
BMM Potassium phosphate buffer, pH 6.0 100 mM
YNB* 1.34 % (w/v)
Methanol 1% (v/v)
Biotin 4x10° % (w/v)
BSM HsPO, (85 %) 2.67 % (v/v)
pH 5 (NH;) CasS0, 0.93 g/L
K,SO, 18.2 g/L
MgS0O,4 x 7H,0 14.9g/L
KOH 4.13g/L
Glycerol 40 g/L
PTM, trace salts 0.435 % (v/v)
PTM, CuSO, 6g/L
Trace salts solution Nal 0.08 g/L
MnSO, x H,0 3g/L
NaMoO, x 2H,0 0.2 g/L
H3BO; 0.02 g/L
CoCl, 0.5g/L
ZnCl, 20g/L
FeSO, x 7H,0 65 g/L
Biotin 0.2 g/L
H,SO,4 (95-98 %) 0.5 % (v/v)

*YNB - Yeast Nitrogen Base with ammonium sulfate without amino acids.
Glycerol, Methanol, Glucose, YNB (each with 10X), biotin (500X), potassium
Phosphate (1 M) and PTM, were sterile filtered.
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Table C2: Media for the cultivation of E. coli.

Name Component Concentration

LB-Kanamycin Tryptone 10 g/L

pH 7.0 (NaOH) NacCl 10 g/L
Yeast extract 5g/L
Kanamycin 25 pg/mL
Agar (for solid medium) 15 g/L

LB-Ampicillin  Tryptone 10 g/L

pH 7.0 (NaOH) NacCl 10 g/L
Yeast extract 5g/L
Ampicillin 100 pg/mL
Agar (for solid medium) 15 g/L

Ampicillin (10 mg/mL in 50 % (v/v) EtOH) and kanamycin
(2.5 mg/mL in H,0) were added separately.

D. Molecular biology: Solutions, preparations and techniques

Table D1: Media and solutions for the transformation of E. coli.

Name Component Concentration
Psi broth Yeast extract 5g/L
Tryptone 20 g/L
MgS0O, 5g/L
Tfbl KAc 30 mM
pH 5.8 (acetic acid) RbCl, 100 mM
CaCl 10 mM
MnCl, 4 H,0 50 mM
Glycerin 15 % (v/v)
Tfbll MOPS 10 mM
pH 6.5 (NaOH) CaCl, 75 mM
RbCl, 10 mM
Glycerin 15 % (v/v)
SOC Tryptone 20 g/L
Yeast extract 5g/L
NaCl 10 mM
KCl 2.5mM
MgCl, 10 mM
MgSO, 10 mM
D-Glucose 20 mM

SOC: MgCl, and MgSQO, (both 100X), as well as D-Glucose (50X)
were sterile filtered.
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Table D2: Solutions for agarose gel electrophoresis.

Name Component Concentration
10x TPE buffer Tris 108 g/L
pH 7.5 (Phosphoric acid) EDTA 0.744 g/L

5x Loading Dye

Glycerin 30 % (v/v)
Bromphenol blue  0.001 % (w/v)

Xylencyanol

EDTA

0.001 % (w/v)
50 mM

Ethidium bromide solution Ethidium bromide 0.01 % (v/v)

Table D3: Solutions for the plasmid preparation from E. coli.

Name Component Concentration

AE buffer Tris 5mM

pH 8.5 (HCl)

Lysispuffer Tris 50 mM
EDTA 50 mM
Saccharose 15 % (w/v)

SDS/NaOH solution NaOH 200 mM
SDS 1% (w/v)

KAc solution KAc 3M
Aceticacid  11.5 % (v/v)

Easyprep-Puffer Tris 10 mM

pH 8.0 (HCI) EDTA 1mM
Saccharose 15 % (w/v)
RNase A 0.4 mg/mL
Lysozyme 2 mg/mL
BSA 0.1 mg/mL

Table D4: Solutions for the isolation of genomic DNA from P. pastoris.

Name Component Concentration
SCED Sorbitol 1M
pH 7.5 Na-Citrate 10 mM

EDTA 10 mM

DTT 10 mM
TE-Puffer Tris 10 mM
pH 7.5 (HCl) EDTA 1mM
DTT (100X) was added freshly.

Table D5: Restriction medium for pPIC3.5.

Components

Volume

Avrll (4 U/ulL)
Notl (10 U/uL)
NEB2 buffer (10x)
BSA (10x)

Plasmid-DNA (ca. 250 ng/uL)

2 uL
2 uL
3 uL
3 uL

20 pL
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Table D6: Restriction medium for pETM11-GK.

Components Volume
Xbal (20 U/pL) 1uL
Notl (10 U/uL) 1uL
NEB3 buffer (10x) 3uL
BSA (10x) 3uL

Plasmid-DNA (ca. 100 ng/uL) 22 uL

Table D7: Restriction medium for analysis of plasmid DNA.

Components Volume
Ndel (20 U/puL) 0.25 uL
Plasmid-DNA (ca. 250 ng/uL) 5 uL
NEB4 buffer (10x) 1uL
BSA (10x) 1uL
Water 2.75 uL

Table D8: Optimized PCR medium (50 pL) for the amplification of GK.

Components Volume
5x HF Puffer 10 pL
dNTPs (10 mM) 1uL
MgCl, (50 mM) 1.5puL
Phusion Polymerase (2 U/uL) 0.5 uL
GKfor_Avrll (15 pmol/uL) 7.5 uL
GKrev_Notl (15 pmol/uL) 7.5 uL
PETM11-GK DNA (9 ng/uL) 4 uL
H,O (sterile, nuclease-free) 22 uL

Table D9: PCR program used for the amplification of GK.

Step Temperature Time Cycles
Initial denaturation 98 °C 30s 1
Denaturation 98 °C 10s
Hybridization 64 °C 30s 30
Elongation 72 °C 70s

Final elongation 72 °C 10 min 1
Cooling 4°C hold 1
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Table D10: Optimized PCR
transformants.

medium (20 plL) for the amplification of pPIC3.5-GK

Components

Volume

5x Go Taq Puffer
dNTPs (10 mM)

MgCl, (25 mM)

Go Taq Polymerase (5 U/uL)
GKfor_Avrll (15 pmol/uL)
GKrev_Notl (15 pmol/uL)

genomic DNA (100 ng/uL) or Plasmid DNA (5 ng/uL)

H,0 (sterile, nuclease-free)

4 uL
0.5

1.2 uL
0.1puL
0.7 uL
0.7 uL
1l
11.8 uL

Table D11: Optimized PCR medium (20 uL) for the amplification of pPIC3.5 transformants.

Components

Volume

5x Go Taq Puffer
dNTPs (10 mM)

MgCl, (25 mM)

Go Taq Polymerase (5 U/ul)
5’ AOX1 (15 pmol/pL)

3’ AOX1 (15 pmol/uL)

genomic DNA (100 ng/uL) or Plasmid DNA (5 ng/uL)

H,0 (sterile, nuclease-free)

4 L
0.5

1.2 uL
0.1 uL
0.7 uL
0.7 puL
1ul
11.8 uL

Table D12: PCR program used for the analysis of the Pichia clones (pPIC3.5-GK).

Step Temperature  Time _ Cycles
Initial denaturation 96 °C 2 min 1
Denaturation 95 °C 30s
Hybridization 64 °C 45 s 30
Elongation 72 °C 1.45 min

Final elongation 72 °C 10 min 1
Cooling 4°C hold 1

Table D13: PCR program used for the analysis of the Pichia clones (pPIC3.5).

Step Temperature  Time _ Cycles
Initial denaturation 96 °C 2 min 1
Denaturation 95 °C 30s
Hybridization 55°C 45 s 30
Elongation 72 °C 1.45 min

Final elongation 72 °C 10 min 1
Cooling 4°C hold 1
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Table D14: Buffers and solutions used for the purification of GK.

Buffer/Solution Components Concentration
Extraction buffer Sodium phosphate pH 7.4 50 mM
Benzamidine 1 mM
e-Aminocaproic acid 1 mM
Leupeptin 0.02 mM
DTT 0.5 mM
PMSF 1 mM
Triton X-100 1 % (v/v)
Glycerol 5 % (v/v)
MgCl, 1 mM
Cleaning solution (homogenizer) Isopropanol 50 % (v/v)
Equilibration buffer (IMAC) Sodium phosphate pH 7.4 50 mM
NacCl 0.5 M
Imidazole 20 mM
Elution buffer (IMAC) Sodium phosphate pH 7.4 50 mM
NacCl 0.5 M
Imidazole 500 mM
Stripping buffer Sodium phosphate pH 7.4 20 mM
NacCl 0.5 M
EDTA 50 mM
CIP (Cleaning-in-Place) solution ~ NaOH 1 M
Recharging Solution NiSO, 0.1 M
Storage Solution Ethanol 20 % (v/v)
Equilibration buffer (AAC) Sodium phosphate pH 6.8 15 mM
Elution buffer (AAC) Sodium phosphate pH 6.8 15 mM
NacCl 1 M
Storage buffer Glycerol 50 % (v/v)

Sodium phosphate pH 7.4 10 mM
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Table D15: Buffers and solutions used for the analysis of protein samples.

Concentration/

Buffer/Solution Components
Volume
Reducing buffer (4X) Tris-HCl pH 6.8 0.25 M
Glycerol 40 % (v/v)
SDS 6 % (w/v)
Bromphenol blue 0.05 % (w/v)
B-Mercaptoethanol 10 % (w/v)
Non-reducing buffer (4X) Tris-HCI pH 6.8 0.25 M
Glycerol 40 % (v/v)
SDS 6 % (w/v)
Bromphenol blue 0.05 % (w/v)
Electrophoresis buffer (10X) SDS 1 % (w/v)
Glycine 1.92 M
Tris 0.25 M
Separating gel buffer Tris-HCI pH 8.8 1.5 M
Stacking gel buffer Tris-HCl pH 6.8 0.5 M
Separating gel (2X, 10 %) H,0O 3.97 mL
Acrylamide 3.33 mL
Separating gel buffer 2.5 mL
SDS (10 % w/v) 100 pL
APS (10 % w/v) 100 pL
TEMED 10 pL
Stacking gel (2X, 3 %) H,0 6.3 mL
Acrylamide 1 mL
Stacking gel buffer 2.5 mL
SDS (10 % w/v) 100 pL
APS (10 % w/v) 100 uL
TEMED 10 uL
Washing buffer PBS
(NaCl 8 g/L
KCl 0.2 g/L
KH,PO, 0.2 g/L
Na,HPO, 1.15 g/L)
Tween 20 0.05 % (v/v)
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(Linear)

E.

Vector sequences

MAP of: pETM11-PfGK1 check: 2848 from: 1 to: 2113

PETM11/Pichia farinosa glycerol kinase 1
expression of N-terminal His6-tagged [BllBlE olycerokinase 1
CDS 94-2064

A)

61

181

241

301

September 3, 2007 15:59 ..

gaaattaatacgactcactataggggaattgtgagcggataacaattcccctctagaaat

ctttaattatgctgagtgatatccccttaacactcgectattgttaaggggagatcttta

t

I NTTUHYRG I V S G *

zZ

Q F P S R

aattttgatttaactttaagaaggagatataccATGAAACATCACCATCACCATCACCCC

ttaaaactaaattgaaattcttcctctatatggTACTTTGTAGTGGTAGTGGTAGTGGGG
N F DL TU LI R®RIRYTMI KU HUHHHHH P

ATGAGCGATTACGACATCCCCACTACTGAGAATCTTTATTTTCAGGGCGCCATGGTACGT

TACTCGCTAATGCTGTAGGGGTGATGACTCTTAGARATAAAAGTCCCGCGGTACCATGCA

T ENL Y F o ¢ a [INEE

CGTCARAGTAACGCCCCTACGCATCCATTAATTGCATCCATTGATATTGGAACCACTTCG

M 8 DY D I P T

GCAGTTTCATTGCGGGGATGCGTAGGTAATTAACGTAGGTAACTATAACCTTGGTGAAGC

GCGAGAACCATCTTGTTTGATGAACATGGAACCGARATTGCCAAGAATCAGATCGAGTAT

CGCTCTTGGTAGAACAAACTACTTGTACCTTGGCTTTAACGGTTCTTAGTCTAGCTCATA

TCTACCACGGCCTCGGAGGCGCCGGCTGATTCC. TAAGG TTTAGAAGAAGG

AGATGGTGCCGGAGCCTCCGCGGCCGACTAAGGTTTTTATTCCTTGTTAAATCTTCTTCC

TCTTCCTTGATGAGGCATAATGAGCCCATTTTCAGTGCTGAGGGTATTGCCATTTCGATT

AGAAGGAACTACTCCGTATTACTCGGGTAAAAGTCACGACTCCCATAACGGTARAGCTAA

ACTGACGATGTTATGATCGAAAACAACGCTGCCAGCGTTGGTCCAACTTTGCGTTATCCT
”
TGACTGCTACAATACTAGCTTTTGTTGCGACGGTCGCAACCAGGTTGAAACGCAATAGGA

ARGCCAGGTTGGGTTGAGTGTATGCCTGTGCACATATTGGCAAACGCGGTCCAGTGTTTA

TTCGGTCCAACCCAACTCACATACGGACACGTGTATAACCGTTTGCGCCAGGTCACAAAT

360

185

41

721

841

961

1021

1081

GCTGCATCCTTGATAACCTTGCGTAAGATCAACCAGAATCCCGCTCTCAAGATCAAGTAC

CGACGTAGGAACTATTGGAACGCATTCTAGTTGGTCTTAGGGCGAGAGTTCTAGTTCATG

AAGGTGAAAGCAATAGGTATTGCTAACATGAGAGAGACCACGATCGTATGGTCTCGTAARA

TTCCACTTTCGTTATCCATAACGATTGTACTCTCTCTGGTGCTAGCATACCAGAGCATTT

ACAGGAAAGCCATTGAGCAATGGTATCACCTGGACTGATACGAGAACTGCAGARATCGTG

TGTCCTTTCGGTAACTCGTTACCATAGTGGACCTGACTATGCTCTTGACGTCTTTAGCAC

CAGCACTTAGAACGTATGACAGATGACGAGAAAAAGGCTGAATTGAACCAGARAACCGGT

GTCGTGAATCTTGCATACTGTCTACTGCTCTTTTTCCGACTTAACTTGGTCTTTTGGCCA

TTACCTCTTTCAACCTACTTTTCAGCTGCCAAGTTACGTTGGTTATTAGATAATGATGAT

AATGGAGAAAGTTGGATGAAAAGTCGACGGTTCAATGCAACCAATAATCTATTACTACTA

ACAATTAGAGAAGAGTATGAGAAAGGCGAAGGCAATTTAATGTTTGGAACTGTTGACACT

TGTTAATCTCTTCTCATACTCTTTCCGCTTCCGTTARATTACARACCTTGACAACTGTGA

TGGTTAATCTACAACATGACGAAAGAAAAATCTTTTGTTTCGGATGTCACARACGCCTCA

ACCAATTAGATGTTGTACTGCTTTCTTTTTAGAAAACAAAGCCTACAGTGTTTGCGGAGT

AGAACATATTTCATGGACTTGGAAACGAAGGATTACGACGATGAGTTATTAGAGTTCTGG

TCTTGTATAAAGTACCTGAACCTTTGCTTCCTAATGCTGCTACTCAATAATCTCAAGACC

GACATCGATCCTACTAGGATCTGTTTGCCAAAGATTGTGTCAAGTTCTGAATTTTATGGT

CTGTAGCTAGGATGATCCTAGACAAACGGTTTCTAACACAGTTCAAGACTTARAATACCA

TCGTTTGCTACTCCTAACTTATCTAACTTAGGATTCCATAATAAGATTCACACCCTGGGC

AGCARACGATGAGGATTGAATAGATTGAATCCTAAGGTATTATTCTAAGTGTGGGACCCG

600

660

1020

1080
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C)

1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

TTAAGAAATCTTGAAGACTCTTACTGTACCCCAATTTGTGGTTGCCTTGGTGATCAGTCT

AATTCTTTAGAACTTCTGAGAATGACATGGGGTTAAACACCAACGGAACCACTAGTCAGA

GCTTCCTTAGTTGGCCAGTTAGCGTTCCGTCCAGGTTCTGCCARATGTACATATGGTACC

CGAAGGAATCAACCGGTCAATCGCAAGGCAGGTCCAAGACGGTTTACATGTATACCATGG

GGTTGTTTCTTGTTGTATAACACAGGTATTCGAAAATTGATTTCGCAACATGGTGCCTTA

CCAACARAGAACAACATATTGTGTCCATAAGCTTTTAACTAAAGCGTTGTACCACGGAAT

AGTACAATCGGATACTGGTTCCCAACTTTATCCGAAGACGACGGGAAGCCACGTTACGCA

TCATGTTAGCCTATGACCAAGGGTTGAAATAGGCTTCTGCTGCCCTTCGGTGCAATGCGT

TTGGAAGGTTCAATTGCAGTCGCTGGTTCGATTATTCAGTGGCTTAGAGACAACTTGAAG

AACCTTCCAAGTTAACGTCAGCGACCAAGCTAATAAGTCACCGAATCTCTGTTGAACTTC

CTTATAGAGCAATCGAAAGATGTAGGTCCATTGGCTTCCCTGGTTCATGACTCCGGTGGT

GAATATCTCGTTAGCTTTCTACATCCAGGTAACCGARGGGACCAAGTACTGAGGCCACCA

&
|

GTTGTATTTATTCCTGCATTCTCTGGTCTTTATGCTCCCTACTGGAACAGCGGTGCRAGA

CAACAT. TAAGGACGTAAGAGACCAGAAATACGAGGGATGACCTTGTCGCCACGTTCT

GGTACTATCTTTGGTATGACTCAGTACACCTCAGCTAGTCATATAGCCAGAGCAGCCCTT

CCATGATAGAAACCATACTGAGTCATGTGGAGTCGATCAGTATATCGGTCTCGTCGGGAA

GAAGGTGTATGTTTCCAAGTTAGATCTATTCTTAAAGCTATGGCTGACGACGCTGGTACT

CTTCCACATACAAAGGTTCAATCTAGATAAGAATTTCGATACCGACTGCTGCGACCATGA

AGCGCGGACTTTTTGGAAGAAGCCTTAAATACTCAGAATGAGTCTACTCCTTTGGCCACA

TCGCGCCTGAAARACCTTCTTCGGAATTTATGAGTCTTACTCAGATGAGGARACCGGTGT

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

D)

1741

1801

1861

1921

2041

TTGGCAGTAGATGGTGGTATGTCCAAGGCAGATGAAGTCTTGCAAATTCAAGCTGATATT
+ 1800

AACCGTCATCTACCACCATACAGGTTCCGTCTACTTCAGAACGTTTAAGTTCGACTATAA

TTGGGACCCTGTGTAACTGTTAAGAGGGCTCAGATATCTGAATGTACAGCATTAGGTGCT

1860
AACCCTGGGACACATTGACAATTCTCCCGAGTCTATAGACTTACATGTCGTAATCCACGA

GCAATTGCTGCAGGATTATCTTTCARAGACGAARAATGARAGAGTGTGGAAAGATTTTAAT

1920

CGTTAACGACGTCCTAATAGAAAGTTTCTGCTTTTACTTTCTCACACCTTTCTAARATTA

GATGTGTTTGAAAAAATTGATGCTGCAAACGGAAACAACTCCTTCAAAGCCAAGTTACCA

1980
CTACACAAACTTTTTTAACTACGACGTTTGCCTTTGTTGAGGAAGTTTCGGTTCAATGGT

GACGCAGAGAGAAGAAGAAATTGGAGAAGATGGGAACGTGCCATTGACAGGGCTAAAGAT
2040

CTGCGTCTCTCTTCTTCTTTAACCTCTTCTACCCTTGCACGGTAACTGTCCCGATTTCTA

TGGTTGGATCAGAACAATGACTAAgaattcgagctccgtcgacaagettgcggecgeact

2100
ACCAACCTAGTCTTGTTACTGATTcttaagctcgaggcagctgttcgaacgececggegtga

E F E L RRQATC G R
cgagcaccaccac
gctcgtggtggty

B, A B P -

Figure E1: A-D) Sequence of the glycerokinase gene from P. farinosa (GUT1) in pETM11-GK.
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BLAST 2 SEQUENCES RESULTS VERSION BLASTN 2.2.18 [Mar-02-2008]:

Sequence 1: pETM11-GK
Length =2872 (1 .. 2872)
Sequence 2: pETM11-GK clone 3 - T7 primer
Length = 1002 (1 .. 1002)

Score = 1856 bits (965), Expect = 0.0
Identities = 976/980 (99%), Gaps = 1/980 (0%)
Strand=Plus/Plus

Query 393 AAATAATTTTGATTTAACTTTAAGAAGGAGATATACCATGAAACATCACCATCACCATCA 452

FELLEECEETE CEE TP E P E LT

Sbjct 1 AAATAATTTTG- TTTAACTTTAAGAAGGAGATATACCATGAAACATCACCATCACCATCA 59

Query 453 GACATCCCCACTACTGAGAATCTTTATTTTCAGGGCGCCATGGT 512
||||\||\||\|\\|\||\||\|H|\||\||\|\||\||\\|H|\||\|H|\||\||

Sbjct 60 TCCCCACTACTGAGAATCTTTATTTTCAGGGCGCCATGGT 119

Query 513 ACGTCGTCAAAGTAACGCCCCTACGCATCCATTAATTGCATCCATTGATATTGGAACCAC 572

FECELCEEEE P EEEC T T LT P T T

Sbjct 120 ACGTCGTCAAAGTAACGCCCCTACGCATCCATTAATTGCATCCATTGATATTGGAACCAC 179

Query 573 TTCGGCGAGAACCATCTTGTTTGATGAACATGGAACCGAAATTGCCAAGAATCAGATCGA 632

FECEVEETEE TP LT

Sbjct 180 TTCGGCGAGAACCATCTTGTTTGATGAACATGGAACCGAARATTGCCAAGAATCAGATCGA 239

Query 633  GTATTCTACCACGGCCTCGGAGGCGCCGGCTGATTCCAAAAATAAGGAACAATTTAGRAAG 692
FEEEEE TEEEEEEE e e e e e e e e e e e e e e e e e e e e ey

Sbjct 240 GTATTCCACCACGGCCTCGGAGGCGCCGGCTGATTCCAAAAATAAGGAACAATTTAGAAG 299

Query 693 AAGGTCTTCCTTGATGAGGCATAATGAGCCCATTTTCAGTGCTGAGGGTATTGCCATTTC 752

FECEEEEEEEELEE L LT LT

Sbjct 300 AAGGTCTTCCTTGATGAGGCATAATGAGCCCATTTTCAGTGCTGAGGGTATTGCCATTTC 359

Query 753 'ACGATGTTATGATCGAAAACAACGCTGCCAGCGTTGGTCCAACTTTGCGTTA 812

\IH\I\I\HII\I\HI\I\IH\I\IIHII\I\HI\\IIHII\\\HI\I\IH

Sbjct 360 CGATGTTATGATCGAAAACAACGCTGCCAGCGTTGGTCCAACTTTGCGTTA 419

Query 813 TCCTAAGCCAGGTTGGGTTGAGTGTATGCCTGTGCACATATTGGCAAACGCGGTCCAGTG 872

CECEEPEECEEEEEE T LT

Sbjct 420 TCCTAAGCCAGGTTGGGTTGAGTGTATGCCTGTGCACATATTGGCAAACGCGGTCCAGTG 479

Query 873 TTAGCTGCATCCTTGATAACCTTGCGTAAGATCAACCAGAATCCCGCTCTCAAGATCAA 932

\HI\I\IHIII\IH\I\I\HI\I\IHIII\IH\I\IIHIII\\HII\I\HI

Sbjct 480 TTTAGCTGCATCCTTGATAACCTTGCGTAAGATCAACCAGAATCCCGCTCTCAAGATCAA 539

Query 933 GTACAAGGTGAAAGCAATAGGTATTGCTAACATGAGAGAGACCACGATCGTATGGTCTCG 992

CEPEEPEELEEE L EE L T

Sbjct 540 GTACAAGGTGAAAGCAATAGGTATTGCTAACATGAGAGAGACCACGATCGTATGGTCTCG 599

Query 993 TAAAACAGGAAAGCCATTGAGCAATGGTATCACCTGGACTGATACGAGAACTGCAGAAAT 1052

CEPEEVEEEEEEEEL L E T L LT

Sbjct 600 TAAAACAGGAAAGCCATTGAGCAATGGTATCACCTGGACTGATACGAGAACTGCAGAAAT 659

Query 1053 CGTGCAGCACTTAGAACGTATGACAGATGACGAGAAAAAGGCTGAATTGAACCAGAAAAC 1112

\IH\I\I\HII\I\HI\I\IH\I\IIHII\I\HI\\IIHII\\\HI\I\IH

Sbjct 660 GTGCAGCACTTAGAACGTATGACAGATGACGAGAAAAAGGCTGAATTGAACCAGAAAAC 719

Query 1113 CGGTTTACCTCTTTCAACCTACTTTTCAGCTGCCAAGTTACGTTGGTTATTAGATAATGA 1172

CECEEVEEEEEREE R E LT

Sbjct 720 CGGTTTACCTCTTTCAACCTACTTTTCAGCTGCCAAGTTACGTTGGTTATTAGATAATGA 779

Query 1173 TGATACAATTAGAGAAGAGTATGAGAAAGGCGAAGGCAATTTAATGTTTGGAACTGTTGA 1232

CEPEEVEETEEE PP P L P LT LT

Sbjct 780 TGATACAATTAGAGAAGAGTATGAGAAAGGCGAAGGCAATTTAATGTTTGGAACTGTTGA 839

Query 1233 CACTTGGTTAATCTACAACATGACGAAAGAAAAATCTTTTGTTTCGGATGTCACAAACGC 1292

FECEEVEETEEEEEE TP L P TP L LT

Sbjct 840 CACTTGGTTAATCTACAACATGACGAAAGAAAAATCTTTTGTTTCGNATGTCACAAACGC 899

Query 1293 CTCAAGAACATATTTCATGGACTTGGAAACGAAGGATTACGACGATGAGTTATTAGAGTT 1352

CECEECEETEE TP EEC T EE LT

Sbjct 900 CTCAAGAACATATTTCATGGACTTGGAAACGAAGGATTACGACGATGAGTTATTAGAGTT 959
Query 1353 CTGGGACATCGATCCTACTA 1372

[EEEETE TEETEETTE

Sbjct 960 CTGGGACNTCGATCCTACTA 979
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Sequence 1: pPIC3.5-GK

Length =3012 (1..3012)

Sequence 2: pPIC3.5-GK clone 24 - 5'AOX primer
Length =986 (1 .. 986)

Score

Query
Sbjct
Query
Shict
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Shict
Query
Sbjct
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Shict
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbict

= 1859 bits (967), Expect = 0.0
Identities
Strand=Plus/Plus

413

10

473

70

533

129

583

189

653

249

713

309

773

369

833

429

893

489

953

549

1013

609

1073

669

1133

729

1193

789

1253

849

1313

909

1373

969

976/978 (99%), Gaps = 1/978 (0%)

ACTTGAGAAGATCAAAAMACAACTAATTATTCGAAGGATCCTACGTAGAATTCCCTAGAA

ACTTGAGAAGATCAAAAMACAACTAATTATTCGAAGGATCCTACGTAGAATTCCCTAGAA

ATAATTTTGATTTAACTTTAAGAAGGAGATATACCATGARACATCACCATCACCATCACC

ATAATTTTG-TTTAACTTTAAGAAGGAGATATACCATGAAACATCACCATCACCATCACC
CCATGAGCGATTACGACATCCCCACTACTGAGAATCTTTATT TTCAGGGCGCCATGGTAC
CEECEECEEEEEE e T
CCATGAGCGATTACGACATCCCCACTACTGAGAATCTTTATT TTCAGGGCGCCATGGTAC

GTCGTCAAAGTAACGCCCCTACGCATCCATTAATTGCATCCATTGATATTGGAACCACTT

GTCGTCAAAGTAACGCCCCTACGCATCCATTAATTGCATCCATTGATATTGGAACCACTT

CGAGAACCATCT TGATGAACATGGAACCGAAATTGCCAAGAATCAGATCGAGT

AACATGGAACCGARATTGCCAAGAATCAGATCGAGT

ATTCTACCACGGCCTCGGAGGCGCCGGCTGATTCCARAAATAAGGAACAATTTAGAAGAA

ATTCCACCACGGCCTCGGAGGCGCCGGCTGATTCCAARAATARGGAACARTTTAGAAGAA

CCTTGATGAGGCATAATGAGCCCATTTTCAGTGCTGAGGETATTGCCATTTCGA

II\II\\I\\I\\I\\I\\I\\IIIIII\II\II\II\ LEELETLETTTEETEEr T
GAT!

GAGGCATAATGAGCCCATTTTCAGTGCTGAGGGTATTGCCATTTCGA

ACTGACGATGTTATGATCGARAACAACGCTGCCAGCGTTGGTCCAACTTTGCGTTATC

TTACTGACGATGTTATGATCGAARACAACGCTGCCAGCGTTGGTCCAACTTTGCGTTATC
CTARGC GTGCACATATTGGCAAACGCGGTCCAGTGTT
111

Il | I\\I\\I\\I\\I\\Illlll\ll\ll\ll\ LEVEREETETEEEEEEEEET L
CTRAG GCACATATTGGCAAACGCGGTCCAGTGTT

GCATCCTTGATAACCTTGCGTAAGATCAACCAGAATCCCGCTCTCAAGATCARGT

II\II\\I\\I\\I\\I\\I\\IIIIII\II\II\II\ ERNRRNRRRARRARnANey
GCAT

CCTTGATAACCTTGCGTAAGATCAACCAGAATCCCGCTCTCAAGATCAAGT

ACAAGGTGAAAGCAATAGGTATTGCTAACATGAGAGAGACCACGATCGTATGGTCTCGTA

ACRAGGTGRAAGCARTAGGTATTGCTAACATGAGRAGAGACCACGATCGTATGGTCTCGTA

ARACAGGAAAGCCATTGAGCAATGGTATCACCTGGACTGATACGAGAACTGCAGARATCG

FECEREEEEEEECEE P e e E e L e
ARACAGGARAGCCATTGAGCAATGETATCACCTGGACTGATACGACAACTGCAGARATCG

TGCAGCACTTAGAACGTATGACAGATGACGAGAAAAAGGCTGAATTGAACCAGAARACCG

GCACTTAGAACGTATGACAGATGACGAGAARAAGGCTGAATTGAACCAGAARACC

GTTTACCTCTTTCAACCTACTTTTCAGCTGCCARGTTACGTTGGTTATTAGATAATGATG

II\II\\I\\I\\I\\I\\I\\IIIIII\II\II\II\ LECEETEEETTETTEET LT
"TTAC!

CTCTTTCAACCTACTTTTCAGCTGCCAAGTTACGTTGGTTATTAGATAATCGATG

ATACAATTAGAGAAGAGTATGAGARAGGCGAAGGCAATTTAATGTTTGGAACTGTTGACA

ATACAATTAGAGAAGAGTATGAGARAGGCGAAGGCAATTTAATGTTTGGAACTGTTGACA

CTTGGTTAATCTACAACATGACCGAAAGAARAATCTTTTGTTTCGGATGTCACAARCGCCT

GGTTAATCTACAACATGACGAAAGARAMATCTTTTGTTTCGGATGTCACAAACGCCT
CAAGAACATATTTCATGG 1390

CAAGAACATATTTCATGG 986

188

472

69

532

128

592

188

652

248

712

308

772

368

232

428

892

488

4852

548

1012

608

1072

668

1132

728

1192

788

1252

a48

1312

S08

1372

968
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Sequence 1: pPIC3.5-GK
Length =3012 (1 .. 3012)
Sequence 2: pPIC3.5-GK clone 24 - 3'AOX primer
Length = 1021 (1..1021)

Score

= 1884 bits (980), Expect = 0.0

Identities
Strand=Plus/Minus

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

1560

1021

1618

961

1677

901

1737

841

1797

781

1857

721

1917

661

1977

601

2037

541

2097

481

2157

421

2217

361

2277

301

2337

241

2397

181

2457

121

2517

61

2577

= 1012/1021 (99%), Gaps

3/1021 (0%)

AAATCTTGAAGACTCTTACTG-TACCCCAATTTGTGGTTGCC-TTGGTGATCAGTCTGCT

AAATCTTGAAGACTCTTACTGGTACCCCAATTTGTGGTTGCCNTTGGTGATCAGTCTGCT

TCC-TTAGTTGGCCAGTTAGCGTTCCGTCCAGGTTCTGCCAAATGTACATATGGTACCGG

CEETEPEEEEE TP LEEEEEEE LTI

TCCNTTAGTTGGCCAGTTAGCGTTCCGCCAGGGTTCTGCCAAATGTACATATGGTACCGG

'GTATAACACAGGTATTCGAAAATTGATTTCGCAACATGGTGCCTTAAG

|||||\J|||||\\|\III\ CELCLEEELLEEE LT TEE LT
'GTTG'

TATAACACAGGTATTCGAAAATTGATTTCGCAACATGGTGCCTTAAG

TACAATCGGATACTGGTTCCCAACTTTATCCGAAGACGACGGGAAGCCACGTTACGCATT

TACAATCGGATACTGGTTCCCAACTTTATCCGAAGACGACGGGAAGCCACATTACGCATT

GGAAGGTTCAATTGCAGTCGCTGGTTCGATTATTCAGTGGCTTAGAGACAACTTGAAGCT

COCEECECETEEEEEEEE e e e e e e

GGAAGGTTCAATTGCAGTCGCTGGTTCGATTATTCAGTGGCTTAGAGACAACTTGAAGCT

TATAGAGCAATCGAAAGATGTAGGTCCATTGGCTTCCCTGGTTCATGACTCCGGTGGTGT

TATAGAGCAATCGAAAGATGTAGGTCCATTGGCTTCCCTGGTTCATGACTCCGGTGGTGT

TATGCTCCCTACTGGAACAGCGGTGCAAGAGG

TCTT
\II\\I\III\I\\I\\II\ \I\IIIIII\IIIIIIIII\I FEFRLELTETEETETL
TCTT

TATGCTCCCTACTGGAACAGCGGTGCARAGAGG
TACTATCTTTGGTATGACTCAGTACACCTCAGCTAGTCATATAGCCAGAGCAGCCCTTGA
CEVEPEEDEEEEE TR PR rrnr
TACTATCTTTGGTATGACTCAGTACACCTCAGCTAGTCATATAGCCAGAGCAGCCCTTGA

AGGTGTATGTTTCCAAGTTAGATCTATTCTTAAAGCTATGGCTGACGACGCTGGTACTAG

AGGTGTATGTTTCCAAGTTAGATCTATTCTTAAAGCTATGGCTGACGACGCTGGTACTAG

CGCGGACTTTTTGGAAGAAGCCTTAAATACTCAGAATGAGTCTACTCCTTTGGCCACATT

FECECEELCEEEEEE TP EECE TP EE LT
CGCG

GACTTTTTGGAAGAAGCCTTAAATACTCAGAATGAGTCTACTCCTTTGGCCACATT

'AGATGGTGGTATGTCCAAGGCAGATGAAGTCTTGCAAATTCAAGCTGATATTTT

\II\\I\III\I\\I\\II\ CEVECEEREETET LT
CAGT.

'AGATGGTGGTATGTCCAAGGCAGATGAAGTCTTGCAAATTCAAGCTGATATTTT

GGGACCCTGTGTAACTGTTAAGAGGGCTCAGATATCTGAATGTACAGCATTAGGTGCTGC

GGACCCTGTGTAACTGTTAAGAGGGCTCGGATATCTGAATGTACAGCATTAGGTGCTGC

AATTGCTGCAGGATTATCTTTCAAAGACGAAAATGAAAGAGTGTGGAAAGATTTTAATGA

AATTGCTGCAGGATTATCTTTCAAAGACGAAAATGAAAGAGTGTGGAARAGATTTTAATGA

TGTGTTTGAAAAAATTGATGCTGCAAACGGAAACAACTCCTTCAAAGCCAAGTTACCAGA

CEVEEEEEEEEEE L EEE TP LT T L

TGTGTTTGAAAAAATTGATGCTGCAAACGGAAACAACTCCTTCAAAGCCAAGTTACCAGA

CGCAGAGAGAAGAAGAAATTGGAGAAGATGGGAACGTGCCATTGACAGGGCTAAAGATTG

CGCAGAGAGAAGAAGAAATTGGAGAAGATGGGAACGTGCCATTGACAGGGCTAAAGATTG

GTTGGATCAGAACAATGACTAAGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCGAATT

GTTGGATCAGAACAATGACTAAGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCGAATT

AATTCGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTC

CELECEECCEEE TP E P 1

AATTCGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGNTC
T 2577

T 1

189

1617

962

1676

902

1736

842

1796

782

1856

722

1916

662

1976

602

2036

542

2096

482

2156

422

2216

362

2276

302

2336

242

2396

182

2456

122

2516

62

2576



F. Standard operating procedures (SOPs)

Arbeitsanweisung Nr. M/ 03

Datum: 12.04.2000 Autor: Dr. Annett Kiesel
ueberarbeitet: 2002 Autor: |. Behrendt
ueberarbeitet: 23.11.2005 Autor: S.Koenig
ueberarbeitet: 11.09.2006 Autor: N. Schlawin
ueberarbeitet: 19.08.2010 Autor: S.Koenig

Herstellung von Glasgow-MEM-Medium aus Pulvermedium (fir Gewebekultur und
Kultivierung im Bioreaktor)

1.0 Ziel

Herstellung von Glasgow-MEM-Vollmedium zur Kultivierung von MDCK-Zellen in groesseren
Mengen. Pulvermedium ist wesentlich preiswerter als Fertigmedium. Da der Sterilfilter aber sehr
teuer ist, sollten mindestens 30 L angesetzt werden. Die maximale Menge pro Filtereinsatz betraegt

60L.
2.0 Material

Appendix

BHK-21-Medium- (Glasgow-MEM-) Pulvermedium (Fa. Gibco, Best.Nr. 22100-093, fiir 50 L)
NaHCO; (Fa. Merck, Best.Nr.: 1.06329.1000)
Glucose (Fa. Roth, Best.Nr.: X997.2)
Magnetriihrer mit Ruehrstab
AnsatzgefaB (z. B. 5L Becherglas)
sterile 1-5 L Flaschen (fiir das sterilfiltrierte Medium)
1 N HCI (Fa.Roth, Best.Nr.fuer 37 %: 4625.1 oder Fa. Merck, Best. Nr. fuer 37%: 1.00317.1000)
1 N NaOH (Fa. Merck, Best. Nr. fuer Plaetzchen: 1.06482.1000)
Sterilfiltrieranlage (Sterilfilter Sartobran 300 von Sartorius, Edelstahldruckbehaelter,
2 Druckschlaeuche, 4 Schlauchklemmen, 1 Aterienklemme, Stativ)
pH-Meter
Druckluft
Mikrowelle (zum zuegigen Erhitzen des Milli-Q-Wassers)
Pepton (Fa. idg / GroRbritannien, Best.Nr.: MC 33)
Schutzbrille

3.0 Methode

3.1 Zusammensetzung des Glasgow-Mediums (4,5 L):

Glasgow-MEM-Pulvermedium: 62,6 g
NaHCO; 200 g
Glucose 5,00 g

pH-Wert (Einstellung): Sollwert 6,7

3.2 Ansetzen des Glasgow-MEM-Mediums (4,5 L):

2,5 L Milli-Q-Wasser in das Ansatzgefaess auf dem Magnetruehrer geben

1 L Milli-Q-Wasser auf ca. 90 °C erwaermen (in der Mikrowelle, 10 min bei 1000 W)

Dann das warme Wasser zu den 2,5 L hinzufuegen, das Milli-Q-Wasser betragt jetzt ca. 35°C-37°C

62,6 g Pulver abwiegen und gleich in das ca. 35°C -37°C warme Wasser einruehren (Pulver ist
stark hygroskopisch)
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20 g NaHCO; und 5 g Glucose hinzufuegen und loesen

pH-Wert mit NaOH oder HCI auf 6,7 einstellen

Auf 4,5 L mit Milli-Q-Wasser auffuellen und in den Edelstahlbehalter fiillen, sofort sterilfiltrieren
(in eine oder mehrere sterile Flaschen)

Da es eine Druckfiltration ist, Schutzbrille tragen. Der Druck betraegt max. 1,5 bar

Angabe der jeweils verwendeten Chargen (Datum) im Arbeitsblatt eintragen

Vollstaendige Beschriftung (Datum, Bezeichnung)

Von dem sterilfiltrierten Medium Sterilkontrollen in CASO-Bouillon anlegen (je 2 am Anfang, 2 in
der Mitte und 2 am Ende)

4.0 Lagerung

Bei 4 °C bis 8°C kann das Medium maximal 6 Monate aufbewahrt werden
Die Stabilitaet von Glutamin und anderen Inhaltsstoffen kann dann abnehmen

5.0 Arbeitsblaetter

M/ 03.1
zZ/07

Arbeitsanweisung Nr. M/ 04

Datum: 14.06.2001 Autor: |. Behrendt
ueberarbeitet: 20.06.2006 Autor: S. Koenig
ueberarbeitet: 30.05.2008 Autor: S. Koenig

Herstellung von Glasgow-MEM-Vollmedium (Z-Medium) aus selbst hergestellten
Teilloesungen (GMEM-Medium aus Pulvermedium + FCS + 20 % Lab-M-Peptone) und (V-
Medium) aus selbst hergestellten Teilloesungen (GMEM-Medium aus Pulvermedium + 20
% Lab-M-Peptone)

1.0 Ziel

Herstellung von Vollmedium zur Kultivierung von MDCK-Zellen in Kulturflaschen und in
Bioreaktoren. Alle Medienbestandteile sind bereits als Loesungen steril vorhanden (FCS) oder steril
hergestellt und brauchen nur noch zusammen pipettiert zu werden.

2.0 Material

foetales Kaelberserum (FCS, Fa. Gibco, Best.Nr. 10270-106): 500 mL-Flasche
Glasgow-MEM-Medium (BHK21) aus Pulvermedium hergestellt, siehe Arbeitsanweisung Nr. M/03
Lab-M-Peptone F.M.V. (Fa. idg, GroRbritannien, Best. Nr.: MC 33 )

Schottflasche 1 L

Waage

sterile Flasche

3.0 Methode

3.1 Ansetzen der 20 %igen Peptonloesung:

200 g Lab-M-Peptone in 80 °C warmen Wasser loesen und auf 1 L auffuellen
in eine 1-L-Flasche fuellen
Sofort bei 105 °C 30 min autoklavieren
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3.2 Zusammensetzung des Vollmediums:

Die Flasche mit dem FCS wird ueber Nacht im Kuehlschrank aufgetaut
Alle Teilloesungen auf Zimmertemperatur erwaermen lassen und steril unter der Werkbank auf
der Waage in eine sterile Flasche abwiegen

Ansatz fur 1 L-Medium Z- Medium:

890 mL des Glasgow-MEM-Medium in eine sterile 1 L-Flasche einwiegen
Zugabe von 100 mL FCS, sowie 10 mL 20 %iges Lab-M-Peptone

Angabe der jeweils verwendeten Chargen im Arbeitsblatt

Vollstaendige Beschriftung der Flaschen ( Z..., Datum)

Steriltest anlegen

Ansatz fur 1L-Medium V- Medium:

990 mL des Glasgow-MEM-Medium in eine sterile 1 L-Flasche einwiegen
Zugabe von 10 mL 20 %iges Lab-M-Peptone

Angabe der jeweils verwendeten Chargen im Arbeitsblatt

Vollstaendige Beschriftung der Flaschen ( V..., Datum)

Steriltest anlegen

4.0 Lagerung

Das fertige Vollmedium kann im Kuehlschrank ca. 3 Monate aufbewahrt werden (Die
Stabilitaet von Glutamin und anderen Inhaltsstoffen kann allerdings nach 4 Wochen schon
abnehmen)

FCS ist aufgetaut 6 Monate bei 6 °C haltbar

Lab-M-Peptone 20 %ig ist bei 4 °C 6 Monate haltbar

5.0 Arbeitsblaetter

M/ 04.1
M/ 04.2
M/ 04.3
Z/ 07

Arbeitsanweisung Nr. M/ 07

Datum: 8.12.2000 Autor: llona Behrendt
liberarbeitet: 17.12.03 Autor: Susanne Konig
liberarbeitet: 17.11.05 Autor: Susanne Konig
liberarbeitet: 20.05.10 Autor: Claudia Best

Herstellung der Trypsin-EDTA- Stamml6sung (10x) zum Ablésen von Zellkulturen

1.0 Ziel

Herstellung der Trypsin-EDTA- Stammlosung (10x) fir das Ablésen von adhdrenten Zellen aus
Zellkulturflaschen.

2.0 Material

Trypsin, 1:250, Pulver (Gibco, Bestellnr.: 27250-018), befindet sich im Raum N. 1.06 bei 4°C
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(bei einer neuen Trypsincharge, von Gibco immer das Analysenzertifikat zuschicken lassen, da
dort die Aktivitatsangabe (BAEE- Wert) vermerkt ist!!)

unsteriles PBS, befindet sich im Raum N. 1.06 bei RT

EDTA (Sigma, Bestellnr.: ED2SS), befindet sich im Raum N. 1.06 bei RT
Prazisionswaage

Spatel, Wageschalchen

250 mL Becherglas

250 mL Messzylinder

Magnetrihrer + Rihrstabchen

Vakuumpumpe, befindet sich im Raum N. 1.07 unter dem Abzug

250 mL Nalgene Sterilfilter (gelb, 0,22 um)

S2 Sterilbank

2 Caso-Bouillons

Pipettierhilfe Pipettus akku

sterile Einmalpipetten

sterile 50 mL Falkonréhrchen

3.0 Methode

Es ist darauf zu achten, dass der BAEE- Wert (Aktivititsangabe) zwischen 600 — 800 U/mg liegt.
Falls dieser kleiner oder hoher sein sollte, muss die Einwaagemenge neu berechnet werden.

flr 250 mL werden 1,25 g Trypsin und 0,5 g EDTA auf der Prazisionswaage eingewogen

diese beiden Substanzen gibt man zusammen mit 250 mL unsterilem PBS in ein Becherglas
die Losung wird auf dem Magnetriihrer solange geriihrt, bis sich die Substanzen vollstandig
aufgeldst haben

danach wird die Losung mit der Vakuumpumpe in ein 250 mL Nalgenes Filtersystem steril filtriert
unter der S2 Sterilbank werden aus dem Nalgene Filtersystem 5 mL als Steriltest in die 2 Caso-
Bouillons pipettiert

jeweils 50 mL der Trypsinstammlésung werden mit Einmalpipetten in die sterilen
Falconrohrchen hinein pipettiert

zum Schluss werden die Rohrchen gut verschlossen und einzeln beschriftet (Trypsin 10x,
Herstellungsdatum, steril)

das dazugehorige Datenblatt (V/02.1) wird ausgefillt und im Ordner fir Zellkulturlésungen
abgeheftet

4.0 Lagerung

Die Lagerung erfolgt bei 4 °C. Die Haltbarkeit betragt 1 Jahr.

Es ist darauf zu achten, dass trotz der Lagerung bei 4 °C, die Aktivitat des Trypsinpulvers abnimmt.
Um dies rechtzeitig zu erkennen, wird bei Auffilligkeiten des Abldsevorganges wahrend der
Zellpassagierung, wie z.B. langere Ablésedauer, die techn. Assistentin informiert.

Sollten sich die Auffalligkeiten bestatigen, erfolgt somit eine Neubestellung des Trypsinpulvers von
der Firma Gibco.

5.0 Verwendung

diese 10x konzentrierte Trypsinstammldsung wird zum Abldsen der Zellen von Carriern aus dem
Bioreaktor, Wavereaktor u.v.m. verwendet

zum Abl6sen der Zellen von T-Flaschen bzw. Rollerflaschen muR diese Lésung noch 1:10
verdinnt werden, da sie sonst dafiir zu stark konzentriert ist
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6.0 Herstellung von verdiinnter Trypsin- EDTA- L6sung (1x)

Material

1 Falcon Trypsinstammldsung (10x), befindet sich im Raum N. 1.06 bei 4°C
steriles PBS, befindet sich im Raum N. 1.06 bei RT

10 sterile 50 mL Falconréhrchen

Pipettierhilfe Pipettus akku

sterile Einmalpipetten

S2 Sterilbank

Herstellung

unter der S2 Sterilbank pipettiert man 5 mL von der Trypsinstammldsung in jedes der 10
Falconroéhrchen

danach wird in jedes Falcon noch 45 mL des sterilem PBS dazugegeben

zum Schluss werden die Falcons gut verschlossen, etwas geschittelt, und beschriftet
(Trypsin 1x, Herstellungsdatum, steril)

die Lagerung erfolgt ebenfalls bei 4 °C

7.0 Arbeitsblitter

M/07.1
Z /07
Z /04
vV /021

Arbeitsanweisung Nr. Z/ 02

Datum: 25.06.2003 Autor: |. Behrendt
Auftauen von MDCK-Zellen
2.0 Ziel

Schonendes Auftauen von in der Gasphase von fliissigem Stickstoff langzeit-gelagerten MDCK-Zellen.

2.0 Material

Zellen in Kryoréhrchen im flissigen Stickstoff

Stickstoffaufbewahrungsbehalter

Schutzkleidung: Thermohandschuhe und Schutzschild

Wasserbad 37 °C

Kulturgefal (T25, besser T75)

Vollmedium (komplett gemischt mit FCS und Tryptosephosphatboullion oder Pepton) oder
serumfreies Medium (Episerf, Optipro, Ex-Cell) (auf Raumtemperatur vorgewarmt)
Werkbank gesaubert

Pipettierhilfe, Pipetten (steril)

Desinfektionsl6sung (Descosept AF / Cleanisept) in Sprihflasche

Sterillium fiir Handedesinfektion
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3.0 Methode

Werkbank 15 min vor Arbeitsbeginn einschalten, desinfizieren

Pipetten, Pipettierhilfe und Medium desinfizieren und in die Sterilbank stellen

Handschuhe anziehen und desinfizieren

unter Sterilbank Medium in die Zellkulturflasche pipettieren oder giefRen (20 mL in eine T25-
Flasche, 50 mL in eine T75-Flasche)

Zellen aus dem Stickstoffbehélter holen (mit Schutzkleidung!!!) und schnell auftauen

Gefriermittel DMSO ist toxisch. Die Zellen missen moglichst schnell aufgetaut werden und in das
Medium zur Verdiinnung uberfihrt werden!! Kryoréhrchen nicht (ber-Kopf-schitteln —
Kontaminationsgefahr!

Kryorohrchen sofort nach dem Schmelzen des letzten Eisklimpchen von auBen desinfizieren und

unter die Werkbank stellen

den Inhalt mit einer geeigneten Pipette in die Kulturflasche Gberfiihren (die Kulturflasche sollte

mind. 20 mL Medium enthalten, um das DMSO ausreichend zu verdiinnen)

bei Problemen wadhrend der Anzucht:

1. nach dem Anheften der Zellen (ca. 4 — 12 h) einen Mediumwechsel durchfiihren, um das
DMSO aus der Kultur zu entfernen (siehe Arbeitsanweisung Z/03) oder

2. gerade aufgetaute Zellen in ein mit 40 mL Medium (37°C) gefiilltes 50-mL-Falkongefal}
Uberfiihren, in der Zentrifuge bei 500 x g Zellen 5 min bei Raumtemperatur abzentrifugieren,
Medium abpipettieren und Zellen in einem geeigneten Volumen (Bsp. 50 mL) Medium
aufnehmen und in die Zellkulturflasche tGberfihren (Bsp. T75)

Arbeitsanweisung Nr. Z/ 04

Datum: 14.04.2000 Autor: Dr. Annett Kiesel
geaendert am: 09.07.2003 Autor: llona Behrendt
geaendert am: 20.06.2006 Autor: Susanne Koenig
geaendert am: 11.09.2006 Autor: Nancy Schlawin

Passagieren von MDCK-Zellen in serumhaltigem Medium
1.0 Ziel

Langzeitkultivierung und Vermehrung von Zellen, zur Beimpfung mit verschiedenen Virusarten und
spaeteren Aufarbeitung.

2.0 Materialien

Kultur mit konfluent gewachsenen Zellen (25-cm?-, 75-cm?*-, 175-cm’-Flasche oder 850-cm*
Rollerflasche); MDCK-Zellen: 4- bis 6-Tage alte, konfluent gewachsene Kultur
- Trypsin/EDTA-Loesung (0,05 % Trypsin/ 0,02 % EDTA, 37 °C), 1:10-Verduennung aus
Stammloesung, siehe Arbeitsanweisung M/07
- Vollmedium (GlasgowMEM komplett gemischt mit 10 % FCS und Tryptosephosphatboullion/
Pepton), siehe Arbeitsanweisungen M/02 oder M/04
- PBS (Raumtemperatur) siche Arbeitsanweisung M/01
- foetales Kaelberserum (FCS) (auf Raumtemperatur vorwaermen) Firma:Gibco/Best.Nr.:10270106

3.0 Methode

Kulturflaschen aus dem Brutschrank nehmen und desinfizieren, unter die Werkbank stellen
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Kulturflaschen aufschrauben, Deckel mit Oeffnungen nach oben legen (Deckel nach hinten
legen, so dass man nicht darueber fasst beim Arbeiten)

altes Medium in eine sterile Abfallflasche abgiessen (nicht den Rand beruehren!)

die Zellen mit PBS-Loesung 2x waschen (s. Volumentab., I), gebrauchtes PBS in die sterile
Abfallflasche abgieRen (dazwischen die T-Flaschen immer zuschrauben und schwenken)
Trypsin/ EDTA-Loesung zupipettieren, ein duenner Fluessigkeitsfilm genuegt (s. Volumentab., I1),
und die Zellen bei 37 °C fiir ca. 20 min inkubieren

in der Zwischenzeit neue Kulturflasche mit entsprechender Menge Medium befuellen

(s. Volumentab., IV)

nach 10 min Trypsininkubation die Flasche zum ersten Mal leicht schuetteln, dann Zellen weiter
inkubieren (insgesamt ca. 20 bis 30 min.) bis sich die Zellen nach erneutem kraeftigen Schuetteln
vom Boden abloesen (optische Kontrolle und/oder unterm Mikroskop angucken)

zum Abstoppen der enzymatischen Reaktion FCS (s. Volumentab., lll) zu den abgeloesten Zellen
geben

durch mehrmaliges (ca. 2-3x) Aufziehen des Inhaltes der Flasche in eine Pipette erfolgt eine
Zellvereinzelung (um Schaum zu vermeiden, Pipetteninhalt am Flaschenboden oder an der
Innenseite der Flasche auslaufen lassen!)

von dieser Zellsuspension entnimmt man 1/3 bis 1/6 (bei Inkubation in Flaschen mit gleichem
Volumen) und pipettiert dieses jeweils in eine der vorbereiten Flaschen (Berechnung der
Einsaatdichte siehe unter Punkt 5 oder 6)

Beachte! Fuer Zellkultivierung Deckel mit Membran benutzen (CO,-durchlaessig), bei Arbeiten
mit Virus in den T-Flaschen, geschlossenen Deckel (ohne Membran) nehmen

Flaschen im Brutschrank bei 37 °C und 5 % CO, inkubieren

4.0 Volumentabelle

KulturgefaeR® PBS zum Waschen (I) | Trypsin/EDTA (Il) | FCS (lll) Vollmedium (1V)
25-cm’-Flasche 5-10mL 1mL 1mL 15-20 mL
75-cm’-Flasche 10-15mL 3mL 3mL 50 mL

175-cm*-Flasche 15-20mL 5mL 5mL 100-125mL

850-cm?-Rollerflasche |40 —-50 mL 10 mL 10 mL 250 mL

5.0 ,Faustregeln” fiir die Anzucht von MDCK-Zellen

Ausgangskultur: 4- bis 6-Tage alte, konfluent gewachsene Kultur (zu alte Kulturen vermeiden)
- Weiterkultivierung der Zellen in einer Kulturflasche mit gleichem Volumen: 1/3 bis 1/6 der

Zellen in die neue Flasche geben
- Vermehrung der Zellen fir den Fermenter: Ampulle — T75 — T175 — Rollerflasche:

jeweils die gesamten Zellen in das naechst groessere Kulturgefaess ueberfuehren

(Ampulle mit 2-5x10° Zellen/mL; wenn weniger Zellen oder alte Zellen: Zwischenstufe tiber T25)
- Zellen nicht untereinander austauschen (bei Kontaminationsgefahr nicht mehr genau

nachvollziehbar, woher diese stammt)
- fuer eine Reaktorkultivierung Zellen aus einer Passagierung kleiner 20 verwenden

- stets eine T 75 Flasche parallel zur Fermentation als Back-up laufen lassen

6.0 Einsaat

6.1 Ermittlung des Einsaatvolumens

- ermittelte Zellzahl der trypsinierten Flasche Z (z. B. 1,2 x 10° Zellen/mL)
- Tage, in denen die Zellen bis zur Konfluenz wachsen sollen T (z. B. 4 d)
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- empirisch ermittelte Einsaatdichte E, bei der die Zellen nach T Tagen in dem verwendeten
KulturgefaeR konfluent sind (z. B. 0,8 x 10’ Zellen pro 175 cm” werden benoetigt, um in 4
Tagen eine konfluente Kultur in einer 175-cm?Flasche zu erhalten)

- Rechnung: E:Z=Volumen [mL]

Bsp:
(0,8 x 107 Zellen) : (1,2 x 10° Zellen/mL) = 6,7 mL

In eine 175-cm®-Flasche muessen 6,7 mL einer Zellsuspension, die 1,2 x 10° Zellen/mL
enthaelt, pipettiert werden, um nach 4 Tagen eine konfluente Kultur zu erhalten.

6.2 Bestimmung der Einsaat

- Einsaat = Zellen pro cm?
= (Einsaatvolumen x Zellzahl) : Oberflaeche

Bsp.:
= (6, 7 mLx 1,2 x 10° Zellen/mL) : 175 cm? = 4,6 x 10* Zellen/cm?

6,7 mL der Zellsuspension (mit 1,2 x 10° Zellen/ml) ergeben in einer 175-cm*Flasche eine
Einsaat von 4,6 x 10* Zellen/cm?.

- Was ist ein guter Richtwert pro cm?*?
2.B.:  3,3x10%cells/ cm? fuer Bioreaktor (= 3,0 x 10° cells/ml)
2,9 x 10° cells / cm? fuer Rollerflaschen in 4 Tagen oder
1,5x 10% cells / cm? fuer Rollerflaschen in 7 Tagen
7,6 x 10” cells/ cm? fuer T 175 (1:6 gesplittet)
4,3 x 10" cells/ cm? fuer T175 (5ml) in Rollerflasche (850 cm?)

7.0 Lagerung

Zellen wachsen in:
- T-Flaschen bei 37°C im CO,-Brutschrank im N1.06
Rollerflaschen im 37°C Rollerflaschenschrank im N1.06 oder im 37°C Brutraum auf den
Rollerflaschengestell
- Spinner bei 37°C im Brutraum auf einen Ruehrer

Die eingefrorenen Zellen werden im Fluessigstickstoffoehaelter im N1.12 gelagert.
Die Dokumentation erfolgt ueber Tabellen mit den jeweiligen Farbcode und Kennnummern, die in
einem Ordner im Raum N 1.06 abgeheftet sind.

8.0 Arbeitsblaetter

M /01
M /02
M /04
M /07
Z /07
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Kurzanleitung G/21 Zellzdhlgerat ViCell XR

Version 1.5

Erstellt am: 29.03.2006
Aktualisiert am 08.08.2008
Autor: J. Schulze-Horsel

1. Im Vorfeld zu beachten

e Das Gerat darf nur nach Einweisung durch die dafiir zustandige Person bzw. nach Absprache
durch eine andere eingewiesene Person benutzt werden.

* Die zu messende Probe darf auf keinen Fall Microcarrier enthalten, da sonst das Gerat verstopft
wird!

* Validierter Messbereich (fir Zelltyp ,MDCK 100“: 9.6*10* bis 1,0¥10” Zellen/mL (Gesamtzellzahl)

2. Material
Originalprodukte von Beckman Coulter:

Nr. 383260 Single Pack 250 Messungen, Reagenzien plus ProbengefdRe (ca. 240 Euro)
Nr. 383194 Quad Pack 1000 Messungen (4x Single Pack = ca. 845 Euro)
Nr. ProbengefidRe (ViCell Cups)

Die ProbengefdlRe konnen gespiilt und mehrmals verwendet werden.

Die Komponenten des Reagenzienpacks sind entweder bereits vorhanden oder kdnnen selbst
hergestellt werden:

*  Trypanblaulésung: 0,4 % w/v Trypanblau und 0,15 mol/L Natriumchlorid in
vollentsalztem Wasser (VE-Wasser)
mit Papierfilter vorfiltriert, anschliessend 0,45 um filtriert

e Desinfektionsmittel: Isopropanol (2-Propanol), 90 %
e Reinigungsmittel: Beckman Coulter Clenz (Nr. 8448222, 5 Liter)
e Pufferlésung dH,0, z.B. MilliQ-Wasser

Das bendtigte Reagenzienvolumen pro 250 Messungen ist:

Trypanblaulésung ca. 110 mL
allen anderen Reagenzien ca. 220 mL bendtigt

Auffillen der Reagenzien:

Wenn das aktuelle Reagenzienpack leer ist, im Menil ,Instrument”, ,Replace reagent pack”
auswahlen und den schrittweisen Anweisungen folgen.

Anstelle eines neuen Reagenzienpacks werden die Flaschen des vorhandenen Packs mit dem
entsprechend bendtigten Volumen (110 bzw. 220 mL) aufgefiillt.

Die Abfallflasche wird in eine Schottflasche umgegossen, autoklaviert und anschlieRend in den
Trypanblau-Abfall entsorgt.

3. Einschalten und Ausschalten der Geréte

Einschalten:

e ViCell einschalten (Schalter auf der Riickseite)
e Computer einschalten
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e Software, VICELL XR 2.03“ starten

Ausschalten:

e Software schlieRen
¢ Rechner herunterfahren
e ViCell ausschalten

4. Zellzahlung
Anforderungen an die Zellsupension:

¢ Probenvolumen: minimal 0,5 mL, maximal 1,5 mL im ProbengefaR

e Konzentrationsbereich (Herstellerangaben): 1,0 *10* bis 1,0 *10’ Zellen/mL

e Proben mit einer Konzentration > 1,0 *10’ Zellen/mL miissen vorverdiinnt werden

e Proben, die Carrier enthalten konnen, miussen filtriert werden (< 100 pm), z.B. mit:
- Partec Celltrics 100 um, Nr. 04-0042-2318)
- Becton Dickinson Bioscience Discovery Labware, Cell strainer, 70 um, Nr. 352235

Messung:

5.1. Probe in Original-Probengefal} pipettieren und in das Probenkarussell stellen
5.2. ,Log in sample” auswahlen, dann im Untermeni eingeben:
- Pobenposition im Karussell angeben
- falls notig: Probenbezeichnung eingeben
- Zelltyp auswahlen (Standard: MDCK 50)
-, Dilution factor” Gberpriifen: fir unverdiinnte Proben: 1.0
- fur sehr wichtige Proben: ,Save images” auswéhlen (Speicher: 1 MB/Bild)
- Speichern der Ergebnisse als eigene Excel-Datei oder als Zeile in ,,Multi-run file“:
,bpt_datensammlung.xls“ als Standarddatei auswahlen

- zum Messen: ,,OK“ oder nachste Probe eingeben (,,Next sample”)

5.3. Start der Messung: ,Start queue”, Dauer einer Messung: 3 Minuten

5.4. Gerat reinigt sich selbstédndig, Probengefald wird ausgeworfen

5.5. das Karussell wird nach weiteren Proben durchsucht, die dann mit fortlaufender
Nummerierung gemessen werden (sofern nicht anders eingeloggt)

5.6. Speicherort fiir gezdhlte Proben (in Excel-Dateien): lokal und im Netzwerk
c:\daten\ViCell\Excell\

h:\bio\daten\vicellxr\Excell\
Wenn auf der lokalen Festplatte (c:\) kein Speicherplatz mehr vorhanden ist, missen die
lokalen Dateien in den gleichen Ordner auf dem Laufwerk (h:\) kopiert werden. Nach der

Sicherung kénnen die lokalen Dateien geléscht werden. Die Ordner dirfen nicht geldscht
oder umbenannt werden.

Bei Problemen mit dem Speichern auf Spiegellaufwerk Software neu starten.

6. Aufzeichnung von Bioprozessen

Um Zellzdhlungen verschiedener Proben einer Zeitreihe zusammen zu speichern und auszuwerten,
ist es sinnvoll diese als ,Bioprocess” zu sammeln und in einer Datei abzulegen.

,File“ =>, New Bioprocess”
e Bezeichnung fiir den Prozess vergeben, z.B. Fermentation100
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e Zelltyp auswahlen

* Speicherdatei auswahlen, Daten werden im Unterordner \data\ abgelegt

e inder linken Menlileiste wird ein Icon hinzugefiigt (Symbol: Erlenmeyerkolben)

¢ Messen der Proben des Prozesses: Icon anwahlen und Probe eingeben (,,Log in sample”)

7. Messen von infizierten Zellproben

Mit dem ViCell kdnnen auch Zellzahlungen von infizierten Kulturen gemacht werden. Dabei sind
folgende Besonderheiten zu beachten:

* Vor dem Messen: die Schale mit gebrauchten ProbengefifRen (innen) sowie die Abfallflasche
entleeren

e ProbengefaRe unter der Virusbank befillen
¢ Nach dem Messen: Schale in den Probengefal3-Virusabfall entleeren und desinfizieren, Inhalt der
Abfallflasche in fliissigen Virusabfall geben

8. Entfernen von Microcarriern aus der Flusskammer

Die Flusskammer hat eine H6he von ca. 100 um. Daher kdénnen sich Microcarrier, die sich in den
Proben befinden, in der Kammer festsetzen. Das kann zu veranderten Messwerten fiihren.

Um Microcarrier aus der Kammer zu entfernen folgende Prozedur durchfiihren:

e ProbengefaR mit 2,5 mL verdiinnter Natriumhypochlorid-Losung (10 %ig, Sigma) fillen und in die
erste Position des Probentellers stellen (1:10 verdiinnen: 0,250 mL Natriumhypochlorid-Lésung +
2,25 mL Wasser)

e Befehl, Decontaminate” im Menu ,Instrument” ausfiihren, dabei Anweisungen befolgen

e Die Reinigung dauert ca. 13 Minuten.

¢ AnschlieRend kontrollieren, ob die Flusskammer frei ist (,,Instrument” -> , Live-Image”)

e Die Option ,Live-Image” wieder deaktivieren

Arbeitsanweisung Nr. A/02 Version 1.0

Datum: 07.04.2010
Autor: Verena Lohr

Metabolitbestimmung aus Zellkultur

1.0 Ziel

Mithilfe des BioProfile kdnnen wichtige Nahrstoffe bzw. Stoffwechselprodukte in Zellkulturen schnell
bestimmt werden.

Am BioProfile kdnnen extrazellulare Metabolitkonzentrationen von Glucose, Lactat, Ammonium,
Glutamin und Glutamat ermittelt werden.

2.0 Material

- Tischzentrifuge Multi-spin PCV-3000, Grant Instruments (N 1.07)

- Zentrifuge Biofuge primo R, Heraeus (N 1.06)

- Heizblock (N 1.06)

- Vortex (N 1.07)

- BioProfile 100Plus (N 1.07)

- 1000 pL-Pipette mit zugehorigen Spitzen

- Standardlésungen fir die Kalibriergerade des BioProfile ( -80 °C Kiihlschrank)
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e Glu, GIn, Lac, Amm in GMEM gelben, grinen und blauen Punkten auf dem Deckidpgcht

e Glucose in PBS } Jeweils 3 verschiedene Konzentrationen, gekennzeicimit
. niedriger, mittlerer und hoher Konzentration
(GMEM ohne Glc, Sigma, #G5154)

3.0 Methode
3.1 Vorbereitungen der Proben

Flr die BioProfile Messung werden mindestens 1,6 mL Probevolumen benétigt.

Flr eine gute Analyse sollten Microcarrier (!), Zellreste etc. mittels Zentrifugation vorher entfernt
werden.

Adhdrente Zellen

Aus Versuchen mit adharenten Zellen, die in Mikrotiterplatten, T-Flaschen oder Rollerflaschen
kultiviert wurden, wird der Zellkulturiberstand direkt verwendet. Aus einer Kultivierung mit
adhirenten Zellen auf Microcarriern wird der Uberstand verwendet, der nach dem Abzentrifugieren
der Microcarrier entsteht (5000xg, 5 min). Dieser wird in ein neues Eppi lGberfiihrt.

Suspensionszellen

Um den Zellkulturliberstand zu erhalten, wird die Zellsuspension nach der Probenahme bei 1000xg
(3500 rpm mit Tischzentrifuge) fiir 1 min abzentrifugiert und der Uberstand in neue Eppis tiberfiihrt.

Bei Infektionsversuchen sollten die so erhaltenen Uberstande sowohl in der Wachstums-, als auch in
der Infektionsphase und bei der mock-Infektion 3 Minuten lang im 80°C- Heizblock erhitzt werden
(far die Inaktivierung des Virus und aus Griinden der Proben-Gleichbehandlung ebenfalls mit Proben
der mock-Infektionen und Wachstumsphase durchfiihren!). Eine Erhitzung fir langer als 3 Minuten
konnte Glutamin zerfallen lassen, bei weniger als 3 Minuten ist nicht sicher, ob das Virus inaktiviert
wurde, die 3 Minuten sind daher optimal.

Falls fur den Versuch mehrere Probenahmen vorgesehen sind, sollten die Proben bei -80° C bis zum
Tag der Messung gelagert werden.

3.2 Messung

Die Bedienungsanweisung G_22 fiir das BioProfile 100Plus ist vor der Benutzung durchzulesen bzw.
sollte eine Einweisung an dem Gerat erfolgen.

Vor der Messung

Unter dem Bedienmenil ,Status” sollte nachgesehen werden, ob das Reagenzienpack noch
ausreicht, um die gewtlinschte Probenanzahl zu messen. Richtwert: ein volles Pack reicht fir ca. 350
Proben und kann fiir 2 Wochen nach Einbau verwendet werden. Desweiteren sollte man sich -
ebenfalls unter dem Bedienmenii ,Status” - die letzte Flussrate nachsehen (Flussraten von < 3,5 sec
sind akzeptabel).

An dem ,,C“ das hinter jedem Metaboliten auf dem Monitor stehen sollte, erkennt man, dass die
letzte automatische Kalibrierung erfolgreich war (falls nicht erscheint hier ,NC“). Sollten diese
Voraussetzungen nicht erfillt sein, sollte ein Verantwortlicher angesprochen werden, das sind
Claudia Best, llona Behrendt und Verena Lohr.

Messung

Am Tag der Messung werden die zu vermessenden Proben und die Standards (Glucosestandard 3x,
d.h. gelbes, griines, blaues Eppi und Standard der restlichen Metabolite, ebenfalls 3x, d.h. gelbes,
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grines, blaues Eppi) aufgetaut, am besten fiir ca. 6 h im Kuihlschrank oder 1-2 h bei
Raumtemperatur.

In folgender Reihenfolge werden die aufgetauten Standards und Proben in den Autosampler des
BioProfile gestellt (vorher vortexen!!):

1. Glucose-Standards (3x), randomisiert, d.h. egal in welcher Reihenfolge
2. Standards aller anderen Metabolite (3x), randomisiert
3. Proben, randomisiert

Die Anordnung der Proben in randomisierter, d.h. nicht-sortierter Reihenfolge ist wichtig, da es bei
sortierter Anordnung zu einem systematischen Fehler kommen kann (Drift). Die Proben eines
Versuches werden in einer Einfachbestimmung gemessen, da die Validierung des BioProfile ebenfalls
mit einer Einfachbestimmung durchgeflihrt wurde. Wichtig: die Eppis miissen vollstindig gedffnet
werden, d.h. die Deckel ganz runtergeklappt werden, damit der Autosampler sich drehen kann!!

Pro Probe werden ca. 3 Minuten und 3 Euro bendétigt.

Nach der Messung der Proben werden die 6 Standards erneut gemessen (randomisiert!), am besten
»per Hand“, da in den Eppis nicht mehr genligend Volumen (brig ist, um sie in den Autosampler zu
stellen.

Nach der Messung

Welche Probe an welcher Position stand, sollte beim Rausnehmen der Proben aus dem Autosampler
notiert werden, damit die Messwerte richtig zugeordnet werden. Dabei sollte man sich direkt die
Werte ansehen und sie mit den validierten Konzentrationsbereichen vergleichen (diese Bereiche
sind auf einem Zettel notiert, der am BioProfile hangt). Sollte eine Konzentration Uber diesem
Bereich liegen, so muss die Probe verdiinnt und erneut gemessen werden. Dies geschieht ebenfalls
in einem Eppi, je nach Konzentration 1:2 oder 1:3 mit PBS. Wichtig: Vortexen, bevor diese Probe
vermessen wird. Bei zu geringer Konzentration sollte man sich dieses notieren.

3.2 Auswertung

Die Messdaten werden von dem Gerat auf Thermopapier gedruckt. Da dieses im Laufe der Zeit
verblasst, sollten die Messwerte in eine Datei geschrieben werden, um die Rohdaten zu sichern.

Die jeweiligen BioProfile-Dateien liegen auf dem BPT-Verzeichnis unter
H:/bpt/usp/Labor/Bioprofile_calibration_curves/2010/Quartal_1 (bzw. das entsprechende Jahr und
Quartal). Hier werden nun zunachst die Werte der Standards (jeweils zwei) eingetragen, daraus ein
Mittelwert gebildet und automatisch in ein Diagramm Ubertragen. Die Gleichung der Kalibrierkurve
wird flr Geraden automatisch Gilbernommen, fiir quadratische Funktionen muss die rechts stehende
Gleichung mit den Parametern aus dem Diagramm angepasst werden. In den {ibrigen Tabs kénnen
nun die Messwerte eingetragen werden, in dem Tab ,Dokumentation” muss u.a. eingetragen
werden wann und von wem diese Messung durchgefiihrt wurde und welches Servicepack verwendet
wurde (Lot-Nummer und Ablaufdatum stehen auf dem Stecker, der Servicepack und Gerat
miteinander verbindet).

4. Anmerkungen
Einfluss von pH-Wert auf die Messung

Da auch der pH-Wert der Probe einen Einfluss auf das Messergebnis haben kann, ist es
moglicherweise kritisch, aufgetaute Proben aus der Zellkultur lange offen im Autosampler stehen zu
lassen, da bei gedffnetem Eppi CO, ausgast und sich der pH moglicherweise signifikant verandert.
Bei kritischen Proben sollte entweder auf eine lange Stehzeit verzichtet werden (ohne Autosampler
oder kirzere Sequenzen messen) oder zumindest nach der Messung tberprift werden, ob der pH-
Wert sich signifikant (um mehr als 1) dndert.
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Wiederholungsmessungen

Proben eines Versuches sollten stets in einer Messreihe gemessen werden. Das Nachmessen von
einzelnen Proben ist zu vermeiden.

Einfluss von Salzen auf die Messung

Es wurde bisher nur in GMEM getestet, ob Salze einen Einfluss auf die BioProfile-Messung haben. Bei
der Auswertung sollte bericksichtigt werden, dass die meisten Kultivierungen nicht in GMEM
durchgefiihrt werden und daher der Salzgehalt der Proben nicht mit dem der Standards
Ubereinstimmt bzw. sich im Laufe der Kultivierung moglicherweise andert. Theoretisch sollte es zu
jedem Medium, das im BioProfile gemessen wird eigene Standards geben, gegen die kalibriert wird.
Dies ist allerdings praktisch kaum durchfiihrbar, da sehr aufwandig. Die folgende Tabelle soll daher
nur grob zeigen, welche Einflisse verschiedene Salze auf die Messung von GMEM im BioProfile
hatten. Es sei zu beachten, dass bei Zugabe von 20 mM NaHCO; zu PBS Glutamat nachzuweisen war,
wobei die gemessene Glutamatkonzentration mit steigender NaHCO;-Konzentration (bis 200 mM)
ebenfalls anstieg (auf 1,7 mM), obwohl PBS kein Glutamat enthalt.

Salz Konz. [mM] Einfluss auf welcher Einfluss mit steigender Salzkonz.?
NaCl 50-250 mM Glucose sinkt deutlich
NacCl 50-250 mM Osmolalitat steigt deutlich
NaHCO;  20-200 mM Glucose sinkt deutlich
NaHCO;  20-200 mM Glutamat steigt deutlich
NaHCO; 20-200 mM pH steigt
NaHCO;  20-200 mM Osmolalitat steigt deutlich
Mg,SO, 0,5-10 mM Glucose sinkt

CaCl, 0,5-10 mM Glucose sinkt

CaCl, 0,5-10 mM Glutamat sinkt

KCl 0,5-10 mM Glucose sinkt

KCl 0,5-10 mM Ammonium steigt

Arbeitsanweisung Nr. V/ 03

Datum: 08.05.2000 Autor: Dr. Annett Kiesel
liberarbeitet: 08.11.2005 Autor: Claudia Best
liberarbeitet: 18.04.2006 Autor: Claudia Best
liberarbeitet: 26.09.2007 Autor: Claudia Best

Virenvermehrung in Kulturflaschen
1.0 Ziel

Viren gehoéren nicht zu den Lebewesen im engeren Sinne, da sie sich u. a. nicht selbstandig
vermehren koénnen. Zur Vermehrung bendtigen Viren einen Wirt, der die Replikation und
Proteinbiosynthese der viruseigenen Erbinformation (RNA oder DNA) und der virusspezifischen
Proteine Ubernimmt. Es ist dabei natirlich wichtig, dass der Wirt (z. B. die MDCK-Zelle), noch vital
genug ist, um diese Stoffwechselleistungen zu erbringen.

2.0 Material

Virusbeimpfungsstandard (Lagerung: -70 °C, N. 1.11)

MDCK Zellkultur mit konfluent gewachsenen Zellen 4—-6 Tage alt (T-Flasche, Rollerflasche,
Bioreaktor)

Trypsinlésung zur Virusinfektion (500 U/mL oder 5000 U/mL, Lagerung -20 °C, N. 1.06)
V-Medium (Glasgow-MEM mit 1 % Lab-M-Peptone, Lagerung: 4 °CN. 1.13)
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steriles PBS (20 °C, RT, N. 1.06)

sterile Pipetten, Pipettierhilfe

S2-Sterilbank

Meliseptol, MBT oder anderes fiir behiillte Viren zugelassenes Desinfektionsmittel
Autoklavierbeutel fiir den Abfall

3.0 Methode

unter der S2-Sterilbank, das alte Medium der Zellkultur in eine sterile Abfallflasche abgielRen

die Zellen mit steriler PBS-Losung 3x waschen, zwischendurch das PBS in die Abfallflasche
abgiellen

V-Medium je nach Volumen der Zellkultur dazu geben

danach die berechnete Menge an Trypsinldsung, als auch vom Virusbeimpfungsstd. dazugeben

die Verschlusskappen der Zellkulturflaschen werden mit Parafilm abgedeckt, danach fiir 3 Tage
bei 37 °C in den CO,- Brutschrank stellen (N.1.07)

alles, was mit den Viren in Kontakt kam, muss vor dem Entnehmen aus der S2-Sterilbank von
auBen mit MBT desinfiziert werden (Einwirkzeit des Desinfektionsmittels beachten, i. d. R. ca. 2
min)

Abfallbeutel nach Gebrauch griindlich verschlieRen (z. B. zukleben) und sobald wie moglich
autoklavieren (20 min bei 121 °C).

wenn verbrauchte Medien mit Virusmaterial anfallen, diese mit 2 %iger Essigsdure desinfizieren
(10 — 20 mL/L; bei Medium mit Phenolrot bis Farbumschlag auf )

KulturgefaR zum Beimpfen Menge an V-Medium Menge an Trypsin ,Standard“-Menge
(GMEM+ Lab-M-Pepton) (500 U/mL) an Viruslésung

T25 (25 cm?) 10 mL 0,1 mL 0,04 mL

T75 (75 cm®) 50 mL 0,5 mL 0,20 mL

T175 (175 cm”?) 125 mL 1,0 mL 0,40 mL

RF (850 cm”) 250 mL 2,5 mL 1,00 mL
Sixfors (Carrier, Cytodex 1) 500 mL 5,0 mL 2,00 mL
Wavereaktor (Carrier, Cytodex 1) 1,0L 10,0 mL variabel, je nach MOI
DasGip Anlage (Carrier, Cytodex 1) 10L 10,0 mL variabel, je nach MOI
Biostat B-Plus  (Carrier, Cytodex 1) 10L 10,0 mL variabel, je nach MOI

Trypsin 5000 U/mL

Bioreaktor 5L (Carrier, Cytodex 1) 4,50 L 5,0 mL Std. 10,0 mL
Bioreaktor 15 L (Carrier, Cytodex 1) 15,0L 15,0 mL variabel, je nach MOI

4.0 Lagerung

Die Viren kdnnen vor der Ernte direkt in den ZellkulturgefaRen eingefroren werden. Sie halten sich
bei =70 °C mehrere Jahre, bei —20 °C mehrere Monate. Kurzfristig (max. 8 Wochen) kann
Virusmaterial in groBeren Volumen bei 2-8 °C gelagert werden, z. B. vor weiteren Aufarbeitungen.

5.0 Arbeitsblatt
V/03.1
6.0 Beispielberechnung des MOI’s

MOI = Multiplicity of Infection ,, Anzahl der Viruspartikel pro Zelle”
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TCIDs, Wert des Virusbeimpfungsstd. : 4,30 x 10’ Viren/ mL

Ermittelte Gesamtzellzahl z. B. von RF: 1,25 x 10’ Z/mL * 30 mL (15 mL Trypsin + 15 mL FCS)

=37,5x10’ Zellen gesamt

4,30 x 10’ Viren = 0,11 MOI
37,5 x 10’ Zellen

7.0 Bespielberechnung der Trypsinmenge zur Virusinfektion

Trypsinkonzentration der Stammlésung : 5000 Units/ mL
Gewiinschte Trypsinkonzentration pro Zelle: (MDCK)
Zellzahl nach 96 h z.B. im Bioreaktor: 1,0 x 10° Z/ mL * 4500 mL = 4,50 * 10° Zellen
4,50 * 10° Zellen * 2,0 * 10°° Units/ Zelle = 9000 Units 5000 Units = 9000 Units = 1,8 mL
1mL xmL Trypsin

8.0 Bespielberechnung der Virusmenge, bei vorgegebenen MOI-Wert

TCIDs, Wert des Virusbeimpfungsstd. : 4,20 * 108 V/mL

Gewiinschter MOI — Wert:

Zellzahl nach 96 h z.B. im Bioreaktor: 1,0 x 10°Z/ mL * 4500 mL = 4,50 * 10° Zellen
4,50 * 10° Zellen * 0,025
4,20* 10° V/mL = 0,268 mL * 1000 = 268 pL Viruslosung
TCIDso Wert des Virusbeimpfungsstd. : 1,59 * 10’ V/ mL
Gewiinschter MOI — Wert:
Zellzahl nach 96 h z.B. im Sixfors: 1,0x 10° Z/ mL*500 mL=5,0* 10 Zellen
50*10°Zellen A MOI 1,00
50*10’ Zellen A MOI 0,10
50*10°Zellen A MOI 0,01
2,5*%10" Zellen A MOI 0,05
1,25 * 10’ Zellen A MOI 0,025
1,59 * 10’ Viren = 1,25 * 10’ Zellen = 0,786 mL = 786 plL Virusmenge zur Beimpfung

1mlL X mL
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SOP V/05 HA-Assay

Version: 2.2 (20.01.2011)
Author: Verena Lohr

Hemagglutination assay (HA assay)
This SOP is based on the SOP written by Bernd Kalbfuf, Version 2.1 (04.12.2006)
1. Introduction

The HA assay is used to detect influenza virus particles (infectious and non-infectious). Influenza
viruses carry the protein hemagglutinin (HA) on their surface which binds to specific glycosylation
patterns on proteins which are located on the outer membrane of a cell. Thus, virus particles bin to
cells and by using erythrocytes as cell system, influenza virus particles can cross-link erythrocytes
with each other. This agglutination of erythrocytes can be observed in wells of a round bottom well
plate as agglutinated erythrocytes sediment like a carpet at the bottom of the well instead of a
point-like sedimentation.

By titrating the virus containing sample, one can determine a critical concentration of the sample at
which this switch in sedimentation behaviour occurs. The negative logarithm of this dilution has
been defined as the logarithmic HA titer (or simply log-titer) and is a measure for the concentration
of influenza virus particles in the sample. The inverse of the dilution has been termed HA activity
with units HAU/100 pL and is also supposed to be proportional to the number of virions in the
sample.

There are two ways in which one can analyze the HA assay (procedure of pipetting is the same for

both methods):

i) aclassical analysis in which the experimenter visually evaluates the HA titer

ii) a photometric analysis which uses an automated procedure in order to minimize subjectivity
and which includes an additional dilution step that increases sensitivity and reduces the error of
the method

2. Materials

=  Protective clothing: lab coat, protective gloves (Nitrile)

= Centrifuge (e.g. Primo R, Hera, N1.06)

= Sterile kryotubes

= Influenza virus samples (active or chemically inactivated)

= Internal HA standard (= control which is an chemically inactivated influenza virus sample with
defined HA titer, stored at -80°C in N1.11, produced as described in SOP HA assay from Bernd
Kalbful3, Version 2.1 (04.12.2006)

= Erythrocyte suspension (conc. approximately 2.0x10’ erythrocytes/mL, stored at 4 °C in N1.06,
produced as described in SOP V/07 from Claudia Best (07.06.2007)

= Unsterile phosphate buffered saline, PBS (stored in N1.06, produced as described in SOP M/01
from Claudia Best (26.09.2007)

= Unsterile transparent 96well round bottom microtiter plates (stored in N1.06, e.g. Greiner Bio-
One, Cat.No. 650101) + transparent disposable lids (stored in N1.06, e.g. Greiner Bio-One,
Cat.No. 656101)

= 100 pL micropipette + disposable tips

= 8x100 pL or 8x300 uL multichannel micropipette + disposable tips

= Electronic 8x1200 puL multichannel pipette + 1250 pL disposable tips

= 2 reservoirs for multichannel micropipette (PBS, erythrocyte suspension)

. Plate photometer (e.g. Tecan spectra, Tecan Instruments, N1.07)
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3. Sample preparation

Infected cell culture with cells and without microcarrier should be filled directly into sterile
kryotubes or other sterile tubes and centrifuged at 300xg for 5 min at 4 °C. If cells can not be settled
at this g force, choose an appropriate centrifugation setting. After the centrifugation step transfer
the supernatant into a new sterile kryotube and freeze at -80 °C.

4. Assay procedure

It is absolutely necessary to pipet exactly in this assay!!

Active samples have to be handled under S2 work bench! For handling outside the safety hood (e.g.
when scanning the microtiter plate with the spectrometer), keep disinfectant or citric acid ready in
case of accidental spillage!

4.1 Classical method

The titration of influenza virus by the classical method is based on the method described by Mahy
and Kangro [1].

1. Pre-dilute samples which are known to be highly concentrated in PBS (all samples which
have a HA activity above 3.0 log HA units/100 pL should be diluted). Typically, a 1:10 pre-
dilution is sufficient. Samples from cell culture normally do not require this pre-dilution.
However, this has to be decided from the assay performer.

2. Fill the wells of column 2-12 with 100 pL PBS each. Wells B, D, F and H of column 1land 2 are
filled with 29.3 uL PBS.

3. Perform the following steps with a 100 pL pipette under S2 work bench! Don’t spray
disinfectant onto reservoirs and microtiter plates.

The wells 1 and 2 of row A are filled with 100 uL of internal HA standard. Beneath these, a pre-
dilution of internal HA standard is prepared by adding 70.7 uL of HA standard to wells 1 and 2 of
row B. These 4 wells are prepared accordingly for the samples in rows 3 to 8. This means that on
each plate 3 samples can be prepared. If there are more samples, an additional plate is
necessary. Standard is necessary on every second plate.

Pipetting scheme for pipetting internal HA standard and samples onto microtiter plate

1 2 3
A 100 pL HA standard 100 pL HA standard
B 70.7 uL HA standard 70.7 uL HA standard
29.3 uL PBS 29.3 uL PBS
C 100 pL sample 1 100 pL sample 1
D 70.7 uL sample 1 70.7 uL sample 1
29.3 uL PBS 29.3 uL PBS
E

4. Mix column 2 three times with a multichannel pipette and transfer 100 pL of column 2 to
column 3. Empty the pipette tips completely once before the transfer. Mix again three times
and continue the serial dilution until the end of the plate (column 12). The remaining 100 uL
should be disposed. Each well has to be filled with 100 L after finishing these steps. Add
100 uL of erythrocyte suspension into each well by using an electronic multichannel pipette.
Mix the suspension well before you start! Start pipetting at the column with the highest
dilution (column 12. For each plate new tips have to be used!

5. Each well which has been pipetted faulty should be marked as the values from these wells
need to be eliminated during assay evaluation!

6. Incubate the plates for at least 3 hours under the work bench. If the assay is not analyzable,
incubation must be prolonged (over night if necessary).
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7. Evaluate the results visually. Therefore, mark every well which shows a perfect erythrocyte
dot with a (e) and each imperfect dot with a (0). Record your findings by taking the
document “AB-HA_Testauswertung_3.pdf”. The last dilution with an imperfect dot is the end
point of the titration and is expressed as log HA units per test volume (100 pL). The inverse
of this dilution gives the HA activity [HAU/100 pL].

8. Compare the measured titer of the internal standard with its nominal titer. The difference
(nominal-measured) has to be added to the titer of each sample. If two or more standards
were analyzed (e.g. because 3 plates were assayed) use the mean difference. If the
measured titer of internal standard is more than 0.3 log HAU/100 pL different from its
nominal titer, re-do the whole assay!

9. After evaluation of the titer microtiter plates scan them (see section 4.1) or dispose them
into S2 waste!!

hemagglutination

emagglufination

no hemagglutination

ncentration
Scheme for determination of HA titers in micro titer plate (example shows HA titers from 1.2-2.1 log HA
units/100 pL in double determination)

Overview on dilutions and resulting HA titers (log HA units/100 pL)
1 2 3 4 5 6 7 8 9 10 11 12

Dilution 1:1 1:2 1:4 1:8 | 1:16 | 1:32 | 1:64 | 1:128 | 1:256 | 1:512 | 1:1024 | 1:2048

HA titer
(100 pL 0 03|06 | 09 | 12 1.5 1.8 2.1 2.4 2.7 3.0 3.3
sample)
HA titer
(70.7 uL|0.15|045|0.75|1.05|135|1.65|1.95| 2.25 | 2.55 | 2.85 3.15 3.45
sample)

4.1.1 Points to consider

=  The detection limit of this assay is 0.15 log HAU/100 pL. This corresponds to approximately
2.0x10’ virions/mL; assuming that the number of erythrocytes is proportional to the number
of virus particles (each virus particle binds to one erythrocyte).

= The assay has been validated with a standard deviation of +- 0.03 log HAU/100 uL which is
the dilution error.

= The confidence interval for HA activity was determined to be +15/-13 % (with a confidence
level of 95 %).

208



Appendix

= The validation has been made for the assay procedure which is described here. If you change
singular steps in your procedure, be aware that validation is not valid then.

= Before you start with serious analyses, train yourself in pipetting accurately and precisely,
e.g. by measuring standard samples several times.

= HA activity may suffer depending on sample treatment and storage conditions. Thus, do not
freeze a measured sample and re-thaw it. Probably, HA titer has then been changed.

4.2 Photometric analysis

In order to minimize subjectivity (dependence on the experimenter), the titration result is evaluated
photometrically using an automated procedure. However, this evaluation is restricted to samples
with titer >1.0 log HAU/100 pL. Otherwise, sample titers have to be evaluated with the classical
method.

4.2.1 Measurement of extinction

1. Perform all steps which are described for the classical method.

2. Cover microtiter plates containing active virus samples with an appropriate lid.

3. Make sure that Tecan photometer is switched on. Open the software “iControl” and
choose “HA protocol” from the list of used protocols. The settings should be defined
as follows: Messfilter 700 nm, Referenzfilter none, 10 Blitze, Temperatur 0.0 °C,
Schittelmodus none. (Changes can be made by clicking on button “Messparameter
definieren”, but should not be done for standard HA protocol.)

4. After having inserted the plate into the reader, click the button “Messung starten”.
You will be asked for a file name first and to put your plate onto the tray afterwards.
The measurement will be carried out immediately afterwards.

It is of utmost importance to remove either the lid before scanning and to remove any condensed
water from the bottom of a microtiter plate before scanning!!

5. Save extinction data as Excel-file in the folder “/bpt/data/Tecan/HA_assay/2010/...”
using the file name pattern “<Number>-<Date>_<Experimenter>.xls (e.g. 145_10-03-
31 _CB). If more than one plate will be measured, let the excel file from the first
plate open. Then, the results from the following plate will be saved as a new sheet in
this file. You have to rename the sheets after your measurement in order to
document which sheet belongs to which plate.

6. Repeat step 4 and 5 for each plate of the assay run.

4.2.2 Evaluation of HA titers

A data evaluation template (Excel-file) has been prepared. The evaluation procedure is described in
the following. You have to enable macros for the sheet to work properly!

7. Open the data evaluation template (“/bpt//Labor/HA_neu/Data_Evaluation_
Template.xls”) and save a copy in the appropriate  folder
(/bpt/usp/Labor/HA_neu/data/2010/...).

8. Import your extinction data. Therefore, copy all values and paste them into data-
sheet. Delete extinction values of all wells that suffered from erroneous pipetting!
As long as affected wells are not within the zone of transition, the assay result may
be unaffected.

9. Adjust the sample names and dilutions in the “Report” sheet. Fill all empty header
fields and transfer the remarks from the run protocol. Specify the internal standard
used and the position of the internal standard (normally, position 1 and 9). If only
one standard was measured, specify the same position twice.

10. Click “Evaluate” to start HA titer evaluation.
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11. Check difference between nominal titer of the standard and the evaluated titer. Re-
do the assay if both values differ more than 0.3 log HAU/100 pL.

12. Check all fitted curves in the “Evaluation” sheet. If fitting of extinction values has not
been made by a sigmoidal curve, then re-analyze the sample. Be careful, if this
maybe is due to a low titer of the sample. Then take titers evaluated by the classical

method.
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Evaluation of the transition point by a Boltzmann function. Left: correct fitting, right: erroneous fitting which
would lead to high titer evaluation if curve is not checked and rejected

13. Compare the evaluated titers with the results obtained by the classical method. The
discrepancy should be less than 0.3 log HAU/100 pL.

14. Save the document and make at least one hardcopy of the “Report” and
“Evaluation” sheets. Documents are collected in a folder located in N1.07 and NO.13.

5. Sample storage

If samples are kept at below -70 °C, they can be stored up to five years without loss of HA activity.
Anyway, this holds true for samples which have been prepared as described in this document (see
sample preparation). After this period, it cannot be guaranteed that measured HA activities
resemble the original values.

[1] Mahy B.W.J., Kangro H.O. "Virology Methods Manual": Academic Press Limited, 1996.

Arbeitsanweisung Nr. V/ 07

Datum: 13.09.2006 Autor: Claudia Best
gedndert: 07.06.2007 Autor: Claudia Best

Herstellung einer Erythrocytenlosung mit definierter Zellzahl
1.0 Verwendung
Die Erythrocytenlésung wird bei dem Hamagglutinationstest eingesetzt.

Der Hamagglutinationstest ist ein Nachweis von Influenzaviren. Influenzaviren tragen auf ihrer
Oberflache das Hamagglutinin, das an Erythrocyten bindet und diese verklumpt.

Hamagglutination = Aggregation (Zusammenschluss) von roten Blutkdrperchen durch das
Hamagglutinin der vorhandenen Virenpartikel. Durch die Aggregation konnen die Blutkdrperchen
nicht absinken.

Bei dieser Bestimmungsmethode kann sowohl aktiver als auch inaktiver Virus verwendet werden, da
dies keinen Einfluss auf die Messergebnisse hat.
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Bilder Hihner-Erythrocyten

20x VergréBerung 40x VergroBerung 10- 20 000x VergroRerung

2.0 Material zur Herstellung der Erythrocytengebrauchslosung

15 mL Falkonréhrchen mit 5 mL Alseversldsung vorbereiten (liegen in ausreichender Anzahl im Gefligelhof
Maockern vor) + 5 mL frisch entnommnes Hihnerblut (L6sung ist gekihlt zu lagern!!)
ca. 3 x 1 L PBS (unsteril), in mit Eis gefiillten Kiihlbehaltern lagern

2 L Becherglas + Magnetriihrstabchen

1L Becherglas als Abfallbehalter

Zentrifuge Heraeus Biofuge Primo R

Analysenwaage

Magnetrihrer

Vi-Cell XR Zellzdhlgerat

Vi-Cell ProbengefdRe zur Zellzahlbestimmung

50 mL Falcons (steril)

15 mL Falcons

Pipettus akku

50 mL Pipette

3.0 Vorbereitung der Erythrocytengebrauchslésung

je 3 mL der Blutsuspension in ein 50 mL Falkonréhrchen pipettieren

danach das Falcon mit unsterilem gekihlten PBS bis ca. 40 mL auffillen

die Falconréhrchen mit Blutsuspension bei 500 x g, 4 °C und schwacher Bremse (Stufe 4), 5 min
zentrifugieren

Uberstand vorsichtig in ein Becherglas abdekantieren (soviel wie méglich)

Blutsuspension am Boden des Falconréhrchens mit PBS wieder bis 40 mL auffillen, kraftig aufschitteln,
und erneut zentrifugieren, diesen Waschvorgang noch zweimal wiederholen

nach dem dritten Waschen fillt man die Falcons wieder bis ca. 40 mL mit PBS auf und schittelt sie kraftig
auf

die Losung wird in ein 2 L Becherglas (was vorher, mit einem Magnetriihrstdbchen auf einer
Analysenwaage ausgewogen und tariert wurde) zusammen gegossen

die Masse des Becherglases mit der Erythrocytenstammldsung notieren,

bis zum Abfiillen der Lésung, wird diese mittels eines Magnetriihres gut homogenisiert

4.0 Bestimmung der Erythrocytenanzahl mittels dem Vi-Cell XR Zellzdhlgerat

1 mL der gut durchmischten Erythrocytenstammldsung
entnehmen
fur das Vi-Cell XR Zellzdhlgerat wird eine 1:10 Verdiinnung
angesetzt
1.1:10 Verd. > 1 mL Blut + 9 mL PBS
9 mL PBS

1 mL Blut
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aus der 1:10 Verd. entnimmt man 1 mL, und gibt diesen in ein Vi-Cell Probengefal}
danach erfolgt die Messung am Vi-Cell XR = siehe Kurzanleitung Zellzdhlgerat (von Josef Schulze-Horsel)

Bei defekten Vi-Cell Gerdt bestimmt man die Erythrocytenanzahl mittels der Fuchs- Rosenthalzahlkammer.

- 1 mL der gut durchmischten Erythrocytenstammlésung entnehmen

- fir die Zdhlkammer wird eine 1:1000 Verdiinnung angesetzt

- mit der Fuchs-Rosenthal Zdhlkammer werden dann 2x5 GrofRquadrate (GQ) ausgezahlt

z.B. gezihlt 32/ 31 Erythrocyten Mittelwert= 31,5

31,5 * 1000 (Verd.Blut/ PBS) * 1000 (Zdhlkammer: 0,2 uL/GQ * 5 =1 uL = in 1 mL, 1000 fache Verd.)
=3,15x 10’ Z/mL

5.0 Berechnung der Erythrocytengebrauchslosung mit definierter Erythrocytenanzahl (2,0 x 10’ Z/ mL)

Vi-Cell XR gezdhlte Erythrocyten: z.B. 8,0 x 10’ Z/mL

Aufstellen eines Mischungskreuzes

Ist-Konzentration 2,0

8,00x 10" Z/mL 2,00-0=2,00
Volumen/ Gewicht: \
240 g bzw. mL

Soll-Konzentration
2,00 x [10” Z/mL]

Losungsmittelkonz. (PBS)

0x[10” Z/mL] 6,00
Volumen/ Gewicht:

0g bzw. mL 8,00-2,00=16,00

ins Verhaltnis setzen: 240 mL = 2 X=240mL*8,00 = 960 mL +240 mL=1200 mL

X 8,0 2 PBS Erythrocytengebrauchsléung

1200 ml /45 ml = 26,6 = 27 Falcons a 45 ml

nun gibt man zu der 240 mL Erythrocytenstammldsung noch 960 mL PBS (4 °C) dazu, und mischt die
Lésung noch einmal gut durch

danach entnimmt man aus der homogenen Lésung (1200 mL) wieder 1 mL Probe, und bestimmt zur
Kontrolle die Zellzahl der fertigen Gebrauchslosung

erhalt man wie gefordert die 2,0 x 10’ Z/mL (Toleranzbereich +/- 5 % = 2,10 — 1,90), so wird die
berechnete Falconanzahl mit jeweils 45 mL der Erythrocytengebrauchslosung abgefiillt

Achtung: Wahrend des Abfiillens in die Falcons muss die Lésung im Becherglas mittels des Magnetrihrers
immer gut durchmischt werden!

6.0 Lagerung
die Erythrocytengebrauchsldsung ist bei 4 °C Lagerung (Kihlschrank, N. 1.06) 14 Tage haltbar.

6.0 Berechnung der Erythrocytengebrauchslosung mit definierter Erythrocytenanzahl (2,0 x 10’ 2/ mL)

sollte die gezahlte Erythrocytenzahl der Gebrauchslosung die +/ - 5 % Grenze liber- bzw. unterschreiten,
so muss man das Volumen mit der Konzentration von 2,0 x 10’ Z/mL neu berechnen

Beispiel: gezihlte Erythrocyten/mL (1:10 Verd., Erythrocyten 100 Bilder) = 1,85 x 10" Z/mL

1,85 x 10" Z/mL (soll: 2,0 x 10’ Z/mL) = 7,5 % Abweichung
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- Berechnung fiir eine Aufkonzentration:
1,85x 10 Z/mL* 1200 mL = 2,00x 10" * X :2,00x 10" Z/mL

1,85x 10" Z/mL* 1200 mL = X
2,00 x 10" Z/mL

1,85x 10’ Z/mL* 6,0x10°Z = X

1200,0 mL—-1110,0 mL=90 mL
1110,0 mL =X - 1110,0 mL/ 45 mL = ~25 Falcons

man muss also 90 mL PBS- Losung aus der Erythrocytengebrauchslosung entfernen

zunachst zentrifugiert man sie bei 500 x g, 4 °C und schwacher Bremse Stufe 4, 5 min ab und entnimmt
soviel PBS aus dem Uberstand wie méglich

nun schittelt man das restliche Blut wieder auf und gibt es zu den 1110 mL wieder dazu

danach beginnt man wieder die Losung mittels des Magnetrihrers zu homogenisieren, entnimmt wieder
zur Uberpriifung 1 mL der Lésung, und bestimmt die Erythrocytenzahl erneut

liegt sie nun bei den geforderten 2,0 x 10’ Z/mL, so kann man jeweils 45 mL in die entsprechenden Falcons
abfillen und fiir den Hdmagglutinationstest verwenden

Arbeitsanweisung V/08 Version 2.1

Datum: 2.06.08 Autor: llona Behrendt
gedndert: 26.09.2011 Autor: Britta Isken

Bestimmung des TCIDs,
3.0 Ziel

Bestimmung der Virusverdiinnung, bei der 50% der adhdrenten Zellen infiziert werden.

4.0 Material

2.1. Zellanzucht und Virusvermehrung

- 4-8 Tage alte konfluente MDCK-Zellen aus Zellkulturflaschen (T175 oder RF)

- PBS steril (Arbeitsanweisung Nr. M/01)

- Trypsin 10000 BAEE / mL in Milli-Q-Wasser, sterilfiltriert (Trypsin, Sigma, Bestell-Nr. T-7409 )
Lagerung bei —70 °C fir Virusinfektion

- Zellkulturmedium (GMEM + 1% Lab-M-Pepton + 10% FCS) siehe Arbeitsanweisung Nr. M/04

- Virusmedium (GMEM + 1% Lab-M-Pepton) siehe Arbeitsanweisung Nr. M/04

- Gentamicin 10 mg/ mL (Invitrogen, Bestell-Nr. 11130-036) Lagerung: Raumtemperatur

- 96-Wellplatten 400 pL Inhalt steril mit flachem Boden mit Deckel (fiir Zellkultur) (Cellstar,
Greiner bio-one, Bestell-Nr. 655180) - fiir jede Probe wird eine Wellplatte bendotigt!

- ReaktionsgefaRe 1,5 mL, sterilisiert fir Verdlinnungsreihen

- sterile Pipetten, Pipettierhilfe

- 100 pL Pipette

- Elektronische Einkanalpipette 1 mL (Eppendorf)

- Elektronische Mehrkanalpipette 1250 pL (Eppendorf)

- Pipettenspitzen 100 pL (Plastibrand, steril)

- Pipettenspitzen 1250l (Eppendorf, steril)

- Multipette mit Combitips 10 ml (Eppendorf, Combitips plus biopure)

- 1 sterile Schottflaschen (250 oder 500 mL)

- 4 Pipettierbehailter, sterilisiert
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- 2 kleine Laborschalen, sterilisiert
- Warnhinweisaufkleber: Biogefahrdend

2.2. Fixierung und Farbung

- 80%ige Acetonlsg. in Wasser (Aceton, p.A.)
- Primarantikorper entspechend dem zu testenden Virus
z.B. - (Equine Influenza A Ziegenserum, final bleed, goat 613, vom 2.08.01, nano
Tools )(1:100 mit PBS verdiinnt)
- Influenza Anti A/Wisconsin/67/2005 H;N, (HA Serum sheep) von NIBSC
- Influenza Anti B/Malaysia/2506/2004 (HA Serum sheep) von NIBSC
- Influenza Anti A/PR/8/34 H;N; (HA Serum sheep) von NIBSC
- PBS steril (Arbeitsanweisung Nr. M/01)
- konfluent bewachsene Zellkulturflaschen (T75 oder RF)
- Sekundarantikorper (Invitrogen, Bestellnr.: A-11015)
- 100 pL 8-Kanal-Pipette mit Pipettenspitzen
- Laborschale
- 3 Pipettierbehalter
- Entsorgungsbehélter Aceton

5.0 Methode

Anmerkung zur Generierung der Proben: Standardmalig wird der Infektionstiberstand vor dem
Wegfrieren nicht zentrifugiert, in Ausnahmefallen (wie MDCK.SUS2 Zellen) kann eine Zentrifugation
bis 5000 x g durchgefiihrt werden, da sie keinen Einfluss auf den TCIDs, Wert hat.

3.1 Zellanzucht und Virusvermehrung

A) Zellanzucht

- konfluente MDCK-Zellen aus Zellkulturflaschen 3-mal mit PBS waschen und mit der
vorgeschriebenen Menge Trypsin (1 mg/mL) 20 min bei 37 °C abtrypsinieren, mit Z-Medium
abstoppen (siehe Arbeitsanweisung Nr. Z/04)

- Zellkulturmedium mit Gentamicin vermischen (100 mL Zellkulturmedium mit 1 mL
Gentamicin)

- abtrypsinierte Zellen mit angesetztem Zellkulturmedium auf eine Zellzahl von 4-5*%10°
Zellen/mL verdiinnen (siehe Arbeitsanweisung Zellzahlbestimmung)

- 10 mL der Zellsuspension werden ca. fiir eine Zellkulturplatte benétigt

- je 100 uL der Zellsuspension werden mit der Elektronischen 8-Kanalpipette in jedes Well der
Zellkulturplatte pipettiert

- die Zellen 1-2 Tage bei 37 °C mit 5 % CO, inkubieren (mikroskopische Beurteilung der
Konfluenz der Zellen — missen dicht bewachsen sein — wenn dies nicht der Fall sein sollte,
ist der Versuch hier abzubrechen)

B) Herstellen der Virusverdiinnung

- Virusmedium mit Trypsin und Gentamicin versetzen, 100 mL Medium + 20 pL Trypsin + 1,0
mL Gentamicin (100 mL VM reichen fir ca. 10 Verdiinnungsreihen) — VM

- Je 900 pL des Virusmediums in 8-10 Eppendorfcups (je nach benétigter
Verdiinnungsstufen) pipettieren. Virusverdiinnung nach dem folgenden Schema in
Eppendorfcups herstellen: mit einer Eppendorfpipette 100 plL aus der zu bestimmenden
Probe oder dem Standard entnehmen und in das erste Eppendorfcup geben, 5 mal durch
auf- und abpipettieren mischen, mit einer neuen Pipettenspitze 100 pL in das nachste
Eppendorfcup geben, fortfahren bis zum Ende.
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Probe VM-Medium
Standard

=]
JoooC

150pL  150uL 150uL 150pL eeees

| 10° [ 10" [ 10% [ 10° | 10° | 10° | 10° | 107 | 10° |

C) Virusvermehrung

die Zellkulturplatten 2 mal mit je 100 pL PBS je Well mit der Elektronischen 8-Kanalpipette
waschen (entleeren: in Laborschale ausschiitten)

mit einer Eppendorfpipette je 100 uL der Virusverdiinnung auf je 8 Wells der Zellkulturplatte
geben (mit der hochsten Verdiinnungsstufe beginnen)

in die Reihen 1, 2, 11 und 12 werden nur je 100 pL Virusmedium (mit Trypsin + Gentamicin)
je Well gegeben (diese Wells dienen als Nullkontrolle, Randeffekte konnen dann
ausgeschlossen werden)

einzusetzende Verdlinnungsstufen:

bei einem HA iiber 2,7: 10° — 10"
bei einem HA von 2,1 bis 2,7 (Standard, Saatvirus fir Fermentationen) : 10" — 10®
bei einem HA unter 2,1: 10° — 10’

1 2 3 4 5 6 7 8 9 | 10 11 12

Virus- Virus-
Medium | Medium

Virus- Virus-
Medium | Medium

Virus- Virus- 101 102 103 104 105 106 107 108 Virus- Virus-

Medium | Medium Medium | Medium

Virus- Virus- 101 102 103 104 105 106 107 108 Virus- Virus-

Medium | Medium Medium | Medium

Virus- Virus-
Medium | Medium

Virus- Virus-
Medium | Medium

O 0O |®m| >

E Virus- Virus- 101 102 103 104 105 106 107 108 Virus- Virus-

Medium | Medium Medium | Medium

F Virus- Virus- 101 102 103 104 105 106 107 108 Virus- Virus-

Medium | Medium Medium | Medium

Virus- Virus-
Medium | Medium

G Virus- Virus- 101 102 103 104 105 106 107 108

Medium | Medium

H Virus- Virus- 101 102 103 104 105 106 107 108 Virus- Virus-

Medium | Medium Medium | Medium

die Platten mit Virus mit einem Warnhinweis versehen und 1 Tag bei 37 °C mit 5 % CO,
inkubieren

D) Trypsinzugabe

Virusmedium mit Trypsin und Gentamicin versetzen (100 mL Medium + 40 uL Trypsin + 1 mL
Gentamicin)

Je 100 pL dieses Mediums in jedes Well pipettieren — Elektronische 8-Kanalpipette, darauf
achten dass kein Virus verschleppt wird (von rechts nach links — von der hochsten
Verdinnungsstufe zur niedrigsten pipettieren, Reihe fiir Reihe) nach jeder Platte die
Pipettenspitzen verwerfen

die Virusplatten nochmals 1 Tag bei 37 °C mit 5 % CO, inkubieren
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3.2 Fixierung und Farbung

A)

Vorbereitung des Primarantikorpers (nur bei dem Equine Influenza A Ziegenserum
notwendig, wenn kein gereinigter Antikdrper mehr vorhanden ist)

der Primarantkorper fur Equine Influenza A Ziegenserum ist ein polyklonaler Antikdrper
gegen den Pferdeinfluenza-Virus, aber auch gegen Zellbestandteile, deshalb miissen die
Antikorper gegen die Zellen vorher absorbiert werden, sonst tiberdecken sie die Fluoreszenz
der mit Viren infizierten Zellen

1 -2 Tage alte konfluent bewachsene Zellkulturflasche dreimal mit PBS waschen

auf eine T25 — Flasche 1 mL, auf eine T75 — Flasche 3 mL des verdiinnten Primarantikorpers
geben und 30 min bei 37 °Cinkubieren (1 mL 1:100 verdiinntes Serum reicht flr eine
Zellkulturplatte — dementsprechende Menge inkubieren)

der gereinigte Primarantikorper kann bei —20 °C eingefroren werden

B) Fixierung

Medium in Laborschale mit vorgelegter 2%iger Essigsaure in der Sterilbank abgiefen und
virusgerecht entsorgen

auf jedes Well 100 pL eiskalte 80 %ige Acetonldsung pipettieren ( Acetonlsg.in Eisbehalter
stellen — nicht in den Kihlschrank — Kihlschranke sind nicht Ex geschiitzt)

die Zellkulturplatten 30 min zum Fixieren auf Eis oder in den Kiihlraum stellen - Virus
inaktiviert (die weiteren Schritte kénnen aulBerhalb der Sterilbank durchgefiihrt werden)
Zellkulturplatten 2 mal mit PBS spiilen — (Aceton-PBS-Gemisch in Abfallbehalter sammeln-
zur Entsorgung —Herrn Schéfer geben)

C) Farbung

gereinigten Primarantikdrper fir Equine Influenza A Ziegenserum 1 : 100 mit PBS verdiinnen,
alle anderen Primarantikérper werden 1 : 200 verdiinnt

je 50 pL davon auf jedes Well mit Elektronischer 8-Kanalpipetten geben und 60 min bei 37 °C
inkubieren

nach dieser Zeit 2-mal mit PBS waschen

den Sekundarantikérper 1 :500 mit PBS verdiinnen

wieder je 50 pL davon auf jedes Well pipettieren und 60 min bei 37 °C inkubieren

2 mal mit PBS waschen, nach dem letzen Waschschritt 100 pL PBS auf jedes Well geben

6.0 Auswertung und Berechnung

die Auswertung erfolgt an einem Fluoreszenzmikroskop

jedes Well in dem Virus gefunden wird (fluoreszierende Zellen) wird als positiv gewertet (1),
jedes Well ohne fluoreszierende Zellen als negativ (0) und in das Arbeitsblatt eingetragen
die Berechnung erfolgt nach der Gleichung von Spearman und Karber:

kumulativ 100 %

(log Virus 100%) + (0,5) - = log Virus / 100 pL

Anzahl Tests (pro Verdiinnung)
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Beispiel:

1 2 3 4 5 6 7 8 9 10 11 12
A 0 0 1 1 1 1 1 1 1 0 0 0
B 0 0 1 1 1 1 1 1 1 0 0 0
C 0 0 1 1 1 1 1 1 0 0 0 0
D 0 0 1 1 1 1 1 1 0 0 0 0
E 0 0 1 1 1 1 1 1 0 0 0 0
F 0 0 1 1 1 1 1 1 1 0 0 0
G 0 0 1 1 1 1 1 0 0 0 0 0
H 0 0 1 1 1 1 1 1 1 0 0 0

| o 0 [10"]10%)|10%° | 10° [ 10°[10° 10" |10° | 0 | o0 |
0: kein Virus, negatives well; 1: Virus, positives well
Verdiinnungsstufe | Anzahl positive wells / Anzahl positiver wells
Gesamtzahl wells kumulativ

10” 8/8 19

10° 7/8 11

107 4/8 4

10°° 0/8 0

Beispielrechnung:

(-5) +0,5 -19/8 = - 6,875 =y ; 10°*”° Viren/100pL = 10”%° V/mL = 7,50 x 10’ Viren/mL

7.0 Festlegung des Referenzwertes

Fir jeden neu hergestellten Standard wird von mindestens 2 Personen je zweimal eine
Sechsfachbestimmung durchgefiihrt. Daraus wird der Mittelwert fir den jeweiligen Standard
berechnet, der als Referenzwert verwendet wird.

For the 28 established enzyme assays and for the extraction procedure used in this study, a

new set of SOPs was created. Please note that due to space limitations, these SOPs are not

included in the present appendix but are provided on the CD of this thesis.

217



Lebenslauf

Personliche Daten

Name:
Geburtsdatum:
Geburtsort:
Familienstand:
Nationalitat:

Schule und Studium

08/1993-06/2001
08/2001-03/2007

08/2004-02/2005

06/2005-11/2005

10/2006-02/2007

Robert Paul Janke
07. Marz 1983
Dresden

ledig

deutsch

Abitur am Romain-Rolland-Gymnasium Dresden

Studium der Bioverfahrenstechnik (Dipl.-Ing.) an der Technischen
Universitat (TU) Dresden

Interdisziplindre Projektarbeit bei der Intervet International GmbH in
UnterschleiSheim bei Miinchen; Abteilung Ingenieurtechnik
(Herr J. Niethammer, Herr Dr. K. Kriebitzsch)

Thema: »Mitarbeit im Projektteam zur Planung, Bestellung, Aufbau
und Inbetriebnahme eines neuen Produktionsbereiches zur
Herstellung von Insulin«

Grol3e Belegarbeit an der TU Dresden; Institut fir Lebensmittel- und
Bioverfahrenstechnik (Herr Prof. Dr. rer. nat. habil. T. Bley)

Thema: »Untersuchungen zur Induktion und zur C-Katabolitrepression
der Endo-Inulinasebildung unter verfahrenstechnischen
Gesichtspunkten«

Diplomarbeit an der TU Hamburg-Harburg; Institut fiir Bioprozess- und
Biosystemtechnik (Herr Prof. Dr.-Ing. R. Portner)

Thema: »Festbettkultivierung von Lactococcus lactis«

Berufliche Tatigkeiten

03/2007-01/2012

09/2007-10/2007

seit 01/2013

Wissenschaftlicher Mitarbeiter (Promotion) am Max-Planck-Institut
(MPI) fir Dynamik komplexer technischer Systeme in Magdeburg;
Abteilung Bioprozesstechnik (Leiter: Herr Prof. Dr.-Ing. U. Reichl)

Thema: »Investigation of mammalian cell metabolism by
guantification of key metabolic enzyme activities«

Gastwissenschaftler am MPI fiir Molekulare Pflanzenphysiologie in
Potsdam-Golm; Abteilung Metabolische Netzwerke, Systemregulation
(Leiter: Herr Prof. Dr. M. Stitt)

Lab Scientist Bioprocess Development, Sandoz GmbH - Werk
Schaftenau, Osterreich



