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ABSTRACT: Microbial metabolic engineering provides a feasible
approach to sustainably produce advanced biofuels and biochem-
icals from renewable feedstocks. Methanol is an ideal feedstock
since it can be massively produced from CO2 through green energy,
such as solar energy. However, engineering microbes to transform
methanol and overproduce chemicals is challenging. Notably, the
microbial production of isoprenoids from methanol is still rarely
reported. Here, we extensively engineered Pichia pastoris (syn.
Komagataella phaffii) for the overproduction of sesquiterpene α-
bisabolene from sole methanol by optimizing the mevalonate
pathway and peroxisomal compartmentalization. Furthermore,
through label-free quantification (LFQ) proteomic analysis of the
engineered strains, we identified the key bottlenecks in the
peroxisomal targeting pathway, and overexpressing the limiting enzyme EfmvaE significantly improved α-bisabolene production
to 212 mg/L with the peroxisomal pathway. The engineered strain LH122 with the optimized peroxisomal pathway produced 1.1 g/
L α-bisabolene under fed-batch fermentation in shake flasks, achieving a 69% increase over that of the cytosolic pathway. This study
provides a viable approach for overproducing isoprenoid from sole methanol in engineered yeast cell factories and shows that
proteomic analysis can help optimize the organelle compartmentalized pathways to enhance chemical production.
KEYWORDS: methanol biotransformation, metabolic engineering, proteomic analysis, sesquiterpene, Pichia pastoris

■ INTRODUCTION
Isoprenoids are widely applied in cosmetics, food additives,
and pharmaceuticals and possess a high market value.
Bisabolene, a monocyclic sesquiterpene compound, emits a
distinct aroma and exhibits anti-inflammatory and antioxidant
properties. Moreover, its hydrogenation product, bisabolane,
serves as a substitute for D2 diesel.1,2 Available resources to
extract bisabolenes from their natural producers are limited,
and microbial production is a feasible approach to generate a
sustainable supply.1,3−5 By optimizing the biosynthetic path-
way and rewiring the cellular metabolism, several microbes
have been harnessed for the production of a variety of
isoprenoids from sugar.6−10 With the increasing demand for
biochemical production, the sugar supply might suffer due to
limited arable land and competition with the food supply.

Methanol, an important chemical feedstock,11 can be
produced from natural gas and CO2 by using green energy,
such as solar energy.12 Thus, sustainable chemical production
can be achieved in a carbon-neutral manner through the
biotransformation of methanol, which generates high-value and
complex molecules.13−16 Pichia pastoris (also known as

Komagataella phaffii) is a methylotrophic yeast that has been
used to produce various proteins.17,18 Compared with the
production of valued proteins, chemical overproduction
requires extensive metabolic rewiring to drive the metabolic
flux toward target molecules. Although the rapid development
in genetic tools facilitates the metabolic engineering of P.
pastoris,19−21 engineering P. pastoris for chemicals over-
production from sole methanol remains challenging because
the process of metabolizing methanol is complex and relatively
unclear. In previous studies, nutrient-rich medium or addi-
tional carbon sources such as glucose are often required to
increase the titer of target chemicals or to improve cell growth
during methanol biotransformation,22,23 which at the same
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time increases the production cost and the complexity of the
cultivation process.

Here, we extensively engineered P. pastoris to overproduce
α-bisabolene by optimizing the mevalonate (MVA) pathway.
We first optimized the cytosolic MVA pathway and expressed
α-bisabolene synthase, which improved α-bisabolene produc-
tion by 40-fold. To couple α-bisabolene biosynthesis and
methanol utilization, we reconstructed and optimized the
MVA pathway in peroxisomes, which generated levels of α-
bisabolene (46%) much lower than those of the cytosolic
pathway. Label-free quantification (LFQ) proteomic analysis
revealed that acetoacetyl-CoA thiolase was a bottleneck in the
peroxisomal MVA biosynthetic pathway and that overexpress-
ing EfMvaE from Enterococcus faecalis significantly improved α-
bisabolene production by 72%. Fed-batch fermentation of the
strain with the optimized peroxisomal pathway produced 1.1
g/L α-bisabolene, which was 69% higher than that of the
cytosolic pathway (0.67 g/L). This study described the
comprehensive optimization of the MVA pathway for
sesquiterpene overproduction from methanol and showed
that proteomic analysis was helpful for identifying the
bottleneck in the isoprenoid biosynthetic pathway, which
might provide a feasible approach for optimizing the metabolic
pathway to overproduce other chemicals in P. pastoris.

■ RESULTS

Engineering the Cytosolic MVA Pathway for α-Bisabolene
Production from Methanol

We used the α-bisabolene synthase gene AgBIS from Abies
grandis for α-bisabolene synthesis by catalyzing the conversion

of the cytosolic precursor FPP.24 The AgBIS gene was codon-
optimized according to the P. pastoris codon bias and
integrated into the chromosome in strain PC110.19 We used
the strong promoter PDAS2 to express the AgBIS gene, which
was helpful for draining the metabolic flux toward α-bisabolene
production. The engineered strain LH21 produced 6.6 mg/L
in a shake flask containing 10 g/L methanol (Figures 1A,B and
S1A−D). We also showed that rubber plugs were better than
parafilm for shake flask fermentation with decreased methanol
evaporation and increased α-bisabolene production (Figure
S2A−C).

We then tried to optimize the MVA pathway to improve α-
bisabolene biosynthesis. Overexpression of the 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase gene HMGR
(strain LH30) and farnesyl diphosphate synthase gene FPPS
(strain LH31) resulted in increased production of α-bisabolene
to 16.8 and 25.6 mg/L, respectively. Further overexpression of
the acetoacetyl-CoA thiolase gene ERG10 and the HMG-CoA
synthase gene HMGS improved α-bisabolene production to
40.1 mg/L (strain LH60), and a small improvement in α-
bisabolene production (27.7 mg/L) was achieved by over-
expressing the mevalonate kinase gene MK and the
phosphomevalonate kinase gene PMK (strain LH62).
Combinatorial overexpression of ERG10, HMGS, MK, and
PMK further improved α-bisabolene production to 50.5 mg/L.
However, overexpression of the mevalonate-5-diphosphate
decarboxylase gene MVD and the IPP isomerase gene IDI
had a negative effect on α-bisabolene production (strain LH63
vs LH31), suggesting that these corresponding reactions were
not the limiting step for isoprenoid biosynthesis. Alternatively,

Figure 1. Optimization of the cytosolic MVA pathway for α-bisabolene production from methanol in P. pastoris. (A) Schematic illustration of the
optimized MVA pathway for α-bisabolene biosynthesis from methanol. Overexpressed endogenous genes are shown in red, whereas heterologous
genes are shown in blue. The dotted lines represent multiple enzyme reaction steps. The small curve between FPPS and AgBIS represents a flexible
linker with the sequence “GGGS.” (B) α-Bisabolene titers and cell densities of engineered strains in shake flasks after 120 h of cultivation at 220
rpm and 30 °C with 10 g/L methanol minimal medium. (C) Overexpression of the AgBIS gene at two different genomic integration sites. (D) HIS4
complementation and higher methanol concentration (20 g/L) for improvement of α-bisabolene production. Error bars represent the standard
deviation (SD) of triplicate biological replicates. *P < 0.05.
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overexpression of another copy of the AgBIS gene at two
different genomic integration sites19 improved α-bisabolene
production by 56 and 62%, respectively (Figure 1C),
suggesting that the driving FPP flux to sesquiterpene synthase
was beneficial for α-bisabolene biosynthesis.

We thus enhanced the conversion of FPP toward α-
bisabolene synthesis in strain LH67 with the integration of
CAS9, which simplified the construction of gRNA-expressing
plasmids19 and had no impact on cell growth and α-bisabolene
production (Figure S3A,B). To facilitate the substrate
channeling of FPP toward AgBis, we overexpressed a fusion
gene, FPPS-AgBIS, encoding a fusion enzyme of Fpps and
AgBis, which significantly improved α-bisabolene production
by 2.8-fold (strain LH73, Figure 1D). We then evaluated the
performance of strain LH73 under a higher methanol
concentration of 20 g/L; however, cell growth was retarded
and α-bisabolene production decreased (Figure 1D). Stepwise
addition of 10 g/L methanol (10 + 10 g/L) at 24, 48, and 72 h
could alleviate methanol toxicity; however, the improvement in
α-bisabolene production was marginal compared with that
with 10 g/L methanol (Figure S4). We previously observed
that auxotrophs compromise cell growth and fatty acid
production from glucose in Saccharomyces cerevisiae.25 And
methanol metabolism requires expressing high amounts of
methanol-related enzymes in P. pastoris,26 which suggests that
amino acid nutrient deficiency might be the rate-limiting step

for the growth of the strain. We thus tried to restore the HIS4
gene in the his4Δ mutant strain LH73, and an improvement in
α-bisabolene production was achieved with the resulting strain
LH73H compared to LH73 under 10 g/L methanol (Figure
1D). Cultivating the strain LH73H in 20 g/L methanol
achieved better cell growth and a much higher α-bisabolene
titer (260 mg/L) compared with that of 10 g/L methanol (152
mg/L, Figure 1D), suggesting that HIS4 or histidine played an
important role in methanol tolerance and cell growth.25

Reconstruction of the MVA Pathway in the Peroxisome

Peroxisomes are organelles that perform methanol oxidation
and fatty acid β-oxidation and contain sufficient acetyl-
CoA.27,28 Thus, reconstructing the MVA pathway in
peroxisomes might be beneficial for isoprenoid production
by eliminating side-pathway competition and coupling to
methanol utilization (Figure 2A). The peroxisome signal
peptides SKL and LARF29,30 were used to target MVA
enzymes into peroxisomes in strain PC110. Fusing the
fluorescent protein and α-bisabolene synthase AgBis showed
that these signal peptides were functional for peroxisomal
targeting (Figures 2B and S5A−D). Peroxisomal targeting of
AgBis resulted in a small amount of α-bisabolene production,
and LARF (2.3 mg/L) was better than SKL (1.9 mg/L) for α-
bisabolene production (Figure 2C). This lower α-bisabolene
production might be attributed to the insufficient supply of

Figure 2. Reconstruction of MVA pathway in peroxisomes. (A) Schematic illustration of the reconstructed MVA pathway in peroxisomes.
Overexpressed endogenous genes are displayed in red, while heterologous genes are shown in purple. The dotted lines represent multiple enzyme
reaction steps. The C-terminal of all genes involved in the peroxisomal engineering pathway was fused with the peroxisome signal peptide “SKL”
(which was shown to be an orange curve) or “LARF” (which was shown to be a purple curve). (B) Fluorescence analysis of the localization of
AgBis fused to the peroxisome signal peptide by fluorescence microscopy. AgBis was fused with eGFP and the peroxisome signal peptide “SKL” or
“LARF”. (C) α-Bisabolene production and cell densities of overexpressing AgBis with the peroxisome signal peptide “SKL” or “LARF.” (D) α-
Bisabolene production and cell densities of engineered strains with the peroxisomal MVA pathway. The engineered strains were cultivated in shake
flasks containing minimal medium with 10 g/L methanol or 20 g/L methanol for 120 h at 220 rpm and 30 °C. Error bars represent the SD of
triplicate biological replicates. ***P < 0.001.
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precursors, such as FPP, because the MVA pathway in the
peroxisomes was incomplete.

We then tried to target the enzymes of the MVA pathway in
peroxisomes, which significantly improved α-bisabolene
production (Figure 2D). Through reconstructing the complete
MVA pathway in peroxisomes (strain LH114), 5.7-fold higher
α-bisabolene production was achieved than that of strain
LH102 with only AgBIS expression (Figure 2D). Further
overexpressing a fusion gene FPPS-AgBIS improved α-
bisabolene production by 3.3-fold (strain LH115 vs LH114,
Figure 2D), which was similar to that of the cytosolic pathway.
However, the α-bisabolene titer (44.0 mg/L) in strain LH115
was much lower than that in strain LH73 (121 mg/L) with a
cytosolically optimized MVA pathway. It has been reported
that bifunctional acetoacetyl-CoA thiolase/HMG-CoA reduc-
tase (EfmvaE) and 3-hydroxy-3-methylglutaryl-Coenzyme A
(HMG-CoA) synthase (EfmvaS) catalyze consecutive steps of
mevalonate biosynthesis from acetyl-CoA.27 Overexpression of
EfMvaS (strain LH119) improved α-bisabolene production to
65.1 mg/L, which was 48% higher than that of the control
strain LH115 (Figure 2D). However, expression of EfMvaE in
the genome has been attempted but failed when cointegrating
with EfMvaS into genome. Again, complementing the HIS4

gene slightly improved α-bisabolene biosynthesis from 10 g/L
methanol and led to 134 mg/L α-bisabolene production from
20 g/L methanol as a sole carbon source (Figure 2D).
Proteome-Guided Engineering of Peroxisomal
Biosynthetic Pathway

As a lower production of α-bisabolene was achieved through
the peroxisomal pathway (LH119H) than the cytosolic
pathway (LH73H), the reconstructed peroxisomal pathway
may include limiting steps. We thus performed comparative
proteomic analysis of the engineered isoprenoid biosynthetic
pathway (Figure 3A,B) in LH119H, LH73H, and the wild-type
strain PCH. The engineered strains LH119H and LH73H
contained much higher protein levels of the MVA pathway
than the wild-type strain (Figure 3B). Most enzymes of the
MVA pathway, except Mvd and Idi, were expressed at higher
levels in LH73H than in LH119H. Erg10 and Fpps levels were
much higher in LH73H than in LH119H. Moreover, the
EfmvaE protein was not detected in the peroxisome-modified
strain LH119H, suggesting the failure to express EfmvaE. The
low expression of MVA enzymes might be the bottleneck for
the peroxisomal production of α-bisabolene.

Figure 3. LFQ proteomic analysis of peroxisomal MVA pathway strain LH119H compared with LH73H and the wild-type strain PCH. (A)
Scheme of the engineered peroxisome pathway. Overexpressed endogenous genes are displayed in red, while heterologous genes are shown in
purple. The dotted lines represent multiple enzyme reaction steps. The C-terminal of all genes involved in the peroxisomal engineering pathway
was fused with the peroxisome signal peptide “SKL” (which was shown to be an orange curve) or “LARF” (which was shown to be a purple curve).
The genes with red stars are the rate-limiting targets for LH119H compared to LH73H. (B) Quantification of MVA enzymes compared with strains
PCH, LH73H, and LH119H. (C) Overexpressing the limiting enzymes for α-bisabolene production in LH119H. (D) Comparison of the
expression of EfMvaE and different versions of HMGR for α-bisabolene production. tHMGR, truncated HMGR with removing the amino acid 2
(Leu)-500 (His); SpHMGR: codon-optimized HMGR from Silicibacter pomeroyi. The engineered strains were cultivated in shake flasks containing
minimal medium with 20 g/L methanol for 120 h at 220 rpm and 30 °C. Error bars represent the SD of triplicate biological replicates. ***P <
0.001.
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We then tried to integrate another copy of ERG10, EfMvaE,
and FPPS for α-bisabolene production, which showed that
overexpression of peroxisomal EfMvaE protein significantly
increased the α-bisabolene titer to 212 mg/L (Figure 3C), a
72% improvement compared to that of the control strain
LH119H. These results suggested that functional expression of
EfMvaE was essential to drive the metabolic flux toward
isoprenoid biosynthesis in peroxisomes. Further overexpressing
another copy of FPPS slightly increased α-bisabolene
production with reduced final biomass (Figures 3C and S6).
It was reported that EfmvaE is a bifunctional enzyme of
acetoacetyl-CoA thiolase/HMG-CoA reductase and is equiv-
alent to endogenous Erg10 and HmgR.27 Although the protein
level of HmgR in LH119H was equivalent to that of LH73H,
HmgR was untruncated and might be inefficient. We thus tried
to overexpress ERG10 and different versions of HMGR.9,31,32 It
was shown that overexpression of ERG10 and truncated
HMGR slightly improved α-bisabolene production; however,
the improvement was much less than that of EfMvaE
overexpression (Figure 3D). These results suggested that

EfmvaE expression helped drive the metabolic flux toward α-
bisabolene biosynthesis by enhancing the first MVA step of
acetoacetyl-CoA thiolation.
Profiling the Engineered Strains in Shake Flasks

We evaluated the performances of the cytosol engineering
strain LH73H, the peroxisome engineering strains LH119H
and LH122, and the wild-type strain PCH under batch
fermentation in shake flasks. Compared to the strain LH119H
with failed expression of EfMvaE, the peroxisomal pathway
optimized strain LH122 exhibited a much higher α-bisabolene
titer (Figure 4A). These data indicated that enhancing the
upper part of the MVA pathway (overexpression of EfMvaE)
was beneficial for the utilization of acetyl-CoA and the
synthesis of sesquiterpene in the peroxisome engineering
strains. The cell growth of α-bisabolene-producing strains
LH73H, LH119H, and LH122 was slower than that of the
wild-type strain PCH (Figure 4B), suggesting that engineering
α-bisabolene biosynthesis brought a metabolic burden to
cellular fitness. Peroxisomal overexpression of EfMvaE

Figure 4. Evaluation of the engineered strains LH73H, LH119H, LH122, and the wild-type strain PCH under batch fermentation in shake flasks.
(A) α-Bisabolene production. (B) Cell growth. (C) Methanol consumption. (D) Formaldehyde accumulation. The engineered strains were
cultivated at 220 rpm and 30 °C with 20 g/L methanol minimal medium. Error bars represent the SD of triplicate biological samples.

Figure 5. Fed-batch fermentation of LH73H and LH122 in shake flasks. Time courses of cell growth, α-bisabolene titers, and methanol
consumption of LH73H (A) and LH122 (B). Error bars represent the SD of triplicate biological samples.
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retarded cell growth as well as methanol consumption (strain
LH122 vs LH119H, Figure 4B,C). Interestingly, formaldehyde
accumulation in peroxisome-engineered strains was lower than
that of the wild-type strain and the cytosolic MVA pathway
strain (Figure 4D), which suggested that engineering
isoprenoid biosynthesis in peroxisomes was helpful for
formaldehyde assimilation.
Fed-Batch Fermentation

We finally compared the performance of the final peroxisomal-
engineered strain LH122 and cytosol-engineered strain
LH73H under fed-batch fermentation in a shake flask. These
two strains exhibited similar methanol consumption capacities.
However, LH122 produced 1124 mg/L α-bisabolene at 288 h,
with a yield of 7.6 mg/g (2.9% of theoretical yield), which was
1.7-fold greater than that of strain LH73H, and strain LH122
exhibited better growth than strain LH73H (Figure 5A,B).
Since the MVA biosynthesis genes were overexpressed with
methanol-inducible promoters (Table S1), peroxisomal
compartmentalization of MVA pathways might be helpful for
coupling isoprenoid biosynthesis and methanol assimilation.
The better performance attained using fed-batch fermentation
compared with batch fermentation might be explained by the
constant boost in peroxisome biogenesis generated through
methanol feeding; in contrast, batch fermentation might have
exhausted methanol and the corresponding reduced perox-
isomes. These observations remind us that we should carefully
evaluate our engineered strains under different conditions by
considering the differences in methanol metabolism and
glucose metabolism.

■ DISCUSSION
Although P. pastoris has been widely used as a cell factory for
the production of a variety of compounds,33−35 engineering the
overproduction of complex secondary metabolites, such as
isoprenoids, from sole methanol remains challenging. Here, we
comprehensively optimized the MVA pathway in the
peroxisome and cytosol for the overproduction of sesquiter-
pene.

The peroxisome is an ideal organelle for biosynthesis with
several advantages, for example, enzymes and precursors are
present at high concentrations, the loss of intermediates is low,
and toxic enzymes or intermediates are insulated.28,30,36−39 In
these studies, peroxisomes were harnessed for chemical
overproduction from glucose without greatly damaging cellular
fitness since peroxisomes are relatively nonessential under
glucose cultivation. Information about engineering complex
biosynthetic pathways in peroxisomes by using methanol as a
sole carbon source is limited. Furthermore, there is no
systematic comparison of the performance between cytosolic
and peroxisomal biosynthetic pathways, as previous studies
only compared the initial pathways.40 Here, we comprehen-
sively optimized the MVA pathways in the cytosol and
peroxisome and compared their performance for α-bisabolene
production under batch and fed-batch fermentations in shake
flasks. The optimized peroxisomal pathway generated much
higher levels of α-bisabolene than the cytosolic pathway under
fed-batch fermentation, while similar α-bisabolene production
was observed under batch fermentation. Continuous methanol
feeding might be helpful for peroxisomal proliferation41 and
thus stimulate the peroxisomal MVA pathways for α-
bisabolene production.

Identifying bottlenecks of biosynthetic pathways remains a
challenge, and proteomics might be helpful for identifying
bottlenecks that compromise biosynthetic efficiency.42,43 Here,
we compared the LFQ proteome of the MVA pathway
between the engineered peroxisomal and cytosolic pathways,
which revealed that the first step of acetoacetyl-CoA thiolase
was a bottleneck in the peroxisomal biosynthetic pathway. This
observation shows that comparative LFQ proteomics is a
feasible approach to guide pathway optimization.27

In summary, we comprehensively optimized and compared
the MVA pathway in the peroxisome and cytosol to produce
sesquiterpene α-bisabolene from the sole methanol in P.
pastoris. Though the α-bisabolene production from methanol
was lower than that from glucose,1,3−5 further engineering
central metabolism33,35 and enhancing the methanol toler-
ance44,45 should be helpful for improving the cellular
performance for chemical production.

■ METHODS

Strains and Media
All strains used in this study are listed in Table S1. Escherichia coli
DH5α was used for plasmid propagation. PC110 derived from GS115
with a RAD52-expressing cassette at the HIS4 site constructed in our
previous study19 was used as the parent strain for α-bisabolene
biosynthesis. The engineering strategy and flowcharts of yeast strain
construction are shown in Figures S7 and S8.

The Luria−Bertani (LB) broth medium (10 g/L NaCl, 10 g/L
tryptone, 5 g/L yeast extract) with 100 mg/L ampicillin or 50 mg/L
kanamycin was used for the growth of E. coli, which were cultured at
37 °C with shaking at 220 rpm. The YNB medium (20 g/L glucose
and 6.7 g/L yeast nitrogen base without amino acids) with essential
nutrients for yeast cultivation and the yeast culture were incubated at
30 °C with shaking at 220 rpm. YPD medium (20 g/L glucose, 20 g/
L peptone, 10 g/L yeast extract) containing 100 mg/L Zeocin or 200
mg/L Geneticin was used to cultivate yeast strain containing gRNA-
expressing plasmids. Solid medium was added to 15 g/L Agar.
Minimal medium (MM) (2.5 g/L (NH4)2SO4, 14.4 g/L KH2PO4, 0.5
g/L MgSO4·7H2O, and 4 M KOH were added to adjust the pH value
5.6, 1 mL/L vitamin solution, 2 mL/L trace metal solution),
containing 10 or 20 g/L methanol as carbon sources, was used to
produce α-bisabolene in shake flasks. For the fermentation of the
his4Δ mutant strains, 40 mg/L of histidine was added to the minimal
medium. When conducting fed-batch fermentation, 9−14 g/L
methanol and 0.4 mL feeding culture containing 10× delft media
were supplemented every 24 h.

DNA Manipulation
All of the primers used in this study are listed in Table S2. The coding
sequences of α-bisabolene synthase (AgBIS; GenBank accession no.
AF006195.1) from A. grandis, 3-hydroxy-3-methylglutaryl-Coenzyme
A (HMG-CoA) synthase (Ef MvaS; GenBank accession no.
KX064238), and bifunctional acetoacetyl-CoA thiolase/HMG-CoA
reductase (EfMvaE; GenBank accession no. KX064239) from E.
faecalis were codon-optimized and synthesized by GENEWIZ
Corporation (Suzhou, China) (Table S3). Genomic DNA from the
P. pastoris strain was extracted using the E.Z.N.A. Yeast DNA Kit
(Omega Bio-Tek Inc.). All endogenous genes involved in the MVA
pathway were polymerase chain reaction (PCR)-amplified from the
genomic DNA of P. pastoris using Phanta Super-Fidelity DNA
Polymerase (Vazyme, Nanjing, China).

The pCAI plasmid was used as the template for the construction of
all gRNA-expressing plasmids as described previously.19 Donor DNA
fragments containing the expressing gene and the homologous arms
were prepared via fusion PCR46 by using corresponding primers listed
in Table S2 and then transformed to P. pastoris strains.19 For gene
overexpression, an expression cassette containing a promoter, a gene,
and a terminator was amplified via PCR, respectively, and constructed
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into one fragment through fusion PCR. The yeast cells were selected
on YPD with 200 μg/mL G418 plates and then were subjected to
colony PCR. To remove the plasmids for the next round of genetic
manipulation, the transformants were cultured in the YPD medium
for 24 h twice and then plated onto YPD plates for 4 days.

Proteomic Analysis
Samples of PCH, LH73H, and LH119H were cultivated according to
the culture method of shake flask cultivation and then collected for
protein extraction. 10−20 mg (dry cell weight) yeast cells was
collected in the logarithmic stage (33 h for PCH, 47 h for LH73H, 37
h for LH119H). Yeast cell pellets were homogenized with 0.4 mm
glass beads by using a 3D-freezing grinder (Servicebio, Wuhan,
China) for 10 repeated 40 s cycles at 6 m/s, with a 60 s pause. The
lysate was transferred to new tubes and diluted 10 times with the lysis
buffer. The protein concentration was determined by using the
Bradford Assay Kit. All lysis buffers were added with a 1% (v/v)
protease inhibitor cocktail. Samples of yeast cell pellets were treated in
triplicate using an ionic liquid-based filter-aided sample preparation
(i-FASP) method.47 In brief, samples were incubated at 95 °C for 3
min and another 30 min at room temperature. The cell debris was
removed by centrifugation at 16,000g at 4 °C for 5 min, and 100−150
μg of the clarified protein extract was transferred to a 10 kDa filter.
After centrifugation on the filter at 14,000g at 20 °C for 15 min, the
extracted proteins were retained, diluted with 200 μL of 50 mM
NH4HCO3, and centrifuged again at 14,000g at 20 °C for 15 min.
Subsequently, 200 μL of 50 mM IAA was dissolved in 50 mM
NH4HCO3 buffer, and the samples were incubated in darkness for 10
min. Then, the samplers were fileted, washed three times with 200 μL
of 50 mM NH4HCO3, and then digested overnight at 37 °C by
adding 100 μL of 10 mM NH4HCO3 containing trypsin (3−6 μg).
Finally, the tryptic peptides were collected by centrifugation, and 50
μL of water was added to elute the peptide-rich solution twice.
Peptides were extracted, vacuum-dried, and stored at −80 °C until
LC-MS/MS analysis.

A nano-RPLC-ESI-MS/MS system was set up for quantitative
proteomic analysis, which consists of an Orbitrap Exploris 480
instrument with a FAIMS Pro device and an Easy-nano LC 1200
system (ThermoFisher Scientific). Dried peptides were resuspended
to 1 μg/μL using 0.1% FA and separated by a C18 capillary column
(150 μm i.d. × 30 cm), which was packed in-house with ReproSil-Pur
C18-AQ particles (1.9 μm, 120 Å) and heated to 55 °C at a flow of
0.6 μL/min. Mobile phase solvent A consisted of 0.1% FA in high-
performance liquid chromatography (HPLC) H2O, and mobile phase
solvent B consisted of 0.1% FA in 80% acrylonitrile (ACN) and 20%
HPLC H2O. 65-min separation gradient was as follows: 0−45 min
(12−30% B), 45−51 min (30−38% B), 51−55 min (38−95%), 55−
59 min (95% B), and 59−65 min (95% B). FAIMS separations were
performed with the following settings: inner and outer electrode
temperature = 100 °C; total carrier gas = 4.0 L/min; CV values were
−45 and −65 for each injection. The MS analysis was performed in
data-dependent acquisition (DDA) mode with a resolution of 60,000
for MS1 scans from m/z 350−1500 and 15,000 for MS2 scans with
first mass at 110 and an isolation width of 1.6 m/z. The target
automatic gain control (AGC) was 3 × 106 and 7.5 × 104 ions for
MS1 and MS2 scans, and the max injection time was 20 ms for MS1
and 30 ms for MS2 scans. The precursors with charge states of 2−7
with an intensity higher than 25,000 were selected for higher energy
collisional dissociation (HCD) fragmentation, and the dynamic
exclusion was set to 30 s. The normalized HCD collision energy
was set as 30%. The protein mass spectrometry raw data was
deposited to ProteomeXchange (http://www.proteomexchange.org)
with the accession number PXD048269. Raw datafiles were splitted to
−45 and −65 V at first. Then, split raw datafiles were analyzed using
MaxQuant (version 2.2.0.0) and searched against the P. pastoris
GS115 reference proteome database downloaded from UniProt48

(UP000000314; 5073 sequences; 20210226) and supplemented with
GQ68_03479T0 (AOA69352.1; NCBI), which frequently observed
contaminants. The parameters were set as follows: MS1 tolerance of
10 ppm; MS2 mass tolerance of 20 ppm; enzyme specificity was set as

trypsin with a maximum of two missed cleavages allowed;
carbamidomethylation of cysteine was set as a fixed modification
(+57.02 Da); acetylation on the protein N-terminal (+42.01 Da) and
oxidation of methionine (+15.99 Da) were set as variable
modifications. The required false discovery rate (FDR) was set to
1% at both the peptide and the protein level, and the minimum
required protein length was set at 7. At least two peptides were
required for protein identification of which at least one peptide was
required to be unique in the database. Identified proteins were
quantified with MaxQuant’s LFQ algorithm.49 All of the label-free
protein quantification among different samples was processed with Z-
score normalization and multiple-sample tests (Benjamini−Hochberg
FDR correction threshold of 0.05) with Perseus version 2.0.7.0
(http://www.perseus-framework.org).50 The log 2 fold change
(log 2FC) data, which was greater than 1 or less than −1 in three
biological replicates for the multiple-sample tests of each of the two
samples, were assigned to differentially expressed proteins. The
protein quantification between the samples was performed as
previously described with some modification.51

Fluorescence Microscopy Analysis
To confirm peroxisome targeting, the green fluorescent protein eGFP
was fused to the C-terminal of α-bisabolene synthase using the flexible
linker GGGS, and the peroxisome localization signal peptide SKL or
LARF was further fused to the C-terminal of eGFP (encoding gene
AgBIS ∼ eGFP ∼ SKL or AgBIS ∼ eGFP ∼ LARF). Similarly, the
peroxisome localization signal peptide SKL was fused to the C-
terminal of mPlum (encoding gene mPlum ∼ SKL), and then, the
cassettes were transformed into the yeast strain PC111. The strain
was incubated for 36 h at 220 rpm at 30 °C in MM medium
containing 10 g/L methanol. Three microliters of the cell cultures was
dropped onto the microscope slides, covered with the cover glass, and
then observed the fluorescence display position with the EVOS
M5000 microscope (ThermoFisher Scientific).

Batch and Fed-Batch Fermentations in Shake Flasks
The yeast strains were cultivated at 30 °C and 220 rpm in a shake
incubator (Zhichu ZQZY-CS8) to an initial optical density (OD600)
of 0.2. The preculture was cultivated in a 15 mL tube with a working
volume of 2 mL of YPD for 16 to 18 h. Then, the preculture cells were
then washed with minimal medium and inoculated to 20 mL delft
minimal medium containing 10 or 20 g/L methanol as carbon sources
for 120 h in rubber plugs, and 2 mL of n-dodecane was added for
production extraction with caryophyllene as an internal standard. Fed-
batch fermentations in shake flasks were performed as follows:
prototrophic strains were precultured in YPD for 16−18 h and then
washed with minimal medium, which was subsequently transferred
into 20 mL of delft minimal medium containing 10 g/L methanol
with an initial OD600 of 1. After 24 h of cultivation, 9−14 g/L
methanol and 0.4 mL of concentrated (10×) delft minimal medium
were supplemented every 24 h. The pH was adjusted to
approximately 5−6 with 4 M KOH based on pH test strips every
24 h. The cell density OD600 and the concentration of methanol were
measured every 24 h by using a spectrophotometer and a SBA-40D
biosensor (Biology Institute of Shandong Academy of Sciences),
respectively. Three biologically independent samples were analyzed
during the fermentation.

Extraction and Quantification of α-Bisabolene
The dodecane phase of the cell culture was collected and
subsequently subjected to gas chromatography (GC) to analyze the
α-bisabolene concentration using caryophyllene as an internal
standard. The GC (Thermo Scientific TRACE 1300) was equipped
with a flame ionization detector (FID) and an HP-5 column (30 m ×
0.320 mm × 0.25 μm) with a flow rate of 1.0 mL/min. The injection
volume was 1.0 μL with a split ratio of 15, and the temperature of the
injector and GC interface was 250 °C. The initial temperature was 60
°C, followed by a ramp to 200 °C at a rate of 40 °C/min and holding
at 200 °C for 5 min.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00106
JACS Au 2024, 4, 2474−2483

2480

http://www.proteomexchange.org
http://www.perseus-framework.org
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Quantification of Methanol and Formaldehyde
Yeast cell samples were taken every 12 h to analyze biomass (OD600),
methanol, and formaldehyde. The methanol concentration was
measured by high-performance liquid chromatography (HPLC). 0.2
mL of broth sample was centrifuged at 12,000g for 5 min, filtered
through a 0.2 μm syringe filter, and analyzed with an Aminex HPX-
87H column (Bio-Rad) on an HPLC (LC-2030, Shimadzu, Japan)
equipped with a differential refractive index detector. The column was
eluted with 5 mM H2SO4 at a flow rate of 0.6 mL/min at 50 °C for 25
min.

To measure formaldehyde, 0.04 mL of cell culture was mixed with
0.1 mL of 20% (w/v) trichloroacetic acid, 0.05 mL of 2,4-
dinitrophenylhydrazine (DNPH) (1 g/L in acetonitrile), and 0.25
mL of acetonitrile and vortex vigorously for 1 min. The mixture was
then incubated at 60 °C for 30 min and centrifuged at 12,000g for 5
min. The supernatant was filtrated through a 0.2 μm syringe filter and
analyzed using the HPLC equipped with a C18 reversed-phase
column (Supersil ODS2, 2.1 × 150 mm2, Dalian Yilite). 65%
acetonitrile (65%) was used as the mobile phase with a flow rate of
0.3 mL/min. Formaldehyde-2,4-dinitrophenylhydrazine was quanti-
fied using a UV detector at 355 nm and 35 °C.

Statistical Analysis
Statistical analysis was performed using Microsoft Excel software
using a two-tailed t test analysis of the variance hypothesis. Significant
differences are marked as *P < 0.05, **P < 0.01, and ***P < 0.001.
All data are presented as the means ± SD. The number of biologically
independent samples for each panel was three.
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