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Abstract

a-Farnesene, an acyclic volatile sesquiterpene, plays important roles in aircraft fuel, food flavoring, agriculture, pharmaceutical
and chemical industries. Here, we enhanced a-farnesene production through reconstructing the biosynthetic pathways of NADPH
and ATP in Pichia pastoris. First, the native oxiPPP was reconstructed by over-expressing the key enzymes in oxiPPP or/and
inactivating glucose-6-phosphate isomerase (PGI), indicating that combined over-expression of ZWF1 and SOL3 improves
NADPH supply and thus increasing o-farnesene production while inactivation of PGI was not because of the decreased cell
growth. Next, different expression level of heterologous cPOS5 were introduced into P. pastoris, and found that low intensity
expression of cPOS5 facilitated a-farnesene biosynthesis. Finally, ATP was increased by overexpression of APRT and inactivation
of GPD1. The resultant strain P. pastoris X33-38 produced 3.0940.37 g/L of a-farnesene in shake-flask fermentation, which
was 41.7% higher than that of the parent strain. These results provide a new perspective to construct industrial-strength

a-farnesene producer by rational modification of NADPH and ATP regeneration pathway in P. pastoris.
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Abstract

a-Farnesene, an acyclic volatile sesquiterpene, plays important roles in aircraft fuel, food flavoring, agri-
culture, pharmaceutical and chemical industries. Here, we enhanced a-farnesene production through re-
constructing the biosynthetic pathways of NADPH and ATP inPichia pastoris . First, the native oxiPPP
was reconstructed by over-expressing the key enzymes in oxiPPP or/and inactivating glucose-6-phosphate
isomerase (PGI), indicating that combined over-expression of ZWF1 and SOL3 improves NADPH supply
and thus increasing a-farnesene production while inactivation of PGI was not because of the decreased cell
growth. Next, different expression level of heterologous cPOS5 were introduced into P. pastoris , and found
that low intensity expression of cPOS5 facilitated a-farnesene biosynthesis. Finally, ATP was increased
by overexpression of APRT and inactivation of GPD1. The resultant strain P. pastoris X33-38 produced



3.09+0.37 g/L of a-farnesene in shake-flask fermentation, which was 41.7% higher than that of the parent
strain. These results provide a new perspective to construct industrial-strength o-farnesene producer by
rational modification of NADPH and ATP regeneration pathway inP. pastoris .
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Introduction

a-Farnesene, one of the simplest sesquiterpenes, has an enormous application in nature and industry. For ex-
ample, o-farnesene works as chemical signaling molecule to signal danger and to implicate the orientation of
aphids and termites in nature.! In addition, a-farnesene acts as the intermediate to produce biofuel, vitamin
E, vitamin K1, squalane and other high value-added products in industry.?*Therefore, a-farnesene has im-
portant economic value in agriculture, chemical, bioenergy, medicine, and cosmetics.!” Since a-farnesene is
abundant in plants (e.g., apple and Artemisia annua ) °, plant extraction is the major method for producing
o-farnesene.* However, the weaknesses of plant extraction limit the application in industry, such as the low
yield, the high production cost, the limited feedstock and the serious environmental pollution.® -6 Therefore,
researchers turn their attention to use microbial fermentation to produce o-farnesene,* and many effective
strategies have been used in modifying microorganisms to enhance the biosynthesis of a-farnesene, includ-
ing enhancing o-farnesene biosynthesis pathway, blocking the downstream a-farnesene biosynthesis pathway,
rewriting the central carbon metabolism, compartmentalizing the supply ways of precursors, relieving the
cell growth inhibition and optimizing the medium components and culture conditions.?% 7 In the previous
study, we constructed a a-farnesene high-producing strainPichia pastoris X33-30 by dual regulation of cyto-
plasm and peroxisomes.® Pcari promoters were replaced with Pgap promoters in X33-30 to obtain strain
X33-30*, which produced 2.18 £ 0.04 g/L of o-farnesene in shake flasks. The strain P. pastoris X33-30*
was enhanced the supply of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP).
Although there are two pathways for producing IPP and DMAPP, i.e., the mevalonate (MVA) pathway and
the methylerythritol-4-phosphate (MEP) pathway,” however, no fewer than 6 molecules of ATP and NADPH
are need to produce 1 molecule of a-farnesene (Fig. 1). The overall stoichiometry of a-farnesene biosynthesis
via the MVA pathway is: 9 acetyl-CoA + 9 ATP + 3 H,O 4+ 6 NADPH + 6 H' - 1 o-farnesene + 9 CoA +
6 NADP*t+ 9 ADP + 3 Pi + 3 PPi + 3 CO,.1% The above equation indicates that the cofactors ATP and
NADPH are also important for increasing a-farnesene production except for the precursor acetyl-CoA. And
yet, very little research has addressed ATP and NADPH in a-farnesene production.

NADPH acts as cofactor for catalyzing the formation of mevalonate from 3-hydroxy-3-methyl glutaryl coen-
zyme A (i.e., HMG-CoA) (Fig. 1). Besides, the extra demand of NADPH has been discussed to be responsible
for the heterologous protein production. Previous research indicated that NADPH availability is closely re-
lated to the yield of biomass and heterologous proteins.!!"1? In addition, NADPH is also used to protect cells
against endoplasmic reticulum (ER) stress and oxidative stress.!!> 13 It should be noted that MVA pathway
is the major pathway for producing IPP and DMAPP in P. pastoris ,> and thus 6 molecules of NADPH
and 9 molecules of ATP are need to produce 1 molecule of a-farnesene. However, NADH is the predominant
reduced cofactor of catabolism rather than NADPH in yeast and bacteria.? Thus, increasing the intracellular
NADPH level or eliminating NADPH consumption is a common strategy to facilitate NADPH-dependent
products, including terpenoid.!*'® For example, Liu et al. compared the effect of six native enzymes involved
in NAPDH regeneration in Yarrowia lipolytica and found that mannitol dehydrogenase benefits to increase
squalene production.'® In addition, introduction of a synthetic version of the Entner-Doudoroff pathway
from Zymomonas mobilis in E. coli M(G1655 has been shown to be able to increase the NADPH regenera-
tion rate by 25-fold and thus increasing terpenoid production.!” In P. pastoris , there are two inherent routes
for NADPH generation, i.e., the oxidative branch of pentose phosphate pathway (oxiPPP) and the acetate
biosynthetic pathway.?> 11 '® However, the key enzymes in oxiPPP were negatively controlled by NADPH
and ATP at the transcriptional and/or the translational level.'’ 19 Although heterogeneous expression of
NADH kinase (i.e., POS5, catalyzed NADH to form NADPH) would increase the NADPH regeneration in
P. pastoris ,'* NADH plays pivotal roles in ATP regeneration.'® 20 ATP acts as a key factor for o-farnesene



biosynthesis (Fig. 1), except for as the energy currency in cells.?! Therefore, the ATP availability is extremely
important for cell growth and o-farnesene biosynthesis so that adequate supplies of NADH are need for cell
because ATP is mainly produced by NADH oxidation via electron transport phosphorylation (ETP) under
aerobic conditions.?? For these, how to efficiently supply NADPH and ATP already becomes an important
research direction in developing a o-farnesene high-producing strain.

In this work, the biosynthetic pathways of NADPH and ATP were rationally reconstructed in an a-farnesene
high-producing strain P. pastoris X33-30*, which was reconstructed the carbon’s metabolic pathways in
P. pastoris X33, to further increase the a-farnesene production. To do this, the native oxiPPP was firstly
reconstructed in strain X33-30* by over-expressing the key enzymes in oxiPPP or/and inactivating the
glucose-6-phosphate isomerase in glycolysis. Subsequently, the heterologous POS5 fromS. cerevisiae was in-
troduced into P. pastoris and controlled by different intensity of promoters to further optimize the NADPH
supply. Finally, the ATP availability was tried to increase by enhancing the supply of adenosine monophos-
phate (AMP) for the synthesis of ATP and decreasing the consumption of NADH in shunt pathway. As a
result, the resultant strain P. pastoris X33-38 produced 3.09+0.37 g/L of a-farnesene after 72 h in shake-
flask fermentation. These results demonstrate the effectiveness of increasing the availability of NADPH and
ATP in P. pastoris for increasing the a-farnesene production and provide a new perspective to construct
industrial-strength a-farnesene producer by rational modification of NADPH and ATP regeneration pathway
in P. pastoris .

Materials and Methods
Strains and Medium

After replacing Pcari promoters of a-farnesene high-producing strain P. pastoris X33-30 with promoter
Pgap, strain X33-30*%, which was reconstructed the carbon’s metabolic pathways in P. pastoris X33 was
used as a host for gene modification. The above P. pastoris strains were cultivated in YPD medium at 30°C,
and P. pastoris engineered recombinant strains were screened with 100 mg/L zeocin or 500 mg/L geneticin,
recovery of selectable markers by Cre/LoxP system. The rich YPD medium containing 20 g/L glucose, 20
g/L peptone, and 10 g/L yeast extract. The medium YPDA for inducing Cre enzyme expression contains:
20 g/L L-galactose, 10 g/L yeast extract and 20 g/L peptone. E. coli JM109 was used for gene cloning with
antibiotics (25 mg/L of zeocin, 50 mg/L of kanamycin or 100 mg/L of ampicillin).

Construction of plasmids and strains

Some of the constructed strains and recombinant plasmids in this study were listed in Table 1 and Table 2
respectively. The designed primers were listed in Table S1 of Supporting Information. The integration site
of the strain was the Pgap promoter site or the hisj site. The specific strain construction procedures were
included in the Supporting Information. The LoxP sites in the Cre/LoxP system were mutated into Lox71
and Lox66 sites, respectively, to prevent repeated cleavage and recombination by Cre enzyme. The details
of DNA manipulation and transformation were described in ” Supporting Information”.

Shake flask culture conditions and biomass analysis

Preserved strains were cultured in YPD medium at 30 ° C for activation. Then the appropriate amount of
activated strain was put into 10 ml liquid medium overnight to become seed medium. Initial ODggo after
inoculation with 50 mL YPD fermentation medium was 0.15, adjusted to pH 6.0 with 100 mM /L potassium
phosphate buffer, the upper layer was overlaid with 10% n-dodecane, and the fermentation was completed
after 72 h in a reciprocating shaker at 30 ° C with 100 rpm. Optical density (OD) of P. pastoris cells was
measured at 600 nm with a spectrophotometer. Dry cell weight was measured as described by Tomas et al'!.

XUaVTLPLGATIOY 0 U-PAOVECEVE

The fermentation broth was centrifuged at 12,000 rpm for 10 minutes. Then the upper layer of n-dodecane
liquid was filtered, and the yield of a-farnesene could be measured. The detection method of a-farnesene is



as described by Liu et al®. The standard a-farnesene, antibiotics and chemicals were purchased from Sigma
(Sigma Aldrich, USA).

Quantification of intracellular NADH/NAD', NADPH/NADPt and ATP

Strains were cultivated in YPD medium for 24 h or 72 h, and cells were harvested by centrifugation at 4°C
for 30 min at 10,000x g and re-suspended in cold PBS buffer to ODgyo=10. The intracellular NADH/NAD
and NADPH/NADP were extracted according to the previously described by Faijes et al. 23, and the in-
tracellular ATP were extracted according to Ni et al.’s reports.?* Their concentration were measured using
NADH/NAD™ Quantification Colorimeteric Kit, NADPH/NADP* Quantification Colorimeteric Kit and
ATP Colorimetric/Fluorometric Assay Kit (BioVision, Inc., Milpitas, CA) according to the manufacturer’s
instructions, respectively.

Results and Discussion

oupived oep-efnpeccoiov o ZNP1 avd Y OA3 wunpoec tne NAAIIH cunnid avd tnug
LVCPEACIVY d-PUEVECEVE TEOodugTLOV WP. pastorisX33-30*

The oxiPPP is the main inherent route for NADPH generation in P. pastoris , which catalyzed by glucose-6-
phosphate dehydrogenase (ZWF1), 6-gluconolactonase (SOL3), 6-phosphogluconate dehydrogenase (GND2)
and D-ribulose-5-phosphate 3-epimerase (RPE1).1% 18 In order to increase the NADPH availability for o-
farnesene biosynthesis, the key enzymes in oxiPPP were optimized to overexpress in a a-farnesene high-
producing strain P. pastoris X33-30*. Firstly, we respectively overexpressed the single gene zwf! (encoding
ZWF1),s0l3 (encoding SOL3), gnd2 (encoding GND2) and rpe! (encoding RPE1) in strain X33-30%, resulted
strains X33-30*Z, X33-30*S, X33-30*G and X33-30*R. Compared with the strain X33-30%*, strains X33-30*Z
and X33-30*S showed the increased NADPH concentration whereas the strains X33-30*G and X33-30*R
showed no visible difference in NADPH concentration both at 24 h and at 72 h (Fig. 2a). Correspondingly,
strains X33-30*Z and X33-30*S also showed the increased o-farnesene production, increased by about 6.5%
and 12.0% as compared with strain X33-30* at 72 h, respectively (Fig. 2b). The similar results were
also found in previous researches, in which overexpression of ZWF1 or SOL3 increased the foreign protein
production in P. pastoris?>27 and the terpenoid production in S. cerevisiae 28-2° because of the increased
intracellular NADPH level. ZWF1 and SOL3 catalyzed the first and the second steps of the oxiPPP and
were inhibited by NADPH and ATP,'" 2% which catalyzed the rate-limiting steps in oxiPPP.?5 In addition,
the native expression level ofsol3 in P. pastoris was low.30Therefore, these may be why strain X33-30*Z with
overexpression ZWF1 and strain X33-30*S with overexpression of SOL3 increased the NADPH availability
and thus increasing a-farnesene production. It should be noted that overexpression of GND2 had no positive
effects on increasing the NADPH availability and o-farnesene production (Fig. 2), which was similar with
the results reported by Kim et al. 3! and Nocon et al. 26 but different to the results reported by Prabhu
and Veeranki ?°. Rebnegger et al.?® pointed out that gnd2 shows the high expression level while sol3 shows
the low expression level inP. pastoris . Based on these, we speculated that GND2 was not a rate-limiting
enzyme and only overexpression of GND2 did not enhance the carbon flux in oxiPPP.

To further analyze the synergetic effects of these key genes in oxiPPP on NADPH and a-farnesene production,
we tried out different expression combination ways of these genes looking for the highest performing combos.
As can be seen from Fig. 3a, the resulting strain X33-30*ZSGR (i.e., combined overexpression of ZWF1,
SOL3, GND2 and RPE1) showed the highest intracellular NADPH level, followed by strain X33-30*ZSG
(i.e., combined overexpression of ZWF1, SOL3 and GND2). Interestingly, combined overexpression of GND2
and RPE1 (i.e., strain X33-30*GR) had no obvious effect on increasing NADPH level (Fig. 3a), which was
similar to single overexpression of GND2 or RPE1 (Fig. 2a). This may be down to the bottlenecks of the
rate-limiting step, which catalyzed by ZWF1 and SOL3.26 However, it should be noted that the a-farnesene
production was not increased with the increase of the intracellular NADPH level in the corresponding strain
(Fig. 3b). Among the test strains, strain X33-30*ZS (i.e., strain X33-31) produced the highest o-farnesene
(i.e., 2.5440.21 g/L) in spite of the third highest NADPH level (Fig. 3). In contrast, although the strains X33-
30*ZSGR and X33-30*ZSG showed the top two NADPH level (Fig. 3a), they showed the worst o-farnesene



production, even lower than the original strain X33-30* (Fig 2b and Fig. 3b). Nocon et al. 26 and Prabhu
and Veeranki 2° also found the similar results, in which combined overexpression of ZWF1, SOL3, RPE1
or/and GND2 would be detrimental to foreign protein production. It may be that excess overexpression of
the key enzymes in oxiPPP may imbalance the PPP flux?® or disturb acetyl-CoA biosynthetic pathway3!
and thus negatively impacting on product formation. Thus, the strain X33-31 was selected to further modify
to increase o-farnesene production.

IvoagTiatiov 0@ YAUGOOCE-6-TNOCTNATE LOOUEPACE JBLoTLEPRS TNE GEAN YRPOWTYN avd Tnug
veyatieA) apecTivy o-@apveceve Blrocdvineoic w Il. taoctopigE33-31

Previous research indicated that overexpression of the transcription factor STB5 increased cytosolic NADPH
concentrations because STB5 upregulated the expression of most genes in the PPP and repressed the expres-
sion of glucose-6-phosphate isomerase-coding gene in glycolysis.?'-32 Maybe since STB5 is a basal regulator
of the PPP,33 overexpression of STB5 did not increase the protopanaxadiol production.?! PGI (encoded by
pgi ) competes with ZWF1 for glucose-6-phosphate, which catalyzes glucose-6-phosphate to form frucose-
6-phosphate (Fig. 1). In order to investigate the effect of PGI on o-farnesene production, the PGI was
inactivated in strain X33-31, resulting in strain X33-31AP. As a control, strain X33-30*AP (i.e., deletion of
pgi in strain X33-30*) was also done. Unfortunately, inactivation of PGI in strain X33-31 had negative effect
on o-farnesene production, in which the resultant strain X33-31AP only produced about 5% of a-farnesene
compared with the strain X33-31 (0.13+0.06 g/L vs. 2.54+0.21 g/L) (Fig. 4a). In addition, inactivation of
PGI increased the intracellular NADPH level but repressed the cell growth and (Fig. 4b, ¢). In the past, Qin
et al. 3*also found that expression of pgi controlled by the ultra-low intensity promoter NAT2p in Saccha-
romyces cerevisiae decreased the cell growth and 3-hydroxypropionic acid production. The possible reasons
could be that PGI plays an important role in the central carbon metabolism in yeast.?> In addition, Aguilera
& Zimmermann 36 pointed out that inactivation of PGI inS. cerevisiae prevents growth on glucose. However,
it should be noted that inactivation of PGI in strain X33-30* had little effect on increasing o-farnesene pro-
duction in spite of the decrease of the cell growth (Fig. 4). There results indicated that inactivation of PGI
enforced the carbon flux into PPP and thus increasing the NADPH availability for a-farnesene biosynthesis.
Since the surplus NADPH cannot be re-oxidized, the PGI-deficient strain did not grow on glucose.3” Thus, we
speculated the reason the strain X33-30*AP did not obviously decrease the cell growth is that more NADPH
was used to biosynthesize a-farnesene. The previous results have reinforced this speculation. For example,
Fiaux et al.3® restored the cell growth on glucose of PGI-deficient S. cerevisiae mutant by heterologous
expression of transhydrogenase UdhA from E. coli . However, although the strain X33-30*AP showed the
increased a-farnesene production as compared with the strain X33-30*, its final titer of a-farnesene was still
lower than that of strain X33-31 (2.234+0.18 g/L vs. 2.54+0.21 g/L) (Fig. 4a), indicating that inactivation
of glucose-6-phosphate isomerase is not the best strategy to increase a-farnesene production.

Aow wrevortd eEnpecoiov o ITIOX5 geop Y. geperciaeBaravces tne NAAITH/NAAH
PATIO VS TNUG TEoWwoTWVY a-papveceve Birocdvineoic w II. pastoris

It is well known that the intracellular NADH level is higher than the intracellular NADPH level.3%-4! Previous
research indicated that heterologous expression of NADH kinase POS5 provides another source of NADPH
except for the oxiPPP in yeast.!'! 28 To further promote the o-farnesene production by optimizing the
NADPH supply, we introduced the ¢cPOS5 targeting in the cytosol from S. cerevisiae in strain X33-31.
Interestingly, the resultant strain X33-32 with gene cPOS5controlled by promoter Pgap showed the bad cell
growth and o-farnesene production, but it showed the increased productivity of NADPH and o-farnesene
(Fig. 5). POS5 catalyzed the NADH to form NADPH, thereby reducing cell energy resources.!! In addition,
excess NADPH in cell would repress the cell growth, glucose consumption and products production.40 42
These comments may be an underlying cause of the decreased cell growth and a-farnesene production.

To try to dissolve this problem, we then decreased the expression level of POS5 by replacing Pgap with
a series of weak promoters. Based on the previous reports, the relative intensity of the promoters Ppigy,
Papmi, PuveTs, and Ppgri were 40%, 15740%, 13%, and 0710% as compared with that of the Pgap,
respectively*34°. An increased o-farnesene production (i.e., 2.7740.18 g/L) was obtained in strain X33-35



with gene ¢POS5 controlled by Pygrs, which increased by about 9.1% as compared with strain X33-31 (i.e.,
2.54+0.21 g/L)(Fig. 5c). Correspondingly, strain X33-35 also exhibited the high intracellular NADPH level
(Fig. 5b). In addition, decreasing the expression level of POS5 restored the cell growth as compared with
the strain X33-32 (Fig. 5a), indicating that excess NADPH in cells would be detrimental to cell growth.
These results indicated that low intensity expression of ¢cPOS5 in strain X33-31 benefits to maintain the
right amount of NADPH for cell growth and o-farnesene production. Although the strain X33-34 exhibited
the high NADPH concentration and cell growth (Fig. 5a, b), it should be noted that strain X33-34 did
not produce more o-farnesene than that of strain X33-31 (i.e., 2.56+0.26 g/L vs.2.54+0.21 g/L)(Fig. 5¢),
indicating that another limiting factor hampered the a-farnesene biosynthesis in strain X33-34. As can be
seen from Fig. 1, 9 molecules of ATP are need to produce 1 molecule of a-farnesene. ATP is mainly produced
by NADH oxidation via ETP under aerobic conditions.?? Therefore, we speculated that ATP availability is
another limiting factor for further increasing o-farnesene production.

Ocepegnpeocoiov 0 adevive tnoocnnopiBocdPAtpavopepace evnaveeg Tne npecupcop AMII
ocunnAd avd tnuc wepeaocwy e ATIT acwAaBiiitd avd a-gapveceve npodugtiov w II.
TAoTOPIS

ATP can be synthesized either by substrate level phosphorylation (SLP) or by ETP in aerobic respiring
bacteria, and the ETP is the main route for ATP generation using NADH as electron donor.?? 6In the
process of ETP, AMP or/and ADP was used as the substrate for ATP biosynthesis.?? Therefore, increasing
the AMP or ADP supply could increase the ATP availability in theory. To test this theory, the endogenous
adenine phosphoribosyltransferase (APRT) was overexpressed in strain X33-35, resulting in strain X33-37.
APRT catalyzes the formation of AMP from adenine and 5-phospho-a-Dribose-1-diphosphate (PRPP),*” and
we found that the intracellular ATP level of strain X33-37 was 9.4% higher than that of strain X33-35 while
the intracellular NADH level was slightly lower than that of strain X33-35 (Table 3). Similar results were
also found in previous reports, in which the mutated Corynebacterium glutamicum with inactivation of AMP
nucleosidase showed the increased intracellular ATP level and the decreased intracellular NADH level.2® The
most likely is that more NADH was used for ATP biosynthesis through ETC because of the abundant supply
of AMP. Equally unsurprisingly, overexpression ofaprt gene promoted cell growth and a-farnesene production,
the DCW and o-farnesene production of strain X33-37 reached 2.354+0.11 g/L and 2.9440.25 ¢/L (Fig. 6),
which were 10.3% and 6.1% higher than those of strain X33-35 (i.e., 2.13£0.16 g/L and 2.774+0.18 g/L,
respectively), respectively. ATP is a key factor for cell growth and maintenance and controlling intracellular
environment,*® and thus adequate ATP supply could increase biomass. In addition, the biosynthesis of 1
molecule of o-farnesene requires at least 9 molecules of ATP (Fig. 1), thus the increased intracellular ATP
level effectively pulled more carbon flux into the o-farnesene biosynthetic pathway, resulting in higher o-
farnesene production. These results indicated that overexpression of endogenous APRT is conducive to
increase a-farnesene production because it facilitates the AMP biosynthesis and thus increasing the ATP

supply.

Deletion of NADH-dependent dihydroxyacetone phosphate reductase elevates tne wtpogei-
AvAap NAAH Aeeh avd tnug eieativy tne wipageAAvAiap ATII Asesh avd o-@apveoeve
npodugTiov wv II. Taortopig

NADH plays an important role in maintaining the redox balance and energy generation NADH,'® it can
used as precursor for the regeneration of NADPH and ATP. In order to maintain the abundant supply
of NADH, we tried to decrease the NADH consumption in shunt pathway. To do this, we knocked out
the NADH-dependent dihydroxyacetone phosphate reductase. (GPD1)-coding gene gpd! in strain X33-37,
resulting in strain X33-38. GPD1 catalyzes the biosynthesis of glycerol from dihydroxyacetone phosphate
and used the NADH as reducing cofactor (Fig. 1).Previous research indicated that the glycerol biosynthetic
pathway plays an important role in maintaining the intracellular NADH and NAD? level.*? So obviously,
the intracellular NADH level and NADH/NAD™ ratio in strain X33-38 increased by 11.6% and 28.6% as
compared with strain X33-37, respectively (Table 3). Meanwhile, strain X33-38 had certain improvement in
both the intracellular NADPH level and the ATP level (Table 3). The o-farnesene production of strain X33-



38 reached 3.09+0.37 g/L after 72 h in shake-flask fermentation, which was 5.1% higher than that of strain
X33-37 (i.e., 2.94+0.25 g/L) (Fig. 7a). The DCW of strain X33-38 was also slightly increased as compared
with strain X33-37 (i.e., 2.41+0.23 g/L vs. 2.35£0.11 g/L)(Fig. 7b). It is worth noting that strain X33-38
did not accumulate glycerol throughout the fermentation process, which was different from the strain X33-37
(Fig. 7c). GPDL1 is a key enzyme in glycerol biosynthesis °© and He et al.*® also found the similar results, in
which the strainS. cerevisiae DRY01 with silencing GPD1 dramatically decreased the glycerol accumulation.
These results indicated that deletion of GPD1 not only improves NADH supply but also decreases the carbon
flux in shunt pathway, and thus increasing the a-farnesene production.

Conclusions

o-Farnesene is biosynthesized from farnesyl pyrophosphate (FPP) and dimethylallyl pyrophosphate
(DMAPP), which are mainly produced through the mevalonate (MVA) pathway in P. pastoris 3 ¢, and
thus 6 molecules of NADPH and 9 molecules of ATP are need to produce 1 molecule of o-farnesene (Fig.
1). Although many effective strategies have been used to increase the a-farnesene production in yeast, for
example, in P. pastoris 2,Saccharomyces cerevisiae °*-52 and Yarrowia lipolytica 535, these studies mainly
focused on modifying the carbon’s metabolism pathway to enhance the carbon flux in a-farnesene biosyn-
thetic pathway. Here, we first tried to rationally reconstruct the biosynthetic pathways of NADPH and
ATP to further increase the o-farnesene production in a a-farnesene high-producing strain P. pastoris X33-
30*. The resultant strainP. pastoris X33-38 produced 3.0940.37 g/L of a-farnesene after 72 h in shake-flask
fermentation, which is the highest value ever reported as we know it (Table 4).

In P. pastoris , oxiPPP is the main pathway for NADPH generation, but overexpression of the all genes
in oxiPPP is not a brilliant choice for increasing a-farnesene production because of the disturbance of the
carbon flux in the PPP?6 and acetyl-CoA biosynthetic pathway3'. Combined over-expression of ZWF1 and
SOL3 improves the NADPH supply and thus increasing a-farnesene production. Moreover, the intracellular
NADPH level can be further increased by heterologous expression of ¢cPOS5 rather than inactivation of
PGI, and thus the o-farnesene production reaches to 2.774+0.18 g/L in strain X33-35. As the other key
cofactor in a-farnesene production, increasing the ATP supply also plays an important role in promoting
a-farnesene production. The strain X33-38 with overexpression of APRT and deletion of NADH-dependent
dihydroxyacetone phosphate reductase. To increase the supply of AMP and NADH for ATP generation shows
the obvious increased cell growth and o-farnesene production. Therefore, rational modification of NADPH
and ATP regeneration pathway plays a vital role in facilitating o-farnesene biosynthesis in P. pastoris .
These results also provide a new direction and reference to construct NADPH- and/or ATP-dependent high
value-added products producing strains.
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Figure captions

Piryvpe 1 - Tne ognepatig diaypay o a-popveceve Brocdhvinetic natnwods witny NAA-
ITH avd ATII peyevepatiov natnwad wv INigna raotoprg. The pathways of NADPH biosynthesis
are shown in blue lines, and the pathways of NADPH catabolism are shown in red lines. The pathways of
ATP biosynthesis are shown in green lines, and the pathways of ATP catabolism are shown in pink lines. The
key genes were listed in ellipses. Abbreviations: IPP (isopentenyl pyrophosphate), DMAPP (dimethylallyl
pyrophosphate), GPP (geranyl pyrophosphate), FPP (farnesyl pyrophosphate).
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Puryvpe 2 — Scpeevivy e Beot evidue w oZIIIIII gop a-gapveoceve Brochvineoic. (a)
Overexpression of the key enzymes in oxiPPP affects the intracellular NADPH level. (b) The effects of
overexpression of the key enzymes in oxiPPP on o-farnesene production after 72 h cultivation. The strain
X33-30* was used as the control (Grey bar), and the best strain is shown in red bar. These data represent
average values and standard deviations achieved from three independent experiments.

Piryvpe 3 — Ontipllatiov o tne efnpeoociov copnPivatiov wodg o tne evidues wv o-
EJIIIII gop a-¢papveoeve Broodvineois. (a) The effects of the different expression combination
ways on the intracellular NADPH level. (b) The effects of the different expression combination ways on
o-farnesene production after 72 h cultivation. The strain X33-30*S was used as the control (Grey bar), and
the best strain is shown in red bar. These data represent average values and standard deviations achieved
from three independent experiments.

Pryvee 4 — Ivagtiatiov og IITI1 veyvatieAd agpecte a-apveceve Brocdhvineoic. (a) o
Farnesene titers. (b) Dry cell weight (DCW). (¢) The intracellular NADPH level at 24 h and 72 h. The
strains X33-30* and X33-31 were used as the control (Grey bar). These data represent average values and
standard deviations achieved from three independent experiments.

Piryvpe 5 - OnTiplatiov oy tne e€npeocoiov Aeeh og cIIOX5 @op a-gapveoceve Prood-
vineoic. (a) Dry cell weight (DCW). (b) The intracellular NADPH level at 24 h and 72 h. (¢) o-Farnesene
titers and productivity. The strain X33-31 was used as the control (Grey bar). These data represent average
values and standard deviations achieved from three independent experiments.

Piryvpe 6 —Ocpeinpeociov o AIIPT 7o wgpeaoce ATII cunnid ¢op a-papveEcSEVE TEOSL-
ctov. (a) The cell growth of strain X33-37 with overexpression of APRT. (b) The o-farnesene production
of strain X33-37 with overexpression of APRT. The strain X33-35 without overexpression of APRT was used
as the control. These data represent average values and standard deviations achieved from three independent
experiments.

Figure 7 — Inactivation of GPD1 to decrease the NADH consumption in shunt pathway. (a)
o-farnesene titers of strains X33-37 and X33-38. (b) DCW of strains X33-37 and X33-38. (c¢) Glycerol titers
of strains X33-37 and X33-38. These data represent average values and standard deviations achieved from
three independent experiments.

Table 1. The main strains used in the study

P. pastoris  Characters

X33-30 A o-farnesene producing strain derived from P. pastoris X33 by dual regulation of the carbon’s metabolic pat
X33-30* In the X33-30 strain, PcaT1 promoters were replaced with Pgap promoters.

X33-31 Strain X33-30* with overexpression of ZWF1 and SOL3

X33-32 Strain X33-31 with overexpression of cPOS5 under controlled by promoter Pgap

X33-33 Strain X33-31 with overexpression of cPOS5 under controlled by promoter Pprgy

X33-34 Strain X33-31 with overexpression of cPOS5 under controlled by promoter Pgpn

X33-35 Strain X33-31 with overexpression of cPOS5 under controlled by promoter Pygrs

X33-36 Strain X33-31 with overexpression of cPOS5 under controlled by promoter Pxgxs

X33-37 Strain X33-35 with overexpression of APRT

X33-38 Strain X33-37 with inactivation of GPD1

Table 2. The main plasmids used in the study

Plasmids

PGAPZA
Ppic3.5k
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Plasmids

PGAP-Z PPISI-Z PGPM1-Z PMET3-Z PPGK1-Z

PGAP-1 PGAP-2 PGAP-3 PGAP-4 PGAP-5 PPISI-1 PGPM1-1 PMET3-1 PPGK1-1 APRT-1 Pcas9-PG1l-sg Pcas9-GPD1-

TopAe 3.

otpauve (LRoN/(y A™Q» ¢

OUTAPLoOOY 0@ WIpACEAAVAAE VUgAsoTde govgevTtpatiove w II. maoropig

Strains ~ NADH NAD+ NADH/NAD* NADPH NADP+ NADPH/NADP* ATP
X33-30% 4.95+£0.12 11.2940.98 0.44 0.053£0.005 0.217+£0.015 0.24 5.98+0.34
X33-31  4.68+£0.35 12.03£1.12 0.39 0.073+0.005 0.194+0.017 0.38 5.19£0.45
X33-35  3.194+0.24 13.76+1.24 0.23 0.075+£0.007 0.186+0.009 0.40 3.071+0.42
X33-37  2.93+£0.31 14.21+1.38 0.21 0.073£0.009 0.199+0.015 0.37 3.361+0.23
X33-38  3.27+0.04 13.63£1.09 0.27 0.077£0.004 0.186+0.018 0.41 4.03£0.37
@ The cells cultured in YPD medium for 24 h in shake flasks were used for analysis.
All data are meaning values of three determinations of three independent experiments with £ SD.
TofAe 4. Ocplew OV TNE TPOBUGTIOV OY A-PAEVECEVE

Culturing Final titers Productivity
Strains Strains methods Carbon source  (g/L) (g/L/h) @ References
P. pastoris P. pastoris Shake flasks Glucose 3.09 0.043 This work
X33-38 X33-38
S. cerevisiae S. cerevisiae Shake flasks Glucose 1.48 0.009 51
WH62S WH62S

Fed-batch Glucose 10.4 0.043
P. pastoris P. pastoris Shake flasks Sorbitol+Oleic  2.56 0.036 3
X33-30 X33-30 acid
Synechococcus  Synechococcus ~ Shake flasks COq 5.0x1073 2.604x10 55
elongatus elongatus
SeHL-FN03 SeHL-FN03
Yarrowia Yarrowia Shake flasks Glycerol 9.0x1072 7.500x 104 53
lipolytica lipolytica
LSC28 LSC28

Fed-batch 2.57 0.021
C. 48-well 48-well Glucose 0.28 NA ° 56
glutamicum plates plates
JP-2
Y. lipolytica Y. lipolytica Shake flasks Glucose 1.70 5.903x1073 6
F5 F5

Fed-batch 25.55 0.089

% Estimated from reference.

b NA: unavailable.
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