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Article Addendum

Saccharomyces cerevisiae shows high 
growth activity under low pH 

conditions and can be used for producing 
acidic chemicals such as organic acids as 
well as fuel ethanol. However, ethanol 
can also be a problematic by-product in 
the production of chemicals except for 
ethanol. We have reported that a stable 
low-ethanol production phenotype 
was achieved by disrupting 6 NADH-
dependent alcohol dehydrogenase genes 
of S. cerevisiae. Moreover, the genes 
encoding the NADH-dependent glycerol 
biosynthesis enzymes were further 
disrupted because the ADH-disrupted 
recombinant strain showed high glycerol 
production to maintain intracellular 
redox balance. The recombinant strain 
incapable producing ethanol and 
glycerol could have the potential to be a 
host for producing metabolite(s) whose 
biosynthesis is coupled with NADH 
oxidation. Indeed, we successfully 
achieved almost 100% yield for L-lactate 
production using this recombinant strain 
as a host. In addition, the potential of 
our constructed recombinant strain for 
efficient bioproduction, particularly 
under anaerobic conditions, is also 
discussed.

Introduction

The yeast Saccharomyces cerevisiae 
has been widely used in the production 
of alcoholic beverages and the fuel 
ethanol because of its high ethanol 
production ability. Moreover, since  
S. cerevisiae exhibits high growth activity 

under low pH conditions, it has been 
utilized for the production of acidic 
chemicals such as lactate and succinate. 
When producing useful chemicals, the 
production of ethanol as a by-product by 
S. cerevisiae can be problematic. Indeed, 
metabolic engineering approaches of  
S. cerevisiae have been reported for reducing 
ethanol production and enhancing the 
productivity of target metabolite(s).1-4

In cellular metabolism, redox balance 
(i.e., intracellular balance between 
NAD(P)H and NAD(P)+) is maintained. 
Under aerobic conditions, NADH 
produced via glycolysis and the TCA cycle 
is oxidized in the respiratory chain. On the 
other hand, under anaerobic conditions, 
NADH produced via glycolysis is 
oxidized in fermentation pathways, 
such as ethanol and lactate production 
pathways. For S. cerevisiae, NADH 
produced via glyceraldehyde-3-phosphate 
dehydrogenase is mainly oxidized via the 
ethanol biosynthesis catalyzing alcohol 
dehydrogenases (ADHs).5 In addition, 
other metabolic reactions such as glycerol 
biosynthesis pathways are also involved in 
NADH oxidation. Since the intracellular 
redox imbalance can be problematic for 
bioproduction, it is very important to 
consider the intracellular redox balance in 
metabolic engineering.

Recently, we examined the 
characteristics of an ADH1-disrupted  
S. cerevisiae strain in continuous culture 
under anaerobic conditions.6 However, 
complete loss of ethanol production 
ability in this recombinant strain could 
not be achieved, and glycerol production 
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was enhanced under anaerobic conditions. 
Therefore, all NADH-dependent ethanol 
biosynthesis pathways and glycerol 
biosynthesis pathways were disrupted in  
S. cerevisiae.7 The utility of this S. cerevisiae 
recombinant strain that was incapable of 
both ethanol and glycerol biosynthesis for 
bioproduction under anaerobic conditions 
was further examined.

In this paper, maintenance of the 
intracellular redox balance between 
NADH and NADPH in S. cerevisiae is 
summarized. In addition, characteristics 
of S. cerevisiae recombinant strains that do 
not produce ethanol and glycerol and the 
potential of such recombinant strains for 
bioproduction under anaerobic conditions 
are discussed.

Maintenance of Intracellular 
Redox Balance in S. cerevisiae

In metabolic networks, many oxidation 
and reduction reactions are included. 
For oxidation and reduction reactions, 

reducing powers such as NADH and 
NADPH and the reduced forms NAD+ 
and NADP+, respectively, are used, and 
the intracellular balances for such reducing 
powers (i.e., NADH/NAD+ and NADPH/
NADP+ ratios) have to be maintained. In 
most microorganisms, NADH is produced 
in the glycolysis and the TCA cycle and 
is oxidized to NAD+ by the respiratory 
chain under aerobic conditions. For  
S. cerevisiae, NADH produced in 
glycolysis is dominantly oxidized by 
ethanol fermentation pathways catalyzed 
by NADH-dependent ADHs to maintain 
the redox balance (Fig.  1).5 Metabolic 
flux analysis revealed that 74% of carbons 
incorporated in the cells as glucose flowed 
to ethanol biosynthesis.8 S. cerevisiae 
possesses 6 NADH-dependent ADHs 
encoding ADH1, ADH2, ADH3, ADH4, 
ADH5 and SFA1.9 Among these, Adh1p is 
a 150-kDa protein and is the major ADH 
for ethanol production. Adh2p is thought 
to be utilized for ethanol assimilation. 
Adh1p, Adh2p and Adh5p are localized 

to the cytoplasm, and Adh3p and Adh4p 
are localized to mitochondria. The Sfa1p 
protein is annotated as a bifunctional 
enzyme ADH/S-(hydroxymethyl)
glutathione dehydrogenase.

In S. cerevisiae, the metabolic 
flux of glyceraldehyde-3-phosphate 
dehydrogenase in glycolysis, wherein 
NAD+ is reduced, is larger than that of 
ADHs coupled with NADH oxidation, 
because of the high carbon requirement 
for anabolic metabolism (i.e., biomass 
production) such as amino acid and 
fatty acid biosynthesis. Therefore, other 
NADH oxidation reactions are necessary 
to maintain the NADH/NAD+ balance. 
It has been reported that glycerol 
production was enhanced by disrupting 
the ADH1 gene.1 In addition, disrupting 
glycerol biosynthesis reactions enhanced 
ethanol production.10 Therefore, glycerol 
biosynthesis reactions also contribute to 
maintaining the NADH/NAD+ balance. 
In glycerol biosynthesis reactions, 
glycerol-3-phosphate dehydrogenases 
encoding GPD1 and GPD2 convert 
dihydroxyacetone phosphate to glycerol-
3-phosphate and require NADH as a 
reducing power.11 Metabolic flux analysis 
revealed that 8.5% of incorporated 
carbons flowed into glycerol production.8

Other NADH oxidation mechanisms 
include respiration of cytosolic NADH 
by external mitochondrial NADH 
dehydrogenase and the glycerol-3-
phosphate shunt and NADH oxidation 
by mitochondrial NADH dehydrogenase 
in the respiratory chain.5 Moreover, 
shuttle mechanisms such as the malate-
oxaloacetate shuttle, malate-aspartate 
shuttle and malate-pyruvate shuttle have 
also been proposed.5

Characteristics of S. cerevisiae 
Recombinant Strains Incapable 

of Ethanol Biosynthesis  
under Anaerobic Conditions

As described above, since ethanol 
becomes a by-product in bioproduction 
processes other than ethanol production, 
reduction of ethanol production is 
important for such bioproduction, 
particularly anaerobic bioproduction. 
To that end, we analyzed the ADH1-
disrupted strain of S. cerevisiae and 

Figure  1. Central carbon metabolism of S. cerevisiae. The oxidation and reduction of NADH 
in glycolysis and ethanol and glycerol biosynthesis reactions are shown. Glc, glucose; GAP, 
glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; Pyr, pyruvate; AcAld, 
acetaldehyde; G3P, glycerol-3-phosphate.�
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examined the culture characteristics of 
the constructed strain.6 As expected, 
ethanol yield in the ADH1-disrupted 
strain was lower than that in the parental 
strain. Moreover, glycerol yield in the 
ADH1-disrupted strain was higher than 
that in the parent strain, suggesting 
that oxidation of NADH produced 
by glycolysis was oxidized by glycerol 
biosynthesis reactions, as a substitute to 
ethanol biosynthesis pathways.

It is noteworthy that the ADH1-
disrupted strain showed unstable 
phenotypes in continuous culture under 
oxygen-limited conditions.6 The ethanol 
production levels became low at the initial 
steady-state by 100 h. However, ethanol 
production levels gradually increased 
after reaching the initial steady-state. The 
ethanol production yield was increased, 
while the glycerol production yield 
was decreased, indicating that NADH 
produced via glycolysis was oxidized by the 
remaining ethanol biosynthesis reactions 
in the ADH1-disrupted strain under 
oxygen-limited conditions rather than by 
glycerol biosynthesis reactions. Moreover, 
expression of the genes encoding ADH 
isozymes in the ADH1-disrupted strain, 
particularly ADH2 and ADH4, were 
upregulated after long-term continuous 
culture, probably to compensate for the 
requirement of oxidation of NADH 
produced via glycolysis. Therefore, the 
recombinant strain in which the 6 NADH-
dependent ADH isozyme genes (i.e., 
ADH1, ADH2, ADH3, ADH4, ADH5 
and SFA1) were disrupted was constructed 
and examined under continuous culture. 

Ethanol production levels became low 
throughout the cultivation, but glycerol 
production levels became high, suggesting 
that glycerol biosynthesis reactions 
were utilized for NADH oxidation in 
the recombinant strain in which the 6 
NADH-dependent ADH genes were 
disrupted. The low ethanol production 
phenotype is stably shown when all 
the NADH-dependent ADH genes in  
S. cerevisiae are disrupted.

L-lactate production by the 
S. cerevisiae Recombinant 

Strain Incapable of Ethanol 
and Glycerol Biosynthesis 

under Anaerobic Conditions

Ethanol production decreased clearly 
and stably following disruption of all 
the NADH-dependent ADH genes, but 
glycerol production was increased to 
oxidize NADH produced via glycolysis 
under oxygen-limited conditions. Since 
glycerol is considered a by-product for 
producing the target product, reduction 
of glycerol production was also required. 
Therefore, the GPD1 and GPD2 genes 
encoding NADH-dependent glycerol-
3-phosphate dehydrogenases were 
disrupted further.6 In addition, the 
PDC1 gene encoding the major pyruvate 
dehydrogenase that converts pyruvate 
to acetaldehyde, which is a substrate for 
ADHs, was also disrupted to ensure the 
reduction of ethanol production. As a 
result, the recombinant strain incapable 
of ethanol and glycerol biosynthesis was 
constructed.

Since the recombinant strain incapable 
of ethanol and glycerol biosynthesis does 
not possess the 2 major NADH oxidation 
pathways, it can be expected that 
production of the target product whose 
biosynthesis is coupled with NADH 
oxidation can be achieved by a metabolic 
engineering approach. We introduced the 
gene for human L-lactate dehydrogenase 
(LDH) into the recombinant strain 
incapable of ethanol and glycerol 
biosynthesis and examined L-lactate 
production under anaerobic conditions, 
which was achieved by N

2
 gas flow 

into the jar bioreactor.7 LDH converts  
1 mol pyruvate to 1 mol L-lactate; this 
conversion is coupled with oxidation of  
1 mol NADH. If the theoretical maximum 
yield is achieved, 2 mol L-lactate is 
produced from 1 mol glucose, and 2 mol 
NADH produced by the glyceraldehyde-
3-phosphate dehydrogenase reaction are 
oxidized, which is coupled with the LDH 
reaction, to maintain redox balance. In 
addition, since the Michaelis-Menten 
constant for human LDH is lower than 
those of some lactic acid bacteria,12-14 we 
selected human LDH for constructing 
L-lactate-producing recombinant strain.

The recombinant strain incapable of 
both ethanol and glycerol biosynthesis 
could not grow under anaerobic 
conditions probably due to the NADH 
accumulation. Therefore, cells of the 
recombinant strain cultivated aerobically 
were suspended in fresh medium at a high 
density and packed in the jar bioreactor. 
Then, L-lactate production was examined 
by incubating the packed cells with gentle 

Figure 2. L-Lactate production by the human LDH-carrying S. cerevisiae recombinant strain with the 6 NADH-dependent ADH isozyme genes. Cells 
of the recombinant strains carrying empty plasmid (A) and the human-LDH-expression plasmid (B) were incubated in the jar bioreactor with a N2 gas 
purge and slow agitation. Cell growth (OD660; circles) and concentrations of glucose (squares), ethanol (diamonds) and L-lactate (triangles) are shown.�
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agitation and a N
2
 gas purge (Fig.  2). 

Although no cell growth was observed 
as expected, glucose was consumed and 
L-lactate was produced. Moreover, almost 
all glucose incorporated into the cell was 
efficiently converted to L-lactate; i.e., 
the mol-based L-lactate yield was around 
200%. The efficient L-lactate production 
process under anaerobic conditions could 
be established by using the S. cerevisiae 
recombinant strain incapable of ethanol 
and glycerol biosynthesis.

Potential of the S. cerevisiae 
Recombinant Strain  
Incapable of Ethanol  

and Glycerol Biosynthesis

The S. cerevisiae recombinant strain 
incapable of ethanol and glycerol 

biosynthesis could be used for anaerobic 
bioproduction. In particular, the 
metabolite(s) whose biosynthesis is 
coupled with NADH oxidation such 
as L-lactate could be suitable targets 
for anaerobic bioproduction using this 
recombinant strain.

Recently, in silico metabolic simulation 
using genome-scale models have been 
utilized in metabolic engineering.15-17 
In this simulation, metabolic flux 
distribution at a steady-state can be 
simulated as the biomass formation is 
maximized. This simulation platform can 
predict metabolic state changes against 
culture environments and gene knockouts 
for improvement of target metabolite 
production. Therefore, in silico metabolic 
simulation using a genome-scale metabolic 
model of S. cerevisiae iND75018 was 

applied to search for target metabolites 
for anaerobic bioproduction by the 
recombinant strain incapable of ethanol 
and glycerol biosynthesis. The feasibility 
of production of selected metabolite(s) 
whose biosynthesis is alternative to that of 
ethanol and glycerol in terms of NADH 
oxidation under anaerobic conditions can 
be surveyed by our in silico simulation 
studies. As a result, we found 20 native  
S. cerevisiae metabolites whose 
biosynthesis reactions involved oxidization 
of NADH as an alternative to ethanol 
and glycerol biosynthesis reactions based 
on the simulation: alanine, asparagine, 
aspartate, cysteine, D-glucosamine-6-
phosphate, D-sorbitol, dTTP, fumarate, 
isoleucine, malate, methionine, ornithine, 
(R)-pantothenate, phenylalanine, proline, 
succinate, threonine, tryptophan, tyrosine 
and valine.7 We further simulated whether 
each metabolite could be produced 
under anaerobic conditions, and the 
only the solution where the target could 
be produced without biomass formation 
was feasible. In this simulation, the 
fluxes for biosynthesis of the identified 
20 metabolites, except for the target 
metabolite, as well as ethanol and glycerol 
biosynthesis were set to zero in advance. 
Among the 20 metabolites, alanine, valine 
and succinate were produced without 
biomass formation under anaerobic 
conditions; feasible solutions on the 
production of target metabolites without 
biomass formation could be estimated. 
Figure  3 shows the simulated flux 
distributions when producing alanine, 
valine and succinate as well as L-lactate, 
whose production requires heterologous 
metabolic pathway, under completely 
anaerobic conditions. In all cases, glucose 
incorporated into the cells was completely 
converted to pyruvate, and the converted 
pyruvate was further completely converted 
to the target metabolites. Moreover, there 
was no biomass formation; i.e., achieving 
the theoretical maximum yield and 
maintenance of intracellular redox balance 
was simulated.

Based on the concepts of synthetic 
biology, introduction of heterologous 
metabolic pathway(s) into the host species 
is effective for producing non-native 
metabolite(s).19,20 If the biosynthesis 
pathways for the target metabolite involve 

Figure 3. Simulated metabolic flux distributions during production of L-lactate (A), alanine (B), valine 
(C) and succinate (D) under anaerobic conditions in the recombinant strain incapable of both ethanol 
and glycerol biosynthesis. Metabolic simulation was performed using a genome-scale metabolic 
model of S. cerevisiae iND750 based on the concept of flux balance analysis; glucose and oxygen 
uptake rates assumed 1 and 0 mmol g dry cell-1 h-1, respectively, and the metabolic flux distributions 
at the metabolic steady-state were estimated as the biomass formation was maximized using linear 
programming. In these simulations, the fluxes for biosynthesis of the identified 20 metabolites, 
except for the target metabolite, as well as ethanol and glycerol biosynthesis were set to zero in 
advance. For simulation of L-lactate production (A), the heterologous reaction corresponding to 
LDH was added. In all cases, no biomass formation was achieved. The metabolic flux distributions 
normalized by the glucose uptake rate as 100 are shown. Glc, glucose; GAP, glyceraldehyde-3-
phosphate; Pyr, pyruvate; Oxa, oxaloacetate; Mal, malate, Fum, fumarate; 2OV, 2-oxoisovalerate; 
AcAld, acetoaldehyde; Q6H2, ubiquinone (reduced form); Q6, ubiquinone (oxidized form).
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NADH-coupled reactions, utilization of 
our S. cerevisiae recombinant strain with 
elimination of both ethanol and glycerol 
biosynthesis as a host would be effective 
as shown above for the case of L-lactate 
production (Fig. 2). We recently established 
a platform to design heterologous metabolic 
pathways to produce metabolite(s) that 
cannot be produced by the host.21 By using 
our simulation platform, the design of the 
metabolic pathways and bioproduction 
are facilitated. Moreover, similar to the 
L-lactate production described above, 
by constructing the recombinant strain 
producing the target metabolite(s) based 
on the strain incapable of ethanol and 
glycerol biosynthesis, efficient anaerobic 
production processes with nearly the 
theoretical maximum yield might be able 
to be established. However, further studies 
are required.

We constructed the S. cerevisiae 
recombinant strain incapable of both 
ethanol and glycerol biosynthesis for 
bioproduction. As shown in our report 
on L-lactate production, high yields of 

target product can be achieved using this 
recombinant strain as a host. However, 
glucose consumption and target product 
production rates were very low. Moreover, 
the cell growth rate under aerobic 
conditions was also low in comparison 
with the parent strain. In our recombinant 
strain, glycerol biosynthesis is impaired 
due to the disruption of GPD1 and GPD2 
genes. In the GPD1 and GPD2 knockout 
strain of S. cerevisiae, one of the important 
metabolites for phospholipid biosynthesis, 
glycerol-3-phoshate, which is a precursor 
for phosphatidic acid biosynthesis, cannot 
be produced from dihydroxyacetone 
phosphate directly. However, S. cerevisiae 
possess the bypass reactions for glycerol-3-
phoshate biosynthesis; glycerol-3-phoshate 
is produced from 1-acyl-dihydroxyacetone 
phosphate which is produced by acylation 
of dihydroxyacetone phosphate.22-25 Thus, 
the GPD1 and GPD2 knockout strain is 
viable without nutrient supplementation. 
Additionally, the PDC1 gene encoding 
pyruvate decarboxylase involved in 
acetaldehyde biosynthesis, which is 

necessary for cytosolic acetyl-CoA 
biosynthesis, is also disrupted in our 
recombinant strain. However, since  
S. cerevisiae possesses 3 genes encoding 
pyruvate decarboxylase isozymes (PDC1, 
PDC5 and PDC6 ),26-28 our recombinant 
strain can produce acetaldehyde by the 
Pdc5p and Pdc6p proteins. Therefore, the 
reason why our recombinant strain shows 
low cell growth, glucose consumption and 
target product production rates of our 
recombinant strain is caused by disruption 
of the major metabolic reactions involved 
in NADH oxidation (i.e., ethanol and 
glycerol biosynthesis pathways) rather 
than the insufficiency of nutrients.

For efficient bioproduction, it is 
necessary to improve these parameters for 
the recombinant strain. We will continue 
to study our constructed recombinant 
strain for efficient bioproduction by  
S. cerevisiae.
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