UNIVERSITAT AUTONOMA DE BARCELONA

UNB

Universitat Autbnoma
deBarcelona

Systematic metabolic analysis of recombinant
Pichia pastoris under different oxygen conditions

A Metabolome and Fluxome Based Study

Memoria per obtenir el Grau de Doctor
per la Universitat Autonoma de
Barcelona sota la direccié de

Pau Ferrer Alegre i Joan Albiol Sala
Marc Carnicer Heras

Departament d’Engineria Quimica, 2012






Pau Ferrer Alegre y Joan Albiol Sala, Professors Associats en el grup d’Enginyeria de Bioprocessos i

Biocatalisis Aplicada del Departament d’Enginyeria Quimica de la Universitat Autdonom a de Barcelona

CERTIFIQUEN: Que el bioquimic Marc Carnicer Heras ha dut a terme
sota la nostra direccid, el treball que, amb el titol “Systematic
metabolic analysis of recombinant Pichia pastoris under different
oxygen conditions” es presenta en aquesta memoria, la qual
consisteix la seva Tesi per optar al grau de Doctor en Biotecnologia per

la Universitat Autonoma de Barcelona.

| per tal que se’n prengui coneixement i consti als efectes oportuns, signem la present a Bellaterra,

Abril 2012.

Dr. Pau Ferrer Alegre

Dr. Joan Albiol Sala






To My Family






I am among those who think that science has great beauty. A scientist in his laboratory is not only a
technician: he is also a child placed before natural phenomena which impress him like a fairy tale.

Marie Curie






Summary

The systematic analysis of the cell physiological it is critical to gain knowledge about microorganisms.
Systems biology gives the opportunity to obtain quantitatively analysis of different physiological levels
which allow the in silico representations of the studied pathways. Overall, this field is addressed to the

crucial understanding of complex biological networks behaviour.

This research project was aimed to contribute to the understandings of the Pichia pastoris physiology
under different stress conditions. Specifically, this thesis was centred in the systematic analysis of the
metabolome and fluxome omic levels, and how the different levels contribute to regulate the final

metabolic flow regarding the oxygen availability and the recombinant protein production.

In Chapter 2, a consistent description of the biomass principal components of P. pastoris is obtained for
different oxygenation conditions, as well as under recombinant protein producing and non-producing
backgrounds obtaining the best estimation of the biomass composition. Specifically, an increased in the
reduction degree was determined at lower oxygen availability. In addition, consistency of the input and
output extracellular metabolic fluxes was used to identify the production of an unexpected by-product,
which was subsequently identified as arabinitol. The obtained results were afterwards used in chapter 3

to perform metabolic flux analysis.

In Chapter 3, a biosynthetically directed fractional *C-labellings were performed obtaining information
about the principals metabolic flux ratios of the carbon central metabolism of P. pastoris. Afterwards,
these values were used to perform C-constrained metabolic flux analysis under the different
oxygenation conditions and producing the recombinant protein. The most prominent feature obtained,
already indicated by the metabolic flux ratios, was the similarity in flux estimations between the
expressing and the control strains. Nevertheless, clear differences were observed when comparing flux

patterns corresponding to different oxygenations set points.

The issue of metabolome analysis was started in Chapter 4 with the systematic evaluation of five
qguenching protocols applied to P. pastoris. Methanol concentration and temperature were the selected
variables to be optimized for minimizing metabolite leakage during quenching and subsequent washing.
As result, acceptable recoveries (>90%) were obtained for all quenching procedures tested. However,
quenching at -272C in 60% v/v methanol performed slightly better in terms of leakage minimization.
Thereafter, the best performing quenching protocol was used to demonstrate that five residence times
under glucose limitation were enough to reach stable intracellular metabolite pools. Moreover, when
comparing P. pastoris and S. cerevisiae metabolomes, under the same cultivation conditions, similar

metabolite fingerprints were found in both yeasts, except for the lower glycolysis.

In Chapters 5, 6 and 7, the P. pastoris metabolome adaptation to recombinant protein production and

to different oxygen availability is described together with a global metabolome analysis. Specifically, in



Chapter 5, the redox and energy stoichiometry of P. pastoris was validated showing increasing energy
requirements as the oxygen availability became shortage. In addition, a network-embedded
thermodynamic analysis of the quantitative intracellular metabolites pools was performed. From the
analysis, an improvement of the non-oxidative pentose phosphate pathway fluxes was performed as

well as a determination of the oxygen impact over the redox state of the cytosol.

In Chapter 6, the transcriptional and thermodynamic regulations over the metabolic flow between
conditions were investigated for the central carbon metabolism reactions. Overall, the different omic
contributions to the final metabolic flux changes were resulted to be different between P. pastoris and
S. cerevisae. Specifically, for P. pastoris, transcriptional regulation was found to be in most cases
significant, contrarily to the baker yeast. Moreover, a possible kinetic contribution to the metabolic flux

changes could be seen in the central carbon metabolism.

Finally, in Chapter 7, to better understand the effect and interplay of oxygen availability and foreign
protein secretion on central metabolism, a first quantitative metabolomic analysis of free amino acids
pools in a recombinant P. pastoris strain growing under different oxygen availability conditions was
carried out. The obtained values indicated significant variations in the intracellular amino acid levels
due to different oxygen availability conditions. Notably, even that foreign protein productivities were
relatively low, recombinant protein production was found to have a limited but significant impact on
the intracellular amino acid pools, which were generally decreased in the producing strain compared
with the reference strain under normoxia conditions. However, observed changes in individual amino
acids pools were not correlated with their corresponding relative abundance in the recombinant

protein sequence, but to the overall cell protein amino acid compositional variations.
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Ressenya

L’analisi sistematic de la fisiologia cel-lular és de gran importancia en la millora del coneixement sobre
els microorganismes. En aquesta direccio, la biologia de sistemes ens permet |'analisi quantitatiu de
diferents nivells fisiologics obtenint representacions in silico de les vies metaboliques estudiades que,

en conjunt, s’adrecen a la millor comprensié del comportament de sistemes biologics complexos.

Aguest projecte de recerca va ser dissenyat per contribuir en la comprensid de la fisiologia de Pichia
pastoris sota diferents condicions d’estres. Especificament, aquesta tesis se centre en I'estudi sistematic
del conjunt de metabolits lliures dins la cél-lula i en la velocitat que aquests es transformen.
Conjuntament, també s’ha estudiat la contribucié d’aquests en la regulacio final dels fluxos metabolics

respecte la disponibilitat d’oxigen i la produccié d’una proteina recombinant.

En el Capitol 2, una descripcid consistent dels principals component de la biomassa de P. pastoris es
realitzada sota diferents condicions d’oxigenacié al igual que produint i no produint la proteina
recombinant obtenint aixi una millor estimacié de la composicid de la biomassa. Especificament, un
increment en el grau de reduccié de la biomassa va ésser determinat en condicions de deficit d’oxigen.
Per una altre part, I'estudi de la consisténcia dels fluxos dels metabolits extracel-lulars va ser utilitzat
per identificar la produccié d’un subproducte de fermentacid inesperat posteriorment identificat com

arabinitol. Aquests resultats van ser utilitzats per I'analisi de fluxos metabolics del capitol 3.

En el Capitol 3, s’obtingué la relacié entre diferents fluxos metabolics del metabolisme central del
carboni de P. pastoris mitjancant I'estudi del carboni marcat dels aminoacids sintetitzats de novo.
Posteriorment, aquest valors van ser utilitzats delimitant I'analisi de fluxos metabolics sota diferents
condicions d’oxigenacié i produccié de proteina recombinant. Els resultat més destacat va ser la gran
similitud entre els fluxos estimats per les soques productora i control en condicions de cultiu
equivalents. Tot i aixi, diferencies clares van ser observades quan es van comparar el patré de fluxos

corresponents a diferents nivells d’oxigenacio.

L'analisi dels metabolits lliures dins la cel-lula va comencar en el Capitol 4 amb I'avaluaciod sistematica
de cinc protocols de parada rapida del metabolisme en P. pastoris. El metanol i la temperatura van ser
les variables seleccionades a optimitzar en la minimitzacié de la perdua de metabolits en el procés de
parada i rentat de les cél-lules. Com a resultat, recuperacions acceptables (>90%) van ser obtingudes en
tots els protocols provats. Amb tot, la parada del metabolisme realitzada a -272C amb una solucié de
60% v/v de metanol a ser amb la que menys pérdues es van observar. Consecutivament, el millor
protocol de parada va ser utilitzat per demostrar que cinc temps de residéncia sén els necessaris per
arribar a un estat estacionari del metabolits intracel-lulars en cultius amb glucosa limitant. D’altra

banda, sota les mateixes condicions de treball, els perfils intracel-lulars dels principals metabolits
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centrals eren similars entre els llevats P. pastoris i S. cerevisiae, en excepcié de la part baixa de la
glicolisi.

En els capitols 5, 6 i 7, I'adaptaciéd del metabolome de P. pastoris a la produccié de la proteina
recombinant i a les diferents condicions d’oxigen és descrita conjuntament amb un analisi global

d’aquest. Especificament, en el Capitol 5, I'estequiometria redox i energetica de P. pastoris varen ser

validades veient un augment en els requeriments energeétics sota condicions deficitaries d’oxigen. A

més a més, es va realitzar un analisi termodinamic dels metabolits intracel-lulars mitjangant el qual
s’obtingueren millores en el patré de fluxos en la via de les pentoses fosfat conjuntament amb

informacié de I'estat redox del citosol.

En el Capitol 6, la regulacié transcripcional i termodinamica dels fluxes del metabolisme central del
carboni va ser investigada entre diferents condicions de cultiu. En general, la contribucié dels diferents
nivells omics en el canvi final dels fluxos metabolics van resultar ser diferents entre els llevats P.
pastoris i S. cerevisiae. Especificament, per P. pastoris, la regulacié transcripcional va ser significant en
la majoria de reaccions, contrariament al que s’havia descrit per S. cerevisiae. D’altre banda, una
possible contribucid cinética al canvi de fluxos metabolics va ser observada en el metabolisme central

del carboni en el llevat P. pastoris.

Finalment, en el Capitol 7, per un millor coneixement i comprensié de |'efecte i la interaccié de la
disponibilitat d’oxigen i la produccié d’una proteina forania en el metabolisme central, es va realitzar un
analisi quantitatiu del aminoacids lliures intracel-lulars sota la produccié d’aquesta proteina i en
diferents condicions d’oxigenacid. Els valors obtinguts indicaren una variacié significativa d’aquests
aminoacids intracel-lulars entre diferents disponibilitats d’oxigen. Sorprenentment, tot i que la
produccié de la proteina recombinant fos relativament baixa, I'expressié d’aquesta es va veure que
tenia un impacte limitat, pero significant, en els pools d’aminoacids reduint-ne la mida en condicions
totalment oxidatives. Amb tot, els canvis individuals observats en els aminoacids no presentaven una
correlacié amb I'abundancia relativa d’aquests en la proteina recombinant, en canvi, concordava amb la

variacio de la composicié aminoacidica de la biomassa.
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Chapter 1: General introduction

The biotechnology role is increasing in nearly every industry, including healthcare, pharmaceutical,
chemical, food or agricultural industries. Biotechnological production of small-volume high-value drugs
is well justified. However, production of large-volume low-value bioproducts requires the development
of lower-cost and higher-yield processes [1]. Towards this goal, the heterologous protein production
has succeeded in many cases for the production of pharmaceuticals proteins or industrial enzymes [2,
3]. However, although high yields of active proteins had been obtained in many cases [4] there are still
limitations for the production of the majority of complex proteins in large quantities and as functional

entities.

The strain improvement has been carried out traditionally through random mutagenesis followed by
screening processes in order to diminish or eliminate the heterologous production bottlenecks. This
method has had significant success producing quite different metabolites in high-yield processes.
However, rational cellular and metabolic engineering have obtained further improvements on the

biotechnological production of different recombinant protein and cellular metabolites [1, 5].

Metabolic engineering is the field which has the ultimate aim to manipulate the cellular metabolism
through various techniques to produce a desired end product, or alternatively, remove or breakdown
an undesirable one. To accomplish this aim, understanding the metabolism of the cell is of critical

importance [6].

Nutrients are transported through the cell membrane using different mechanism in order to be
available to be catabolised. Once there are inside, these nutrients are the precursors to generate all the
energy and reducing power to synthesize all the cell components required. The metabolic pathways
ensure the proper and efficient energy and reducing power supply to obtain the desired molecules.
Therefore, a solid knowledge of the cellular metabolism may allow the efficiency enhance of a
particular metabolic conversion [6]. In some cases, one may wish to produce a compound in an
organism which it is not present naturally like the recombinant protein or the polyhydroxyalkanoates
(PHAs) among others. These compounds are valuable in a variety of industries as agriculture,
pharmaceutical, food additive or bioremediation field. In these cases, a well know cell metabolism
together with the characterization of the heterologous production impact may lead to the identification
of the main production bottlenecks. Therefore, knowing the cell production difficulties a metabolic

engineering strategy could be performed enhancing the improvement possibilities. As example, the
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Chapter 1: General introduction

PHAs production in E. coli were improved increased over-expressing two enzymes involved in the cell

NADPH availability [7].
Systems Biology

In the metabolic engineering field, the systematic analysis of the cell physiological it is critical to gain
knowledge about microorganisms. Systems biology gives the opportunity to obtain quantitatively
analysis of different physiological levels which allow the in silico representations of the studied
pathways [8]. Overall, this field is addressed to the crucial understanding of complex biological

networks behaviour.

With this aim, proteomic, transcriptomic or fluxomic studies has become a tool towards strain
optimization [9-12]. Besides, the metabolome study have obtained substantial improvements in
genotype-phenotype relation studies on strains and mutant cells [11]. Nevertheless, not only the study
of one “omic” level will lead to the complete understanding of the cellular metabolism but also the
different level combination will lead to the closed picture of the microorganism in vivo regulation

(Figure 1.1).

Interaclions Fluxes through
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Figure 1.1: Schematic overview of the relationship between the different “omics” levels in a complex biological

network. Picture taken from [13].

In systems biology, regulation indicates which mechanisms the cell uses to accomplish changes in, or
robustness of cellular functions [14]. For the cells, this changes allow i) the internal communication
between different compartments, cells or organisms, ii) the capability of living organisms to respond to

changes in its environments, and iii) the maintenance of homeostasis upon external perturbations [15].

In order to study the importance of each regulatory route during a specific adaptation of an organism a
quantitative approach is needed [14]. This approach was addressed by the regulation analysis theory
[16] which, in its original version, enables a quantitatively dissection of the in vivo regulation of the
enzymes fluxes by gene expression and metabolite level changes as represented in Equation 1.1 [17,

18]:

Alog] _ Alog f(e) Alog g(X,K) _ _
Alog] ~ Alog] Alog] Prt pm =1 (1.1)
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Chapter 1: General introduction

Where J is the metabolic flux at steady state of each specific metabolic reaction, e is the enzyme
concentration; X is a vector of the concentration of the different metabolites which may affect the

reaction and K is a vector including all the metabolic reaction parameters.

The py, coefficient in Equation 1.1 represents the hierarchical regulation which quantify to what extent
the local flux through the enzyme is modulated by the change in the enzyme capacity (Viay). This
coefficient may be influenced by the gene expression regulation which, at the same time, could be
dissected by gene transcription, mRNA processing, transport and stability, translation and post-

transational modification, and protein stability regulation [14].

On the other hand, the metabolic regulation coefficient (p,) represents the intracellular interaction
changes of substrates, products and allosteric effectors with the enzymes. In many publications it can
be found studies related with the determination of the intracellular metabolite levels impact on the
metabolic fluxes. Besides, Heijnen [19] performed a review focused on the different existing kinetic
approximations used to relate the intracellular metabolite levels and the metabolic fluxes. In this
review, independently of the approximation used, all the modelling approaches share two fixed kinetic

assumptions which could be related with the gene expression and metabolic regulation:

1. The metabolic rate is directly proportional to the level of active enzyme. These enzyme levels
together with the specific catalytic rate constant (k.,;) define the enzyme capacity (Vmay)-
2. There is a saturation type kinetic behaviour of the J/e ratio versus the concentration of the different

reactant metabolites according to a Michealis-Menten mechanism.

Performing regulatory analysis, Rossell and co-workers [20] classified the possible numerical outcomes

into five different categories starting from a reference steady-state:

e Purely hierarchical regulation: the metabolic changes do not make a net contribution to a

change in the enzyme rate (p., = 0) being the changes in V., which completely describe it (p, =
1).

e Purely metabolic regulation: oppositely to the previous category, the flux through the enzyme

is only modulated by the intracellular metabolite interactions with the enzyme (p,= 1; p,=0).

e Cooperative regulation: when there is a cooperative enzyme flux modulation for the gene

expression and metabolic regulation (0 < pn, pm<1).

e Antagonistic regulation directed by V.. in this category the gene expression and the

metabolic regulation have antagonistic effect over the enzyme rate. Nevertheless, py, is larger

than pn (o0l > [Pml)-

e Antagonistic regulation directed by the metabolic regulation: similarly to the previous case,

gene expression and the metabolic regulation have antagonistic effect over the enzyme rate.

However, p,in this case is the larger coefficient (|pm| > | pnl)-
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Chapter 1: General introduction

Fluxome

In the regulation analysis theory, the metabolic flux analysis (MFA) is taken as the closer real
representation of the physiological state of the cells being it the result of the other omics levels
interactions. Therefore, being the MFA outcome the combination of gene expression and metabolic

regulation.

MFA has become a well-establish diagnostic tool in metabolic engineering and in systems biology in the
recent years [21] being it an invaluable tool for characterising different strains or physiological states of
a microorganism [22]. The development of MFA started with a purely stoichiometric approach which
required only measured extracellular fluxes (substrate uptake, biomass production, end product
formation,...) as input data [21, 23]. Nevertheless, some major drawbacks of a purely stoichiometric

approach became apparent:

1. Strong assumptions about the cellular energy metabolism are required like P/O ratios and the
knowledge of all intracellular reactions steps to produce-consume ATP, NADH or NADPH [24].

2. Limitation on the detailed resolution of intracellular fluxes. In particular, the forward and
backward directions of reversible reactions steps or parallel reaction steps like the various

anaplerotic reactions.

These problems led to the development of the *C-MFA methods which work without any energy
balance and can resolve bidirectional or parallel reactions steps [21]. Specifically, a labelled carbon
substrate together with unlabelled are used as carbon sources in the experiments, leading to a labelled
material distribution over the central carbon metabolism. Afterwards, when the metabolic steady state
of the label enrichment in each intracellular metabolite pool is achieved, NMR or MS measurements are
performed to determine the label material distribution in the intracellular metabolites. These

measurements become extra metabolic constrains, which allow the resolution of the *C-MFA [13].

Considering the possible uses of the *C derived metabolic information, two approaches have been
performed in the literature. The first approach integrates simultaneously the *C data, extracellular
fluxes, and biosynthetic requirements in computer models. The flux distribution is then obtained by
fitting the intracellular fluxes to the experimental data by minimizing the differences between the
observed and simulated isotopologue spectra [21, 25]. The second method is the flux ratio method, in
which the relative distribution of converging pathway to the formation of a specific metabolite is

quantified from particular combination of NMR or mass pattern [13, 26-28].

Nowadays, the *C-MFA has been evolved not only to measure the metabolite fluxes in steady state

conditions but also in dynamic experiments [21].
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Chapter 1: General introduction

Box 1: Central Carbon Metabolism

Metabolism is the set of chemical reactions that happen in living organisms to sustain life. The different

reactions are usually divided into two categories:

Q e Catabolism: reactions which break down

organic compounds in order to supply carbon

precursors, reducing power and energy used for

Y

(i -

the cell growth.

4 e Anabolism: reactions which use the

O products from the catabolism reaction to

hd

Lower Giycolysis

construct the cell components such as proteins,

carbohydrates, lipids and nucleic acids.

The central carbon metabolism is the set of
reactions which represent the main important

metabolic pathways of both metabolism

\ Pichia pastoris cell y.

categories which could change from an organism

Figure 1.2. Pichia pastoris central carbon metabolism to another.

In Pichia pastoris case, its central carbon catabolism consists of glycolysis, pentose phosphate pathway,
TCA cycle, the fermentative pathways for the ethanol and arabinitol production and the anaplerotic
reactions (Figure 1.2). On the other hand, the central carbon anabolism includes the biosynthetic

reactions of the biomass macromolecular components.

Mathematical framework of stoichiometric MFA

The MFA is based on the principle of mass conservation of the intracellular metabolites in a known
stoichiometric network. By measuring the net convertion rates of the extracellular metabolites,
assuming steady state for the intracellular metabolite concentration and neglecting the dilution effects

of the growth, the mass balances of the metabolites can be written as:

Al e

Where S represents the N-by-V stoichiometric matrix, where N is the number of intracellular metabolite
and V the total number of reactions included in the model. R is a M-by-V stoichiometric matrix, where

M is the number of measured net conversions rates in the rate vector ry,.

Along the thesis, all the equations systems were determined allowing a lineal computation to solve it. In
case the system would have been undetermined, only a lineal combination of the fluxes could be

calculated or an optimization function would have been to be applied.
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Chapter 1: General introduction

Metabolome

The metabolome of even a simple microbe exceeds 1000 different compounds making an extremely
demanding task the entire metabolome analysis. The fact is that the metabolomics field has
experienced a strong development over the recent past, mainly due to the improvements in MS-based
analytical procedures [11, 29-31], which has greatly expanded the possibilities for quantitative analysis

of intracellular metabolite pools.

vacuum
vessel

Figure 1.3: Rapid sampling setup for metabolome fingerprint analysis. Setup composed by two electro valves,
one vacuum vessel and a tube adaptor for the quenching solution which allow sampling times lower than 1

second. Pictured derived from [32].

Although there have been many analytical measurement improvements in the field, an important step
for the metabolic reaction network study is to obtain representative and accurate snapshots of the
metabolome. Many metabolites, not only those related to the central carbon metabolism but e.g. also
free amino acids, have turnover times in the order of seconds or less, which highlight the need for a
rapid sampling technique (Figure 1.3) to quantify their actual levels, as well as a proper, leakage-free,
qguenching procedure to ensure absence of losses or (inter)conversion of metabolites [9, 33]. Moreover,
if substantial amounts of metabolites are present in the extracellular medium, those need to be
efficiently removed. Therefore, a sample treatment procedure allowing separating the intracellular and

extracellular metabolite pools, as well as a degradation-free extraction method are required [34].

Although many efforts have been directed towards the development of a universal method, no
consensus solution has been found because of the vast diversity in cell properties [9, 10, 35]. Recently,
proper sampling, quenching, separation and extraction protocols for the intracellular metabolite
quantification in Saccharomyces cerevisiae have been presented and successfully applied, allowing
accurate, reliable and reproducible metabolite determinations [33, 34]. Unfortunately, it appears that
for different microbial species, different sampling and quenching methodologies need to be developed

and quantitatively evaluated and validated [10, 36, 37].
Experimental setup and Data consistency

For systems biology studies, a well-controlled environmental condition of the experimental setup is
crucial for the well physiological state characterization. For this reason, chemostat cultures were
chosen as the best culture strategy due it facilitates the study of cellular responses to a particular
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Chapter 1: General introduction

perturbation (e.g. oxygenation, temperature, pH,... effects) while keeping the other parameters
constant. Besides, such perturbations may also include punctual stimulus (e.g. a glucose pulse) as well

as other controlled parameter changes like shifts or gradients.

Biomass
By-products
Carbondioxide
Water

C-source
Oxygen
N, S, P sources

Figure 1.4: Black box model of the chemostat experimental system

In addition, the chemostat cultures allowed, as well as the well-controlled environmental condition,
black box modelling of the experimental system due to the fully characterization of the cell metabolic
steady state (Figure 1.4). Along this thesis, a black box model was performed using the elemental
balances as constrains for all the chemostat cultivations realized. These models led to over-determined
systems which allowed statistical consistency test [38], at 95% confidence level, proofing measurement

errors.

Overall, the strict control of such cultivations provide strongly reproducible cultures and hence, little
variations on data acquisition. Therefore, it is the most adequate strategy for system biology studies

where high-quality data are required at the different omics levels.
Microbial Cell Factories

One of the major requirements for development and production of recombinant proteins is the
capability of a given cell factory to produce sufficient biologically active material that allows up-scaling
for mass production [39]. Over the last two decades significant progress has been made in heterologous
protein production, particularly due to the initiation of the genomics era. The acquisition of profound
knowledge and entire genome sequences of a number of expression platforms has lead to considerable

success for the production of many pharmaceutical proteins or industrial enzymes [2, 40].

Choosing an appropriate method for expressing a recombinant protein is a critical factor in obtaining
the desired yields and quality of the recombinant protein in a timely fashion. Selecting a wrong
expression host can result in the protein being misfolded or poorly expressed, lacking the necessary

post-trancriptional modifications or containing inappropriate modifications.

In academic and industry, there are numerous expression systems currently being used although, some
of these are too new and insufficiently tested to comment on their utility. In addition, some established
systems for expressing recombinant proteins, such as transgenic animals, are too technically

challenging, time consuming or prohibitively expensive to be a viable option for average laboratories. In
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Chapter 1: General introduction

Table 1.1, there are a small characterization of four well establish expression systems which have

straightforward protocols, are readily accessible and are relatively inexpensive for small-scale

production.

Table 1.1: Summary of expression systems

Expression System

Advantages

Disadvantages

Rapid expression method (days)

Inexpensive bioproduction media and high

Limited capacity for post-translational

modifications

L. . density biomass
Escherichia coli

Simple process scale-up Difficult to produce some proteins in a
soluble, properly folded state

Well characterized genetics

. . N-linked gl tructure diff tf
Moderately rapid expression method (weeks) inked glycan s ruF ure ditrerent from

mammalian forms
Inexpensive bioproduction media and high

density biomass Enhanced safety precautions needed for

large-scale bioproductions due to methanol
in induction media (pAOX1 promoter)

Pichia pastoris . o
Most post-translational modifications and

high folding capacity

Well characterized genetics

N-linked glycan structure different from

Moderately rapid expression method (weeks) mammalian forms

Baculovirus/Insect Most post-translational modifications and Low biomass density and expensive

cell high folding capacity bioproduction media
Difficult scale-up process
. . Low biomass density and expensive
ian - M I h k . : .
Mammaﬁan oderately rapid expression method (weeks) bioproduction media
Transcient I Lo | ificati
expression All post-transcriptional modifications and

high folding capacity Difficult scale-up process

o o Lengthy expression methods (months)
All post-transcriptional modifications and
Mammalian - Stable high folding capacity

expression

Low biomass density and expensive
bioproduction media

Difficult scale-up process

Pichia pastoris as a Host

The methylotrophic yeast P. pastoris (Figure 1.5) has been developed into a highly prosperous system
for the production of a variety of heterologous proteins (for a review, [4, 41]). Nevertheless,

understanding the mechanisms governing efficient production of complex proteins as functional

entities still remains a major challenge.

The first yeast routinely used for recombinant protein expression was Saccharomyces cerevisiae [42].
However, in the last 15 years, P. pastoris has become the yeast of choice because it typically permits
higher levels of recombinant protein expression than does S. cerevisiae [43]. The growth of P. pastoris

in methanol-containing medium results in the dramatic transcriptional induction of the genes for
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alcohol oxidase (AOX) and dihydroxyacetone synthas [43]. After induction, these proteins comprise up
to 30% of the P. pastoris biomass. Investigators have exploited this methanol-dependent gene
induction by incorporating the strong, yet tightly regulated, promoter of the alcohol oxidase | (AOX1)
gene into the majority of vectors for expressing recombinant proteins [41]. The P. pastoris expression
vectors integrate in the genome whereas by contrast, S. cerevisiae vectors use the more unstable
method of replicating episomally. The length of time to assess recombinant gene expression with the P.
pastoris method is approximately 3—4 weeks which includes the transformation of yeast, screening the
transformants for integration, and an expression timecourse. An appealing feature of P. pastoris is the
extremely high cell densities achievable under appropriate culture conditions [43]. Using inexpensive
medium, the P. pastoris culture can reach 120 g/| of dry cell weight density. An important caveat is that
the induction medium requires a low methanol percentage. In large-scale cultures, the amount of
methanol becomes a fire hazard requiring a new level of safety conditions. P. pastoris has been used to
obtain both intracellular and secreted recombinant proteins. Like other eukaryotes, it efficiently
generates disulfide bonds and has successfully been used to express proteins containing many disulfide
bonds. To facilitate secretion, the recombinant protein must be engineered to carry a signal sequence.
The most commonly used signal sequence is the pre-pro sequence from S. cerevisiae a-mating factor
[41]. Because P. pastoris secretes few endogenous proteins, purification of the recombinant protein
from the medium is a relatively simple task. If proteolysis of the recombinant protein is a concern,

expression can be completed using the pep4 protease-deficient strain of P. pastoris.

Fab

IgG

Figure 1.5: Images of Pichia pastoris cells (left side) and antibody fragment structure (right side).
Antibody fragment as model for heterologous protein production

Throughout the thesis, a P. pastoris strains producing the antibody fragment (fab) 3H6 [39] have been
used to characterize the heterologous protein production impact over the physiology (Figure 1.5). This
protein has been used as model for complex protein production as it shows its typical features: it
consists of multiple subunits that must bind to each other in a stoichiometric relation and its structure

depends on the availability of the subunits.
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Specifically, this recombinant protein is an anti-idiotypic Fab fragment directed against the human
monoclonal antibody (mAb) 2F5 which is one of the most promising neutralizing antibodies against HIV-
1 [39]. Besides, the crystal structure of the Fab fragment mouse antibody Ab2/3H6 in complex with
mAb 2F5 Fab fragment have been achieved obtaining potential information for future design of vaccine

components against human immunodeficiency virus [39].
Oxygen availability as environmental stress

Oxygen transfer is it often described as an important issue in high cell density fermentations. While
affecting growth and protein production, oxygen also influences cellular redox reactions, and these are
interlinked with protein folding reactions within the cell. Moreover, protein folding related oxidative
stress has been described [44—-46]. Paradoxically, it has demonstrated recently that hypoxic conditions
in chemostat as well as fed batch cultures significantly increased the specific productivity of
recombinant P. pastoris [47]. However, it is not straightforward to predict whether this low oxygen
availability effect would be also observed in other expression systems like S. cerevisiae. Yeasts do not
perform in an identical way, as they can differ in productivity and with regard to their capacity to
secrete, to process and to modify proteins in particular cases. As a consequence, it is important to
systematically identify the complex mechanisms ruling efficient protein production, and integrated

omics studies are a valuable tool for the study of biological processes.
Aim and Outline of the Thesis

The aim of this research project was to contribute to the understandings of the Pichia pastoris
physiology under different stress conditions. The project was in close collaboration with another thesis
project realized by Kristin Baumann where complementary analyses were performed aiming to develop
a multiple level analysis, from genome to fluxes, for characterizing oxygen availability and recombinant

protein production physiological impact.

This thesis is centred in the systematic analysis of the metabolome and fluxome omic levels, and how
the different levels contribute to regulate the final metabolic flow. In the first two chapters of the thesis
the P. pastoris fluxome is characterized. Specifically, in Chapter 2 a consistent description of the
biomass principal components of P. pastoris is obtained for different oxygenation conditions, as well as
under recombinant protein producing and non-producing backgrounds. In addition, consistency of the
input and output extracellular metabolic fluxes is used to identify the production of an unexpected by-
product, which was subsequently identified as arabinitol. Afterwards, in Chapter 3, a comparison of the
different metabolic steady-states performed under different culture conditions was performed as well
as a minimal stoichiometric by *C-NMR analysis aimed to describe the metabolic flux of the different

steady-states.

The issue of metabolome analysis is started in Chapter 4 with the systematic evaluation of five
guenching protocols applied to P. pastoris. Methanol concentration and temperature were the selected
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variables to be optimized for minimizing metabolite leakage during quenching and subsequent washing.
Thereafter, the best performing quenching protocol was used in two applications: 1) determination of
the time needed for each intracellular metabolite to reach a metabolite steady state and 2) a

metabolome comparison between P. pastoris and S. cerevisiae.

In Chapters 5, 6 and 7, the P. pastoris metabolome adaptation to recombinant protein production and
to different oxygen availability is described together with a global metabolome analysis. Specifically, in
Chapter 5, a network-embedded thermodynamic analysis of the quantitative intracellular metabolites
pools was performed in order to obtain more information of the intrcellular metabolie networks.
Consecutevely, in Chapter 6, the transcriptional and thermodynamic regulations over the metabolic

flow between conditions were investigated for the central carbon metabolism reactions.

In Chapter 7, to better understand the effect and interplay of oxygen availability and foreign protein
secretion on central metabolism, a first quantitative metabolomic analysis of free amino acids poolsin a

recombinant P. pastoris strain growing under different oxygen availability conditions was carried out.

Finally, Chapter 8 discusses the general outcome of the studies presented in this thesis and provide the

reader with possible leads for future research.
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Background

Genome-scale in silico metabolic models are nowadays being built for a number of species to get highly
informative view of the physiological cell status at each experimental condition [48, 49]. Validation and
practical application of such complex models require obtaining reliable experimental data on a number
of metabolic fluxes among which those related to biosynthesis precursors for cell constituents play a
key role [50, 51]. Considering that cells are composed of different biopolymers and macromolecules,
knowledge of their composition and quantity becomes essential for determination of the metabolic
fluxes of biosynthetic precursors, as well as any other metabolic or energetic analysis. Availability of
such molecular compositional data is scarce or inexistent for a particular strain or species and growth

condition, particularly in non-model organisms as e.g.: P. pastoris.

In this chapter, a consistent description of the biomass composition of P. pastoris is obtained for
different oxygenation conditions, as well as under recombinant protein producing and non-producing
backgrounds, and consistency of the input and output extracellular metabolic fluxes is used to identify

the production of an unexpected by-product, which is subsequently identified as arabinitol.

Materials and Methods

Strains

In this study two different strains were used. A P. pastoris X-33 (wild type phenotype, Invitrogen)
transformed with pGAPaA (Invitrogen) as mock vector (control strain) , and a X-33-derived strain
expressing the human antibody fragment (Fab) 3H6 fragment under the transcriptional control of
glyceraldehyde-3-phosphate dehydrogenase (GAP) constitutive promoter, using the secretion signal

sequence from the S. cerevisiae a mating factor (Fab-expressing strain) [52].

Cultivation conditions

Chemostat cultivations were performed in a 2-liter bench-top bioreactor (B. Braun Biotech
International, Biostat B), as previously described [47]. Briefly, cells were grown under carbon-limited
conditions at a dilution rate (D) of 0.1 h™*, with different oxygen concentrations in the bioreactor inlet
air. The total inlet gas flow was controlled by mass flow meters (Bronkhorst High-Tech) at 1.5 vvm. The
outlet gas flow was dried through two silica gel columns to remove the humidity and analyzed to
determine its CO, and O, content (BCP-CO, & BCP-0, Sensors, BlueSens). In the cultures that received
less than 21% of O, in the inlet gas stream (that is, 11% and 8% of O,), air was mixed with the necessary
volume of N, so that the total gas flow of 1.5 vwm was maintained constant. The pressure in the culture
vessel was maintained at 1.2 bars using a pressure valve (GO Inc). The pH, stirring speed and

temperature were maintained at 5 (with 20% NHs), 700 rpm and 25 2C, respectively. During the
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experiments the data acquisition and control of the different variables was done using UAB proprietary

software (0. Cos, Department of Chemical Engineering, UAB).

For each independent experiment, chemostat culture conditions were maintained constant for at least
5 residence times to allow reaching a metabolic steady state, except for the hypoxic conditions (8 % O,),
where a wash out after 3.5 residence times had previously been observed [47]. In this case only 3
residence times were awaited. At that point, samples were taken and analyzed for biomass

composition. At least three independent samples were analyzed for each tested condition

Biomass Analyses

Determination of biomass ash content

Culture samples of 20 ml volume were centrifuged at 5,000 rpm, 4 °C for 5 min and the pellets were
washed twice in 20 ml of 20 mM Tris-HCl, pH 7.6. The resuspended cells were filtered through pre-dried
glass fibre filters (Millipore) and dried overnight at 100 °C. Combustion of the pre-dried biomass was
done by placing the glass fibre filters in ceramic cups (Millipore) in an oven (Hengstler) at 550 °C for 12

hours.

Biomass lyophilisation

Most of the analyses were performed using lyophilized biomass samples. To lyophilize the biomass a
sample of cultivation broth was centrifuged at 13,000 rpm for 1 min and the cell pellet was washed
twice with 1 ml of 20 mM Tris-HCI, pH 7.6 to get a pellet free of culture medium. The recovered pellet
was immediately frozen by immersion in an acetone-dry ice mixture followed by the lyophilization step

under vacuum (Virtys Sentry).

Biomass elemental analysis

The elemental composition of the biomass was determined taking 1mg of a lyophilized biomass, adding
1 mg of V,05 and introducing the samples in an oven at 1000 °C. The volatile compounds were

measured with an Elemental Analyzer (NA2100 ThermoFisher).

Biomass amino acid composition

Samples of 40 mg of lyophilized biomass were hydrolyzed with 3 ml HClI 6 M at 105 oC for 24 hours. AN,
stream was used to remove the O, minimizing the oxidation during hydrolysis. Following the
hydrolyzation step, the volume of the samples was completed up to 50 ml with deionised water
(MilliQ). A volume of 500 pl of the diluted samples and 100 pl of Nor-Leucin 2500 pM (non-
proteinogenic amino acid used as internal standard), were mixed before being evaporated to dryness.
The resulting pellets were dissolved with 1 ml buffer solution pH 2.2 and filtered by ultracentrifugation
using 10,000 Da cut-off filter (Microcon YM10; 42408). A 50 pl volume of the filtrate was injected in an

amino acid analyzer (Biochrom 30; Biochrom UK, Software: EZ Chrom) using a cation exchange
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chromatography column and post derivatisation with ninhidrine, (as described by Spackman, Moore
and Stein in 1958, [53]). For the amino acid identification, the eluent (lithium citrate buffer) was heated
up to 135 °C and mixed with ninhydrine. Identification was done according to the known retention time
of the amino acid standards in this conditions and quantification performed according to the previously
performed calibration curves relating peak area with concentration (detection limit: 1 nmol,

reproducibility: 1.5 % for 10 nmol).

Biomass total protein content

Total protein content was determined by means of the Lowry method as described in [54] from a
solution of lyophilized biomass at 0.5 g/l dry weight. Protein concentration was calculated using BSA as

standard.

Biomass total carbohydrates content

Total carbohydrates were determined by the phenol method as described in [54]. A 1 ml sample of
lyophilized biomass (0.1 mg dry biomass/ml) was mixed with 1ml phenol 5 % and 5 ml 96 % sulphuric
acid. After 10 min tubes were cooled (15 min 25 2C). Absorbance at 488 was measured using glucose
solutions as standard. Results were corrected for the presence of nucleic acid pentoses using a relative

absorbance of 0.455 and 0.264 for RNA and DNA, respectively [55].

Biomass glycogen content

The glycogen content was analyzed as described in the literature [23]. Glycogen was hydrolyzed adding
10 ml of 0.6 M HCl to 20 mg of freeze dried biomass and incubating in a water bath at 100 C for 1h.
After cooling, samples were filtered through 0.22 um filter. The glucose produced was quantified using

an automatic glucose analyzer (YSI 1500, Yellow Springs Instruments, OH, USA).

Biomass trehalose content

Determination of trehalose content of the biomass was performed according to [56]. 10 mg of
lyophilized biomass was resuspended in 5 ml water and incubated for 15 minutes in a water bath. After
cooling and centrifugation the cellular extract was rinsed twice with water and resuspended in 0.1 M
acetate buffer pH 4.5. A sample of 800 ul of the washed cellular extract was mixed with 200 pl of a
threhalase (Sigma) solution (1.37 pU/ul in acetate buffer, pH 4.5) and incubated overnight. The glucose
released was determined using a glucose oxidase kit (Sigma) using the same reaction mixture without

threhalase as a blank.

Biomass lipid content

Lipid extraction was performed according to [57]. Briefly, 150 mg of freeze dried biomass were
extracted with hexane:isopropanol (3:2 v:v) overnight. After adding 0.47 M Na,SO, phases were

separated with the aid of a centrifugation step. The hexane phase was recovered and evaporated to
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dryness under a N, flow. The increase in dry weight of the tube was taken as total lipids. Pellet was
redissolved in chloroform and further analyzed by thin layer chromatography using silica gel plates
(Merck) and a mobile phase of chloroform:methanol:water:acetic acid (345:133:21:3). A standard was
analyzed in parallel containing phosphatidic acid (Sigma), phosphatidyl serine (bovine, Fluka),
phosphatidyl glycerol (bobine, Sigma), cardiolipine (bobine, sigma), phosphatidyl ethanolamine (bovine,
sigma), phosphatidil inositol (bovine, sigma), phosphatidyl coline (bovine, sigma), ergosterol (Fluka) and
triacilglycerides (Sigma) using a range of concentrations from 1 to 8 pg of each standard. After running
the chromatography the plates were stained either with iodine or with Sudan Black (Sebia). The
developed images were quantified using an image analysis software (Multi gauge, Fujifilm) comparing

the intensity of the stains with the standards.

Biomass DNA content

DNA content of biomass was determined by means of the Hoechst fluorescent dye method as described
in [58]. In short, lyophilized biomass samples were dissolved in TNE buffer (NaCl 1 M, EDTA 10 mM,
Tris:HCI 0.1 M, pH 7.4) at a concentration of 25 mg/ml. Sample solution was mixed with 2 mL of the
Hoechst dye solution (Hoechst 33258 0.5 pg/ml in TNE buffer). Fluorescence was measured using the
excitation/emission wavelengths of 356/468. DNA content was calculated by interpolation in a
calibration curve performed using standard DNA (DNA sodium salt from calf thymus from Sigma-

Aldrich).

Biomass RNA content.

RNA content of biomass was determined according to Benthin [59]. Briefly 5 mg of lyophilized biomass
were resuspended in 10 ml of cold HCIO, 0.7 M and incubated for 5 min. After incubation biomass was
centrifuged (8000 rpm, 10 min, 4 2C), washed twice and resuspended in 10 ml KOH 0.3 M. Two 5 ml
aliquots of the resuspended biomass were incubated at 37 2C for 1 hour. After cooling 1ml cold HCIO, 3
M was added and samples were centrifuged in the same conditions. Supernatant was collected and the
pellet washed twice with 1 ml HCIO, 0.5 M. The 3 supernatants collected were mixed and absorbance
measured at 260 nm in a quartz cuvette. The percentage (w/w) was calculated using Ajg: 0.038

mgRNA/ml and taking into account the sample dilution.

Fab quantification by ELISA

Fab amounts in soluble cell extracts and in culture broths were performed by means of a sandwich
ELISA assay, as previously described [52]. For the quantification of the intracellular Fab cells were
disrupted using a cell disruptor (One Shot. Constant Cell Distruption System LTD, The Netherlands).
Briefly, 5 ml of 10 g/I of lyophilized biomass resuspended in PBS buffer supplemented with 2 % (w/v)
SDS, complete protease inhibitor cocktail (Roche) and 0.1 % B-mercaptoethanol, were disrupted at 2

Kbar of pressure in one shot. Fab analysis was performed as for soluble celll extracts.
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Bioreactor culture broth concentrations

Cell biomass was monitored by measuring the optical density at 600 nm (ODgy). For cellular dry weight,
a known volume of cultivation broth was filtered using pre-weighted filters; these were washed with
two volumes of distilled water and dried to constant weight at 105 °C for 24 h. Samples for extracellular
metabolite analyses were centrifuged at 10,000 rpm for 2 min in a microcentrifuge to remove the cells
and subsequently filtered through 0.45 pum-filters (Millipore type HAWP). Glucose, organic acids,
ethanol and arabinitol were analyzed by HPLC (Series 1050, Hewlett Packard) with an ionic exchange
column (Bio-Rad, Aminex HPX-87H). As mobile phase, 15 mM sulphuric acid was used. The metabolites
were detected (HP 1047A, Detector IR HP, Hewlett Packard) and quantified with the Software

EmpowerProfor.

Identification of extracellular metabolites

LC-MS analysis

Extracellular metabolites were identified by means of LC-MS. For this purpose, a volume of about 50 ml
of cleared culture supernatant was filtered through a 0.22 um Millipore filter. The analysis of filtered
supernatants were performed on a Shimadzu Prominence HPLC with a UV/VIS detector coupled to a
Mass Spectrometry detector Shimadzu 2010A equipped with an ESI (Electro Spray lonization) interface

operating at a wavelength of 210 nm.

Metabolite compounds were separated on a 300 mm x 7.8 mm Aminex HPX-87H column (Biorad) using
0.15 mM formic acid in miliQ water at pH 3 as mobile phase in isocratic mode. The analyses were

performed at a flow rate of 0.6 ml/min at room temperature using a 20 pl injection volume.

NMR analysis

To identify the unknown extracellular metabolite by NMR, one of the replica cultivation experiments
under hypoxic conditions was further used to perform a “C-labelling experiment with uniformly “C-
labeled glucose (Cortecnet, Paris), following a previously reported procedure [60]. In brief, isotopic
labelling was achieved by feeding the bioreactor (at steady state conditions) with the medium
containing about 12% (w/w) of uniformly *C-labeled and 88% unlabeled substrate for one volume
change. After that, a volume of 50 ml of fresh sample from the chemostat culture was centrifuged at
49C, 5000 rpm for 5 min. The supernatant was filtered through a 0.22 um Millipore filter, stored
overnight at —80 2C and subsequently lyophilized. The lyophilisate residue was resuspended in a small

volume of D,0 prior to NMR analysis.

B3C NMR spectra of samples resuspended in D,O were analyzed using a Bruker Avance 500 MHz

spectrometer, operating at 125 MHz for *C, equipped with a cryoprobe and with about one hour
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accumulation. Spectra were referenced against an external standard in order to preserve sample

recovery.

Numerical calculations

Al numerical calculations were performed using Matlab 2007b.
Results and Discussion

In this study, the differences in biomass composition are evaluated for two different P. pastoris strains,
namely the X-33-derived strain expressing the human antibody fragment Fab 3H6 [61] and a control X-
33 strain transformed with the corresponding mock expression vector. For these two strains, three
different oxygenation conditions (normoxic, oxygen-limited and hypoxic, corresponding to O,
concentrations in the bioreactor inlet gas of about 21 %, 11 % and 8 % of O,, respectively) were assayed
in carbon-limited continuous cultures using glucose as carbon source. As previsouly described [47], P.
pastoris shows a fully respirative metabolism under normoxic conditions, a shift towards
respirofermentative metabolism can be observed under oxygen-limiting conditions, and a clearly
respirofermentative metabolism is shown under hypoxic conditions. For each case, the different
biomass composition analyses described in the materials and methods section were performed. At this
point, the different biomass chemical analyses can be considered at two levels, resulting either in an
elemental or a molecular description of the biomass constituents. The variations and similarities

observed at these levels were further used to propose a consensus composition for each case.

Table 2.1: Amino acid composition of the whole protein extract for all the conditions and strains tested in %

mol/mol.
Expressing Strain Control Strain

21% 11% 8% 21% 11% 8%
ASX 8.8 9.8 9.6 8.8 9.5 9.8
THR 5.9 6.0 5.8 5.8 5.9 6.2
SER 6.3 6.6 6.7 6.4 6.8 6.9
GLX 17.8 16.2 15.6 18.5 16.2 14.3
PRO 3.8 4.1 4.5 3.7 4.0 4.8
GLY 6.9 7.3 7.4 7.1 7.3 7.5
ALA 10.4 9.9 10.1 10.7 9.7 9.9
VAL 5.9 6.0 6.1 5.6 6.8 6.2
CYST 0.2 0.2 0.1 s.n. 0.2 0.1
MET 0.8 0.7 0.8 0.8 0.8 0.7
ILE 4.6 4.7 4.8 4.1 4.5 4.7
LEU 7.0 7.3 7.5 7.0 7.2 7.9
TYR 2.2 2.2 2.3 2.1 2.2 2.5
PHE 3.2 33 33 3.0 3.2 34
ORN 1.0 1.0 0.9 1.5 1.2 0.9
LYS 6.4 7.1 6.9 6.3 7.0 6.9
HIS 1.9 1.9 1.9 1.8 1.8 1.9
TRP 1.4 1.4 1.4 1.4 1.4 1.4
ARG 7.0 5.7 5.8 6.7 5.7 5.4
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Molecular biomass composition

At the molecular level, and for simplicity, the biomass composition is usually described in terms of
major groups of biomass constituents, namely proteins, carbohydrates, lipids, DNA and RNA. In some
cases, each of these groups is further analyzed for their major constituents. This procedure allows to
determine, not only their mass fractions and consensus global carbon molecular formula, but also

which particular precursors and corresponding amounts are required for their biosynthesis.

Table 2.2: Average amino acid composition of the whole protein extract between the two strains for the different

experimental conditions tested in % mol/mol. * Data from [55] for S.cerevisiae.

Pichia pastoris Saccharomices
21% 11% 8% cerevisiage *

ASX 8.7 9.5 9.5 9.3
THR 5.7 5.9 5.9 5.6
SER 6.2 6.6 6.7 5.3
GLX 17.9 16.0 14.8 15.5
PRO 3.7 4.0 4.5 4.2
GLY 6.9 7.2 7.4 9.0
ALA 10.4 9.7 9.9 9.8
VAL 5.6 6.3 6.0 7.3
CYST 0.2 0.2 0.1 0.1
MET 0.8 0.7 0.7 1.1
ILE 4.3 4.5 4.7 5.9
LEU 6.9 7.1 7.6 8.0
TYR 2.1 2.2 2.3 2.0
PHE 3.1 3.2 33 3.8
ORN 13 11 0.9 0.2
LYS 6.3 6.9 6.8 6.6
HIS 1.8 1.8 1.9 1.9
TRP 1.4 1.4 1.4 2.0
ARG 6.8 5.6 5.5 3.9

Proteins and amino acid content

Proteins are one of the major constituents of the biomass, usually representing around 50% of the dry
weight of a microorganism [62]. Consequently, detailed knowledge of their composition is important
for any metabolic and energetic calculations. As there are virtually no data on the amino acid
composition of P. pastoris available, determination of this composition, for the different strains at each
of the tested oxygenation conditions, was performed as shown in Table 2.1. These analyses revealed
that, for a given oxygenation condition, the differences between the control and the Fab-expressing
strain were, for most of the amino acids, below 9 %. Some exceptions were found for cysteine (for
which, one of the analysis resulted in amounts below detection limits), ornithine, methionine and
valine. Nevertheless, these differences were apparently not correlated to changes in experimental
conditions (oxygenation level or Fab production). Therefore, in a first approach, it was considered that
under the same oxygenation conditions, the control and expressing strains did not show significant
differences in their amino acid composition. Consequently, average amino acid composition values of P.

pastoris (shown in Table 2.2) for each oxygenation condition were considered for further compositional
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data calculations. Notably, values given in Table 2.2, suggest that some amino acids seem to follow a
consistent tendency (e.g. Glx, Orn, Arg) upon a decreasing oxygen availability, while others seem to
remain at the same level (e.g. Thr, Trp, His, Met). Nevertheless, considering the standard deviations of
the analysis (see Materials and Methods Section), further experimental data would be required to

confirm these tendencies.
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Figure 2.1: Amount of key precursors required for protein generation at each experimental condition. Using the
average amino acid compositional data provided in Table 2.2, a calculation of the amounts of precursors

consumed for protein generation was done.

From another point of view, Figure 2.1 shows the amount of precursors consumed to produce cell
proteins (mols of each amino acid per 100 mols of amino acids) with the measured composition. For
this calculation, the main P. pastoris biosynthetic routes for the amino acids were taken into account
(revised according to its recent genome sequence [63, 64]). Amino acids were grouped according to
their common precursor in the central carbon metabolism (Figure 2.1), showing that the requirements
of amino acids precursors show a correlation with the variation of oxygen availability, with the
exception of the precursors consumed from the pentose phosphate cycle. According to this
observation, it can be expected that those variations would have an impact on the calculated metabolic
fluxes and, therefore, it was decided to adopt one different biomass composition for each one of the
three oxygenation conditions. In addition, data shown in Table 2.2 reveal that the measured amino acid
composition for P. pastoris is significantly different to the previously published amino acid composition
of S. cerevisiae [55]. Interestingly, Orn presents several fold variations in terms of relative amounts
between the two yeasts, while Arg, lle, Leu, Val, Gly, Met and Ser show relative abundance values with
a more than 10% variation from the S. cerevisiae data. These results justify the adoption of a new
amino acid composition for P. pastoris instead of the previously available compositional data from S.

cerevisiae.
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Figure 2.2: Effect of decreasing oxygen supply on Fab heterologous protein production. Measured Fab content in

soluble cell extracts and in the extracellular medium for the different oxygenation conditions.

Total cell protein content was estimated or directly measured using two different methods. A first
approximation was based on the sum of amounts for each of the amino acids extracted during the
amino acid compositional analysis. Since this analytical technique involves an acid hydrolysis step of cell
protein (see Materials and Methods), it was expected that, the value obtained by adding all the amino
acids amounts should be on the lower margin. In the second, the protein content of the biomass was
measured using the widely used Lowry method, using bovine serum albumin as standard. The different
values obtained and the standard deviation of the different analytical approaches made it difficult to
calculate a proper value for the protein content for each case. Therefore, total protein content values
given by the two methods, together with their confidence intervals have been used in the data
reconciliation step. This procedure allows to calculate the total protein content which best agrees with
all the information available. The reconciled values indicate an increase in the global protein content
correlated with the oxygen limitation (see reconciled biomass composition section). Besides, in the Fab-
expressing strain, the amount of intracellular and extracellular heterologous protein was also measured
in addition to the total protein content. Figure 2.2 shows that the amount of extracellular Fab increases
when the oxygen concentration in the gas supply decreases down to 8%, in accordance with previous
results [52]. At the same time, intracellular Fab content (which can also be considered as part of the
total protein content) also increased significantly when reducing the oxygen availability. As the
heterologus protein expression is under the control of the glycolytic GAP promoter this effect is in
agreement with what can be expected. Nevertheless, further detailed studies are required in order to

assess the potential impact of Fab production on total protein content and amino acid composition.
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Figure 2.3: Summary of the macromolecular biomass composition results obtained for the different
experimental conditions and the final reconciled value. Top left: Protein content in % DCW measured using the
Lowry method and the sum of extracted amino acids, together with its reconciled value. Top right: Carbohydrate
content % DCW together with its reconciled value. Bottom left: RNA content % DCW together with its reconciled
value. Bottom right: DNA content % DCW together with its reconciled value. S.c.: S. cerevisiae. * Data for S.

cerevisiae in blue bars [55].

RNA content

The results obtained for RNA content are shown in Figure 2.3 (bottom left). In this case, the control
strain seemed to show a decrease in the RNA content as the oxygen availability was reduced, while in
the Fab-expressing strain this effect is only apparent for the change from normoxic (21 % O,) to the
lower oxygenation conditions and the RNA content in cells grown under oxygen limiting and hypoxic

conditions remained similar.

Nevertheless, considering that RNA levels are expressed in relative terms (% weight RNA/ % dry cell
weight), these variations do not appear to be relevant when compared to the corresponding variations
observed for the major cell components (e.g. cell protein). On the other hand, when comparing the
control strain with the Fab-expressing strain at the same growth conditions, the RNA levels appeared to
be generally slightly higher in the Fab-expressing strain. Nevertheless, such differences were not

statistically significant for all oxygenation condition. Notably, the relative decrease in RNA content
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under reduced oxygen availability conditions seemed to be less pronounced for the Fab-expressing
strain. One might speculate that the increase in heterologous protein production under hypoxic
conditions could result in higher RNA levels than in the control strain. Overall, the average value of all

RNA levels measured for P. pastoris, seems to be similar to those available from S. cerevisiae [55].
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Figure 2.4: Total carbohydrate, glycogen and trehalose amounts measured depending on the strain and oxygen

conditions. * Data from [48] for S.cerevisiae.

Carbohydrate content

Figure 2.3 (top right), shows the cell’s total carbohydrate content measured for both strains grown
under the three tested oxygenation conditions. The control strain seemed to present a fairly constant
carbohydrate levels in all oxygenation conditions, which as an average, are comparable to the S.
cerevisiae levels [55]. However, the Fab-expressing strain shows a significant decrease in its relative
carbohydrate content as the oxygen availability decreased. This decrease is also in agreement with the
increase in the relative total protein content and lower decrease in RNA content in the Fab-expressing

strain than in the control strain as the oxygen availability is decreased.

Moreover, although the total carbohydrates content changes slightly, glycogen relative amounts were
different depending on the oxygen conditions showing a significantly higher value in cells grown under
normoxic conditions than in the oxygen-limited and hypoxic ones (Figure 2.4). These results could be
explained by the need to secrete differently reduced carbon compounds to the media in limited-oxygen
and hypoxic conditions to maintain the redox balance inside the cell (see Metabolite mass balance
section) Interestingly, one of the glycogen synthases (Gsyl) from S. cerevisiae appears to be regulated
by Rox1, a transcriptional factor that regulates responses to oxygen [65] so one could speculate that
glycogen metabolism in P. pastoris is also regulated at the level of gene expression by an environmental
stressor such as hypoxia. On the other hand, the trehalose values did not show any clear tendency

when varying the oxygenation degree or the strain genetic background.
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DNA content

As shown in Figure 2.3 (bottom right), the measured DNA content of P. pastoris was lower than the
amounts previously reported for S. cerevisiae [55]. This might partially reflect of the smaller size of the
P. pastoris genome (haploid set of 4 chromosomes resulting in 9.43 Mbp [63]) compared to the one of
S. cerevisiae (haploid set of 16 chromosomes resulting in 12 Mbp [66]). On the other hand, industrial
strains of S. cerevisiae are usually found under diploid (or even polyploid) state, while P. pastoris is in
haploid state. Combination of both factors could explain the differences among the measured DNA

content of the two species.

Lipid content

With respect to the lipid fraction content, an effort was done to quatify the total lipid components of
the biomass as well as determining semi-quantatively the major components of this fraction. However,
the methodology employed showed low levels of total lipid recovery. Therefore, the data obtained was
only used to determine the major components of the lipid family, whereas the total amount was
instead estimated during the reconciliation procedure (see materials and method section). The total
lipid content of the biomass calculated by the reconciliation procedure appeared to be close to the data

available for S. cerevisiae [55].

On the other hand, the major lipid components identified in the thin layer chromatography were
triacylglycerides (TAG), ergosterol (ERG), phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
in order of abundance. Moreover, the triacilglycerides amount seemed to increase when the oxygen
availability decreased while ergosterol seemed to decrease. An average of those values was taken to
calculate the lipid C-mol formula: triacylglycerides (57.2% w/w), ergosterol and ergosterol esters (26.8%
w/w), phosphatidylcholine (10.0% w/w), phosphatidylethanolamine (5.2% w/w),
phosphatidylinositol+phosphatidylserine (0.4% w/w), cardiolipin (0.3% w/w and phosphatidic acid
(0.1% w/w).

Elemental biomass composition

As explained above, besides the macromolecular composition of the biomass, its content of major
chemical elements can be also considered. Usually, the elements that are taken into account are those
that add up to nearly 90% of the dry weight, namely C, H, O, N, P, and S. In this study, only C, H, N, S and
ash content were measured (see appendix 2.1). For the reconciliation procedure, P was included into a
composite compound which also included ashes. Therefore, the reconciliation procedure calculated the
oxygen content that fulfilled the global balance taking into account all the available information (see

Reconciled biomass composition section).
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Consistency check and data reconciliation

As mentioned, in order to perform detailed metabolic flux analyses calculations, it is necessary to verify
the consistency of the data obtained and, when different kinds of complementary or redundant data is
available, to obtain the best estimation of the studied system using common data reconciliation
techniques. This phase has been performed in two steps. In the first one, the different biomass
compositional data available has been used to obtain a reconciled biomass composition. In the second
step, the consistency check of the measured substrate consumption together with the biomass and

products generated is performed.

Reconciled biomass composition

Calculation of a reconciled biomass composition from the biomass compositional data described above
was performed using the maximum likelihood method as described by Lange and Heijnen [55]. In short,
the method allows the calculation of the best estimation of the biomass composition by solving a linear
system which takes conservation laws of elemental and mass balances into account. The obtained

experimental data is considered using a weight proportional to the confidence of the analysis.

Table 2.3: Biomass composition calculated after the reconciliation procedure. Biomass composition in terms of
macromolecular and elemental compounds for the different experimental conditions (Normoxia: 21% O,; Oxygen-

limited: 10% O, and Hypoxia: 8% O,).

Fab Expressing strain Control strain
21% 10% 8% 21% 10% 8%

% w/w sd % w/w sd % w/w sd % w/w sd % w/w sd % w/w sd

Prot. 36.6 £ 2.0 384 £ 2.1 40.6 £ 2.2 382 +£21 39.0 £ 2.2 40.1 + 2.2

Carbo. 413 £ 4.0 34.8 £33 30.0 £ 2.9 36.7 £ 3.5 39.7 £ 4.0 354 +35
Lipid 54 +33 88 £3.1 9.8 £3.0 54 +31 6.9 £33 79 £3.2

RNA 6.9 £ 0.7 6.2 £ 0.6 6.1 £ 0.6 6.6 £ 0.7 6.0 £ 0.6 49 + 0.5

DNA 0.14 +0.01 0.15+0.01 0.15+0.01 0.13+0.01 0.13 +0.01 0.13 +x0.01

SO, 0.2 +0.2 0.2 +0.2 0.1 £0.2 03 +03 24 £35 0.1 £0.2
H,0 3.0 £25 51+24 6.7 £ 2.2 6.2 24 0.2 £0.2 49 +2.4
Metals 6.4 +0.4 6.4 +0.4 6.4 +0.4 6.4 +0.4 57 £1.2 6.5 +0.4
C 442 +1.4 445 +1.4 444 + 14 429 +14 455 +1.2 446 + 1.4

H 6.1 +0.2 6.4 +0.2 6.6 +0.2 6.3 £0.2 6.0 £0.2 6.4 £0.2

N 6.9 +0.3 7.1 £0.3 75 +04 7.1 £0.3 7.2 +0.4 7.2 +£0.4
0] 355 +14 347 £ 1.4 343 14 364 +14 340 +13 346 + 14

S 0.2 +01 02 +01 01+01 0.2 £0.1 0.2 £0.1 0.2 £0.1

Ashes 7.1 +04 7.1 +04 7.1 +04 71 +04 7.1+04 7.1+04

For the reconciliation procedure, the elemental composition of the macromolecular compounds, in
terms of a C-mol formula, of each biomass component was calculated as follows: Protein elemental

composition was calculated from the measured relative abundance of each amino acid in P. pastoris
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samples. The elemental composition of carbohydrates was taken as identical as a glucose polymer. The
elemental composition of lipids was calculated as an average of the major compounds. DNA elemental
composition was calculated from the percentage of its nucleotide content in P. pastoris [63]. RNA
elemental composition was calculated as proposed by Stephanopoulos [62]. Other components, such as
metals, H,0 and sulphate were included in an identical way as described for S. cerevisiae in Lange and

Heijnen [55] (See appendix 2.2 for the C-mol formulas).

Table 2.3 shows the values for the biomass composition obtained after the reconciliation procedure
was applied. The reconciliation procedure provides the best estimation of the biomass composition,
including the lipid content or the oxygen values that were not measured. The biomass composition
obtained this way is also consistent from the viewpoint that all the macromolecular elements
considered add to 100% and the chemical elements composing them also add up to 100 %, while at the
same time the standard deviation of the estimated values is also given. This is important for any further
numerical treatment. Overall, the calculated biomass compositional values show that, as the oxygen
availability is decreased, there is a slight increase in the protein content of the biomass. Also, the
calculated data indicates an increase in the total lipid content, which has a higher degree of reduction
than the proteins or the carbohydrates. Nevertheless, taking into consideration the standard deviation
calculated for the lipids, the confidence for the calculated values is low and, therefore, more data will

have to be obtained in the future to confirm the indicated tendency.

Table 2.4: Biomass C-molecular formula calculated after the reconciliation procedure. Biomass composition in
terms of elemental compounds, expressed as the C-molecular formula, for the different experimental conditions

(%0, in the inlet air: 21, 11, 8) * Data from [55] for S.cerevisiae.

C:N H:0 Red.

C-mol Biomass formula . .
Ratio Ratio Degree (y)

%D 21%oxygen  C H 1665 N 0134 Oos02 S 0004 7.45 2.77 4.89
a
::’J- E 10% oxygen  C H 1731 N 9137 Oosss S ooon 7.30 2.96 4.98
S B
3 8%oxygen  C Hi177s N o1as Oosmo Sooor 694  3.06 5.06
'g 21 %oxygen  CHi761 N o143 Ooe3s S o002 7.02 2.77 4.93
% 10 % oxygen C H1sss N 9135 Oosso S 0002 7.39 2.83 4.88
§ 8 % oxygen C H1726 Noazg Ogssr S o0 7.26 2.97 4.98
S. cerevisiae* C H 1748 N 9148 O o596 S 0013 6.76 2.93 5.11

The reconciliation procedure also calculates the major chemical elements contained in the biomass,
including the non measured oxygen. This allows calculating a biomass carbon elemental formula, shown
in Table 2.4. It can be observed that the ratio H:O and the biomass degree of reduction increase as the

oxygen availability is decreased. This is in agreement with the accumulation of more reduced biomass
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components, for instance, an increase in lipid content. This effect is apparently more pronounced in the
Fab-producing strain. The resulting reconciled biomass composition was used in the rest of the

calculations.

Metabolite mass balances

One of the key points in any fermentation study is to validate the measured consumption of substrates
and generation of products. This step has been performed following the statistical procedures for the
purpose [62, 67-69], which are similar to the one already followed for the reconciliation of the biomass
composition data. The biomass C-molecular formula calculated in the previous step is used in this
procedure. Then, the x> — distributed consistency index h has been calculated for the reconciled data to

test for the presence of gross errors according to a well established procedure [68, 69].

Table 2.5: Measured substrates and products consumed/produced at steady state in each experimental condition.
Substrate consumption, biomass and metabolites production, for the different experimental conditions (%0, in
the inlet air: 21, 11, 8). Bottom rows: values of the carbon balance mismatch in percentage including or not

including arabinitol.

Fab Expressing strain Control strain
mmol/ gDW*h 21% 11% 8% 21% 11% 8%
sd sd sd sd sd sd
Glucose -0.99 + 005 -1.33 £0.07 -174 £0.09 -099 +0.05 -1.32 +0.07 -1.92  0.10
OUR 2212 017  -157 £0.08 -054 010 -212 +0.17  -1.66 + 033  -0.28 + 0.01
CER 237 £019 203 £010 165 +008 237 +019 209 042 135 £ 0.27
Biomass 301 £030 371 +037 373 +019 359 +036  3.70 £ 037  3.76 £ 0.38
Ethanol .- 033 £0.02  1.00 * 0.05 .- 031 +002  1.16 + 0.06
Glycerol .- 0.01 +0.001  0.02 + 0.001 .- 0.02 +0.001 0.02 + 0.001
Citric Acid 0.03 +0.002 0.02 +0.001 004 +0.002 001 0001 002 0001 0.05 * 0.02
Arabinitol .- 021 001  0.42 * 0.02 .- 010 +0.01  0.40 * 0.13
Pyruvic Acid .- 0.06 + 0.003  0.09 + 0.005 .- 0.06 +0.002 0.12 * 0.01
% CBalance Error ¢ 4o 15.7% 23.9% 1.3% 14.5% 29.3%
w/o Arabinitol
% CBalance Error ¢ o0 2.5% 3.7% 1.3% 8.2% 11.9%

with Arabinitol

In a first approximation, it was considered that biomass and CO, generation under normoxic conditions
resulted from the glucose and oxygen consumption, while reduction in the oxygen availability resulted
in the generation some by-products such as pyruvate, glycerol, ethanol and citrate. As can be observed
in Table 2.5, a carbon balance performed in both strains for the normoxic conditions (21 % of oxygen in
the inlet air), indicated that most of the carbon was taken into account, as there was only a mismatch of
6% and 1% respectively, well in agreement with the precision of the analyses. However, in the case of
cultivations under oxygen-limiting and hypoxic conditions, the carbon balance showed a significant
mismatch, suggesting that a compound was most probably missing. In addition, observation of the

HPLC chromatograms of cleared supernatants from these cultivations (appendix 2.3) showed an

47



Chapter 2: Pichia pastoris biomass composition

unidentified peak which increased as oxygen limitation was more severe. The compound corresponding
to this peak was isolated and further analysed by LC-MS, resulting in the identification of a compound
of a molecular mass of 197 which taking into account the effect of the reacting eluent (formic acid, 46

m-z') results in a metabolite of 151 g-mol™.

Identification of the unknown extracellular metabolite

To identify the unknown extracellular compound, a hypoxic culture under steady state conditions was
fed with fresh medium containing a carbon source mixture consisting of 12% (w/w) of uniformly *C-
labeled glucose and 88% (w/w) of unlabeled glucose, as described in the materials and methods
section. Filtered samples of output culture media were submitted to an NMR analysis in order to
identify the unknown compound. The NMR results (appendix 2.4) were compared with the *C-NMR
Japanese  database  spectra  SBDS  (Spectral Database  for  Organic  Compounds,

http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi?lang=eng). By combining this information

with the molecular weight determined by LC-MS and its retention time in HPLC analysis (appendix 2.3),

the unknown metabolite was identified as arabinitol (MW 152).

Arabinitol, a C5 sugar alcohol linked to the pentose phosphate pathway, has been previously shown to
be produced by a variety of yeast species during fermentation. For instance, glycerol and arabinitol
accumulation has been previously observed in Pichia anomala cultures during growth in high-salt
environments and on highly concentrated sugar substrates [70]. Passoth and collaborators [71]
suggested that arabinitol has the same physiological role as glycerol in the protection to osmotic stress,
since they also found a glycerol and arabinitol accumulation under oxygen limiting conditions in P.

anomala.

In yeasts (S. cerevisiae), glycerol is produced under oxygen limitation to reoxidize the redox equivalents
produced during amino acid synthesis. Arabinitol has not yet been reported to be involved in the redox
metabolism during fermentative growth; however, it is possible that arabinitol formation also plays a

role in the redox balance of the cells [71].

Once the missing compound was identified it was quantified by HPLC. Including the arabinitol in the
mass balance allowed to significantly improve the carbon balance and the percentage of carbon
recovery reached values similar to the ones obtained for the cultivations under normoxic conditions.
With this additional analysis, a reconciliation step including all available data was performed resulting in
improved consistency index values (h values). Figure 2.5 shows the measured values, as well as the
reconciled values for the involved metabolites in terms of mmol/(gDW-h). As expected, it can be
observed that the oxygen consumed per unit of dry weight decreased when oxygen limitation and

hypoxic conditions were applied. Also, the amount of glucose consumed per unit of dry weight is
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increased. This increased specific consumption of carbon source results mainly in the production of the

above mentioned metabolites as a result of the imposed oxygen limitation conditions.
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Figure 2.5: Substrates consumed and metabolites generated for the different experimental conditions. Top row:
values measured. Left values for the Fab expressing strain. Right values for the control strain. Bottom row

reconciled values. Negative values represent substrate consumed. Positive values represent products generated.
Conclusions

In this study, different experimental methods were applied in order to obtain first hand data on the
biomass composition of P. pastoris. The diversity of the data obtained was combined, using ad hoc data

reconciliation techniques, and the best estimation of the biomass composition was obtained.

Application of the elemental mass balances to the input-output metabolite data allowed to detect the
lacking of one major metabolite. Using complementary NMR data the missing metabolite was identified
as being arabinitol. Quantification of this metabolite and its incorporation into the metabolite mass
balances allowed to validate the obtained data and to calculate reconciled and consistent fermentation
data. The obtained results will be used in metabolic flux analyses of P. pastoris, which are being carried

out in parallel with transcriptomics and proteomics analyses.
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Appendix

Appendix 2.1: Major chemical elements measured in de biomass at the different experimental

conditions (%0, in the inlet air: 21, 11, 8). Data given as percentage of dry weight + standard deviation.

Expressing strain

Control strain

21% 10% 8% 21% 10% 8%
C 43.7 £ 2.2 44.4 + 2.2 443 + 2.2 427 £ 2.1 43.6 £ 2.2 44.4 +2.2
H 6.8 +0.3 6.8 +0.3 6.8 +0.3 6.7 +0.3 6.8 +0.3 7.0 £+ 0.3
N 71 +11 6.9 +1.0 75 +11 7.2 +11 71 +11 7.0 £1.0
0] 35.0 +1.8 346 +1.7 342 £ 1.7 36.1 £1.8 351 +1.8 343 +1.7
S 0.2 +0.1 0.2 +0.1 0.1 £0.1 0.2 £0.1 0.2 £0.1 0.2 £0.1
Ashes 7.2 +04 7.2 +04 7.2 +04 7.2 +04 7.2 +04 7.2 +04

Appendix 2.2: Calculated C-mol formulas of the molecular biomass components at the different

experimental conditions (%0, in the inlet air: 21, 11, 8). * Data from [55] for S.cerevisiae.

Saccharomyces cerevisiae (*) 21% Oxygen Setpoint

Prot. C Hss1 N o275 Oo31s S 0003 Prot. C H 503 N o250 Ooa47 S 0002
Carbo. C H 1667 O 033 Carbo. C H 1667 O 033
Lipids C H 1873 N ooor  Oo149 P oor Lipids C H 1607 N o Oo1s6 P o004
RNA C H 232 N oz Oorsz Poios RNA CHi20 Nos Ooraa Poios
DNA C Hi2s5 Noss Oosiz Poso2 DNA C Hi422 No3s Ooesz Poos
11% Oxygen Setpoint 8% Oxygen Setpoint

Prot. C Hs12 No2ss Oo3aa S o002 Prot. C H 511 No2ss Oo3a  Soo02
Carbo. C H 1667 O 0433 Carbo. C H 1667 O 0833

Lipids C H 1746 N o O o145 P o003 Lipids C H 1730 N o O o142 P o002
RNA CHi230 Nos Oog73¢ Poios RNA C Hi230 Nos Oo73¢ Poios
DNA C Hi22 Nos Oossz Poios DNA C Hi22 Nos Oossz Poios
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Appendix 2.3: Chromatogram with the unknown peak at retention time of 11.5 minutes in a HPLC

Hewlett Packard 1050 Biorad Aminex HPX-87C ion-exchange resin column
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Appendix 2.4: >C NMR spectrum of a D,O-resuspended lyophilised hypoxic culture broth sample in a

Bruker Avance 500 MHz spectrometer.

Unknown
compound

y*i

Glucose

Organic acids

Organic acids \ I a
— It | |

LL__J‘-‘ ‘ WWJW

208 180 is0 140 20 100 0
e

51






Chapter 3: Pichia pastoris >C-Based
Metabolic Flux AnalysisIo

b Partly Published as: Baumann K, Carnicer M, Dragosits M, et al. A multi-level study of recombinant
Pichia pastoris in different oxygen conditions. BMC Systems Biology 2010, 4:141-163.






Chapter 3: Pichia pastoris *C-Based Metabolic Flux Analysis

Background

In recombinant protein production processes, the secretion and correct folding of proteins, particularly
protein complexes, may be a potential physiological bottleneck as their overexpression may result in
stress conditions [46]; so far, studies have mainly concentrated on maximizing productivity, whereas
the aspect of proper protein folding and secretion has stayed largely unattended. Furthermore,
environmental and metabolic stresses are known to have a major impact on those processes. Thereby,
since oxygen transfer rate is one of the most important parameters when we are developing a high cell
density culture in recombinant protein production processes, it is important to study the different

behaviors of the cells, P. pastoris in our case, growing under different oxygen levels.

In this chapter, Pichia pastoris producing a recombinant antibody fragment under different oxygenation
conditions were grown with the aim to investigate the potential interrelations between energy and
redox metabolism and recombinant protein production, as well as the impact of oxygen levels on such

cellular processes using a Metabolic Flux Analysis (MFA) methodology based on **C-labelling data [13].

Materials and Methods

Yeast strains

The Pichia pastoris strain X-33 pGAPZaA Fab3H6, secreting a the light and heavy chain chains of a
human monoclonal antibody Fab fragment under the constitutive GAP promoter and the S. cerevisiae

alpha-mating factor leader, and its empty-vector control strain.

Chemostat cultivations and medium composition

The pre-inoculation procedure was performed equal independently of the culture aim. Briefly, two litre
shake flask containing 300 ml of YPD medium (10 g/I yeast extract, 20 g/ peptone, 10 g/| glucose) were
inoculated with a 1.0 ml cryostock P. pastoris cells previously performed. The pre-inoculation cultures
were grown for approximately 24 h at 30 2C with shaking at 200 rpm, and used to inoculate the

different bioreactors.

The chemostat cultivations were performed in a 2-litre bench-top bioreactor (B. Braun Biotech
International, BIOSTAT B) with a working volume of 1 litre. Cells were grown in a batch mode until
about 24 hours, when chemostat mode was started by adding fresh medium at a dilution rate of 0.1 h™*
using a peristaltic pump (Ismatec, IPC). The total gas flow inlet was controlled by Mass flow meters
(Brankhorst High-Tech) at 1.5 vwm and the gas flow outlet was analysed by the CO,/0,-Sensors (BCP-
CO, & BCP-0,, BlueSens) after it had been passed through a air drier (Festo LF-D-MINI) to remove all the
humidity. For the cultures that received less than 21% of O, in the gas stream (oxygen-limited and

hypoxic conditions), air was replaced with the equivalent volume of N, to maintain constant the 1.5
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vvm. The cultures were kept at 1.2 bars of pressure using a pressure valve (GO Inc) and the pH, stirring
and temperature were maintained at 5 (with 20% NHs), 700 and 259C, respectively. During the cultures
the data acquisition and the control of the different variables was done using software developed by
Oriol Cos, (Department of Chemical Engineering, UAB). Samples were taken for each physiological
equilibrium condition after 5 residence times, with the exception of the hypoxic set point, where a
wash-out of the culture was observed after 3.5 residence times and, therefore, samples were taken just

after 3 residence times.

The batch medium composition was: 1.80 g/| Citric acid, 40.00 g/I Glycerol, 12.60 g/l (NH,),HPO,4, 0.50
g/l MgS0,-7 H,0, 0.90 g/l KCl and 0.02 g/l CaCl,:2 H,0 which were dissolved in deionized water to be
sterilised by autoclaving together with the bioreactor. After cooled down, 4.60 ml/l trace salt stock
solution and 2.00 ml/I Biotin (0.2 g/, Sigma) were filtered through a 0.2 um filter and putted inside the

bioreactor.

The chemostat medium composition was: 0.92 g/| Citric acid, 50.0 g/l Glucose, 4.35 g/| (NH,4),HPO,, 0.65
g/l MgS0,-7 H,0, 1.70 g/l KCI, 0.010 g/I CaCl,:2 H,0, 1.60 ml/I trace salt solution and 1.00 ml/I Biotin
(0.2 g/l) which were dissolved in deionized water. The pH was kept at 5.0 with 25% HCI before being
filtered through a deep pore filter (Millipore Opticap 4”’; 0.22 um Hydrophilic Durapore) using a
peristaltic pump. To prevent foaming, 0.1 ml/l (Glanapon 2000 Konz.) was added in the Chemostat

Medium.

The Trace Salt solution composition was: 5.00 ml/lI H,SO, (95-98%), 65.00 g/l FeSO,-7 H,0, 20.00 g/I
ZnCl,, 6.00 g/ CuS0O,-5 H,0, 3.36 g/l MnS0,-H,0, 0.82 g/l CoCl,-6 H,0, 0.20 g/ Na,Mo0,-2 H,0, 0.08 g/I
Nal and 0.02 g/l H;BO; which were dissolved in deionized water and sterilised by filtering through a
0.22 um filter (Sterivex-GP, Millipore SVGPB1010).

The “C-labelled chemostat medium had exactly the same composition as the unlabelled medium
except that it contained 12% (w/w) uniformly *C-labeled Glucose (Cortecnet, Paris) and 88% (w/w)

unlabeled Glucose.

The macroscopic metabolite rates of two chemostat cultures performed by Kristin Baumann using the
same fermentation setup [52] were taken plus the *C labelled culture performed in order to have

biological replicates and perform statistical analysis.

Analytical procedures

For cellular dry weight, a known volume of cultivation broth was filtered using pre-weighted filters.

These were washed with two volumes of distilled water and dried to constant weight at 105 °C for 24 h.

Samples for extracellular metabolite analyses were centrifuged at 4.000 g for 2 min in a microcentrifuge

to remove the cells and subsequently filtered through 0.45 um-filters (Millipore type HAWP). Glucose,
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ethanol and arabinitol were analyzed by HPLC (Series 1050, Hewlett Packard) with an ionic exchange
column (Bio-Rad, Aminex HPX-87H). As mobile phase, 15 mM sulphuric acid was used. The metabolites
were detected (Detector HP 1047A, Hewlett Packard) and quantified with the Software

EmpowerProfor.

Biosynthetically directed fractional (BDF) >C-labeling for *C-MFA

P. pastoris cells were continuously fed with a non labeled chemostat medium for five residence times
until reaching a metabolic steady state, as indicated by a constant cell density and constant oxygen and
carbon dioxide concentrations in the bioreactor exhaust gas. Biosynthetically directed fractional *C
labelling (BDF) of cells growing at steady state on a single carbon source has been described elsewhere
[60, 72, 73]. After reaching the steady state, 12% (w/w) of the carbon source in the medium was
replaced with uniformly **C-labeled substrate (**C-labeled glucose, isotopic enrichment of >98%, from
Cortecnet, Voisins le Bretonneux, France). After one residence time, labeled cells were harvested by
centrifugation at 4000 g for 10 min, resuspended in 20 mM Tris-HCI (pH 7.6) and centrifuged again.
Finally, the washed cell pellets were lyophilized (Benchtop 5L Virtis Sentry). Afterwards, an amount of
100 mg of the lyophilized biomass was resuspended in 6 ml of 6 M HCl and subsequently hydrolyzed in
sealed glass tubes at 110 °C for 21 h. The resulting suspensions were filtered using 0.2 um-filters
(Millex-GP, Millipore) and lyophilized. The lyophilized hydrolysates were dissolved in D,O for NMR

experiments being the pH of the samples below 1 due to residual HCI.

NMR spectroscopy and metabolic flux ratio (METAFoR) analysis

2D [3C,"H]-COSY spectra were acquired for both aliphatic and aromatic resonances as described [74] at
40 2C on a Varian Inova spectrometer operating at a 'H resonance frequency of 600 MHz. The spectra
were processed using the standard Varian spectrometer software VNMR (version 6.1, C). The program
FCAL [28] was used for the integration of *C-3C scalar fine structures in 2D [**C,'H]-COSY, for the
calculation of relative abundances, f-values (see Appendix 3.1), of intact carbon fragments arising from
a single carbon source molecule [74]. Afterwards, the the flux ratios through several key pathways in

central metabolism were calculated as described by Maaheimo [26] and Jouhten [27].

As described previously [26, 28, 60, 72-74], the calculation of metabolic flux ratios when using
fractional *C-labeling of amino acids is based on assuming both a metabolic and an isotopomeric
steady state. To establish a cost-effective protocol for a larger number of *C labelling experiments, we
fed a chemostat operating in metabolic steady state for the duration of one volume change with the
medium containing the BC-labeled before harvesting the biomass [72, 73]. Then, the fraction of
unlabeled biomass produced prior to the start of the supply with **C-labeled medium can be calculated

following simple wash-out kinetics ([75], see also [60] for additional discussion).
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Minimal metabolic model used for P. pastoris

In order to perform the metabolic flux analysis of P. pastoris a minimal metabolic model was build
including the principal catabolic and anabolic pathways of cell. This model, as it represents the principal
metabolic pathways of the cell, it will allow deeper understanding of the cell behavior and gaining
knowledge of the recombinant protein production impact on the cell metabolism. The model was

divided between the principal metabolic pathways for the better understanding of the reader. The ATP,

ADP, NAD(P)H and NAD(P)* were not balanced in the calculations.

Name reactions

Glycolysis

HXT + HXK

PGI

PFK + FBA

TPI

GAPDH + PGK + GPM + ENO + PYK

Pentose Phosphate Pathway

G6PDH + 6PGDH
RPE

RPI

TK(1)

TK(2)

TA

Pyruvate Dehydrogenase
PDH
TCA cycle

CIT Syn.

ACO + ISODH

aKGDH + SUCDH + FHM
MALDH

Anaplerotic Pathways

PyrCK

Stoichiometr

Glce + 2 ATP => G6P +2 ADP

G6P <=> F6P

F6P + ATP => GAP + DHAP + ADP

DHAP <=> GAP

GAP + 2 ADP + NAD" => Pyr + 2 ATP + NADH

G6P + 2 NADP* => RU5P + 2 NADPH + CO,
RU5P <=> XU5P

RU5SP <=> R5P

R5P + X5P< => S7P + GAP

E4P + X5P <=> F6P + GAP

S7P + GAP <=> F6P + E4P

CoA + NAD" + Pyr => AcCoA,,: + NADH + CO,

AcCoAi: + Oaap; => CoA + Citpt
Cityie + NAD" => NADH + CO, + aKGpn
2 NAD" + aKG; + ADP => Mal + 2 NADH + ATP + CO,

Mal + NAD* => OAA,; + NADH

ATP + CO, + Pyr => OAA.; + ADP (O,-limited and hypoxic Be-

MPFA)
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Fermentative Pathways

PDC
ADDH + ACETCoA

ADH + ET
G3PDH + GT

Ara Syn.
Transport Reactions

PyrCK_OAA_G
OAA_Transp_cyt-mit
OAA_Transp_mit-cyt
aKG_Transp_mit-cyt
Glycerol Syn

Pyr Syn

Chapter 3: Pichia pastoris *C-Based Metabolic Flux Analysis

Pyr =>AcO + CO,

AcO + NADP® + CoA + ATP => NADPH + AcCoA.: +
Pyrophosphate + AMP

AcO + NADH => Eth,,, + NAD*

DHAP + NADH + ATP => Glycerol,, + P; + ADP + NAD*

X5P + NADH => ARA.; + NAD"

Pyr + ATP + CO, => Oaa,i; + ADP (normoxia Be-m FA)
Oaag, => Oaan;: (O,-limited and hypoxic >C-MFA)
Oaami => Oaa: (Ox-limited and hypoxic 13C-MFA)
aKGpit => aKGeyt

Glyceroly => Glyceroley

Pyrey => Pyrmi

Biomass synthesis reactions for each oxygenation condition

1. Protein (Composition derived from the amino acid composition of each oxygenation condition

[76]; Chapter 2).

Prot_N

(Normoxic condition): 0.136 Pyr + 0.006 R5P + 0.013 E4P + 0.031 Oaa,; + 0.014

AcCoAy: + 0.009 Oaap; + 0.075 Akgnit + 0.013 AcCoA.: => 1 C-mol Protein +
0.002 GAP + 0.058 CO,

Prot_L

(Oxygen limited conditions): 0.141 Pyr + 0.006 R5P + 0.013 E4P + 0.033 Oaa,y: +

0.015 AcCoA.: + 0.009 Oaa: + 0.070 Akgy + 0.014 AcCoA.: => 1 C-mol

Prot_H

Protein + 0.002 GAP + 0.066 CO,

(Hypoxic condition): 0.144 Pyr + 0.006 R5P + 0.014 E4P + 0.033 Oaa. + 0.016

AcCoA.; + 0.010 Oaa + 0.068 Akgni + 0.014 AcCoA.. => 1 C-mol Protein +
0.002 GAP + 0.068 CO,

2. Carbohydrate, Glycogen and Trehalose.

Carbhy. 0.166 G6P => 1 C-mol Carbohydrate

Glycogen 0.166 G6P => 1 C-mol Glycogen
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3. Lipid (Composition derived from the mean lipid composition from [76];Chapter 2).

Lipid 0.002 G6P + 0.005 Pyr + 0.006 CO, + 0.061 AcCoA + 0.386 AcCoA.,: + 0.065 O,
+ 0.022 Glycerol,,: + 0.06 NADH + 0.77 NADPH => 1 C-mol Lipid + 0.06
NAD* + 0.77 NADP*

4. RNA (Composition derived from the RNA composition proposed by Stephanopoulos and co-

workers [77]).

RNA 0.060 Pyr + 0.060 CO, + 0.111 R5P + 0.051 Oaa«=> 1 C-mol RNA

5. DNA (Composition derived from the DNA composition published in [63].

DNA 0.054 Pyr + 0.085 CO, + 0.108 R5P + 0.054 Oaa.,: => 1 C-mol DNA

This model was firstly constructed based in previous studies on this microorganism using labeling
carbon sources [60, 78], the stoichiometric model of central carbon metabolism formulated for S.
cerevisiage [26, 27] and its genome-scale metabolic network [50]. However, as more specific data from
P. pastoris was available like the specific biomass C-mol formula under different oxygen conditions [76]

(Chapter 2) or from the two genome-scale metabolic network [79, 80], they were included.

13c.Metabolic Flux Analysis

In P. pastoris, the metabolic pathways could be distributed in a specific cell compartment, as for
glycolysis in the cytosol, or in two compartments at the same time, as for TCA present in the
mitochondria and in the peroxisome. Therefore, in the model some central carbon metabolites are
described to be located in different compartments at the same time (OAA, aKG and AcCoA). Moreover,
the transports of OAA across the mitochondrial membrane was included but the transport of AcCoA,
the final step of the cytosolic Pyruvate dehydrogenase (PDH) bypass, was omitted. The potential carbon
flux through the PDH bypass was lumped into the flux through the PDH reaction, since the *C-labeling
protocol used does not allow for an assessment of the split flux ratio between these two pathways.
That is, given that flux through malic enzyme is essentially zero in our model (see results section),
labeled Pyr being metabolized through the PDH bypass does not produce labeling patterns in
mitochondrial AcCoA that are distinct from those generated when Pyr is channeled through the PDH
reaction. Nevertheless, flux through the PDH bypass cannot be totally excluded, as discussed in the

results section.

Moreover, the glyoxylate cycle, the PEP carboxykinase and the malic enzyme activity were omitted
from the stoichiometric model since the METAFoR data showed that those pathways were either

inactive or at basal levels (see [27] for details on the identification of these activities).
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13C.NMR metabolic ratios computation

The determined metabolic flux ratios were used as additional constraints for solving the metabolic
network following a B¢ constrained flux balancing approach similarly to a previous approach [27, 75].

The flux ratios considered in the present approach were the following (equations 3.1 to 3.4):

The fraction of Oaan;: originating from Oaa., that is, Oaa: transport into the mitochondria (only

applicable to O,-limiting and hypoxic *C-MFA; see results section):

g OAA transp _cyt —mit
OAA_transp _cyt —mit + MALDH

(3.1)

The fraction of Oaa, originating from Pyr,, that is, the anaplerotic flux ratio (only applicable to O,-

limiting and hypoxic *C-MFA; see results section):

b PyrCK
PyrCK + OAA_Transp _mit —cyt

(3.2)

Under normoxic conditions, OAA transport across the mitochondrial was no available from the same
metabolic flux ratios as from the oxygen-limited and hypoxic conditions (See results section). However,
a minimum OAA transport was available looking the OAA.,; originated from PEP which was used for
describing the anaplerotic pathway activity under normoxia. In order to use this ratio, the OAA
transport under this condition was simplified pooling the PyrCK reaction with the OAA global (import-
export) transport through the mitochondria (PyrCK_OAA_G). Therefore, the corresponding anaplerotic
flux ratio was defined as:

_ PwCK_044_ G
PwCK _OAA_G+MALDH

(3.3)

As said before, this ratio is an expression which describe the minimum OAA transport under normoxic
conditions. Comparing the three *C-MFA (normoxia, oxygen-limited and hypoxia), Pyr node on the
normoxia was much less constrained due to the lack of *C-NMR ratios, therefore, the CO,

stoichiometry were used as further constrains in the *C-MFA for this condition.

The fraction of Pep from PPP assuming a maximal contribution of PPP could be computed differently
depending on which reaction you take in to account. Equation 3.4 and 3.5 represent the ratios used for

Jouhten and co-workers [27] and for Sauer and co-workers [73] respectively:

o TK()+2*(T4)+3*(TK(2))

> (3.4)
2*(PFK + FBA)+ TK(1)+TA
;5 GAPDH —2* PGI (3.5)
GAPDH
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Both of them were tried giving equivalent metabolic flux fingerprint independently of the reactions
used (data not shown). Finally, to perform the *C-MFA the Equation 3.4 was used. The following linear

constraint equations (equations 3.6 to 3.9) were derived from the previous flux ratio equations:

OAA _transp_cyt-mit * (1-a) + MALDH*(-a) = R, (3.6)
PyrCK * (1-b) + OAA_transp_mit-cyt * (-b) = R, (3.7)
PyrCK_OAA_G * (1-c) + MALDH * () = R, (3.8)
TK(1) * (1-d) + TA * (2) + TK(2) * (3-d) + (PFK + FBA) * (-2) < R4 (3.9)

The complete model for *C-MFA, comprised 32 (normoxic *C-MFA) and 33 (oxygen-limited and
hypoxic >C-MFA) metabolic reactions. The measured uptake and secretion metabolite rates and the
rates of metabolic precursor depletion to biosynthesis were combined with a set of linearly
independent equations obtained from metabolic flux ratio (METAFoR) analysis to render the complete
linear system solvable. The oxygen and carbon dioxide rates were not included in the input data to

solve the lineal system unless it is specified.

The complete metabolic models were solved using the metabolite mass balances:

S K CNox—b
F = 0l = (3.9)

Where S represents the stoichiometric matrix (including input/output reactions), c is a column vector with
either O for internal reactions or the corresponding value for each one of the input/output rates and x is
the vector of fluxes. Equations 3.6 to 3.9 were added to the stoichiometric model as a submatrix F,
obtaining the solution of the resulting linear system using the Matlab function Isqlin. Irreversibility was
assumed for several intracellular fluxes and for the depletion of precursors to biosynthetic reactions, that

is, only positive values were allowed for these fluxes (see table 5.1).

Confidence intervals for the optimized fluxes were calculated up on the determination of their standard

deviation using the Fischer Information Matrix approach (FIM)[81] as:
o, =(\FIM™ (3.10)

Calculation of FIM was performed as:

FIM =) w'C™'w (3.11)
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Where C is the variance-covariance matrix of the measurements (assumed independent) and W is a

parameter sensitivity matrix where each element of w;; corresponds to:

Ox,

1

W, =—— 3.12
e (3.12)

Which describes an infinitesimal change of the variable x; (e.g. a measurement) due to an infinitesimal

change in parameter p; (a flux).

Confidence intervals for the estimated fluxes b, of p, can be derived from [81].

pj—o-pj.t;/2<pj<pj+apj.t2/2 (3.13)

Where ¢!, corresponds to the Student t distribution, with v degrees of freedom and a corresponds to the

(1-a) confidence interval chosen. All calculations were performed on a PC compatible computer running

Matlab ® 7.4 (v2007b) for Windows.

Results and Discussion

Culture parameters

The recombinant P. pastoris X-33 and a wild type strains were grown under different oxygen conditions
in order to gain knowledge about the impact of the oxygen availability and the recombinant protein
production on the central carbon metabolism. For all chemostat cultivations, the performed the
statistical consistency test, at 95% confidence level, was passed indicating that there were no proof for

gross measurement errors.

Briefly, the impact of reduced oxygen supply on the core metabolism was readily observed, both in the
biomass yields and the profile of secreted by-products such as ethanol and arabinitol, reflecting the
adaptation from a respiratory to a respiro-fermentative metabolism. Since all cultivations were carbon-
limited, the decrease in the biomass yield decreased under oxygen limiting and hypoxic conditions

resulted in an increase of specific glucose uptake rates under such conditions.

For all the normoxic conditions, the respiratory quotient (RQ) were close to unit as expected from a
totally respiratory metabolism indicating high reproducibility of that environmental condition. In
addition, looking the other culture parameters, no significant differences were found between the
control and the expressing cells entailing equal normoxic metabolite state independently of the

recombinant protein production.

For the oxygen-limited conditions, the RQ ratios were around the 1.2-1.3 indicating some oxygen

constriction in all the conditions although the differences between the cultures were no significant
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looking at this parameter. On the other hand, the arabinitol specific rate was higher in the expressing

strain than the control strain suggesting some impact of the recombinant protein production.

Table 3.1: Overview of the macroscopic growth parameters.

Control Strain Expressing Strain
Normoxic O,-limited Hypoxic Normoxic O,-limited Hypoxic
Joie -0.99 £ 0.04 -1.27 + 0.05 -1.85 + 0.08 -0.95 + 0.04 -1.31 £ 0.05 -1.69 + 0.04
Jo2” -2.20 £ 0.12 -1.79 £ 0.24 -0.28 + 0.01 -2.26 £ 0.12 -1.54 + 0.06 -0.44 + 0.07
deoz” 227 £ 0.12 218 + 0.24 1.71 £ 0.07 229 + 012 2.09 + 0.06 1.73 £ 0.06
ax” 3.61 £ 0.24 3.94 + 0.30 3.92 + 0.35 3.25 £ 0.22 3.76 + 0.27 3.75 + 0.18
Jeton’ 0.31 + 0.02 1.16 + 0.06 0.33 + 0.02 0.98 + 0.05
Jara’ 0.10 + 0.00 0.48 + 0.09 0.21 + 0.01 0.42 + 0.02
RQ" 1.03 + 0.08 1.22 £ 0.21 6.14 + 0.40 1.01 £ 0.08 1.36 + 0.07 3.90 + 0.62

@ mmol /(g Biomass-h)
® mol CO, /mol O,

Nevertheless, the hypoxic conditions resulted in a completely different oxygen limitation environment
as could be observed comparing the RQ ratios. The hypoxic cultures not only presented a stronger
oxygen limitation (higher RQ ratios), but also the cultures could only be run for 3.5 residence times due

to a bioreactor wash out.

Table 3.2: Metabolic flux ratio (METAFoR) analysis results. Bold fractions are the fractions used as BC-constrains

in the metabolic flux analysis. n.d= not determined. The values are the % pool fraction + standard deviation.

Expressing Strain Control Strain

Normoxia O,-Limited Hypoxia Normoxia O,-Limited Hypoxia
Pep from pentose phosphates, upper bound 50 +9 236 15+7 39+9 32+8 15+6

R5P from T3P and S7P (transketolase) 71 £2 78 £2 70 £2 66 + 2 70 £2 62 £2
R5P from E4P (transaldolase) 44 + 2 24 +2 23 2 40 + 2 29 t2 24 +2
Ser originating from Gly and C1-unit 614 68 +4 68 £ 4 62 4 69 4 72 £ 4
Gly originating from CO2 and C1-unit 10+4 13 +3 13 +3 6+4 12 +3 10 +3
PEP originating from OAA-cyt (PEPck) 0t4 08 010 25 010 5+11
OAA-mit originating from PEP 44 +2 32+2 44 +2 42 +2 35+2 41 +2
OAA-mit originating from OAA-cyt nd 43 +3 55+3 nd 44 +3 51+3
OAA-cyt originating from PEP nd 63 +3 64 +4 nd 66 +3 66 + 4
OAA-cyt reversibly converted to FUM 63 +11 7+5 105 63 +11 11+4 9+4
Flux through malic enzyme, upper bound 14 nd nd 16 nd nd
Flux through malic enzyme, lower bound 1+2 nd nd 0+3 nd nd

METAFoR analyses for Be.MFA

Biosynthetically directed fractional (BDF) *C-labeling of proteinogenic amino acids combined with 2D-
NMR enabled the analysis of metabolic flux ratios (METAFoR analysis). The metabolic flux ratios were
calculated using the relative abundances (f-values) of intact carbon fragments arising from a single
source molecule of glucose (Appendix 3.1). The calculated flux ratios are shown in Table 3.2. As

expected, the f-values obtained for this series of cultivations confirm that the proteinogenic amino
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acids are primarily synthesized in P. pastoris according to the pathways documented for S. cerevisiae, as

previously reported [60].

In *C-based metabolic flux analyses (**C-MFA), the metabolic flux ratios determined by METAFoR were
used as additional constraints for the stoichiometric equation system to be able to solve the metabolic
flux distribution (see materials and methods section). Nevertheless, some statements could already be
seen looking the ratios directly. For example, in fully aerobic conditions up to 50-39% of Pep was
originated from the pentose phosphate pool meanwhile the fraction of Pep from PPP assuming a

maximal contribution of PPP was clearly lower under hypoxic conditions, only about 15 %.

On the other hand, the arabinitol production had a clear impact on the flux ratios involved in the PPP.
The fraction of pentose phosphates showing reversible action of a transketolase reaction was generally
high (> 60 % in all cultivations), with no clear trend, whereas the fraction of pentose phosphates

showing the reversible action of a transaldolase clearly decreased at lower oxygen availability.

In addition, as previously observed for P. pastoris [60] and other yeasts (e.g. S. cerevisiae and P. stipitis,
[27, 72]), cells growing aerobically in glucose-limited chemostats show a bidirectional transport of OAA
and/or other TCA cycle intermediates, across the mitochondrial membrane. However, calculation of
flux ratios defining the fraction of Oaa; from OAA. and, OAA.,; from Pep under normoxic conditions
was not possible. The labeling patterns of cytosolic and mitochondrial OAA pools are accessible through
the observation of Asp labeling patterns (shown to be synthesized from OAA. in yeast in previous
studies [26] and glutamate (synthesized from mitochondrial aKG, and therefore accessing to OAA.;;
labeling patterns). Strikingly, the fraction of intact C2-C3 bonds of OAA, which is often used to calculate
these flux ratios, where approximately equal for OAA and OAA,; (that is, the fraction of intact Ca-C
bonds in Asp/Thr and Glu) were equal (as revealed by the f-values of Asp, Thr and Glu, Appendix 3.1).
This could be explained by an extremely fast exchange between TCA cycle intermediates cytosolic and
mitochondrial pools (near equilibrium), resulting in identical labeling patterns in the amino acids
synthesized from such pools. However, this possibility can be excluded, as the Asp-Cp, Thr-Cp and Glu-
Co labeling patterns under normoxic conditions were not identical (Appendix 3.1). Notably, the
reversibility of the inter-conversion of cytosolic OAA to other cytosolic TCA cycle intermediates (defined
here as the OAA; interconversion to fumarate ratio) was clearly higher under normoxic conditions.
This results suggested that Asp, OAA, and malate might be participating in a redox shuttle (e.g. malate-
Asp and/or malate-OAA shuttles) for translocation of NADH across the mitochondrial membrane, as

described by Bakker and co-workers [82].

It is worth noting that, although flux through the PDH bypass was not considered in our metabolic
model (see Materials and Methods section), its activity should not be totally excluded since Crabtree
negative yeasts are reported to have activity on this pathway [83]. In contrast to S. cerevisiae, a

microorganism that does not synthesize carnitine de novo (essential for carnitine acetyltransferase-

65



Chapter 3: Pichia pastoris *C-Based Metabolic Flux Analysis

mediated transport of cytosolic AcCoA to the mitochondria [84]), a complete carnitine biosynthesis
pathway has been characterised in Candida albicans, and the corresponding 4 genes have been
identified [85]. Interestingly, the P. pastoris genome contains putative homologues to these genes [64].
Moreover, it should be mentioned that a 20-fold change in relative expression levels of the S. cerevisiae
ACS1 homolog encoding the mitochondrial AcCoA synthetase essential for the contribution of
mitochondrial PDH bypass to the formation of mitochondrial AcCoA, was observed when comparing
normoxic vs. hypoxic conditions [52]. Also, significant changes in expression levels in CAT2 and YAN2

homologues involved in carnitine transport to mitochondria were observed [52].

P. pastoris metabolic flux profile

In Figure 3.1 the net fluxes for the expressing and control strains growing under different oxygenation
conditions are shown. These fluxes were scale to the glucose uptake rate (Table 3.1) in each oxygen
conditions to facilitate the comparison. For absolute net fluxes in mmol/(gDCW-h) see Appendix 3.2. In
addition, in Figure 3.2 there are represented different flux distributions of some metabolic nodes under

the different environmental conditions.

Overall, the most prominent feature, as already indicated by the METAFoR analysis (Table 3.2), was the
similarity in flux estimates between corresponding Fab-expressing and control strains datasets.
Nevertheless, as expected, clear differences were observed when comparing flux patterns
corresponding to different oxygenation set points. In general terms, the metabolic adaptation from
oxidative towards respiro-fermentative growth was accompanied by complex changes of carbon flux
throughout the whole central carbon metabolism, as previously described in other yeasts (S. cerevisiae

[27, 86], P. anomala [87, 88]).

Specifically, as already inferred from the macroscopic data, flux through some fermentative pathways
was increased when upon adaptation from respirative to respiro-fermentative metabolism, particularly
the fluxes towards the formation of ethanol and arabinitol. Production of arabinitol had a clear impact
on the flux ratios and on the distribution of fluxes through the PPP as already seen in the METAFoR
results. Besides, Figure 3.2 showed that under normoxic conditions there was an important net
contribution of the PPP to glucose catabolism. In contrast, as oxygen availability was decreased and,

particularly, when arabinitol was produced, this contribution was clearly reduced.

The carbon flux distributions at the pyruvate branching point (Figure 3.2) clearly show the shift from
respiratory to respiro-fermentative metabolism: fluxes through the pyruvate dehydrogenase pathway
decreased when decreasing oxygen availability, whereas flux through the pyruvate decarboxylase
pathway increased, reflecting the production of ethanol. Also, anaplerotic flux though the pyruvate
carboxylase pathway drastically decreased when oxygen availability was reduced. Remarkably, although

variations in the carbon flux distribution around the pyruvate branch and TCA cycle activity were
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observed, mitochondrial transporters such as DIC1, OAC1, SFC1 showed no significant change in

transcriptomic analysis [52]. Only YIA6, which is involved in NAD" transport into the mitochondria (and

has a disputed role as Pyr transporter), was down regulated under hypoxic conditions. CAT2 and YAT2

(carnitine transporters) were also down regulated under such conditions [52].
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Figure 3.1: Metabolic flux distributions in P. pastoris Fab-expressing and control strains under different

oxygenation conditions. Fluxes are shown as relative fluxes normalized to the specific glucose uptake rate in the

corresponding experiment (Table 3.1). The fluxes for each reaction in the network corresponding to Normoxic, O,-

limited and Hypoxic conditions are ordered from high to low oxygen availability. The transport of Oaa across the
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mitochondrial membrane under normoxic conditions are given as a single net influx value showed in

OAA_transport_cyt:mit reaction.

On the other hand, limitation in oxygen availability reduced the respiratory net carbon flux through the
TCA cycle (that is, the net flux of aKG through the TCA cycle to OAA..;). Nevertheless, the fraction of the
net carbon flux in the TCA cycle corresponding to the respirative carbon flux from aKG (or relative TCA
cycle activity) remained between 50-60%, that is to say, the relative anaplerotic fluxes were between
40-50% (Figure 3.2). Similar results have been previously observed in S. cerevisiae under aerobic
conditions [27]. No significant contribution for malic enzyme flux could be observed (Table 3.2), so the

pyruvate carboxylase pathway was the only anaplerotic supply to the TCA cycle.

G6P Branching Point Pyr Branching Point TCA cycle net fluxes
100% 1 EE 100% - 100% -
80% - II 80% - II 80%‘IIIIII
x
£ 60% | 60% - 60% -
S
\% 40% - 40% - 40% -
20% - 20% - 20% -
0% T T T T T 1 0% T T T T T 1 0%
NE NC LE LC HE HC NE NC LE LC HE HC NE NC LE LC HE HC
Glycolysis flux Pyr Decarboxylase Malate DH
M Storage flux B Pyr Carboxylase
B Oxidative PPP flux = Pyr DH M OAAcyt net trans. to mitochondria

Figure 3.2: Fractional distributions of carbon fluxes in metabolic branching points derived from MFA. Fractional
distributions of carbon fluxes from A) the G6P flux split to glycolysis and PPP, B) the pyruvate branching point and
C) the TCA cycle, in P. pastoris Fab-expressing (E) and control (C) strains growing in glucose-limited chemostats at

D =0.1h™, in Normoxic (N), O,-Limited (L) and Hypoxic (H) conditions.
Conclusions

In this chapter, new insights into the carbon metabolism of P. pastoris under Fab-producing and not
producing conditions, at different oxygenation levels were shown. The combination of classical
macroscopic physiological data with metabolic flux ratio analyses resulted in the determination of
metabolic fluxes, providing new quantitative evidence on how P. pastoris central carbon metabolism
reacts to the shift from respirative to respiro-fermentative metabolism. Nevertheless, no specific

recombinant protein impact could be determined.
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Appendix

Appendix 3.1: Relative abundances of intact carbon fragments in proteinogenic amino acids. Relative
abundances of intact C2 and C3 fragments (f-values) in proteinogenic amino acids describing the
conservation of carbon chain fragments in P. pastoris Fab-producing and control strains growing in

glucose-limited chemostats at a D = 0.1 h™ in different oxygenation conditions.

X33 pGAP 3H6 X33 pGAP

21% Oxygen 11% Oxygen 8% Oxygen 21% Oxygen 11% Oxygen 8% Oxygen
ftl) le) le*) fBD fll) f(l) f(Z*) f13) f(ll f(Zi f(l*) fl3) f(l) f(Zi f(Z*) f(3) f(ll fm f(Z‘) f(3) f(li f12) f(Z'i f(3i

Ala a|0.06 0.11 0.03 0.80/0.01 0.07 0.00 0.92|0.01 0.05 0.00 0.94|0.07 0.14 0.00 0.80|0.00 0.07 0.00 0.93|0.01 0.07 0.00 0.93

Ala B]0.10 0.90 0.02 0.98 0.01 0.99 0.11 0.89 0.00 1.00 0.01 0.99
Arg B[ 0.57 0.40 0.00 0.04]0.58 0.32 0.00 0.10|0.55 0.41 0.00 0.04(0.64 0.36 0.00 0.00(0.60 0.38 0.00 0.02|0.58 0.38 0.00 0.03
Arg 6(0.13 0.87 0.09 0.91 0.10 0.90 0.15 0.85 0.08 0.92 0.13 0.87

Asp o 0.26 0.18 0.37 0.20/0.11 0.10 0.17 0.63|0.09 0.09 0.15 0.67|0.26 0.17 0.36 0.21[0.09 0.10 0.15 0.66|0.10 0.08 0.14 0.68
Asp B[0.25 0.29 0.37 0.09|0.12 0.70 0.15 0.03|0.09 0.72 0.14 0.05|0.27 0.28 0.36 0.10|0.08 0.73 0.15 0.04|0.12 0.71 0.13 0.04
Glu «|0.20 0.26 0.40 0.14|0.22 0.20 0.47 0.11|0.17 0.26 0.41 0.16/0.24 0.27 0.37 0.12|0.24 0.24 0.42 0.10[0.22 0.25 0.40 0.14
Glu B|0.63 0.37 0.00 0.00{0.63 0.37 0.00 0.00(0.60 0.38 0.00 0.02|0.65 0.35 0.00 0.00|0.67 0.33 0.00 0.00|0.57 0.42 0.00 0.00
Glu y|0.07 0.00 0.93 0.00{0.02 0.00 0.98 0.00(0.00 0.01 0.99 0.00|0.05 0.00 0.95 0.00|0.00 0.00 1.00 0.00|0.03 0.00 0.97 0.00
al0.28 0.73 0.22 0.78 0.20 0.80 0.24 0.76 0.20 0.80 0.19 0.81

al0.07 0.04 0.00 0.88/0.05 0.00 0.01 0.94|0.06 0.03 0.00 0.91[0.09 0.07 0.00 0.84|0.03 0.06 0.00 0.91|0.08 0.03 0.06 0.82
His | 0.16 0.55 0.00 0.29]/0.12 0.65 0.00 0.22[0.10 0.59 0.00 0.31|0.15 0.51 0.00 0.34|0.08 0.62 0.00 0.30|0.11 0.51 0.02 0.37
810.44 056 0.24 0.76 0.23 0.77 0.40 0.60 0.29 0.71 0.24 0.76

lle @|0.43 0.00 0.57 0.00{0.23 0.00 0.78 0.00|0.20 0.00 0.80 0.00|0.44 0.00 0.56 0.00|0.20 0.00 0.80 0.00|0.22 0.00 0.78 0.00

lle y]0.54 0.45 0.00 0.01/0.75 0.17 0.00 0.08|0.82 0.17 0.00 0.01|0.57 0.43 0.00 0.00|0.83 0.17 0.00 0.00|0.85 0.15 0.00 0.00
lle v]0.12 0.88 0.04 0.96 0.05 0.95 0.13 0.87 0.02 0.98 0.04 0.96
lle 6]0.55 0.45 0.84 0.16 0.82 0.18 0.57 0.43 0.82 0.18 0.91 0.09

leu | 0.12 0.00 0.88 0.00{0.07 0.00 0.93 0.00(0.07 0.00 0.93 0.00/0.10 0.00 0.90 0.00|0.04 0.00 0.96 0.00|0.09 0.00 0.91 0.00
Leu B| 1.00 0.00 0.00 0.00{0.89 0.00 0.00 0.11[0.97 0.01 0.00 0.02/0.99 0.00 0.00 0.11|0.92 0.08 0.00 0.00|0.99 0.00 0.00 0.01
Leu510.14 0.86 0.08 0.82 0.08 0.92 0.14 0.86 0.06 0.94 0.09 0.91

Leu 5] 1.00 0.00 0.99 0.02 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00

Lys | 0.11 0.00 0.89 0.00|0.03 0.07 0.75 0.15[0.09 0.00 0.90 0.01|0.12 0.00 0.88 0.00|0.06 0.00 0.94 0.00|0.11 0.00 0.89 0.00
Lys €/ 0.13 0.87 0.00 0.00{0.08 0.92 0.00 0.00{0.11 0.89 0.00 0.00|0.14 0.86 0.00 0.00|0.09 0.91 0.00 0.00|0.13 0.87 0.00 0.00
Met o 0.27 0.20 0.33 0.20{0.08 0.11 0.17 0.64|0.10 0.16 0.15 0.59]|0.24 0.23 0.32 0.22|0.08 0.13 0.14 0.66|0.13 0.16 0.14 0.57
Phe a| 0.08 0.09 0.00 0.82/0.04 0.06 0.00 0.90(0.04 0.03 0.00 0.93[0.09 0.09 0.00 0.83|0.02 0.07 0.00 0.91|0.06 0.04 0.00 0.89
Phe B|0.06 0.94 0.00 0.00/0.01 0.99 0.00 0.00{0.03 0.97 0.00 0.00|0.09 0.91 0.00 0.00|0.03 0.97 0.00 0.00|0.05 0.95 0.00 0.00
Pro o/ 0.29 0.26 0.36 0.09/0.28 0.22 0.40 0.09|0.22 0.24 0.38 0.17|0.30 0.25 0.36 0.09[0.25 0.27 0.39 0.10|0.26 0.23 0.37 0.14
Pro B|0.64 0.36 0.00 0.00|0.64 0.34 0.00 0.02|0.54 0.41 0.00 0.06|0.64 0.34 0.00 0.03[0.63 0.38 0.00 0.00|0.73 0.27 0.00 0.00
Pro y[0.11 0.86 0.00 0.03|0.06 0.92 0.00 0.02/0.05 0.90 0.00 0.05|0.14 0.86 0.00 0.00|0.05 0.91 0.00 0.04|0.10 0.88 0.00 0.02
Ser o/ 0.14 0.06 0.29 0.52|0.05 0.06 0.25 0.65|0.05 0.04 0.26 0.66|0.14 0.06 0.29 0.51[0.04 0.05 0.25 0.66|0.07 0.03 0.22 0.68
ser pl0.41 0.59 0.29 0.71 0.30 0.70 0.44 0.56 0.29 0.72 0.29 0.71

Thr o 0.26 0.19 0.35 0.20/0.12 0.10 0.17 0.62|0.10 0.08 0.14 0.68|0.27 0.17 0.36 0.20{0.11 0.09 0.13 0.67|0.13 0.09 0.13 0.65
Thr B|0.29 0.62 0.00 0.09(0.14 0.85 0.00 0.01|0.11 0.87 0.00 0.03|0.28 0.63 0.00 0.09|0.09 0.87 0.00 0.04|0.12 0.85 0.00 0.03
Thr v 0.51 0.49 0.83 0.17 0.86 0.14 0.51 0.49 0.84 0.16 0.86 0.14

Tyr «|0.09 0.09 0.00 0.82(0.03 0.06 0.00 0.91[0.05 0.05 0.00 0.90|0.07 0.08 0.02 0.84|0.01 0.09 0.00 0.90|0.05 0.05 0.01 0.89
Tyr B|0.07 0.93 0.00 0.00{0.02 0.96 0.02 0.00|0.04 0.96 0.00 0.00/0.09 0.91 0.00 0.00|0.02 0.99 0.00 0.00|0.07 0.93 0.00 0.00
Tyr 6]0.05 0.95 0.000.04 0.96 0.00(0.03 0.97 0.000.08 0.92 0.000.00 1.00 0.00/0.04 0.96 0.00
Tyr €/0.44 0.09 0.06 0.41(0.46 0.04 0.11 0.40(0.38 0.07 0.10 0.45|0.46 0.06 0.08 0.39|0.42 0.05 0.12 0.41|0.40 0.03 0.14 0.43
val of0.18 0.00 0.82 0.00|0.12 0.00 0.86 0.02/0.07 0.00 0.90 0.03|0.19 0.00 0.81 0.00{0.09 0.00 0.92 0.00|0.10 0.00 0.90 0.00
val v 0.08 0.92 0.05 0.95 0.03 0.97 0.12 0.88 0.02 0.98 0.06 0.94

val v{0.99 0.01 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
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Appendix 3.2: Metabolic fluxes. Metabolic fluxes in the central carbon metabolism of P. pastoris Fab-
producing and control strain in glucose-limited chemostats at a D = 0.1 h™", in different oxygenation
conditions. The values are in mmol/(gDCW-h) and its standard deviations. N: Normoxia; L: O,-Limited;

H: Hypoxic; C: Control Strain; E: Expressing Strain.

Fab-expressing Strain Control Strain
Normoxia Oxygen-limited Hypoxia Normoxia Oxygen-limited Hypoxia

HXT+HXK 0.94 + 0.03 1.31 + 0.04 1.69 + 0.03 0.98 + 0.03 1.27 + 0.03 1.85 + 0.07
PGI 0.38 + 0.06 0.70 + 0.05 1.34 + 0.06 0.47 + 0.06 0.66 + 0.06 1.46 + 0.08
PFK+FBA 0.50 + 0.03 0.76 + 0.04 1.11 + 0.04 0.55 + 0.03 0.75 = 0.03 1.24 + 0.07
GAPDH-PYK 1.08 + 0.06 1.55 + 0.09 2.11 £ 0.07 1.16 + 0.06 1.55 + 0.06 2.38 + 0.14
TPI 0.48 + 0.03 0.74 + 0.04 1.09 + 0.04 0.53 + 0.03 0.72 + 0.03 1.22 + 0.07
G6PDH-6PGDH 0.40 * 0.07 0.46 + 0.04 0.22 £ 0.05 0.35 + 0.07 0.43 + 0.07 0.23 + 0.09
RPE 0.22 + 0.04 0.13 + 0.03 -0.17 + 0.03 0.18 + 0.04 0.18 + 0.04 -0.14 + 0.03
RPI 0.16 + 0.02 0.11 + 0.02 -0.04 + 0.02 0.15 + 0.02 0.14 + 0.02 -0.03 + 0.02
TK(1) 0.12 + 0.02 0.08 + 0.01 -0.07 + 0.02 0.11 + 0.02 0.10 + 0.02 -0.06 + 0.02
TA 0.09 + 0.02 0.05 = 0.01 -0.09 + 0.02 0.07 + 0.02 0.08 + 0.02 -0.08 + 0.02
TK(2) 0.11 + 0.02 0.07 + 0.01 -0.07 + 0.02 0.09 + 0.02 0.10 + 0.02 -0.06 + 0.02
PDH 0.52 + 0.05 0.57 + 0.09 0.42 + 0.07 0.56 + 0.05 0.57 + 0.04 0.49 * 0.12
CIT Syn. 0.49 * 0.05 0.52 + 0.09 0.37 + 0.08 0.52 + 0.05 0.53 + 0.04 0.44 £ 0.12
ISOCITDH 0.43 + 0.05 0.49 + 0.09 0.33 £ 0.08 0.48 + 0.05 0.50 + 0.04 0.39 £ 0.11
aKGDH-FUM 0.31 + 0.05 0.39 + 0.09 0.23 + 0.08 0.35 + 0.05 0.38 + 0.04 0.28 + 0.11
MalDH 0.30 + 0.05 0.38 + 0.09 0.23 + 0.08 0.33 + 0.05 0.38 + 0.04 0.28 + 0.11
PyrCK 0.27 + 0.01 0.22 + 0.01 0.22 + 0.01 0.28 + 0.01 0.23 + 0.01 0.23 + 0.02
PDC 0.11 + 0.01 0.49 + 0.05 1.15 + 0.06 0.12 + 0.01 0.46 + 0.02 1.31 + 0.06
ADDH + ACETCoA 0.10 + 0.01 0.16 *+ 0.05 0.17 + 0.04 0.11 + 0.01 0.14 + 0.01 0.15 + 0.01
ET 0.00 * 0.00 0.33 + 0.02 0.98 + 0.04 0.01 + 0.00 0.31 + 0.02 1.16 + 0.06
G3PDH 0.00 + 0.00 0.01 + 0.00 0.02 £ 0.00 0.01 + 0.00 0.02 + 0.00 0.02 + 0.00
ARA Syn. 0.01 + 0.00 0.21 + 0.00 0.42 + 0.00 0.01 + 0.00 0.10 + 0.00 0.40 *+ 0.09

PyrCK_OAA_G 0.21 + 0.01 - % - -t - 0.22 + 0.01 -t - -t -
OAA_Transp_cyt-mit -t - 0.28 * 0.06 0.28 + 0.08 -+ - 0.29 * 0.02 0.29 * 0.08
OAA_Transp_mit-cyt -t - 0.13 + 0.06 0.12 + 0.08 -t - 0.12 + 0.01 0.12 + 0.08
aKG_Transp_mit-cyt ~ 0.10 + 0.01 0.10 + 0.01 0.10 £ 0.01 0.12 + 0.01 0.11 + 0.01 0.10 + 0.01
Glycerol Syn. 0.01 + 0.00 0.02 + 0.00 0.03 + 0.00 0.02 + 0.00 0.03 + 0.00 0.03 + 0.00
Pyruvate Syn. 0.00 + 0.00 0.06 + 0.00 0.09 + 0.00 0.01 + 0.00 0.06 + 0.00 0.12 £ 0.01
Citrate Syn. 0.05 = 0.00 0.02 *+ 0.00 0.04 + 0.00 0.03 + 0.00 0.03 = 0.00 0.06 *+ 0.02
Prorein 1.14 + 0.10 1.39 + 0.12 1.50 + 0.11 1.32 + 0.09 1.49 + 0.10 1.53 + 0.13
Carbohydrate 1.04 + 0.12 1.10 + 0.13 0.93 + 0.10 0.94 + 0.07 1.32 + 0.10 1.20 + 0.11
Glycogen 0.32 + 0.03 0.22 + 0.02 0.20 £ 0.01 0.38 + 0.03 0.24 + 0.02 0.20 £ 0.02
Lipid 0.22 + 0.02 0.37 + 0.12 0.39 + 0.11 0.22 + 0.02 0.31 + 0.02 0.34 + 0.03
RNA 0.23 + 0.03 0.23 + 0.03 0.23 £ 0.03 0.24 + 0.02 0.24 + 0.02 0.19 + 0.02
DNA 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00
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Background

The metabolomics field has experienced a strong development over the recent past, mainly due to the
improvements in MS-based analytical procedures [11, 29-31]. In combination with the advances in
analysis of microbial metabolic fluxes via C isotopic labelling [89] this has greatly expanded the
possibilities for quantitative analysis of metabolic pathways. Nevertheless, an important step in the
study of metabolic reaction networks is to obtain representative and accurate snapshots of the
metabolome. Many metabolites, not only those related to the central carbon metabolism but e.g. also
free amino acids, have turnover times in the order of seconds or less, which highlight the need for a
rapid sampling technique to quantify their actual levels, as well as a proper, leakage-free, quenching
procedure to ensure absence of losses or (inter)conversion of metabolites [9, 33]. Moreover, if
substantial amounts of metabolites are present in the extracellular medium, those need to be
efficiently removed. Therefore, a sample treatment procedure allowing to separate the intracellular

and extracellular metabolite pools, as well as a degradation-free extraction method are required [34].

Although many efforts have been directed towards the development of a universal method, no
consensus solution has been found because of the vast diversity in cell properties [9, 10, 35]. Recently,
proper sampling, quenching, separation and extraction protocols for the intracellular metabolite
quantification in Saccharomyces cerevisiae have been presented and successfully applied, allowing
accurate, reliable and reproducible metabolite determinations [33, 34]. Unfortunately, it appears that
for different microbial species, different sampling and quenching methodologies need to be developed

and quantitatively evaluated and validated [10, 36, 37].

Therefore, in this chapter, a systematic evaluation of five quenching protocols applied to P.pastoris was
carried out in order to obtain a reliable intracellular metabolite quantification method. Methanol
concentration and temperature were the selected variables to be optimized for minimizing metabolite
leakage during quenching and subsequent washing. Thereafter, the best performing quenching
protocol was used in two applications: 1) determination of the time needed for each intracellular
metabolite to reach a metabolite steady state and 2) a metabolome comparison between P.pastoris

and S.cerevisiae.

Materials and Methods

Strain and cultivation conditions

Analytical grade reagents were supplied by Sigma-Aldrich. HPLC-grade methanol and ethanol were

supplied by J.T. Baker.

In this study, the P. pastoris X-33 (wild type phenotype, Invitrogen) transformed with pGAPaA

(Invitrogen) as mock vector was used. Chemostat cultivation was performed in a 7-liter fermentor
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(Applikon, The Netherlands) with a working volume of 4 liter. The culture media used were derived
from previously described media [47]. In particular, the C-source of the chemostat medium was
reduced to obtain a steady state biomass concentration of approximately 4.5 g/l. The other
components were adjusted accordingly to obtain similar residual concentrations as with the original
medium, thereby considering the biomass composition of P.pastoris [76]. The composition of the batch
medium was: 8 g/l glycerol, 0.9 g/l citric acid monohydrate, 12.6 g/I (NH,4),HPO,, 0.5 g/l MgS0,-7H,0, 1.5
g/l KH,PO,, 0.02 g/l CaCl,-2H,0, 5 ml/l trace salt solution, 2 ml/l Biotin solution (0.2 g/l). The
composition of the chemostat medium was: 8.80 g/l glucose monohydrate, 0.92 g/l citric acid
monohydrate, 2 g/l (NH,),HPO,, 0.3 g/l MgS0,-7H.0, 1.4 g/l KH,PO4, 0.01 g/l CaCl,-2H,0, 0.5 ml/| trace

salt solution, 0.3 ml/I Biotin (0.2 g/1). The trace salts solution was the same as described previously [47].

One liter shake flask containing 300 ml of YPD medium (10 g/l yeast extract, 20 g/l peptone, 10 g/l
glucose) was inoculated with a 1.0 ml cryostock of P. pastoris cells. The culture was grown for
approximately 24 h at 30 2C with shaking at 200 rpm, and used to inoculate the reactor. After complete
termination of the batch phase, approximately 24 h after performing the inoculation, the feed of the
chemostat culture was started. During the chemostat, the cells were grown under carbon-limited
conditions at a dilution rate (D) of 0.1 h, and an aeration rate of 0.5 vwm, controlled by mass flow
meters (5850 Smart Mass Flow Controller, Brooks Instrument). During the entire cultivation the pO,
was maintained above 50% ensuring fully aerobic conditions. The O, and CO, concentrations in the
bioreactor off-gas were measured on-line using a combined paramagnetic/infrared analyzer (NGA 2000,
Rosemount, USA).Pressure, pH, stirring speed and temperature were maintained at 1.2 bars, pH 5 (with

20% v/vNHj3), 400 rpm and 25 2C, respectively.

In the leakage evaluation experiment, a chemostat culture was maintained for 5 residence times until a
stable off-gas reading was obtained. This measure was used as an indicator for obtaining a steady-state
condition. During steady state five duplicate samples were taken, i.e. two for each quenching protocol,
for metabolite measurements in quenched and washed cells, and in quenching and washing solutions.

Furthermore three filtrate samples and five whole broth samples were taken.

Once the protocols were evaluated, using the best of the tested protocols, two additional chemostat
cultures were run to study the time needed for P. pastoris to reach a metabolic pseudo steady-state.
Duplicate samples for intracellular metabolite measurement were taken approximately each 24 hours

during a period of 10 residence times.

Sampling

Samples for intracellular metabolite analysis were taken using a dedicated rapid-sampling setup [32].
With this setup approximately, 0.63 g + 0.01 of broth was rapidly withdrawn and immediately injected

in 5 ml of precooled quenching solution. The tubes were quickly mixed by vortexing and introduced in
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the filtration unit after weighting the tube [90]. All sampling tubes were weighted before and after the
sampling procedure in order to determine the exact amount of sample taken. Briefly, the cell
suspensions were filtered with membrane disk filters (Pall Corporation, East Hills, NY, USA, 47mm
diameter, 0.45 um pore size) using a vacuum pump. A washing step was performed to remove as much
extracellular metabolites as possible. This washing step consisted of rapidly pouring a fresh amount of
10 ml of the previously mentioned quenching solution on the filter cake as soon as the biomass started
to fell dry, thereby maintaining the vacuum on the filtration unit.The average total contact time
between the cells and the quenching solution (from taking the sample until the washing solution

completely passed through the filter) was 1 min +/- 7 seconds.

For accurate quantification purposes by using Isotope Dilution Mass Spectrometry [29, 91], 120 pl of a
B¢ internal standard solution (0°C) was pipetted on top of the dry filter cake. The *C internal standard
solution contained all relevant metabolites as U-"°C -labeled isotopes and was obtained from a S.
cerevisiae fed-batch culture grown on 100 % U-"*C -labeled glucose and ethanol. Metabolite extraction
with 75 % (v/v) aqueous ethanol at 95 “C and further sample processing were carried out as described

previously [90].

The quenching and washing liquids (QWS) were collected in 50 ml Falcon tubes. After thorough mixing,
aliquots of 3.0 ml of the solutions were mixed with 120 pl of a *C internal standard solution and
subsequently extracted in 75 % (v/v) aqueous ethanol at 95 °C, to eliminate possible enzymatic activity
in these samples. The exact sample amounts taken were determined by weighting all tubes before and

after sampling.

Samples from the culture filtrate (CF) and the complete culture broth (WB) were withdrawn and further

processed as described earlier [33].

Metabolite analysis

Metabolite quantification was carried out with LC-ESI-MS/MS and GC-MS based isotope dilution mass
spectrometry (IDMS) [34]. Each sample was analyzed in duplicate. In total, 37 metabolites, with a wide
variety of chemical and physical properties, were analyzed. However, only 34 of these could actually be
measured, because the concentrations of glyoxylate, mannitol-6-phosphate and fructose-2,6-

bisphosphate were found to be below the detection limit in all the samples analyzed.

Consistency check and data reconciliation

The amount of each metabolite was quantified in different sample fractions, that is, in whole broth
(WB), quenched/washed cells (QC), culture filtrate (CF) and quenching + washing liquid (QWS). Because

the C internal standard mix was in all cases added to the different sample fractions prior the
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metabolite extraction procedure, possible metabolite losses due to partial degradation could be

corrected for. This implies that the following mass balance should be satisfied for each metabolite i:
M;(WB) = M(CF) + M,(QC) + M(leakage) (4.1)

This mass balance allows calculating, from measurements in total broth, filtrate and cells, which
amount was lost into the quenching and washing solutions as a result of leakage. However, because in
addition also metabolite quantifications were carried out in the quenching + washing solutions, a

second mass balance can be written, namely:
Mi(WB) = M;(QC) + M;(QWS) (4.2)

This balance states that the total amount of each metabolite (i.e. the extracellular + intracellular
amount) present in a whole broth sample should be equal to the amounts measured in the cell cake
sample and in the quenching + washing solution. This means that the data set contains redundant
information, i.e. more information than strictly necessary to quantify metabolite leakage, allowing to
perform a statistical consistency check, using the calculated XZ— distributed consistency index h, as well

as data reconciliation[69].

Briefly the data reconciliation was performed as follows: under the constraint that the mass balances
(Egs, 1 and 2) should be satisfied, the best estimates of the measured metabolite amounts in the
different sample fractions as well as the calculated amount of leakage were obtained by least squares
minimization of the differences between the measured and estimated amounts, weighed by their

measurement errors [38].

Results and Discussion

Chemostat cultivations

P. pastoris was grown in aerobic, glucose limited chemostat cultures at a dilution rate of 0.1 h™. Under
these conditions biomass and carbon dioxide were the only products. Once steady state was obtained,
the consumption rates of glucose and oxygen and the production rates of biomass and carbon dioxide
were calculated from measurements of biomass dry weight, residual glucose and the concentrations of

oxygen and carbon dioxide in the off-gas.

The experimental data consistency was verified using standard data reconciliation procedures, under
the constraint that the elemental conservation relations were satisfied [38, 69]. For all chemostat
cultivations performed the statistical consistency test, carried out with a confidence level of 95%, was
acceptable, indicating that there was no proof for gross measurement errors. Therefore, under the
applied chemostat conditions, the balanced steady state input-output rates obtained were -0.97 (
0.01), 3.65 (+ 0.01), 2.19 (+ 0.09) and -2.11 (+ 0.09) mmol/(gDCW-h) for glucose uptake rate, Biomass

production, CO, evolution rate and oxygen uptake rate respectively. As expected, the rates were
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equivalent to the ones obtained in previous studies under normoxia conditions, thereby making the

data sets comparable [52, 76](Chapter 2 and 3).

Quenching optimization

Effect of methanol content and quenching temperature

To study the effect of the quenching procedure on metabolite leakage, a full mass balance analysis was
performed as described in [33]. Briefly, the fate of the metabolites was identified by quantification of
metabolite levels in four different fractions: whole-broth fraction (WB), culture filtrate (CF),
guenched/washed cells (QC) and quenching + washing methanol solution (QWS). The actual
intracellular metabolite levels were estimated from the difference between the levels measured in
whole broth (WB) and culture filtrate (CF)[33, 37]. However, this approach for estimation of
intracellular metabolite levels has drawbacks compared to the direct measurement of
qguenched/washed cells. In particular, it requires a double analytical effort, as two samples have to be
analyzed, and whole broth and supernatant samples may contain high amounts of salts, potentially
interfering (ion suppression) with the analytical techniques [33]. On the other hand, in the
guenched/washed cells, metabolism needs to be properly arrested, while avoiding leakage and

degradation.

Table 4.1: Tested quenching protocols to investigate the effects of temperature and methanol concentration on

metabolite leakge.

Concentration of Methanol Concentration of Methanol

Protocol Temperature (°C) solutions (v/v) (%) after sampling (v/v) (%)
A -27 40 36
B -27 60 54
Cc -40 60 54
D -40 80 71
E -40 100 89

Therefore, a comparison of the determined intracellular metabolite levels between the direct
measurement (QC) and the differential method (WB-CF) was performed for the 5 different variations of
the cold methanol quenching protocols, to determine for which condition metabolite leakage from
P.pastoris cells was minimal. The methanol content of the quenching solution and the quenching
temperature were the parameters changed to investigate their impact on possible metabolite leakage

as shown in Table 4.1.

The metabolites analyzed consisted of a wide range of different chemical compounds, such as
phosphorylated intermediates, organic acids and amino acids. In some cases the fate of the metabolite
could not be followed properly and therefore the mass balances could not be calculated. For example,

the amounts of FBP and T6P in CF, QWS and WB were below the detection limits while for citric acid the
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differential method could not be applied due to a too high extracellular level outside measuring range

and therefore, QC was the only measurement which could be carried out.

Mannose-6-phosphate Asp
2,00 35

pmol/gDCW
umol/gDCW

250 Glu

200 +

150 T

umol/gDCW

5301 100 +

50 +

B Whole-Broth sample (WB) O Culture filtrate (CF)
=WB-CF E Quenched/washed cells (QC)
[ Quenching+Washing solution (QWS)

O

Figure 4.1: Full mass balances of some representative metabolites. The letters below the bars represent the five
different treatments tested. A: -272C, 40% MeOH; B: -272C, 60% MeOH; C: -40°C, 60% MeOH; D: -40°C, 80%
MeOH; E: -402C, 100% MeOH.

As a first step of the data evaluation, the average mass balance closure was calculated ((QC +
QWS)/WB) being on average 108% (+ 24%). This was considered acceptable due to the analytical
challenge and was in the range of values obtained in previous studies employing the mass balance
approach [33]. Nevertheless, the data consistency was also checked individually for each metabolite to

detect any gross errors in the measurements (See Protocol evaluation section).

Secondly, the full mass balances were analyzed metabolite by metabolite. In Figure 4.1 some examples
are shown, representing different classes of metabolites. Comparison of the intracellular metabolite
levels obtained with the differential method (WB-CF) and the quenched cell measurements (QC)
revealed that metabolite leakage occurred to some extent in all treatments, independent of the
methanol content of the quenching solution, the quenching temperature or the compound type. This
could be attributed to the so called “cold shock” phenomenon, leading to a sudden release of
metabolites from the cells when the broth is rapidly cooled, as reported for the bacterium

Corynebacterium glutamicum [92, 93].

However, in a previous study performed with the yeast S. cerevisiae [33] the extent of metabolite
leakage was found to be heavily influenced by the methanol content used in the quenching solution;

whereby decreasing the methanol content resulted in increased leakage. These results highlight the
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need to fine tune the quenching protocol for each microorganism. On the other hand, the much smaller
influence of the methanol content observed for P. pastoris could also be attributed to the shorter
contact time with the quenching solution (about one minute) when applying the cold filtration method.
In the work of [33] the cold centrifugation method was used, whereby the cells were between 20-30
minutes in contact with the quenching solution. Detailed data of the metabolite quantification results

for each protocol is provided as supplementary material (see appendix 4.2).

Table 4.2: Direct and differential intracellular quantification comparison. sd= standard deviation; < = Metabolite

lower than detection limit; > = Metabolite higher than the calibration range.

ICS Protcol B WB-CF
pumol/gDCW

Value sd Value sd

G6P 5.4 0.3 5.9 0.7
F6P 1.22 0.09 1.21 0.06

FBP 0.70 0.07 < <
2-3PG 1.93 0.22 2.14 0.12
PEP 0.33 0.04 0.33 0.02

Citric acid 7.3 0.6 > >
aKG 2.09 0.15 2.25 0.18
Succinate 2.94 0.18 2.79 0.27
Fumarate 1.37 0.06 1.09 0.15
Malate 6.9 0.6 7.0 0.9
G1P 0.80 0.06 0.68 0.06
6PG* 0.67 0.10 0.57 0.09
M6P 1.47 0.03 1.66 0.09

Trehal.-6P 0.09 0.01 < <
G3P 0.06 0.01 0.05 0.04
S7P 2.08 0.09 2.08 0.16
UDP-glc 1.18 0.31 0.95 0.17
Ala 23.5 0.1 23.8 2.4
Val 1.97 0.07 1.99 0.05
Leu 1.48 0.10 1.50 0.02
lle 0.53 0.04 0.55 0.01
Thr* 3.94 0.02 4.19 0.12
Pro 10.8 0.4 11.7 0.2
Asn 7.1 0.2 7.6 0.2
Asp 26.4 1.0 30.1 0.9
Met 0.97 0.15 1.03 0.15

Glu 200 8 208 5
Phe 0.51 0.04 0.52 0.01

GIn* 177 8 178 5
Orn 56 3 54.8 0.6
Lys 12.8 0.7 12.9 0.4
His 7.4 0.5 7.3 0.1
Tyr 0.80 0.06 0.82 0.02
Trp 0.24 0.02 0.23 0.01

* No CF quantification available. WB-CF was replaced by WB measurement.
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Protocol evaluation

From the evaluation of the mass balances for each metabolite, as shown in Figure 4.1, no clear
distinction could be made between the different protocols. Therefore, data reconciliation was applied
under the constraint that for each metabolite both mass balances which could be evaluated (Egs. 4.1
and 4.2) were satisfied (see materials and methods section). Thus for each metabolite the data
consistency was evaluated at 95% confidence level and one degree of freedom. Under these conditions
the calculated, xz— distributed, consistency index h should have a value of 3.84 or less. The calculated h-
index values are shown in the appendix section (Appendix 4.1). When inspecting these values it can be
seen that in some cases proof is obtained for gross measurements errors (h > 3.84). Only, for two
metabolites, namely Pyr and Gly, the data were inconsistent for all the treatments tested. In case of Pyr
these systematic errors could be related to quantification errors in Pyr peaks due to analytical

difficulties. However, for Gly no clear reason could be identified for the data inconsistency.

Interestingly, the free amino acid quantifications showed higher global consistency, having lower h
values compared to the central carbon metabolites, thereby indicating more accuracy in the GC-MS

analysis of amino acids.

In the subsequent calculation of the average metabolite yield (QC/(WB-CF)) for the different quenching
protocols (A to E) only the statistically consistent data (h < 3.84) were taken into account. The
recoveries and the standard error for each protocol were 93.1 +1.1,95.4+0.7,92.6 £ 1.3,943 + 1.1
and 93.4 + 1.5 for Protocols A to E respectively (Table 4.1). Although the differences were small,

application of Protocol B resulted in the highest average yield, being approximately 95%.

Consequently, based on the data consistency and average metabolite yield, protocol B was considered
as the optimum quenching procedure for quantification of the intracellular metabolites in P. pastoris.
Moreover, in order to evaluate the applicability of direct measurement using quenching protocol B, the
obtained results were compared with the results obtained using with the differential method (see in
Table 4.2). To test for significant differences between the results obtained with both methods a two
tailed Student’s T test was performed. Results show that, only in the case of Asp the obtained values

were significantly different, while no significant difference was detected in any other metabolite.

Therefore it is concluded that, in spite of the fact that for one metabolite (Asp) the values were slightly
deviated, direct measurement, using quenching protocol B is the preferred methodology for
quantification of intracellular metabolites in P. pastoris. In comparison to the differential method, this
procedure results, on average, in smaller measurement errors. Furthermore, it requires less analytical
effort because for each measurement only one sample has to be analyzed instead of two (WB and CF)
for the differential method. Besides, as for the WB and CF no medium components are eliminated, they

could potentially interfere (ion suppression) with the analytical techniques [33]. For these reasons, we
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applied, for the experiments described in the next section, quenching protocol B for the quantification

of the P. pastoris metabolome.

In a recent paper of Tredwell and co-workers [94], published after our paper had been submitted, also
the evaluation of procedures for sampling and cold methanol quenching of P. pastoris for metabolome
analysis is described. Although the quenching conditions were different from ours with respect to
temperature, methanol content and the addition of buffers, they also found that the different
variations of the cold methanol quenching method used gave very similar results. Apparently P. pastoris
is a relatively robust microorganism, resistant to cold methanol quenching with respect to metabolite
leakage. Also Tredwell et al. present baseline metabolome data for chemostat cultured P. pastoris cells
and present a comparison between the P. pastoris and S. cerevisiae metabolome. The conditions they
applied were, however, highly different with respect to the strains of P. pastoris and S. cerevisiae, the
cultivation conditions (batch vs chemostat) and the substrates (methanol and glycerol vs glucose) used.
Most important difference is that the study of Tredwell at all aimed at metabolic profiling, using non-
targeted analytical techniques, whereas in our work a targeted, quantitative approach was used
applying isotope dilution mass spectrometry (IDMS) aimed at obtaining highly accurate metabolome

data.

Steady-state evaluation

Typically, the first approach in metabolomic studies is the quantification of the (pseudo) steady-state
metabolite concentrations in order to obtain a better understanding of the cell behaviour during fixed

environmental conditions.

For measurement of metabolite levels in steady state chemostat cultivation, it is generally assumed, but
seldom verified, that the intracellular metabolites have reached their steady state levels after 5
residence times. To verify this for chemostat cultivation of our P. pastoris strain, two replicate
chemostat cultures were carried out. Rapid sampling, combined with quenching according to protocol B
and filtration, was applied for intracellular metabolite measurement at 24 hours intervals, from the

start of the chemostat phase until a period of 10 residence times.

For the metabolites of which the levels evolved towards different steady state values, an exponential
decay curve was fitted (Equation 4.3), whereby each measurement was weighted by its standard

deviation.
Ci(t) = Cisst (CG(0) — Ciss) - e’ (4.3)

Herein C; (0) is the average quantification pool for each metabolite at the end of the batch phase, C;ssis

the steady state level and b is a time constant.
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Figure 4.2: Evolution changes in intracellular pools associated with adaptation to glucose-limited conditions in
two chemostats. The line represent the exponential decay curve fitted and dashed lines the weighted average of

the last five residence times.
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For the metabolites which were already at a stable level from the beginning, a weighted average of the
5 last residence times was taken as the steady state value. Moreover, this was also done for the

metabolites which showed changing levels to compare the results from both calculations.

The results are shown in Figures 4.2 and 4.3. Globally, the small differences between the profiles

obtained for the two chemostats shows the high reproducibility of the cultivations. Furthermore the

relatively small errors in the individual metabolite measurements indicate a high analytical
reproducibility for most of the metabolites reinforcing the choice of the Protocol B as the optimum one
for the intracellular metabolite quantification. However, some biological differences were observed for

few metabolites when the pool sizes of the two independent chemostat were compared.

Focusing on the profiles of metabolites from the upper glycolysis and the pentose phosphate pathway
(Figure 4.2), for most metabolites no significant changes were observed during the 10 residence times of
chemostat cultivation. This could be explained by the absence of pool size differences between the 2
growth conditions (batch phase and continuous phase) or a very fast adaptation after shifting from
batch to continuous operation mode for that part of the metabolism. However, a slight increase of the
G6P and F6P levels were observed as well as a more pronounced decrease in the pool size of G3P,
probably because the carbon source was changed from glycerol to glucose when the continuous culture
phase was started. In the TCA cycle, fumarate and malate could be described using an exponential
decay profile as indicated by the fitted curve showing slower adaptation compared to other
metabolites. Moreover, no changes were observed in the levels of other TCA cycle metabolites, such as
oKG and succinate, during 10 residence times. A metabolite related to the storage metabolism, such as
T6P, was below the detection limit at the end of the batch phase and increased to higher steady state
levels in less than 24 hours, reflecting the regulatory role of this metabolite in the glucose uptake as
described elsewhere [95]. Also, the UDP-glucose level was higher during the batch phase and, after 24
hours of chemostat cultivation, reached a lower stable value showing a different regulation of storage

metabolism during the two cultivation conditions.

It is remarkable that most of the measured central metabolites show no or relatively little change
during the transition between batch cultivation on glycerol and chemostat cultivation on glucose as sole
carbon source. One reason could be that the decrease in the growth rate during the transition is

relatively small, i.e. from p=0.17t0 0.1 h™".

Recently, a study was performed comprising a total of 32 growth conditions of S. cerevisiae, covering a
range of growth rates from 0.02 to 0.38 h™ [96]. The complete set of conditions spanned a large range
of metabolic fluxes with, as the median for 27 reactions investigated, a 35 fold change. The associated
changes in intracellular metabolite levels for these highly different flux profiles were, however, much
smaller, with, as the median, a maximum change of 3.5 fold. This shows how tightly metabolism is
regulated to keep the metabolite levels between narrow regions (homeostasis).
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Figure 4.3: Evolution changes in intracellular pools associated with adaptation to glucose-limited conditions in

two chemostats. The line represent the exponential decay curve fitted and dashed lines the weighted average of
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the last five residence times.

The evolution of the free amino acid pools are shown in Figure 4.3. The observation that the levels of

many free amino acids decreased to lower levels could be related to the change in growth rate between
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the batch phase (1= 0.17 h™) and the chemostat phase (1 = 0.1 h™"). This relation is strengthened when
considering that usually the total protein content in the biomass increases with the growth rate, being
higher at higher growth rates [97, 98] and therefore requiring higher protein synthesis rates. Moreover,
a recent genomic-scale metabolic network reconstruction for P. pastoris showed higher biosynthetic
amino acid flux requirements when the cells were grown on glycerol compared to glucose [80].
Remarkably, the amino acids belonging to the glutamate family, the largest intracellular amino acid
pool, did not show any significant changes during 10 residence times of chemostat cultivation, which
could also be the result of lack of variation in terms of pool sizes between the two conditions or to a
fast rate of adaptation to the new growth conditions. On the other hand, for the other amino acids, the
fitted curve could adequately describe the pool trends highlighting that, for most of them, 5 residence
times were sufficient to achieve the steady-state values considering the experimental error. In these
amino acids, the steady-state values of the fitted curves (C;ss parameter in Equation 4.3) were
compared to the values from the weighted average of the last 5 residence times, showing less than 10%
difference between two calculations except for Trp and Asn with a 17% and 15% of difference,
respectively. These results were considered satisfactory considering the analytical challenge involved

(See Appendix for detailed data).

Table 4.3: Physiological parameters of P. pastoris and S. cerevisiae in aerobic carbon-limited chemostats at a D of

0.1h™

sta qglc Uo2 Aco2 RQb

gDCW/C-mol glc mmol/(gDCW:-h)
P. pastoris 16.90 0.97 2.1 2.19 1.04
S. cerevisiae* 14.80 1.10 2.70 2,87 1.06

®Yield of biomass (gDCW/C-mol glc consumed)
® Respiratory Coefficient (qcoz/do2)

* Data taken from [33]
Interspecies quantitative metabolome comparison

By using the optimized quenching protocol, an accurate determination of intracellular and extracellular
metabolite amounts were determined in P. pastoris growing in aerobic carbon-limited chemostat
cultures at a dilution rate of 0.1 h™. These values were then compared with the pool sizes found in S.
cerevisiae grown at equal culture conditions [33]. In Table 4.3, a summary of the rates obtained for both
yeast are represented indicating higher qcoa, 902 and qg. rates in S. cerevisiae which lead to a lower

biomass yield compared to P. pastoris.
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Figure 4.4: Intracellular metabolite comparison of P. pastoris and S. cerevisiae. The bubble areas are
proportional to the pool sizes of each intracellular metabolite. The numbers indicate the exact pool size in

umol/gDCW. * Data taken from [33]

Intracellular metabolite pools

When comparing the intracellular metabolite pools of P. pastoris and S. cerevisiae (Figure 4.4), no
significant differences in the profiles could be seen in upper glycolysis. Nevertheless, in the lower part
of glycolysis, the 2PG/3PG and PEP pools were lower in P. pastoris indicating possible differences in the
thermodynamic behaviour among the yeasts. The metabolite levels of the TCA cycle were similar
whereby the citric acid and malate were the most abundant in both microorganisms. Also for 6PG, G3P
and M6P the levels were similar. However, the T6P pool in S. cerevisiae was one order of magnitude
larger than in P. pastoris. As it is known that this metabolite has an inhibitory effect on the hexokinases
[95] a lower glucose consumption rate could in principle be expected in S. cerevisiae if the capacity of
hexokinase is similar in both organisms. However, as the maximum glucose uptake rate is higher in S.
cerevisiae, i.e. 20.2 mmol/gDCW-h [99], compared to P. pastoris, i.e. 2.88 mmol/gDCW-h [79], it seems
logical that the T6P level is higher in the former microorganism to get similar glucose consumption

rates, assuming similar regulation in both yeasts.

Moreover, the mass action ratios (MAR) of enzymes from the central carbon metabolism which are
expected to operate close to equilibrium (i.e. PGIl, PGM, PMI, ENO and FMH) were calculated (Table 4.4)
giving more information about the thermodynamic properties of these enzymes in both yeasts. Except
for enolase, no significant differences could be observed in the calculated MAR’s for these enzymes for
both yeasts and they were all close to the equilibrium constant. However, the calculated MAR of
enolase for P. pastoris was significantly lower than the equilibrium constant indicating a lower capacity
of enolse in P. pastoris compared to S. cerevisiae. A comparable low value of the MAR of enolase in S.

cerevisiae was measured at a much higher growth rate of 0.33 h™ [96].
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Table 4.4: Mass action ratios of some enzymes related to the central carbon metabolism of S. cerevisiae and P.

pastoris. S. cerevisiae data were derived from [33]. The apparent in vivo k., were taken from [96].

. . This study Canelas et al. 2008 Canelas et al., 2011
Enzyme Mass action ratios 5 — ——

P. pastoris S. cerevisiae in vivo K o4
PGI F6P/G6P 0.22 + 0.11 0.26 + 0.05 0.259 + 0.002
PGM G1P/G6P 0.13 £ 0.09 0.05 £ 0.02 0.063 + 0.004
PMI M6P/F6P 1.27 + 0.06 1.17 £ 0.03 1.183 £ 0.013
ENO PEP/2-3PG** 1.67 £0.10 3.99 £0.13 4.01 £0.09
FMH Malate/Fumarate 5.25 + 0.38 4,82 £0.12 5.15 £ 0.14

** The 2PG total amounts were calculated assuming that 3PG and 2PG were in equilibrium (keq= 0.1).

Estimated turnover times of central metabolites

When using the accurate determination of intracellular metabolite levels combined with the metabolic
flux data from P. pastoris grown under analogous conditions [52] an estimation of the turnover times
for these metabolites can be calculated (Figure 4.5). These turnover times are known to be an
overestimation of the real turnovers inside the cell due to the usage of net fluxes instead of forward
and reverse fluxes. However, even assuming that, it is interesting to see that there are already values in
the order of seconds or less (FBP, PEP and 2-3PG) which highlight the importance of the rapid sampling
and optimized quenching to obtain the most accurate quantification. It can be seen from Figure 4.5 that
the turnover times of the central metabolite pools of P. pastoris and S. cerevisiae cultivated in glucose
limited chemostat under the same conditions have the same profiles, showing smaller turnover times

for the intermediates of the glycolysis pathway compared to the TCA cycle.

Turnover times

50,0 -
P.pastoris

WS, cerevisiae

Time (s)

G6P

F6P

FBP
2-3PG
PEP
Citrate
aKG
Succinate
Fumarate
Malate

Figure 4.5: Intracellular turnover times of the central metabolism metabolites of P. pastoris and S. cerevisiae. S.

cerevisiae data taken from [33].

Extracellular metabolite pools

In addition to intracellular metabolite amounts, the extracellular metabolite levels (Figure 4.6) were
compared for both yeasts. In this case, the P. pastoris culture filtrate samples were taken from the
quenching experiment under validated metabolic steady state conditions. Interestingly, in P.pastoris

chemostat cultivations much lower extracellular metabolite levels were observed, i.e. in total 4.9
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umol/gDCW were found in P. pastoris, compared to the 41.8 umol/gDCW for S. cerevisiae. In Figure 4.6,
the extracellular amounts are expressed for each metabolite as percentage of the whole broth sample
amount. It can be seen from this figure that for all measurements metabolites the extracellular
amounts are much lower in P. pastoris compared to S. cerevisiae and that in the latter the majority of

the metabolites present outside were intermediates of TCA cycle and G3P.
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Figure 4.6: Extracellular levels of central metabolites in glucose limited cultures of P. pastoris and S. cerevisiae.
The bubble areas represent the percentage of the total pool which is present in the culture filtrate. The numbers
above each the bubbles represent the exact value. The metabolites without value could not be detected. *S.

cerevisiae data taken from [33].

Intracellular amino acid pools

The free amino acid pools measured for P. pastoris were compared with those previously published for
S. cerevisae under the same conditions (Figure 4.7). Overall, amino acid pools sizes seem to follow
similar trends in both microorganisms, with Glu, Ala and Asp being the major amino acids. However, in
P. pastoris the GIn, Orn and Lys pools were larger than in S. cerevisiae indicating differences in the cell
physiology resulting in higher accumulation levels of the amino acids derived from aKG. Moreover, Val
and Met amounts were one order of magnitude higher in S. cerevisiae, even though the protein
production demand of these amino acids was similar for both yeasts (based on amino acid composition

of the biomass protein content taken from for P. pastoris [76] and for S. cerevisiae [32]).

In order to have a general view of the amino acid distribution, the pool sizes of all the amino acids with
the same precursor were combined (data not shown). Interestingly, all amino acid families were within
similar range in both strains except for the glutamate family which was higher in P. pastoris as
mentioned before which leads to a larger intracellular amino acid content in P. pastoris

(425umol/gDCW) compared to S. cerevisiae (340umol/gDCW).
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Figure 4.7: Intracellular amino acid comparison of P. pastoris and S. cerevisiae. The bubble area represents the
proportional pool sizes of each intracellular metabolite. The number above each bubble is the exact pool size in

umol/gDCW. *S. cerevisiae data taken from [33].

Extracellular amino acid pools

In the same way as for the extracellular levels of the central metabolites, the extracellular amino acids
levels were compared for both yeasts. As was found for the central metabolites, also the total level of
extracellular amino acids in P. pastoris chemostat cultivations was much lower (total extracellular
amino acid pool of 0.7 pmol/gDCW) compared to S. cerevisiae (13.7umol/gDCW). In Figure 4.8, the
extracellular amounts for each amino acid are expressed as percentage of the whole broth sample
amount. It can be concluded from the low extracellular metabolite amounts in P. pastoris that total
broth extraction would be a valid alternative for the cold filtration method because for the majority of
the metabolites measured, the extracellular amounts are too low to interfere significantly with the
intracellular measurement. Removal of the extracellular medium, e.g. by cold filtration or cold
centrifugation) would then only be required if constituents of the medium would interfere with the
analysis method applied. Furthermore, these low extracellular metabolite levels make P. pastoris

attractive as a cell factory because a less contaminated broth facilitates the downstream processing.
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Figure 4.8: Extracellular amino acid comparison of P. pastoris and S. cerevisiae. The bubble areas are
proportional to % Extracellular pools of each intracellular metabolite. The numbers over the bubbles are the exact

% value. The metabolites without value could not be identified extracellulary. *S. cerevisiae data taken from [33].
Conclusions

The aim of this study was to perform a systematic investigation of a cold methanol quenching method,

combined with filtration for removal of extracellular metabolites, specifically optimised for P. pastoris,
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thereby providing a validated technique for metabolomics studies of this yeast. Moreover, this
methodology has been successfully applied to investigate the evolution of P. pastoris cells after a shift
from batch to continuous operation mode under well-defined and controlled bioreactor cultivations.
Notably, the obtained data has allowed performing a vis-a-vis comparison of P. pastoris and S.

cerevisiae metabolomes, revealing similar profiles except for the lower glycolysis.

Overall, the outcome of this study will provide a starting point for the microbial metabolomics

community future studies related to systems biology and systems metabolic engineering of P. pastoris.
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Appendix

Appendix 4.1: Specific metabolite consistency index for each protocol tested. Values above 3.84 are
an indicator of gross measurement errors with a confidence level of 95%. Higher h values are

highlighted with increasing colour intensities.

h-index

Protocol A B C D E
G6P 82 15 77 41 16
F6P 44 08 01 00 138

2-3PG 34 01 54 00 0.2
PEP 15 54 14 27 31

Pyruvate 7.8 25.8 16.3 12.6 9.0
akKG 28 00 111 0.0 29

Succinate 0.2 46 02 08 19

Fumarate 9.7 64 19 06 1.0

Malate 01 01 01 01 0.2
G1P 28 19 15 08 230
6PG 04 06 00 00 0.2
M6P 32 14 39 87 47
G3P 04 03 42 112 0.0
S7P 00 02 08 1.7 0.0

UDP-glc 0.7 04 00 00 03
Ala 05 13 00 00 16
Gly 9.0 65 142 54 40

Val 29 40 00 08 23
Leu 21 14 00 58 27
lle 33 21 06 36 33

Thr 01 08 02 04 0.2
Pro 00 01 11 28 041
Asn 01 01 09 21 01
Asp 22 06 21 31 00
Met 08 00 00 24 02
Glu 00 02 06 20 00
Phe 21 3.0 7.0 240 85
GIn 00 00 11 12 01
Orn 00 02 03 16 04
Lys 00 00 04 14 041
His 02 04 02 12 11
Tyr 1.3 03 00 0.1 17
Trp 37 01 01 15 14
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Background

In a recent multilevel study, including transcriptome, proteome and metabolic flux analyses,
information on the biological processes involved in the adaptation to low oxygen availability conditions,
in P. pastoris have been obtained [100]. Under these conditions, the proper characterization of the
pentose phosphate pathway (PPP) appeared as a key point not only due to its role as provider of
cytosolic reduction equivalents for biosynthesis (NADP*/NADPH balance) but also due to the arabinitol

production as a fermentative by-product.

This part of the metabolism is classically divided in two parts. The oxidative PPP produces three pentose
phosphate metabolites and the non-oxidative PPP which basically interconverts PPP intermediates with
F6P and GAP. The stoichiometry of the oxidative part is well established. However, the transketolase
(TK) and transaldolase (TA) reactions of the non-oxidative PPP have been the subject of a number of
considerations, of particular relevance when considering the precise **C-label distribution in metabolic

studies [25, 101, 102].

In the present study, a wide range metabolomic analysis of different intracellular metabolites was
performed in carbon limited chemostat cultivations at a fixed growth rate and different oxygenation
conditions. These intracellular metabolite quantifications were analyzed using network-embedded
thermodynamic (NET) calculations [103] using the public available anNET tool [104]. This allowed to
validate the experimental data, obtain further metabolic fluxes constrains as well as improvements in
the metabolome derived considerations. In a second step, three non-classical stoichiometric networks,
that were found to agree with the thermodynamic flux constrains, were used to perform metabolic flux

analysis showing different metabolic flux profiles.

Materials and Methods

Strain and cultivation conditions

Analytical grade reagents were supplied by Sigma-Aldrich. HPLC-grade methanol and ethanol were

supplied by J.T. Baker.

In this study, the P. pastoris X-33 (wild type phenotype, Invitrogen) transformed with pGAPaA
(Invitrogen) as a mock vector was used. Glucose-limited chemostat cultivations at a dilution rate (D) of
0.1 h™ were performed as described in [105] using also the same culture media composition. In order to
have biological replicates, two chemostat cultures for each oxygen condition were performed. Briefly,
one liter shake flask containing 300 ml of YPD medium (10 g/l yeast extract, 20 g/l peptone, 10 g/l
glucose) was inoculated with a 1.0 ml of cryostock P. pastoris cells. The culture was grown for
approximately 24 h at 30 oC in a shaker at at 200 rpm, and used to inoculate a 7-liter fermentor

(Applikon, The Netherlands) with a working volume of 4 liter. Once the batch phase ended,
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approximately 24 h after performing the inoculation, the feed of the chemostat culture was started.
During the chemostat cultivation phase, cells were grown under carbon-limited conditions at a dilution
rate (D) of 0.1 h™, and an aeration rate of 0.5 vvm, controlled by two mass flow meters (5850 Smart
Mass Flow Controller, Brooks Instrument). Initially the oxygen concentration in the inlet gas stream
corresponding to normal air (therefore approximately 21 % v/v) leading to a totally normoxic condition
(i.e. pO, > 20 %, fully respiratory metabolism). Inlet gas oxygen levels were subsequently stepwise
reduced by replacing different air proportions with nitrogen. Thereby creating either oxygen limited or
hypoxic conditions in the bioreactor which are characterized by different ethanol and arabinitol
production rates [47, 52, 76]. The O, and CO, concentrations in the bioreactor off-gas were measured
on-line using a combined paramagnetic/infrared analyzer (NGA 2000, Rosemount, USA). Pressure, pH,
stirring speed and temperature were respectively maintained constant at 1.2 bars, pH 5 (with 20%

NH,"), 400 rpm and 25 °C.

On the different cell cultures performed in this study, the experimental data consistency was verified
applying standard procedures to elemental conservation relations as constraints [38]. For all chemostat
cultivations, the statistical consistency test was passed at 95% confidence level, indicating that there

was no proof for gross measurement errors.

Sampling

The different chemostat experimental conditions were maintained for 5 residence times before
sampling. As previously reported, this cultivation time is enough to reach a metabolic steady state in P.
pastoris [105]. For each steady state condition, duplicate samples, for intracellular metabolite levels
determination, were taken using the previously described optimized protocol for the direct
measurement of P. pastoris metabolome [105]. Briefly, quenched/washed cells were taken using a
dedicated rapid-sampling setup [32]. The sample tubes were quickly mixed by vortexing and introduced
in the filtration unit after weighting the tube [90]. All sampling tubes were weighted before and after
the sampling procedure in order to determine the exact amount of sample (on average 0.51 + 0.04 g).
The cell suspensions were filtered with membrane disk filters (Pall Corporation, East Hills, NY, USA,
47mm diameter, 0.45 um pore size) using a vacuum pump. A washing step was performed to remove as
much extracellular metabolites as possible pouring 10 ml of fresh quenching solution (60 % v/v of

Methanol/Unbuffered Water at -27 2C) on the filter cake as soon as the biomass started to dry.

For accurate quantification purposes by means of Isotope Dilution Mass Spectrometry [29, 91], 120 pl
of a C internal standard solution (0°C) was pipetted on top of the dry filter cake. The *C internal
standard solution contained all relevant metabolites as U-"*C -labeled isotopes and was obtained from a
S. cerevisiae fed-batch culture grown on 100 % U-"C -labeled glucose and ethanol. Metabolite
extraction with 75 % (v/v) aqueous ethanol at 95 °C and further sample processing was carried out as
described in [90].
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Samples from the culture filtrate (CF) and the complete culture broth (WB) were withdrawn and further

processed as previously described [33, 105].

Metabolite analysis

The concentrations of the principal metabolites from P. pastoris metabolome were quantified using two
different analytical platforms, LC-MS/MS and GC-MS. G6P, F6P, FBP, 2PG+3PG, PEP, citrate, oKG,
succinate, fumarate, malate, G1P, 6PG, M6P, T6P, G3P S7P and UDP-glc were determined by anion-
exchange LC- MS/MS [30]. AMP, ADP and ATP were determined by ion-pair reverse-phase LC-MS/MS
[106]. Intracellular glucose, 3PG, 2PG, DHAP, R5P, Rbu5P, Xu5P, E4P, Trehalose and isocitrate were
determined by GC-MS [107]. Quantification was based on isotope dilution mass spectrometry (IDMS)
[29]. In total, 33 metabolites, with a wide variety of chemical and physical properties, were analyzed.
However, only 30 of these could actually be determined because the concentrations of glyoxylate,
mannitol-1-phosphate and fructose-2,6-bisphosphate were found to be below the detection limit in all
the analyzed samples. Moreover, it is worth to be noticed that the 2PG and 3PG were quantified

together by LC-MS but also separately by GC-MS. Both data sets were included in the comparison.

Network-embedded thermodynamic analysis

All reactions are constrained by the second law of thermodynamics, were the advance of the reaction is
driven by a negative change of the Gibbs free energy. This reaction property has been used as a method
to verify the quality of the intracellular metabolite concentration thereby improving the consistency of
the metabolome data sets [103]. In addition, it was possible to predict the levels of some unmeasured
metabolites. This increased the amount of information obtained from the studied system [103]. All

calculations were performed using anNET software developed by Zamboni and co-workers [104].

Formally, the software uses Molar units for the intracellular metabolite data. As the experimental data
was obtained in a dry weight basis, it was necessary to to convert the intracellular metabolite
determinations from umol/gDCW to concentrations units. To this purpose, different values of cell
volume were tested due to the lack of information of its real value for P. pastoris in the experimental
conditions tested. The different cell volumes were taken from S. cerevisiae studies ranging from 1,4 to
2.0 ml/gDCW [96]. However, the thermodynamic derived constrains obtained were equivalent,
independently of the cell volume (data not shown). Therefore, the cell volume was fixed to 1.7
ml/gDCW to perform all NET analysis. This value was also used to re-calculate the pmol/gDCW from the

refined intracellular metabolite concentrations obtained in the analysis for comparison purposes.

Cytosol was the only cellular compartment considered in the analysis as no information on the specific
volumes of the different cellular compartments was available. Thus, the metabolic pathways included in

the NET analysis and the intracellular metabolites were considered to be exclusively located in this

97



Chapter 5: Pichia pastoris stoichiometric network improvement

compartment. This allowed a direct comparison between them (see Appendix for more detailed

information about the metabolism pathways included).

The feasible ranges of the quantified intracellular metabolites were calculated using the respective
experimental mean and standard deviation. The lower and upper limits were defined according to a
Student-T distribution with a confidence interval of 0.80. In addition, the unmeasured metabolites were
specifically constrained to fulfill the thermodynamic constrains [96, 103]. Specifically, for GAP and P; it
was possible to define narrower window ranges taking into account the available ranges measured in S.
cerevisiae [96]. For the rest of metabolites a wide range of concentrations was delimited (See Appendix

for detailed information about the unmeasured metabolite ranges).

For the P. pastoris cytosol, the assumed ionic strength was 0.15 M while the pH was assumed to be 7.2
(D. Mattanovich personal communication). This value is slightly high compared to the one of S.
cerevisiae [108]. Nevertheless, the calculations were performed also at pH 7.0 and 7.5 gloablly
obtaining equivalent results. Only the NAD*/NADH minimum ratio was expected to be highly influenced

by this parameter (see results and discussions section).

Metabolic Flux Analysis (MFA)

Intracellular flux distributions were calculated from the measured specific production and consumption
rates (see Results section) using global MFA approach described for P. pastoris [52] (Chapter 3). In total,
in this study 4 different stoichiometric networks were used to perform MFA incorporating the
thermodynamic restrictions derived from the NET analysis (Appendix). The MFA-1 was the metabolic
flux profiling of P. pastoris already published by Baumann and co-workers included for comparison
purposes [52](MFA from Chapter 3). In the MFA-2, constrains derived from the >C-NMR data in
previous study were replaced by two global redox balances of NADH and NADPH together with O, and
CO, stoichiometry. In addition, a global ATP balance (taking into account amaintenance coefficient. See

below) was included in the stoichiometry.

The energetic biomass requirements were determined using the biomass specific macromolecular data
for P. pastoris [76] together with the ATP specific costs for polymerization of each macromolecular
[109]. Moreover, ATP requirements for maintenance were included as a constant ATP consumption
reaction, not linked to growth rate, proportional to a constant coefficient. This value was taken from
two P. pastoris genome scale metabolic network analysis and was considered to be constant
independently of the culture conditions [79, 80]. The metabolite transport rates were also included
(metals, NH,", and SO,? consumption) taken from the standard data reconciliation procedures of the
specific consumption and production rates [38]. The ATP synthase, the main source of ATP production
under normoxic conditions, does not have specific stoichiometry as its yield is linked to the proton

gradient between the matrix and the mitochondrial inter-membrane space. This relationship is usually
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described by a P/O ratio coeffiecient, which may change under different conditions. Therefore, in the
MFA, the ATP synthase reaction was only constrained by the ATP balance indicating the amount of ATP
which needed to be synthesized to close the balance. Once calculated, the physiological feasibility of

the ATP synthase rates were validated by calculating the resulting P/O ratios of each MFA.

Table 5.1: Summary of non-oxidative pentose phosphate pathway reactions used in the different MFAs

MFA-1 MFA-2 MFA-3 MFA-4 MFA-5

TK(1) X5P + R5P <> S7P + GAP X X X X
TA S7P + GAP <> F6P + E4P X
TK(2) X5P + E4P <> F6P + GAP X
TK(1)+TA X5P + R5P <> F6P + E4P
TK(3) E4P + S7P <> F6P + R5P
TAr F6P + E4P <> S7P + GAP

In the MFA-3, MFA-4 and MFA-5, the non-oxidative pentose phosphate pathway reactions included in
MFA-2 were modified according to the thermodynamic flux constrains derived from the NET analysis. In
Table 5.1 the specific reactions of the non-oxidative PPP considered in each calculation are shown. In
the MFA-3 and MFA-4 no further constraints were needed. For the MFA-5, a flux ratio constrain derived
from *C-NMR analysis from equivalent metabolic steady states was included. See appendix for detailed

information on the implementation of these ratios as constrains.

Results and Discussion

Chemostat cultivations

The experimental balanced rates of the different chemostat cultures performed in this study are shown

in Table 5.2.

Table 5.2: Overview of the macroscopic growth parameters

Normoxic O,-limited Hypoxic

doie -1.00 + 0.02 -1.28 + 0.03 -1.72 + 0.05
doz’ -2.35 + 0.06 -2.01 + 0.07 -2.01 + 0.15
Jcoz” 243 + 0.06 2.55 + 0.06 3.21 +0.14
ax” 3.57 + 0.15 3.83 +0.18 3.77 £ 0.23
Jeton” 0.31 + 0.02 0.84 + 0.06
Jara’ 0.13 £ 0.01 0.33 £ 0.01
RQ" 1.03 £ 0.04 1.27 £ 0.05 1.60 £ 0.14

@ mmol /(g Biomass-h)
® mol CO, /mol O,

The substrate and product rates obtained at normoxic and O,-limited conditions showed no significant
differences compared to the corresponding rates previously reported for P. pastoris in equivalent

experimental conditions [52](Chapter 3), thereby reflecting equivalent metabolic states. Conversely, the
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hypoxic condition appeared to be less stringent compared with the corresponding cultivation condition
previously reported, as denoted by lower RQ (RQ > 3.0 in [52]), ethanol and arabinitol production rates .
One possible explanation for the differences in hypoxia could be that in the previous study, only 3.5
residence times could be accomplished in the hypoxic conditions [47], whereas in this study the hypoxic
condition could be extended up to a minimum of 5 residence times, which is the period required to

reach a true biorreactor (and therefore metabolomic) steady state [105].

Thermodynamic revision of the stoichiometric network

The intracellular metabolite quantifications are constrained by the second law of thermodynamics
allowing specific directions of the metabolic fluxes. In this study, an initial NET analysis was performed
using the stoichiometric network and flux directions taken from the already published calculations for
P. pastoris under the same conditions [52]. In the initial calculations, when all the reactions were
directionally constrained the system resulted to be unfeasible. In a second step, using the
troubleshooting options of the software, the inconsistency between the measured metabolites and the
flux directions was located in the non-oxidative part of the pentose phosphate pathway. Thereby,

validating the measures of all the rest intracellular metabolites included in the NET model.

Table 5.3: Transformed Gibbs Energy of the non-oxidative pentose phosphate pathway reactions of P. pastoris

under different oxygen conditions using fixed glycolysis reaction directions.

Transformed Gibbs Energy of reactions Normoxia Oxygen-limited Hypoxia
(KJ/mol) min max min max min max
RPI RUSP <> R5P 1024 -0.2 1.7 -2.229
RPE RUSP <> X5P -0.6 0.6 -0.515 -5.9 -2.9
TK(1) X5P + R5P ¢ S7P + GAP -12.0 -5.2 -179 -7.9 -10.9 -1.8
TA S7P + GAP <> F6P + E4P 3.493 2.0 11.3 0394
TK(2) X5P + E4P <> F6P + GAP -26.6 -17.9 -31.5 -18.6 -27.1 -11.7
TK(1)+TA X5P + R5P <> F6P + E4P -3.3-1.1 -8.0 -4.5 -4.2 1.2
TK(3) E4P + S7P <= F6P + R5P -14.6 -12.7 -13.6 -10.8 -16.2 -9.9
TAr F6P + EAP <> S7P + GAP -9.3-34 -11.3 -2.0 -9.4 -0.3

In this stoichiometry, the non-oxidative pentose phosphate pathway was implemented as classically
reported in any biochemical textbook. That is including the Ribulose 5-phosphate epimerase (RPE) and
the Ribulose 5-phophate isomerase (RPI) reactions followed by two tranketolases, TK(1) and TK(2), and
a transaldolase (TA). In this part of the model, the performed NET analysis showed a disagreement
between the intracellular metabolite pools of the pathway and the metabolic flux directions when only
the glycolysis reactions were directionally constrained (Table 3). Specifically, RPl in normoxia, and TA in
all the conditions, could not operate in the direction of formation R5P, F6P and E4P respectively. These

were the expected directions in the previously published MFA analysis [52].
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Metabolic channeling

In the NET analysis, TA reaction inconsistency could be related to significant measurement error in its
intracellular metabolites intermediates. Nevertheless, all the metabolites were analyzed from the same
sample tubes (see Materials and Methods section). Thereby, reducing the possible measurement
deviation of the pentose pathway intermediates although, an specific drift in one metabolite
guantification could not be discarded. Besides, for the S. cerevisiae strain IMS0001, a thermodynamic
inconsistency was also determined for the TA reaction [110] indicating that these are not isolated
results. Specifically, in that study the TA showed a higher value than the equilibrium constant under

glucose-limited chemostat conditions.

However, according the results obtained in this work, the metabolite channeling between TK(1) and TA
reactions could be a possible explanation of the obtained intracellular metabolitc flux analysis,
indicating a micro-compartmentation of the reaction intermediates (Table 3). To overcome this
limitation, a TK(1)+TA reaction was included in the NET analysis. The results showed that the resulting
reaction was feasible towards the formation of F6P and GAP in all the cases. Nevertheless, the TK(1)
and TA reverse reactions are expected to have an influence on the carbon distribution (Table 3) as
indicated by the C-label distribution found in other studies [101]. Moreover, the metabolite
channeling also was determined for S. cerevisiae (CEN.PK 113-7D) grown on glucose showing similar

Gibbs free energy values [111].

R5P heterogeneity distribution

For RPI, the reversed flux direction in the normoxia conditions would lead to an inconsistency on the
R5P balance as this reaction was the only reaction included in the MFA-1,-2 and -3 that could produce
this metabolite. This disagreement was also found in other metabolome data sets such as in E. coli
[104] or S. cerevisiae [110]. In both metabolome data sets, it was assumed an erroneous metabolite

quantification of the R5P and/or RU5SP as the most plausible explanation.

Nevertheless, considering the fact that three independent studies have reached the same
inconsistency, it indicates that other possible explanatory alternatives shoud be assayed, besides
considering the discrepancy an experimental error. Looking at the two metabolites involved, the RU5P
could be present inside the cell in two isomeric forms, L-RU5P and D-RU5P, which the GC-MS analysis
cannot discriminate but perhaps the enzyme can. However, taking into account the L-RU5P in the NET
analysis, would not solve the RPI inconsistency as the D-RU5P pool would become lower promoting its

formation instead of R5P.

On the other hand, R5P, could not be present in two isomeric forms inside the cell as RU5P does.
However, R5P plays an important role as a carbon skeleton in the RNA structure being it an important

component of the biomass macromolecular composition [55, 76].
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In eukaryotic cells, the RNA and DNA precursors are transported from the cytosol to the nucleus
through the nucleus pores where the DNA replication and repair processes and the RNA transcription
and maturation ones are performed [112]. Therefore, in P. pastoris and S. cerevisiae metabolomes, the
R5P role could imply a compartmentalization of this metabolite between the nucleus and cytosol

allowing a heterogenic distribution throughout the cell.

In addition, besides the fact that compartmentalization is not possible in E. coli, a heterogenic
distribution of the RNA precursors around the DNA stands could be also originated in prokaryotic cells
due to the fact that DNA is concentrated forming the nucleoid allowing a R5P concentration gradient

inside the cell [112].

TK promiscuity

On the other hand, using S. cerevisiae as a model, Kleijn and co-worker [101] reviewed the possible
reactions in the non-oxidative PPP. As a result, they introduced another reaction catalyzed by a
transketaolase, the TK(3). This reaction was verified to be thermodynamically constrained towards the
R5P and F6P formation in all the conditions (Table 3). Therefore, the incorporation of the TK(3) reaction

in the MFA analysis would allow the R5P formation from the non-oxidative PPP.

This evidence is important in P. pastoris due to the fact that, in previous studies using the same strain
under equivalent conditions, it was determined that around 70% of the intracellular R5P pool had been
produced by, at least, one transketolase reaction [52](Chapter 3). Nevertheless, the thermodynamic
analysis of the TK(1) reaction showed a clear tendency towards the GAP and S7P formation (Table 3)
which reinforce the hypothesis of R5P recirculation through the TK(3) reaction. In addition, Baumann
and co-workers [52] also determined that part of the R5P also had been through a transaldolase

reaction which opened the possibility of the TAr reaction.

As a consequence of the consideration of these new thermodynamic constrains on the pentose

phosphate pathway of P. pastoris, new metabolic flux analyses were performed (see below).

Metabolic Flux Analysis

Redox and ATP stoichiometry validation

In previous studies using equivalent environmental conditions, the metabolic flux analysis was
performed using metabolic flux constrains derived from *C-NMR measures and without including the

NADH or NADPH balances in the calculations named MFA-1 in this study [52].
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Figure 5.1: MFA-1 and MFA-2 comparison. Representations of the p-values according to a two tailed t-test
distribution whether the different MFA calculation for each reaction was different than zero. The threshold was

fixed at 0.05.

The MFA-2 was performed in order to validate the redox and the ATP stoichiometries using the MFA-1
as reference values. Figure 5.1 shows the p-values calculated while comparing the MFA-1 and MFA-2
according to a two tailed t-test distribution. These indicate whether significant differences exist in both
MFA calculations for each reaction under the normoxic and oxygen-limited conditions. Notice that the
biomass requirements were not compared as they were assumed to be the same under equivalent

metabolic conditions. No significant difference for p-values > 0.05.

As a result, only the PYRCK presented significant differences between the two MFA being in the MFA-1
higher than the MFA-2. These results could be due to the better resolution of MFA-1 around the
mitochondrial inside-out oaa transport due to the *C-NMR flux ratios. Nevertheless, despite this
reaction, both MFA calculations showed equivalent metabolic flux profiles. This fact in turn validates
the NADH, NADPH and ATP stoichiometry used in the calculations done without BC-NMR constrains. In
addition, the results allowed the metabolic flux calculation of the hypoxic conditions realized in this

study using the MFA-2 stoichiometry.

Pentose phosphate pathway stoichiometry considerations

The pentose phosphate pathway has received little attention from the MFA community with respect to
model validation which is rather surprising since it plays several roles in the cell metabolism. Several
previous works already mention the difficulties observed in reproducing the “C-level distribution
without considering a detailed enzymatic mechanism [25, 101, 102]. In the present NET analysis of the

PPP, a disagreement between metabolic flux directions and the intracellular metabolite concentrations

103



Chapter 5: Pichia pastoris stoichiometric network improvement

was found (see above). Therefore, four alternative PPP stoichiometries (Table 5.1) were tested for the
metabolic flux analysis in order to improve the P. pastoris model agreement with both requirements

(Figure 5.2).

The MFA-2 represents the classical non-oxidative pentose phosphate pathway reactions which were
found to be thermodynamically infeasible in P. pastoris. In this study, a metabolic channeling between
the TK(1) and TA reactions is proposed as a possible solution leading to a equivalent metabolic flux
distribution in the pentose phosphate pathway under the different oxygenation conditions (MFA-3 in
Figure 5.2). However, in this alternative the S7P does not react in any non-oxidative PPP reaction

indicating a too simplistic stoichiometric model.

On the other hand, in addition to the two classical TK reaction, the kinetic mechanism of this enzyme
allows for another reaction stoichiometry represented as the TK(3) reaction [101] which was also
thermodynamically feasible (Table 5.3). Nevertheless, only two TK reactions could be included at the
same time in the MFA as they are linearly dependent (TK(1) + TK(3) = TK(2)). In the MFA-4 alternative,
the TK(2) was replaced by the TK(1), which could operate without considering any metabolite
channeling (Table 5.3), and also included TK(3). The resulting flux distribution is equivalent to the

previous MFA.

In the MFA-5, the previously obtained results, using *C-NMR data, from the non-oxidative pentose
phosphate pathway were included in the MFA analysis allowing the incorporation of the TAr reaction
[52] (See appendix for more detailed information about the implementation of the flux ratio). As a
result, TK(1)+TA metabolic channeling was found to be more important in the carbon flux distribution in
the PP pathway than in MFA-4. For TK(3), no significant differences were found between the MFA-4 and
MFA-5 flux profiles. Besides, TAr reaction was found to have an impact on the carbon distribution

pattern of the PP pathway under normoxic and oxygen-limited conditions.

From a general point of view, MFA-3, MFA-4 and MFA-5 show the oxygen impact over this part of the
metabolism as a result of the arabinitol secretion and the decrease in the net carbon flow through the

non-oxidative PP pathway, as previously reported [52].

Energetic metabolism under different oxygen conditions

In all cases except MFA-1, the ATP global balance was incorporated in order to determine the oxygen
availability impact on the energetic metabolism. In the present case, it was assumed that glucose is
transported in P. pastoris not only by diffusion, as it is the case of S. cerevisiae, but also by a facilitate
transport as reported to be for the Crabtree Negative yeasts (HXT reaction) [83, 113-115]. This
assumption was further supported by the intracellular glucose accumulation, suggesting that the HXT

could be actively regulated reaction.
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Figure 5.2: Four different P. pastoris pentose phosphate pathway metabolic flux analysis considering
thermodynamic constrains under different oxygenation conditions. Each box shows the calculated fluxes for
each of the 3 oxygen levels conditions. The conditions are ordered top-down as Normoxic, Oxygen-limited and

Hypoxic.
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Table 5.4 shows the energetic growth requeriments for P. pastoris under the different oxygen
conditions from the MFA-5 calculation. As explained in the materials and methods section, the
maintenance requirements were fixed at 2.3 mmol ATP/(gDCW*h) according to available published
data [79, 80]. The energy needs for biomass growth ranged between 2.3-2.5 mmol ATP/(gDCW*h)
depending on the conditions although no significant differences were found related to oxygen
availability. On the other hand, a clearly increased trend could be observed in the ATP requirements for
glucose transport when the oxygen availability was decreased. Besides this, Amonia, Sulphate and

Metals uptake costs were equivalent in all the conditions.

As mentioned before, the ATP prodution at Oxidative Phosphorilation level was calculated as the value
closing the ATP balance in each steady state (see materials and methods section). Notice that behind
this calculation, there is the assumption that the stoichiometry used was representative of the total ATP
consumption-production reactions. To verify the physiological feasibility of these ATP production rates,
the corresponding P/O ratio was calculated being all the ratios inside a window range of feasible values

(1 <P/Oratio<1.5).

Table 5.4: Energetic metabolism parameters calculated for P. pastoris under different oxygen conditions. The

values are mmol ATP/(gDCW*h) except for the two ratios.

Normoxia 0,-limited Hypoxia

Biomass Growth 2.36 £0.01 2.47 £0.03 2.44 £0.03
Biomass Maintenence 23+0.2 23 +0.2 23+0.2
Transport outside-in

Glucose 1.98 + 0.01 2.54 +0.07 3.43 £0.12

Amonia 0.50 +0.02 0.52 £0.02 0.53 £0.05

Sulphate 0.007 +£0.0004  0.006 +0.0005  0.005 *0.0005

Metals 0.16 £+ 0.01 0.15 £ 0.01 0.14 £ 0.03
Oxidative Phosphorylation 53+0.3 5.7 +£0.3 5.8+0.4

P/O Ratio 1.18 £ 0.07 1.44 +0.09 1.45 +0.12
Total ATP consumption 8.6 £0.3 9.4 +0.3 10.5+0.4

Oxid Phop/Total ATP 0.62 +0.04 0.61 +0.04 0.55 +0.04

Interestingly, when all the ATP costs were pooled together, an increase in the cell energetic
requirements was determined as the oxygen limitation became stronger. Furthermore, in all the
environmental conditions 50% of ATP was produced through the respiratory chain coupled to the
oxidative phosphorilation while the total ATP consumed decreases as the total biomass produced for
the same amount of substrate decreases. These values were opposite to the results obtained from the
Crabtree positive yeast, S. cerevisiae, where the oxidative phosphorilation contribution to the total cell

ATP cell requirements decrease with oxygen availability [27]. These differences could be due to the fact
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that S. cerevisiae is able to grow under anoxic condition which is not the case of P. pastoris.

Nevertheless, further studies should be performed on this issue

Metabolome data set reliability improvement

In addition to the verification of the metabolic fluxes thermodynamic feasibility, the NET analysis also
allowed the detection of any significant metabolite measurement error to constrain the metabolite
concentration ranges. This improves the reliability of the experimental dataset. Figure 5.3 shows the
results obtained from a NET analysis of the three oxygenation conditions using the metabolite flux
directions derived from the MFA-5. Notice that the concentration units from the anNET software have

been transformed back to umol/gDCW using the 1.7 ml/gDCW specific volume used above.

Globally, in 14 out of the 20 measured metabolites the NET analysis could not decrease the metabolite
concentration ranges, as they are found to be in agreement with the metabolic fluxes directions. This
result highlights the high quality of the metabolite measurements obtained. In addition, 2PG, G1P, Ru5P
and Xu5P metabolite concentrations could be further constrained. Nevertheless, for 3PG the measured
concentrations were found inconsistent with the flux directions which force the utilization of the 2-3PG
measurements instead of the 3PG for the NET analysis in all the cases. In Figure 3 the measured and the

calculated 3PG intracellular pools are shown indicating an underestimation of this metabolite.

For the rest of the analysis, the R5P was only constrained by an upper bound due to a possibly non-
homogenous distribution in the cell as explained before. For this metabolite, the NET analysis showed
an overestimated quantification suggesting that not all the R5P quantified was available for the central

metabolism enzymes.

In addition, some concentrations of the unmeasured metabolites could also be constrained (Figure 5.4).
Specifically, Glycerol, GAP and 1,3 DPG were constrained in a narrow concentration window. Besides
this, no significant differences were observed between culture conditions, for normoxic conditions the
predicted ranges of metabolite levels were much narrower indicating stronger thermodynamic
metabolite pool restriction. On the other hand, for Alcad, Oaa, Pi, Pyr and intracellular ethanol no

further constrain could be performed.

Redox state of the cell

The redox state of the cell is of key importance to sustain the proper operationof the cell metabolism
[82]. The main redox coenzymes are electron-carriers involved in hundreds of cell reactions located in a
variety of cell compartments [116]. Therefore, in principle, each cell compartment could have a
different redox state depending on the relative values of the different oxidation states of the redox

coenzymes. Besides, not all of these coenzymes are involved in the redox state of the cell as some of
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them are linked to proteins [117]. Therefore, direct quantification of the no-linked redox coenzymes

becomes highly complicated.

Measured metabolites
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Figure 5.3: Concentration range of the measured and the most probable ranges of the non measured ones. The
white bars represent de a priori considered metabolite ranges while the light grey bars show the corrected values
after performing a network-embedded thermodynamic (NET) analysis. In case of detection of a significant
metabolite quantification error, the original measurement (dark grey bars) and concentration ranges before and
after the NET analysis are shown together. N: Normoxia; L: Oxygen-limited; H: Hypoxia; [c]: cytosol; [e]:

extracellular.
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In the current literature different approaches can be found to indirectly determine the different redox
states, bypassing all the problems related to the direct quantification. These approaches are based
mainly in the quantification of indicators involved in an oxido—reductive reaction and use it to obtain an
approximation of the NAD*/NADH ratio [116, 117]. Another possibility would be to use the NET analysis
to obtain information about the redox state of the cell as previously proposed by Kiimmel and co-

workers [103].

In the present work a NET analysis was performed on the metabolome data sets available for P.
pastoris, obtaining the minimum ratio of the two oxidation states of the coenzymes which make the
system feasible in each experimental condition (Table 5.5). The oxidation state ratios, as expected,
were highly influenced by the assumed cytosolic pH (in the present work 7.2. D. Mattanovich personal
communication). Thereby, two alternative pHs were also tested analyse the pH sensitivity of the

mentioned ratio.

The oxygen availability is known to have a huge impact over the metabolic redox state due to its role as
final electron acceptor in the respiratory chain. In addition, the oxygen limitation has already described
to have an impact on the biomass composition of P. pastoris which increases the storage of reduced

compounds in direct proportion to the oxygen limitation [76](Chapter 2).

Table 5.1: Ratios of the oxidation states at different oxygen conditions for P. pastoris. Note that for S. cerevisiae,
the reference value shown is a measured ratio while for P. pastoris the displayed values are the calculated

minimum feasible ratios. *Data taken from [116]

NAD'/NADH i,
pH 70 72 75
Normoxia 233 101 28
Oxygen Limited 6.1 2.7 0.7
Hypoxia 13.7 5.9 1.6
S. cerevisiae* (Normoxia) 101

Focusing on the ratios shown on Table 5.5, it is clear that the oxygen limitation reduces the
NAD'/NADH,,i, ratio as those are lower at oxygen limitation conditions. Thereby, promoting a more

reduced cytosol as seen for the total biomass composition [76].

In the case of S. cerevisiae, the NAD*/NADH ratio was indirectly measured using a heterologous redox
reporter reaction genetically introduced in the cell [116]. Interestingly, comparing the results under

equivalent conditions the redox states seemed to be equal.
Conclusions

In this study, the determination of the effect of decreased levels of oxygen availability on the metabolic

readjustment of the P.pastoris central carbon metabolism and particularly on metabolite levels was
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performed. This allowed to apply a NET analysis to specific key parts of the metabolism as well as a

metabolic flux analysis.

The range of performed analyses allowed to validate nearly all of the obtained metabolite
concentrations as well as to identify a few measures probably suffering of significant experimental error

and therefore used with caution.

After the data validation step, the analysis of the pentose phosphate data revealed an inconsistency
among the measured metabolite data and any feasible metabolic flux distribution. Once discarded any
possible experimental data source of error, different configurations of the pentose phosphate cycle
were assayed. Results indicate that, to obtain a feasible flux distribution consistent with the
thermodynamic constrains derived from the metabolite levels, an alternative configuration of the
pentose phosphate cycle has to be adopted. Among the possible alternatives the inclusion of a

metabolite channeling step between the TK(1) and TA reactions shows the most promising results.

Using a stoichiometric network that includes redox cofactor balances, previously validated in equivalent
experimental conditions using *C-llabelling, a metabolic flux analysis step indicated that under oxygen

limiting conditions the ATP requirements increase compared to normoxic conditions.
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Appendix
Appendeix 5.1: Unmeasured metabolite ranges for NET analysis

The metabolites which were not directly measured were metabolite-specific constrained to be within
the thermodynamically feasible limits [96, 103]. Table S5.1 shows the metabolite ranges used for the
unmeasured metabolites included in the stoichiometric model. In the cases of GAP and P;, a narrower
window range could be applied as they have been previously measured in S. cerevisiae giving an idea of
the feasible metabolite ranges [96]. For the rest of metabolites a wide range of concentrations was
used (3-4 decades).

Table S5.1: Unmeasured metabolite ranges used in the network-embedded thermodynamic analysis.

Lower limit (mM) Upper limit (mM)

1,3-DPG 0.001 5
Acald 0.005 5
Glycerol 0.005 5
GAP 0.001 0.05
NAD" 0.01 100
NADH 0.01 100
NADP" 0.01 100
NADPH 0.01 100
P; 30 100
Oaa 0.005 5
Pyr 0.05 10

Appendeix 5.2: Minimal Pichia pastoris stoichiometric model

In this study a minimal stoichiometric model of P. pastoris, including only the main metabolic central
pathways, is used for the metabolic flux analyses (MFA). As constrains for the MFA-2 model, the
measured O, and CO, specific rates together with the redox constrains were used instead of the *C
derived constrains [52] (MFA-2). In addition, a non classical pentose phosphate pathway was
implemented in order to reach a better agreement with the thermodynamic constrains (MFA-3, MFA-4
and MFA-5). Notice that for MFA-5 only the *C derived constrain derived from the TA *C-NMR data

(see next section) was used.
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The metabolic reactions used were derived from the previous work stoichiometry:

Name reactions

Glycolysis

HXT + HXK

PGl

PFK + FBA

TPI

GAPDH + PGK + GPM + ENO + PYK

Pentose Phosphate Pathway

G6PDH + 6PGDH
RPE

RPI

TK(1)

TK(1)+TA

TK(2)

TK(3)

TA

TAr

Pyruvate Dehydrogenase
PDH
TCA cycle

CIT Syn.

ACO

ISODH

aKGDH + SUCDH + Fum
MalDH

Anaplerotic Pathways
PyrcK

Fermentative Pathways

PDC
ADDH + ACETCoA

ALDH + ET
G3PDH + GT

Ara Syn.
Respiratory Chain

RC
Oxidative Phosphorilation

Stoichiometry

GlCey: + 2 ATP => G6P + 2 ADP + P;

G6P <=> F6P

F6P + ATP => GAP + DHAP + ADP

DHAP <=> GAP

GAP + 2ADP + NAD" => Pyr + 2ATP + NADH

G6P + 2 NADP* => RU5P + 2 NADPH + CO,
RUS5P <=> XU5P

RU5P <=> R5P

R5P + XU5P <=> S7P + GAP

R5P + XU5P <=> F6P + E4P

E4P + XU5P <=> F6P + GAP

S7P + E4AP <=> F6P + R5P

S7P + GAP <=> F6P + E4P

F6P + E4P <=> S7P + GAP

CoA + NAD" + Pyr => AcCoA,,: + NADH + CO,

AcCoAi: + Oaap; => CoA + Citpit

citrate <=> Isocitrate

Isocitrate + NAD" => NADH + CO, + Akgnmit

NAD" + Akgi + ADP + FAD => Mal + NADH + FADH, + ATP + CO,
Mal + NAD" => OAA,;; + NADH

ATP + CO; + Pyr => Oaa,,: + ADP

Pyr =>AcO + CO,

AcO + NADP" + CoA + ATP => NADPH + AcCoA., +
Pyrophosphate + AMP

AcO + NADH => Eth,,; + NAD*

DHAP + NADH + ATP => Glycerol,,, + Orthophosphate + ADP +
NAD*

XUS5P + NADH => ARA.,; + NAD"

NADH + 0.5 0, => NAD" + H,0
ADP + P;=> ATP
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Transport

OAA Transp. Oaag,: <=> Oaami

Glycerol Transp. Glycerol => Glyceroley
NH,"-Assimilation NH,' ext + ATP => NH," i + ADP + P,
SO, -Assimilation SO, et + ATP => S0, i+ ADP + P,
Metal-Assimilation Metal o + ATP => Metal .t + ADP + P,

Biomass synthesis reactions for each oxygenation condition

1. Protein (Composition derived from the measured amino acid composition at each oxygenation
condition [76]). The energy needed to biosynthesize 1 C-mol of protein was derived from the
synthesis of each amino acid and the protein polymerization value taken from bibliographic
references, (Chapter 2 [77]).

Prot_N (Normoxic condition): 0.136 Pyr + 0.006 R5P + 0.013 E4P + 0.031 Oaa,; + 0.014
AcCoA,; + 0.009 Oaay,; + 0.075 Akgmir + 0.013 AcCoA,,; + 0.061 NAD" + 0.354
NADPH + 1.132 ATP => 1 C-mol Protein + 0.002 GAP + 0.058 CO, + 0.061 NADH
+0.354 NADP" +1.132 ADP + 1.132 P,

Prot_L-H (Oxygen limited and hypoxic conditions): 0.141 Pyr + 0.006 R5P + 0.013 E4P +
0.033 Oaa,,: + 0.015 AcCoA,,; + 0.009 Oaan,; + 0.070 Akgp: + 0.014 AcCoA,y: +
0.062 NAD" + 0.353 NADPH + 1.132 ATP => 1 C-mol Protein + 0.002 GAP + 0.066
CO,+ 0.062 NADH + 0.353 NADP* + 1.132 ADP + 1.132 P,

2. Carbohydrate, Glycogen and Trehalose (Composition derived from [118]).

Carbhy. 0.113 G6P + 0.053 F6P => 1 C-mol Carbohydrate
Glycogen 0.166 G6P => 1 C-mol Glycogen
Trehalose 0.166 G6P => 1 C-mol Treholase

3. Lipid (Composition derived from the mean lipid composition from [76].

Lipid 0.002 G6P + 0.005 Pyr + 0.006 CO, + 0.061 AcCoA,,; + 0.386 AcCoA.,;+ 0.065 O,
+ 0.022 Glycerol: + 0.06 NADH + 0.77 NADPH + 0.420 ATP => 1 C-mol Lipid +
0.06 NAD" + 0.77 NADP" + 0.420 ADP + 0.420 P,

4. RNA (Composition derived from the RNA composition proposed by Stephanopoulos and co-
workers [77]).

RNA 0.060 Pyr + 0.060 CO, + 0.111 R5P + 0.051 Oaa,,;+ 0.181 NAD" + 0.079 NADPH +
1.170 ATP => 1 C-mol RNA + 0.181 NADH + 0.079 NADP" + 1.170 ADP + 1.170 P,

5. DNA (Composition derived from the DNA composition published in [63] and the DNA
polymerization from [77]).

DNA 0.054 Pyr + 0.085 CO, + 0.108 R5P + 0.054 Oaa,; + 0.161 NAD" + 0.225 NADPH +
1.208 ATP => 1 C-mol DNA + 0.161 NADH + 0.225 NADP" + 1.208 ADP + 1.208 P;

6. Biomass energetic maintenance requirements were fixed at 2.3 + 0.23 mmol ATP/(gDCW*h).
These value was derived from the two genomic-scale metabolic networks published for P.
pastoris [79, 80].

ATP maintenance ATP => ADP + P;(redox-MFA)
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In the arabinitol production pathway, the enzime L-xylulose reductase could be modulated by two
redox coenzymes [119]. In P. pastoris, the authors were not alble to find information on the redox
specificity or the presence of iso-enzymes. Therefore, the MFA were performed using each one of the
coenzymes to check the adjustment with the previous MFA (MFA-1). As a result, the stoichiometry
which gave better agreement with the previously results, was the one using the NADH as a substrate

for the L-xylulose reductase appearing in the arabinitol production reaction (Ara Syn).

The Isocitrate Dehydrogenase could present two iso-enzymes with different redox affinity in P. pastoris.
Initially, the iso-enzyme which produces the NADPH was included in the MFA, however, it was later on

discarded due to the fact that in all the calculations its resulting flux was zero.

The biomass composition was taken from the P. pastoris specific data [76]. For the two oxygen limited
and hypoxic conditions performed in this study, the same biomass composition was used because no

specific data was available.
Appendeix 5.3: Implementation of *C-NMR transaldolase ratio

The transketaolse (TK) and the transaldolase (TA) enzymes are involved in the non-oxidative pentose
phosphate pathway. Classically these enzymes are considered to work close to the equilibrium constant
allowing reversible reactions. However, in P. pastoris growing under different oxygen conditions, the
transformed Gibbs free energy of the reaction where these enzymes are involved disagreed with that

reversibility (Table 5.3, main manuscript).

On the other hand, in Table S5.2 there are shown the *C-NMR metabolic flux ratios of TK and TA
enzymes from equivalent cultures performed by Baumann and co-workers [52]. These ratios were
calculated looking R5P carbon skeleton cleavage (using the Histidine carbon skeleton) to determine
which R5P pool fraction had been produced by, at least, one TK or TA reaction respectively [73, 74].
These results were commonly attributed to the TK and TA reversibility although a R5P re-circulation was

also a possible explanation through the TK(3) reaction.

Table S5.2: Metabolic flux ratio analysis results from Baumann and co-workers study [52].

Normoxia O,-Limited Hypoxia
Transketolase ratio 66 * 2 70 £ 2 62 +2
Transaldolase ratio 40 + 2 29 £ 2 24 £ 2

In MFA-5, the TA *C-NMR ratios were implemented considering both directions of the TA stoichiometry
could take place inside the cell. The classical direction was included in the metabolic channeling with
the TK(1) and the inverse direction was added as an extra reaction in the model due to the fact it is

thermodynamically feasible (Table 5.3, main manuscript).
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In this stoichiometric network, the reaction which could produce the R5P are the RPI and the TK(3)
reactions. Therefore, RPI is the source of the uncleavage carbon skeleton and the TK(3) of the cleavage

one.

Focusing on the TK kinetic mechanism, the R5P of the TK(3) reactions is produced due to the S7P
cleavage. Thus, looking the S7P production from the TAr reactions, the TA ratio could be defined as
function of metabolic flux relation due to the TK(3) it is the only reaction taken into account which

consumes S7P (Eqg. S5.1)

. TAr
TAratio =a = m (Eq. 55.1)

The following linear constraint equation (Eg. S5.2) was derived from the flux ratio equation and

implemented in the MFA-5 as described in [27, 52].
Rry =TAr —a x (RPI) —a * (TK(3)) (Eq. S5.2)

As a result, the MFA-5 could explain much better the experimental results than the classical non-

oxidative pentose phosphate pathway stoichiometry.

For the hypoxic condition performed in this study, no specific metabolic flux ratios were available and
the oxygen limited values were used due to no big differences were expected from both oxygen limited

conditions in this ratio.
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Appendeix 5.4: Measured intracellular metabolite pools

Table S5.3: Measured intracellular metabolites. The values are in pmol/gDCW + sd.

Normoxia O,-limited Hypoxia

G6P 743 + 0.13 545 + 0.12 5.49 + 0.08
F6P 1.75 + 0.04 1.20 + 0.05 1.09 + 0.02
FBP 0.49 * 0.02 3.12 + 0.09 391 + 0.19
6PG 0.83 + 0.03 0.56 + 0.02 0.63 + 0.08
S7P 2.83 + 0.09 1.37 + 0.04 1.62 + 0.14
UDP-G 1.1 + 0.04 09 + 0.0 0.83 + 0.0
M6P 2.20 + 0.06 1.54 + 0.06 1.34 + 0.02
G3P 0.12 + 0.02 043 + 0.03 0.43 = 0.02
G1P 0.83 + 0.18 0.56 + 0.13 0.45 * 0.09
PEP 0.66 * 0.02 0.13 + 0.00 0.23 + 0.01
Cit 7.56 + 0.31 13.78 + 0.83 16.96 + 1.02
akKG 3.67 t 0.12 6.50 + 0.32 7.04 + 0.44
Suc 5.86 * 0.98 575 + 0.32 8.19 + 0.81
Fum 2.00 + 0.32 292 + 0.16 3.01 + 0.33
Mal 8.6 *+ 0.16 104 + 0.4 852 + 0.3
Glc int 3 + 0.60 6 +1 19.10 + 8
2PG 0.40 * 0.09 0.05 + 0.00 0.07 + 0.01
IsoCit 0.083 + 0.007 0.079 + 0.001 0.074 + 0.010
DHAP 0.27 + 0.03 0.60 + 0.10 0.60 + 0.13
3PG 1.67 + 0.14 0.34 + 0.03 0.52 + 0.12
E4P 0.04 + 0.00 0.05 = 0.00 0.06 + 0.01
R5P 0.55 + 0.05 0.81 + 0.09 0.83 + 0.20
Rub5P 0.22 + 0.01 0.50 + 0.05 0.62 + 0.16
X5P 0.42 + 0.03 1.14 + 0.13 1.40 + 0.38
Trehalose 27.1 + 4.8 70 £ 1.2 9.1 + 3.1
AMP 0.24 + 0.02 0.23 + 0.00 0.17 + 0.01
ADP 1.02 + 0.07 0.98 + 0.06 0.61 + 0.09
ATP 99 + 1.2 9.03 + 0.54 8.11 + 0.64
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Appendeix 5.5: Stoichiometric network for NET analysis

Abbreviation

Reactions

HXK
PGl
PFK
FBA
TPI
GAPDH
PGK
GPM
ENO
PYK
G6PDH
6PGDH
RPI
RPE
TK(1)+TA
TK(1)
TK(3)
TA rev
G3PDH
PYRCK
PGM
TreP
PDC
ADH
ET
G3PP

glc-D + atp > gbp + adp

gép <> fép

atp+ fép> adp+ fdp+ h

fdp <> dhap + g3p

dhap <> g3p

g3p + nad + pi<> h+ nadh + 13dpg
13dpg + adp <> 3pg + atp

3pg <> 2pg

2pg <> h20 + pep

adp+ h+ pep> atp+ pyr

gbp + nadp > 6pgl+ h+ nadph
6pgl + nadp + h2o0 > ru5p-D + nadph + h + co2tot
ruSp-D <> r5p

ru5p-D <> xu5p-D

r5p + xu5p-D <> f6p + edp

r5p + xu5p-D <>g3p +s7p

s7p + edp <> f6p + r5p

fép + edp <> g3p +s7p

dhap + nadh <> glyc3p + nad

pyr + atp + co2tot <> oaa + adp + pi + h20
gobp <>glp

tre + h20> (2) glc-D

pyr <> acald + co2tot

acald[c] + nadh[c] <> etoh[c]+ nad|c]
etoh[c] <> etohle]

glyc3p+h2o0 <> pi + glyc
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Appendeix 5.6: Metabolic flux analysis results.

Table S5.4: Metabolic flux analysis-2 (MFA-2). All the values are in mmol/(gDCW-h) * sd.

Reaction Normoxia O,-Limited Hypoxia
PGI 0.45 + 0.04 0.66 + 0.04 1.11 £ 0.05
PFK + FBA 0.68 + 0.02 0.80 + 0.02 1.11 £ 0.03
TPI 0.68 + 0.02 0.80 + 0.02 1.11 £ 0.03
GAPDH+PGK+GPM+ENO+PYK 1.49 + 0.04 1.71 £+ 0.05 2.25 + 0.05
G6PDH+6PGDH 0.40 £ 0.05 0.46 + 0.04 0.45 + 0.06
RPI 0.15 + 0.02 0.13 £ 0.02 0.07 + 0.02
RPE 0.25 £ 0.03 0.32 + 0.03 0.38 + 0.04
TK(1) 0.13 + 0.02 0.11 £ 0.02 0.04 + 0.02
TA 0.14 + 0.02 0.12 + 0.02 0.04 +0.02
TK(2) 0.13 + 0.02 0.10 + 0.02 0.02 + 0.02
PDH 0.72 + 0.04 0.63 + 0.03 0.67 + 0.05
CITL 0.68 + 0.05 0.58 + 0.04 0.62 + 0.06
ACO 0.64 + 0.04 0.55 + 0.04 0.59 + 0.06
ICITDH 0.60 + 0.04 0.52 + 0.04 0.56 + 0.06
AKGDH + SUDH + FHM 0.46 + 0.04 0.39 + 0.04 0.44 + 0.06
MALDH 0.43 + 0.04 0.37 + 0.04 0.42 + 0.06
PYRCK 0.40 + 0.02 0.34 + 0.02 0.33 £ 0.01
PDC 0.13 + 0.05 0.47 + 0.04 1.01 £ 0.07
ADDH + ACETCoA 0.15 + 0.05 0.20 + 0.04 0.19 + 0.06
G3PDH 0.00 + 0.01 0.00 = 0.01 0.00 = 0.00
HXT+HXK 1.00 £ 0.01 1.28 £ 0.03 1.72 + 0.03
ALH +ET 0.00 = 0.00 0.29 + 0.02 0.82 + 0.05
ARAT 0.00 + 0.00 0.12 + 0.01 0.32 £ 0.01
OAA_MT 0.30 + 0.02 0.25 + 0.02 0.24 + 0.01
RC 444 +0.19 3.92 +0.13 3.93 £ 0.26
Oxidative Phopharilation 440 +0.28 4,98 +0.28 6.54 + 0.35
Lipid 0.34 £+ 0.12 0.45 + 0.1 0.44 + 0.16
Carbobydrate 0.90 + 0.08 1.21 £ 0.11 1.19 £ 0.11
Glicogen 0.37 £+ 0.04 0.22 + 0.02 0.22 + 0.02
Trehalose 0.03 + 0.01 0.01 £ 0.00 0.01 + 0.01
RNA 0.19 + 0.02 0.18 + 0.02 0.17 + 0.02
DNA 0.00 + 0.00 0.00 = 0.00 0.00 = 0.00
Protein 1.55 + 0.10 1.62 £ 0.10 1.59 + 0.10
NH," Assimilation 0.50 + 0.03 0.52 + 0.04 0.53 + 0.05
S0,* Assimilation 0.01 £ 0.00 0.01 £ 0.00 0.01 £ 0.00
Metall Assimilation 0.16 + 0.01 0.15 + 0.03 0.14 + 0.03
ATP manteniment 2.30 £ 0.23 2.30 £ 0.23 230 +0.23
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Table S5.5: Metabolic flux analysis-3 (MFA-3). All the values are in mmol/(gDCW-h) + sd.

Reaction Normoxia O,-Limited Hypoxia
PGI 0.45 +0.03 0.66 +0.03 1.11 £0.05
PFK + FBA 0.68 +0.01 0.80 +0.01 1.11 £ 0.03
TPI 0.68 + 0.01 0.80 +0.01 1.11 +£0.03
GAPDH+PGK+GPM+ENO+PYK 149 +0.02 1.70 £ 0.03 2.25 +0.05
G6PDH+6PGDH 0.40 +0.04 046 +0.04 0.45 +0.06
RPI 0.15 £+ 0.01 0.14 +0.01 0.07 + 0.02
RPE 0.25 +0.02 0.32 +0.03 0.38 +0.04
TK(1)+TA 0.14 £+ 0.01 0.11 +0.01 0.04 + 0.02
TK(2) 0.12 +0.01 0.09 +0.01 0.02 + 0.02
PDH 0.72 £+ 0.04 0.63 £+0.03 0.67 £0.05
CITL 0.68 + 0.04 0.58 +0.03 0.62 +0.06
ACO 0.64 £+ 0.04 0.55 +0.03 0.59 +0.06
ICITDH 0.60 + 0.04 0.52 +0.03 0.56 + 0.06
AKGDH + SUDH + FHM 0.46 £+ 0.04 0.39 +0.03 0.44 +0.06
MALDH 0.43 +0.04 0.37 £+0.03 0.42 +0.06
PYRCK 0.40 + 0.01 0.34 +0.01 0.33 +0.01
PDC 0.13 £+ 0.04 047 +£0.04 1.01 +£0.07
ADDH + ACETCoA 0.15 +0.04 0.19 £+0.04 0.19 +0.06
G3PDH 0.00 + 0.00 0.00 £0.00 0.00 +0.00
HXT+HXK 1.00 £+ 0.01 1.28 +0.02 1.72 +0.03
ALH + ET 0.00 + 0.00 0.29 +£+0.02 0.82 +0.05
ARAT 0.00 £+ 0.00 0.12 £0.01 0.32 £ 0.01
OAA_MT 0.30 £+ 0.27 0.25 £0.01 0.24 + 0.01
RC 444 + 011 391 +£0.13 393 +£0.26
Oxidative Phopharilation 440 +0.08 4.60 £0.28 571 +0.36
Lipid 0.34 +0.03 045 +0.10 044 +0.16
Carbobydrate 090 +0.01 121 £0.11 119 + 0.1
Glicogen 0.37 £+ 0.02 0.22 £+0.02 0.22 +0.02
Trehalose 0.03 £+ 0.00 0.01 £0.00 0.01 £0.01
RNA 0.19 £+ 0.09 0.18 £+0.02 0.17 £ 0.02
DNA 0.00 £+ 0.03 0.00 £+0.00 0.00 +0.00
Protein 155 +0.00 1.62 £0.10 1.59 +0.10
NH,* Assimilation 0.50 + 0.01 0.52 £+ 0.04 0.53 +0.05
S0,% Assimilation 0.01 £+0.23 0.01 £+0.00 0.01 £0.00
Metall Assimilation 0.16 + 0.01 0.15 £+ 0.03 0.14 +0.03
ATP manteniment 230 £+ 0.23 230 +£0.23 230 +0.23
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Table S5.6: Metabolic flux analysis-4 (MFA-4). All the values are in mmol/(gDCW-h) + sd.

Reaction Normoxia O,-Limited Hypoxia
PGI 0.45 + 0.03 0.66 + 0.03 1.11 + 0.05
PFK + FBA 0.68 + 0.01 0.80 + 0.01 1.11 + 0.03
TPI 0.68 + 0.01 0.80 + 0.01 1.11 + 0.03
GAPDH+PGK+GPM+ENO+PYK 1.49 + 0.02 1.70 + 0.03 2.25 + 0.05
G6PDH+6PGDH 0.40 + 0.04 0.46 + 0.04 0.45 + 0.06
RPI 0.15 + 0.01 0.14 + 0.01 0.07 + 0.02
RPE 0.25 + 0.02 0.32 + 0.03 0.38 + 0.04
TK(1)+TA 0.14 + 0.01 0.11 + 0.01 0.04 + 0.02
TK(1) 0.12 + 0.01 0.09 + 0.01 0.02 + 0.02
TK(3) 0.13 + 0.01 0.09 + 0.01 0.02 + 0.02
PDH 0.72 + 0.04 0.63 = 0.03 0.67 + 0.05
CITL 0.68 + 0.04 0.58 + 0.03 0.62 + 0.06
ACO 0.64 + 0.04 0.55 + 0.03 0.59 + 0.06
ICITDH 0.60 + 0.04 0.52 + 0.03 0.56 + 0.06
AKGDH + SUDH + FHM 0.46 + 0.04 0.39 + 0.03 0.44 + 0.06
MALDH 0.43 + 0.04 0.37 + 0.03 0.42 + 0.06
PYRCK 0.40 + 0.01 0.34 + 0.01 0.33 = 0.01
PDC 0.13 + 0.04 0.47 + 0.04 1.01 + 0.07
ADDH + ACETCoA 0.15 + 0.04 0.19 + 0.04 0.19 + 0.06
G3PDH 0.00 + 0.00 0.00 + 0.00 0.00 = 0.00
HXT+HXK 1.00 + 0.01 1.28 + 0.02 1.72 + 0.03
ALH + ET 0.00 + 0.00 0.29 + 0.02 0.82 + 0.05
ARAT 0.00 + 0.00 0.12 + 0.01 0.32 = 0.01
OAA MT 0.30 + 0.27 0.25 + 0.01 0.24 + 0.01
RC 444 + 0.1 3.91 + 0.13 3.93 + 0.26
Oxidative Phopharilation 4.40 + 0.08 4.60 + 0.28 571 + 0.36
Lipid 0.34 + 0.03 0.45 + 0.10 0.44 + 0.16
Carbobydrate 0.90 + 0.01 1.21 + 0.1 1.19 + 0.1
Glicogen 0.37 + 0.02 0.22 + 0.02 0.22 + 0.02
Trehalose 0.03 £ 0.00 0.01 £ 0.00 0.01 = 0.01
RNA 0.19 + 0.09 0.18 + 0.02 0.17 = 0.02
DNA 0.00 + 0.03 0.00 + 0.00 0.00 + 0.00
Protein 1.55 + 0.00 1.62 + 0.10 1.59 + 0.10
NH," Assimilation 0.50 + 0.01 0.52 + 0.04 0.53 + 0.05
S0,% Assimilation 0.01 + 0.23 0.01 + 0.00 0.01 + 0.00
Metall Assimilation 0.16 + 0.01 0.15 + 0.03 0.14 + 0.03
ATP manteniment 2.30 + 0.23 2.30 + 0.23 2.30 £ 0.23
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Reaction Normoxia O,-Limited Hypoxia
PGI 0.46 + 0.03 0.68 + 0.02 1.12 £ 0.05
PFK + FBA 0.66 + 0.01 0.76 + 0.01 1.10 £ 0.03
TPI 0.67 +0.01 0.76 + 0.01 1.10 £ 0.03
GAPDH+PGK+GPM+ENO+PYK 1.48 +0.02 1.63 £ 0.03 2.24 +0.05
G6PDH+6PGDH 0.39 +0.03 0.44 +0.03 0.45 + 0.06
RPI 0.12 £+ 0.01 0.11 £ 0.01 0.06 +0.02
RPE 0.26 +0.02 0.33 £ 0.02 0.39 + 0.04
TK(1)+TA 0.15 £+ 0.02 0.10 £ 0.01 0.03 £ 0.04
TAT 0.04 £0.02 0.01 £ 0.01 0.00 +0.03
TK(1) 0.10 £ 0.02 0.09 + 0.01 0.03 £ 0.04
TK(3) 0.12 £ 0.01 0.08 + 0.01 0.02 +0.02
PDH 0.72 +£0.03 0.62 +0.02 0.67 +0.05
CITL 0.68 + 0.03 0.57 +0.03 0.62 + 0.06
ACO 0.64 +0.03 0.55 +0.03 0.59 + 0.06
ICITDH 0.61 +0.03 0.53 £ 0.03 0.57 £ 0.06
AKGDH + SUDH + FHM 0.46 + 0.03 0.41 +0.02 0.44 +0.06
MALDH 0.44 +0.03 0.41 +0.02 0.42 £ 0.06
PYRCK 0.40 +0.01 0.31 £ 0.01 0.33 £+ 0.01
PDC 0.13 +0.04 0.45 +0.04 1.00 + 0.07
ADDH + ACETCoA 0.15 £+ 0.04 0.19 + 0.03 0.19 + 0.06
G3PDH 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
HXT+HXK 1.01 £ 0.01 1.28 +0.02 1.72 £ 0.03
ALH + ET 0.00 +0.00 0.28 +0.02 0.82 £ 0.05
ARAT 0.00 +0.00 0.13 £+ 0.01 0.32 £+ 0.01
OAA_MT 0.30 £ 0.01 0.35 £ 0.02 0.24 +0.01
RC 444 +0.16 3.91 +0.11 3.93+0.25
Oxidative Phopharilation 4.37 +£0.26 4.60 +0.26 5.71 +0.35
Lipid 0.33 £ 0.10 0.43 +0.09 0.44 +0.15
Carbobydrate 0.90 +0.08 1.21 £+ 0.11 1.19 + 0.11
Glicogen 0.37 £ 0.03 0.22 +0.02 0.22 +0.02
Trehalose 0.03 £ 0.01 0.01 £0.00 0.01 £ 0.01
RNA 0.18 £+ 0.02 0.17 £ 0.02 0.17 £ 0.02
DNA 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
Protein 1.55 £ 0.09 1.61 £ 0.09 1.59 £ 0.10
NH," Assimilation 0.50 + 0.03 0.52 £ 0.04 0.53 £ 0.05
S0,* Assimilation 0.01 £+ 0.00 0.01 £+ 0.00 0.01 +£0.00
Metall Assimilation 0.16 £ 0.01 0.15 +0.03 0.14 +0.03
ATP manteniment 2.30 £ 0.23 2.30 £ 0.23 2.30 £ 0.23
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Background

Systematic global quantitative analysis provides a unique platform to characterize the impact of
environmental and genetic perturbations on the cell’s physiology, also enabling to assess the role of
different levels of regulation on the overall metabolic phenotype of an organism. In addition, the study
of metabolic network proprieties and their regulation in vivo is a key field in systems biology and,
together with proteomic, transcriptomic or fluxomic studies, has become a tool towards strain
optimization [9-12]. Between the main omics technologies, metabolomics is expected to play a
significant role in bridging the phenotype—genotype gap, since it amplifies changes in the proteome and

provides a better representation of the phenotype of an organism than other methods [120].

Recently, we have identified a beneficial effect of low oxygen availability on the expression of a human
Fab fragment in Pichia pastoris [100]. Furthermore, transcriptional profiling analyses revealed that the
availability of oxygen was strongly affecting ergosterol biosynthesis, central carbon metabolism and
stress responses, in particular the unfolded protein response [121]. However, no specific analysis of the
oxygen availability and the foreign protein secretion impact on the intracellular metabolite level has

been performed.

Therefore, in this study, a wide range metabolomic analysis of different central carbon metabolites
were carried out at different oxygenation conditions using a recombinant P. pastoris strain secreting a
Fab antibody fragment. The results were compared to its reference (non-producing) strain. Moreover,
in order to gain further insights on the mechanisms of metabolome’s adaptation to limited oxygen
availability and recombinant protein production conditions, integration of transcriptomic data from

previous analogous studies from our group will be explored.

Overall, this study aimed at improving the understanding of the tight regulation mechanisms governing
the variation in intracellular metabolite levels of the central carbon metabolism as a result of the
different oxygenation conditions employed, as well as assessing the potential impact of heterologous

protein secretion on P. pastoris’ metabolome.

Materials and Methods

Strain and cultivation conditions

Analytical grade reagents were supplied by Sigma-Aldrich. HPLC-grade methanol and ethanol were

supplied by J.T. Baker.

In this study, the P. pastoris strain X-33 pGAPZaA Fab3H6 [39], secreting a the light and heavy chains of
a human monoclonal antibody Fab fragment under the constitutive GAP promoter and the S. cerevisiae
alpha-mating factor leader, was used as expressing strain. Values from a P. pastoris wild type strain

grown in equivalent conditions were used for comparison reasons (Chapter 5).
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The cultivation conditions and the culture media used are described in Chapter 5. Briefly, two glucose-
limited chemostat cultures at 0.1 h™* at different oxygenation conditions were carried out changing the
oxygen enrichment of the inlet gas. Initially, the oxygen concentration in the inlet gas stream
corresponded to normal air (therefore 20.95 % v/v) leading to a totally normoxic condition (i.e. pO, > 20
%, fully respiratory metabolism). Inlet gas oxygen levels were subsequently stepwise reduced by
replacing different air proportions with nitrogen. Thereby creating either oxygen limited or hypoxic
conditions in the bioreactor which are characterized by different ethanol and arabinitol production
rates [47, 52, 76]. In order to have biological replicates, two chemostat cultures for each oxygen
condition were performed. Besides, on the different cell cultures performed, the experimental data
consistency was verified applying standard procedures to elemental conservation relations as
constraints [38]. For all chemostat cultivations, the statistical consistency test was passed at 95%

confidence level, indicating that there was no proof for gross measurement errors.

Sampling

The different chemostat experimental conditions were maintained for 5 residence times before
sampling. As previously reported, this cultivation time is enough to reach a metabolic steady state in P.
pastoris [105]. For each steady state condition, duplicate samples for intracellular metabolite
measurement were taken using the previously described optimized protocol for the direct

measurement of P. pastoris metabolome [105].

Metabolite analysis

The concentrations of the principal metabolites from P. pastoris metabolome were quantified using two
different analysis platforms, LC-MS/MS and GC-MS. G6P, F6P, FBP, 2PG+3PG, PEP, citrate, oKG,
succinate, fumarate, malate, G1P, 6PG, M6P, T6P, G3P S7P and UDP-glc were determined by anion-
exchange LC- MS/MS [30]. AMP, ADP and ATP were determined by ion-pair reverse-phase LC-MS/MS
[106]. Intracellular glucose, 3PG, 2PG, DHAP, R5P, Rbu5P, Xu5P, E4P, Trehalose and isocitrate were
determined by GC-MS [107]. Quantification was based on isotope dilution mass spectrometry (IDMS)
[29]. In total, 33 metabolites, with a wide variety of chemical and physical properties, were analyzed.
However, only 30 of these could actually be determined because the concentrations of glyoxylate,
mannitol-1-phosphate and fructose-2,6-bisphosphate were found to be below the detection limit in all
the analyzed samples. Moreover, it is worth to be noticed that the 2PG and 3PG were quantified

together by LC-MS but also separately by GC-MS.
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Network-embedded thermodynamic (NET) analysis

The network-embedded analyses were performed using the cytosol model described in Chapter 5.
Briefly, cytosol was the only cellular compartment considered in the analysis as no information on the

specific volumes of the different cellular compartments was available.

The feasible ranges of the quantified intracellular metabolites were calculated using the respective
experimental mean and standard deviation. The lower and upper limits were defined according to a
confidence interval of 0.80 of a Student-T distribution. In addition, the unmeasured metabolites were
specifically constrained as performed in previous work to do not lose thermodynamic restriction [96,
103] (Chapter 5).

For the P. pastoris cytosol, the assumed ionic strength was 0.15 M while the pH was assumed to be 7.2
(D. Mattanovich personal communication). This methodology of NET analysis has been programmed in

the ‘anNET’ software developed by Zamboni and co-workers [104].

Metabolic Flux Analysis (MFA)

Intracellular flux distributions were calculated from the measured specific production and consumption
rates (see Results section) using the improved stoichiometric model and global approach described in

Chapter 5, the MFA-5.

Regulation Theory

It is well known that the metabolic fluxes can be regulated at hierachycal level by changes in enzyme
capacities resulting from changes on gene expression and mRNA translational modifications. Moreover,
each metabolic rate can also be regulated at metabolic level as a result of altered metabolite levels. In
order to evaluate the contribution of each of those regulatory levels on the final metabolic flux, Daran-
Lapujade and co-workers [17] studied how the mRNA, protein, V.. and metabolic fluxes correlated
under different culture conditions in S. cerevisiae. Equation 6.1 summarizes the global regulatory

analysis formalism:

Alog] _ Alogf(e) | Alog g(XK) _ 4

Alog]  Alog] Alog | (6.1)

Where J is the metabolic flux at steady state at each specific metabolic reaction, e is the enzyme
concentration; X is a vector of the concentration of the different metabolites which may affect the
reaction and K is a vector including all the metabolic reaction parameters. The specific enzyme capacity,
taken as function of the enzyme concentration, can be in turn decomposed by taking into account
separately the possible transcriptional and translational regulatory levels as shown in equation 6.2

(where the original log expression has been changed for log, with no loss in generality):
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Alo ( Vmax,i )
Alog,J;  Alogy[mRNA;] N 82\[mRNA4;] N Alog, g;(X,K)
Alog; J; Alog; J; Alog; J; Alog; J;
= pi,mRNA,flux + pi,translati on,flux + pi,met,flux =1 (6-2)

Where [mRNA]] and V.. represent the mRNA concentrations and the enzyme capacity of the i
reaction. The pimrnafiux represent the changes in mRNA amounts. The pjansiationfiux Shows the enzyme
capacities modifications not related to the transcriptional level (i.e. mMRNA processing or protein

stability). The pimetsixincludes all metabolic effects on the specific i reaction.

Several approaches have been reported for the determination of the metabolite levels impact on the
metabolic fluxes based on different existing kinetic approximations relating intracellular metabolite
levels with metabolic fluxes (reviewed by Heijnen,[19]). Regardless of the approximation used, these

modeling approaches share several kinetic assumptions (Eq. 6.3).

i - X; li
. kicar * 1]_[ (m) * (Y, Q) * <1 X ) (6.3)

] J ieq

Where X; and P; are the different substrates and kinetic parameters which influence the reaction
catalyzed by the enzyme i, e,. The h function determines the allosteric regulation of the e; by the Y
metabolites with the Q parameters. The K¢, show the in vivo erquilibrium constant and r; the mass

action ratio of the enzyme i.

Thereafter, the product operator term is named metabolic substrate regulation, the h; function is
referred as metabolic allosteric regulation and the thermodynamic multiplicative term as
thermodynamic force. This equation intends to be equivalent to the g function in equation 6.2.
Therefore, following the same regulatory strategy, the different factor which may affect the final flux
could be extended subdividing the metabolic regulation in substrate, allosteric and thermodynamic
regulation (Eq. 6.4).
X; .
Mogz gk, k) 10811 (P,- +jX,-> Alog, hy(Y,Q) 21982 (1- qu)
Alog; J; Alog; J; Alog; J; Alog; J;

(6.4)

In order to graphically visualize the obtained intracellular quantification together with the central

carbon metabolism and amino acid biosynthetic pathways the VANTED software was used [122].
Results and Discussion

Nowadays, P. pastoris is recognized as a well established and powerful expression system for many
recombinant protein production processes. Nevertheless, this host still possesses a number of

limitations, particularly those related to folding and conformational stress due to protein over-
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secretion, which eventually may impose a metabolic burden to the cell [46]. It is therefore of interest to

investigate potential interactions between folding stress and central metabolism.

In this study, a model protein, the 3H6 antibody fragment [39], was over-expressed under the control of
a constitutive pGAP promoter at different oxygen availability conditions. This experimental setup was
analogous to the previously used by Baumann and co-workers in a recent transcriptomic, proteomic

and fluxomic profiling study of this organism [52].

As expected, the specific Fab productivities obtained in the present study at different oxygen conditions
were higher at lower levels of oxygen availability (Table 1), and were in the range of the previously
reported productivities [47, 52, 76]. Moreover, the balanced rates of the different chemostat cultures

using either the control (Chapter 5) or Fab-expressing strains are shown in Table 6.1.

Table 6.1: Overview of the macroscopic growth parameters. The Control Strain values are taken from Chapter 5.

Control Strain Expressing Strain
Normoxic O,-limited Hypoxic Normoxic O,-limited Hypoxic

Orab” 40 £5 82 +2 74 9
Jdoic -1.00 £ 0.02 -1.28 + 0.03 -1.72 £ 0.05 -1.01 £ 0.02 -1.37 + 0.03 -1.56 + 0.04
Jdoz’ -2.35 + 0.06 -2.01 £ 0.07 -2.01 £ 0.15 -2.44 £ 0.07 -1.99 + 0.08 -1.81 £ 0.13
9coz’ 243 +0.06 2.55 + 0.06 3.21 £0.14 252 +0.07 2.68 + 0.07 294 +0.12
ax” 3.57 £ 0.15 3.83 £ 0.18 3.77 £ 0.23 3.55 + 0.15 3.77 £ 0.18 3.58 + 0.22
JetoH- 0.31 + 0.02 0.84 + 0.06 0.41 +0.03 0.83 + 0.06
Qara: 0.13 + 0.01 0.33 + 0.01 0.19 + 0.01 0.24 + 0.02
RQ® 1.03 + 0.04 1.27 + 0.05 1.60 + 0.14 1.03 + 0.04 1.34 + 0.06 1.63 + 0.13

@ mmol /(g Biomass-h)
® mol CO, /mol O,
° ug Fab /(g Biomass-h)

The substrate and product rates obtained at normoxic and O,-limited conditions showed no significant
differences compared with the corresponding rates previously reported for P. pastoris [52], thereby
reflecting equivalent metabolic states. Conversely, the hypoxic condition tested appeared to be less
stringent compared with the corresponding cultivation condition previously reported, as previously

reported (Chapter 5).

Thermodynamic consistency and metabolome data reliability improvement

The intracellular metabolite quantifications have to follow the second law of thermodynamics given
specific direction of the metabolic fluxes. In an initial NET analysis, the 3H6 Fab expressing strain
presented thermodynamic inconsistency using the classical non-oxidative pentose phosphate pathway
similary to the control P. pastoris strain (Chapter 5). Nevertheless, using a non classical stoichiometry in
the non-oxidative pentose phosphate pathway (MFA-5; Chapter 5) the intracellular metabolite levels

could be validated (See Appendix for detailed information).
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In addition, the NET analysis also allowed the detection of any significant metabolite measurement
error to constrain the metabolite concentration ranges. This improves the reliability of the
experimental dataset. Figure 6.1 shows the obtained results from the NET analysis of some metabolites

from the expressing strain (Normoxia, Oxygen-limited and Hypoxia) (See appendix for complete

metabolite data set).

Globally, in 14 out of 21 measured metabolite the NET analysis could not further constrain the
metabolite concentration ranges being it in agreement with the metabolic fluxes directions. This result
highlights the high quality of the metabolite measurements obtained. Nevertheless, only few

differences were detected between the expressing and control strain metabolome fingerprint (Figures
3-6).
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Figure 6.1: Concentration range of the measured and the most probable ranges of the non measured ones. The
white bars represent de a priori considered metabolite ranges while the light grey bars show the corrected values

after performing a network-embedded thermodynamic (NET) analysis. N: Normoxia; L: Oxygen-limited; H:

Hypoxia.

In addition, the NAD*/NADH,.» ratios was calculated for the Fab expressing strain as well as performed
for the control strain are shown in Table 6.2. As an outcome, looking at the normoxia and the oxygen-
limited conditions from both strains, the Fab production leaded to higher NAD'/NADH,,, ratios
indicating a possible NADH cost of the recombinant protein production. Nevertheless, that was not the

case comparing the hypoxic conditions. Thereby, no general impact could be found in the redox state of

the cell regarding the Fab production (Table 6.2).

Thermodynamic regulation

The NET analysis of the metabolome data set could also be used to study the substrate-product relation
changes related to the thermodynamic regulation of the fluxes (Equation 6.4). In Figure 6.2 there are
represented the transformed gibbs energy resulted from the NET analysis of the different metabolome

data sets of P. pastoris including the control (Chapter 5) and expressing strain. From the metabolic
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control analysis it is accepted that the reactions operating near equilibrium usually have a large
sensitivity of the reaction rate towards variations in metabolite concentrations [98]. On the other hand,
reactions with large values of Gibbs energy of reaction do not necessarily have an impact on flux

control, however they are more likely to impose flux control being an active regulation sites [123].

Table 6.2: Ratios of the oxidation states at different oxygen conditions for P. pastoris expressing and control

strain* (Chapter 5).

NAD'/NADH,

pH 7.0 7.2 7.5
— Normoxia 233 101 28
° ¢
‘g’ ‘® Oxygen Limited 6.1 2.7 0.7
Q9 Hypoxia 13.7 59 16
2 _ Normoxia 272 118 33
v =
gz Oxygen Limited 145 6.3 1.7
Q un
s Hypoxia 10.7 46 1.3

As expected, between the enzymes with higher transformed gibbs energy were the well know glycolysis
key enzymes, PYK, PFK and HKX, as well as the two enzymes of the oxidative pentose phosphate
pathway, G6PDH and 6PGDH. In addition, the enzymes involved in the ethanol fermentative pathway,
PDC and ADH, also presented an active regulation together with PYRCK, Trehalase and G3PDH.
Unexpectedly, TK(3) reaction, which is described as a reversible reaction, in all the conditions analyzed

presented a large transformed gibbs energy suggesting only one directionality.

Looking the Equation 3, all the reactions presenting active regulation are insensible to the substrate-
product ratio variation (thermodynamic force > 0.99, Equation 6.1). Therefore, any metabolic flux
variation through that enzymes have to be modulated changing the catalytic activity (e; - ke in Equation
1) or due to its kinetic. Nevertheless, the reaction with transformed gibbs energy closer to zero could be
influenced by the substrate-product ratio. Therefore, the thermodynamic of these reactions could have

an impact over the flux as recently demonstrated to be for S. cerevisiae [96)].

In this study, the thermodynamic regulation coefficients (Eq 4) of the reactions taken into account in
the NET analysis were calculated. In the procedure, the most probable transformed Gibbs free energy
for each reaction was assumed to be the value in the middle of the Gibbs energy window ranges. Since
the oxygen impact on the cell physiology is much stronger than the effect of the recombinant protein
production [52], the strains were considered as biological replicates to describe the P. pastoris oxygen
limitation adaptation for the regulatory coefficient calculations. Therefore, all the oxygen conditions

and strains data sets were used to describe the thermodynamic force impact overt the flux.
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Figure 6.2: Transformed gibbs energy of the control (C) and expressing (E) strain growing under different oxygen

conditions. N: Normoxia; L: Oxygen-limited; H: Hypoxia.

From the beginning, the reactions which presented in all the data sets middle Gibbs energy over 10
KJ/mol (thermodynamic force > 0.99) were discarded being them insensible to the substrate-product

ratio variation (6PGDH, PYRCK, PDC, TreP, PFK, HXK, G3PDH, PYK, TK(3), TK(1) and G6PDH)

On the other side, Table 6.3 shows the thermodynamic regulation coefficients of the rest of the
reaction as well as the p-value from Student-T test whether the coefficients were significantly different
than zero. Significant thermodynamic regulation was considered for p-values < 0.10. For RPI and

TK(1)+TA coefficient calculation only the values from normoxia and oxygen-limited conditions were
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used due to different trend was found under hypoxic conditions (Appendix). Besides, the reaction
classification developed for S. cerevisiae regarding the substrate-product ratio variation was added for

comparison purpose [96].

Table 6.3: Thermodynamic regulation coefficients from P. pastoris under different oxygen availability conditions.
*Coefficient corresponding to the nomoxic — oxygen limited transition. ** Data taken from [96]. NE: Near-

equilibrium reaction; PE: Pseudo-equilibrium reaction.

PThm fluxi p-value S.c**

PGI 0.66 + 0.08 0.001 NE
PGM -0.24 + 131 0.86 NE
FBA 0.01 + 0.01 0.20 NE
TPI 0.20 + 0.21 0.40 PE
GAPDH 0.21 + 0.30 0.52 PE
PGK 0.22 + 0.29 0.49 PE
GPM 1.90 + 0.74 0.06 NE
ENO -0.62 + 0.23 0.05 NE
RPE 1.10 + 2.27 0.65 PE
RPI* -7.41 £ 161 0.04 NE
TA rev 0.02 + 0.02 0.40 -

TK(1)+TA* -2.48 * 0.72 0.07 NE - PE
ADH -0.72 * 0.27 0.06 NE
ET -0.42 + 041 0.42 -

For the reactions belonging to the upper glycolysis, only PGl showed significant thermodynamic
regulation in agreement with the metabolic flux variation (positive coefficient). However, for PGM, FBA
and TPI the substrate-product variation was not significant to modify the reaction fluxes. In the lower
glycolysis reactions, the first reactions of the pathway presented no thermodynamic influence
counterstained to the GPM and ENO reactions. Nevertheless, opposite regulation pattern was
determined comparing GPM and ENO reactions. Specifically, GPM regulation was in agreement with the
metabolic flux variation (positive coefficient) although ENO thermodynamics reduced the
thermodynamic force of the reaction under higher metabolic fluxes (negative coefficient). This evidence
opens the possible thermodynamic regulation of the ENO reaction in P. pastoris for controlling the

glycolysis flux.

In the Pentose Phosphate pathway, for RPE reaction the flux under oxygen limitation conditions was
increased significantly due to the arabinitol production under these conditions [52]. However, no
thermodynamic regulation was determined towards this product formation. Contrarily, the RPI flux was
reduced as oxygen availability became lower independently of its substrate-product ratio variation
which promoted higher flux. In addition, the metabolite channeling recently described for P. pastoris
(Chapter 5) showed also a thermodynamic regulation in disagreement with the flux trend regarding the

oxygen availability. These values may be explained by P. pastoris physiological pressures aimed to
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minimize of carbon losses as arabinitol in this part of the metabolism. On the other hand, TA rev was

not significantly regulated when shifting between conditions.

Looking the ethanol metabolic pathway, it was only active under oxygen limitation thereby, the
thermodynamic coefficient in Table 6.3 showed the variation between the two conditions where the
oxygen was limited. As outcomes, the ethanol diffusion through the cell membrane was not limiting the
ethanol production under the different conditions due to no differences between the intracellular and
extracellular pools ratio could be observed (no thermodynamic regulation of ET). Nevertheless, similarly
to the arabinitol production, the cell tried to reduce the ethanol secretions through the negative

regulation of the ADH reaction.

On the other hand, Table 6.3 shows also the classification developed for S. cerevisiae regarding the
influence (near equilibrium; NE) or not (pseudo equilibrium; PE) of the substrate-product ratio on the
metabolic flux changes [96]. Comparing the obtained results from this study and the recently published
for S. cerevisiae grown under different growth rates, quite agreement could be observed between the
two yeast regulation. In addition, it is well to notice that, even S. cerevisiae and P. pastoris were grown
changing different culture parameter, both studies observed a glycolysis flux increase due to the
ethanol production suggesting possible agreement in the metabolome impact. Thereby, giving sense to

the concordance on the thermodynamic regulation of the different reactions presented in Table 6.3.

Global central carbon metabolism regulation

The oxygen availability has strong impact in the central metabolism due to his crucial role as electron
acceptor. In this study, it was clear that the thermodynamic regulation it was not the only mechanism
controlling the metabolic fluxes under the different oxygenation conditions. In previous studies,
different omics levels were studied showing significant variation between oxygen conditions [52].
Therefore, to gain an overview of the potential regulation of other levels, the p;mrnafux regulatory
coefficients were calculated for the central carbon metabolism using the mRNA data from the
previously performed study [52]. Since hypoxic condition of this study was not exactly equivalent to
that used in previous transcriptomic studies, only normoxic and oxygen limiting conditions were

compared for both expressing and control strains.

In the calculations, in order to obtain a global transcriptional regulatory coefficient for each metabolic
reaction, the transcriptional levels corresponding to different isoforms of a given enzyme were pooled
together (See appendix for more detailed information on the calculation). Moreover, taking into
account the theory of regulation equation (Eq. 1), we could calculate which had to be the rest of omic
level contribution for obtaining the proper flux (pirestfiux = 1 - Pimrna fiux - PiThm,fiux)- Figures 6.3-6.6 show
the different intracellular metabolite levels of different parts of the P. pastoris metabolism as well as

the metabolic fluxes and the calculated regulatory coefficients for each reaction.
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Figure 6.3: Glycolysis P. pastoris metabolism. The circles represent the different metabolites linked by the
metabolic reactions. The bar diagrams inside the circles represent the intracellular metabolite quantifications. The
upper bar diagrams represent the metabolic flux of each reaction and the lower bar diagram the regulation
coefficients from Normoxia to Oxygen-limited condition. Metabolic flux and intracellular metabolite graphs:
Black-Grey bars: Control strain; Yellow bars: Expressing strain; dark to light colours scale indicates Normoxic to
Oxygen-limited conditions. Regulation coefficient graphs: Blue bars: transcriptional coefficient; Orange bars;
thermodynamic coefficient; Grey bars: rest of omic level regulation. The error bars represent the SE of the
quantification. * and © symbols indicate p-values lower than 0.10 and between 0.10 and 0.15 respectively from

Student-T test whether the coefficients were significantly different than zero. Each graphic has its own scale.

Glycolysis

Daran-Lapujade and co-workers concluded that the glycolytic flux in S. cerevisiae is predominantly
regulated at posttranscriptional level [17]. Focusing in Figures 6.3 and as already pointed out in
previous studies [52, 124], P. pastoris seems to behave differently. The two first reactions of the
glycolysis, the HXT and HXK, were mainly regulated by changes not related with the transcriptional or
thermodynamic level. However, for the PGl reaction, its metabolic flux change was mediated positively
(in agreement with the metabolic flux changes) by changes in the PGI mRNA levels and by changes in
the F6P/G6P ratios. In addition, the PGl had also a negative contribution to the final flux changes
(oppositely to the metabolic flux changes) from the rest of omic levels. For the PFK reaction, the
regulation was similar to the PGI although, for this reaction, no thermodynamic regulation was
determined due to the middle Gibbs energy were over 10 KJ/mol in all the conditions. On the other
hand, the FBA and TPI reactions did not present significant transcriptional or thermodynamic

regulation.
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On the lower glycolysis, although only was strictly significant for the GAPDH (p-value < 0.10), a general
positive agreement between the metabolic flux changes and the mRNA levels could be determined. On
the other side, the thermodynamic regulation, as seen in previous section, only was significant in the
GPM and ENO reactions.
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Figure 6.4: Pentose phosphate pathway P. pastoris metabolism. The circles represent the different metabolites
linked by the metabolic reactions. The bar diagrams inside the circles represent the intracellular metabolite
quantifications. The upper bar diagrams represent the metabolic flux of each reaction and the lower bar diagram
the regulation coefficients from Normoxia to Oxygen-limited condition. Metabolic flux and intracellular
metabolite graphs: Black-Grey bars: Control strain; Yellow bars: Expressing strain; dark to light colours scale
indicates Normoxic to Oxygen-limited conditions. Regulation coefficient graphs: Blue bars: transcriptional
coefficient; Orange bars; thermodynamic coefficient; Grey bars: rest of omic level regulation. The error bars
represent the SE of the quantification. * and * symbols indicate p-values lower than 0.10 and between 0.10 and
0.15 respectively from Student-T test whether the coefficients were significantly different than zero. Each graphic

has its own scale.

Interestingly, when we looked at the reaction with significant regulation from the rest of omic levels, a
positive agreement between the intracellular substrate levels trend and the rest of regulation

contribution was seen allowing a possible kinetic contribution to the metabolic flux changes. For
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example, in the FBA reaction, the significant positive contribution from the rest of the omics level

agrees with the significant increase of FBP availability for the FBA enzyme.

Pentose phosphate pathway

The pentose phosphate pathway was highly affected by the arabinitol production characteristic of P.
pastoris growing at low oxygen supply [52, 76]. The oxidative part of the pathway is the major source of
NADPH production for biomass biosynthesis in P. pastoris. Besides, the G6PDH and 6PGDH are enzymes
highly allostericaly regulated by the intracellular levels of NADPH and ATP which could be related with

the significant regulation of the rest of omic levels in the G6PDH reaction (Figure 6.4).
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Figure 6.5: Pyruvate node P. pastoris metabolism. The circles represent the different metabolites linked by the
metabolic reactions. The bar diagrams inside the circles represent the intracellular metabolite quantifications. The
upper bar diagrams represent the metabolic flux of each reaction and the lower bar diagram the regulation
coefficients from Normoxia to Oxygen-limited condition. Metabolic flux and intracellular metabolite graphs:
Black-Grey bars: Control strain; Yellow bars: Expressing strain; dark to light colours scale indicates Normoxic to
Oxygen-limited conditions. Regulation coefficient graphs: Blue bars: transcriptional coefficient; Orange bars;
thermodynamic coefficient; Grey bars: rest of omic level regulation. The error bars represent the SE of the
quantification. * and * symbols indicate p-values lower than 0.10 and between 0.10 and 0.15 respectively from

Student-T test whether the coefficients were significantly different than zero. Each graphic has its own scale.

In the non oxidative pentose phosphate pathway, the RPI and the RPE are the enzymes which connect

the 3 pentose phosphate metabolites. Interestingly, they presented opposite transcriptional regulation,
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being for RPI positive and for RPE negative, entailing a physiological pressure for reducing the metabolic
flux to the arabinitol production. In addition, looking the variation of the intracellular metabolite levels
of the 3 pentoses, they presented the same trend as the extracellular arabinitol suggesting that these

pools are highly affected by the cell needs of NADH re-oxidation (Figure 6.4).

For TK and TA regulation coefficient calculation, all the reaction where these enzymes were involved
were taken into account from where only a significant transcriptional regulation could be determined
for the TA enzyme as well as the already explained thermodynamic influence in the TK(1)+TA reaction

(Table 6.3).

Pyruvate node

In the pyruvate node (Figure 6.5), there was a clear impact of the ethanol production under oxygen
limited condition. The first enzyme of the alcoholic fermentation pathway, the PDC, was found to be
highly transcriptionally induced, meanwhile the ADH reaction presented significant transcriptional and
thermodynamic regulation as well as from the other omic levels. On the other hand, the anapleratic
pathway which produced cytosolic oxalacetate seemed to be not significantly influenced by the PYRCK

MRNA levels being the other omic levels the main source of variation.

In previous work, the decrease of the pyruvate import to the mitochondria was already described due
to the lower oxygen availability [100] which regulate the transcriptional levels of the PDH reaction
(Figure 6.5). Unfortunately, no pyr specific intracellular metabolite quantifications could be determined
for P. pastoris [105] which would have been impartant in the understanding of the intracellular

metabolites trends in this part of the metabolism.

TCA cycle

The TCA cycle was highly influenced by the oxygen availability in P. pastoris as already described by
Baumann and co-workers [52]. Overall, the metabolic flux changes from normoxic to oxygen limited
conditions were significant mediated by changes in the mRNA levels of the different enzymes involved
in the pathway (Figure 6). However, there was a clear exception, the ICITDH which presented a
significant regulation from the rest of omic levels. Unfortunately, no thermodynamic regulation could
be studied due to the lack of specific distribution of many TCA metabolites between the different

cellular compartments.
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Figure 6.6: TCA cycle metabolic pathway of P. pastoris. The circles represent the different metabolites linked by
the metabolic reactions. The bar diagrams inside the circles represent the intracellular metabolite quantifications.
The upper bar diagrams represent the metabolic flux of each reaction and the lower bar diagram the regulation
coefficients from Normoxia to Oxygen-limited condition. Metabolic flux and intracellular metabolite graphs:
Black-Grey bars: Control strain; Yellow bars: Expressing strain; dark to light colours scale indicates Normoxic to
Oxygen-limited conditions. Regulation coefficient graphs: Blue bars: transcriptional coefficient; Grey bars: rest of
omic level regulation. The error bars represent the SE of the quantification. * and * symbols indicate p-values
lower than 0.10 and between 0.10 and 0.15 respectively from Student-T test whether the coefficients were

significantly different than zero. Each graphic has its own scale.
Conclusions

In this study, a physiological explanation of the intracellular metabolite fingerprint under different
experimental conditions, combining different “omic” level analyses, was obtained by a multi-level
analysis of Pichia pastoris. It demonstrates the importance of the system biology approach in order to
understand the cell physiological behavior under different environmental conditions. In addition, the
understanding of how these metabolite levels could regulate the different intracellular metabolite

fluxes could help in future strain improvements.
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Overall, the results obtained by combining different “omics” analyses provide a metabolic fingerprint of
the oxygen availability impact and recombinant protein production, thus improving the physiological

knowledge of biotechnologically relevant yeast such as P. pastoris.
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Appendix 6.1. Physiological parameter comparison

The chemostat cultures performed in this study intended to simulate the same environmental
conditions as the ones used in previous works working using the same strains [47, 52, 76]. In Table S6.1,
it is shown the consumption and production rates calculated in this study as well as the ones quantified
in the Baumann and co-workers study [52]. In both studies, the P. pastoris cells were grown in constant
environmental conditions for, at least, 5 residence times. Later on, the microorganisms were step wise
oxygen constrained by means of reducing the oxygen concentration in the inlet gas flow inducing a
fermentative metabolism as could be verified by the arabinitol and ethanol production. Besides, the
respiratory coefficient was also an indicator of the oxygen limitation environment as this parameter is

highly influenced by the oxygen availability in the reactor.

For all the normoxic conditions, the respiratory quotient (RQ) ratios were close to unit as expected from
a totally respiratory metabolism indicating high reproducibility of that environmental condition. For the

oxygen-limited conditions, the RQ ratios were around the 1.2-1.3 entailing some oxygen constriction.

On the other hand, the hypoxic conditions resulted in a completely different oxygen limitation
environment as could be observed comparing the RQ ratios. The hypoxic cultures from Baumann and
co-workers [52] not only presented a stronger oxygen limitation as could be observed in the higher RQ
ratios, but also the cultures could only be run for 3.5 residence times. Overall, only the normoxic and

oxygen-limited conditions had comparable rates which were not the case for hypoxic conditions.

Table S6.1: Physiological parameter comparison of P. pastoris strains under different oxygen conditions. The rates

values were calculated in mmol/(gDCW*h).

Control Strain Expressing Strain

mmol/(gDCW*h) Normoxic O,-limited Hypoxic Normoxic O,-limited Hypoxic
daic -1.00 + 0.02 -1.28 + 0.03 -1.72 £ 0.05 -1.01 £ 0.02 -1.37 £ 0.03 -1.56 + 0.04
doz -2.35 + 0.06 -2.01 £ 0.07 -2.01 £ 0.15 -2.44 + 0.07 -1.99 + 0.08 -1.81 £ 0.13
? Aco2 243 + 0.06 2.55 + 0.06 3.21 £ 0.14 252 £ 0.07 2.68 + 0.07 2.94 +0.12
ﬁ ax 3.57 £ 0.15 3.83 £ 0.18 3.77 £ 0.23 3.55 + 0.15 3.77 £ 0.18 3.58 + 0.22
e YEtoH 0.31 + 0.02 0.84 + 0.06 0.41 + 0.03 0.83 + 0.06
Jara 0.13 + 0.01 0.33 £ 0.01 0.19 + 0.01 0.24 + 0.02
RQ 1.03 = 0.04 1.27 + 0.05 1.60 + 0.14 1.03 + 0.04 1.34 + 0.06 1.63 + 0.13
=) Yaic -0.99 = 0.04 -1.27 £ 0.05 -1.85 + 0.08 -0.95 + 0.04 -1.31 £ 0.05 -1.69 £ 0.04
é doz -2.20 + 0.12 -1.79 £ 0.24 -0.28 + 0.01 -2.26 + 0.12 -1.54 + 0.06 -0.44 + 0.07
w dcoz 2.27 £ 0.12 218 £ 0.24 1.71 £ 0.07 229 +0.12 2.09 + 0.06 1.73 £ 0.06
“';’ ax 3.61 £ 0.24 3.94 + 0.30 3.92 £ 0.35 3.25 £+ 0.22 3.76 + 0.27 3.75 £ 0.18
é JEtoH 0.31 + 0.02 1.16 + 0.06 0.33 + 0.02 0.98 + 0.05
2 Jara 0.10 + 0.00 0.48 + 0.09 0.21 + 0.01 0.42 + 0.02
- RQ 1.03 + 0.08 1.22 + 0.21 6.14 + 0.40 1.01 + 0.08 1.36 + 0.07 3.90 + 0.62
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Appendix 6.2. Thermodynamic regulation coefficient calculation

The thermodynamic regulation coefficient was defined as the contribution of the thermodynamic force
changes to the final differential flux. In Figure S1, the log, J; versus the log, (thermodynamic force) for
each reaction is represented. The data used for these graphics was taken from the normoxic and
oxygen-limited conditions of the expressing and control strains as was assumed to be biological
replicates (See main manuscript). Nevertheless, despite it was assumed equal regulation between the
strains, in each graphic the data points coming from the same cells were connected with a differential

dashed line, blue for the control strain and green for the expressing.

The thermodynamic regulation coefficients (pithmmauw) Were determined from a lineal regression. In
addition, the p-values from a two-tailed t-test to evaluate if the coefficients were equal to zero were
calculated allowing to determine the confidence of the coefficient. In Figure S1, for enzymes with a p-
value lower than 0.1, a lineal regression was depicted over the dashed lines from each strain. In those
cased, the lineal regression equation and the dashed lines were qualitatively compared to validate
equal regulation between the strains. As a result, 6 out of 15 reactions analyzed showed significant

thermodynamic regulation regarding the oxygen availability.
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Appendix 6.3. Transcriptional regulation coefficient calculation

The transcriptional regulation coefficient was defined as the contribution of the mRNA changes to the
final differential flux. In Figure S6.2 the log, J; versus the log, [MRNA;] for each reaction is represented.
The data used for these graphics was taken from the normoxic and oxygen-limited conditions of the
expressing and control strains as was assumed to be biological replicates (See main manuscript).
Nevertheless, despite it was assumed equal regulation between the strains, in each graphic the data
points coming from the same cells were connected with a differential dashed line, blue for the control

strain and green for the expressing.

The mRNA regulation coefficients (p;mrna fux) Were determined from a lineal regression. In addition, the
p-values from a two-tailed t-test to evaluate if the coefficients were equal to zero were calculated
allowing to determine the confidence of the coefficient. In Figure S6.2, for enzymes with a p-value
lower than 0.1, a lineal regression was depicted over the dashed lines from each strain. In those cased,
the lineal regression equation and the dashed lines were qualitatively compared to validate equal
regulation between the strains. As a result, 10 out of 29 enzymes analyzed showed significant

transcriptional regulation regarding the oxygen availability.
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Figure S2 continued: Transcriptional regulation coefficients of the central carbon metabolism enzymes of P.

pastoris. Blue dashed line = control strain data; Green dashed line = expressing strain data; Black straight line =

lineal regression equation.
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Background

Recombinant protein overproduction often results in a metabolic burden. Such effect may be reflected
on process parameters such maximum growth rate, biomass yield or specific substrate consumption of
yeast cells [125-129], thus suggesting a potential impact on the cell’s energy metabolism, possibly
derived from higher maintenance requirements [130]. Furthermore, production of recombinant
proteins may cause cellular stress due to unfolded proteins and unsuitable or inefficient secretion [46],
which, in turn, may negatively affect cell growth, even at relatively low expression levels [127, 131],
that is, at the product yields range where effects derived from increased energy and precursor
demands for protein synthesis on cell growth should be theoretically negligible. Interestingly, limited
but significant alterations in the carbon flux distribution over the central metabolism have been
recently shown [132-135]. Furthermore, amino acid supplementation of the growth medium has been
shown to partially unburden cellular metabolism during recombinant protein production in yeast [134,
136-138]. Interestingly, recent amino acid supplementation studies in P. pastoris has provided novel
evidence that the adaptation of the central metabolism to recombinant protein production can not only
be explained by an increased drain of precursors for protein synthesis [134]. Indeed, amino acids are
not only important precursors for protein synthesis but also participate in the regulation of major
metabolic pathways. Glutamic and Aspartic acid for instance, are components of the aspartate/malate

shuttle [82] and their concentrations control the rate of oxidation of glycolytic NADH.

We have previously reported the beneficial impact of hypoxia conditions on recombinant protein
production [47]. The physiological bases of this beneficial effect were further investigated in a recent
multilevel study including transciptome, proteome and metabolic flux analyses [52]. These studies
allowed to gather information on the biological processes involved in the adaptation to hypoxia and
their relation with extracellular recombinant protein production in P. pastoris. However, the potential
effect of oxygen availability and/or recombinant protein production on the intracellular metabolite

levels (particularly of the amino acid precursors used for protein synthesis) remains to be investigated.

This chapter investigates the potential impact of foreign protein expression and secretion on amino
acid metabolism, the free intracellular amino acids pools were analyzed in carbon limited chemostat
cultivations at a fixed growth rate and different oxygenation conditions, using a recombinant P. pastoris
strain secreting a Fab antibody fragment. The results are compared to the reference (non-producing)
strain. Moreover, in order to gain further insights in the regulation of amino acid biosynthetic
pathways, integration of transcriptome data from previous analogous studies from our group have also
been explored. Overall, this study aimed at improving the understanding of the regulation mechanisms
governing the variation in intracellular amino acid levels as a result of the different oxygenation

conditions employed, as well as gaining further insight in the potential interactions between energy
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metabolism and amino acid metabolism and, how such interactions may be perturbed by heterologous

protein secretion in P. pastoris.

Methods

Strain and cultivation conditions

Analytical grade reagents were supplied by Sigma-Aldrich. HPLC-grade methanol and ethanol were

supplied by J.T. Baker.

In this study, the P. pastoris strain X-33 pGAPZaA Fab3H6 [39], secreting the light and heavy chains of a
human monoclonal antibody Fab fragment under the constitutive GAP promoter and the S. cerevisiae
alpha-mating factor leader, was used as expressing strain. A strain with an integrated empty-vector was
used as reference strain. The experimental set up was as described in [105]. Briefly, glucose-limited
chemostat cultures at a dilution rate of 0.1 h™ at different oxygenation conditions were carried out by
changing the oxygen content of the inlet gas. Initially, the oxygen concentration in the inlet gas stream
corresponded to normal air (20.95 % v/v) leading to a totally normoxic condition (i.e. pO, > 20 %, fully
respiratory metabolism). Inlet gas oxygen levels were subsequently stepwise reduced by replacing
different air proportions with nitrogen. Thereby creating either oxygen limited or hypoxic conditions in
the bioreactor which are characterized by different ethanol and arabinitol production rates [47, 52, 76].

Two chemostats were performed for each metabolic steady state and strain.

Sampling

The different chemostat experimental conditions were maintained for 5 residence times before
sampling. As previously reported, this cultivation time is enough to reach a metabolic steady state in P.
pastoris [105](Chapter 4). For each steady state condition, duplicate samples for intracellular
metabolite measurement were taken using the previously described optimized protocol for the direct

measurement of P. pastoris metabolome [105].

Metabolite analysis

The intracellular concentrations of Ala, Val, Leu, lle, Thr, Asn, Asp, Met, Trp, His, Pro, Glu, Gln, Orn, Lys,
Tyr and Phe were determined by GC-MS [33, 34]. Glycine levels were also measured in this analysis.
However, the obtained results were not included as the values were found to be inconsistent [105].
Quantification was based on isotope dilution mass spectrometry (IDMS) [29]. In total, 17 amino acids

were analyzed plus Glycine.

In order to graphically visualize the obtained intracellular quantification together with the central

carbon metabolism and amino acid biosynthetic pathways the VANTED software was used [122].

150



Chapter 7: Pichia pastoris free amino acids adaptability

Antibody fragment quantification

Fab amounts in soluble cell extracts and in culture broths were performed by means of a sandwich

ELISA assay as previously described [47].

Principal component analysis

Reference values for each amino acid pool level were calculated as mean of all measurements
independently of the strain or oxygen availability. Afterwards, for each condition, the specific amino
acid measurements were divided by the reference value to obtain a free scale value of its variation.
These relative fold changes for each condition were illustrated through PCA using the xIstat plug-in

software for Excel.

Determination of energy and degree of reduction for amino acid synthesis

The degree of reduction of each amino acid were calculates using the amino acid molecular formulas as
explained elsewhere [139]. Energy costs for the biosynthesis of each amino acid were taken from
previously published data for S. cerevisiae growing under aerobic conditions [140] due to both yeast

share equal amino acid biosynthetic metabolic pathways [60, 79, 80].

Results and Discussion

Growth and recombinant protein secretion in recombinant P. pastoris

The burden caused by recombinant protein production in yeast and, in particular, P. pastoris, has been
recently suggested to impact the central metabolism even at relatively low expression levels, i.e. where
increased precursor (amino acids) demands for recombinant protein production may be negligible [134,
135, 141]. Integration of transcriptomic and metabolomic data of recombinant cells under different
environmental conditions may help to understand the metabolic adaptations of the cell’s central
metabolism to protein production under different environmental conditions, particularly in relation to
amino acid metabolism. In this study, intracellular amino acid pools of a recombinant P. pastoris strain
expressing the 3H6 antibody fragment [39] under the control of a constitutive pGAP promoter were
measured during growth in chemostat cultures under different oxygen availability conditions. The
macroscopic growth parameters for both the control and Fab-producing P. pastoris strains during
growth at three different oxygen supply rates have been recently reported elsewhere [52, 76]. A
summary of these data is given in Table 7.1. Coherent with previous studies [52, 76], the adaptation
from normoxic (fully aerobic) to hypoxic conditions lead to a shift from fully respiratory to respiro-
fermentative metabolism, as well as increased secreted recombinant product productivities.

Importantly, this experimental setup for the normoxic and oxygen-limiting conditions was analogous to
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the one previously used by Baumann and co-workers in a transcriptomic, proteomic and fluxomic

profiling study of this organism [52].

Table 7.1: Summary of macromolecular culture parameters.

Control Strain Expressing Strain
Normoxic O,-limited Hypoxic Normoxic O,-limited Hypoxic

QFab’ 40 £ 5 82 +2 74 9
Jor” -1.00 £ 0.02 -1.28 + 0.03 -1.72 + 0.05 -1.01 £ 0.02 -1.37 + 0.03 -1.56 + 0.04
o2’ -2.35 £ 0.06 -2.01 £ 0.07 -2.01 £ 0.15 -2.44 £ 0.07 -1.99 + 0.08 -1.81 £ 0.13
dcos” 2.43 + 0.06 2.55 + 0.06 3.21 £ 0.14 2.52 + 0.07 2.68 + 0.07 2.94 + 012
ax’ 3.57 £ 0.15 3.83 £ 0.18 3.77 £ 0.23 3.55 + 0.15 3.77 £ 0.18 3.58 + 0.22
Qe 0.31 £ 0.02 0.84 + 0.06 0.41 £+ 0.03 0.83 + 0.06
Aara’ 0.13 £ 0.01 0.33 + 0.01 0.19 £ 0.01 0.24 + 0.02
RQ°® 1.03 = 0.04 1.27 + 0.05 1.60 + 0.14 1.03 = 0.04 1.34 + 0.06 1.63 £ 0.13

® ug Fab /(g Biomass-h)
® mmol /(g Biomass-h)
¢ mol CO, /mol O,

Conversely, the hypoxic condition tested appeared to be less stringent compared with the
corresponding cultivation condition previously reported, as indicated by a lower RQ as well as lower
specific rates of ethanol and arabinitol production. This was further supported by the fact that, in the
mentioned previous studies only 3.5 residence times could be accomplished in the hypoxic condition
[47], whereas in this study the hypoxic condition could be extended up to a minimum of 5 residence

times, which is the period is required to reach a true metabolomic steady state [105].

Global analysis of intracellular amino acid pools

To obtain a global overview of the effects of different oxygen supply conditions and recombinant
protein secretion on the measured intracellular free amino acid pool sizes, we subjected the relative
changes in metabolite pool sizes (see Materials and Methods) to Principal Component Analysis (PCA)
(Figure 7.1; see also appendix for full data from PCA analysis). PCA projection demonstrated that the
maximum variability in the data set clearly differentiated between different oxygenation conditions
(precisely, between normoxia and the two oxygen-restricted conditions), with the first component
(PC1) covering 71.3 % of the data variance. The second principal component (PC2), which explained
only 19.2 % of the total amino acid pools variance, clearly discriminated between the Fab expressing
and the reference strain, indicating a limited impact of the antibody fragment production on the P.
pastoris amino acid metabolome. Ala, Trp and Asp were the amino acids with the highest contribution

(24.0%, 20.6% and 19.7% respectively) to the variance in PC2.

Overall, these data reflect a higher impact of oxygen availability rather than recombinant protein
production on the global physiologic response of P. pastoris, consistent with previous transcriptomic

and proteomic analyses [52]. To help decipher the potential dependence of the amino acid metabolism
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on oxygen availability and the burden caused by recombinant protein secretion, a more detailed

analysis was performed focusing on each of these two factors separately.
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Figure 7.1: Principal component analysis (PCA) of amino acid data. Principal component analysis of the
intracellular amino acid pools data in a 2D graph of PC1 and PC2. The biplot shows amino acid data (scores) as
labeled dots and treatment effect (loadings) as vectors for the expressing (E) and control (C) strain at different
concentrations in the inlet gas (Normoxia (N); Oxygen-limited (L) and Hypoxia (H)). Vectors that are close
together are highly correlated in terms of the observed amino acid pool sizes for each treatment, while vectors
that are orthogonal are poorly correlated. PC1 correlates well with the change in oxygen conditions, whereas PC2

appears to be correlated with the strain type.

Recombinant Protein Production Effect

The amino acid pools provide building blocks for protein synthesis. Therefore, an impact of Fab
production on these metabolites was a priori expected. In fact, previous studies using amino acids for
media supplementation or complex extracts have proven to have a positive effect on recombinant

protein production [133, 138, 142].

In order to analyze more specifically the potential effects of recombinant protein production on the P.
pastoris amino acid metabolism, a comparison was made of the free amino acid pools of the reference
and the Fab producing strains grown at each oxygenation condition. The metabolites levels measured in
the control strain grown at each oxygenation condition were taken as reference values to be compared
with the metabolites of the Fab-expressing strain grown at the corresponding condition, thereby
obtaining concentration ratios for each metabolite of the Fab-expressing relative to the control strain at
each culture condition (Figure 7.2). In addition, statistical analysis allowed to identify those metabolite
ratios that were significantly higher or lower than 1 (that is, those metabolite pool sizes that varied

significantly between both strains).
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Figure 7.2: Amino acid pools comparison of P. pastoris control (C) and Fab expressing (E) strains under different
oxygen conditions. The values are the average and the standard error of calculated ratios. Horizontal dashed line
represents a ratio of 1. In A, B and C vertical dashed line separate metabolites belonging to the same metabolic
pathway. The squares over the metabolite names denote the results from the T-Student test. Green and red
colors indicate lower and higher ratios respectively. A: normoxic condition; B: O,-limited condition; B: hypoxic
conditions. D: Biomass/Fab amino acid proportion ratios influence on the intracellular amino acid pool changes.

N: Normoxic, L: O,-limited; H: Hypoxic

The impact of recombinant protein production on amino acid pool sizes under normoxic conditions is
shown in Figure 7.2A. Overall, 10 out of 17 amino acid pools increased their intracellular levels
significantly, while only 2 of them had an opposite behaviour. In particular, most of the free amino acids
from the Ala, Asp and Phe families presented significantly increased levels in the Fab-expressing strain.
Nevertheless, the Glu family showed different trends depending on the amino acid, being Orn and Pro
significantly decreased, while GIn increased. Increased amino acid pools in the Fab-expressing strain
could be an indication of an increased carbon flux through the corresponding biosynthetic pathways.
Alternatively, an increased pool size of a given amino acid could indicate that such increase is required
to sustain the same or similar flux in the Fab-producing strain. This would occur, for example, if in some
of the amino acid biosynthetic pathways their corresponding enzyme levels decreased or they were
partially inhibited, allowing for the redistribution of the carbon fluxes in these pathways, thereby

compensating differences between the Fab product and the average proteome amino acid
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compositions. However, such impact on metabolic fluxes was not observed under these conditions,
probably due to the fact that Fab product yields accounted only for a very small fraction of the cell’s
total protein, considering that both strains had an equivalent biomass composition under a given

oxygenation condition [76].

Conversely, generally decreased amino acid pool ratios were found in the Fab-expressing strains under
oxygen-limiting conditions, compared to the reference strain (Figure 7.2B 11/17 were reduced,
respectively), that is, an opposite behaviour to that observed under normoxic conditions. We observed
the same trend when comparing the Fab-expressing strain growing under hypoxic condition; however,
the data variance was higher and, therefore, the observed changes were not statistically significant. As
discussed above, this observation might be associated to the increased specific heterologous protein
productivity found under oxygen limitation, as the Fab producing strain might require higher metabolic
fluxes of amino acids for protein synthesis. Nevertheless, this hypothesis is highly unlikely, since Fab
production levels were relatively low in relation to the total cell protein [76] and, therefore, cannot
explain per se the apparent drain of precursor pools. Besides, this trend was not uniform within each of
the amino acid families. For instance, in the Ala family, Ala and Leu pools increased while Val decreased
in the Fab-expressing strain. Also, in the Asp amino acid family only Asp levels varied significantly.
Moreover, no correlation was found between the relative abundance of each amino acid in the Fab
antibody fragment and the observed changes in the corresponding free amino acid pools (Figure 7.2D).
Nevertheless the specific Fab production correlated inversely (correlation value of —0.93) with the
average of the metabolite ratios between Fab-expressing and reference strains at each culture
condition. This may reflect a global re-adjustment of the free amino acid pools to compensate for the
recombinant protein overproduction. Although such readjustment could not be the result from a direct
drain of building blocks at higher Fab synthesis levels, other phenomena related with recombinant
protein production might provide some explanations. For instance, recent studies on recombinant
protein secretion using **S labeling strategies with the same strain used in this study have revealed that
about 58% of the Fab protein produced intracellularly is actually degraded within the cell, and only 35 %
is secreted [143]. In addition to protein degradation, increased energetic demands related with the cost
of the folding, refolding and secretion processes of the Fab product could result in an overall
readjustment of amino acid metabolism. In fact, when the Fab producing strain was cultivated at lower
temperatures (202C), the unfolded protein stress response was reduced, leading to a reduced
metabolic burden and higher specific productivities compared with cells grown at 252C and 309C, in
which an increase in energy demand was evidenced by an up-regulation of the TCA cycle, slightly higher
in Fab-secreting strains [141]. Besides, increased maintenance requirements associated with
heterologous protein production (e.g. unfolded protein stress response) may cause additional energy
demands. Interestingly, recent amino acid supplementation studies using a recombinant P. pastoris

strain revealed that such supplementation partially relieved the metabolic burden from recombinant
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protein production. Furthermore, de novo amino acid synthesis in cells growing on different
combinations of amino acids supplementations was inversely correlated with the corresponding

energetic cost for most amino acids [134].

The potential dependence between fold changes observed amongst amino acid pools when comparing
the Fab-expressing to the reference strain and their corresponding energy and redox costs were
analyzed (Figure 7.3). Interestingly, lower fold changes in amino acid pools with the highest energy cost
(that is, aromatic amino acids family) was found under oxygen reduced conditions (that is, under higher
Fab productivities), but not under normoxia. This might point at the hypothesis that the cell adjusts its
overall amino acid metabolism to minimize the energetic burden caused by Fab production.

Nevertheless, no trend was observed regarding the C-mol degree of reduction of each amino acid

(Figure 7.3).
2,1 4 2,1 1
18 1 . gE(NCi1 18 | . gE/.NC_1
151 atio = 15 1 . atio =
1.2 o o i ¢ s [ 1,2 1 [} 3
777777 22 Ty ] ] L9 =
0.9 { ¢ _s 091 . i :
3
0,6 1 * 0,6 1 ¢
c 03 o 03
= 21 Z 2,11
O O
8 18/ e LELC 2 18] e LE/LC
2 151 Ratio = 1 2 45| Ratio = 1
E": 1.2 { [} £ 1.2 ®
= | ==
L 09 - i s Y ) w 099 $ !; 8 i! s
= 061 . > 06 1 ¢ .
(&)
0,3 Q 0,3
5 3
S 2,11 3 21
£ 1,8 1 ° HE/_HCi 1S 1,8 1 o HE/HC
= 15| Ratio = 1 =15 - Ratio=1
1,2 A s & 1,2 1 ] g
| Q,,,.ﬁ ....... SR, § ] o o . . . . . . . .
09 8 g% gy 09 1% T % ‘
0,6 A 2 0,6 [
0,3 — 03 —
25 30 35 40 45 50 55 60 65 0 10 20 30 40 50 60 70 80
C-mol degree of reduction Energy cost

Figure 7.3 Amino acid C-mol degree of reduction and energy costs influence on the expressing/control amino
acid pool ratios. The values are the average and the standard error of calculated ratios. Horizontal dashed line
represents a ratio of 1. The energy cost for an amino acid is defined as the number of high energy phosphate
bounds (~PO,) that are required for its synthesis. The amino acids energy costs were taken from S. cereviciae
published data [140]. The C-mol degree of reduction of each amino acid was calculated from each molecular

formula.

Oxygen availability effect

The oxygen availability has a strong impact on central metabolism due to his crucial role as electron
acceptor, as already inferred from the growth parameters (Table 7.1). Also, previous transcriptomic

studies under analogous cultivation conditions revealed amino acid metabolism as one of the major
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cellular processes regulated by oxygen availability [52]. Interestingly, the number of genes in the GO
group of amino acid metabolism that were downregulated under hypoxic conditions was substantially

higher in the Fab-producing strain.

To investigate the potential correlation between observed changes in free amino acid pools and
proteome amino acid composition upon oxygen availability changes, we related the observed fold
changes for each free amino acid pool with the change in the relative abundance of the corresponding
amino acid in the cell’s proteome amino acid composition (Figure 7.4). The effect of oxygen availability
on the cell’s amino acid metabolism could be already inferred from previous measurements of the cell’s
protein amino acid composition [76]. For instance, the relative abundance of amino acids derived from
oxalocetate, pyruvate, phosphoenolpyruvate and 3PG were increased and those derived from aKG were

reduced under hypoxic conditions.
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Figure 7.4: Impact of the differential biomass demand over the intracellular amino acid pools under different
oxygen conditions. The values are the average and the standard error of calculated ratios. Horizontal and vertical
dashed lines divided the graph in four spaces to facilitate the interpretation. The biomass demands under

normoxia and oxygen-limited conditions were taken from [76]. Asx: Asp+Asn

Notably, free amino acid pools seemed to correlate with the relative abundance in the cell proteome
for most amino acids, with the clear exception of alanine and, to a much lesser extent, Asx. For these
cases, a possible explanation would be stronger regulation from other part of the metabolism as for
example their intracellular metabolite precursor levels. However, further studies need to be performed

to validate it.

To obtain an overview of the potential correlations between transcriptional changes in amino acid
biosynthetic genes and intracellular amino acid levels (free pools as well as proteome amino acids)

upon a change in oxygen availability, transcriptomic, metabolomic and cell protein compositional data
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were integrated into biosynthetic pathway maps (Figures 7.5 and 7.6). The specific amino acid
composition of the whole protein extracts at different oxygen conditions was included in order to show
the biosynthetic demand for each specific biosynthetic pathway. Since hypoxic condition of this study
was not exactly equivalent to that used in previous transcriptomic studies, only normoxic and oxygen

limiting conditions were compared for both E and C strains.
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Figure 7.5: Aromatic amino acid biosynthetic pathway comparison under different oxygen conditions. The
metabolite level bars in the graphs are the average and the standard error from at least 4 measurements. The
control and the Fab-expressing strain are represented by green and yellow bars respectively. Oxygenation
conditions from normoxic to oxygen-limited conditions are represented as light to dark color scale. The mRNA

data are indicated as m plus the specific reaction name. Each graphic has its own scale

A direct comparison of the relative changes observed in the free amino acid levels between different
oxygen availability conditions and the corresponding changes observed in the whole protein extract
(that is, free intracellular amino acid pools plus cell protein amino acids) indicated that the latter were

less pronounced.

The integrated data seem to reflect the oxygen-dependent transcriptional regulation of amino acid

biosynthesis pathways. In particular, transcriptional levels of several key regulatory enzymes in the
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biosynthetic pathways correlated inversely with the carbon flow through them, as well as with their
corresponding end-metabolite levels, probably denoting the negative feedback control of the pathway.
For instance, the levels of free tyrosine and phenylalanine were substantially increased under oxygen-
limiting conditions, concomitantly with a reduction of the mRNA levels of ARO7, while an opposite
pattern was observed for the free tryptophan pools and TRP3 transcriptional levels (Figure 7.5). This

pattern was also observed in other amino acid biosynthetic pathways such as methionine.
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Figure 7.6: Glutamate biosynthetic pathway comparison under different oxygen conditions. The metabolite
levels bars in the graphs are the average and the standard error from at least 4 measurements. The control and
the Fab-expressing strain are represented by black-grey and dark-light yellow bars, respectively. Oxygenation
conditions from normoxic to hypoxic are represented in a dark-to-light color scale. The mRNA data are indicated

as m plus the specific reaction name. Each graphic has its own scale

Similarly, in the glutamate amino acid family (Figure 7.6), the carbon flow to lysine was increased under
oxygen limiting conditions, concomitantly with a reduction in transcript levels of several genes of its
pathway, particularly LYS20, the first reaction of the pathway. In addition, the carbon flux to the Glu
and GIn biosynthetic pathway was significantly reduced at lower oxygen availability. This pattern

correlated directly with the reduced transcriptional levels of GDH3 and GLN1.
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Conclusions

Previous transcriptomic studies [52] pointed at the impact of oxygen availability and recombinant
protein production on amino acid metabolism. The analysis at the metabolomic level further confirms
such impact. In particular, our data point at a major impact of oxygen availability rather than
recombinant protein production on the free amino acid pools, coherent with previous transcriptional
analyses. Notably, changes in free amino acid pools observed at different oxygenation conditions
generally correlated directly with the changes in relative abundances in the corresponding amino acids
of the cell’s proteome, with alanine being the major exception. In contrast, the impact of recombinant
protein production on the free amino acids pools depended on the oxygenation state. Importantly, the
observed changes did not correlate with the difference in amino acid composition of the recombinant
product and the cell’s proteome, but rather to the energetic costs (specifically, for those amino acids
with highest energy costs), thereby suggesting a possible dependence between mitochondrial
metabolism and amino acid anabolism as a potential target to modulate the metabolic burden caused

by recombinant protein production.

In addition, simple combination of metabolomic and transcriptional data suggests that their systematic
integration into genomic-scale metabolic models should allow gaining further knowledge on the
regulation of central and amino acid metabolism, as well as identifying metabolic bottlenecks limiting

enhanced recombinant protein production.
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The aim of this research project was to contribute to the understandings of the Pichia pastoris
physiology under different stress conditions. Specifically, the oxygen availability and recombinant

protein production were the two parameters studied throughout this thesis.

Since the beginning, the available studies using metabolomics and fluxomics approaches have
experienced a significant increased highlighting the potential of both techniques and the scientific
community efforts to put them available. In this context, my contribution has been the development of
a P. pastoris intracellular metabolite quantification method opening the metabolomic world for this

microorganism.

Nevertheless, despite the methodological advances, many uncertainties still remain and much more are
forthcoming. Pentose phosphate pathway could be an example. This pathway has become very
important pathway in the thesis for many reason and quite significant improvements has been done in

describing its behaviour. However, further investigations need to be addressed on this topic.

In this chapter, rather than repeating the conclusions from previous once, regarding each of the
challenges which were dealt with, | chose to use it to address different questions which came to my
mind along the thesis. Some of them | asked myself when preparing the result and discussion sections

of the different chapters. Others are simply possibilities which could be interesting to try.
Different recombinant protein production strategy

Since the beginning of the thesis, the used recombinant Pichia pastoris cell produces the antibody
fragment 3H6 as a complex recombinant protein model. Using this system, and comparing it to non-
recombinant cells, many results have been produced gaining knowledge about the impact of this
production all over P. pastoris physiology [52](Chapters 6 and 7). Moreover, other research groups
were also working, with the same cells or with other cell factories, in order to characterize the 3H6
antibody fragment production impact [46, 141]. Nevertheless, what would happen with other

recombinant protein model? Or, changing the expression system?

Our expressing P. pastoris strain usually produce between 40-100 pg Fag/(gDCW*h) depending on the
environmental conditions. Since the first results, this low specific productivity lead to quite low or no
one impact independently of omic level investigated. Nevertheless, what would the results look like, for

example, using a simpler model allowing, probably, higher productivities?

This question is partly addressed by Joel Jorda Murria, a colleague from my group, who is investigating
the metabolic flux profiling of P. pastoris related to a Lipase recombinant protein production. However,
the culture and the induction strategy were not the same which make the comparison not straight

forward.

163



Chapter 8: Oulook and future directions

Another possibility would have been to change the expression system. In our expression cassette, the
light and heavy chains were under control of the glyceraldehyde 3-phosphate promoter which was
transcriptionally upregulated under oxygen limitation. Thereby, our recombinant protein expression
was influenced by the oxygen availability in the bioreactor which agreed with the higher specific
productivities under shortage of oxygen. However, now what needs to be investigated is if the oxygen,

independently of the transcriptomical impact, improves the recombinant protein production.
Metabolite intracellular transport and compartmentalization

Eukaryotic cells are more complex due to its internal architecture. This higher cell complexity has been

a challenge which | had to cope with along the thesis in different chapters.

In the metabolic flux analysis, the well characterisation of the stoichiometry reactions taken place
between the compartments it is a matter of outstanding importance when you work with eukaryotic
cells. Different reactions could lead completely different results being both agree with obtained
experimental date. In P. pastoris, part of the TCA cycle is described to work not only in the
mitochondria but also in the cytosol [60]. These results opened many transport possibilities between
the TCA metabolites intermediates which needed to be characterized. Moreover, a redox shuttle could
occur between the cytosol and mitochondria using these TCA metabolites [82]. Using the *C-NMR
ratios these problem could be partly bypassed assuming that the main metabolite which is transported

through the mitochondrial membrane was oxalacetate although, it is not what was happening in reality.

On the other side, the eukaryotic cell architecture became also important when developing the
intracellular metabolite quantification method for P. pastoris. Since today, there is not any method or
protocol which could quantify metabolites differentiating between compartments. Despite, different
tricks to bypass this problem are already described. Different possibilities would be to use reaction
indicators as performed for the redox cytosol state in S. cerevisiae [116] or thermodynamic restrictions
similarly to Chapter 5 [103]. Nevertheless, the optimum would be to applied some cell fractionation
together with the quenching protocol which it is unclear when or whether it will be possible to

effectively combine [144].

On the other hand, in order to gain knowledge in the cell compartmentalization an accurate
determination of the volume fraction of each compartment would be interesting as described for S.

cerevisiae [145].
Pichia pastoris genome-scale metabolic models and *C-kinetic models

Nowadays, different kind of modelling approaches exist depending on the methodology/approach
used. There are the bottom-up models represented, for example, by the genome-scale metabolic

models and the top-down models being exemplified by the *C-kinetic modelling
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Genome-scale metabolic models have being described as one of the most powerful tool for metabolic
engineering [146]. Recently, two genome-scale model have been performed for P. pastoris [79, 80]. So,
both models can be used for performing rational genetic changes improving the change of success.
Today, there are software which could be used to manage these models (ex: COBRA Matlab toolbox)
although they are not straight forward to use and understand. However, the forthcoming projects have

to be adapted to the new available tools.

On the other hand, oppositely to the genome-scale models, the *C-kinteic models are addressed to
determine the metabolic regulation of the fluxes. These models are based in fitting kinetic equations to
labelled metabolite trends obtained experimentally. These models are nowadays centred mainly to the
central carbon metabolism due to the impossibility to accurately analyse all the intracellular
metabolites as well as the increasing number of parameters in bigger models. Developing these kind

models would help to improve future metabolic engineered strains when the genetics does not work.
Hierarchical regulation

The flux through a pathway or an enzyme can be changed by many different regulatory mechanisms.
These mechanisms can be dissected as performed in chapter 6 using the regulation analysis theory (Eqg.
8.1).

Alog ] _ Alog Vipax Alog g(X,K) 1
Alog ] - Alog ] Alog ] o

(Eq. 8.1)

This theory mainly divides the different regulatory mechanism in two groups depending on what they
regulate. One group includes the changes aimed to modify the maximum catalytic activity of a reaction
representing the flux hierarchical regulation. Oppositely, the other group embrace the metabolic flux

regulation.

In chapter 6, the transcriptional regulation coefficients of the central metabolic pathways were
determined being for many enzymes significant. Nevertheless, no data was available regarding the
maximum catalytic activity changes under the different tested conditions. Recently, it has been develop
an in vivo-like methodologies to determine the enzyme activities for S. cerevisiae [147] and for

Lactococcus lactis [148] opening the possibility to determine the total hierarchical regulation.

This analysis not only could be informative to determine which kind of regulation is dominant for each
enzyme but also very useful in designing future metabolic engineering strategies due to you will know

what to be modify.
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