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ABSTRACT High-level expression and secretion of heterologous proteins in yeast
cause an increased energy demand, which may result in altered metabolic flux distri-
butions. Moreover, recombinant protein overproduction often results in endoplasmic
reticulum (ER) stress and oxidative stress, causing deviations from the optimal
NAD(P)H regeneration balance. In this context, overexpression of genes encoding
enzymes catalyzing endogenous NADPH-producing reactions, such as the oxidative
branch of the pentose phosphate pathway, has been previously shown to improve
protein production in Pichia pastoris (syn. Komagataella spp.). In this study, we eval-
uate the overexpression of the Saccharomyces cerevisiae POS5-encoded NADH kinase
in a recombinant P. pastoris strain as an alternative approach to overcome such re-
dox constraints. Specifically, POS5 was cooverexpressed in a strain secreting an anti-
body fragment, either by directing Pos5 to the cytosol or to the mitochondria. The
physiology of the resulting strains was evaluated in continuous cultivations with
glycerol or glucose as the sole carbon source, as well as under hypoxia (on glucose).
Cytosolic targeting of Pos5 NADH kinase resulted in lower biomass-substrate yields
but allowed for a 2-fold increase in product specific productivity. In contrast, Pos5
NADH kinase targeting to the mitochondria did not affect growth physiology and re-
combinant protein production significantly. Growth physiological parameters were in
silico evaluated using the recent upgraded version (v3.0) of the P. pastoris consensus
genome-scale metabolic model iIMT1026, providing insights on the impact of POS5
overexpression on metabolic flux distributions.

IMPORTANCE Recombinant protein overproduction often results in oxidative stress,
causing deviations from the optimal redox cofactor regeneration balance. This be-
comes one of the limiting factors in obtaining high levels of heterologous protein
production. Overexpression of redox-affecting enzymes has been explored in other
organisms, such as Saccharomyces cerevisiae, as a means to fine tune the cofactor re-
generation balance in order to obtain higher protein titers. In the present work, this
strategy is explored in P. pastoris. In particular, one NADH kinase enzyme from S.
cerevisiae (Pos5) is used, either in the cytosol or in mitochondria of P. pastoris, and
its impact on the production of a model protein (antibody fragment) is evaluated. A
significant improvement in the production of the model protein is observed when
the kinase is directed to the cytosol. These results are significant in the field of het-
erologous protein production in general and in particular in the development of im-
proved metabolic engineering strategies for P. pastoris.

KEYWORDS NADH kinase, Pichia pastoris, Pos5, redox engineering, heterologous
protein production
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igh-level expression and secretion of heterologous proteins in yeast have been

reported to cause a metabolic burden that can significantly impact energy me-
tabolism and alter the central carbon metabolism flux distribution (1, 2). Producing
strains may not cope with the additional demand of ATP, NADPH, and precursors for de
novo biosynthesis of amino acids, thereby leading to suboptimal cell fitness and
reduced production yields (3). In addition, the folding, posttranslational modifications,
and secretion processes of complex proteins demand many resources, particularly
NADPH, which is required for disulfide bond formation and alleviation of endoplasmic
reticulum (ER) oxidative stress (4). Thus, overproduction of recombinant proteins would
result in altered redox cofactor state and, specifically, a reduction in NADPH availability.
Such alterations in redox cofactor balance have a strong impact on cell metabolism (5).
Therefore, strain engineering strategies targeting redox metabolism have been suc-
cessfully applied to improve Escherichia coli (6, 7), Saccharomyces cerevisiae (8, 9), and
Pichia pastoris (10-12) strains for a range of different applications.

NADPH availability is tightly related to biomass yields and recombinant protein
production yields (13). Driouch et al. (14) reported that Aspergillus niger strains over-
producing recombinant proteins show higher fluxes through the oxidative branch of
the pentose phosphate pathway (PPP), which is the main cytosolic NADPH generation
pathway. Also, Nocon et al. (12) found overexpressed genes coding for enzymes of the
oxidative branch of the PPP, which led to higher productivity of recombinant cytosolic
human superoxide dismutase (hSOD). Indeed, a previous study identified several
metabolic engineering targets for improving recombinant protein production using a
genome-scale metabolic model (11). Interestingly, about the 50% of the identified
targets pointed toward NADPH supply reactions (15).

Based on the key metabolic role of NADPH on protein synthesis and secretion and
the supporting evidence from previous studies pointing at the positive effect that its
increased supply seems to have on recombinant protein production, we have investi-
gated the impact of the overexpression of a heterologous gene encoding a NADH
kinase on a recombinant P. pastoris strain secreting an antibody fragment (Fab).
Previous studies in our research group reported an increase in Fab-specific productivity
under reduced oxygen availability conditions (16). This was concomitant with a shift to
a respirofermentative metabolism, as reflected in the generation of ethanol and arabitol
for cofactor reoxidation (17). Furthermore, parallel metabolomics analyses revealed that
the reduced oxygen availability for the electron transport chain leads to higher NADH/
NAD™ ratios under such hypoxic conditions (18). In this context, we postulate that the
NADH excess found under hypoxic conditions could be a potential source of electrons
for NADPH regeneration; therefore, the physiological effects of the ectopic NADH
kinase might be boosted under hypoxia in comparison to the reference normoxic
condition. In order to test our hypothesis, redox-engineered strains were grown on
glycerol and glucose under normoxic conditions as well as on glucose under hypoxic
conditions. Overall, we aimed to investigate the combined effect of a process strategy
(hypoxic conditions) and metabolic engineering strategy to improve the production of
a secreted recombinant protein.

Moreover, we used the genome-scale metabolic model to evaluate the experimental
physiological data sets obtained in chemostat cultivations and assist in the metabolic
interpretation of the observed macroscopic changes.

(This research was conducted in partial fulfillment of the requirements for a Ph.D.
from the Universitat Autonoma de Barcelona by M. Tomas-Gamisans [19] and by S.
Monforte [20].)

RESULTS

Cytosolic and mitochondrial overexpression of POS5 and its effect on recom-
binant Fab secretion. The codon-optimized POS5 gene and its truncated version
devoid of its native mitochondrial signal peptide-encoding sequence were overex-
pressed under the control of the constitutive GAP promoter into a P. pastoris X-33 strain
expressing the genes encoding the 2F5 antibody fragment under the control of the
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FIG 1 Representation of the results of clone screening and selection. (A) Specific Fab production (g ,,) was measured and normalized to the reference strain
X-33/2F5 and expressed as fold changes (FC). Dots indicate individual extreme clones, boxes indicate quartiles, and whiskers indicate variability outside the
upper and lower quartiles. (B) A representative clone of each population was analyzed for determining the POS5 gene copy number. Error bars show the

standard deviation of the average from at least three different clones.

same promoter, aiming for the targeted cooverexpression of NADH kinase in the
mitochondria or in the cytosol (mPOS5 and cPOS5, respectively). A set of 12 indepen-
dent clones of each cooverexpressing strain were verified for integration of mPOS5 or
cPOS5 prior to the screening in baffled shake flasks.

The two series of Fab-producing clones overexpressing each of the POS5 forms were
first tested in a small-scale screening at a shake flask scale. Product titers and biomass
were measured after 24 h of cultivation to check the effect of coexpression of mPOS5
or cPOS5 on recombinant Fab secretion. The average Fab yields of each series of 12
clones were normalized to those obtained from the reference strain X-33/2F5, as shown
in Fig. 1A. Coexpression of the two POS5 gene forms demonstrated a largely unchanged
recombinant protein secretion capacity. Interestingly, the average Fab yields of cPOS5
clones showed a high standard deviation as a result of two distinct clone populations, one
with the same behavior as the control strain (fold change [FC], 1.07 = 0.21) and another
showing significantly higher product yields (FC, 2.34 = 0.52). A plausible explanation for the
observed clonal variation would be that isolated transformants differ in the dosage of the
coexpressed cPOS5 gene. In order to test this hypothesis, the recombinant cPOS5 gene
dosage was determined by droplet digital PCR (ddPCR) for a representative sample of each
clone subpopulation, i.e, one giving significantly increased Fab yields and the other
showing no significant effect on product yield compared to the reference strain. Notably,
the cPOS5 clone population showing significantly increased product yields corresponded
to those clones harboring 2 copies of the cPOS5 expression cassette (Fig. 1B).

Physiological characterization of the POS5-cooverexpressing strains growing
in chemostat cultures. In order to study the effects of altering NADPH generation on
cell physiology and Fab extracellular production under different environmental condi-
tions, the reference strain X-33/2F5, as well as representative clones of the mPOS5 strain
(mitochondrial expression of POS5), the cPOS5 and 2cPOS5 strains (cytosolic expression
with one and two copies of POS5, respectively), were cultivated in carbon-limited
chemostat bioreactors using glycerol or glucose as the carbon source under normoxic
conditions, as well as under hypoxia when using glucose (see Table S2 in the supple-
mental material for a summary of physiological growth parameters). Since Pos5p
catalyzes an NADPH-generating reaction, an alteration of the redox cofactor balance
can be expected. In order to check whether POS5 overexpression has a significant
impact on the redox cofactor balance, the NADPH/NADP™ ratios were measured and
calculated for all strains under the tested growth conditions (Fig. 2). The reference strain
X-33/2F5 showed the lowest ratios under all three growth conditions. Strains coover-
expressing mPOS5 and cPOS5 had NADPH/NADP* values comparable to those of the
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FIG 2 (A to C) Representation of NADPH/NADP* molar ratios in all the strains for growth on glycerol (A) or glucose (B) under normoxic conditions and under
hypoxic conditions (C).

reference strain when grown on glycerol, whereas this value was 2-fold higher in the
2cPOSS5 strain. Cooverexpression of POS5 had a higher impact in cells grown on glucose
than on glycerol, as shown in Fig. 2A and B. In this case, cPOS5 and mPOS5 strains
showed a trend of increasing NADPH/NADP™ ratios of about 20% and 30% compared
to the reference strain, respectively, even though this effect was not statistically
significant. The 2cPOS5 strain also had a higher impact on the NADPH/NADP™ ratio in
glucose-grown cells than in glycerol-grown cells. Notably, when the oxygen supply was
reduced, this adaptation pattern was further accentuated, i.e, NADPH/NADP™ ratios
were comparatively higher for all four strains (Fig. 2C). Such increase in the NADPH/
NADP™ ratio observed under hypoxic conditions may be a consequence of the NADH
excess or accumulation observed under these conditions (18), which is generally
converted to ethanol or other by-products such as arabitol (16, 21). Thus, an increased
availability of NADH under hypoxic conditions would allow higher conversions to
NADPH by Pos5p and, consequently, increased NADPH/NADP™ ratios.

Such cofactor balance alteration due to POS5 overexpression had a further impact
on the physiological growth profile of the POS5-engineered strains (Fig. 3). Although
such an impact was not significant in all strains and under all growth conditions, some
tendencies can be appreciated (Fig. 3). In particular, the specific oxygen uptake rate
(o) showed a tendency to increase under all growth conditions in both cytosol- and
mitochondrion-directed POS5-overexpressing strains. Notably, 2cPOS5 showed a higher
do» than the other strains under most of the tested conditions, probably reflecting an
increased activity of the respiratory chain due to the additional ATP demand for
consumption in the NADH kinase reaction (see Discussion for further discussion).
Similarly, the specific CO, production rate (o) showed an increasing trend as a result
of higher cytosolic NADH kinase activity levels, both under normoxic and hypoxic
conditions, whereas the mPOS5 strain seemed to show an opposite trend, i.e., reduced
Jdco> compared to that of the reference strain (Fig. 3). Notably, the variation in
CO,-specific production rates, although not statistically significant, appears to be at the
expense of biomass yields (Yys), which show the opposite pattern, a statistically
significant reduction for 2cPOS5 and an increase in mPOS5 under hypoxic conditions
(Table S2).

As expected, by-product formation was detected only under respirofermentative
conditions attained under hypoxia. In particular, while both the cPOS5 and 2cPOS5
strains showed similar or higher arabitol- and ethanol-specific production rates, ethanol
formation decreased in the mPOS5 strain compared to that in the reference strain
(Fig. 3C).

POS5 overexpression also had a clear impact on Fab production (Fig. 3D). When
grown on glycerol, only 2cPOS5 improved Fab productivity (gp,,) significantly with
respect to the reference strain. However, all three redox-engineered strains showed
significantly enhanced qp ¢, when grown on glucose under normoxic conditions, with
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FIG 3 Main macroscopic growth parameters for all strains and chemostat cultivation conditions. (A) Specific O, consumption rate. (B) Specific CO, production
rate. (C) Specific by-product generation rate under glucose-hypoxic conditions. (D) Fold change of Fab productivity of the generated strains in comparison to
the X-33/2F5 strain. Each measure shown is the mean = standard deviation of the results from two different experiments.

2cPOS5 being the strain with the best performance (1.55-fold increase compared to the
reference strain). Under oxygen-limiting conditions, although mPOS5 showed a de-
crease in productivity, the cytosolic POS5-overexpressing strains improved Fab produc-
tion up to 1.8-fold compared to the reference strain grown under the same conditions,
i.e, showing an additive effect of hypoxia and cPOS5 overexpression.

Cytosolic POS5 overexpression further enhances glycolysis upregulation
caused by hypoxia. To gain further insight into the additive effect of hypoxia and
cytosolic POS5 overexpression observed in chemostat cultures, the relative transcrip-
tional levels of TDH3 (as marker gene for glycolysis) and POS5 were determined by
ddPCR for all strains and growth conditions tested (Fig. 4). Previous studies demon-
strate that, in contrast to S. cerevisiae, glycolysis is transcriptionally upregulated by
hypoxia in P. pastoris (17, 22). Glucose-grown cells showed an increase in TDH3
transcripts when POS5 was overexpressed compared to reference strain. Specifically,
TDH3 was upregulated 1.44- and 1.24-fold in the 1-copy and 2-copy cPOS5 strains,
respectively, under normoxic conditions, whereas the mPOS5 strain showed only a
slight increase (1.12-fold) in TDH3 mRNA levels. Such upregulation of TDH3 was further
enhanced by hypoxic conditions, with 1.93-, 3.16-, and 2.46-fold increases observed in
the 1cPOS5, 2cPOS5, and mPOSS5 strains, respectively, compared to the reference strain.
Notably, such results correlate with the increased Fab secretion observed under this
condition. In contrast, no significant changes were observed in TDH3 transcriptional
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FIG 4 Transcriptional analysis of chemostat cultivations. (A) Relative changes of TDH3 mRNA levels in POS5 strains are expressed as fold change from the TDH3
levels in the reference strain. (B) POS5 mRNA levels are expressed as relative expression levels to ACT1 (POS5/ACT1 signal) for each individual strain and
condition (*, P < 0.05; **, P < 0.01) compared to the control strain. Error bars show the standard deviation of the results from three technical replicates. Gluc,

glucose; norm, normoxia; Glyc, glycerol; hyp, hypoxia.

levels when glycerol was used as a carbon source in the 1cPOS5 and 2cPOS5 strains
compared to the reference strain, except for the mPOS5 strain, which showed a 1.3-fold
increase.

Concerning POS5 transcription, the 2cPOS5 strain showed the highest POS5 tran-
scriptional levels under all tested conditions. As expected, POS5 mRNA levels in
glucose-grown 2cPOS5 cells were at least 2-fold higher than in the 1cPOS5 strain.
Moreover, as POS5 was expressed under the control of the GAP promoter, i.e., the TDH3
promoter, POS5 expression was 1.8-fold higher in 2cPOS5 cells grown under glucose/
hypoxia than that in glucose/normoxia-grown cells. Such a hypoxic boost effect was
not observed in glucose-grown 1cPOS5 cells, suggesting that ectopic POS5 mRNA levels are
too low to cause a significant metabolic effect in these cells. Similarly, POS5 expression
levels in glucose/normoxia-grown mPOS5 cells did not show significant differences be-
tween cultivation conditions.

Notably, POS5 transcriptional levels in glycerol-grown cells appeared to be on the
same range as in glucose/normoxia-grown cells. This is in contradiction to previous
studies reporting that TDH3 promoter expression level is around two-thirds of that in
glucose (23, 24). Such differences could be related to the different growth conditions
used in previous studies (shake flask cultures) and the different analytical method
employed in our study (ddPCR).

In silico interpretation of POS5 overexpression physiological impact. One of the
applications of genome-scale metabolic models (GSMM) is to assist in the interpretation
of biological data to reinforce or discard hypotheses (25). We used the iMT1026 v3.0
GSMM for P. pastoris (25), which enables improved prediction capabilities for growth on
glycerol compared to the original version (26).

The effect of Fab overproduction on flux distribution was tested by performing a
series of simulations successively increasing Fab production constraints (employing flux
scanning based on enforced objective function [FSEOF]). NADPH turnover ratios were
calculated for the resulting predicted fluxes. A clear correlation between Fab produc-
tion and this cofactor turnover was obtained due to the increased demand of amino
acid biosynthesis for Fab production (Fig. S1).
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The metabolic impact of POS5 overexpression was also modeled by constraining
successively increasing fluxes through the specific NADH kinase reaction (cytosolic or
mitochondrial) and using minimization of metabolic adjustment (MOMA) for assessing
the new distribution. As a result, metabolic fluxes through some pathways are pre-
dicted to be up- or downshifted concomitantly with an increased flux through an NADH
kinase reaction. Mitochondrion- or cytosol-directed POS5 overexpression impacts dif-
ferently on metabolic flux distribution, as it is affecting different compartmentalized
NAD(P)H pools. For example, cytosolic Pos5p synthesis supplies an important fraction
of NADPH under glucose-growing conditions (Fig. 5B and C), and consequently, the flux
through the oxidative branch of the pentose phosphate pathway decreased. In con-
trast, mitochondrial NADPH kinase synthesis would not be able to supply enough
cytosolic NADPH, and therefore, the flux of the NADPH-generating reactions of the
pentose phosphate pathway is enhanced (Fig. 5D and E). Another predicted and
important difference between cytosolic and mitochondrial Pos5p overexpression is the
increased activity of the glycolysis pathway (coherent with experimental ddPCR data)
and tricarboxylic acid (TCA) cycle when the cytosolic NADPH kinase is overexpressed,
while mitochondrial overexpression is predicted to cause a decreased flux through this
pathway. However, some predicted changes are common between cPOS5 and mPOS5
strains, as in both cases, there is an increase in the activity of the oxidative phosphor-
ylation that supplies the additional ATP demanded in the NADPH kinase reaction. The
increased electron transfer to the respiratory chain is predicted to be through NADH
oxidation in the mPOS5 strain, but for the cPOS5 strain, succinate oxidation to fumarate
would be the additional electron supply. Overall, increases in oxygen consumption, CO,
production, by-product formation, and Fab production are predicted for all the condi-
tions tested in simulations for the cPOS5 strain. Similarly, an increase in g, and qco»
during growth on glycerol and glucose-normoxia is predicted for the mPOS5 strain,
whereas no significant changes are predicted in terms of by-product formation or Fab
production for this strain. Conversely, mitochondrial overexpression of NADH kinase
leads to a reduction in CO,, ethanol, and Fab production under hypoxic conditions,
which is in line with the experimentally observed behavior.

DISCUSSION

POS5 overexpression increases NADPH availability and recombinant protein
production. Several studies have addressed the impact of heterologous protein ex-
pression on the metabolism and cell physiology of P. pastoris (27) and how environ-
mental conditions can modulate the product yields (17, 28). Heyland et al. (13)
postulated and Nocon et al. (11, 12) provided strong evidence that increasing flux
through the PPP allows the supply of additional NADPH, thereby compensating for the
extra demand caused by biosynthetic processes involved in heterologous protein
production. In fact, our in silico simulations indicate that an increase in Fab extracellular
production correlates with higher NADPH turnover rates. Redox-engineered strains are
able to generate additional NADPH compared to the reference X-33/2F5 strain, result-
ing in increased NADPH/NADP™ ratios. Moreover, a higher POS5 gene dosage further
increased POS5 transcriptional levels, correlating with higher NADPH/NADP™ ratios and
Fab protein production. Higher NADPH/NADP™ ratios may reflect more NADPH avail-
able for cellular processes, not only for biosynthesis of recombinant protein, but also for
its potential use in protein folding and ER oxidative stress response processes involved
in protein secretion (14). Therefore, although POS5 overexpression leads to a drain in
cell energy resources (i.e.,, ATP consumption), it ensures a nonlimiting supply of NADPH,
which has been demonstrated to allow for increased recombinant protein production
yields (12). Our in silico calculations show increased Fab secretion when the ectopic
Pos5p NADH kinase is targeted to the cytosol. This may indicate that Fab biosynthesis
and secretion could compensate for the cofactor perturbation (boosted NADPH levels)
by draining such NADPH excess, thereby restoring the redox cofactor original state.

Metabolic impact of POS5 overexpression. Our results strongly suggest that
Pos5p NADH kinase overexpression perturbs cofactor balance. This is further reflected
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in the differences observed in growth profiles of POS5-overexpressing strains compared
to the reference strain, pointing to an impact in the distribution of fluxes through the
cell's metabolic network. Previous studies in other yeast and fungi have reported that
the overexpression of NADH kinases has a strong effect on metabolic flux distribution
(29-31), as also predicted by the simulations performed with iMT1026 v3.0. Notewor-
thy, the impermeability of organelle membranes to NAD(P)H leads to cofactor reoxi-
dation in the same compartment where they are reduced (32). Thus, different effects of
the cofactor perturbation are expected in the cPOS5 and mPOS5 strains. POS5 overex-
pression provides a source of NADPH in addition to the oxidative branch of the PPP,
which is the main cytosolic NADPH-generating pathway in yeast (33). As extra NADPH
is supplied by the NADH kinase, flux through the oxidative branch of the PPP is
predicted to decrease, as observed when POS5 overexpression is targeted to the cytosol
of S. cerevisiae (30). Indeed, in S. cerevisiae, NADPH inhibits ZWF1, the first step in the
oxidative PPP (34). Therefore, the increased levels of NADPH in cPOS5 (and 2cPOS5)
would be coherent with the predicted reduction of flux through the oxidative branch
of the PPP. Conversely, mitochondrial overexpression of POS5 would result in an
increased flux through the PPP. Part of the carbon flux would be redirected to the
mitochondria for generating the required NADH surplus at the expense of cytosolic
NADH yields. This reduction in cytosolic NADH generation would be compensated for
by the additional NADPH synthesized. Thus, enzymes able to use both NADH and
NADPH would turn their specificity to NADPH. Therefore, despite the production of
additional mitochondrial NADPH, the impermeability of mitochondrial membrane to
redox cofactors would force cytosolic NADPH generation pathways to supply the
required NADPH for compartment-specific biosynthetic processes. The correlation be-
tween the flux through the oxidative branch of the pentose phosphate pathway and
biomass yields has been widely reported (33, 35). Accordingly, the predicted flux
increase and decrease through the PPP as a consequence of mPOS5 and cPOS5
overexpression, respectively, are in agreement with the biomass yields observed in
chemostat cultivations, being an increase in Yy yield in mPOS5 strains and a reduction
in cPOS5 strains (Table S2). Similarly, in other species, while mitochondrial POS5-
overexpressing strains show an increase in Yy (5, 29, 31), the cytosolic overexpression
of the NADH kinase results in reduced biomass yields. It is noteworthy to mention that
the scaled reduced costs of Fab production over biomass generation are narrow
(1.01 X 10~%), and therefore, differences in biomass yields are mainly a consequence of
POS5 overexpression and the concomitant redistribution of metabolic fluxes and
energy consumption, rather than increased Fab yields.

Redox cofactor balance and energy metabolism are very closely linked in the
respiratory chain. It is therefore plausible that a perturbation in redox cofactor levels
would cause a metabolic flux redistribution to restore the energy supply capacity of the
cells. Moreover, in addition to the redox cofactor imbalance created by a surplus of
NADPH at the expense of NADH, the Pos5p-catalyzed NADH kinase reaction is ATP
consuming. According to the performed simulations, higher fluxes in oxidative phos-
phorylation would compensate for this ATP drain. These predictions are also in agree-
ment with the increased oxygen consumption rates of the mutant strains during the
chemostat cultivations. Nevertheless, in the cPOS5 strain, part of the cytosolic NADH
generated is consumed in the NADH kinase reaction and cannot be used for biosyn-
thetic purposes nor transported by mitochondrial redox shuttles to further deliver its
electrons into the respiratory chain. Despite the higher TCA cycle activity and conse-
quent increase in mitochondrial NADH generation, it would not provide enough
reducing power for the electron transport chain, and a reduction in the NADH electron
transfer and an increase in alternative electron delivery mechanisms (i.e., succinate
oxidation to fumarate) are predicted for the cPOS5 strain. Since the NADH demand is
located in mitochondria in mPOS5, the compensation of the drain would rely on flux
readjustments in mitochondrially located reactions. In this case, an activation of the
malic enzyme as well as an increase in the anaplerotic feed of TCA cycle intermediates
would supply the additional NADH, enabling increased electron transfer to the respi-
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ratory chain. As with S. cerevisiae and Aspergillus nidulans, we do not observe a
reduction in biomass yields (29, 30).

When grown under hypoxic conditions, the additional supply of ATP required by
Pos5p is limited due to the restricted oxygen availability constraining the respiratory
chain activity. Simulations predict that when cPOS5 strain cells grow under hypoxia, the
ATP drain caused by Pos5p activity cannot be completely compensated, leading to a
decrease in cell fitness and increased hypoxic effects. Accordingly, experimental data
show an increase in by-product formation when cPOS5 is overexpressed. These results
are also supported by the ddPCR analyses performed, showing a transcriptional adap-
tation of the glycolytic pathway under hypoxic conditions positively correlated with the
gene copy number (and transcriptional levels) of POS5. TDH3 has been reported to
increase its transcription levels in hypoxia (Baumann et al. [17]). Our results strongly
support that increasing NADPH availability by overexpressing POS5 enhances this
hypoxic effect. Consequently, since the ectopic expression of POS5 is also under the
transcriptional control of the TDH3 promoter, POS5 positively feeds back its own
overexpression under low-oxygen-availability conditions.

Conversely, despite the oxygen limitations, the mPOS5 strain would be able to
compensate for the drained ATP by supplying additional mitochondrial NADH to the
respiratory chain, thereby increasing ATP production. This strain, similarly to A. nidulans,
is able to overcome the ATP drain and increase biomass yields with respect to the
control strain, even under hypoxic conditions (29). Although P. pastoris is commonly
classified as a Crabtree-negative yeast, it can produce a certain amount of ethanol and
other by-products (35), particularly under hypoxic conditions (17). By-product forma-
tion is a consequence of limitations in TCA cycle and oxidative phosphorylation
capacities, leading to an excess of reduced NAD(P)H that the cell is not able to reoxidize
by the respiratory pathway (35, 36). The mPOS5 strain showed a decrease in ethanol
secretion due to the reduction in available mitochondrial NADH, while arabitol pro-
duction remained comparable to that in the reference X-33/2F5 strain. The cPOS5
strains showed increased arabitol and ethanol production both in experimental data
and simulations. Under hypoxic conditions, increased NADH kinase levels would con-
vert the excess of NADH to NADPH (as reflected in the experimentally determined
increased NADPH/NADP ™ ratio); this NADPH surplus would be subsequently reoxidized
through the generation of arabitol. In addition, simulations indicate an increase in TCA
cycle flux leading to enhanced NADH generation. Due to the reduced capacity of
oxidative phosphorylation caused by the oxygen limitation, the additional NADH
generated has to be reoxidized, forming ethanol, in agreement with the experimental
observation.

To conclude, in this study, the S. cerevisiae POS5 gene, encoding an NADH kinase,
was overexpressed in P. pastoris, either directed to the cytosol or to the mitochondria.
The physiological characterization of these strains in chemostat cultivations showed a
clear effect of POS5 overexpression on the redox cofactor balance. Indeed, POS5
overexpression increased the NADPH/NADP™ ratio in all the strains and under all
conditions tested. Furthermore, the strain containing two copies of POS5 integrated in
the cell's genome (2cPOS5) showed the highest increase in NADPH/NADP™ ratio
compared to the reference strain. This strongly supports a positive correlation between
POS5 gene dosage and NADPH availability. Moreover, this correlation can also be
observed in a comparison of the strain performance, where 2cPOS5 strain cells showed
the greatest fold change increase in Fab productivity. These results are also in agree-
ment with the performed simulations, which show a positive correlation between
NADPH turnover and Fab production as well as increased Fab productivity when flux
through the cytosolic NADH kinase reaction is increased.

The different behaviors of the mPOS5 and cPOS5 strains indicate the complexity of
cell metabolism with organelle membranes impermeable to redox cofactors and
highlight the importance of directing enzymes to the appropriate compartment when
designing metabolic engineering strategies.
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As a result of POS5 overexpression, metabolic fluxes through the central carbon
metabolism redistribute. Notably, redox-engineered strains showed higher oxygen
requirements concomitant with increased oxidative phosphorylation in order to replen-
ish the ATP pools drained in the reaction catalyzed by the NADH kinase. Consequently,
these strains, particularly the cPOS5 strain, are more sensitive to O, (i.e., show a lower
threshold for the onset of respirofermentative metabolism) and showed more extreme/
drastic hypoxic effects (increased by-product formation). In fact, the effects of POS5
overexpression are boosted under hypoxic conditions, and redox-engineered strains
show higher NADPH/NADP~ ratios and Fab productivity. Moreover, this effect is
particularly notorious when the gene copy number of cPOS5 is increased, remarking
how important gene dosage is while performing strain modifications at a metabolic
level. The gene dosage effect is supported by the ddPCR results, with 2cPOS5 showing
the highest fold change in TDH3 transcription (the glycolytic marker) and the highest
POS5 transcription level. Notably, both in silico flux distributions and macroscopic
growth parameters of the POS5-engineered strains were coherent in terms of increased
demand of oxygen, CO,, and by-product generation profiles, as well as Fab productiv-
ity, revealing iMT1026 v3.0 as a useful tool for consistently assessing the interpretation
of the cultivation results, as well as taking into account the effect of growth conditions
on the metabolic phenotype of the engineered strains.

Overall, we demonstrated the impact of redox cofactor perturbation in cell metab-
olism and provided further evidence of NADPH metabolism as a key cell engineering
target for improved recombinant protein production. Nonetheless, further studies are
needed in order to dissect the actual contributions of protein folding and secretion
(versus protein synthesis) to the increased NADPH demand. In this respect, future
comparative studies of the impact of NADPH metabolism perturbation on the produc-
tion of the same model protein produced in the cytosol or secreted should bring
further insights. In addition, future development of production processes (i.e., high-
cell-density fed-batch cultivations) using POS5-engineered strains would also benefit
from regulated POS5 expression (e.g., be coinduced with the recombinant product
gene, expressed under the control of an easily tunable promoter) to minimize the
potential metabolic burden associated with the GAP-driven constitutive expression of
this gene.

MATERIALS AND METHODS

Strain generation. A Pichia pastoris X-33 (Thermo Fisher Scientific)-derived strain expressing mul-
tiple copies of the genes encoding the human antigen-binding fragment (Fab) 2F5 under the transcrip-
tional control of the constitutive GAP promoter and with the a-mating factor secretion signal sequence
from Saccharomyces cerevisiae (37) was used in this study.

The S. cerevisiae POS5 gene, encoding the mitochondrial NADH kinase Pos5p (38, 39), was codon
optimized for heterologous expression in P. pastoris, synthesized by GeneArt (Thermo Fisher Scientific),
and cloned into a pPUZZLE vector (40) under the control of GAP promoter, thereby generating vector
pPUZZLE_mPOS5 (Fig. 6). Similarly, an analogous construction, pPUZZLE_cPOS5, was constructed ex-
pressing a 5’-truncated POS5 excluding the first 48 bp coding for the N-terminal 16 amino acids, allowing
for cytosolic Pos5p localization. Escherichia coli DH5« was used for plasmid propagation.

P. pastoris X-33/2F5 strain transformation and recombinant clone isolation were performed as
described in reference 40. The presence of an integrated expression cassette into the host genome was
confirmed by colony PCR (41) using the primer pairs described in Table S1.

Clone screening at a small scale. A set of 12 recombinant clones for each strain construct were
screened for growth and Fab 2F5 production in triplicate baffled shake flask cultures using glucose
minimal medium, as described by Baumann et al. (40).

Chemostat cultivations. Two independent carbon-limited chemostat cultivations were performed
for each strain under three different growing conditions, using as a carbon source either glycerol, glucose
under normoxic conditions (100% air in the inlet gas composition), or glucose under hypoxic conditions
(25:75 of air/N, in the inlet gas composition), as previously described (42). Cultivations were performed
at a working volume of 1 liter in a 2-liter benchtop Biostat B (B. Braun Biotech International) bioreactor.
Operational conditions were set to 25°C, 700 rpm, 1 vol/vol/min inlet gas flow, 20,000 Pa overpressure,
0.1 h~" dilution rate (D), and pH 5.0 controlled by the addition of 15% (vol/vol) NH,. Samples were taken
at the 3rd, 4th, and 5th residence times for cell density monitoring, Fab titers, extracellular metabolites,
and dry cell weight (DCW) analyses. The off-gases were cooled dawn in a condenser at 4°C and further
desiccated in two silica gel columns. The off-gas O, and CO, concentrations were measured using BCP-O,
(zirconium dioxide) and BCP-CO, (infrared) BlueSens gas analyzers, respectively.
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FIG 6 Plasmid maps for pPUZZLE_mPOS5 and pPUZZLE_cPOS5. In red, the restriction enzymes used were Sbfl and Sfil for cloning mPOS5 and cPOS5, Ascl for
plasmid linearization, and Bglll for plasmid ligation verification. pPUZZLE contains the kanMX gene encoding kanamycin resistance (E. coli) and Geneticin G418

resistance (P. pastoris). ORI, origin of replication.

For reactor inoculation, strains were cultivated in a 1-liter baffled Erlenmeyer flask containing 150 ml
YPG broth (1% [wt/vol] yeast extract, 2% [wt/vol] peptone, 1% [wt/vol] glycerol) and antibiotic
(100 ug-liter—' zeocin for the control strain or 500 ug-liter—' Geneticin G418 for NADH kinase recombi-
nant clone selection) at an optical density at 600 nm (ODy,,) between 0.15 and 0.30. Precultures were
incubated at 25°C under 130 rpm for 16 to 24 h.

Batch medium composition was as previously described (16). Briefly, it contained 40 g-liter—* glycerol,
1.8 g-liter—" citric acid, 12.6 g-liter=' (NH,),HPO,, 0.5 g:liter—" MgSO,-7H,0, 0.9 g:liter~" KCl, 0.02 g-liter—’
CaCl,-2H,0, 4.6 mlliter—' trace salt stock solution, 2 mlliter—' biotin solution (0.2 g-liter~'), and 250
wlliter—1 Glanapon 2000 antifoam (Bussetti). The chemostat medium was also adapted from reference
16. Briefly, it contained 50 g-liter—' carbon source (glycerol or glucose), 0.92 g-liter—" monohydrate citric
acid, 4.35g-liter~" (NH,),HPO,, 0.65 g:liter—' MgSO,-7H,0, 1.7 g-liter=* KCl, 0.01 g-liter~' CaCl,-2H,0,
1.6 ml trace salt solution, 1 ml biotin solution (0.2 g-liter~1), and 200 ulliter—' Glanapon antifoam. The
trace salt solution was composed of 6.0 g-liter—* CuSO,-5H,0, 0.08 g-liter~* Nal, 3.36 g-liter—* MnSO,,-H,0,
0.2 g-liter~' Na,MoO,-2H,0, 0.02 g-liter—" H;BO;, 0.82 g-liter~' CoCl,-6H,0, 20 g-liter~' ZnCl,, 65 g-liter '
FeSO,-7H,0, and 5.0 ml H,SO,, (95 to 98% [wt/wt]). The medium pH was adjusted to 5.0 with 6 N HCl.

Analytical methods. (i) Biomass concentration. Cell density was assessed by the optical density at
600 nm measured in a DR3900 spectrophotometer (Hach Lange GMBH). Dry cell weight (DCW) was
measured by gravimetric methods, as follows: 2 to 10 ml of sample was filtered in glass fiber prefilters
(Merck Millipore) preweighed after drying at 105°C for 24 h. Each filter was washed twice with 10 ml of
distilled water, dried at 105°C for 24 h, cooled in a desiccator, and weighed.

(ii) Fermentation product analysis. Citric acid, glucose, glycerol, arabitol, succinic acid, acetic acid,
and ethanol were analyzed by high-performance liquid chromatography (HPLC) in an UltiMate 3000
liquid chromatography system (Dionex) using an ICSep ICE-Coregel 87H3 ion exchange column (Trans-
genomic) and a Waters 2410 refraction index detector. Sulfuric acid (6 mM) was used as continuous
phase at 0.5 ml/min flow and 20-ul sample injection volume. Data were analyzed using the CROMELEON
software (Dionex).

(iii) Quantification of Fab. Fab 2F5 was quantified by enzyme-linked immunosorbent assay (ELISA)
in 96-well Immuno Plates (Nunc; Thermo Scientific), as described by Gasser and coworkers (37). Briefly,
plates were subjected to an overnight precoating of Fab-specific anti-human IgG primary antibody
(15260; Sigma) in phosphate-buffered saline (PBS) buffer (1:1,000). Then, plates were washed three times
with PBS-1% Tween 20, and samples and Fab standard (Bethyl, Inc.) were diluted in PBS buffer
containing 10% (wt/vol) bovine serum albumin (BSA; Sigma) and 0.1% (vol/vol)-Tween 80. Plates were
incubated for 2 h, washed again with PBS-1% Tween 20 three times, and incubated for 1 h after the
addition of anti-human kappa light-chain (bound)-alkaline phosphatase (Sigma) secondary antibody.
Plates were washed with PBS-1% Tween 20 three times and treated with para-nitrophenylphosphate
(pNPP) phosphatase substrate (Sigma), and the absorbance at 405 nm was measured using a Multiskan
FC microplate reader (Thermo Scientific).

(iv) Droplet digital PCR analysis. ddPCR was used to determine the recombinant POS5 gene copy
number and transcriptional levels of TDH3 and POS5.
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TABLE 1 Primers used in this study

Primer name Sequence (5'-3’) T, (°C)?
POS5-Fb< ATCCGCGCCTGCAGGAATGTTTGTTAGAGTTAAGTTGAACAAGCCAGTTAA 67
POS5_cyt-Fe< ATCCGCGCCTGCAGGAATAATGTCCACTTTGGACTCCCATTCCTTGAA 68
POS5-Rb< ATGACTAGGCCGAGGCGGCCTTAGTCGTTGTCAGTCTGTCTC 68
POS5_int-R®¢  AGCAACACCGTCAGCAGTAG

POS5_amp-F¢  GGAGTGTCACTTGAAGAA 386
POS5_amp-RY CGTCAGCAGTAGTTCTAG 36.6
POS5 probe?  ACTCCAACTCCTCCATCGTTACTCA (5', 6-FAM/3’, BHQ-1)¢ 57.1

aT,,,, melting temperature.

bPrimer used for cloning POS5 into pPUZZLE.

“Primer used for clone verification.

dPrimer used for gene copy number determination.
eFAM, 6-carboxyfluorescein; BHQ, black hole quencher.

For gene dosage determination, genomic DNA was purified using the Wizard genomic DNA purifi-
cation kit (Promega), according to the manufacturer’s instructions, and quantified in a NanoDrop 2000
spectrophotometer (Thermo Scientific). Half a microgram of DNA was digested by the EcoRI and BamHI
FastDigest enzymes (Thermo Scientific) to produce DNA fragments smaller than 5 kb and purified with
the Wizard SV gel and PCR clean-up system (Promega). Reaction conditions (1X Supermix ddPCR
TagMan, 300 nM each primer, 200 nM each probe, and 0.02 ng-ul~' digested genomic DNA) and
operational conditions were performed as suggested by Bio-Rad and optimized for P. pastoris, as
described in reference 43. The annealing temperature was set to 57°C, after temperature gradient
determination. The primers used for ddPCR are listed in Table 1.

The expression levels of TDH3 and POS5 were quantified by ddPCR, as described in reference 44, with
minor modifications. Briefly, 1 ng of cDNA was used for the reaction mixture instead of 0.4 ng, and the
annealing temperature was set to 56.5°C in the PCR. The housekeeping gene B-actin (ACTT) was selected
to normalize the data. The primers used are described in Table 1.

(v) NADPH/NADP+ ratio determination. Samples for NADPH and NADP* quantification were taken
and rapidly quenched with cold 60% (vol/vol) methanol (45, 46). Cell suspensions were centrifuged and
washed twice with quenching solution, as described by Ortmayr et al. (45) (4,000 X g, —10°C, 10 min in
a 5804 R centrifuge; Eppendorf). Finally, pellets were stored at —80°C. NADPH and NADP+ concentrations
were determined using the EnzyChrom NADP*/NADPH assay kit (BioAssay Systems), and the optical
densities at a wavelength of 595 nm were measured using a Multiskan FC microplate reader (Thermo
Scientific). Analyses were performed in duplicate. The relative standard deviation (RSD) of the analytical
method was 20%.

Statistical analysis. Chemostat cultivation data were checked for consistency, and standard recon-
ciliation procedures were applied (47). A statistical consistency test, based on the h-index as described
in reference 47, was passed with a confidence level of 95%. Consequently, there was no evidence of gross
measurement errors. A statistical comparison of the macroscopic growth profiles of the different strains
was performed using the Microsoft Excel 2-tailed Student t test.

Metabolic modeling. The iMT1026 v3.0 metabolic model (BioModels database MODEL1612130000)
of P. pastoris (26) was used in the COBRA Toolbox v2.0.6 (48) under Matlab 2014 (Mathworks, USA) with
SBML toolbox v4.1.0 (49) and libSBML library v5.12.0 (50) and with IBM ILOG CPLEX optimization studio
12.7 as the solver. The prediction of flux redistribution due to Fab overexpression was performed
employing flux scanning based on enforced objective function (FSEOF) (51) by maximizing the biomass
production at a constrained range of Fab secretion (0 to 0.12 mg-gpc,,~-h 7). Particularly, redox cofactor
turnover rates were calculated using the flux-sum analysis (52) on each resulting flux distribution. A
cytosolic NADH kinase reaction was incorporated into the model (the corresponding mitochondrial
reaction was not added, as iMT1026 v3.0 already contained the endogenous mitochondrial NADH kinase
reaction). The perturbation of the NADH kinase activity on flux distribution was calculated by minimi-
zation of metabolic adjustment (MVOMA) (53) performing a series of simulations enforcing a minimal flux
through the NADH kinase reaction (cytosolic or mitochondrial) constraining the uptake of the carbon
source to the control strain experimental values in the case of normoxia (glycerol and glucose) and
additionally constraining the oxygen uptake rate for the simulations under hypoxic conditions. The
resulting flux distributions at different NADH kinase reaction fluxes (0 to 2 mmol-gpc,,~"-h~") were
compared against the control strain (X-33/2F5), in which the NADH kinase reaction flux is 0.

Data availability. Data corresponding to this study can be found in the supplemental material files
and additional data in the UAB data repository database (54).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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