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Summary

Since methylotrophic yeasts such as Ogataea
methanolica can use methanol as a sole carbon
feedstock, they could be applied to produce valuable
products from methanol, a next-generation energy
source synthesized from natural gases, using
genetic engineering tools. In this study, metabolite
profiling of O. methanolica was conducted under
glucose (Glc) and low and high methanol (L- and
H-MeOH) conditions to show the adaptation mecha-
nism to a H-MeOH environment. The yeast strain
responded not only to the presence of methanol but
also to its concentration based on the growth condi-
tion. Under H-MeOH conditions, O. methanolica
downregulated the methanol utilization, glycolytic
pathway and alcohol oxidase (AOD) isozymes and
dihydroxyacetone synthase (DAS) expression com-
pared with L-MeOH-grown cells. However, levels of
energy carriers, such as ATP, were maintained to
support cell survival. In H-MeOH-grown cells, reac-
tive oxygen species (ROS) levels were significantly
elevated. Along with increasing ROS levels, ROS
scavenging system expression was significantly
increased in H-MeOH-grown cells. Thus, we con-
cluded that formaldehyde and H,O,, which are prod-
ucts of methanol oxidation by AOD isozymes in the
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peroxisome, are overproduced in H-MeOH-grown
cells, and excessive ROS derived from these cells is
generated in the cytosol, resulting in upregulation of
the antioxidant system and downregulation of the
methanol-utilizing pathway to suppress overproduc-
tion of toxic intermediates.

Introduction

Given the growing population worldwide and the fact that
traditional energy sources such as coal and petroleum
that are available for use in industry and daily life are
becoming stretched (Xu and Bell, 2014), there is an
interest in trying to obtain new energy compounds using
other means such as biological conversion. Reduced C;-
compound methanol derived from greenhouse gases
and industrial by-products can serve as an inexpensive
and clean feedstock for sustainable production of biofu-
els and commodity chemicals, and it is recognized as
one of the next-generation energy sources with the least
environmental impact (Whitaker et al, 2015; Antonie-
wicz, 2019). In this context, biomass conversion (i.e.
organic acid, terpenoids and polyketides) of methanol
under economic operation has gained much attention
over the past two decades (Fei et al, 2014). Methy-
lotrophs provide hosts that are well adapted to specific
ecological niches that can use methanol or alternative
C, feedstocks (Chistoserdova, 2015), and their cell func-
tions have been used in the production of various valu-
able chemicals (Zhang et al., 2019).

Generally, methylotrophs can be divided into two
groups, methylotrophic bacteria and yeasts. Among
them, methylotrophic yeasts, such as Komagataella
phaffii (formerly Pichia pastoris [Kurtzman, 2005]), Can-
dida boidinii, Ogataea polymorpha (formerly Hansenula
polymorpha [Yamada et al, 1994]), and Ogataea
methanolica (formerly Pichia methanolica [Kurtzman and
Robnett, 1998]), have high potential as fermentation pro-
ducers for several biomass conversions from methanol.
They are recognized as attractive hosts for the produc-
tion of heterologous protein for the following reasons: (i)
the yeast is easy to grow to a high-density culture; (ii)
abundant molecular genetic tools are available; (iii) the
yeast has strong methanol-inducible promoters for
the gene expression system; (iv) the yeast has the
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advantages of performing extensive post-translational
modifications, protein folding and secretion of recombi-
nant targets; and (v) the yeast possesses higher toler-
ance to extreme (acidic and basic) pH conditions (Porro
et al., 2005; Cos et al., 2006; Yurimoto et al, 2011;
Palma et al.,, 2018; Tan et al., 2018; Patino et al., 2019;
Fabarius et al., 2021).

In the methanol-utilizing pathway in methylotrophic
yeasts (Fig. 1), methanol is initially oxidized by alcohol
oxidase (AOD) to formaldehyde. The generated
formaldehyde stands at the branchpoint of the methanol-
utilizing pathway between the assimilatory and oxidation
pathways. In the assimilatory pathway, formaldehyde is
fixed to D-xylulose 5-phosphate (Xu5P) by dihydroxyace-
tone synthase (DAS), generating dihydroxyacetone
(DHA) and glyceraldehyde 3-phosphate (GAP). The
products continue to be assimilated to form Xu5P, a
formaldehyde acceptor, and cell constituents (Sakai
et al, 1998; Hartner and Glieder, 2006). The main
methanol metabolic process, such as formaldehyde syn-
thesis, formaldehyde fixation and the Xu5P rearrange-
ment pathway, is localized in peroxisomes, which are
largely developed up to approximately 80% of the cellu-
lar volume in methanol-grown cells (RuBmayer et al.,
2015; Fukuoka et al., 2019), while the methanol oxida-
tion pathway containing oxidized nicotinamide adenine
dinucleotide (NAD")-linked glutathione (GSH)-dependent
formaldehyde dehydrogenase (FLD), S-formylglutathione
hydrolase (FGH) and NAD'-linked formate dehydroge-
nase (FDH) occurs in the cytosol (Yurimoto et al., 2011).

Therefore, peroxisomes, which are methanol-inducible
microbodies, are the most important organelles in the
methylotrophic lifestyle of yeast.

Although features of methylotrophic yeast have a lot in
common, some distinctive differences were revealed in
O. methanolica with species such as Candida pignaliae
and C. sonorensis (Ito et al., 2007). These species pos-
sess nine AOD isozymes with different affinities towards
methanol and oxygen, which are octamers randomly
assembled by two subunits, Mod1p and Mod2p (Naka-
gawa et al, 1996, 1999, 2001; Fujimura et al., 2007).
Specifically, in O. methanolica, the MOD2 gene tends to
be expressed at a higher methanol condition than
MOD1, making it possible to adapt to the concomitantly
changing methanol concentrations (Nakagawa et al.,
2006). Additionally, the intracellular formaldehyde level
was shown to be coordinated by regulating the enzyme
expression order; FLD and FDH were induced earlier
than AOD isozymes to avoid formaldehyde accumulation
in O. methanolica (Wakayama et al., 2016). For heterolo-
gous protein expression, O. methanolica shows better
performance than K. phaffii in terms of carbon use and
gene recombination. The yeast can rapidly adapt its car-
bon source to shift from glucose to methanol without
medium replacement and followed by biomass produc-
tion (Raymond et al., 1998). Furthermore, O. methano-
lica has two strong AOD promoters (Nakagawa et al.,
2006, 2015), and the non-homologous recombination for
the expression cassettes performs effectively in O.
methanolica (Hiep et al., 1993).
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Fig. 1. The methanol metabolic pathway in O. methanolica. Mod1p and Mod2p, alcohol oxidase isozymes; Das1p, dihydroxyacetone synthase;
Ctalp, catalase; Fld1p, formaldehyde dehydrogenase; FGH, S-formylglutathione hydrolase; Fdh1p, formate dehydrogenase; HCHO, formalde-

hyde; GSH, glutathione; Gs-CH,OH, S-hydroxymethylglutathione; Gs-CHO, S-formylglutathione; Xu5P, xylulose 5-phosphate; DHA, dihydroxy-

acetone; GAP, glyceraldehyde 3-phosphate; FBP, fructose 1,6-bisphosphate; F6P fructose 6-bisphosphate; E4P, erythrose 4-phosphate; S7P,

sedoheptulose 7-phosphate; R5P, ribose 5-phosphate; Rul5P, ribulose 5-phosphate.
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Fig. 2. The metabolomic profiles of the intracellular metabolites among O. methanolica cells grown in Glc, L-MeOH, and H-MeOH.

A. HCA showed metabolite patterns. Redness and greenness indicate high and low concentration of each metabolite respectively.

B. PCA of the profiling data. Contribution rates are 50.0% for PC1 and 27.6% for PC2. Gic, glucose; L-MeOH, 1% (low) methanol; H-MeOH,
5% (high) methanol; HCA, hierarchical clustering analysis; PCA, principal component analysis.

However, to realize highly productive methanol bio-
mass conversions, a fermentation system that can work
efficiently under high methanol conditions, particularly to
produce commodity chemicals, is required. Thus, breed-
ing a methylotrophic yeast that grows robustly under
high methanol conditions is of great significance. How-
ever, all other methylotrophic yeasts including O.
methanolica exhibit growth inhibition under high metha-
nol conditions, such as over 5%, due to the high intracel-
lular formaldehyde levels, which are extremely toxic to
cells (Wakayama et al., 2016). Therefore, to achieve the
targeted goal, it is necessary to identify the detailed
adaptation mechanism of the yeast to high methanol
conditions, and effective countermeasures can then be
taken to address the issue.

In this study, to show the adaptation mechanism to
high methanol conditions in O. methanolica, we aimed to
comprehensively investigate the metabolite profiles of O.
methanolica that were cultivated under low and high
methanol conditions and in a glucose medium, together
with the expression levels of several key genes that are
related to methanol metabolism and the antioxidant sys-
tem. Our results revealed the molecular mechanism of
the O. methanolica adaptation to high methanol

conditions and provided useful insights into promoting
yeast viability.

Results

Overview of the O. methanolica metabolic response to
methanol

A previous study showed that O. methanolica could grow
well below the 3% methanol condition, whereas obvious
growth retardation was observed in the 5% methanol
condition (Wakayama et al, 2016). In this work, we
defined the 1% and 5% methanol conditions as the low
methanol condition (L-MeOH) and the high methanol
condition (L-MeOH), respectively, and performed meta-
bolomic profiling of O. methanolica grown on 1% glucose
(Glc), L-MeOH and H-MeOH/YNB media. Overall, there
were 259 metabolites (133 cationic and 126 anionic) that
were detected overall in the samples (Tables S1 and
S2). Hierarchical clustering analysis (HCA) and principal
component analysis (PCA) that showed the metabolite
patterns are shown in Fig. 2 and Table S3.
HCA-detected metabolites were divided into two large
clusters, cluster | and cluster Il (Fig. 2A). Cluster | con-
sisted of metabolites that showed a high concentration in

Fig. 3. Metabolic changes among O. methanolica cells grown in Glc, L-MeOH and H-MeOH. (A) Intermediates in the methanol-utilizing path-
way, glycolysis and TCA cycle; (B) vitamin B complex; and (C) energy carriers. Results are shown as the mean and standard deviation (n = 3).
*Significantly different between each group at P < 0.05 as determined by Student’s ttest. Gic, glucose; L-MeOH, 1% (low) methanol; H-MeOH,
5% (high) methanol; TCA, tricarboxylic acid cycle; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; E4P, erythrose 4-phosphate;
FBP, fructose 1,6-bisphosphate; F6P, fructose 6-phosphate; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; GAP, glyceralde-
hyde 3-phosphate; NA, nicotinamide; PA, pantothenic acid; PM, pyridoxamine; PMP, pyridoxamine 5'-phosphate; R5P, ribose 5-phosphate;
Rul5P, ribulose 5-phosphate; RF, riboflavin; S7P, sedoheptulose 7-phosphate; Thi, thiamine; TPP, thiamine pyrophosphate; Xu5P, xylulose

5-phosphate.
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Glc-grown cells, and cluster Il contained metabolites that
had a high concentration in MeOH-grown cells. More-
over, cluster Il included two subclusters; i.e., cluster IlI-a
contained metabolites with a high concentration in L-
MeOH-grown cells, and cluster II-b consisted of metabo-
lites with a high concentration in H-MeOH-grown cells
(Fig. 2A).

According to the PCA results, the cumulative variation
proportions of the first two principal components were
50.0% and 77.6%. PC1 completely separated Glc-grown
cells and MeOH-grown cells with a proportion of 50.0%,
indicating that Glc- and MeOH-grown cells have specific
metabolomic compounds compared with each other and
that O. methanolica alters its metabolome to adapt to
MeOH growth conditions (Fig. 2B). However, a metabolic
change also occurred between L- and H-MeOH-grown
cells, as shown in the PCA plot (Fig. 2B). PC2 com-
pletely segregated L-MeOH and H-MeOH, showing sig-
nificantly different metabolite contents at different
methanol concentrations (P < 0.05).

These results indicate that O. methanolica responds to
the presence of methanol and to its concentration in the
growth condition and that the yeast coordinates the
methanol metabolism based on the MeOH concentration
in the growth condition.

Metabolomic profiles of methanol-utilizing pathways in L-
MeOH-grown cells

Initially, we compared the change in the metabolite
levels involved in the main methanol-utilizing pathway
between Glc- and L-MeOH-grown cells (Fig. 3A). In L-
MeOH-grown cells, most of the metabolite levels that are
involved in the Xu5P rearrangement pathway and glycol-
ysis were largely increased compared with Glc-grown
cells, except for acetyl coenzyme A (CoA) and fructose
1,6-bisphosphate (FBA). Because Xu5P is an epimer of
Rul5P, neither metabolite could be distinguished from
each other in this analysis. Thus, we could not show
individual Xu5P metabolite levels in this study, but the
complex Xu5P/Rul5P metabolite level was significantly
increased in L-MeOH-grown cells. Most intermediates in
the peroxisomal Xu5p rearrangement pathway are also
those of the pentose phosphate pathway in the cytosol
that could not be distinguished by this method. However,
a significant increase in these metabolites in L-MeOH-
proliferating cells indicates activation of methanol assimi-
lation in the peroxisome compartment.

Expression of MOD1, MOD2 and DAS1, which encode
AOD isozymes and DAS, was strongly upregulated in L-
MeOH-grown cells and completely repressed in Gic-
grown cells (Fig. 4A). Expression of FLD1 and FDH1,
which encode FLD and FDH, was also strongly upregu-
lated in L-MeOH conditions (Fig. 4A). These results are

consistent with those of previous reports (Nakagawa
et al., 2004, 2010a, 2015). Moreover, intracellular levels
of thiamine pyrophosphate (TPP) and flavin adenine din-
ucleotide (FAD), which are co-enzymes for AOD iso-
zymes and DAS, respectively, in L-MeOH-grown cells
were significantly increased compared with Glc-grown
cells (P < 0.05; Fig. 3B).

Levels of most metabolites that are involved in glycoly-
sis, such as 3-phosphoglycerate (3-PG), 2-phosphoglyc-
erate (2-PG), phosphoenolpyruvate (PEP) and pyruvate,
were significantly increased compared with those of Gic-
grown cells, although intracellular levels of acetyl-CoA
and several TCA cycle metabolites were decreased
(Fig. 3A).

These results are comparable to previous reports on
methanol induction of methanol metabolic pathways in
other methylotrophic yeast strains (RuBmayer et al.,
2015), indicating that O. methanolica upregulates the
methanol-utilizing pathway, including glycolysis and the
Xu5P rearrangement pathway, under L-MeOH condi-
tions.

Metabolomic profiles of the methanol-utilizing pathways
in H-MeOH-grown cells

In H-MeOH-grown cells, the levels of most metabolites
that are involved in the Xu5P rearrangement pathway
were also significantly reduced compared with L-MeOH-
grown cells, and their levels were similar to those in Glc-
grown cells (Fig. 3A). In particular, erythrose 4-phos-
phate (E4P) in the Xu5P rearrangement pathway was
rarely detected, and Xu5P (Rul5P), fructose 6-phosphate
(F6P), sedoheptulose 7-phosphate (S7P) and ribose 5-
phosphate (R5P) levels were significantly decreased
(P < 0.05). Moreover, the metabolite levels involved in
glycolytic pathways, such as 3-PG, 2-PG and PEP, were
also significantly reduced compared with L-MeOH-grown
cells, although TCA cycle and acetyl-CoA metabolite
levels were increased (Fig. 3A).

In H-MeOH-grown cells, MOD2 and FDH1 expression
was significantly downregulated compared with that in L-
MeOH-grown cells, and MOD1 and DAS1 expression
tended to decrease (not significantly). However, FLD1
was strongly expressed in H-MeOH-grown cells with no
significant difference compared with L-MeOH-grown cells
(Fig. 4A). AOD activity was suppressed in H-MeOH-
grown cells (Fig. 4B). Thus, O. methanolica may down-
regulate methanol metabolism on purpose under H-
MeOH conditions.

In H-MeOH-grown cells, intracellular levels of most
vitamin B complex members significantly decreased
compared with L-MeOH-grown cells, except for TPP
(P < 0.05; Fig. 3B). The nicotinamide (NA) level also
decreased in H-MeOH-grown cells, but intracellular

© 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 4. The gene expression of methanol-utilizing enzymes and methanol oxidation pathway (A) and induction of AOD activity (B). Data repre-
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nicotinamide adenine dinucleotide phosphate (NADPY)
levels did not change. Because formaldehyde-metaboliz-
ing enzymes, such as DAS, FLD and FDH, require TPP
and NAD" for their activity, H-MeOH-grown cells seem
to regulate their levels to avoid intracellular formaldehyde
accumulation. Levels of pantothenic acid (PA), the pre-
cursor of CoA, were also decreased, but the amount of
CoA did not change between L- and H-MeOH-grown
cells. In contrast, intracellular levels of aminosugars,

such as N-acetylglucosamine (GIcNAc), N-acetylglu-
cosamine 1-phosphate (GIcNAc-P) and N-acetylglu-
cosamine 6-phosphate (NAcGIcNP), increased in

H-MeOH-grown cells compared with Glc- and L-MeOH-
grown cells (Table S2).

This indicates that O. methanolica regulates the
methanol-utilizing pathway to repress expression of
specific enzymes for methanol metabolism, followed by
production of the intermediates in the Xu5P rearrange-
ment pathway. The glycolytic pathway was then down-
regulated in H-MeOH-grown cells, while other pathways
might be upregulated to supply acetyl-CoA that led to
the elevated TCA cycle metabolites.

Cells can maintain the intracellular energy levels
regardless of the methanol condition

For energy carriers, we observed intracellular ATP/ADP,
NADH+NAD" and NADPH+NADP" levels in Glc-, L-
MeOH- and H-MeOH-grown cells (Fig. 3C). Intracellular
ATP, NADH+NAD" and NAD PH+NADP" levels in L-
MeOH-grown cells were significantly higher than those in
Glc-grown cells. However, intracellular ATP, NADH+-
NAD" and NADPH+NADP* levels did not fluctuate
between L-MeOH- and H-MeOH-grown cells (P < 0.05;
Fig. 3C). These results indicate that O. methanolica well
coordinates the methanol-utilizing pathway to maintain
constant energy levels in the cell under any methanol
condition.

Cells enhance the ROS scavenging system under H-
MeOH conditions

In the methanol metabolic pathway, GSH has important
physiological roles, such as an acceptor of formalde-
hyde in the methanol oxidation pathway (Fig. 5A) and
an electron donor for glutathione peroxidase (Gpx1p)
and peroxisomal peroxiredoxin (Pmp20) (Fig. 5B) (Hori-
guchi et al., 2001a; Yano et al., 2009). Thus, intracellu-
lar GSH and oxidized glutathione (GSSG) levels are

(A) MeOH oxidation pathway (B) ROS scavenging pathway

Peroxisome

ROH

4

MeOH

GSSG

FGH
GSH —— GSH GSSG
HCOOH
[
CO. ROOH ROH

Fig. 5. The glutathione redox system and its related metabolism.
(A) Methanol oxidation and (B) ROS scavenging pathways. Dashed
arrow, hydroxyl radicals from H,O, attack membranes that result in
the generation of ROOH (Horiguchi et al.,2001a). Cta1p, catalase;
Fld1p, formaldehyde dehydrogenase; FGH, S-formylglutathione
hydrolase; Fdh1p, formate dehydrogenase; Pmp20, peroxisomal
glutathione peroxidase; Gpx1p, glutathione peroxidase; Gs-CH,OH,
S-hydroxymethyl glutathione; Gs-CHO, S-formylglutathione; GSH,
reduced glutathione; GSSG, oxidized glutathione; ROS, reactive
oxygen species; ROOH (where R is an aliphatic or aromatic organic
group or simply hydrogen), alkyl hydroperoxide.
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some of the most important factors in methanol metabo-
lism in methylotrophic yeast. Therefore, we observed
the intracellular GSH+GSSG level in Glc-, L-MeOH- and
H-MeOH-grown cells (Fig. 6A). Intracellular levels of
GSH+GSSG were significantly increased in L-MeOH-
grown cells compared with Glc-grown cells (P < 0.05).
However, in H-MeOH-grown cells, intracellular levels of
GSH+GSSG were less than those in L-MeOH-grown
cells (P < 0.05). Expression of GSH1, which encodes v-
glutamylcysteine synthetase that catalyses the first step
of GSH biosynthesis, was not changed among Gic-, L-
MeOH- and H-MeOH-grown cells (Fig. 7A), and glu-
tathione reductase (GR) activity, protecting cells from

ROS, was induced only in H-MeOH-grown cells
(Fig. 7B).
Excessive intracellular ROS, such as superoxide

(O,7) or hydrogen peroxide (H>O,), can deplete reduc-
ing substrates, ultimately leading to oxidative damage

and cytotoxicity (Rubattu et al., 2014), and thiobarbituric
acid reactive substances (TBARS) are one of the main
ROS degradation products (Pryor, 1991). Thus, intracel-
lular ROS and TBARS levels were compared among
Glc-, L-MeOH- and H-MeOH-grown cells (Fig. 6B). The
ROS level was not changed between L-MeOH- and Gic-
grown cells, but in H-MeOH-grown cells, it was signifi-
cantly increased. Intracellular TBARS levels significantly
increased in L-MeOH-grown cells, but not in H-MeOH-
grown cells, and TBARS reduced to the level similar to
that in Glc-grown cells (Fig. 6B).

Expression of CTA1 encoding peroxisomal/cytosol
catalase and PMPZ20 encoding peroxisomal peroxire-
doxin was upregulated by methanol. CTA1 and PMP20
showed strong expression in L-MeOH-grown cells; CTA1
expression was further upregulated in H-MeOH-grown
cells (Fig. 7A). Although GPX1 expression was not
changed between Gilc- and L-MeOH-grown cells, its
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expression was significantly upregulated in H-MeOH-
grown cells (Fig. 7).

These results suggest that O. methanolica upregulated
its antioxidant system, including Ctalp, Gpx1p and GR,
in H-MeOH-grown cells based on excessive ROS accu-
mulation levels, and the GSH/GSSG ratio might be cor-
respondingly increased.

Morphology of peroxisomes in H-MeOH-grown cells

Finally, the morphology of peroxisomes in L- and H-
MeOH-grown cells was observed using the GFP-PTS1/
WT strain expressing green fluorescent protein (GFP)-
tagged peroxisome targeting signal 1 (PTS1) (Fig. 8). In
L-MeOH-grown cells, the fluorescence pattern showing
the locations of peroxisomes occupied a large part of the
cellular volume. This indicated that the peroxisomes
underwent strong proliferation in the L-MeOH condition.
However, in H-MeOH-grown cells, the peroxisomes also
underwent proliferation, but the size of the peroxisome
cluster was smaller than that in L-MeOH-grown cells
(Fig. 8). This is because the expression of peroxisomal
enzymes, such as AODs, DAS and Pmp20, was sup-
pressed in H-MeOH-grown cells (Figs 4A and 7A). The
morphological change in peroxisome was stably
observed in H-MeOH-grown cells with high reproducibil-
ity (Fig. S1).

Discussion

In this study, we aimed to reveal the metabolic aspect of
O. methanolica in methylotrophic growth, especially
under H-MeOH conditions, to learn about the high
methanol adaptation system in yeast. Using CE-TOFMS,
92 target metabolites were quantified in the O. methano-
lica cell (Table S3). Because these metabolites covered
almost all of the core cell metabolic pathways, such as
glycolysis, the TCA cycle and glutathione metabolism,
metabolomics data in this research could characterize
the dynamic metabolic activities in O. methanolica with
exposure to different growth environments. Indeed, intra-
cellular metabolite levels in the yeast varied between L-
and H-MeOH conditions, providing insights into the

L-MeOH
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molecular mechanism for adaptation to H-MeOH condi-
tions in methylotrophic yeast. We believe that improving
the adaptability of methylotrophic yeasts to the H-MeOH
condition could promote their high methanol utilization
and heterologous production capabilities for industrial
applications.

We first showed regulation of the methanol-utilizing
pathway responses to carbon sources and the methanol
concentration in O. methanolica. In L-MeOH-grown cells,
metabolite levels in the Xu5P rearrangement pathway
and glycolysis were significantly increased compared
with Glc-grown cells, and expression of genes encoding
the methanol metabolic enzymes was strongly upregu-
lated. This flux shifting between Gic- and L-MeOH-grown
cells was similar to the case of K. phaffii (RuBmayer
et al., 2015). Because the efficiency of the methanol
assimilatory process is dependent on the Xu5P supply
rate (Douma et al, 1985), enhancement of the Xu5P
rearrangement pathway together with methanol meta-
bolic enzymes during methylotrophic yeast growth is rea-
sonable, and our data indicate that the L-MeOH
condition is also suitable for O. methanolica methy-
lotrophic growth with a low metabolic burden.

In contrast, in H-MeOH-grown cells, the Xu5P rear-
rangement pathway and glycolysis were downregulated
to the same level compared with Glc-grown cells.
Formaldehyde is known to be a highly toxic intermediate
in methanol metabolism so yeast must carefully regulate
formaldehyde flux over the oxidative and assimilation
pathways during methylotrophic growth. For O. methano-
lica, intracellular formaldehyde can also be regulated by
AOD isozymes at a constant level under low methanol
conditions (Nakagawa et al., 2002). However, AOD iso-
zymes could not regulate the intracellular formaldehyde
level in H-MeOH-grown cells, because Mod2p, which is
the low-affinity type of AOD subunit for methanol, can
fully function as a formaldehyde producer under these
conditions, together with Mod1p. Therefore, H-MeOH-
grown cells may downregulate AOD activity and all
methanol metabolism to avoid excessive formaldehyde
accumulation in the cell. Moreover, because excessive
formaldehyde produced in peroxisomes leaks into the
cytosol, the cell needs to address its toxic effect in the

H-MeOH

Fig. 8. Morphology of peroxisomes in L-MeOH- and H-MeOH-grown cells using strain GFP-PTS1/WT. L-MeOH, 1% (low) methanol; H-MeOH,

5% (high) methanol.
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cytosol. Thus, to maintain a functional level of formalde-
hyde detoxification in the cytosol, FLD1 expression was
not suppressed under H-MeOH conditions, although
FDH1 expression was significantly suppressed (Fig. 3).

Furthermore, GSH is a key factor in methanol metabo-
lism in methylotrophic yeast because FLD catalyses the
dehydrogenation of S-(hydroxymethyl) GSH, which forms
between formaldehyde and GSH via a non-enzymatic
reaction. Therefore, O. methanolica increases intracellu-
lar GSH and GSSG levels during methylotrophic growth.
In H-MeOH-grown cells, intracellular GSH+GSSG levels
were visibly decreased compared with L-MeOH-grown
cells because GSH forms S-(hydroxymethyl) GSH with
excessively accumulated formaldehyde in the cell.
Therefore, O. methanolica should promote GR activity in
H-MeOH-grown cells to enhance intracellular GSH levels
in order to maintain the intracellular level of reductive
form, GSH, at a high level.

Additionally, GSH has two important physiological
roles as an acceptor of formaldehyde and an antioxidant
compound in methylotrophic yeast growth because AOD
produces a large amount of H,O, in the peroxisome.
The cellular ROS level was also reported to be signifi-
cantly elevated by the presence of formaldehyde (Cui
et al., 2016). In this study, the intracellular ROS level
was remarkably increased in H-MeOH-grown cells, while
the yeast that was grown under L-MeOH conditions
maintained a similar ROS level compared with Gic-
grown cells. The intracellular level of lipid oxidation prod-
ucts was also significantly increased in MeOH-grown
cells. Gene expression for the antioxidant system in the
peroxisome, such as CTA71 and PMPZ20, was largely
expressed under MeOH conditions, but GPX1 expres-
sion encoding cytosolic GSH peroxidase was strongly
upregulated only in H-MeOH-grown cells. It was reported
that approximately half of the amount of Ctalp in methy-
lotrophic yeast grown on methanol were localized in the
cytoplasm together with the peroxisome (Horiguchi et al.,
2001b; Nakagawa et al., 2010b). Therefore, O. methano-
lica strongly induces the peroxisomal antioxidant system
in the presence of methanol, and it also enhances the
cytosolic antioxidant system under H-MeOH conditions.
Additionally, under L-MeOH conditions, Ctalp and
Pmp20p can control intracellular ROS and lipid peroxide
levels in the peroxisome. Cytosolic Ctalp, Gpx1p and
GR were also induced by ROS that were derived from
excessive formaldehyde that was leaked from the peroxi-
some in H-MeOH-grown cells, and the cytosolic antioxi-
dant system scavenges ROS including lipid peroxide in
the cytosol under high methanol conditions.

Cellular energy is the foundation of good metabolic
performance, and energy levels were maintained in O.
methanolica regardless of the methanol concentration
(Fig. 3C). In methanol-grown methylotrophic yeasts, the

cellular energy sources are mainly supplied in two ways:
(i) TCA cycle reactions through the respiratory chain;
and (ii) the methanol utilization pathway for NADH pro-
duction, which is then transported via the inner mito-
chondrial membrane for ATP generation. In L-MeOH-
grown cells, the overall abundance of intermediates in
the TCA cycle was lower than that of the other two con-
ditions, which might be due to the accumulated interme-
diates level in the glycolytic pathway, but intracellular
level of acetyl-CoA was significantly downregulated in L-
MeOH-grown cells (Fig. 3A). RuBmayer et al. (2015)
reported that the TCA cycle flux in K. phaffii was down-
regulated in methanol/glycerol-grown cells and was
mainly controlled by the lower influx of acetyl-CoA into
the TCA cycle. Therefore, the TCA cycle flux in O.
methanolica is also downregulated by the intracellular
level of acetyl-CoA in L-MeOH-grown cells, as in K.
phaffi. Meanwhile, in O. methanolica, the expression
levels of FLD1 and FDH1 were enhanced in L-MeOH-
grown cells (Fig. 4A). These findings indicate that the
methanol oxidation pathway has an important function
as an NADH supply in L-MeOH-grown cells, and that the
TCA cycle is mainly employed to produce metabolic pre-
cursors for biomass formation rather than energy trans-
duction through the respiratory chain.

In contrast, the cellular energy status in H-MeOH-
grown cells was well maintained and the ATP level was
even higher than that in L-MeOH-grown cells, although
methanol metabolism was downregulated (Fig. 3C). This
might be attributed to the increased intracellular level of
acetyl-CoA in H-MeOH-grown cells, which was approxi-
mately twofold higher than that in L-MeOH-grown cells.
Correspondingly, the TCA cycle was activated, as
reflected by the much higher abundance of intermediates
in the H-MeOH condition. We assume that the fatty acid
B-oxidation pathway might be utilized as an acetyl-CoA
supply system because, in K. phaffii, its gene expression
was upregulated in H-MeOH-grown cells (unpublished
data). Furthermore, the expression level of FLD1 main-
tained in the H-MeOH condition is advantageous to the
stability of the intracellular levels of NAD(P)H/NAD(P)"
because the methanol oxidation pathway is localized in
the cytosol. In this context, it was suggested that methy-
lotrophic yeast might maintain their energy status for cell
survival and adaptation by promoting the TCA cycle flux
in H-MeOH conditions.

In conclusion, we introduced a metabolomics
approach to elucidate the molecular mechanism for
adaptation to high methanol conditions in O. methanolica
from the viewpoint of the metabolome profile. Our results
suggest that, under H-MeOH conditions, the methanol-
utilizing pathway was severely downregulated to reduce
intracellular formaldehyde levels to normal, while the
antioxidant system was strongly induced to remove
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excessive ROS that were derived from toxic intermedi-
ates in methanol metabolism, i.e. H,O, and formalde-
hyde. Through these regulation systems, the cells
coordinate all of the metabolic pathways to maintain
homeostasis of the intracellular energy state. We also
identified several intermediates that showed intracellular
levels that significantly increased or decreased in H-
MeOH-grown cells, such as amino sugars and some
amino acids (Table S3). The functions of these com-
pounds in adaptation to high methanol conditions have
not been previously analysed, and we believe that these
compounds will provide useful information on the molec-
ular mechanism in methylotrophic yeast O. methanolica.
Information on the molecular mechanism for adaptation
to the H-MeOH condition could be applied to breeding
the super C, yeast strain of O. methanolica. Moreover, a
bred yeast strain that is enhanced with H-MeOH toler-
ance would be advantageous for use in a methanol bio-
conversion system. Therefore, we believe that the
findings obtained in this study will contribute to the con-
struction of an innovative carbon-neutral material circula-
tion system.

Experimental procedures
Yeast strain and culture conditions

O. methanolica IAM 12901 (=CBS 6515=ATCC 58372)
and PMAD11 (ade2-11) (Raymond et al., 1998) (Invitro-
gen, Carlsbad, CA, USA) that were derived from the type
strain were used as the test strains. Strain GFP-PTS1/
WT expressing GFP with peroxisome targeting signal 1
(PTS1) at the C-terminus in strain PMAD11 was used to
observe peroxisome proliferation (Ito et al., 2011).

Complex YPD medium containing 1% (w/v) yeast
extract, 2% (w/v) peptone and 2% (w/v) dextrose was
used for preculture of O. methanolica strains. For induc-
tion and growth tests, synthetic YNB medium was used.
The carbon source in the YNB medium was one of the
following: 1% (v/v) methanol (low methanol condition [L-
MeOH]), 5% (v/v) methanol (high methanol condition [H-
MeOH]) or 1% (w/v) glucose (control condition [Gic]). For
strain PMAD11, 0.01% (w/v) adenine was added into the
YNB medium.

The initial pH of the medium was adjusted to 6.0. Cul-
tivation (120 ml) was performed aerobically at 28°C with
rotary shaking at 150 rpm in 500-ml Erlenmeyer flasks.

Sample preparation for CE-TOFMS

For the metabolome analysis of the O. methanolica,
strain 1AM 12901 was precultured in the YPD medium.
The cells, the ODggonm Of Which was 1.0, were collected
by centrifugation at 10 000 x g for 10 min, and washed
three times using sterilized water. Then, cells were
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transferred to L-MeOH/YNB, H-MeOH/YNB and Gic/YNB
media, and the strain was incubated aerobically at 28°C
for 8 h in triplicate. Cells were collected by centrifugation
at 10,000 x g for 10 min, washed three times using ster-
ilized ultrapure water and then frozen in liquid Na.
Metabolites were extracted using a previously described
method (Ohashi et al., 2008) with modifications. Approxi-
mately 60 mg of cells was suspended in 600 pl of
methanol containing 200 pM 1,4-piperazine-diethanesul-
fonic acid and 200 uM methionine sulfone as internal
standards. After fully mixing using an MT-200 microtube
mixer (Tomy, Tokyo, Japan) six times for 2 min each at
4°C, the samples were centrifuged at 4°C, 16 000 x g
for 5 min. The supernatant (300 pl) was centrifuged
through a Millipore 5 kDa cut-off filter (Merck, Billerica,
MA, USA) at 10 000 x g for 60 min. The filtrate was
vacuum-dried for 2 h, dissolved in Milli-Q water and
immediately analysed using CE-TOFMS.

Capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS) analysis

Metabolome analysis was conducted according to
HMT’s Basic Scan package, using CE-TOFMS based
on the methods described previously (Ohashi et al.,
2008; Ooga et al., 2011). Briefly, a fused silica capillary
of 80 cm x 50 um i.d. was used to analyse cationic
and anionic metabolites with run and rinse buffer solu-
tions (p/n: H3301-1001 for the cation and H3302-1021
for the anion [Human Metabolome Technologies, Tsu-
ruoka, Yamagata, Japan]). Sample injection to detect
cationic and anionic metabolites was performed at a
pressure of 50 mbar for 10 and 25 s, with capillary
electrophoresis voltage applied at 27 and 30 kV respec-
tively. Electrospray ionization MS was performed with a
capillary electrophoresis voltage that was set to positive
and 4 kV and to negative and 3.5 kV for the cationic
and anionic mode determination respectively. For stabi-
lization of MS analysis, the sheath solution (p/n: H3301-
1020) was supplied by Human Metabolome Technolo-
gies. The spectrometer scanned from range of m/z 50
to 1000.

Analyses of the metabolite levels

Analyses of the metabolite levels were performed in
accordance with the method of Sugimoto et al. (2010)
using the proprietary software MasterHANDs (Institute for
Advanced Biosciences, Keio University, Japan). HCA
was processed using MaTLAB 2008a (MathWorks, Natick,
MA, USA). PCA was processed using Jvp version 9.0.2
(SAS Institute, Cary, NC, USA). Multivariate analyses
were performed using IBM spss Statistics 21, and data
were considered significantly different if P < 0.05
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(indicated by *) in the analysis of variance (ANOVA).
The results were plotted using OrigiN 9.1. All data are
expressed as the mean + standard error. Unless speci-
fied, all tests were performed in triplicate.

Real-time quantitative polymerase chain reaction (QPCR)

For gPCR, strain IAM 12901 was precultured in the YPD
medium and then induced for 2 h in each YNB medium
in triplicate. Total RNA was extracted from strain |IAM
12901 cells using a Qiagen RNeasy mini kit (Qiagen
K.K. Japan, Tokyo, Japan), and cDNA was synthesized
with a ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan). gPCR was performed in a final volume of 20 pl,
which contained SYBR Green, 0.2 pmol I~ of each pri-
mer, Rox reference dye and 20 ng of cDNA, using
SYBR Premix Ex Taq (Takara Bio, Kusatsu, Japan) and
a StepOnePlus Real-Time PCR System (Applied Biosys-
tems Japan, Tokyo, Japan). Primers that were used in
this study are listed in Table S4. Each specific relative
mRNA expression level was determined based on the
27AACT method (Livak and Schmittgen, 2001). All gene
expression values were normalized using the URA3 Cr
value.

Preparation of cell-free extracts

The cells induced by Gilc/YNB, H-MeOH/YNB and H-
MeOH/YNB were lysed in five 30-s pulses using a Mini
Bead Beater (BioSpec Products, Bartlesville, OK, USA),
followed by centrifugation at 16 000 x g for 10 min at
4°C to remove unbroken cells and insoluble cellular deb-
ris. The cell-free supernatants were prepared in triplicate
and immediately subjected to the ROS and enzyme
assays.

Protein concentrations of the cell-free extracts were
determined using a Bradford protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) with bovine serum
albumin as the standard (Bradford, 1976).

Measurements of the intracellular oxidized lipid and ROS
levels

Intracellular oxidized lipid levels were measured using
the TBARS method (Jentzsch et al., 1996). Intracellular
ROS levels were measured by the method that was
described by Matsufuji et al. (2013), using an oxidant-
sensitive probe 2,7-dichlorodihydrofluorescein diacetate
(DCFDA; Molecular Probes, Eugene, OR, USA). This
probe was trapped inside the cells after diacetate cleav-
age by an intracellular esterase (Royall and Ischi-
ropoulos, 1993) and oxidized by radical species to
produce a fluorescent compound that emitted a different
wavelength (Tsuchiya et al., 1994).

Glutathione reductase (GR) assay

GR activity was measured according to previously pub-
lished methods with slight modifications (Grant et al.,
1996). One unit for GR activity was defined as the
amount of enzyme that was required to catalyse the dis-
appearance of 1 umol of NADPH per minute under the
conditions, as described by Foyer and Halliwell (1976).

Fluorescence microscopy

Strain GFP-PTS1/WT was precultured in the YPD med-
ium at 28°C and 180 rpm overnight, then collected by
centrifugation at 10 000 x g for 5 min at 4°C and
washed three times using sterilized ultrapure water. The
cell pellets were then induced in the L-MeOH/YNB and
H-MeOH/YNB media at an optical density (ODggo) Of
0.5, followed by incubation at 28°C and 180 rpm for
16 h. After cultivation, the strain induced under L-MeOH
or H-MeOH conditions was centrifuged at 10 000 x g
for 5 min at 4°C. The cell pellets were diluted with steril-
ized ultrapure water at the concentration of ODggo of 0.5
and immediately underwent fluorescence microscopy
(OLYMPUS BX53, Olympus, Tokyo, Japan). The objec-
tive used was an oil-immersion lens (UPLSAPO 100XO,
1.4 NA, Olympus). GFP was imaged with 488 nm wave-
length laser excitation and a 520 nm emission filter, and
was captured by CeLL F software (Olympus).

Data analysis

All experiments were repeated three times using three
parallel treatments. Statistical analysis of significance
between each group was carried out by Student’s ttest
using IBM spss Statistics 22. A P-value <0.05 was con-
sidered statistically significant. All data are expressed as
the mean =+ standard error.
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