@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Zhang H, Wu C, Wu Q, Dai J, Song Y
(2016) Metabolic Flux Analysis of Lipid Biosynthesis
in the Yeast Yarrowia lipolytica Using "*C-Labled
Glucose and Gas Chromatography-Mass
Spectrometry. PLoS ONE 11(7): e0159187.
doi:10.1371/journal.pone.0159187

Editor: Wei Ning Chen, Nanyang Technological
University, SINGAPORE

Received: September 6, 2015
Accepted: June 28, 2016
Published: July 25, 2016

Copyright: © 2016 Zhang et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the National
Natural Science Foundation of China (31271812), the
National High Technology Research and
Development Program of China (863 Program
2012AA02 2105C), Starting Grant from Institut
Merieux (Strategic Merieux Research Grants), and
Institut Merieux Fellowship 2012. This work was also
partially supported by Chinese Minister of Science
and Technology (2012CB725201), National Science

Metabolic Flux Analysis of Lipid Biosynthesis
in the Yeast Yarrowia lipolytica Using ">C-
Labled Glucose and Gas Chromatography-
Mass Spectrometry

Huaiyuan Zhang'2, Chao Wu?, Qingyu Wu?, Junbiao Dai®*, Yuanda Song'2*

1 Colin Ratledge Center for Microbial Lipids, School of Agricultural Engineering and Food Science,
Shandong University of Technology, Zibo, 255049, Shandong, People's Republic of China, 2 School of Food
Science and Technology, Jiangnan University, Wuxi, 214122, Jiangsu, People’s Republic of China, 3 MOE
Key Laboratory of Bioinformatics, School of Life Sciences, Tsinghua University, Beijing, 10084, People’s
Republic of China

* ysong @sdut.edu.cn (YS); jodai@tsinghua.edu.cn (JD)

Abstract

The oleaginous yeast Yarrowia lipolytica has considerable potential for producing single cell
oil, which can be converted to biodiesel, a sustainable alternative to fossil fuels. However,
extensive fundamental and engineering efforts must be carried out before commercialized
production become cost-effective. Therefore, in this study, metabolic flux analysis of

Y. lipolytica was performed using '*C-labeled glucose as a sole carbon source in nitrogen
sufficient and insufficient media. The nitrogen limited medium inhibited cell growth while
promoting lipid accumulation (from 8.7% of their biomass to 14.3%). Metabolic flux analysis
showed that flux through the pentose phosphate pathway was not significantly regulated by
nitrogen concentration, suggesting that NADPH generation is not the limiting factor for lipid
accumulation in Y. lipolytica. Furthermore, metabolic flux through malic enzyme was unde-
tectable, confirming its non-regulatory role in lipid accumulation in this yeast. Nitrogen limi-
tation significantly increased flux through ATP:citrate lyase (ACL), implying that ACL plays
a key role in providing acetyl-CoA for lipid accumulation in Y. lipolytica.

Introduction

Due to recent petroleum crises and the worldwide accumulation of greenhouse gases in recent
years, alternative fuels have attracted more and more interest. Biodiesel, which is produced via
the esterification of vegetable oils or animal fats with lower alcohols, is an alternative to fossil
fuel-derived diesel and is commercially available in Europe, the United States, and many other
countries [1, 2]. The main drawback of this technology is that vegetable oils and animal fats are
also consumed as food. As a alternative to plant oils and animal fats, oils produced by oleagi-
nous microorganisms can also be used to produce biodiesel. Such oleaginous microorganisms
have several advantages over current biodiesel production technologies, including high lipid
yields and growth rates [3]. Almost all microbes are intrinsically capable of synthesizing fatty
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acids as cell membrane components and energy storage materials. However only a few
microbes can accumulate intracellular lipid over 20% of their dry cell weight (DCW) and these
microorganisms are regarded as oleaginous microorganisms [4].

The accumulation of high concentrations of lipids in oleaginous microbes is typically
achieved by nutrition limitation in the culture medium, especially nitrogen limitation. When
nitrogen is exhausted in the growth medium, the synthesis of intracellular protein and nucleo-
tides ceases, and excess carbon sources are converted into lipids. These lipids are generally
stored as neutral lipids such as diacylglycerols and triaclyglycerols [5]. It had been reported
that lipid accumulation is initiated by a sharp decrease in adenosine monophosphate (AMP)
concentrations. AMP is deaminized by AMP deaminase to produce inosine monophosphate
(IMP) and ammonia, compensating for intracellular nitrogen depletion. In many oleaginous
microorganisms, this deamination is triggered by nitrogen depletion from the growth medium.
Consequently, the activity of mitochondrial isocitrate dehydrogenase (ICDH) in the tricarbox-
ylic acid (TCA) cycle depends on intracellular AMP concentrations, ICDH activity decreases
significantly in response to the decrease in AMP levels. This decrease in ICDH activity slows
the TCA cycle, and the citrate accumulated within mitochondria is transported into the cytosol.
In the cytosol, citrate is cleaved by ATP:citrate lyase (ACL) to generate oxaloacetate and acetyl-
CoA. Acetyl-CoA is used for fatty acid biosynthesis and oxaloacetate can be converted to
malate by cytoplasmic malate dehydrogenase (MDH). Cytosolic malate may be transported
into mitochondria in exchange for citrate or may be decarboxylated to generate pyruvate and
NADPH (which is used for lipid accumulation) by NADP"-dependent malic enzyme
(NADP-ME) [6].

In the oleaginous yeast Yarrowia lipolytica the molecular mechanism that regulates lipid
accumulation remains unclear. Y. lipolytica has considerable potential as a cell factory for oil
production [7]. This microorganism can grow efficiently on several carbon sources (e.g.,
alkanes, fatty acids, ethanol, acetate, glucose, fructose and glycerol) and accumulate more than
40% lipid of their biomass. Y. lipolytica is considered a model organism for both laboratory
study and industrial applications due to the availability of its genome sequence and the exis-
tence of genetic tools for gene manipulation [8-10]. Many studies on lipid accumulation in Y.
lipolytica have demonstrated that lipid accumulation in this strain under nitrogen-limited con-
dition is much more complex than in other oleaginous microorganisms. Our recent study dem-
onstrated that the malic enzyme in Y. lipolytica does not exhibit NADP*-dependent activity
and therefore, does not provide reducing power for fatty acid synthesis [11], although the
malic enzyme plays a key role in lipid accumulation in Mortierella alpina and Rhodotorula glu-
tinis [12,13]. According to metabolic flux analysis of engineered Y. lipolytica strain engineered
to overexpress acetyl-CoA carboxylase (ACC) and diacylglycerol acyltransferase (DGAT), the
pentose phosphate pathway was considered as primary NADPH provider for lipid accumula-
tion [14]. The substrate for fatty acid biosynthesis, acetyl-CoA, is mainly supplied by ACL in
this yeast, as shown by our recent study [15]. Overexpression of ACL from Mus musculus in Y.
lipolytica led to a 2-fold increase in lipid accumulation [15], while deletion of ACL in Y. lipoly-
tica markedly decreased lipid content [16, 17]. Other transcriptomic, metabolomic and lipido-
mic analyses of Y. lipolytica have also been performed, and these studies have broadened our
understanding of the molecular and biochemical mechanisms underlying lipid accumulation
in Y. lipolytica [18, 19]. However, the in vivo activities of central carbon metabolic pathways
under nitrogen limited conditions are still far from clear.

Base on of °C-labeling experiments, metabolic flux analysis has emerged as an integrated
experimental and computational tool for identifying the biochemical networks and generating
quantitative insight into the distribution of intracellular metabolic fluxes throughout central
carbon metabolism [20]. Recently, metabolic flux analysis has been used to explore the
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biochemical mechanisms underlying lipid accumulation in oleaginous microorganisms. Xiong
etal. [20] performed >C-labeling experiments in the oleaginous microalga Chlorella protothe-
coides, and found that the malic enzyme was inactive in vivo, and under nitrogen limited culture
condition the relative activity of pentose phosphate pathway was increased, reflecting an
increased demand for NADPH during lipid accumulation. In the oleaginous yeast Trichosporon
cutaneum, metabolic flux analysis demonstrated that the cytosolic malic enzyme is the primary
source of NADPH and that ACL is the primary source of acetyl-CoA during lipid accumulation
[21]. In this study, metabolic flux analysis based on "*C-labeled glucose was performed on Y. lipo-
lytica grown under nitrogen-sufficient and nitrogen-limited growth condition.

Materials and Methods
Strain and culture condition

Y. lipolytica CICC1778 (ATCC 20460) used in this study was purchased from the China Center
of Industrial Culture Collection (CICC). Intracellular carbon flux distributions were investi-
gated in this strain grown in 5.0 g/liter ammonium sulfate (nitrogen-sufficient) or 0.5 g/liter
ammonium sulfate (nitrogen-limited) supplemented with 10.0 g/liter glucose and 1.7 g/liter
yeast nitrogen base without amino acids and ammonium sulfate (YNB).

Labeling experiments were performed in a 1 L shake flask with 100 mL of medium, which
consisted of a 20%: 80% mixture of [U-'C] glucose (99%, Cambridge Isotope Laboratories):
unlabeled glucose or 100% [1-13C] glucose (99%, Cambridge Isotope Laboratories). Cultures
were incubated at 28°C and shaken at 200 rpm. Each culture was inoculated from a fresh pre-
culture with a starting optical density (ODgqo) at 0.01. Each culture was performed in triplicate.

Determination of physiological parameters

Cell growth during cultivation was monitored at ODg. Dry cell weight (DCW) was deter-
mined from 10 mL cell culture aliquots that were centrifuged for 10 min at 4°C and 10000 g,
washed twice with cold distilled water, and dried at 110°C until their weights were constant.

Glucose concentrations in culture media were determined using a glucose oxidase test kit
(Rongsheng Biotech., Shanghai, China) according to the manufacturer's instructions. The glu-
cose oxidase kit has a lower detection limit of 0.4 mg/liter. Ammonium concentrations were
measured using the indophenol method with ammonium sulfate as an ammonia standard. The
indophenol method has a lower detection limit of 0.2 mg ammonium/liter. Five milliliters each
of diluted solution A (10 g/liter phenol and 0.05 g/liter sodium nitroprusside) and diluted solu-
tion B (5 g/liter sodium hydroxide and 0.42 g/liter sodium hypochlorite) were mixed with 1 mL
of sample. The absorbance of the solution was measured spectrophotometrically at 625 nm
after incubation at 55°C for 3 min.

Protein contents were determined using the Lowry method [22]. Amino acid compositions
were obtained using an L8800 amino acid analyzer (Hitachi Ltd.). Lipid contents and composi-
tions were measured via gas chromatography as described below. The phenol-sulfuric acid
method was used to determine intracellular carbohydrate and starch contents [23]. The KOH/
UV method [24] and the modified Schneider method [25] were used to determine RNA and
DNA concentrations, respectively. All experiments were performed in triplicate, and all data
are reported as means + standard deviations.

Analysis of cell lipids and fatty acids

Yeast cells were collected via centrifugation and freeze-dried. Approximately 20 mg of freeze-
dried cells were used for lipid content and fatty acid analysis. Pentadecanoic acid (15:0, Sigma)
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was added to samples of freeze-dried cells as an internal standard, and cell lipids were extracted
with a chloroform/methanol (2:1, v/v) mixture. Extracted cell lipids were esterified with metha-
nol, and the resulting fatty acid methyl esters (FAMEs) were analyzed via gas chromatography
(GC-2010; Shimadzu Co., Kyoto, Japan) with a DB-Waxetr column (30 m by 0.32 mm; film
thickness, 0.25 pm). The temperature program was as follows: 120°C for 3 min, ramp to 190°C
at 5°C per min, ramp to 220°C at 4°C per min, and hold for 20 min. Each experiment was per-
formed in triplicate, and all data are reported as means + standard deviations.

Proteinogenic amino acid preparation and GC-MS analysis

Proteinogenic amino acid preparation for GC-MS analysis followed standard protocols [26].
Briefly, mid-exponential phase cells (5 mL) were harvested by centrifugation, washed once with
distilled water, and subsequently hydrolyzed in 6 M HCl at 110°C for 24 h. Hydrolysates were
dried overnight at 80°C and dissolved in 125 pl of water-free pyridine. For GC-MS analysis,
resuspended solutions were derivatized with 25 pl N-tert-butyldimethylsilyl- N-methyltrifuoroa-
cetamide (TBDMS) at 80°C for 1 h. Samples were then analyzed via GC-MS. Each experiment
was performed in triplicate, and all data are reported as means + standard deviations.

As described in detail previously [20], GC-MS was performed using an Agilent GC-6890 gas
chromatograph equipped with an Agilent HP-5MS column (30 m*0.25 mm*0.25 mm) directly
connected to an MS-5975 mass spectrometer (Agilent). Helium was used as the carrier gas, and
the column pressure was maintained at 8.21psi. The oven temperature was initially held at
60°C for 2 min, then increased to 180°C at a rate of 5°C min"'. The temperature was then raised
to 260°C at a rate of 10°C min™" and finally held at 260°C for 5 min. Other settings were as fol-
lows: 5 mL injection volume, 1:20 split ratio, and electron impact ionization of 70 eV.

Metabolic modeling and flux analysis

As described in detail previously [20], for metabolic flux ratio analysis, a mass isotopomer dis-
tribution vector of each amino acid fragment MDV,, (Eq 1) was assigned according to the well-
developed mathematic methodology [27],

Where my, is the fractional abundance of fragments with monoisotopic masses and m;-.q is
the abundance of molecular with higher masses.

To obtain the exclusive mass isotope distribution of the carbon skeleton MDV *, the
GC-MS data were corrected for the natural isotope abundances of oxygen (O), nitrogen (N),
hydrogen (H), silicon (Si), sulfur (S) and carbon (C) atoms in the amino acids using a correc-
tion matrix (Eq 2)

MDV; =C

Ct

orr, CHONSSi X MDV7 (2)

The correction matrix C.o.r cHonss; Was obtained from the correction matrices for all indi-
vidual atom species (Eq 3)

x C

corr,S

X Ccorr‘Si ( 3 )

corr,N
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And then the contribution of *C from the unlabeled biomass in culture inocula was sub-
tracted from MDV ", yielding mass distribution vector of amino acid MDV 4 according to Eq
4,

MDV; _funlubeled i MDVunlubcled,n (4)
1 _funlabeled

Where funlabeled is the fraction of the unlabeled biomass, which was caused by inoculation
and MDV 1ableq, is the mass distribution of an unlabeled fragment with n C atoms.

MDA,, =

Metran software for '3C labeled metabolic flux analysis

In this study, metabolic fluxes and confidence intervals were determined via the simultaneous
fitting of external fluxes and the mass isotopomer abundances of intracellular amino acids to a
detailed metabolic network model of yeast cells using Metran. Metran is a software program
developed by Maciek Antoniewicz for '>C labeled metabolic flux analysis, tracer experiment
design and statistical analysis [28].

Statistical analysis

In this study, each experiment was performed in triplicate. All data are reported as
means * standard deviations and were analyzed with ANOVA and a t-test.

Results
Fermentation profiles and the establishment of a metabolic steady state

Y. lipolytica was cultivated in high nitrogen and low nitrogen media with glucose as the sole
carbon source. This strain exhibited similar growth profiles in both culture conditions. Follow-
ing inoculation, Y. lipolytica exhibited a 12 h lag phase for 12 h and an exponential phase from
12 h to 30 h in both culture conditions. However, the final cell concentrations (ODgqo) were
different. The ODgq of the yeast culture grown in high nitrogen medium was approximately
11, while the ODgy, of the culture grown in low nitrogen medium was approximately 4 (Fig
1A). Not surprisingly, nitrogen limitation resulted in a cell growth rate (0.168 h™") lower than
that obtained in the high nitrogen medium (Table 1). Glucose consumption profiles also dif-
fered depending on nitrogen concentration: the strain consumed glucose faster in the high
nitrogen medium (2.900 mmol g h™') than in the low nitrogen medium (1.017 mmol g h™")
(Fig 1B). Nitrogen limitation therefore resulted in a decreased glucose uptake rate.

Y. lipolytica was cultured in a 20%:80% mixture of [U-'>C] glucose: unlabeled glucose or
100% [1-'*C] glucose to facilitate '*C-labeled metabolic flux analysis. Metabolic and isotopic
steady states are prerequisites for '*C-labeled metabolic flux analyses. These prerequisites
mean that all intermediate concentrations and fluxes remain constant throughout the >C-
labeled experiment. In batch cultures, metabolic and isotopic steady states exist during expo-
nential growth, where growth rates and isotopomer fractions are constant. Therefore, 20 h was
chosen as the time point for biomass composition analysis and '*C-labeled flux experiments.

Influence of nitrogen concentration on biomass composition

To calculate absolute fluxes, the amount of metabolites withdrawn to fulfill biosynthetic
demands must be known. First, the macromolecular composition of Y. lipolytica was analyzed
(Fig 2). This macromolecular composition encompasses the five major cell components (carbo-
hydrates, lipids, proteins, DNA and RNA), which account for 85% of the total dry cell weight.
Nitrogen concentration did not significantly influence on DNA or RNA levels. In contrast,
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Fig 1. Growth curve (A) and residual glucose concentration (B) for Y. lipolytica cultivated in high nitrogen
medium (H-N) and low nitrogen medium (L-N) with glucose as a sole carbon source. Each experiment was
performed in triplicate, and all data are reported as means +* standard deviations.

doi:10.1371/journal.pone.0159187.g001

lipid, protein and carbohydrate contents differed dramatically between the high and low nitro-
gen media. The lipid content of Y. lipolytica cultivated in low nitrogen medium was 14.3% of
dry cell weight, nearly 2-fold higher than the lipid content of Y. lipolytica cultivated in high

Table 1. Growth characteristics of Y. lipolytica in high nitrogen medium (H-N) and low nitrogen
medium (L-N). y, specific cell growth rate; qqc, specific glucose consumption rate.

M (h)
H-N 0.190
LN 0.168

doi:10.1371/journal.pone.0159187.t001

dgic (mmolg™'h™)
2.900
1.017
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Fig 2. Structural units for biomass formation in Y. lipolytica cultivated in high nitrogen medium (H-N) and low nitrogen medium
(L-N). Numbers represent the percentages of corresponding biomass components (g g™' dry cell weight). Each experiment was
performed in triplicate, and all data are reported as means + standard deviations.

doi:10.1371/journal.pone.0159187.g002

nitrogen medium (8.7%). Second, the macromolecular composition of Y. lipolytica was also
measured for the prediction of intracellular fluxes. This macromolecular composition consists
of the compositions of proteinogenic amino acids, fatty acids, DNA and RNA. The nucleotide
composition of the DNA was obtained from the genome sequence, and the same composition
was assumed for RNA. The DNA and RNA compositions calculated from the genome
sequence of Y. lipolytica are shown in Table 2. The contents of nearly all proteinogenic amino
acids were similar between cultures grown under nitrogen-sufficient and nitrogen-limited con-
ditions. Only the contents of lysine, methionine and serine differed between the two culture
conditions (Table 3). Nitrogen limitation did not affect saturated fatty acid (palmitic and stea-
ric acids) biosynthesis in yeast cells. However, nitrogen limitation increased the content of
monounsaturated fatty acids (palmitoleic and oleic acids) and decreased the content of linoleic
acid (S1 Fig).

Y. lipolytica metabolic network construction of and metabolic flux
analysis

A model of the metabolic networks to be studied is a prerequisite for '*C-labeled metabolic
flux analysis method. For this study, a model of the central carbon metabolism network is
required for flux analysis. This network was constructed based on the genome sequence of Y.
lipolytica. The genomic information contained within the sequence database was organized
into various essential pathways, including the glycolysis/gluconeogenesis, the pentose

Table 2. Nucleotide compositions of DNA and RNA in Y. lipolytica cultivated in H-N and L-N medium.

DNA (RNA) composition(%) H-N L-N
A 25.5 25.5

T(U) 25.5 25.5

G 24.5 245

C 24.5 245

doi:10.1371/journal.pone.0159187.t002
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Table 3. Amino acid composition in Y. lipolytica cultivated in high nitrogen medium (H-N) and low
nitrogen medium (L-N).

Amino acid composition(%) H-N L-N
Ala 11.5+0.6 12.6+0.4
Arg 5.0+0.3 5.3+0.4
Asn 5.6+0.9 56+14
Asp 56+0.9 56+1.4
Cys 0.1+0.0 0.1+0.0
Gin 8.1+ 1.1 7711
Glu 8.1+ 1.1 7711
Gly 8.7+0.4 8.8+0.9
His 1.9+0.2 1.8+0.1
lle 2.7+0.2 29+0.2
Leu 5.8+0.3 6.1+0.3
Lys 9.2+1.1 76+0.5
Met 1.5+£0.1 0.7+0.1
Phe 3.1+0.4 3.3+0.4
Pro 5.4+0.5 52+04
Ser 6.8+0.2 76+04
Thr 57+0.2 6.0+0.7
Trp 0.1+0.0 0.1+0.0
Tyr 1.7+0.1 1.9+0.1
Val 46+0.1 4.8+0.1

doi:10.1371/journal.pone.0159187.t003

phosphate pathway, the TCA cycle, fatty acid biosynthesis, amino acid metabolic pathways and
nucleotide metabolism. Metabolic pathway information for Y. lipolytica was also available
from previous studies. This information was used to identify the metabolic networks in Y. lipo-
Iytica. All biochemical reactions are listed in the Supporting Information.

To calculate metabolic fluxes, the abundances of '*C-labeled proteinogenic amino acid car-
bon skeletons must be determined via GC-MS or Nuclear Magnetic Resonance (NMR). In
recent years, GC-MS has become a sensitive and useful tool for the estimation of '*C-labeled
fluxes. To track the mass isotopomer patterns of proteinogenic amino acids in Y. lipolytica,
cells were harvested from mid-exponential growth phase cultures grown with '>C-labeled glu-
cose under nitrogen-rich and nitrogen-limited conditions. Samples were then subjected to
hydrolysis and derivatization for GC-MS analysis. Because '*C-labeled metabolic flux analysis
requires exclusive mass distributions of carbon skeletons, raw amino acid fragment mass data
were corrected for natural isotope abundances (Table 4). Because a mixture of 20% [U- °C]
glucose and 80% unlabeled glucose was used as the substrate, all metabolites were expected to
have fractional labeling (FL) values of approximately 0.2. FL values for proteinogenic amino
acid fragments were close to this theoretical FL (S1 Table). Based on GC-MS measurements
and amino acid biosynthesis schemes, corrected amino acid fragment abundance data were
used to calculate the distribution of fluxes in central carbon metabolism.

Metabolic flux ratio analysis [27] was used to directly identify active metabolic networks in
Y. lipolytica. Flux distributions inferred from the labeling results are summarized in S2 Fig, and
differences in the metabolic flux between the two cultivation conditions are shown in Fig 3.
The glyoxylate bypass, which redirects flux in the TCA cycle from isocitrate to malate, serves
an anaplerotic function for cell growth on acetate or fatty acids and replenishes the carbon skel-
etons withdrawn from the TCA cycle for biosynthesis. As shown in Fig 3, flux through the
glyoxylate bypass was not observed when Y. lipolytica was grown on glucose. Malic enzyme,
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Fig 3. Differences in metabolic fluxes between the high and low nitrogen culture conditions. Data are shown as the delta flux
value (LN—HN) for the low and high nitrogen culture conditions. Results were obtained from three replicate experiments. AcCoA,
acetyl-coenzymeA,; CIT, citrate; E4P, erythrose-4- phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; FUM,
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which is considered the main provider of NADPH for fatty acid biosynthesis in oleaginous
microorganisms, was also inactive in Y. lipolytica. In addition, other NADPH-generating bio-
chemical reactions were slightly inhibited by nitrogen limitation. The pentose phosphate path-
way was not regulated by the nitrogen concentration of the medium. However, isocitrate
dehydrogenase activity was 20% lower in the low nitrogen medium compared to the high nitro-
gen medium. Of the metabolic pathways investigated, ACL, which converts citrate to acetyl-
CoA for fatty acid biosynthesis, was most affected by the nitrogen concentration of the
medium. ACL was inactive in Y. lipolytica grown in nitrogen-rich medium but was highly
upregulated in Y. lipolytica grown in nitrogen-limited medium (Fig 3). The differences inmeta-
bolic flux between nitrogen-rich medium and nitrogen-limited medium are shown in S2 Fig.

Discussion

Malic enzyme has been suggested as the primary NADPH producer for lipid accumulation in
oleaginous microorganisms [29], however, it is not the case in the yeast Y. lipolytica [11].
According to the flux data generated in this study, the NADP"-dependent activity of malic
enzyme was inactive in Y. lipolytica regardless of the nitrogen concentration in the growth
media. A similar result was observed for malic enzyme in the microalgae C. protothecoides
[20]. Genomic analysis indicates that a single malic enzyme gene is present in the Y. lipolyitca
genome [30] and predicts that the enzyme is located in the mitochondria. In addition, an in
vitro activity study demonstrated that the Y. lipolyitca malic enzyme prefers NAD™ over
NADP™ [11]. Previously, overexpression of an endogenous malic enzyme or an NADP"-depen-
dent malic enzyme from the oleaginous fungus M. alpina did not alter lipid accumulation in Y.
lipolytica [11]. Taken together, these results suggested that malic enzyme does not play an
important role in providing the NADPH required for fatty acid biosynthesis in Y. lipolytica.

Apart from malic enzyme, other major NADPH generating enzymes that are involved in
lipid biosynthesis include glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehy-
drogenase from the pentose phosphate pathway. In some cases, cytoplasmic NADP*-depen-
dent isocitrate dehydrogenase is also involved in lipid biosynthesis [31]. The involvement of
these enzymes in lipid accumulation in oleaginous microorganisms was recently investigated
[29]. In this study, the NADP*-dependent malic enzyme was found to be inactive, suggesting
that the pentose phosphate pathway is the major provider of NADPH Y. lipolytica. However,
flux through the pentose phosphate pathway is slightly downregulated under nitrogen-limited
conditions. This apparent discrepancy may be explained by the fact that Y. lipolytica accumu-
lated only 14% lipids (w/w, CDW) and exhibited decreased protein content under nitrogen-
limited conditions, indicating that the pentose phosphate pathway supplies sufficient NADPH
for lipid biosynthesis. Excess NADPH generated under nitrogen-rich conditions could be used
by the strain to increase higher protein content and to synthesize other metabolites. Indeed,
overexpression of glucose-6-phosphate dehydrogenase or 6-phosphogluconate dehydrogenase
did not significantly increase lipid accumulation in this yeast (unpublished data). These results
suggest that the pentose phosphate pathway produces sufficient NADPH for lipid biosynthesis
in this low-oleaginous wild type strain and does not limit lipid accumulation. In a recent report,
'’C-labeled metabolic flux analysis showed that in a high-oleaginous yeast strain engineered to
overexpress ACC and DGAT, pentose phosphate pathway activity was upregulated compared
to a the control strain. This result demonstrates that the pentose phosphate pathway is the pri-
mary source of NADPH for lipid accumulation in Y. lipolytica [14].

The two carbon unit acetyl-CoA molecule, which is primarily generated by the TCA cycle,
is the building block for fatty acid biosynthesis. In nitrogen-limited condition, the flux through
the TCA cycle in Y. lipolytica was approximately 20% lower than compared to in the nitrogen-
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rich conditions. This finding is consistent with early biochemical studies on lipid accumulation
in the oleaginous fungi M. alpina and Mucor circinelloides, which found that nitrogen limita-
tion leads to a decrease in the activity of TCA cycle enzymes and to the accumulation of cyto-
solic citrate. This cytosolic citrate is then converted to acetyl-CoA by ACL for fatty acid
synthesis [31]. We found that the flux of carbon through ACL for acetyl-CoA production was
increased under nitrogen-limited conditions. Consistently, >C-labeled metabolic flux analysis
has indicated that ACL is the primary source for excess lipid accumulation in the oleaginous
yeast T. cutaneum [21]. In addition, previous work by our group demonstrated that heteroge-
neous expression of a Mus musculus ACL, which has a low K, (0.05 mM) for citrate, increased
lipid production in Y. lipolytica by 200% [15]. A 30% knockdown of endogenous ACL activity
correspondingly decreased lipid production by 36% in Y. lipolytica [17]. Therefore, ACL plays
a vital role in lipid accumulation in the oleaginous yeast Y. lipolytica.

In conclusion, metabolic flux analysis using '*C-labeled glucose as a sole carbon source was
performed on Y. lipolytica grown in nitrogen-rich and nitrogen-limited mediums. Nitrogen
limitation led to increased lipid accumulation. The results of metabolic flux analysis showed
that malic enzyme is inactivity in Y. lipolytica, indicating that the enzyme does not regulate
lipid accumulation in this yeast strain. Furthermore, nitrogen concentration in the medium
was found to have little influence on the metabolic flux through the pentose phosphate path-
way, suggesting that the pentose phosphate pathway yields sufficient NADPH for lipid biosyn-
thesis and is not a limiting factor for lipid accumulation. Meanwhile, nitrogen limitation
significantly increased flux through ACL, indicating that this enzyme plays a key role in pro-
viding acetyl-CoA for lipid accumulation in Y. lipolytica. Taken together, these results provide
some insights into the roles of key enzymes for lipid accumulation in Y. lipolytica.

Supporting Information

S1 Fig. Fatty acid composition of Y. lipolytica cultivated in high nitrogen medium (H-N)
and a low nitrogen medium (L-N). Each experiment was performed in triplicate, and all data
are reported as means + standard deviations.

(TTF)

$2 Fig. Metabolic flux distribution of Y. lipolytica cultivated in high nitrogen medium (A) and
low nitrogen medium (B). A value of 0 in the metabolic flux map indicates a very low flux
(below 0.5).

(TTF)

S1 File. Biochemical reactions consisting the metabolic networks of Y. lipolytica (m, mito-
chondrial; ¢, cytoplasmic).
(DOCX)

S1 Table. '>C fractional labeling (FL) of proteinogenic amino acids fragments from high
nitrogen cultivation (H-N) and low nitrogen cultivation (L-N). The theoretical FL value is
0.2, equal to the labeling content of the input glucose.

(DOCX)
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