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a b s t r a c t

The production of recombinant proteins is frequently enhanced at the levels of transcription, codon
usage, protein folding and secretion. Overproduction of heterologous proteins, however, also directly
affects the primary metabolism of the producing cells. By incorporation of the production of a
heterologous protein into a genome scale metabolic model of the yeast Pichia pastoris, the effects of
overproduction were simulated and gene targets for deletion or overexpression for enhanced produc-
tivity were predicted. Overexpression targets were localized in the pentose phosphate pathway and the
TCA cycle, while knockout targets were found in several branch points of glycolysis. Five out of 9 tested
targets led to an enhanced production of cytosolic human superoxide dismutase (hSOD). Expression of
bacterial β-glucuronidase could be enhanced as well by most of the same genetic modifications.
Beneficial mutations were mainly related to reduction of the NADP/H pool and the deletion of
fermentative pathways. Overexpression of the hSOD gene itself had a strong impact on intracellular
fluxes, most of which changed in the same direction as predicted by the model. In vivo fluxes changed in
the same direction as predicted to improve hSOD production. Genome scale metabolic modeling is
shown to predict overexpression and deletion mutants which enhance recombinant protein production
with high accuracy.
& 2014 The Authors. Published by Elsevier Inc. On behalf of International Metabolic Engineering Society.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Heterologous protein production is a multi-billion dollar mar-
ket, mainly covering biopharmaceuticals and industrial enzymes.
Microbial production systems, like bacteria and yeasts, are in many
cases characterized by high synthesis rates and product titers
(Porro et al., 2011). Nevertheless, there are still limits in produc-
tivity observed. In particular, a negative impact of recombinant

protein production on cell growth is observed which has to be
attributed to more than just a stoichiometric drain of energy from
biomass formation towards product formation. In yeast systems,
these limitations are ascribed to bottlenecks in protein folding and
secretion in case of secretory proteins (recently reviewed by Idiris
et al., (2010) and Damasceno et al., (2012), limited transcriptional
efficiency due to weak promoters or low gene copy numbers
(reviewed in Gasser et al., 2013) or to intracellular proteolytic
degradation (Pfeffer et al., 2011). Additionally, metabolic limita-
tions cannot be ruled out as a cause for suboptimal productivity of
heterologous proteins (Heyland et al., 2011a; Heyland et al., 2011b;
Kaleta et al., 2013; Klein et al., 2014; Kazemi Seresht et al., 2013).
To address this problem, metabolic modeling can be applied for
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both computational simulation of metabolic flux networks and
experimental flux analyses. These analyses are then employed to
predict targets for metabolic engineering to enhance productivity
(Xu et al., 2013).

Vijayasankaran et al., (2005) showed that the amino acid
composition of heterologous proteins has a profound impact on
the predicted elementary flux modes leading to high protein
production in Escherichia coli. Oddone et al., (2009) have used a
dynamic flux balance analysis model to predict targets for gene
downregulation to enhance production of recombinant green
fluorescent protein (GFP) in Lactococcus lactis. Knock down of
two of the predicted genes led to a 15% increase of GFP per cell
mass. Furthermore, the process of protein synthesis is highly
energy demanding. Consequently higher intracellular ATP levels
should enhance the cellular capacity to produce recombinant
proteins, as it was shown for E. coli (Kim et al., 2012).

Overexpression of a recombinant (in this case homologous)
enzyme in Aspergillus niger led to significant changes in metabolic
flux distribution, mainly enhancing reactions towards NADPH pro-
duction and reducing the tricarboxylic acid (TCA) cycle flux (Driouch
et al., 2012). Comparing the in vivo flux distribution with theoretical
flux distributions calculated by elementary mode analysis revealed
that the metabolism was already shifted to a large extent towards
optimum flux distribution just by overproduction of the recombinant
protein. The same pattern of flux changes was also observed for
Aspergillus oryzae overproducing α-amylase (Pedersen et al., 1999).

The yeast Pichia pastoris is well established as a host for the
production of heterologous proteins (Gasser et al., 2013). Recom-
binant overexpression of heterologous proteins in P. pastoris was
shown to increase TCA cycle flux and ATP production slightly
(Dragosits et al., 2009; Heyland et al., 2010). De novo synthesis of
amino acids, in particular the synthesis of energetically costly
ones, was identified as a limiting metabolic process for protein
overproduction (Heyland et al., 2011b).

Genome sequencing of P. pastoris (Mattanovich et al., 2009;
De Schutter et al., 2009) laid the basis for establishing genome-
scale metabolic models (GEM) of this yeast (Sohn et al., 2010; Chung
et al., 2010; Caspeta et al., 2012). The incorporation of heterologous
protein production into the metabolic model allowed the investiga-
tion of the interplay among protein production, energy demand and
biomass formation (Sohn et al., 2010). In the present work we aimed
to verify predicted flux changes caused by protein overproduction by
13C labeling based flux analysis, and to employ the GEM to predict
beneficial mutations in the P. pastoris central carbon metabolism. The
model was used to predict gene knock out targets by Minimization of
Metabolic Adjustment (MOMA) and overexpression targets by Flux
Scanning based on Enforced Objective Function (FSEOF) for enhanced
production of intracellular human copper/zinc superoxide dismutase
(hSOD). We present the effects of manipulating central metabolic
fluxes on the production of hSOD in P. pastoris.

2. Materials and methods

2.1. Strains and vectors

The P. pastoris strains used in this study were based on the
wild type strain X-33 (Invitrogen). The strain producing intracellular
human superoxide dismutase under control of the strong glyco-
lytic glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter
(X-33_hSOD_NTS), carrying 15 copies of the hSOD genewas described
by Marx et al. (2009). For production of intracellular β-glucuronidase
A (GusA) from E. coli (Jefferson et al., 1986), the respective gene was
cloned into the P. pastoris Puzzle vector (Stadlmayr et al., 2010) and
integrated into the P. pastoris genome into the AOX1 terminator locus.

E. coli strain top 10 (invitrogen) was used as a DNA mani-
pulation host.

2.2. Cultivation of P. pastoris

For metabolic flux analysis cells were grown at 25 1C in 50 mL
of YNB medium (3.4 g L�1 YNB w/o amino acids and ammonia
sulfate, 10 g L�1 (NH4)2SO4, 400 mg L�1 biotin, 20 g L�1 glucose)
in 250 mL wide neck shake flasks without baffles. For 13C labeling
glucose was a mixture of 17% uniformly labeled 13C glucose and
83% naturally labeled glucose. The cells were inoculated at an
OD¼0.03 and grown until exponential phase (OD around 1).
Glucose uptake and extracellular metabolites were determined
in cultures grown on YNB with unlabeled glucose.

For determination of hSOD production, strains were cultivated
at 25 1C in 10 mL YPD medium supplemented with 2 mM CuCl2
and 0.02 mM ZnSO4 in 100 mL wide neck shake flasks without
baffles. The cultures were grown for 48 h and fed three times in
12 h intervals with 100 μL of 50 g L�1 glucose solution. GusA
production was determined in cultures grown in minimal medium
as described by Gasser et al. (2013), cultivated as above.

Optical density was measured at 600 nmwavelength in 1 mL of
culture broth using a WPA CO8000 Cell Density Meter. For
determination of yeast dry mass (YDM) 9 mL of culture broth
was centrifuged, washed with 10 mL of ddH2O and dried for 24 h
at 1051 in preweighed tubes. YDM was then related to OD to
calculate biomass concentrations. Unless described differently all
cultures were repeated in triplicate.

2.3. Recombinant protein quantification

At the end of the cultivation, 1 mL aliquots of cells were
harvested and wet cell weight was determined. For further
analysis the cell pellets were kept at �20 1C. The harvested cell
pellets were re-suspended in 500 mL extraction buffer (20 mM
Tris–HCl pH 8.2, 5 mM EDTA, 0.1% Triton X-100, 7 mM β-mercap-
toethanol, 1 mM CuCl2, 0.1 mM ZnSO4 and protease inhibitor
cocktail (Sigma)) and mechanically disrupted with 500 mL glass
beads (diameter 0.5 mm) on a FastPreps in 3 cycles of 20 s at
6.5 m s�1 and 5 min rest on ice. The hSOD concentration in the cell
extracts was determined by ELISA (Marx et al., 2009) and corre-
lated with total protein content (determined by Coomassie Protein
Assay, Thermo Scientific).

For GusA determination the cell pellets were re-suspended in
an extraction buffer (100 mM sodium phosphate buffer pH 7.0,
2 mM EDTA, 0.02% Triton X-100, 10 M DTT) and mechanically
disrupted with glass beads as described above. The GusA con-
centration in the cell extracts was determined by 4-methylumbel-
liferyl-β-d-glucuronide (MUG) activity assay as described by
Blumhoff et al. (2013).

2.4. Metabolic flux analysis

13C labeling patterns of protein-bound amino acids were
analyzed with GC–MS according to Zamboni et al. (2009) using
an Agilent 6890N gas chromatograph coupled to a 5975 mass
spectrometer equipped with a Phenomenex Zebron ZB-5MS col-
umn (30 m�0.25 mm i.d.�0.25 mm film thickness). In order to
improve the selectivity of histidine detection the original tem-
perature program was modified as follows: 160 1C for 1 min, with
20 1C/min to 250 1C, with 5 1C/min to 270 1C, with 30 1C/min to
310 1C, hold for 0.5 min.

Specific growth rates, glucose uptake rates and metabolite
secretion rates were determined during the exponential growth
phase between 17 and 23 h after inoculation.
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Flux calculations were performed with OpenFLUX using stan-
dard settings and applying the gradient based search algorithm for
sensitivity analysis (Quek et al., 2009). The stoichiometric model
(provided in the supplementary file) was based on a previously
published P. pastoris model of the central carbon metabolism
(Baumann et al., 2010). Uptake and secretion rates of extracellular
metabolites were measured by HPLC. The biomass composition of
P. pastoris wild type strain X-33 and recombinant protein expres-
sing strains were determined previously. For the hSOD-expressing
strain the composition as for the Fab-expressing strain was
assumed (Carnicer et al., 2009). Mass distribution vectors of amino
acids were extracted from GC–MS raw data using FiatFlux
(Zamboni et al., 2005). Mass distribution values are provided in
the supplementary file.

2.5. Analysis of intracellular NADPþ and NADPH

The protocol for extraction of NADPþ and NADPH from cell
pellets was adapted from the works of Canelas et al., (2009). One
milliliter samples of 24 h grown cultures were centrifuged and the
cell pellets were extracted in 1 mL of 5 mM ammonium acetate
(pH 8.0) for 3 min at 85 1C with intermediate mixing. After
centrifugation, supernatants were separated on a silica-based
C18 column (Waters Atlantis T3, 2.1�150 mm2, 3 mm). The HPLC
system (Thermo Accela 1250) was coupled to a triple quadrupole
MS system (Thermo TSQ Vantage) via a heated ESI ion source for
quantification. As described by Ortmayr et al., (2014) an absolute
quantification of NADPH is limited by its rapid oxidation and the
lack of an isotopically labeled standard to compensate for losses
during sample preparation. However relative quantification can be
achieved reproducibly. NADPH was also measured in the same
samples with the enzymatic cycling assay as described by Ask et al.
(2013) showing the same relative NADPH levels.

2.6. Prediction of knockout and overexpression targets

Identification of gene overexpression targets for increasing
recombinant protein production was performed using Flux Scan-
ning based on Enforced Objective Function (FSEOF) (Choi et al.,
2010) using the GEM of Sohn et al. (2010). Gene targets that were
selected showed increased flux through their respective metabolic
reactions when an increased flux towards protein production was
enforced as an additional constraint to the metabolic model.

Identification of gene knockouts was performed with Minimi-
zation of Metabolic Adjustment (MOMA) (Segrè et al., 2002).
Six gene knockout targets were selected that showed minor
decrease in biomass production and an increase in specific protein
synthesis.

2.7. Overexpression of target genes

The target genes for overexpression were amplified from X-33
genomic DNA and cloned under control of the GAP promoter into
the Puzzle vector (Stadlmayr et al., 2010) containing a HphMX
(hygromycin) resistance cassette. Primers are given in the supple-
mentary file. The vectors were integrated into the AOX1 terminator
locus of the P. pastoris genome.

2.8. Knock out of target genes

The genes predicted as knock out targets were disrupted using
the split marker cassette method established recently for
P. pastoris (Heiss et al., 2013). Thereby, two fragments of 700 bp,
one located around 200 bp upstream of the start codon and one
located around 200 bp downstream of the start codon of the
respective genes, were used to flank the HphMX resistance

cassette. Upon transformation, the homologous recombination
event replaces a 50 fragment of the gene and its promoter with
the antibiotic resistance. To increase the gene-targeting efficiency,
the resistance gene is split into two overlapping fragments, which
can only integrate into the host genome upon a successful
homologous recombination event. For the verification of gene
knockouts, genomic DNA of the modified strains was isolated on
FTA™ cards (Whatmann) and used for PCR with primers located
outside of the split marker cassette, where positive transformants
give an approximately 1000 bp larger fragment compared to the
wild type. All primers are given in the supplementary file.

2.9. Enzyme activity assays

Strains overexpressing glucose-6-phosphate dehydrogenase
(ZWF1) and malate dehydrogenase (MDH1) were screened for
the respective enzyme activity. The glucose-6-phosphate dehy-
drogenase assay was performed according to Souza et al. (2002).
Briefly, cells were mechanically disrupted with glass beads, and
the cell extracts were added to the reaction buffer (100 mM Tris–
HCl pH¼7.5) containing 3 mM MgCl2, 0.2 mM NADPþ and 4 mM
glucose-6-phosphate. Reduction of NADPþ was followed by the
increase of absorbance at 340 nm in 30 s intervals over 6 min
using a spectrophotometer.

Malate dehydrogenase activity was measured according to
(McAlister-Henn and Thompson, 1987) by addition of the cell
extracts to reaction buffer (100 mM imidazol, 200 mM KCl, 2 mM
EDTA, 10 mM MgSO4 �7H2O) containing 0.3 mM NADH and
100 mM oxaloacetate. The oxidation of NADH corresponding to
decrease in the absorbance at 340 nm was followed in 30 s
intervals for 6 min.

2.10. Analysis of external metabolites

To measure external metabolites the strains were cultivated as
for 13C labeling in liquid cultures with a starting OD¼0.1 until a
stationary phase was reached. Sampling was performed every
12 h. At each time point optical density of the culture was
measured and supernatant was collected for measurement of
external metabolites. Glucose, ethanol, arabitol, acetate, acetalde-
hyde and pyruvate were quantified by HPLC analysis, as described
by Pflügl et al. (2012) using a Rezex ROA-Organic Acid Hþ

300 mm�7.8 mm column (Phenomenex, USA).

3. Results and discussion

3.1. Effect of hSOD overexpression on predicted and measured
metabolic fluxes

In a previous study we correlated enhanced hSOD production
with high gene copy number of hSOD expression cassettes. The
best hSOD strain produced 4 mg g�1 hSOD per dry biomass,
reaching 272 mg L�1 hSOD in fed batch (Marx et al., 2009).
However, overproduction of hSOD led to a decrease of biomass
yield to 75% of the wild type strain, yielding lower biomass
formation in strains with higher hSOD productivity, as observed
for other heterologous proteins in different hosts too. Significant
intracellular flux changes between wild-type and hSOD strain
were predicted by the GEM. To verify these flux changes experi-
mentally, we performed flux analysis of the hSOD strain and the
X-33 control strain based on 13C labeling in unlimited batch
cultures (which resemble the simulations of the GEM). Metabolic
fluxes of both strains are shown in Fig. 1. In the wild type strain,
the split ratio between glycolysis and PPP was 0.72 to 0.28. From
the pyruvate node, 5% are directed to the fermentative pathway,
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75% to the TCA cycle and 20% to biomass. The PPP flux in the hSOD
strain was slightly higher than in the wild type strain (although
statistically not significant). TCA flux increased by 29%, and the
fermentative branch through pyruvate decarboxylase decreased
below the detection limit in the hSOD strain.

The production of hSOD leads to an increase of the total
NADP/H pool as well as the NADPH concentration, so that the

anabolic reduction charge is increased almost threefold
(Table 1). Protein production requires anabolic reductive power
for the synthesis of amino acids. Apparently the extra demand is
compensated in the hSOD strain by the observed changes in the
NADP/H pool.

The predicted flux changes of hSOD vs. X-33 strain showed
mainly the same trends as the actually measured flux changes.

Fig. 1. Flux distribution in strains X-33 and hSOD. The flux values are normalized to glucose uptake and presented in [% Cmol]. The upper value in the rectangular boxes
represents the flux distribution of strain X-33 and the lower value the flux distribution of hSOD strain. For reversible reactions only the net fluxes are presented.
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In the hSOD strain, mainly the TCA flux increases, while PPP and
glycolytic fluxes remain almost unchanged, and the fermentative
branches to ethanol and arabitol decrease in the production strain.
While directions of flux changes are well predicted the model
underestimates the change in TCA flux. The GEM predicted a
higher PPP flux in the hSOD strain indicating a higher demand of
NADPH in this strain. The PPP flux increased only slightly in the
hSOD strain, but the total NADP/H concentration and the fraction
of the reduced form increased in this strain. Driouch et al. (2012)
have observed a similar overlap of predicted flux changes upon
overproduction of recombinant fructofuranosidase in A. niger.
They employed elementary flux mode calculation to predict fluxes,
and found a 63% overlap of measured flux changes with the
prediction. An increase of PPP flux was observed, while TCA cycle
flux decreased in the A. niger overproduction strain. A very similar
pattern was also observed with A. oryzae producing recombinant
α-amylase (Pedersen et al., 1999), with Schizosaccharomyces pombe
overproducing maltase (Klein et al., 2014) and with S. cerevisiae
producing human SOD (Gonzalez et al., 2003). An increase of TCA
cycle flux was observed here and consistently before in P. pastoris
strains producing different recombinant proteins (Dragosits et al.,
2009; Heyland et al., 2011b; Jordà et al., 2012). A literature review
reveals an increased TCA flux attributed to higher energy demand
also in E. coli (Weber et al., 2002) and CHO cells (Sheikholeslami
et al., 2013) during recombinant protein production. In contrast, a
decreased TCA flux was also observed in E. coli (Wittmann et al.,
2007). Especially the latter case shows that this effect is not only
host species dependent but also related to the produced protein.
While Klein et al. (2014) describe a downregulation of TCA cycle
flux in recombinant S. pombe, they observed an increase of
recombinant maltase production when TCA cycle was enforced
by a substrate change. We conclude that increased energy produc-
tion by enhanced TCA cycle flux is an important prerequisite for
recombinant protein production. However, the ability to shift the
metabolism towards enhanced energy production depends
obviously both on the host organism and specific features of the
produced protein and the production strain.

3.2. Prediction of overexpression and knockout targets

The GEM by Sohn et al. (2010) was used for prediction of
metabolic engineering targets beneficial to hSOD production. Nine
metabolic reactions were predicted by FSEOF to enhance hSOD
productivity upon their overexpression (Table 1). They include
6 consecutive steps of the pentose phosphate pathway (PPP)
(ZWF1, SOL3, GND2, RPE1, TKL1 and TAL1), two genes related to
the TCA cycle (MDH1 and GDH3), and GPD1 of the glycerol
pathway. To visualize the affected pathways all these reactions
are indicated in Fig. 2.

Prediction of beneficial single gene knockouts with MOMA
(Fig. 3) led to 6 targets (Table 2), mainly related to the fermenta-
tive pathway downstream of the pyruvate nodes (PDC1, ADH2,
ALD4 and PDA1), to glycolysis (TPI1) and to the glycerol pathway
(GUT2). Most of these knockouts may increase the pyruvate pool
and will thus lead to an increase of the TCA cycle flux (with the

exception of PDA1). GUT2 knockout may increase the glycerol pool
by reducing its degradation. These proposed knockouts are
visually presented in Fig. 2.

The predicted overexpressions in the upper part of the PPP and
of GDH3 are directly related to the reduction of NADPþ . Also a
potential deletion of TPI1 should enhance the oxidative part
of the PPP and thus NADPH levels (Krüger et al., 2011). De novo
synthesis of proteins costs both energy and reduction equivalents

Table 1
Total NADP/H pools and relative anabolic reduction charge of strains X-33, hSOD,
ZWF1 and SOL3. SEM¼standard error of the mean. FC¼ fold change.

Strain NADP/H pool
(mmol/g YDM)

SEM Relative reduction
charge (FC to X-33)

SEM

X-33 0.38 0.025 1.0 0.52
SOD 0.55 0.040 2.9 0.64
ZWF1 0.49 0.002 3.1 0.03
SOL3 0.58 0.029 1.6 0.30

Fig. 2. Overexpression (OE) and knockout (KO) targets illustrated in the metabolic
map of the central metabolism. The targets for single gene KO and OE are indicated
by their gene names. OE targets are illustrated by a thick arrow, and KO targets by a
crossed reaction. Turnover of redox cofactors is shown for the selected reactions.

Fig. 3. Simulation results for single gene knockout targets using MOMA to increase
the production of hSOD. A cut-off value of 0.1 h�1 was used for the biomass
formation (dashed line), to select mutants that are capable of achieving increased
hSOD production while at the same time, do not greatly inhibit growth. The base
strain expressing hSOD production and the top knockout candidates are pointed
out with their respective gene names. (Δadh2: alcohol dehydrogenase, Δald4:
aldehyde dehydrogenase, Δgut1: glycerol-3-phosphate dehydrogenase, Δpda1:
pyruvate dehydrogenase, Δpdc1: pyruvate decarboxylase, Δtpi1: triose-phosphate
isomerase).
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(Kaleta et al., 2013). Heyland et al. (2011b) have shown that
metabolically costly amino acids constitute a bottleneck in the
production of recombinant aminopeptidase in P. pastoris. As the
synthesis of these amino acids requires reduced NADPH a benefit
of the enhanced reduction of the NADP/H pool on recombinant
protein production appears plausible.

The benefit of other predicted mutations requires more in-
depth analysis to be fully understood. Deletion of genes encoding
reactions from pyruvate towards ethanol or acetate may lead to an
increased TCA cycle flux and hence increased energy production,
which may counteract the increased energy demand for synthesis
of amino acids and recombinant protein. Actually it has been
shown that recombinant protein production deviates the cellular
metabolism of P. pastoris towards the TCA cycle (Dragosits et al.,
2009; Heyland et al., 2011b; Jordà et al., 2012). The appearance of
pyruvate dehydrogenase (PDA1) as a knockout target seems
contradictory to overexpression targets of TCA cycle enzymes, as
it is the entry point of carbon flux into the TCA cycle. To determine
how PDA1 can be a knockout target, we re-examined the flux in
the GEM under the condition of PDA1 deletion. It was found that in
the PDA1 mutant, the flux from pyruvate to acetyl-CoA can be re-
routed through acetaldehyde to acetate, which is then converted
to acetyl-CoA. This physiological state, however, was not repro-
duced experimentally, as the PDA1 mutant strain was determined
to be not viable (see Section 3.3).

The benefits of a decrease of fermentation (Δpdc1, Δadh2) and
an increased TCA cycle flux (MDH1) on hSOD production were
anticipated already in the hSOD strain. While the predicted gene
overexpressions correlated to an increased flux through the
respective reaction, the predicted gene deletions were mirrored
by down regulation of the respective flux compared to the wild
type (Table 2). The PPP flux increase in the hSOD strain however
was not significant indicating that a further benefit on recombi-
nant protein production should be achievable by overexpressing
genes encoding PPP enzymes as proposed by the model.

3.3. Gene knockout and overexpression in the hSOD strain

To study the impact of the model-predicted engineering targets on
recombinant protein production, most of the aforementioned genes
(Table 2) were overexpressed or knocked out, in the hSOD producing
parental strain. Out of 6 predicted knockout targets, the deletion of

pyruvate dehydrogenase subunit α (PDA1) and triose-phosphate
isomerase (TPI1) were not achieved and thus assumed to be inviable
under the tested conditions. Overexpression of 7 genes was per-
formed, including the four consecutive steps of the upper oxidative
part of the PPP, the two genes related to the TCA cycle, and GPD1. TKL1
and TAL1 were not selected due to uncertainties of their annotation.

Knockouts were verified by PCR, while enhanced activities of
selected overexpressions (ZWF1 and MDH1) were proven by
enzymatic assays (data not shown).

Table 2
Predicted knockout (MOMA) and overexpression (FSEOF) targets for increased production of hSOD.

Genes Enzyme names Gene name log2 flux change hSOD/X-33

MOMA target
PIPA03164 PIPA01726 Pyruvate decarboxylase PDC1 ⪡ �5
PIPA03313 PIPA02544 Alcohol dehydrogenase (ethanol) ADH2 ⪡ �5
PIPA00390 Aldehyde dehydrogenase (acetylaldehyde, NAD) ALD4 n.d.n

PIPA02794 PIPA03785 PIPA04299 PIPA03623 Pyruvate dehydrogenase PDA1 0.2370.02
PIPA03441 Triose-phosphate isomerase TPI1 0.0070.03
PIPA02567 Glycerol-3-phosphate dehydrogenase (FAD) GUT2 0.0070.03

FSEOF target
PIPA08178 Glucose 6-phosphate dehydrogenase ZWF1 0.0470.23
PIPA04435 6-phosphogluconolactonase SOL3 0.0470.23
PIPA03124 Phosphogluconate Dehydrogenase GND2 0.0470.23
PIPA03251 Ribulose 5-phosphate 3-epimerase RPE1 �0.1570.02
PIPA02093 Transketolase TKL1 0.0970.22
PIPA03744 Transaldolase TAL1 0.0970.22
PIPA06084 Glycerol-3-phosphate dehydrogenase GPD1 0.0170.02
PIPA02244 Malate dehydrogenase MDH1 0.5670.01
PIPA03564 Glutamate dehydrogenase (NADP) GDH3 n.d.*

n Not determined.

Fig. 4. Impact of mutations on hSOD expression levels. Relative changes of hSOD
yield (μg hSOD per mg of total extracted proteins, relative to the hSOD control
strain) are indicated. Data are means of 10 independent overexpression clones
(upper panel) or 8 independent cultures of a knockout clone (lower panel),
respectively. Error bars indicate the standard errors of the mean. Significance of
differences to the control was calculated with Student's t-test. nnnp-valueo0.01;
np-valueo0.1.
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3.4. Comparison of engineered strains and the parental hSOD strain

Overexpression targets were evaluated in 10 clones per strain,
while each knockout was tested in 8 replicates per strain. The effect of
cell engineering on recombinant protein production varied among
the different mutant strains (Fig. 4). Among the 4 overexpressed PPP
genes, SOL3 had the strongest impact on hSOD production, leading to
40% increase in the produced protein. A beneficial effect was also seen
by overexpression of ZWF1, the initial enzyme of the PPP, while no
significant effect was seen by overexpression of the two latter PPP
enzymes. Increased hSOD production was also observed upon MDH1
overexpression (plus 40%) and to a lesser extent by GDH3 over-
expression. Out of the 4 knockout strains, an average of 1.2 fold higher
hSOD levels could be detected in the Δadh2 strain. Most of the other
strains showed minor positive effects.

It has to be noted that overexpression of single genes of a linear
pathway may be suited to enhance the flux if the respective step has
a major role in controlling this flux (Fell, 1998). Glucose-6-phosphate
dehydrogenase (Zwf1) as the entry point of PPP should be the most
plausible controlling step for the competition with the upper glyco-
lytic pathway. In S. cerevisiae Zwf1 is regulated by the NADPH/NADPþ

ratio (Zubay, 1988) which would explain that overexpression of this
enzyme has only a limited capacity to enhance the PPP flux. It was
shown recently that the second step of the PPP, 6-phosphogluco-
nolactonase (Sol3 and Sol4 in S. cerevisiae) is controlled both at the
transcriptional and translational level in this yeast (Castelli et al.,
2011; Zampar et al., 2013). Flux control analysis supports the claim
that 6-phosphogluconolactonase is the major PPP flux controlling
step in yeast (Messiha et al., 2014). A similar regulation of PPP
enzymes can also be assumed in P. pastoris, as reflected by the
increases in hSOD production by overexpression of Sol3 and Zwf1.
Regarding TCA cycle, Driouch et al. (2012) propose an attenuation or
knockout of malate dehydrogenase in A. niger to further improve
protein production (awaiting experimental verification), which stands
in contrast to the actual benefit of an overexpression of this gene in
P. pastoris, as shown here. There is no clear connection identified
between Mdh1 activity and protein synthesis, and the difference
between A. niger and P. pastoris may be associated with the opposite
changes of the TCA cycle flux in these two species.

A second intracellular model protein, GusA, was chosen to verify
the effect of the model predictions on protein production. The
majority of beneficial effects of mutations in the central carbon

Fig. 5. Extracellular metabolites of strains X-33 and hSOD. Concentrations of residual glucose, arabitol, pyruvate, acetaldehyde, ethanol and acetate were measured in shake
flasks at two time points: at exponential growth (striped bars) and at a late growth phase (filled bars). Error bars indicate standard errors of the mean of two parallel cultures.
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metabolism on protein production could be reproduced, indicating a
broader validity of the approach discussed here (data not shown).

3.5. Intracellular fluxes and extracellular metabolites
of mutant strains

Residual glucose and extracellular metabolites (pyruvate, acet-
aldehyde, ethanol, acetate and arabitol) were measured in batch
cultures of the wild-type and the hSOD strain, and all mutants
during exponential growth (same as for 13C labeling) and at a late
growth phase. Only minor differences were observed between the
wild-type and the hSOD strain (Fig. 5). In line with the predicted
flux changes, ethanol and arabitol concentrations were lower in
supernatants of the production strain while secreted acetate was
increased at the late growth phase. It should be noted that
extracellular acetate and also acetaldehyde concentrations were
below the detection limit during exponential growth in all strains.
Overexpression of PPP genes had minor impact on extracellular
metabolites (Fig. 6), except for GND2, reducing acetaldehyde,
ethanol and acetate in the supernatant. GDH3 had no significant
impact on extracellular metabolites, while MDH1 overexpression

reduced ethanol and acetate secretion. Deletions in the fermenta-
tive pathway led to the accumulation of upstreammetabolites, and
in case of Δpdc1 acetaldehyde and ethanol were not produced at
all (Fig. 6). Both Δadh2 and Δald4 did not abolish the respective
production of ethanol and acetate. The alcohol dehydrogenase
genes of P. pastoris have not yet been clearly annotated according
to their biochemical function, indicating that more than one
knockout is necessary to eliminate ethanol formation. Similarly,
Ald4 may not be the only enzyme responsible for acetaldehyde
oxidation. Moreover, Δald4 led to a 2-fold increase in ethanol
production, probably by channeling the acetaldehyde overflow.
This strong increase in ethanol production may explain that Δald4
did not improve hSOD production as predicted. It needs to be
evaluated in future if an attenuation or knockout of both reactions
is needed to increase recombinant protein production. The intra-
cellular flux distribution of the mutant strains (data not shown)
was measured, but no statistically significant changes compared to
the flux distribution of the SOD strain were obtained. As fluxes in
the hSOD strain already changed toward the direction in which the
mutants would be attained we assume that further significant flux
changes need additional metabolic engineering of the production

Fig. 6. Extracellular metabolites of mutant strains, compared to the parental control strain hSOD. Data are derived and displayed as described for fig. 6.
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host. The total NADP/H pool and the anabolic reduction charge
were unchanged in the ZWF1 strain compared to the hSOD strain
(but still threefold more reduced than in the wild type strain).
Surprisingly the NADP/H system was more oxidized in the SOL3
strain than in the hSOD parent strain (Table 1) while SOL3 over-
expression had a strong positive impact on hSOD production. This
has been observed consistently in several measurements and may
lead to the conclusion that the impact of PPP may go beyond the
provision of reduced equivalents.

4. Conclusions

We could demonstrate that recombinant protein production in
P. pastoris causes significant flux changes which could be recon-
structed by a GEM with high accuracy. MOMA and FSEOF turned
out as efficient tools to predict which gene knockouts or over-
expressions may improve production of a recombinant protein.
About 70% of the predicted beneficial mutations were already
anticipated by flux changes in the same direction the non-mutated
hSOD overproduction strain compared to the wild type. Obviously
regulatory plasticity of the yeast metabolism directs fluxes
towards what is needed for recombinant protein production. Five
out of 9 tested single gene modifications (overexpression or
knockout) led to a significant improvement of recombinant pro-
tein production, indicating the benefit of a further shift of these
pathways. A further positive effect of combined modifications may
be anticipated, especially of consecutive steps of the PPP. This
work is currently in progress in our laboratory.

Metabolic models provide the power to describe catabolic and
anabolic processes of cellular growth and product formation.
Prediction of metabolic engineering targets was applied success-
fully to enhance production of metabolites, such as ethanol
(Bro et al., 2006), succinate (Kim et al., 2007), lysine (Becker et
al., 2011), sesquiterpenes (Asadollahi et al., 2009), or poly-
hydroxyalkanoates (Poblete-Castro et al., 2013). Obviously model
based metabolic engineering works successfully not only for
products of the primary metabolism, but also for secondary
metabolites as well as for biopolymers including proteins.

Metabolic models also consider the demand of energy and
reductive power for the synthesis of biomass and even complex
products like recombinant proteins. The protein secretion process,
however, adds further complexity. Chaperone activity consumes
ATP in multiple cycles of binding and release of a folding
polypeptide (Walter and Buchner, 2002) which cannot be
described stoichiometrically. Similarly, the demand of NADPH for
redox balancing of oxidative protein folding is not stoichiometri-
cally coupled to the number of disulfide bonds to be closed
(Margittai and Sitia, 2011). To exclude this complexity in this work
we have focused on non-secreted proteins. First attempts to model
the secretory pathway of yeast have been described by Feizi et al.
(2013) and will pave the way towards integration of secretion into
the reconstruction of protein production.
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