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HIGHLIGHTS

» '3C-based metabolic flux analysis was performed for oleaginous yeast T. cutaneum.
» Central metabolic network model of T. cutaneum was constructed.

» Reaction catalyzed by cytoplasmic malic enzyme was the major source of NADPH.
» Citrate pyruvate cycle played an essential role for lipid accumulation.

» Provide metabolic engineering strategies to biodiesel production.
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Microbial fermentation for producing biodiesel from lignocellulosic hydrolysates is receiving increasing
attention and attempts have been made to screen an oleaginous Trichosporon sp. with high lipid content
and a strong tolerance to lignocellulose hydrolysates. In order to better understand mechanisms related
to its lipid accumulation, metabolic flux analysis was performed under 5 g L~! ammonium sulfate (high
nitrogen) and/or 0.4 g L~! ammonium sulfate (low nitrogen) conditions. Cell growth phase and lipid accu-
mulation phase were shown for cells grown under low nitrogen condition. Results of flux distribution
demonstrated that NADPH provided by cytosolic malic enzyme and the acetyl-CoA from cytoplasmic cit-
rate by the ATP: citrate lyase were the two primary sources for excess lipid accumulation. Flux data also
supported the fact that the citrate pyruvate cycle plays an essential role in the lipid accumulation. The
flux information obtained could also motivate new design strategies for oleaginous yeasts for enhanced
biodiesel production.
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1. Introduction

Diminishing petroleum reserves and the rapid accumulation of
greenhouse gases have prompted an interest in the development of
transportation fuels from renewable sources. By now, two types of
biofuels are commercially available—bioethanol fermented from
corn or sugarcane, and diesel esterified from vegetable oils or ani-
mal fats. However, productions of these fuels would be competing

Abbreviations: GE6P, glucose-6-phosphate; 6PG, 6-phosphogluconate; R5P, pen-
tose-phosphates; F6P, fructose-6-phosphate; E4P, erythrose-4-phosphate; S7P,
seduheptulose-7-phosphate; T3P, triose-3-phosphate; 3PG, 3-phoshoglycetate;
PEP, phosphoenolpyruvate; PYR, pyruvate; ACA, acetaldehyde; ACE, acetate; AcCoA,
acetyl-CoA; OAA, oxaloacetate; CIT, citrate; ICT, isocitrate; AKG, o-ketoglutarate;
SUC, succinate; MAL, malate.
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with world food supply and bring many economic problems and
environmental burdens (Somerville et al., 2010). So, the develop-
ment of new types of renewable fuel should be competing needed.
Advanced biofuels could be produced from non-food biomass, such
as wheat straw, forest waste and energy crops, and these feed-
stocks are low cost agricultural byproducts or easily large-scale
cultivated, fast-growing and environmentally friendly crops
(Zhang et al., 2011). Biodiesel, including fatty acid methyl esters
(FAMEs), fatty acid ethyl esters (FAEEs), fatty acid propyl esters
(FAPEs), with low water solubility, high-energy density, and low
toxicity to the production hosts, is now used in diesel engines at
more than two billion gallons per year (Zhang et al., 2011).
Almost all microbes are intrinsically capable of synthesizing
fatty acids as precursors of cell essential components and the syn-
thesis rate is very fast. Fatty acids are central hydrocarbon inter-
mediates in the biosynthesis of biodiesel, so microbial
fermentation for producing biodiesel from lignocellulosic
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hydrolysates would be very promising in the future (Rottig et al.,
2010). Furthermore, fatty acid biosynthesis and regulation have
been extensively characterized (Chan and Vogel, 2010; Fujita
et al., 2007), providing rich information for metabolic engineering
of microbial strains. Up to now, researches on the production of
biodiesel from microbial fermentation mainly focused on two as-
pects. One method is to make use of industrial useful microorgan-
isms for biofuel production, such as Eshcherichia coli (Liu and
Khosla, 2010) and Saccharomyces cerevisiae because of their fast
growth, simple culture demands and clear genetic background.
Overproduction of fatty acids in E. coli met with success. Liu
et al. (2010) constructed an engineered E. coli that could produce
4.5 g L' day~! fatty acids in a minimal medium, with a carbon mo-
lar yield of 20% of the theoretical maximum. An alternative ap-
proach is using the native, isolated strains. These strains possess
the ability to degrade lignocellulosic materials, resist inhibition
by substrates and produce biofuels with high content. Oleaginous
yeasts, the isolated native microorganism, can accumulate intra-
cellular lipid in excess of 20% of its dry cell weight, and in some
cases up to and even in excess of 70% (Gong et al., 2012; Jin
et al,, 2012; Wu et al., 2011). However, until now, researches on
the oleaginous yeasts focused mainly on the screening of superior
strains, and the improvement of the lipid content by optimizing
the fermentation conditions (Cheirsilp et al., 2011; Saenge et al,,
2011). A systems-level analysis and understanding of the mecha-
nisms underlying lipid accumulation in oleaginous yeasts is still
lacking.

Metabolomics and flux analysis have provided a truly ortholo-
gous measurement of the cellular response to stress and manipula-
tion (Matsuoka and Shimizu, 2010; Mukhopadhyay et al., 2008;
Usui et al, 2012), thus could be applied to study metabolic
regulation mechanism, indicate potential bottlenecks, and provide
guidance for further improvement. Xiong et al. (2010) performed
13C-labeling experiments and analysis of oleaginous microalga
Chlorella protothecoides, which therefore directed the metabolic
engineering strategies for the improvement of desirable bio-
products.

An oleaginous yeast Trichosporon cutaneum 2.1374 with high li-
pid content and a strong tolerance to lignocellulose degradation
compounds was screened previously (Chen et al., 2008). In order
to systematically understand the mechanisms underlying lipid
accumulation in this strain, metabolic analysis based on the quan-
tification of intracellular metabolic fluxes was performed. This
study shows the first time that stable isotope-based intracellular
flux quantification can be used to better elucidate and understand
mechanisms involved in lipid metabolism in oleaginous yeasts.

2. Methods
2.1. Strain and culture conditions

T. cutaneum 2.1374 was screened in our previous study. The
strain was used to investigate the intracellular distribution of car-
bon fluxes under 5 g L~! ammonium sulfate (high nitrogen) and/or
0.4 g L~! ammonium sulfate (low nitrogen) conditions. The med-
ium composition with high nitrogen content was (per liter): 12 g
of glucose, 5.0 g of (NH,4)»S04, 3.0 g of KH,PO4, 0.5 g of MgS0,4-7H,_
0, 30 mg of r-histidine, 125 mg of L-leucine, 25 mg L' L-methio-
nine, 40 mg of uracil, 1 mL of a trace element solution, and 1 mL
vitamin solution. The trace element solution contains (per liter):
15 g of EDTA, 4.5 g of ZnS0,4-7H,0, 0.3 g of CoCl,-6H,0, 1.0 g of
MnCl,-4H,0, 0.3 g of CuSO4-5H,0, 4.5¢g of CaCl,-2H,;0, 3.0 g of
FeSO,4-7H,0, 0.4 g of NaMo0O,4-2H,0, 1.0 g of H3BO3, 0.1 g of KI.
The vitamin solution contains (per liter): 0.05 g of p-biotin, 1.0 g
of calcium pantothenate, 1.0 g of nicotinic acid, 1.0 g of thiamine

hydrochloride, 1.0 g of pyridoxine hydrochloride, 0.2 g of para-
aminobenzonic acid, 25 g of (myo)inositol. For the medium with
low nitrogen content, (NH4),SO4 concentration was reduced to
0.4 gL', and all other components were kept unchanged.

Strains were inoculated into 100 mL medium and cultured
overnight at 30 °C. These seed cultures were in turn used to inoc-
ulate a 1.5 L fermentor (Shanghai Guoqiang Bioengineering Equip-
ment Co., Shanghai, China) with a working volume of 800 mL. The
fermentation temperature was controlled at 30 °C, and the flow
rate of air was maintained at 1.5 vvm. Dissolved oxygen (DO), pH
and off gas were on-line collected by using the software Biostar.

A mixture of 20% (wt/wt) uniformly 'C-labeled ([U-!3C], >99%
13¢, Isotec Inc., Miamisburg, OH) and 80% (wt/wt) [1-'3C]-labeled
glucose (>99%, Cambridge Isotope Laboratories, Andover, MA)
was used for all labeling experiments. Each culture was inoculated
from a preculture with a starting optical density at 600 nm (ODggo)
of less than 0.01.

2.2. Determination of physiological parameters

Cell growth during cultivation was monitored at ODggo. Dry cell
weight (DCW) was determined from cell pellets of 100 mL culture
aliquots that were centrifuged for 10 min at 4 °C and 8000g,
washed once with distilled water, and dried at 85 °C until the
weight was constant. The cell density corresponded to ODggg value
by a regression equation: y = 0.2731x (R? = 0.992), where x is the
absorbance of the suspension at 600 nm, y is the cell density
(g DCW L™1). Carbon content of the dried biomass was then deter-
mined using an elemental analyzer (Elementar Vario EL III,
Germany).

For extracellular metabolite analysis, culture samples were cen-
trifuged for 5 min at 4 °C and 20,000g to remove the cells. The
depletion of glucose and the secretion of glycerol were determined
using commercial enzymatic assay kits. The consumption of
ammonia was determined by the method of Weatherburn
(1967). The secretion of succinate, acetate, lactate, ethanol and
other metabolites in the medium were detected by high-pressure
liquid chromatography (SHIMADZU HPLC, Kyoto, Japan). The emis-
sions of carbon dioxide were detected by an exhaust mass spec-
trometer (MAX300-LG, Extrel CMS, LLC, Pittsburgh, PA).

Based on the correlation factor for dry cell weight and the above
concentration change data, physiological parameters of biomass
yield (Yx/s), specific growth rate (u), product yield (Yps), specific
glucose uptake rate (gs), specific product secretion rate (gp), carbon
dioxide evolution rate (CER) and the distribution of carbon in fer-
mentor were determined for the exponentially growing cells
(Sauer et al., 1999).

The protein content was determined using Bradford method
(Bradford, 1976). The composition and contents of lipids were
measured by GC-MS described below. Carbohydrate was mea-
sured using the Phenol-sulfuric acid method (Herbert et al.,
1971). The KOH/UV method (Benthin et al., 1991) and modified
Schneider method (Herbert et al., 1971) was employed for the
determination of RNA and DNA, respectively.

2.3. Lipid analysis

The method to determine total lipid weight was similar to that
described in Bligh and Dyer (1959) with minor modifications. Cell
pellets of 100 mL culture aliquots were centrifuged for 10 min at
4 °C and 8000g, washed once with distilled water to remove the
extracellular fat from the cell surface and superfluous nutrient sub-
stances and then disrupted and homogenized in 6 mL of 4 mol L™!
hydrochloric acid for 30 min. The cell debris were mixed well and
incubated at 100 °C for 10 min, and then quenched at —20 °C. Fro-
zen cell debris were stirred with 20 mL methanol-chloroform mix-
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ture (methanol-chloroform = 1:2 by the volume ratio) for 30 min.
After centrifuged for 10 min at 8000g, the chloroform layer con-
taining all the lipids was isolated, and the solvent was removed
by evaporation. The total lipid was measured by the gravimetric
method.

The lipid composition was analyzed by GC-MS. Dissolved the
extracted lipid in 3 mL 0.5 mol L~! potassium hydroxide-methanol
solution, and let stand in the 90 °C water for 30 min. Then added
3 mL of 14% boron trifluoride methanol solution, and reacted in
75 °C water for 20 min. After the reaction, 1 mL saturated sodium
chloride solution was added. After centrifugation, the supernatant
was dried under nitrogen, and then dissolved in a certain volume
of hexane. After filtration, 0.2 pL of derivatized sample was in-
jected into the Agilent 6890-5975 (GC-MS) (Agilent Technologies,
Santa Clara, CA). The HP-5 ms column
(30 m x 0.25 mm x 0.25 pum) (Agilent Technologies) was used for
GC-MS analysis. GC oven temperature was programmed from
180 °C (2 min) to 250 °C at 5 °C/min, and flow rate of carrier gas
was set at 1 mL/min. Other settings were as follows: 250 °C of
interface temperature, 230 of ion source temperature, and electron
impact ionization (EI) at —70 eV with a full scan ranging from 70 to
560 m/z and a solvent delay of 1.5 min.

2.4. Proteinogenic amino acids preparation and GC-MS analysis

The subsequent preparation of proteinogenic amino acid sam-
ples for GC-MS analysis was similar to that described elsewhere
(Hua et al., 2006) with minor modifications. The cell pellet was
washed once with 1 mL distilled water and then hydrolyzed in
200 pL of 6 mol L~! HCl at 105 °C for 16 h. The hydroysate was
dried in a heating block at 60 °C for about 8 h and the proteino-
genic amino acids were derivatized at 85°C for 1h in 100 pL
N,N-dimethylformamide and 50 puL N-methyl-N-[tert-butyldi-
methylsilyl] trifluoroacetamide (Sigma-Aldrich, Saint Louis, MO).
After filtration, the derivatized samples were analyzed by GC-MS
(Liu et al,, 2012).

2.5. In vitro enzymatic assay

In vitro enzyme activities were analyzed in crude cell extracts
from 10 mL culture aliquots that were centrifuged at 4 °C and
12,000g for 5 min. The cell pellets were washed twice with disrup-
tion buffer that contained 200 mmolL~! Tris-HCl (pH 7.6),
4 mmol L~! MgCl,, and 2 mmol L~! dithiothreitol, and the cell pel-
lets were then ground in the presence of liquid nitrogen. The pro-
tein concentration of cell extracts was determined using Bradford
method (Bradford, 1976). The activity of malic enzyme was as-
sayed by monitoring the increase in absorbance of NADPH.

2.6. Metabolic modeling and flux analysis

For metabolic flux ratio analysis, a mass isotopomer distribu-
tion vector of each amino-acid fragment MDV,, (Eq. (1)) was as-
signed based on the well-developed mathematic methodology
(Nanchen et al., 2007).

(mo)
my n
with S m, =1 1)

i=0

MDV, =

(mn)

Where my is the fractional abundance of fragments with monoiso-
topic mass and m;. the abundance of molecules with higher
masses.

To obtain the exclusive mass isotope distribution of the carbon
skeleton MDV},, MDV,, were corrected for the natural isotope abun-
dance of H, O, N, S, Si, and C atoms in the derivatized groups and for
the natural isotope abundance of H, O, N, S atoms in the amino acid
using a correction matrix (Eq. (2)) as described by Nanchen et al.
(2007).

MDV; = Ccorr.CHONSSi_1 ) MDVa (2)

The correction matrix Ceorr,cHonssi Was obtained from the correc-
tion matrices for all individual atom species (Eq. (3)).

Ccorr,CHONSSi = Ccorr.C . Ccorr,H : Ccorr,O : Ccorr,N : Ccorr,S . Ccorr,Si (3)

And then the contribution of '*C from the unlabeled biomass in
culture inocula was subtracted from MDV, yielding mass distribu-
tion vector of amino acid MDVu4 according to Eq. (4).

*
MDVa _funlabeled ) MDVunlabeled,n
1 _funlabeled

MDVa, = (4)

where funiabeled iS the fraction of the unlabeled biomass, which was
caused by inoculation and MDV ypjapeled,n 1S the mass distribution of
an unlabeled fragment with n C atoms.

3. Results and discussion

3.1. Influence of nitrogen concentration on growth of T. cutaneum
2.1374

T. cutaneum 2.1374 was incubated in 1.5 L fermentor under high
and/or low nitrogen condition. The elemental compositions of the
dried biomass were determined by an elemental analyzer. The car-
bon content was 45.3%, which was therefore used in the subse-
quent analysis of intracellular carbon flow distribution. Typical
culture profiles and physiological parameters of the strain under
two different nitrogen conditions were shown in Fig. 1 and Table 1.
When nitrogen content was relatively high, the cells growth rate
was high but the growth ceased at about 24 h. In comparison,
the cell growth could last for around 60 h with low nitrogen con-
centration in the medium, albeit at low growth rate (Fig. 1A and
B). Correspondingly, the depletion of glucose in the high nitrogen
medium was significantly faster than that in the medium with less
nitrogen content (Fig. 1C). The residual NH4* concentration was
about 41 mmol L~! under high nitrogen condition, while no resid-
ual NH," was detected in the nitrogen-limited medium (Fig. 1D).
Only a small amount of ethanol was secreted by the strain under
high nitrogen condition (Fig. 1D).

Nitrogen limitation resulted in a decrease in cell growth rate,
glucose uptake rate, NH;" uptake rate and carbon dioxide evolution
rate (CER), but an increase in biomass yield. Compared to a bio-
mass yield of approximately 0.64 g DCW/g glucose under high
nitrogen condition, about 15% increase was obtained by cells
grown with nitrogen limitation. Fig. 2 shows the distribution of
carbon in cells under two different conditions. Glucose carbon flow
was mainly directed towards biomass under both nitrogen condi-
tions, where the conversion to biomass was more efficient in case
the supply of nitrogen was limited. It should however be noted
that dissolved oxygen was not controlled in this study. In addition
to nitrogen concentration, DO concentration in the medium might
also affect the cell growth as well as lipid production to some ex-
tent, which should therefore be taken into consideration in future
studies for more reliable analysis.
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Fig. 1. Aerobic batch cultivation of T. cutaneum 2.1374 under different nitrogen concentration conditions. (A) biomass concentration; (B) carbon dioxide evolution rate (CER);
(C) glucose concentration; and (D) NH4" (nitrogen) and ethanol concentrations, the dashed line indicates ethanol secretion under high nitrogen condition. Symbols, A: high
nitrogen condition; M: low nitrogen condition.

Table 1

Growth parameters for T. cutaneum 2.1374 under different nitrogen conditions.

Hmax (h™1)

Gy (mmolg ' h™")

gcic (mmol g~' h™")

qeen (mmol g~ h7")

(Biomass

(mmolg~'h™1)

dco, (mmol g~ h™")

Yxs gg™') Cbalance (%)

HighN 048+0.01 2.91%0.01 4.18 £0.02 0.68 £ 0.04 18.24+0.03 4.80+0.04 0.64+0.04 973
Low N 0.46+0.01 1.76+0.01 3.43+0.02 0 17.26 £ 0.03 3.01 £0.04 0.74+£0.04 98.6
A
0.73 - Biomass
“| 18.32£0. 03 mmol.g".h"
Carbon consumed 0.19 g Carbon dioxide
25.09+0. 02 mmol.g".h" | 4.77+0. 04 mmol.g".h"
0.08 _ Extracellular carbon
| 2.00£0. 04 mmol.g".h"
B
0.84 o Biomass
" 17.27£0. 03 mmol.g".h'
Carbon consumed 0.15 _ Carbon dioxide
20.56%+0. 02 mmol.g".h" "] 3.08£0. 04 mmol.g".h"
0.01 Extracellular carbon

0.21£0. 04 mmol.g".h"

Fig. 2. Distribution of carbon in T. cutaneum under high nitrogen condition (A) and low nitrogen condition (B).
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Table 2
Macromolecular compositions of T. cutaneum 2.1374 (g/g DCW).

Lipid (%) Protein (%)

Carbohydrate (%)

DNA (%) RNA (%) Others (%)

High N
Low N

83+0.2
31.0+£0.2

48.5+0.3
273+03

30.2+04
31.2+04

04+0.2
04+0.2

39+03
4.0+03

8.7+04
6.1+04

lipid accumulation r 70

F 60

—— Lipid (%)
—@— Biomass (g,L")
—— Gle (mmol L") 50

—7— NHz" (mmol.L")
b a0

Lipid (%)

r 30
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NH4b (mmol.L"}
w
Gle (mmol.L")

Time (h)
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Yo

204

Cle:1 C16:0 C18:2 C18:1 C18:0

Fig. 3. (A) Profiles of cell growth and lipid accumulation under limited nitrogen
condition; and (B) typical lipid composition of T. cutaneum 2.1374 under limited
nitrogen condition.

3.2. Influence of nitrogen concentration on lipid accumulation of T.
cutaneum 2.1374

In order to elucidate the influence of nitrogen concentration on
macromolecular compositions of T. cutaneum 2.1374, contents of
five major cell components (carbohydrate, lipid, protein, DNA
and RNA) that accounted for 85% of total dry cell weight, were ana-
lyzed and listed in Table 2. No significant effects were observed on
carbohydrate, DNA and RNA by nitrogen in the medium. The con-
tents of lipid and protein, however, changed dramatically between
two culture conditions. With the marked decrease in nitrogen con-
centration, the lipid content increased sharply from 8.3% to about
31%, whereas the protein content in nitrogen-deprived cells
dropped greatly from 48.5% to 27.3%.

The profiles of lipid accumulation and biomass synthesis under
nitrogen limitation were depicted in Fig. 3A. The growth of T. cuta-
neum 2.1374 on glucose and limited nitrogen source could be
roughly divided into cell growth phase (before 24 h of culture)
and lipid accumulation phase (24-60 h). The cells grew very fast
before the depletion of nitrogen source, whereas the lipid content
remained almost unchanged (less than 15% of dry cell weight), this

period can be identified as the cell growth phase. When nitrogen
was completely exhausted from the medium (24 h and later), the
lipid content increased significantly to its maximum (approxi-
mately 31% g/g DCW) at about 60 h, while the cell growth rate de-
clined markedly due to the lack of nitrogen source. These
physiological results under nitrogen limitation were therefore in
good agreement with those reported elsewhere (Fontanille et al.,
2012), i.e. when nitrogen concentration in the medium was extre-
mely low, the glucose assimilated was mainly used for cell mainte-
nance and lipid accumulation instead of cell production. Besides, T.
cutaneum 2.1374 accumulated storage lipid under nitrogen starva-
tion and probably degraded it to other metabolites under carbon
starvation conditions, like other commonly oleaginous microor-
ganisms (Makri et al., 2010). The compositions of lipid accumu-
lated under limited nitrogen condition were assayed, and Fig. 3B
shows that the major lipid compositions included oleic acid
(C18:1, ca. 65% w/w), palmitic acid (C16:0, ca. 20%) and palmitoleic
acid (C16:1, ca. 11%).

3.3. Metabolic network construction for T. cutaneum 2.1374

As shown above, the lipid content of T. cutaneum 2.1374
reached about 31% (g/g DCW) under low nitrogen condition, and
the metabolism was divided into cell growth phase and lipid accu-
mulation phase. In order to understand the mechanisms underly-
ing the lipid accumulation and suggest further modifications for
the improvement of lipid synthesis, ratios of metabolic fluxes at
several key metabolic nodes were analyzed based on '>C-labeling
experiments as well as enzymatic activity analysis for the strain
grown under low nitrogen condition. Cell samples were taken at
mid-logarithmic growth phase (around 12 h) and lipid accumula-
tion phase (around 42 h) for labeling analysis of intracellular flux
ratios.

Bioreaction network of the central carbon metabolism of T.
cutaneum 2.1374 is required for the flux analysis. Previous studies
revealed that mitochondrial citrate in oleaginous yeast cells accu-
mulates in response to the depletion of nitrogen in the medium,
and the excessive citrate in mitochondrion is then transported into
the cytosol. ATP-citrate lyase (ACL), existing within the cytoplasm
of oleaginous yeasts, is responsible for of the cleavage of citrate to
acetyl-CoA and oxaloacetate (Meng et al.,, 2009; Ratledge and
Wynn, 2002). The above-mentioned information, together with
the knowledge of yeast metabolic characteristics (Blank et al.,
2005; Blank and Sauer, 2004), was therefore applied to the con-
struction of the metabolic network of T. cutaneum 2.1374 (Fig. 4
and Appendix). The metabolic properties and relative metabolic
flux distributions of nitrogen-limited cells were then studied based
on the constructed network models with the pentose phosphate
(PP) pathway, the tricarboxylic acid (TCA) cycle, the glycolytic
pathway (EMP), the citrate pyruvate cycle, and reactions via malic
enzyme.

3.4. Mechanisms of lipid accumulation in T. cutaneum 2.1374

In this study, metabolic flux ratio analysis, which has proven to
be a useful tool to characterize many organisms and reveal biolog-
ically important mechanisms, was performed to better elucidate
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Fig. 4. Bioreaction network of T. cutaneum 2.1374 central carbon metabolism.

and understand mechanisms related to lipid accumulation in T.
cutaneum 2.1374 under nitrogen limitation. Several flux ratios,
including OAA originating from PYR in cytoplasm, mitochondrial
OAA from anaplerosis by the carboxylation of mitochondrial pyru-
vate, PEP from glycolysis in cytoplasm, and PYR originating from
MAL in mitochondrion.

By comparing 'C isotopomer distribution data of the target
metabolites with those of the source metabolites originating from
individual pathways, metabolic flux ratios at several key metabolic
nodes were quantified and detailed in Fig. 5A. Increases in the frac-
tion of the mitochondrial OAA originating from anaplerosis by the

carboxylation of mitochondrial pyruvate and the fraction of PYR
originating from mitochondrial MAL were observed in lipid accu-
mulation phase compared to those obtained for exponentially
growing cells. The fraction of OAA originating from PYR in cyto-
plasm was found lower in the lipid accumulation phase, and no
significant difference was observed for the contribution of glycoly-
sis to glucose catabolism under two metabolic phases, as shown by
the ratio of PEP from glycolysis in Fig. 5A.

High content of lipid accumulated in oleaginous microorgan-
isms requires the supply of a large amount of acetyl-CoA as the
precursor and reducing equivalent (NADPH) as the cofactor for
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condition.

fatty acid synthesis. Generally, NADPH for fatty acid biosynthesis is
mainly generated from pentose phosphate pathway and NADP*
dependent malic enzyme in microorganisms. In oleaginous yeasts,
NADP"* dependent malic enzyme is located in cytoplasm and was
known to play a key role in lipid accumulation (Botham and Ratl-
edge, 1979; Holdsworth et al., 1988; Ratledge and Wynn, 2002).
Our results showed that the flux distributions between the pentose
phosphate pathway and the glycolytic pathway remained almost
unchanged in both cell growth and lipid accumulation phases,
whereas the activity of cytoplasmic malic enzyme was detected
to be higher in lipid accumulation phase compared to that in cell
growth phase (Fig. 5B). The data obtained in this study therefore
suggested that the reaction via the cytoplasmic malic enzyme
(reaction 29 in Fig. 4) was the primary source of reducing equiva-
lent for lipid accumulation in T. cutaneum 2.1374, which was also
in good agreement with the results published elsewhere.

Cytoplasmic OAA could be derived from two pools: (i) cytoplas-
mic PYR (ii) cytoplasmic citrate by ATP-citrate lyase. The results in
Fig. 5A showed a significantly lowered fraction of OAA originating
from cytoplasmic PYR in lipid accumulation phase, indicating an
increase in activity of ATP-citrate lyase (reaction 32 in Fig. 4) when
nitrogen in the medium was depleted.

Pyruvate cycling may occur via the “citrate pyruvate cycle”
involving pyruvate carboxylase-catalyzed conversion of pyruvate
to oxaloacetate. Oxaloacetate was then converted to citrate, which
was transported outside the mitochondria and degradated into
OAA and AcCoA in the cytoplasm. Malate obtained from OAA could
then be decarboxylated to generate pyruvate either via the NADP-
dependent cytosolic malic enzyme or via NAD-dependent mito-
chondrial malic enzyme (Ronnebaum et al., 2006). The fraction of
the mitochondrial OAA originating from anaplerosis by the carbox-
ylation of mitochondrial pyruvate was increased in lipid accumula-
tion phase. In addition, the fraction of PYR originating from MAL
via the NAD-dependent mitochondrial malic enzyme was also in-
creased in lipid accumulation phase. These results showed that

the first and the last step of the citrate pyruvate cycle were both
enhanced during lipid accumulation. Therefore, based on the quan-
tification of metabolic flux contributions, the citrate pyruvate cycle
was also found to play an essential role in generating cytosolic
acetyl-CoA for lipid biosynthesis in T. cutaneum.

4. Conclusions

Compared with the growth of T. cutaneum 2.1374 with suffi-
cient nitrogen supply, biomass yield of cells was increased and
the lipid content reached approximately 31% (g/g DCW) in case
that nitrogen concentration in the medium was limited. Based on
the growth and metabolic characteristics studied for this oleagi-
nous yeast, the reaction via cytoplasmic NADP*-dependent malic
enzyme was confirmed to be the major source of reducing equiva-
lent for the lipid accumulation in T. cutaneum. Intracellular flux
information also showed a significant effect of the citrate pyruvate
cycle on lipid biosynthesis by providing adequate cytoplasmic
acetyl-CoA. These flux-based results might motivate new meta-
bolic design and engineering of above-mentioned two pathways
to enhance the biodiesel production with this strain or related ole-
aginous yeasts.
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Appendix A

The central metabolic network in T. cutaneum 2.1374 with the
stoichiometric reactions

Reactions

vl Glucose + ATP > G6P

v2 G6P = F6P

v3 G6P + 2 « NADP > P5P + 2 « NADPH + CO2
v4 F6P + ATP > 2 « T3P + ADP + Pi

v5 2 x P5P=S7P + T3P

v6 P5P + E4P = F6P + T3P

v7 S7P + T3P = E4P + F6P

v8 T3P + NAD > SER + NADH

v9 SER + NADH > GLY + C1 + NAD

v10 GLY + NAD + C1 > SER + NADH

vll C1 +CO2 + NADH = GLY + NAD

v12 T3P + NAD = PEP + ATP + NADH

v13 PEP + ADP + Pi > cyt PYR + ATP

vl4 mit PYR + NAD > mit AcCoA + CO, + NADH
v1l5 mit OAA + mit AcCoA > mit CIT

v16 mit CIT = ICT

v17 ICT+ NAD > OGA+ CO2 + NADH

v18 OGA + NAD > SUC+ CO2 + NADH

v19 SUC > mit MAL

v20 mit MAL > mit OAA

v21 mit MAL + NAD > mit PYR + CO2 + NADH
v22 cyt PYR + CO2 + ATP > cyt OAA + ADP + Pi
v23 cyt PYR > ACA + CO2

v24 ACA + NADP = ACE + NADPH

v25 ACA + NADH = ethanol

v26 ACE + 2 % ATP > cyt AcCoA + 2 x« ADP + 2 x Pis
v27 OAA > cytMAL

v28 cyt MAL > mit MAL

v29 cyt MAL + NADP > cyt PYR + CO2 + NADPH
v30 cyt PYR > mPYR

v31 mit CIT > cyt CIT

v32 cyt CIT > cyt AcCoA + cyt OAA

v33 mit PYR + ATP + CO2 > mit OAA + ADP + Pi
v34 Precursors > biomass

Note: mit, mitochondrial; cyt, cytoplasmic.
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