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Summary

Pichia pastoris KM71H (MutS) is an efficient producer
of hard-to-express proteins such as the membrane
protein P-glycoprotein (Pgp), an ATP-powered efflux
pump which is expressed properly, but at very low
concentration, using the conventional induction strat-
egy. Evaluation of different induction strategies indi-
cated that it was possible to increase Pgp expression
by inducing the culture with 20% media containing
2.5% methanol. By quantifying methanol, formalde-
hyde, hydrogen peroxide and formate, and by measur-
ing alcohol oxidase, catalase, formaldehyde
dehydrogenase, formate dehydrogenase, malate
dehydrogenase, isocitrate dehydrogenase and a-keto-
glutarate dehydrogenases, it was possible to correlate
Pgp expression to the induction strategy. Inducing
the culture by adding methanol with fresh media was
associated with decreases in formaldehyde and
hydrogen peroxide, and increases in formaldehyde
dehydrogenase, formate dehydrogenase, isocitrate
dehydrogenase and a-ketoglutarate dehydrogenases.
At these conditions, Pgp expression was 1400-fold
higher, an indication that Pgp expression is affected
by increases in formaldehyde and hydrogen peroxide.
It is possible that Pgp is responsible for this beha-
viour, since the increased metabolite concentrations
and decreased enzymatic activities were not observed

when parental Pichia was subjected to the same
growth conditions. This report adds information on
methanol metabolism during expression of Pgp from
P. pastoris MutS strain and suggests an expression
procedure for hard-to-express proteins from P. pas-
toris.

Introduction

Pichia pastoris is an efficient producer of recombinant
membrane proteins for structural and functional studies
(Bill et al., 2011; Lee et al., 2016; Habeck et al., 2017).
Unlike prokaryotes, this eukaryotic organism can produce
correctly folded proteins with all the required disulfide
bond and post-translational modifications (Wang et al.,
2017), and the transgene is stably integrated in the host
genome ensuring production stability (Athmaram et al.,
2013). Pichia pastoris contains an efficient methanol-indu-
cible promoter of the alcohol oxidase gene (AOX) that
supports high expression of recombinant proteins (Liu
et al., 2019). In addition, this yeast can grow to high bio-
mass levels on both complex and minimal media (Liu
et al., 2016; Matthews et al., 2018), and does not contain
potentially oncogenic or viral nucleic acids which are pre-
sent in mammalian cells, or cell wall pyrogens present in
E. coli (Ciofalo et al., 2006; Noseda et al., 2013). Over
one thousand proteins have been successfully expressed
in P. pastoris with yields as high as 22 g l�1 for intracellu-
lar production of recombinant hydroxynitrile lyase and as
high as 14.8 g l�1 for extracellular production of recombi-
nant gelatines (Werten et al., 1999; Ren and Yuan, 2005).
Three phenotypes of P. pastoris are being used: Mut+,
where both AOX1 (encodes alcohol oxidase I) and AOX2
(encodes alcohol oxidase II) genes are intact; MutS, a
mutant with an inactivated AOX1 gene; and Mut�, where
both AOX1 and AOX2 genes are disrupted (Juturu and
Wu, 2018). The Mut+ and MutS strain, able to metabolize
methanol as the only carbon source, are the most com-
monly used strains (Looser et al., 2015).
Unlike other recombinant proteins highly expressed in

P. pastoris by the conventional strategy (Kastilan et al.,
2017; Bußwinkel et al., 2018; Moser et al., 2018), the
membrane protein mouse P-glycoprotein (Pgp) was not
expressed well in bioreactors, unless the growth media
was replaced prior to the induction phase (replacement
strategy). Pgp is a 170 kDa ABC transporter and func-
tions as an ATP hydrolysis-driven efflux pump to rid the

Received 30 November, 2018; revised 15 April, 2019; accepted 16
April, 2019.
*For correspondence. E-mail josephs@niddk.nih.gov; Tel. +1 (301)
4969719;
Fax +1 (301) 4515911.
Microb Biotechnol (2019) 12(6), 1226–1236
doi:10.1111/1751-7915.13420
Funding Information
The research was supported by the intramural research programme
of NIDDK and NCI, National Institutes of Health.

Published 2019. This article is a U.S. Government work and is in the public domain in the USA. Microbial Biotechnology
published by John Wiley & Sons Ltd and Society for Applied Microbiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

bs_bs_banner

https://orcid.org/0000-0002-9678-6778
https://orcid.org/0000-0002-9678-6778
https://orcid.org/0000-0002-9678-6778
mailto:
http://creativecommons.org/licenses/by-nc/4.0/


cell of structurally unrelated diverse hydrophobic amphi-
pathic compounds, which could lead to multidrug resis-
tance (MDR) and failure of chemotherapy (Esser et al.,
2017; De Vera et al., 2019). The replacement strategy is
clearly not a practical approach to obtain proteins in
bioreactors, and an improved production strategy needs
to be developed. In the current study, three methanol
feeding strategies were investigated: a conventional
strategy based on direct methanol addition to the grow-
ing culture (Sun et al., 2018); a replacement strategy,
where media was replaced before the induction phase;
and a supplemented strategy, where methanol supple-
mented with fresh media was added at induction time.
The three induction approaches were followed by mea-
suring methanol and the associated metabolites –

formaldehyde, hydrogen peroxide and formate – and by
measuring the activities of alcohol oxidase (AOX),
catalase (CAT), NAD+-dependent formaldehyde dehydro-
genase (FLD) and NAD+-dependent formate dehydroge-
nase (FDH). NAD+-dependent enzymes involved in TCA
cycle, malate dehydrogenase (MDH), isocitrate dehydro-
genase (IDH) and a-ketoglutarate dehydrogenases
(a-KGDHs) were also analysed. The study provides
insight not only on Pgp expression in P. pastoris, but
also on production related to cell growth, methanol con-
sumption, metabolite concentrations and enzymatic
activity related to methanol metabolism and energy
regeneration.

Results

The common approach for expressing recombinant pro-
teins from P. pastoris is by implementing a conventional
two-phase process. In the first phase, biomass was
accumulated by growing the cells on glycerol, and in the
second phase, the expression of the desired protein was
induced by adding methanol (Vi~na‐Gonzalez, et al.,
2018). However, at these conditions Pgp was minimally
expressed. Significantly higher expression was achieved
by implementing a replacement strategy, when methanol
was added to a culture that was first grown on glycerol
and then centrifuged and resuspended in fresh media
(Esser et al., 2017). Although this media replacement
approach is a workable procedure, it is not a practical
production strategy for a culture grown in a bioreactor,
and therefore, an understanding of what prevents Pgp
expression was needed. In this work, three production
strategies were compared. In the conventional strategy,
Pgp was traditionally expressed by adding methanol to
the growing cells. In the replacement strategy, methanol
was added to culture after media replacement. Finally, in
the supplemented strategy, methanol was added
together with fresh media to the culture that was grown
initially on glycerol.

Biomass accumulation after induction

Methanol induction was initiated at a biomass concentra-
tion of 4 g l�1 dry cell weight (20 OD600), Fig. 1A. The
supplemented strategy supported the cells to grow to an
OD600 of 28 for 36 h of induction and kept constant at
an average OD600 of 28 � 0.35, which is 29% higher
than the culture induced with the conventional strategy,
and 11% higher than the level achieved using the
replacement strategy (P < 0.001, n = 3). The culture
induced using the conventional strategy showed a peak
biomass of 24 OD600 after 24 h, and the culture induced
using the replacement strategy showed a biomass con-
centration of 27 OD600 after 36 h. At the same time, a
significant decrease in biomass was observed during the
last 36 h of the conventional and replacement strategies
(P < 0.001, n = 3).

Methanol utilization

Figure 1B shows the methanol concentrations in the dif-
ferent cultures. Approximately 12 g methanol was added
throughout the process, and no significant differences in
the methanol concentration were observed at the three
different strategies (P > 0.1, n = 3). When the supple-
mented strategy was used, the methanol concentration
increased gradually, and after 72 h, it was 1.87 g l�1,
which is 0.51 and 0.31 g l�1 lower than the concentra-
tion with the conventional and the replacement strategy
respectively (P < 0.05, n = 3). There were no differences
in methanol consumption between the different pro-
cesses (P > 0.1, n = 3), and approximately 67%, 70%
and 74% of the methanol added to the cultures was con-
sumed with the conventional, replacement and the sup-
plemented strategies respectively.

Pgp expression

Volumetric production of Pgp at the three induction strate-
gies is shown in Fig. 2A. The production was negligible
when the conventional strategy was implemented
(P < 0.001, n = 3), and only 0.15 mg l�1 of Pgp was
accumulated throughout the 72 h of induction. In compar-
ison, 47.4 mg l�1 of Pgp was produced after 24 h of
induction using the replacement strategy; however, the
concentration declined to 32.5 mg l�1 after 72 h. When
the induction was conducted by the supplemented strat-
egy, 49.2 mg l�1 of the enzymatically active Pgp was pro-
duced after 36 h, Fig. 2B. ATPase activity was negligible
when the culture was induced using the conventional
strategy (P < 0.001, n = 3), and 0.021 9 102 U l�1 was
observed throughout the 72 h. When the replacement
strategy was used, the enzymatic activity reached
8.1 9 102 U l�1 after 24 h but declined to 5.5 9 102 U l�1
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after 72 h of induction. However, when the supplemented
strategy was implemented the ATPase activity reached
8.4 9 102 U l�1 after 36 h of induction, and the enzymatic
activity remained constant throughout the 72 h of induc-
tion process.

Intracellular metabolite concentration and enzymatic
activity

To understand the reasons for the different Pgp expres-
sion levels with the three induction processes, methanol
metabolites and activities of enzymes associated with
methanol metabolism and energy regeneration were
analysed. The results are shown in Figs 3–5 and
Table 1. Compared with the replacement and the sup-
plemented strategies, the conventional strategy was
associated with higher intracellular concentrations of
formaldehyde and hydrogen peroxide, lower activity of
FLD, FDH, IDH and a-KGDHs, and higher CAT activity.
No difference in the AOX or MDH activities was
observed (P > 0.1, n = 3).
The intracellular concentrations of methanol metabo-

lites are shown in Fig. 3A–C. When the supplemented
strategy was used, the formaldehyde, hydrogen peroxide
and formate concentrations were 1.2 � 0.6, 0.2 � 0.07

and 0.006 � 0.004 mM g�1 (DCW) respectively. When
the replacement strategy was implemented, hydrogen
peroxide and formaldehyde concentrations were similar
(P > 0.1, n = 3), but formate concentration was 11-fold
higher and reached 0.1 mM g�1 after 72 h of induction.
However, when the conventional strategy was
implemented, formaldehyde concentration was ninefold
higher (19.1 � 1.5 mM g�1) and hydrogen peroxide
was 33-fold higher (14.9 � 0.5 mM g�1) than the con-
centrations obtained when the supplemented strategy
was used.
Measuring the activities of key enzymes associated

with methanol utilization showed no difference in AOX
activity among the three expression strategies. It
increased in the first 24 h and then decreased slowly
during the rest of the induction, with an average activity
of 14.6 U g�1 (DCW) (P > 0.1, n = 3) (Fig. 4A). Cata-
lase activity was higher with the conventional strategy; it
reached 93.4 � 22.9 U g�1, which is 90% higher than
that observed with both the replacement and the supple-
mented strategies (Fig. 4B). The pattern of FDH activity
was different; it was fivefold lower (102.9 � 32.6 U g�1)
with the conventional strategy than with both the
replacement and the supplemented strategies (Fig. 4C).
However, FLD activity was higher only with the supplemented

Fig. 1. Biomass and methanol concentration in response to different induction strategies. Conventional strategy (filled green diamond), replace-
ment strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol induction
phase.
(A) Optical cell density (OD600); (B) methanol concentration.

Fig. 2. Volumetric Pgp production and ATPase activity at three fermentation processes. Conventional strategy (filled green diamond), replace-
ment strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol induction
phase.
(A) Volumetric Pgp production; (B) ATPase activity.
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strategy process and increased from 47.2 (at 12 h) to
126.9 U g�1 (at 36 h). At the same time, the average
activities of the FLD at the last 24 h with the

conventional and the replacement strategies were 80%
and 62% respectively lower than with the supplemented
strategy (Fig. 4D).

Fig. 3. Concentrations of methanol metabolites in response to various induction strategies. Conventional strategy (filled green diamond),
replacement strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol induc-
tion phase.
(A) Formaldehyde concentration; (B) hydrogen peroxide concentration; (C) formate concentration.

Fig. 4. Specific activities of enzymes related to methanol metabolism at three fermentation processes. Conventional strategy (filled green dia-
mond), replacement strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol
induction phase.
(A) Alcohol oxidase (AOX); (B) catalase (CAT); (C) formaldehyde dehydrogenase (FLD); (D) formate dehydrogenase (FDH) .

Fig. 5. Specific activities of enzymes related to energy regeneration at three fermentation processes. Conventional strategy (filled green dia-
mond), replacement strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol
induction phase.
(A) Malate dehydrogenase (MDH); (B) isocitrate dehydrogenase (IDH); (C) a-Ketoglutarate dehydrogenases (a-KGDHs).
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Measuring the activities of the key enzymes associ-
ated with the TCA cycle showed no difference related to
MDH (P > 0.1, n = 3). The average activity was
7.5 � 0.5 U g�1 for the three production strategies
(Fig. 5A). On the other hand, the activities of IDH and a-
KGDHs with the conventional strategy were lower than
those observed with the replacement and the supple-
mented strategies. The activities of IDH and a-KGDHs
were 1.9 � 0.2 and 1.1 � 0.1 U g�1, which are 48%
and 58% lower than the activities observed with the sup-
plemented strategy. Also, there was a significant
decrease in both IDH and a-KGDHs activities in the last
24 h of induction using the replacement strategy com-
pared with the supplemented strategy (P < 0.001,
n = 3). The activities of IDH and a-KGDH decreased to
2.4 and 1.7 U g�1 at an induction time of 72 h, which
are 39% and 42% respectively lower than those
observed with supplemented strategy (Fig. 5B and C).

Performance of the control strains

To evaluate whether the observed methanol metabolism,
energy regeneration and metabolic activities of the
organism are related to the gene expressed, three con-
trol strains were utilized. One strain was without recom-
binant protein (KM71H); one strain expressed Pgp
without ATPase (GS115-ZA-Pgpm); and one strain

expressed the glycoside hydrolase LXYL-P1-2. The
results are seen in Figures 6–8, S1 and S2.
The metabolic activities of the parental strain (KM71H)

without the recombinant gene under the three induction
strategies are seen in Fig. 6. The intracellular formalde-
hyde concentration reached 0.9 � 0.4 mM g�1

, and no
significant differences were observed between the three
induction strategies (P > 0.1, n = 3) (Fig. 6A). Key
enzymes associated with methanol dissimilation at the dif-
ferent strategies also did not show major differences; FLD
increased to a value of 138.9 � 7.5 U g�1 in the first 36 h
and stayed constant at an average activity of
136.0 � 2.2 U g�1 (P > 0.1, n = 3) (Fig. 6B.) Isocitrate
dehydrogenase activity was 3.4 � 0.3 U g�1 with the
conventional strategy and increased to 3.8 � 0.3 U g�1

(Fig. 6C) when the supplemented strategy was imple-
mented.
The protein expression and the metabolic activity of the

Pichia strain expressing Pgp without ATPase activity
(GS115-ZA-Pgpm) was like the behaviour of the strain
expressing active Pgp (GS115-ZA-Pgp). As shown in
Fig. 7A, the production of Pgpm was negligible with the con-
ventional strategy, but over 42.3 mg ml�1 of Pgpm was pro-
duced after 72 h of induction using the supplemented
strategy (Fig. 7B) and 17.1 mg ml�1 was produced when
the induction was done using the replacement strategy.
Regarding the methanol metabolites, when the conventional
strategy was implemented the formaldehyde concentration
reached 14.9 mM g�1; it was 3.5 � 2.4 mM g�1 when the
replacement strategy was implemented and 1.3 �
0.7 mM g�1 when the supplemented strategy was used
(Fig. 8A). The activities of the enzymes associated with
methanol metabolism and energy regeneration showed a
similar pattern to those obtained from the strain expressing
active Pgp. As shown in Fig. 8B–C, the enzymatic activities
of FLD and IDH in the ATPase free strain, GS115-ZA-
Pgpm, were lower using the conventional strategy and
higher when the supplemented strategy was implemented.
When the behaviour of the engineered P. pastoris

strain expressing glycoside hydrolase LXYL-P1-2 was
tested under the three induction strategies, no difference
was observed regarding the expression of LXYL-P1-2.
The production of recombinant LXYL-P1-2 and b-glucosi-
dase activity gradually increased to the maximum with
the three different methanol induction strategies, and the
formaldehyde concentrations and enzymatic activities of
FLD and IDH were like those obtained from the parental
strain KM71H (Fig. 6, S1 and S2).

Discussion

The quantities and qualities of recombinant proteins
expressed in P. pastoris are affected by the methanol
feeding strategy, and therefore, various strategies have

Table 1. The peak value of methanol metabolites (mM g�1 dry cell)
and enzymatic activities (U g�1 dry cell) during three processes. (h-
sampling time).

Fermentation
strategy

Conventional
strategy

Replacement
strategy

Supplemented
strategy

Metabolites
Formaldehyde
(CH2O)

19.1 (72 h) 4.8 (72 h) 1.9 (48 h)

Hydrogen
peroxide (H2O2)

14.9 (72 h) 0.3 (48 h) 0.4 (48 h)

Formate (CH2O2) 0.014 (48 h) 0.11 (72 h) 0.011 (48 h)
Enzymes
Alcohol oxidase
(AOX)

20.3 (36 h) 22.1 (24 h) 21.6 (24 h)

Catalase (CAT) 112.1 (36 h) 12.6 (60 h) 14.7 (48 h)
Formaldehyde
dehydrogenase
(FLD)

20.2 (60 h) 53.2 (60 h) 126.9 (36 h)

Formate
dehydrogenase
(FDH)

26.5 (36 h) 127.2 (36 h) 124.4 (48 h)

Malate
dehydrogenase
(MDH)

8.6 (72 h) 8.5 (24 h) 8.1 (24 h)

Isocitrate
dehydrogenase
(IDH)

2.3 (48 h) 3.9 (36 h) 3.9 (72 h)

a-Ketoglutarate
dehydrogenases
(a-KGDHs)

1.4 (24 h) 3.1 (48 h) 3.1 (48 h)
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been implemented for efficient expression processes
(Ahmad et al., 2014; Looser et al., 2015; Mears et al.,
2017). Since it was impossible to achieve efficient
expression of Pgp in P. pastoris by using the traditional
strategy where methanol is added directly into the cul-
ture, an alternative approach was required. The expres-
sion was significantly improved when the induction was
done by methanol supplemented with fresh media (sup-
plemented strategy) (Fig. 1). Compared with the
traditional procedure (conventional strategy), twofold
higher biomass was obtained, and 52.3 mg l�1 Pgp with

8.9 9 102 U l�1 was produced after 72 h of induction
(Fig. 2).
It is known that methanol metabolites and energy gen-

eration affect P. pastoris growth and protein expression
(Jahic et al., 2002; Plantz et al., 2006; Gao et al., 2015).
In this work, careful evaluation of metabolites and
enzyme activities showed that low Pgp expression was
associated with higher concentrations of formaldehyde
and hydrogen peroxide, together with lower enzymatic
activities of formaldehyde dehydrogenase (FLD), formate
dehydrogenase (FDH), isocitrate dehydrogenase (IDH)

Fig. 6. Formaldehyde concentration, FLD and IDH enzymatic activities of the parental strain KM71H. Conventional strategy (filled green dia-
mond), replacement strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol
induction phase.
(A) Formaldehyde concentration; (B) FLD activity; (C) IDH activity.

Fig. 7. ATPase activity and volumetric production of Pgpm at three fermentation processes. Conventional strategy (filled green diamond),
replacement strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the methanol induc-
tion phase.
(A) ATPase activity; (B) volumetric Pgpm production.

Fig. 8. Formaldehyde concentration, FLD and IDH enzymatic activities of GS115-ZA-Pgpm at various processes. Conventional strategy (filled
green diamond), replacement strategy (filled red triangle) and supplemented strategy (filled blue circle). Time zero indicates the initiation of the
methanol induction phase.
(A) Formaldehyde concentration; (B) FLD activity; (C) IDH activity.
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and a-ketoglutarate dehydrogenases (a-KGDHs)
(Figs 3–5). At the same time, no significant difference in
alcohol oxidase (AOX) activity was observed, as shown
by the methanol concentration in the culture (Fig. 1B). It
was therefore reasonable to assume that the lower
expression of Pgp is not related to methanol oxidation.
Instead, the increased concentration of formaldehyde
and hydrogen peroxide, which are highly toxic (Theron
et al., 2018), could be responsible for the limited cell
growth and lower Pgp expression. It is likely that
formaldehyde did not metabolize to nicotinamide adenine
dinucleotide (NADH) and adenosine triphosphate
because of a weakened or blocked metabolic flux
caused by the over accumulation of formaldehyde.
In balanced growth, P. pastoris produces formalde-

hyde from methanol oxidation. As seen in Fig. 9, part of
the formaldehyde is metabolized through a dissimilation
pathway (pathway A), generating ATP that is required
for cell growth and protein biosynthesis (Vanz et al.,
2012; Yamada et al., 2019). Another part of the
formaldehyde is metabolized through the assimilation
pathway (pathway B), and the resulting ATP from the
TCA cycle is mainly used to support biosynthetic pur-
poses (Maghsoudi et al., 2012; Fam et al., 2017). In
cases where the formaldehyde dissimilation pathway is
weakened or blocked, the energy regeneration and cell
functions are supported by the assimilation pathway (Hu
et al., 2009; Gao et al., 2015). As summarized in Fig. 9,
when the expression was induced by methanol supple-
mented with fresh media (supplemented strategy), higher
activities of FLD, FDH (involved in pathway A) and IDH,
and a-KGDHs (involved in pathway B/TCA cycle) were
observed (141.6, 128.9 and 3.9, 3.1 U g�1 respectively),
together with lower concentrations of formaldehyde and
hydrogen peroxide (1.2 � 0.6 and 0.2 � 0.07 mM g�1).
To investigate the effect of the expressed proteins on

the yeast metabolism, the parental strain KM71H, the
strain expressing Pgp without ATPase activity (Pgpm)
and the strain expressing LXYL-P1-2 were tested with
the three growth strategies. When the conventional strat-
egy was used, both KM71H and GS115-3.5K-P1-2 gen-
erated low formaldehyde concentration and high
enzymatic activity of FLD and IDH (Fig. 6, S2). At this
condition, LXYL-P1-2 expression was high (Fig. S1);
however, very little recombinant Pgpm was produced
which was similar to the behaviour of KM71H-ZA-Pgp
cultured at the same conditions (Fig. 7). It is reasonable
to conclude that the methanol metabolism and energy
regeneration were influenced by this specific membrane
protein, whether the protein was ATPase active or not.
But when the protein was expressed using the supple-
mented strategy, the formaldehyde concentration was
low and the enzymatic activity of FLD and IDH was high,
indicating that the media supplement strategy is necessary

for efficient expression of Pgp. Therefore, this strategy
could be used to express other, hard-to-express, pro-
teins from this yeast.
Compared with soluble proteins, expression of mem-

brane proteins is a complex process because the pro-
teins need to go through an assembly process. Once
synthesis of a membrane protein begins, a secretory
machinery is engaged, and the protein must be targeted
and inserted into the membrane (Loll, 2003). It is likely
that Pgp accumulation affects the host cell metabolism
and energy regeneration, and the modified induction
strategy somehow prevents this accumulation and allows
efficient expression.

Experimental procedures

Strains

The KM71H-ZA-Pgp (MutS) strain was prepared by
transforming P. Pastoris KM71H with the pPICZA-Pgp
plasmid harbouring mouse Pgp (Esser et al., 2017). The
GS115-ZA-Pgpm strain (Mut+) was carrying mutated Pgp
gene at the nucleotide-binding domains (NBD) (Esser
et al., 2017). The GS115-3.5K-P1-2 strain contains the
sequence encoding a glycoside hydrolase LXYL-P1-2
(Cheng, et al., 2013, Liu et al., 2016).

Fermentation process

The strain harbouring Pgp or Pgpm gene was streaked
on a YPDS-Zeocin agar plate containing 1% yeast
extract, 2% peptone, 2% glucose, 2% agar (m/v), 1 M
sorbitol and 100 lg ml�1 ZeocinR and incubated at
30°C for 3 days. Single colonies were transferred to
500 ml baffled shake flasks containing 50 ml BMGYH
(100 mM potassium phosphate buffer, pH 6, 13.4 g
yeast nitrogen base with ammonium sulfate and without
amino acids, 400 lg biotin, 40 mg l�1 L-histidine and
100 ml of 10% glycerol per litter). The flasks were incu-
bated at 28°C at 220 rpm. Methanol induction was car-
ried using three different strategies in bench-top
bioreactors (Sartorius Stedim Biotech, Germany, inter-
faced to Sartorius MFCS/win 3.0). (i) Conventional strat-
egy: overnight culture from shake flasks was transferred
to the bioreactor containing BMGYH media, when the
culture in the bioreactor reached an OD600 of 20. A
solution containing 2.5% (v/v) methanol and 4.35 ml l�1

PTM in 100 mM potassium phosphate buffer (pH6) was
added at a rate of 8.5 ml l�1 h�1 for 72 h [peristaltic
pump (101 U/R; Watson-Marlow Limited, Falmouth,
UK)]. (ii) Replacement strategy: after reaching an OD600

of 20, the culture was centrifuged at 5000 rpm, 4°C for
15 min and the cells were transferred back to the biore-
actor containing fresh 1 l BMMYH; at that point, the
same solution used at the conventional strategy was
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pumped into bioreactor at a rate of 8.5 ml�1 l�1h�1 for
72 h. (iii) Supplemented strategy: after reaching an
OD600 of 20, fresh BMMYH media containing 2.5% (v/v)
methanol and 4.35 ml l�1 PTM was added into the cul-
ture at a rate of 8.5 ml l�1 h�1 for 72 h. The growth
conditions for the three strategies were as follows:
29°C, pH kept at 5.0 with 7-7.5% ammonium hydroxide,
and DO was controlled at 30% saturation by adjusting
the RPM and airflow (100–700 rpm; 0.8–1.5 vvm) with
0.03% (v/v) P2000 antifoam. PTM solution was the
same as described previously (Liu and Zhu, 2015). All
experiments and analysis were done in triplicates. The
results shown are the mean � standard deviation (SD)
from three independent experiments.

Analytical methods

Preparation of supernatant and cell-free extract. After
centrifugation (12 000 g for 3 min), supernatant samples
were collected and stored at �80°C. Cell-free extract
was prepared as previously described (Suye et al.,
1990; Jin et al., 2010).

Quantifications of methanol, formaldehyde, hydrogen
peroxide and formate. Methanol was measured using
Analox GM8 Micro-Stat Analyzer (Analox Instruments,
Hammersmith, UK). Formaldehyde, hydrogen per-
oxide and formate were measured using assay kits
(Sigma-Aldrich, St. Louis, MO, USA, MAK131; Sigma-

Fig. 9. Simplified methanol metabolic networks and the performance of three fermentation processes. Pathway A is formaldehyde dissimilation
pathway, and pathway B is formaldehyde assimilation pathway. The green arrow indicates conventional strategy, red arrow indicates replace-
ment strategy, and blue arrow indicates supplemented strategy. The upward arrow indicates upregulated, and the downward arrow indicates
downregulated. One arrow indicates small changes, and two arrows indicate strong changes. Abbreviations (enzymes): AOX, alcohol oxidase;
CTA, catalase; FLD, NAD+-dependent formaldehyde dehydrogenase; FDH, NAD+-dependent formate dehydrogenase; IDH, NAD+-dependent
isocitrate dehydrogenase; MDH, NAD+-dependent malate dehydrogenase; a-KGDHs, NAD+-dependent a-ketoglutarate dehydrogenases.
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Aldrich, MAK165; R-Biopharm AG, Darmstadt, Germany,
10979732035).

Activity assays of enzymes related to methanol
metabolism and TCA cycle. Alcohol oxidase (AOX, EC
1.1.3.13) activity was spectrophotometrically measured
in the present of 2.2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) and horseradish peroxidase (Arrocha
et al., 2014). Formaldehyde dehydrogenase (FLD, EC
1.2.1.46) and formate dehydrogenase (FDH, EC 1.2.1.2)
activities were determined according to the previously
described method (Allais et al., 1983; Kato, 1990; Tran
et al., 2015). a-Ketoglutarate dehydrogenases (a-KGDHs)
was assayed by colorimetrical methods (Jin et al., 2010).
The enzymatic activities of catalase (CAT, EC 1.11.1.6),
malate dehydrogenase (MDH, EC 1.1.1.37) and isocitrate
dehydrogenase (IDH, EC 1.1.1.42) were determined using
enzyme kits (E-100, E-124 and E-138) from Biomedical
Research Service Center, University of Buffalo, State
University of New York, USA. All other reagents and
chemicals were purchased from Sigma-Aldrich or Thermo
Fisher Scientific, USA.

Biomass measurement. Optical density at 600 nm
(OD600) of the appropriately diluted culture was determined
using a spectrophotometer. Dry cell weight (DCW,
mg ml�1) was measured by a moisture determination
balance (MB 200; Ohaus Corporation, Florham Park, NJ,
USA) after centrifugation and washing at 95°C (Liu and
Zhu, 2018).

Pgp concentration and ATPase activity. Pgp was
analysed by electrophoresis on NuPAGE 12% (w/v) Bis-
Tris gel (Invitrogen Co, San Diego, CA, USA) and
Western blotting on Immun-Blot PVDF membranes
sandwiches (Bio-Rad Laboratories, Hercules, CA, USA).
Primary antibody was Pgp-specific monoclonal antibody
C219 that was visualized by chemiluminescent HRP
antibody detection reagent (Denville Scientific Inc,
Metuchen, NJ, USA) (Esser et al., 2017). The volumetric
production of Pgp was determined by scanning the area
on the Western blotting membranes with ImageQuant TL
software (GE Healthcare, Piscataway, NJ, USA) using
purified Pgp as a reference. ATPase activity was
determined using a high-throughput colorimetric ATPase
assay kit (Innova Biosciences, Cambridge, UK,
6010120). The ATPase activity of the parental
P. pastoris strain was deducted before calculating the
ATPase activity of the recombinant Pgp. One ATPase unit
was defined as the amount of enzyme that catalyses
1 lmol of ATP per minute. For all data, replicates from
three parallel measurements or independent assays
were measured and the mean � standard error (SD) was
calculated. Student’s t-test in SPSS 17.0 (SPSS Inc.,

Chicago, IL, USA) was used for two-group com-
parisons, and P < 0.05 was considered statistically
significant.
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Fig. S1. Volumetric production and enzymatic activity of
LXYL-P1-2 at three fermentation processes. Conventional
strategy (filled green diamond), replacement strategy (filled
red triangle) and supplemented strategy (filled blue circle).
Time zero indicates the initiation of the methanol induction
phase. A. Volumetric production; B. enzymatic activity
Fig. S2. Formaldehyde concentration, FLD and IDH enzy-
matic activities of GS115-3.5K-P1-2 at various processes.
Conventional strategy (filled green diamond), replacement
strategy (filled red triangle) and supplemented strategy
(filled blue circle). Time zero indicates the initiation of the
methanol induction phase. A. Formaldehyde concentration;
B. FLD activity; C. IDH activity.
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