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in natural succinate producers such as Actinobacillus succinogenes (25, 35), dicarboxylic acid production in this S. cerevisiae
strain depended on (over)expression of native pyruvate carboxylase. Although PEPCK and pyruvate carboxylase can both
produce oxaloacetate, the choice of enzyme strongly affects the
overall ATP balance of dicarboxylic acid formation. PEPCK
directly converts phosphoenolpyruvate (PEP) into oxaloacetate while generating one ATP per carboxylation event (Fig. 1).
In contrast, no net ATP is recovered in the route through
pyruvate kinase and pyruvate carboxylase, where the ATP produced by the first enzyme is consumed by the second (Fig. 1).
Introducing carboxylating PEPCK activity in S. cerevisiae
would thus have significant benefits for dicarboxylic acid production by improving the ATP stoichiometry of the anaplerotic
reaction.
In S. cerevisiae, PEPCK is generally considered to be a decarboxylating enzyme with a function in gluconeogenesis (14).
Expression of PCK1, which encodes PEPCK, is repressed by
glucose (26, 42) and induced by gluconeogenic substrates (11),
while the Pck1 protein is inactivated in the presence of glucose
(31). This multilayered regulation has presumably evolved to
avoid futile cycling due to simultaneous decarboxylating
PEPCK and carboxylating pyruvate carboxylase activities. In
line with this, the central enzymes in the glyoxylate cycle,
another anaplerotic alternative to pyruvate carboxylase, are
also repressed by glucose (16, 17, 20, 32). As a consequence, S.
cerevisiae strains lacking the PYC1 and PYC2 genes, encoding
the pyruvate carboxylase isoenzymes, are unable to fulfill their
anaplerotic requirements during growth on glucose and are

Interest in biotechnological production of the four-carbon
dicarboxylic acids fumarate, succinate, and malate from sugars
has strongly increased in recent years (19), as these sugarderived acids are seen as potential replacements for oil-derived
chemical intermediates such as maleic anhydride (41). Metabolic engineering of Escherichia coli has resulted in strains
capable of producing 73 g liter⫺1 succinate at pH 7.0 with a
yield that, at 1.61 mol per mol glucose (21), is at 94% of the
theoretical maximum. The crucial role of carboxylation reactions in this biotechnological process is illustrated by a carbon
yield of 1.07 C mol succinate per C mol of glucose. Despite the
high product yields obtained with these prokaryotes, other
microorganisms are also under investigation in view of possible
gains in process economy and robustness. The yeast Saccharomyces cerevisiae might offer such gains due to its high tolerance
to organic acids and to low pH and its insensitivity to bacteriophages.
Metabolic engineering of S. cerevisiae has recently resulted
in a strain able to produce malate and succinate at yields of
0.48 mol and 0.29 mol per mol glucose, respectively (43).
Whereas phosphoenolpyruvate carboxykinase (PEPCK) is the
main enzyme catalyzing the carboxylating reaction in the metabolically engineered E. coli strains referred to above (45) and
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Pyruvate carboxylase is the sole anaplerotic enzyme in glucose-grown cultures of wild-type Saccharomyces
cerevisiae. Pyruvate carboxylase-negative (Pycⴚ) S. cerevisiae strains cannot grow on glucose unless media are
supplemented with C4 compounds, such as aspartic acid. In several succinate-producing prokaryotes, phosphoenolpyruvate carboxykinase (PEPCK) fulfills this anaplerotic role. However, the S. cerevisiae PEPCK
encoded by PCK1 is repressed by glucose and is considered to have a purely decarboxylating and gluconeogenic
function. This study investigates whether and under which conditions PEPCK can replace the anaplerotic
function of pyruvate carboxylase in S. cerevisiae. Pycⴚ S. cerevisiae strains constitutively overexpressing the
PEPCK either from S. cerevisiae or from Actinobacillus succinogenes did not grow on glucose as the sole carbon
source. However, evolutionary engineering yielded mutants able to grow on glucose as the sole carbon source
at a maximum specific growth rate of ca. 0.14 hⴚ1, one-half that of the (pyruvate carboxylase-positive) reference
strain grown under the same conditions. Growth was dependent on high carbon dioxide concentrations,
indicating that the reaction catalyzed by PEPCK operates near thermodynamic equilibrium. Analysis and
reverse engineering of two independently evolved strains showed that single point mutations in pyruvate
kinase, which competes with PEPCK for phosphoenolpyruvate, were sufficient to enable the use of PEPCK as
the sole anaplerotic enzyme. The PEPCK reaction produces one ATP per carboxylation event, whereas the
original route through pyruvate kinase and pyruvate carboxylase is ATP neutral. This increased ATP yield may
prove crucial for engineering of efficient and low-cost anaerobic production of C4 dicarboxylic acids in S.
cerevisiae.
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TABLE 2. Plasmids used in this study
Description

pRS406
pRS416-GPD

Integrating yeast vector, URA3
Centromeric yeast vector, URA3,
PTDH3-TCYC1
Centromeric yeast vector, URA3,
PTDH3-A. succinogenes PEPCKTCYC1
Centromeric yeast vector, URA3,
PTDH3-TCYC1
Centromeric yeast vector, URA3,
PTDH3- S. cerevisiae PCK1-TCYC1
Integrating yeast vector, PYK1 allele
replacement (G436A), URA3
Integrating yeast vector, PYK1 allele
replacement (G1006T), URA3

MB4917
pUDC1
pUDC5
MB5633
MB5635

Reference
or source

33
27
This work
This work
This work
This work
This work

tive gene and, in the case of AsPEPCK, also glucose catabolite
inactivation of the protein. Subsequently, growth conditions
and second-site mutations required for an in vivo contribution
to oxaloacetate formation by PEPCK were investigated.
FIG. 1. Metabolic routes between PEP and malate in S. cerevisiae.
Signs indicate consumption (⫺) or production (⫹) in the direction of
the arrow. Abbreviations of metabolites: PEP, phosphoenolpyruvate;
PYR, pyruvate, OAA, oxaloacetate; MAL, malate; CIT, citrate; ICI,
isocitrate; AKG, alpha-ketoglutarate; SUCC, succinyl-CoA; SUC, succinate; FUM, fumarate; C2, acetyl-CoA; GLX, glyoxylate. Abbreviations of enzymes: Pyk, pyruvate kinase; Pyc, pyruvate carboxylase;
Mdh, malate dehydrogenase; PEPCK, phosphoenolpyruvate carboxykinase; ME, malic enzyme; Pdh, pyruvate dehydrogenase.

auxotrophic for 4-carbon molecules, such as aspartate (34). In
a mutagenized pyc1⌬ pyc2⌬ S. cerevisiae strain able to grow on
glucose, derepression of the glyoxylate cycle enzymes was
shown to have suppressed the 4-carbon auxotrophy (5). However, using the glyoxylate cycle for dicarboxylic acid production
results in suboptimal product yields (44) and is therefore not
interesting from an industrial viewpoint.
The aim of the present study is to investigate whether and
under which conditions PEPCK can replace pyruvate carboxylase as the sole anaplerotic enzyme in S. cerevisiae. To this
end, PEPCKs from S. cerevisiae and A. succinogenes
(ScPEPCK and AsPEPCK, respectively) were constitutively
(over)expressed in pyc1⌬ pyc2⌬ S. cerevisiae strains, thereby
avoiding the carbon source-dependent transcription of the na-

MATERIALS AND METHODS
Strains and maintenance. All strains constructed in this study (Table 1) were
derived from CEN.JB27, an S. cerevisiae strain from the CEN.PK family (36),
containing targeted deletions of URA3 and of the two pyruvate carboxylase
genes, PYC1 and PYC2, and carrying a plasmid expressing Escherichia coli PEP
carboxylase and the URA3 marker (3).
Strains were maintained on YPD (demineralized water, 10 g liter⫺1 yeast
extract [BD Difco], 20 g liter⫺1 peptone [BD Difco], and 20 g liter⫺1 glucose) or,
for strains carrying plasmids, on synthetic medium consisting of demineralized
water, 3 g liter⫺1 KH2PO4, 0.5 g liter⫺1 MgSO4, 6.6 g liter⫺1 L-aspartic acid
(from a filter-sterilized 7.4-g liter⫺1 solution set to pH 6 with KOH), 6.6 g liter⫺1
K2SO4, 20 g liter⫺1 glucose, trace elements, and filter-sterilized vitamins (39).
Culture stocks, prepared from shake flask cultures by the addition of glycerol
(20%, vol/vol), were stored at ⫺80°C in 1-ml aliquots. Incubations were performed at 30°C, and shake flasks were kept in orbital shakers at 200 rpm.
Plasmid construction and transformation. Plasmid MB4917 (Table 2) was
constructed by cloning PEPCK from Actinobacillus succinogenes (codon optimized for expression in S. cerevisiae by Blue Heron Biotechnology, Bothell, WA),
preceded by an AACAAA Kozak sequence, into pRS416-GPD (27) via the XbaI
and XhoI sites. MB4917 was subsequently used as the template for a PCR with
primers 5⬘-pUDC1 and 3⬘-pUDC1-XbaI (Table 3). The resulting PCR product
was inserted into MB4917 via the EcoRI and XhoI sites, which introduced a
second XbaI site directly upstream of the XhoI site. Then the AsPEPCK gene
was excised via digestion with XbaI and self ligation, resulting in the empty vector
plasmid pUDC1. Construction of plasmid pUDC5 was started by isolating PCK1
from genomic DNA of CEN.PK 113-7D using primers 5⬘-pUDC5-XbaI and
3⬘-pUDC5-XhoI (Table 3). After ligation of the blunt PCR fragment into the
pCR-Blunt II-TOPO vector (Invitrogen), the PCK1 open reading frame (ORF)

TABLE 1. S. cerevisiae strains used in this study
Strain(s)

CEN.PK 113-7D....................................MATa; reference strain
CEN.JB27...............................................MATa pyc1::kanMx pyc2::ILV2smr
IMK157 ura3⌬ .......................................MATa pyc1::kanMx pyc2::ILV2smr
IMY002 ..................................................MATa pyc1::kanMx pyc2::ILV2smr
IMY007 empty vector...........................MATa pyc1::kanMx pyc2::ILV2smr
IMY050 and IMY051 ...........................MATa pyc1::kanMx pyc2::ILV2smr
IMW001 and IMW002 .........................MATa pyc1::kanMx pyc2::ILV2smr
IMY011 ..................................................MATa pyc1::kanMx pyc2::ILV2smr
IMY012 and IMY013 ...........................MATa pyc1::kanMx pyc2::ILV2smr
IMY014 and IMY015 ...........................MATa pyc1::kanMx pyc2::ILV2smr

Description

ura3-52 (pAN-10ppc)
ura3-52
ura3-52 (MB4917)
ura3-52 (pUDC1)
ura3-52 (MB4917); evolved
ura3-52 (cured); derived from IMY050 and IMY051, respectively
ura3-52 (pUDC5)
ura3-52 (pUDC5); derived from IMW001 and IMW002, respectively
ura3-52; with G436A or G1006T point mutations in PYK1, respectively
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TABLE 3. Oligonucleotides used in this study
Oligonucleotide

Sequence

5⬘-pUDC1 ....................................GCCGACTTTACAGTCCTAAACG
3⬘-pUDC1-XbaI ..........................ATTCATCTCGAGTCTAGATTAG
GCCTTGGGTCCAGCTCCAAC
5⬘-pUDC5-XbaI ..........................ATCATCTAGACATGTCCCCTTC
TAAAATGAATGC
3⬘-pUDC5-XhoI ..........................GTTACTCGAGTTACTCGAATTG
AGGACCAGCGGCTAATAC
5⬘-PYK1-HindIII.........................CACACAAGCTTGACATCGGGC
TTCCACAATT
3⬘-PYK1-NotI ..............................CACACGCGGCCGCTGCAACAC
CTCATCGTTATG

as 30 g liter⫺1 glucose, 0.15 ml liter⫺1 silicon antifoam (BDH, Poole, England)
to control foaming, Tween 80 (0.42 g liter⫺1), and ethanol-dissolved ergosterol
(10 mg liter⫺1) to allow for growth under anaerobic conditions. Chemostat
cultures were inoculated with 100 ml preculture, obtained from shake flasks
inoculated with 1-ml aliquots of frozen stock culture.
Batch cultivation. Batch cultivation was performed at 30°C in 2-liter bioreactors (Applikon, Schiedam, Netherlands) at a working volume of 1 liter. The pH
was controlled by automatic addition of 2 M KOH. Bioreactors were sparged
with 250 ml CO2 per minute and stirred at 800 rpm. The medium was identical
to the synthetic stock culture medium, except for the replacement of the aspartic
acid and K2SO4 by 5 g liter⫺1 (NH4)2SO4 and the addition of 0.15 ml liter⫺1
silicon antifoam (BDH, Poole, England) to control foaming. Tween 80 (0.42 g
liter⫺1) and ethanol-dissolved ergosterol (10 mg liter⫺1) were added to the
medium to allow for growth under anaerobic conditions. Maximum growth rates
were determined from optical density (OD; 660 nm) measurements. Preculture
shake flasks were inoculated with 1-ml aliquots of frozen stock culture. Cells
from exponentially growing shake flask precultures were washed twice with
demineralized water and used to inoculate batch cultures at an initial OD of 0.1
or less.
Metabolite analysis. Extracellular concentrations of glucose were determined
by high-performance liquid chromatography (HPLC) using a Bio-Rad Aminex
HPX-87H column, eluted with 5 mM H2SO4 at a flow rate of 0.6 ml min⫺1 and
kept at 60°C, coupled to a Waters 2410 refractive index detector.
In vitro enzyme activity assays. Cell extracts for the in vitro measurement of
enzyme activities were prepared from culture samples (each containing approximately 60 mg biomass dry weight) as described earlier (44). Activities of pyruvate carboxylase, phosphoenolpyruvate carboxykinase, and pyruvate kinase were
determined as previously described (13), except that 2 mM instead of 10 mM
PEP was used to start the pyruvate kinase assay. Protein concentrations in cell
extracts were determined with the Lowry method (24), using bovine serum
albumin as the standard.

RESULTS
AsPEPCK expression alone is insufficient to rescue C4 auxotrophy of Pycⴚ S. cerevisiae. Pyruvate carboxylase-negative
(Pyc⫺) strains of S. cerevisiae are unable to grow on glucose as
the sole carbon source. Consistent with an essential anaplerotic
role of pyruvate carboxylase, growth on glucose can be restored by the addition of the four-carbon compound aspartate
(34). To test whether overexpression of PEPCK can restore C4
prototrophy in Pyc⫺ S. cerevisiae, a codon-optimized PEPCK
gene from the natural succinate producer Actinobacillus succinogenes on a centromeric plasmid was introduced into the
Pyc⫺ S. cerevisiae strain IMK157, resulting in strain IMY002
(Table 1). This heterologous gene was chosen because it has
been shown to function as an anaplerotic enzyme in A. succinogenes (25, 35) and because it was expected to circumvent
glucose-induced repression and glucose catabolite inactivation,
which affect expression of the native S. cerevisiae PEPCK (26,
31, 42).
Enzyme activity measurements on glucose-aspartate-grown
shake flask cultures of strain IMY002 showed a 20-fold-increased PEPCK activity (0.38 ⫾ 0.11 mmol 䡠 min⫺1 䡠 g protein⫺1) compared to that of the laboratory reference strain
CEN.PK 113-7D and the empty vector strain IMY007 (both
0.02 ⫾ 0.00 mmol 䡠 min⫺1 䡠 g protein⫺1) (Table 4). However,
despite successful overexpression of PEPCK, strain IMY002
was not able to grow in the absence of aspartate. This growth
defect was shown on synthetic medium-agar plates with glucose as the sole carbon source, even when incubated under an
atmosphere of 120 kPa CO2 (Fig. 2A and C), which increases
the thermodynamic potential of carboxylation reactions.
Evolutionary engineering for increased anaplerotic flux.
The experiments described above demonstrated that PEPCK
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was inserted into MB4917 via the XbaI and XhoI sites, replacing the AsPEPCK
gene and thereby creating pUDC5.
The mutated PYK1 alleles were isolated from strains IMW001 and IMW002
using primers 5⬘-PYK1-HindIII and 3⬘-PYK1-NotI. Each PCR fragment was
ligated into the pRS406 vector via the HindIII and NotI restriction sites, resulting in plasmids MB5633 and MB5635.
Yeast transformations were performed as described previously (8). Transformants were selected on synthetic medium plates without uracil and with aspartate as the nitrogen source. Transformations were verified by PCR.
Plasmid curing. Strain IMK157 (Table 1) was obtained by curing CEN.JB27 of
its PEP carboxylase expression vector. Loss of the URA3-based plasmid was
induced by growth on agar plates containing 5-fluoroorotic acid (5-FOA). These
plates were prepared by combining an 8% agar solution (autoclaved for 20 min
at 121°C) with a filter-sterilized solution containing the other medium components (synthetic medium with aspartate as the nitrogen source, 1 g liter⫺1
5-FOA, and 0.03 g liter⫺1 uracil). No pH correction was made to the medium
components, as it was found that 5-FOA exerts its toxic effect only at low pH
(consistent with diffusional entry of the undissociated acid into the cell). Plasmid
loss was confirmed by testing for uracil and aspartate auxotrophies.
Strains IMW001 and IMW002 were obtained by curing strains IMY050 and
IMY051, respectively. Here, the plasmid-carrying strains were grown under nonselective conditions on liquid YPD. After several serial transfers, the culture was
plated on YPD agar. Single-colony isolates were tested for uracil auxotrophy,
and plasmid loss was subsequently confirmed by PCR.
Isolation and characterization of evolved strains. Samples of the continuous
culture selection experiments were incubated under a CO2 atmosphere on synthetic medium-agar with 2 g liter⫺1 (NH4)2SO4 as the nitrogen source. Singlecolony isolates, one per selection cultivation, were designated IMY050 and
IMY051. Plasmids from IMY050 and IMY051 were isolated using the Zymoprep
II yeast plasmid miniprep kit. The PYK1 ORF (extending 700 bp upstream and
300 bp downstream) of the cured IMW001 and IMW002 strains was sequenced
by Beckman Coulter Genomics.
Introduction of mutated pyruvate kinase alleles. Mutated PYK1 alleles were
introduced into IMK157 by transformation with XbaI digests of the integration
plasmids MB5633 and MB5635 (Table 2). Transformants were selected on synthetic medium plates without uracil and with aspartate as the nitrogen source.
Single-colony “pop-in” isolates were incubated on 5-FOA–agar plates (see above
for medium composition) to select for the “pop out” of the URA3 marker gene
and one of the two PYK1 alleles. Several single-colony “pop-out” isolates were
transformed with MB4917 and screened for growth on synthetic medium plates
with (NH4)2SO4 as the nitrogen source under a CO2 atmosphere. For a number
of growing transformants, sequencing of PYK1 was performed by BaseClear,
Netherlands.
Plate cultivation. Solid media were prepared by addition of 20 g liter⫺1 Bacto
agar. Apart from the nitrogen source [either 4 g liter⫺1 aspartate or 2 g liter⫺1
(NH4)2SO4)] and the addition of Tween 80 (0.42 g liter⫺1) and ethanol-dissolved
ergosterol (10 mg liter⫺1), added to allow for growth under anaerobic conditions,
solid synthetic media were identical to the synthetic stock culture medium.
Gas-tight jars with 20 kPa of overpressure were used for incubation of agar plates
under a CO2 atmosphere.
Continuous cultivation. Nitrogen-limited chemostat cultivation was carried
out as described previously (38) at a dilution rate of 0.1 h⫺1 and a culture pH of
5 (set with 2 M KOH). Cultures were continuously sparged with 200 ml min⫺1
CO2. The medium was identical to the synthetic stock culture medium, with the
following modifications: medium contained either 2 g liter⫺1 L-aspartic acid⫺1
and 6.6 g liter⫺1 K2SO4 or 1 g liter⫺1 (NH4)2SO4 and 5.3 g liter⫺1 K2SO4, as well
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TABLE 4. In vitro enzyme activitiesa
Strain

a

CEN.PK 113-7D (reference)
CEN.PK 113-7D (grown on
ethanol)
IMY007 (empty vector)
IMY002 (AsPEPCK)
IMY011 (ScPEPCK)
IMY050 (AsPEPCK, evolved)
IMY051 (AsPEPCK, evolved)
IMY012 (ScPEPCK, evolved)
IMY013 (ScPEPCK, evolved)

Enzyme activityb (mmol 䡠 min⫺1 䡠 g
protein⫺1) of:
PEPCK

PK

PYC

0.02 ⫾ 0.00
0.53 ⫾ 0.04

9.8 ⫾ 0.3
0.9 ⫾ 0.3

0.02 ⫾ 0.00
0.14 ⫾ 0.00

0.02 ⫾ 0.00
0.38 ⫾ 0.11
0.55 ⫾ 0.04
0.87 ⫾ 0.23
0.72 ⫾ 0.28
0.40 ⫾ 0.01
0.29 ⫾ 0.00

9.2 ⫾ 0.3
8.4 ⫾ 0.6
9.4 ⫾ 0.8
4.1 ⫾ 0.4
5.1 ⫾ 0.4
3.5 ⫾ 0.3
4.2 ⫾ 0.3

0.01 ⫾ 0.00
0.01 ⫾ 0.00
0.01 ⫾ 0.00
0.01 ⫾ 0.01
0.01 ⫾ 0.01
0.01 ⫾ 0.00
0.01 ⫾ 0.00

overexpression alone did not provide a sufficiently high anaplerotic flux to allow for observable growth after 7 days. Since an
increase in the anaplerotic flux would allow for an increased
growth rate, evolutionary engineering provides an opportunity
to increase the flux through PEPCK. A nitrogen-limited chemostat culture of strain IMY002 with aspartate as the sole
nitrogen source, maintained at pH 5 and flushed with CO2,
provided a reproducible starting point for the evolutionary
engineering and allowed for a quick switch of the nitrogen
source without nitrogen starvation.
After a steady state was achieved, the selection procedure
was started by switching the nitrogen source in the medium
from aspartate to ammonium sulfate. Directly after the switch,
growth of the culture ceased. To prevent complete washout of
the culture, the medium inflow was stopped after 24 h and the
experiment was continued as a batch culture. Three days into
this batch cultivation, the rate of base addition started to increase exponentially, indicating ammonium consumption and
thereby growth. When base addition stopped, glucose was depleted and dry weight measurements confirmed that growth
had occurred. The base addition profile suggested a maximum
specific growth rate of circa 0.11 h⫺1, and continuous cultivation was resumed at a dilution rate of 0.1 h⫺1. The evolved
culture could indeed be maintained at this dilution rate, and a
steady state was obtained. When, subsequently, the gas used to
sparge the bioreactor was switched from CO2 to N2, complete
washout of the culture occurred, indicating that a high CO2
concentration was required for growth. A second selection
experiment yielded essentially the same results.
Samples from both cultivations (taken during steady state
from cultures on ammonium sulfate with CO2 as the sparging
gas) were plated on synthetic medium-agar plates with glucose
as the sole carbon source and incubated under a CO2 atmosphere. In contrast to results for the unevolved IMY002 strain,
growth was now observed, and single-colony isolates (one per
experiment) were designated IMY050 and IMY051 (Fig. 2A
and C, strains 3 and 4). With each of these isolates, duplicate
bioreactor batch cultures were performed on synthetic medium
at pH 5 with glucose as the sole carbon source. Cultures were
continuously sparged with pure CO2. Optical density (660 nm)

FIG. 2. Synthetic medium-agar plates, incubated for 7 days under
an atmosphere of either 120 kPa CO2 (A and B) or air (C and D).
Plates contained glucose, Tween 80, ergosterol, and, as the nitrogen
source, either ammonium sulfate (A and C) or aspartate (B and D).
Strains: 1, CEN.PK 113-7D; 2, IMY002 (Pyc⫺; AsPEPCK); 3, IMY050
(Pyc⫺ evolved; AsPEPCK; 4, IMY051 (Pyc⫺ evolved; AsPEPCK; 5,
IMY012 (Pyc⫺ evolved; ScPEPCK; 6, IMY013 (Pyc⫺ evolved;
ScPEPCK; 7, IMY014 (Pyc⫺; AsPEPCK, G436A), 8, IMY015 (Pyc⫺;
AsPEPCK, G1006T).
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a
Yeast strains were grown in shake flasks on glucose and aspartate synthetic
medium unless indicated otherwise.
b
PEPCK, phosphoenolpyruvate carboxykinase; PK, pyruvate kinase; PYC,
pyruvate carboxylase. Errors are deviations from means (for each condition, two
shake flask cultures were run).

measurements showed a specific growth rate of 0.15 ⫾ 0.01 h⫺1
for the evolved AsPEPCK-expressing strains IMY050 and
IMY051. This corresponded to 50% of the specific growth rate
observed for the pyruvate carboxylase-positive reference strain
CEN.PK 113-7D (0.30 ⫾ 0.01 h⫺1) under identical conditions.
Reverse engineering: the role of pyruvate kinase. Even
though growth of the Pyc⫺ IMY002 S. cerevisiae strain was
already observed only 4 days into the selection experiment, this
period is long enough for a single mutated yeast cell, present at
the start of the experiment, to go through 20 generations and
produce close to a million daughter cells. Since, in addition,
IMY050 and IMY051 retained their phenotype after sequential transfers on nonselective synthetic medium-agar plates
(containing glucose and aspartate), it is likely that mutations
were responsible for the observed physiological changes. As
these mutations could be located in the genome, the
AsPEPCK-expressing plasmid, or both, the plasmid was isolated from both strains. In addition, IMY050 and IMY051
were cured of their plasmids, resulting in strains IMW001 and
IMW002, respectively.
To test whether the mutations responsible for the observed
phenotype were located on the plasmid, the nonevolved Pyc⫺
IMK157 S. cerevisiae strain was transformed with the plasmids
isolated from the evolved strains. However, no growth of these
strains was observed on synthetic medium-agar plates with
glucose as the sole carbon source in the presence of a CO2
atmosphere (data not shown). To check whether changes in
the genomes of the evolved strains are responsible for the
observed phenotype, the cured strains (IMW001 and IMW002)
were retransformed with either the original plasmid
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PEPCK from A. succinogenes was used to circumvent the glucose-induced repression and inactivation that have been described for ScPEPCK (26, 42). Based on the results discussed
in the preceding paragraph, we tested whether also the endogenous ScPEPCK (encoded by PCK1) could function in an
anaplerotic role in Pyc⫺ S. cerevisiae strains. To this end, plasmid pUDC5 (overexpressing PCK1 isolated from the reference
strain CEN.PK 113-7D) was introduced into the cured Pyc⫺
strains IMK157 (not evolved) and IMW001 and IMW002
(both evolved), resulting in strains IMY011, IMY012, and
IMY013, respectively. No growth was observed when
ScPEPCK was overexpressed in the nonevolved IMY011
strain. In contrast, expression of ScPEPCK in the evolved
IMY012 and IMY013 strains did result in growth on synthetic
medium-agar plates with glucose under a CO2 atmosphere
(Fig. 2). In duplicate glucose-grown and CO2-sparged batch
bioreactor cultivations, IMY012 and IMY013 grew at a specific
rate of 0.13 ⫾ 0.01 h⫺1, which is comparable to the rates
obtained with the AsPEPCK-expressing S. cerevisiae strains
IMY050 and IMY051.
DISCUSSION
PEPCK as an anaplerotic enzyme in S. cerevisiae. Pyruvate
carboxylase-negative strains of S. cerevisiae cannot grow on
glucose as the sole carbon source (7, 34). When a Pyc⫺ S.
cerevisiae strain was grown in chemostat culture on a mixture of
glucose and ethanol, washout occurred when ethanol made up
less than 30% of the substrate carbon (12), indicating that the
glyoxylate cycle, which synthesizes C4 building blocks from
acetyl-coenzyme A (CoA), cannot easily assume the anaplerotic role in place of pyruvate carboxylase. However, suppressor mutants of Pyc⫺ strains could be obtained by UV mutagenesis, and a derepressed glyoxylate cycle was shown to
functionally perform the anaplerotic function in place of pyruvate carboxylase (5). In addition, overexpression of the Escherichia coli ppc gene, encoding PEP carboxylase, in a Pyc⫺
mutant restored growth on glucose (18). However, neither
alternative for anaplerosis is of particular interest for metabolic engineering of C4 dicarboxylic acid production. The
glyoxylate cycle does not involve a net carboxylation (44),
which reduces maximum theoretical product yields, while conversion of PEP to oxaloacetate via PEP carboxylase is ATP
neutral. In contrast, PEPCK, which in this study was shown to
be a third alternative for anaplerosis in Pyc⫺ S. cerevisiae, both
fully benefits from carboxylation and generates one ATP per
carboxylation event.
The additional ATP that is produced compared to the original anaplerotic route via pyruvate carboxylase is both
PEPCK’s main advantage and disadvantage. While the additional ATP increases metabolic flexibility and might allow for
anaerobic dicarboxylic acid production, it also increases the
free energy change (⌬G⬘) of the reaction by at least 32 kJ
mol⫺1. In addition, PEPCK uses CO2 as the source of inorganic carbon, whereas pyruvate carboxylase uses bicarbonate
(10). In S. cerevisiae, inorganic carbon is transported over the
cell membrane as dissolved CO2 by (facilitated) diffusion (2).
Intracellularly, Nce103p carbonic anhydrase catalyzes the conversion between CO2 and bicarbonate (1). Assuming a cytosolic pH higher than the pKa1 of carbonic acid (pH 6.4) (9),
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(MB4917), the empty vector plasmid (pUDC1), or the plasmids isolated from the evolved strains. After incubation on
synthetic medium-agar plates with glucose as the sole carbon
source in the presence of a CO2 atmosphere, only the cured
strains retransformed with either the original or the isolated
AsPEPCK plasmids showed growth. The cured strains transformed with the empty vector did not grow, indicating that the
phenotype of the evolved strains not only requires the genomic
mutation(s) but also depended on AsPEPCK overexpression.
In the selection experiments it was found that growth depended on the presence of high CO2 concentrations, suggesting that substrate and product concentrations strongly affect
the anaplerotic flux through PEPCK. In Pyc⫺ S. cerevisiae the
PEP concentration depends not only on the activity of PEPCK
but also on the flux through pyruvate kinase (Fig. 1). A lower
activity or lower affinity of pyruvate kinase would result in
increased PEP levels, which would benefit carboxylation of
PEP by PEPCK. Indeed, in vitro enzyme activity measurements
of samples taken during the selection of IMY051 showed that
the specific activity of pyruvate kinase had dropped significantly (from 10 to 2 mmol 䡠 min⫺1 䡠 g protein⫺1) after a new
steady state had been achieved on ammonium sulfate and that
the Km had increased from 0.12 to 0.52 mM. Pyruvate kinase
activity was also measured for strains IMY002, IMY050, and
IMY051 grown in shake flasks on glucose and aspartate medium (Table 4). Here, however, the specific activity in the
evolved strains was reduced less markedly (by 45%), while Km
actually decreased from 0.13 to 0.08 mM. In contrast, PEPCK
activity increased to 0.79 mmol 䡠 min⫺1 䡠 g protein⫺1 under
these conditions. If it is assumed that IMY051 is representative
of the steady-state culture from which it was derived, it might
be concluded that culture conditions strongly affect the properties of pyruvate kinase, possibly by changing the isozyme
distribution (6) or by posttranslational modifications.
Subsequent sequencing of PYK1, which encodes the main
pyruvate kinase isozyme, revealed single point mutations in the
coding region of the gene in both evolved strains (IMY050 and
IMY051). Both single-base substitutions resulted in an amino
acid change: G436A (in IMY050) giving Asp146Asn and
G1006T (in IMY051) giving Ala336Ser. To test whether these
mutations accounted for the observed change in phenotype,
single point mutation allele replacements (G436A or G1006T)
were carried out in the original Pyc⫺ IMK157 strain via pop-in,
pop-out recombination (29). With this technique, some of the
recombined pop-out transformants will carry the mutated allele. The AsPEPCK-expressing plasmid was introduced into a
number of the transformants (successful transformation of the
plasmid was verified by PCR), and a phenotypic screening was
performed on synthetic medium-agar plates for growth on glucose under a CO2 atmosphere. Sequencing of the PYK1 gene
showed that 7 pop-out transformants that grew had incorporated a mutated allele (these included IMY014 [G436A] and
IMY015 [G1006T]) (Fig. 2), whereas 2 pop-out transformants
that showed no growth both contained the original allele. Together, these findings indicated that the combination of a mutated PYK1 allele and the expression of AsPEPCK enabled
growth on glucose as the sole carbon source by IMY050 and
IMY051.
ScPEPCK can support anaplerosis in evolved Pycⴚ S. cerevisiae. For the previous experiments, (codon-optimized)
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with a higher growth rate (e.g., via sequential batch reactor
cultivation). However, even if a growth rate of 0.30 h⫺1 could
be reached with these Pyc⫺ AsPEPCK strains, the increase in
anaplerotic capacity would only be 2-fold.
An interesting approach to further increase the carboxylating PEPCK flux would be natural selection. If PEPCK-catalyzed carboxylation can be made solely responsible for fulfilling
the ATP requirements of the cell, there would be a strong
selective pressure to increase the rate of C4 dicarboxylic acid
production. The first demand, that no other pathway should
supply the cell with ATP, can be met by applying anaerobic
conditions and by deleting the pyruvate decarboxylase genes,
which, respectively, eliminate respiration and ethanolic fermentation. However, the second demand is more challenging.
For the production of intracellular malate from glucose, the
use of PEPCK increases the ATP yield from 0 to 1 mol mol
malate⫺1. Although such a yield might be sufficient for growth,
it is unclear whether malate can be exported efficiently from
the cell without a free energy investment. Any export mechanism that depends on ATP hydrolysis or proton translocation
(37) will consume all the ATP generated by PEPCK. Therefore, the success of this approach depends on the availability of
energetically neutral acid export or, alternatively, on an increase in free energy conservation in the production of intracellular acid.
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