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In this study, we focus on production of heterologous �-amylase in the yeast Saccharomyces cerevisiae under anaerobic condi-
tions. We compare the metabolic fluxes and transcriptional regulation under aerobic and anaerobic conditions, with the objec-
tive of identifying the final electron acceptor for protein folding under anaerobic conditions. We find that yeast produces more
amylase under anaerobic conditions than under aerobic conditions, and we propose a model for electron transfer under anaero-
bic conditions. According to our model, during protein folding the electrons from the endoplasmic reticulum are transferred to
fumarate as the final electron acceptor. This model is supported by findings that the addition of fumarate under anaerobic (but
not aerobic) conditions improves cell growth, specifically in the �-amylase-producing strain, in which it is not used as a carbon
source. Our results provide a model for the molecular mechanism of anaerobic protein secretion using fumarate as the final elec-
tron acceptor, which may allow for further engineering of yeast for improved protein secretion under anaerobic growth
conditions.

In eukaryal cells, protein folding and posttranslational modifica-
tions, trafficking, degradation, and secretion are carried out

through several compartment and vesicle systems. This demands
mechanisms of quality control and coordinated regulation, in or-
der to avoid (or reduce) cellular stress that can result in reduced
cell growth and protein secretion (1, 2) or even apoptosis and cell
death (3, 4). Misfolded proteins are detected and removed via the
endoplasmic reticulum (ER)-associated degradation (ERAD)
pathway (5), the ubiquitin-proteasome system (UPS) (5), the au-
tophagy pathway (6), or the unfolded protein response (UPR)
pathway (7). Understanding of the molecular processes involved
in the regulation of the secretory pathway may lead to applications
that could improve microbe-based production of pharmaceutical
proteins and industrial enzymes, for example, vaccines (8) and
�-amylase (9). Although many studies have provided much in-
sight into the protein secretory pathway, most of them focus on
regulation under aerobic growth conditions.

The investigation of folding and secretion of recombinant pro-
teins under anaerobic conditions is relevant for both basic and
applied research. From the applied angle, there is a growing inter-
est in developing consolidated bioprocesses, in which the host
organism (cell factory) is capable of carrying out several steps in
the industrial process, e.g., secreting the enzymes needed for the
degradation and utilization of complex substrates (biomass), uti-
lizing the substrate, and then converting it to a useful product.
Among the enzymes that are of interest in this process are the
amylases for degradation of starch biomass and, recently, other
enzymes needed for degradation of cellulosic biomass. Consider-
ing that industrial processes for production of pharmaceutical
proteins (10) and consolidated bioprocesses are carried out under
anaerobic conditions, there is a need for more fundamental
knowledge on how protein production is affected by the oxygen
supply. It has been reported previously that low oxygen levels
could enhance production of certain proteins, such as glucoamy-
lase (11), 3H6 Fab (12), and human trypsinogen (12). In order to
investigate whether this is due to less oxidative stress under anaer-
obic conditions, we studied the impact of oxygen supply on the

production of heterologous �-amylase and we combined macro-
scopic flux analysis with genome-wide transcription analysis un-
der aerobic and anaerobic conditions.

In order to be active, a protein has to fold correctly, and this in
some cases involves the formation of disulfide bonds (S-S) in the
endoplasmic reticulum (ER). This process requires transferring
electrons to an electron acceptor. Under aerobic conditions, elec-
trons removed from cysteine thiols are transferred to oxygen as
the final electron acceptor (13, 14), resulting in the production of
reactive oxygen species (ROS). In a previous study, we reported
that the oxygen uptake rate and ATP consumption rate were twice
as high in the amylase-producing strain as in the control strain,
which we suggested to be the result of increased oxidation in con-
nection with the electron transfer in ER redox pathways (15).
However, the identity of the final electron acceptor under anaer-
obic conditions remained unclear. In vitro experiments suggest
that under anaerobic conditions Ero1p of the yeast Saccharomyces
cerevisiae could transfer electrons to different types of exogenous
acceptors, such as free flavin adenine dinucleotide (FAD), yeast
cytochrome b5, and bacterial azurin (16). Bacterial or eukaryal
organisms that can live under anaerobic conditions can use several
alternative electron acceptors, as summarized in Table 1. For spe-
cies that live under both aerobic and hypoxic conditions, such as
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the mussel Geukensia demissa and the lugworm Arenicola marina,
it has been shown that they respire oxygen under aerobic condi-
tions and switch to fumarate respiration when oxygen is limited
(23, 24).

In this study, by combining reporter metabolite analysis (based
on genome-wide transcriptional response) with quantification of
overall carbon fluxes and physiological characterization of yeast
strains producing heterologous �-amylase (under aerobic and an-
aerobic conditions), we propose fumarate as the final electron
acceptor under anaerobic conditions in yeast.

MATERIALS AND METHODS
Strains and media. The reference strain NC and the amylase-producing
strain AAC were constructed and characterized in our previous study
(27).

SD-2�SCAA medium was prepared as previously described (28): 20
g/liter D-glucose, 6.7 g/liter yeast nitrogen base (YNB) without amino
acids, 2 g/liter KH2PO4 (pH 6.0 by NaOH), and 1 g/liter bovine serum
albumin (BSA), containing filter-sterilized SCAA solution (190 mg/liter
arginine, 108 mg/liter methionine, 52 mg/liter tyrosine, 290 mg/liter iso-
leucine, 440 mg/liter lysine, 200 mg/liter phenylalanine, 1260 mg/liter
glutamic acid, 400 mg/liter aspartic acid, 380 mg/liter valine, 220 mg/liter
threonine, 130 mg/liter glycine, 400 mg/liter leucine, 40 mg/liter trypto-
phan, 140 mg/liter histidine). The anaerobic growth factors (10 mg/liter
ergosterol and 420 mg/liter Tween 80) were added into the medium under
anaerobic conditions (29).

Fermentations. Seed cultures were grown in shake flasks for 24 h at
30°C, 180 rpm, and inoculated into the fermentation vessel at an initial
optical density (OD) (A600) of 0.01. All fermentations were performed in
DasGip 1.0-liter Stirrer-Pro vessels (Drescher Amold Schneider, Ger-
many) with a working volume of 500 ml of SD-2�SCAA medium, at 30°C
and 600-rpm agitation. Aerobic and anaerobic conditions were controlled
by keeping the gas flow at 1 vvm (volume of flow per working volume per
minute) with either air or nitrogen throughout the fermentations. In or-
der to keep the cultivation fully anaerobic, 1 vvm of nitrogen was flushed
through the fermentor overnight before inoculation. One drop of anti-
foam (Sigma, USA) was added to each fermentor. Dissolved oxygen was
measured using a polarographic oxygen electrode (Mettler Toledo, Swit-
zerland). The pH was maintained at 6.0 by the pH sensor (Mettler Toledo,
Switzerland) using 2 M KOH.

Analytical methods. One milliliter of the culture medium was centri-
fuged at 4,000 � g for 5 min, and 800 �l of the culture supernatant was
mixed with 100 �l 0.1 M HCl and 5.5 mM NaN3 (final concentrations)
and stored at 4°C until measurement. Concentrations of glucose, fuma-
rate, succinate, glycerol, ethanol, and acetate were analyzed by the Dionex
Ultimate 3000 high-pressure liquid chromatograph (HPLC) (Dionex
Softron GmbH, Germany) with an Aminex HPX-87H column (Bio-Rad,

USA) at 65°C using 5 mM H2SO4 as the mobile phase at a flow rate of 0.6
ml/min. The activity of �-amylase in the supernatant was measured using
the Ceralpha kit (Megazyme, Ireland) using �-amylase from Aspergillus
oryzae (Sigma, USA) as standard; the activity of the standard amylase was
calculated to be 69.6 U/mg amylase (27). To calculate the amylase yield on
biomass, we plotted the amylase production against the biomass concen-
tration for all the time points in the log phase and calculated the yield as
the slope of the data. The dry cell weight (DCW) was determined by
filtering the cell culture through an 0.45-�m filter (Sartorius Stedim, Ger-
many) and measuring the weight increase.

Genome-wide transcription analysis. Triplicate biological replicates
of each sample for microarray analysis were taken as described previously
and stored at �80°C until processing (30). RNA was isolated using the
RNeasy minikit (Qiagen), processed to cRNA using the Genechip 3= IVT
Express kit (Affymetrix), and hybridized/scanned on the Yeast Genome
2.0 array (Affymetrix) to create CEL files. Images were analyzed using R
2.10.1 software and Bioconductor packages. Briefly, data normalization
was carried out using the method of probe logarithmic intensity error
(PLIER) with perfect match probe only (PM-only). The moderated t sta-
tistic was used to identify differentially expressed genes between two con-
ditions. The Benjamini-Hochberg method was used to adjust the P values
for multiple testing (false discovery rate [FDR]).

The FDR from the statistical analysis was used as input to the reporter
features algorithm (31, 32) to identify reporter metabolites, whose neigh-
boring genes in the metabolic network were significantly changed be-
tween two conditions. The reporter analysis was performed using the
Platform for Integrative Analysis of Omics Data package for R (33).

Microarray data accession number. Microarray data were submitted
to the NCBI’s Gene Expression Omnibus database (accession number
GSE38848).

RESULTS AND DISCUSSION
Anaerobic condition increases cell growth and �-amylase secre-
tion. Yeast strains were evaluated under aerobic and anaerobic
batch cultivations. The two strains were named as follows: NC
(negative control; S. cerevisiae CEN.PK530-1C transformed with
empty vector) and AAC (CEN.PK530-1C with amylase expression
under TPI1 promoter and TPI1 terminator). As described previ-
ously, the strain CEN.PK530-1C has a deletion in the TPI1 gene
that encodes the glycolytic enzyme triose-phosphate isomerase,
and all vectors contain the POT1 gene from Schizosaccharomyces
pombe, which encodes the same enzyme (27). To ensure efficient
secretion of amylase, we used the �-factor leader sequence, which
has been found to result in more efficient secretion than that by
other leader sequences that we compared (27). The physiological
parameters are listed in Table S1 in the supplemental material for
both strains grown under the two different conditions. The data
suggest that there is a trade-off between amylase production and
cell growth, as well as glycerol and ethanol production, i.e., strains
that produce amylase grew more slowly and produced more glyc-
erol and less ethanol.

In comparison of productivity levels under aerobic and anaer-
obic conditions (Fig. 1), the AAC strain produced 2-fold-more
amylase under anaerobic conditions than under aerobic condi-
tions. Under anaerobic conditions, the AAC strain produces
about 28 mg amylase/g biomass, and as the typical protein content
of yeast is approximately 500 mg protein/g biomass, this means
that about 5.6% of all cellular protein produced is amylase. The
productivity of another strain with lower amylase production lev-
els (27) also showed a 1-fold increase under anaerobic conditions
over that under aerobic conditions (data not shown).

Electron acceptors for protein folding under anaerobic con-
ditions. Genome-wide transcription analysis was performed, and

TABLE 1 Alternative final electron acceptors in different species that
grow anaerobically

Domain Species or group Acceptor(s) Reference(s)

Bacteria Escherichia coli Fumarate 17
Veillonella parvula Fumarate 18
Wolinella succinogenes Fumarate, nitrate 18, 19
Sulfate-reducing bacteria Sulfite, sulfur 20
Sporomusa acidovorans CO2 21
Rhodopseudomonas capsulata DMSOa 22

Eukarya Geukensia demissa Fumarate 23
Arenicola marina Fumarate 24
Ciliates Nitrite, nitrate 25
Fungi Nitrite, nitrate 26

a DMSO, dimethyl sulfoxide.
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the amylase-secreting strain (AAC) and the control strain (NC)
were compared under aerobic and anaerobic conditions. In order
to propose a putative final electron acceptor for the protein fold-
ing in the ER under anaerobic conditions, we combined our tran-
scriptome data with a genome-scale metabolic model using the
reporter metabolite algorithm (31, 32) and identified the key me-
tabolites around which significant transcriptional changes oc-
curred. The top 15 reporter metabolites for each strain in the
comparison of anaerobic and aerobic conditions were clustered in
Fig. 2. It is remarkable that the 11 common reporter metabolites
for all three strains could be grouped into two clusters, and we
suggest that fumarate, oxygen, reduced flavin adenine dinucle-

otide (FADH2), FAD, ubiquinol, and ubiquinone-9 are related to
electron transport (details shown in Table 2).

More precisely, FAD1, which is involved in FAD synthesis;
FLC1, which is responsible for FAD ER transport; and ERV2,
which codes for flavin-bound thiol oxidase (34) for disulfide bond

FIG 1 Amylase productivity during the glucose phase of the fermentation.
White bar, aerobic conditions; black bar, anaerobic conditions. NC stands for
the reference strain, and AAC stands for the amylase-producing strain. The
amounts of amylase were measured by activities and converted into protein
amounts. Error bars are based on independent triplicates.
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FIG 2 Top 15 reporter metabolites in the two strains in comparing anaerobic to aerobic conditions. Eleven metabolites were commonly presented in both
comparisons (metabolites around which the most significant transcriptional changes occur). Fumarate, oxygen, FADH2, FAD, ubiquinol, and ubiquinone-9 are
shown to be even more significant reporter metabolites in the production strain (AAC) than in the wild-type strain (NC), under anaerobic (anAAC or anNC) and
aerobic (aAAC or aNC) conditions. CoA, coenzyme A.

TABLE 2 Reporter metabolites: significantly changed genes (FDR,
�0.05) as a function of anaerobic/aerobic conditions

Reporter metabolite Genea Description

Fumarate FRD1 Fumarate reductase
OSM1 Fumarate reductase
FUM1 Fumarase
SFC1 Mitochondrial succinate-fumarate

transporter

FAD/FADH2 FAD1 FAD synthesis
FLC1 FAD ER transporter
ERV2 Disulfide bond formation
SDH3 Succinate dehydrogenase
FLX1 FAD transporter

Ubiquinol/ubiquinone URA1 Pyrimidine synthesis
COQ1 Ubiquinone synthesis
COQ2 Ubiquinone synthesis
COQ3 Ubiquinone synthesis
COQ4 Ubiquinone synthesis
COQ5 Ubiquinone synthesis
COQ6 Ubiquinone synthesis
COQ9 Ubiquinone synthesis

a Genes in bold were significantly upregulated (value) under anaerobic conditions.
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formation, were all upregulated under anaerobic conditions. Un-
der aerobic conditions, the levels of free FAD and total FAD were
estimated to be �3 �M and 15 �M, respectively, in wild-type
strains (35), and our data suggested that under anaerobic condi-
tions the FAD synthesis was further upregulated, which suggested
that FAD might have important functions in the anaerobic me-
tabolism. It has been reported previously that all sulfhydryl oxi-
dases and most disulfide reductases have flavin as an essential
cofactor (36, 37). Depletion of riboflavin, the precursor of flavins,
resulted in a severe defect in oxidative folding (14), whereas in-
creasing cellular free FAD levels (38) could restore cell growth of
the ero1 mutant. It was also reported that free FAD was essential
for RNase A refolding catalyzed by Ero1p and protein disulfide
isomerase (PDI) (38) and therefore suggested that Ero1p might
contain domains that work with free FAD (39). All these pieces of
evidence demonstrate the important role of the cellular free FAD
level in the protein folding in the ER. It has been reported that
Ero1p could directly transfer electrons to free FAD under anaer-
obic conditions (16). Here, we suggest that under anaerobic con-
ditions, free FAD could act as the electron carrier that takes part in
the electron transfer from Ero1p to the final electron acceptor
during protein folding in the ER.

We further found that both OSM1 and FRD1, encoding fuma-
rate reductase, were upregulated under anaerobic conditions. It
was reported that a single deletion of either OSM1 or FRD1 does
not affect the anaerobic cell growth (40), whereas a double dele-
tion is lethal under anaerobic conditions but has no growth effect
under aerobic conditions (41), and it was suggested that fumarate
reductase is essential under anaerobic conditions because it cata-
lyzes the only reaction that could oxidize free FADH2 under these
conditions (40). Here, we propose that the FAD that is reduced to
FADH2 by accepting electrons from protein folding in the ER is

then oxidized back to FAD by the fumarate reductase. A model for
electron transfer from the ER to fumarate is presented in Fig. 3.

There are two electron-transferring pathways reported in the
ER (Fig. 3): for disulfide bridge formation, electrons pass through
PDI to either Ero1p or Erv2p, which both can reduce free flavins
(16). It has been further shown that overexpression of Erv2p can
restore cell growth in an Ero1 mutant under both aerobic (34) and
anaerobic (38) conditions. In comparison of anaerobic to aerobic
conditions, the expression of neither PDI1 nor ERO1 was
changed, whereas ERV2 was upregulated in both strains. Instead
of reducing the oxygen, the electrons are further transferred to free
FAD, possibly using one of the following two routes: (i) since FAD
could be transported across the ER membrane (39), electrons
could be transferred to free FAD in the ER lumen directly by the
Ero1p-bound FADH2 (16) and thereafter be exported to the cyto-
sol, or (ii) as Ero1p is closely associated with the ER membrane
(42, 43), electrons could be directly transferred from the mem-
brane-spanning part of Ero1p to free FAD in the cytosol. In the
cytosol, either FADH2 could be oxidized when fumarate is con-
verted to succinate by the cytosolic fumarate reductase Frd1p or it
could be translocated to the mitochondria and there be oxidized
by the mitochondrial fumarate reductase Osm1p.

Fumarate as the final electron acceptor in S. cerevisiae. It has
been reported that fumarate is used as the electron acceptor in the
reaction catalyzed by dihydroorotate oxidase Ura1p in the pyrim-
idine synthesis pathway in S. cerevisiae (44). This reaction converts
dihydroorotate to orotate, and at the same time, ubiquinone is
converted to ubiquinol. Interestingly, the genes COQ5, COQ6,
and COQ9, which are related to the mitochondrial synthesis of
ubiquinol, were significantly upregulated under anaerobic condi-
tions, which points to ubiquinol as the possible electron donor for
fumarate.

FIG 3 Proposed model for anaerobic electron transfer with fumarate as the final electron acceptor for protein folding. For the disulfide bridge formation,
electrons pass through PDI to either Ero1 or Erv2. Then, instead of oxygen, electrons are transferred through free FAD to the final electron acceptor, fumarate,
either in the cytosol or in the mitochondrion. Boxes, intracellular proteins and metabolites; red ovals, upregulated enzymes; green ovals, downregulated enzymes;
black lines, metabolic pathways; orange lines, electron-transferring pathways; dashed lines, alternative electron transfer reactions. FMN, flavin mononucleotide.
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In order to evaluate our hypothesis that fumarate may act as
the final electron acceptor for electrons from the protein folding
pathways, the number of electrons generated and consumed un-
der anaerobic conditions was calculated based on our experimen-
tal data (for details, see Table S1 and Fig. S1 in the supplemental
material). If we assume that all electrons formed by the disulfide
bridge formation and pyrimidine biosynthesis have fumarate as
the final acceptor, the total amount of succinate formed would be
about 0.11 mmol/g biomass (based on amylase productivity of
5.48 mg/g [dry weight (DW)] and 4 disulfide bridges in amylase).
In our anaerobic experiments, the succinate production is mea-
sured to about 0.32 to 0.41 mmol/g biomass, which corresponds
to 3- to 4-fold over the theoretical calculation. In this context, it
is quite interesting that the amylase-producing strain AAC pro-
duces more succinate than NC does, even though it has a lower
biomass production. This could be explained by the fact that high
levels of heterologous protein production generate more cell stress
and possibly higher ER stress (this could also be the reason why
AAC grew slower under both aerobic and anaerobic conditions)
and hence result in futile cycling of disulfide bond formation and
more electrons transferred by the fumarate reductase.

Addition of fumarate promotes cell growth under anaerobic
conditions. In a previous study, we demonstrated that production
of amylase under aerobic conditions is limited by protein folding
capacity (15). In that case, we hypothesized, futile redox cycles
occur during protein folding and refolding, which consume po-
tentially limitless amounts of oxygen, the final electron acceptor
under aerobic conditions (15). From the fermentation experi-
ments, we found that the specific growth rate (�) is much lower
under anaerobic conditions for the high-production strain
(AAC), as shown in Fig. 4. Futile protein folding cycles might
occur under anaerobic conditions as well, and in this case, the
fumarate that could act as the final electron acceptor would be
limiting, thus leading to the observed growth limitation. In order
to test this hypothesis, cell growth was assessed with the addition
of 0.5 g/liter fumarate and evaluated under aerobic and anaerobic
conditions, and we found that the growth increased by about 10%
only in the AAC strain and only under anaerobic conditions (Fig.
4). Although this modest increase is not statistically significant, it

provided additional support for the hypothesis that fumarate
could be the final electron acceptor. However, the �-amylase titer
did not increase by fumarate addition, suggesting that fumarate
might mainly be involved in recycling intermediates for electron
transferring, which could help to produce amylase in a more effi-
cient way, i.e., producing the same amount of amylase faster.

To test if fumarate was merely used as a carbon source, we also
measured the specific growth rate with fumarate addition under
aerobic conditions. In this case, the AAC strain did not show an
increased specific growth rate (Fig. 4). Interestingly, there was still
fumarate left in the medium at the end of the fermentation under
anaerobic conditions, which suggested that there are other limit-
ing factors for anaerobic amylase production. Also, it was noted
that the addition of fumarate increased slightly the production of
succinate but did not decrease the production of glycerol. Addi-
tionally, fumarate did not promote cell growth in the control NC
strain (with no amylase production) under either aerobic or an-
aerobic conditions.

Biomass yield on glucose is higher with fumarate addition,
which indicates that the addition of fumarate reduces the amount
of ATP spent on futile cycles, and this enables a higher biomass
yield.

Conclusions. In this study, we investigated mechanisms un-
derlying increased �-amylase production and secretion under an-
aerobic conditions in the yeast S. cerevisiae. Comparison of tran-
scriptional responses in aerobic and anaerobic conditions led us to
propose a model for transfer for electrons under anaerobic con-
ditions. Our genome-wide transcription data pointed to the sig-
nificant upregulation of FAD synthesis, mitochondrial ubiquinol
synthesis, and fumarate reductase under anaerobic conditions.
Addition of small amounts of fumarate resulted in a slightly in-
creased specific growth rate under anaerobic conditions but not
under aerobic conditions. In conclusion, we propose that the fu-
marate used in small amounts under anaerobic conditions serves
as an acceptor for electrons streaming from futile cycles associated
with protein folding in the ER.
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