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Abstract

The yeasts used in fuel ethanol manufacture are unable to metabolize soluble
proteins. The PEP4 gene, encoding a vacuolar aspartyl protease in Saccharomyces
cerevisiae, was either secretively or cell-surface anchored expressed in industrial
ethanol-producing S. cerevisiae. The obtained recombinant strains APA (expressing
the protease secretively) and APB (expressing the protease on the cell wall) were
studied under ethanol fermentation conditions in feed barley cultures. The effects
of expression of the protease on product formation, growth and cell protein content
were measured. The biomass yield of the wild-type was clearly lower than that of the
recombinant strains (0.578 + 0.12 g biomass/g glucose for APA and 0.582+0.08 g
biomass/g glucose for APB). In addition, nearly 98-99% of the theoretical maximum
level of ethanol yield was achieved (relative to the amount of substrate consumed) for
the recombinant strains, while limiting the nitrogen source resulted in dissatisfactory
fermentation for the wild-type and more than 30 g/l residual sugar was detected at
the end of fermentation. In addition, higher growth rate, viability and lower yields of
byproducts such as glycerol and pyruvic acid for recombinant strains were observed.
Expressing acid protease can be expected to lead to a significant increase in ethanol
productivity. Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

for maximum rates of sugar utilization and ethanol
production. Although the starchy materials used

Fuel alcohol is one of the most promising alter-
native liquid fuels among the primary renewable
sources and energy. However, to make ethanol an
economically feasible biofuel, the process has to
be optimized in terms of yields as well as ethanol
production rate (Casey and Ingledew, 1986). Very
high gravity (VHG) fermentation technology is
of commercial interest because of its potential
to increase the final ethanol concentration and to
reduce processing costs in fuel ethanol produc-
tion (Ingledew, 1993). Under VHG conditions, it
is critical that fermentations have adequate yeast-
assimilable nitrogen (free amino nitrogen, FAN)

Copyright © 2010 John Wiley & Sons, Ltd.

for ethanol production contain relatively high pro-
tein content (corn, 10—13%; feed barley, 15-18%),
the yeasts used in fuel ethanol manufacture are
unable to metabolize soluble proteins, making the
materials of no value during fermentation. The
intrinsic importance of assimilable nitrogen to yeast
growth and metabolism is well known by the alco-
holic beverage industries such as beer and wine, in
which the medium contains both ammonium and
amino acids (Beltran et al., 2005; Mikinen et al.,
1970), but few studies have investigated the influ-
ence of the nitrogen source on yeast growth and
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product formation in the ethanol industry. It is
already known that imbalance and, in particular,
deficiencies in the supply of assimilable nitrogen
compounds remain the most common cause of fer-
mentation faults (Bely et al., 1990; Ingledew and
Kunkee, 1985). In the ethanol industry, nitrogen
deficiencies would cause unpleasant effects on the
growth and metabolism of yeast, resulting in stuck
or sluggish fermentations. One way to solve these
problems is by adding nutritional supplements, usu-
ally inorganic forms of nitrogen such as ammonium
salts, to medium prior to fermentation (Bely et al.,
1990; Jiranek et al., 1991; Monteiro and Bisson,
1992). However, without knowledge of the nitro-
gen content of the medium and the requirement for
nitrogen by yeast, such additions are being made
empirically. For the ethanol industry using cereal
grains such as corn or wheat or economic crops
such as cassava as fermentation mashes, which
contain some protein, adding acid protease to the
medium is another way to avoid problems. Amino
acids produced in this process are the best nutri-
ent substances and fermentation activating accel-
erator. However, simultaneous saccharification and
fermentation (SSF) in VHG cannot be conducted
due to the proteolytic effect of acid protease on
other kinds of enzymes, specifically the raw-starch-
digesting amylase. Although the materials can be
treated by acid protease prior to fermentation and
the activities of the enzymes could be lost by heat-
ing, the energy consumed during this process would
definitely increase the cost.

In the present study, in order to improve the effi-
ciency of material utilization and ethanol yield, as
well as simplify the fermentation process, the PEP4
gene, encoding a vacuolar aspartyl protease, was
expressed secretively and cell-surface anchored in
industrial ethanol-producing strain of S. cerevisiae.
The two kinds of recombinant strains obtained,
APA (expressing the protease secretively) and APB
(expressing the protease on cell wall), were studied
under ethanol fermentation conditions. This is the
first report, to our knowledge, to express its own
aspartyl protease on the cell surface of industrial
ethanol-producing yeast and evaluate its effect on
ethanol and single-cell protein (SCP) production.
As the yeast S. cerevisiae has ‘generally regarded
as safe’ (GRAS) status and no heterologous genes
were introduced to the strain in our experiment,
the novel strains would have practical use for the
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food, ethanol and feed processing industries with its
characteristics of high viability and protein content.

Materials and methods

Strains and media

All strains used in this study were provided by
the Culture and Information Center of Indus-
trial Microorganisms of China Universities, JU.
Escherichia coli IM109 {recAl supE44 endAl
hsdR17 gyrA96 relAl thi (Lac-proAB) F’[traD36
proAB™ lacl? lacZM15]} was used for recombi-
nant DNA manipulation. Industrial ethanol produc-
tion yeast S. cerevisiae CICIMY0086 (wild-type)
was routinely cultivated in a medium composed
of 1% yeast extract, 2% Bacto peptone and 2%
glucose (YPD), and solid medium containing 2%
agar. For selection of yeast transformants, G418
was added with a final concentration of 500 pg/ml.
Incubation conditions were standardized on the
rotary shaker at 30 °C with 150 rpm.

Construction of the plasmids

The plasmids used for yeast secretive and cell-
surface anchored expression were constructed as
follows: PGKI promoter and terminator were
cloned by PCR amplification from S. cerevisiae
with primers PF1 and PR2, TF1 and TF2. After
digestion by Sall, the two fragments were inserted
into the pMD18-T simple vector (TaKaRa, Japan)
resulting in plasmid pMG. The kanamycin resis-
tance gene, which confers resistance to Geneticin
in S. cerevisiae, was amplified from the plas-
mid pPIC9K using primer KF1 and KF2 con-
taining a 34-bp loxp site on both ends, and was
inserted into the NotI site of pMG. An rDNA frag-
ment of the S. cerevisiae was cloned using primer
RF1 and RF2 and inserted into the Ndel site of
pMGI1 used as homologous integration site; the
resultant plasmid was named pMGKR. The PEP4
gene, encoding aspartyl protease in S. cerevisiae,
was cloned by PCR amplification using primers
APF1 and APR2 containing EcoRI site on both
ends. A 1218 bp PCR fragment including the
entire coding region was obtained, after diges-
tion by EcoRlI; the fragment was inserted into the
pPICI9K vector at the same site, resulting in plas-
mid pPIC9K-PEP4. Then the fragment containing
signal sequence of the yeast «-factor fusing with

Yeast 2010; 27: 1017-1027.
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Figure |. Schematic summary of the construction of the different acid protease expression cassettes used in this
study. (A) The expression cassette used for the production and secretion of the protease. (B) The expression cassettes
constructed for anchoring the acid protease on the cell wall. The mature peptide sequence was fused at the C-terminus
to the a-agglutinin (AGu |) anchoring moieties. (PGKI promoter, S. cerevisiae glyceraldehyde 3-phosphate dehydrogenase
gene promoter; a-factor leader, 269 bp fragment encoding the «-factor signal sequence for secretion in S. cerevisiae; PEP4,
S. cerevisiae aspartyl gene; AGI, half of the yeast «-agglutinin gene; KanR, Kanamycin resistance gene from Tn903 which
confers resistance to Geneticin in S. cerevisiae and kanamycin resistance in E. coli)

PEP4 gene was obtained by PCR using plasmid
pPIC9K-PEP4 as template. The amplified frag-
ment was digested by BamHI and Sall and then
inserted into the plasmid pMGKR, resulting in
plasmid pMGKR-PEP4. An anchor sequence of C-
terminal half of the yeast ¢-agglutinin gene (AGa/ ;
Van der Vaart et al., 1997), designated AG 1, was
prepared by PCR using primers AGF1 and AGF2.
This Sall digested fragment was inserted into
the vector pMGKR-PEP4, resulting in plasmid
pPMGKR-PEP4-AG1 (Figure 1). All primers used
in this study are listed in Table 1.

Measurement of enzyme activities

Supernatant and cell-associated samples were ob-
tained by centrifuging crude samples at 10 000 rpm
for 8 min. Cell pellets were washed twice with
buffer (50 mwm lactic acid/sodium lactate buffer, pH
3.0) in order to determine the intact cell pellet
enzyme activity and isolate cell-wall fractions.
The cells were disrupted by sonic dismembrator
(VC750, Sonics, USA) with 30% of the total
working energy for 5 min at 0°C and the cell wall
fractions were recovered by centrifugation of the

Copyright © 2010 John Wiley & Sons, Ltd.

homogenate at 10000 rpm for 5 min and washed
with the same buffer.

The substrate for acid protease reaction was pre-
pared by adding casein to 50 mwm lactic acid/sodium
lactate buffer (pH 3.0) to give a concentration of
1.0%. After keeping 1.0 ml of the substrate at 30 °C
for 2 min, 1.0 ml of cell-wall fractions or cell pel-
lets suspended in the same buffer were added and
the mixture was incubated at the same temperature
for 10 min. The reaction was stopped by adding
2.0 ml of 0.4 M trichloracetic acid. After 20 min,
1 ml of the supernatant of the above mixture iso-
lated by centrifugation at 10000 rpm was mixed
with 5 ml 0.4 m Na,COj3 and 1 ml Folin’s reagent.
After that, the mixture was incubated for another
20 min at 30°C. One unit of acid protease was
defined as the amount of enzyme required to release
1 ug of tyrosine/min from casein. Tyrosine was
quantified at 660 nm (Lowry et al., 1951).

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as
reported previously (Kobori ef al., 1992). Immuno-
staining was done as follows: yeast cells were

Yeast 2010; 27: 1017-1027.
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Table I. The sequences of the oligonucleotide primers used in this study

Primer names  Sequence 5'-3’

Restriction sites

PFI ATTTTAGATTCCTGACTTCAACTC

PR2 GCGGTCGAC* GGATCCY TGTTTTATATTTGTTGTAAAAAGTAG Sall?, BamHI°
TFI CCGGICGAC* TTCTTTGGAATTATTGGAAGGTA Sall*

TR2 GCGGCGGLCGC* GAACGCAGAATTTTCGAGTTAT Notl*

KFI AGGCGGCCGC* ATAACTTCGTATAATGTATGCTATACGAAGTTAT? GCCCAGTAGTAGGTTGAGG  Notl, loxp?
KR2 AGGCGGCCGC* ATAACTTCGTATAATGTATGCTATACGAAGTTAT® TTGAAGTCGGACAGTGAGT Notl?, loxp®
APFI GGCGAATTC* ATGTTCAGCTTGAAAGCATTAT EcoRP?
APR2 CGCAGAATTC* TCAAATTGCTTTGGCCA EcoRI?
APF3 GGCGGATCC* ATGAGATTTCCTTCAATTTTTA BamHI?
APR4 CGCGICGAC* TCAAATTGCTTTGGCCA Sall*

AGFI CCGGICGAC* AGCGCCAAAAGCTCTTTTATC Sall

AGF2 CCGGICGAC* TTTGATTATGTTCTTTCTAT Sall*

RFI CCGCATATG* CTCTATCCCCAGCACGA Ndel*

RR2 CCCCATATG* GAGAAACGGCTACCACATC Ndel?

b restriction sit with corresponding restriction enzyme.

treated with the primary antibody, rabbit anti-
aspartyl protease, at a dilution rate of 1:200.
After incubating at room temperature for 2 h,
the cells were washed and sequentially reacted
with the second antibody, FITC-conjugated goat
anti-rabbit IgG, diluted 1:100 at room tempera-
ture overnight (Kobori ef al., 1992). Microscopic
observation was performed according to method
described previously (Kamasawa et al., 1996).

Cultivation conditions

Simultaneous saccharification and fermentation
(SSF) was carried out in a 30 1 automatic fermenter
(Xinchang Deli Petrochemical Equipment, Zhe-
jiang, China) as described previously (Zhang et al.,
1999). Fermentation medium was prepared by dis-
pensing the feed barley in deionized water with
the ratio of barley powder to water equal to 1:3
(w/v). An aliquot of 100 U of raw-starch-digesting
amylase was added with 1 g barley powder. Yeast
cells were pre-cultured in 500 ml Erlenmeyer flasks
at 30°C in YPD medium until the OD value
achieved 14.0. Then, this stationary phase culture
was used to inoculate the bioreactor at a rate of
1.34 x 10%/ ml. During the fermentation process,
the temperature was kept at 30 °C with no air sup-
plied. The agitation rate was kept at 100 rpm and
the pH was kept constant at 5.0 by addition of
2 M NaOH. Glucose, 50 g/l, was supplemented to
the medium for recombinant strains APA and APB
at 56 h, and at 92 h for the wild-type. The cul-
ture broth was aerated with either 0.5 1/min airflow

Copyright © 2010 John Wiley & Sons, Ltd.

after the sugar was supplemented for 4 h in order
to evaluate the utilization of FAN. Fermentation
experiments were performed in triplicate.

The concentration of starch was determined
according to the previously described method
(Moraes et al., 1995). Total sugar concentration
was determined by the phenol sulfuric acid method,
as described previously (Dubois et al., 1956).

Measurement of FAN, amino acids and protein
contents

Concentration of proteins in the medium was quan-
tified also according to Lowry et al. (1951). Amino
acids were analysed with a Biotronik LC 5001
amino acid analyser. The FAN concentration of
the supernatant liquid was determined colorimet-
rically using the EBC ninhydrin method (European
Brewing Convention., 1987) with glycine as the
standard.

Analysis of product formation
and determination of dry weight

The concentration of glucose, ethanol, glycerol,
pyruvic acid and acetic acid in filtered sam-
ples withdrawn from the batch cultivations was
determined by HPLC using an HP1100 (Agi-
lent, USA) column eluted with 0.01 m H,SO,4 at
50°C. The biomass concentration in the medium
and the specific growth rate of yeast was mea-
sured as described previously (Nissen et al., 1997).
Cell counts were determined by the direct micro-
scopic method (Thomas and Ingledew, 1990). Four

Yeast 2010; 27: 1017-1027.
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samples were centrifuged at 5000g for 10 min and
the barley lees were removed by gradient centrifu-
gation. The cells were washed twice with water and
subsequently dried at 100 °C for 24 h and weighed.
The other two cell samples were resuspended in
3 ml NaOH and total protein was determined by
a modified biuret method (Verduyn et al., 1991)
using bovine serum albumin as a standard.

Measurement of viability

The acidification power (AP) test, which is widely
used in the brewing industry, was used to deter-
mine the viability of yeast. The AP value was
measured according to Iserentant et al. (1996). The
pH meter (WTW, Germany, model pH537) was
recalibrated before each set of measurements. Sam-
ples were taken every 4 h during the fermentation
process. The values presented are the means of
two measurements; the standard deviation on the
measurement was 0.05.

Results and discussion

Construction of the yeast expressing the
aspartyl protease in two patterns

The plasmids pMGKR-PEP4 for secretively ex-
pression and pMGKR-PEP4-AG1 for cell surface
display of protease were cleaved by the restriction
enzyme Sacll. After purified, the resultant linear
DNA fragments were introduced into S. cerevisiae
CICIMYO0086 (wild-type) by the lithium acetate
method (Ito ef al., 1983). Transformants with the
G418*1 phenotype were isolated. Correct insertion
of the gene into the rDNA locus was verified by
PCR. Then, the cre-recombinase expression vector
pSH47 (Guldener et al., 1996) was transformed to
the above recombinant strains and the excision of
the kan" gene was verified by PCR.

The acid protease activities of 100 transformant
colonies were investigated. Two recombinants were
used in the subsequent experiments, denoted APA
for secretively expressing the protease and APB
expressing the enzyme on the cell surface showed
apparently high acid protease activities compared
with the wild-type, which produced no detectable
acid protease activity (Table 2). The recombinant
strain APA protease showed the highest catalytic
activity at pH 4.5 and 30 °C (Figure 2). The results
are consistent with the previous study that showed

Copyright © 2010 John Wiley & Sons, Ltd.
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that the initial product of the PEP4 gene is
likewise an inactive zymogen above neutral pH
and is autocatalytically activated at acid pH values
(Woolford et al., 1986).

Immunofluorescence microscopy

Immunofluorescent labelling of yeast cells was
performed using the rabbit anti-aspartyl protease
antibody and FITC-conjugated goat anti-rabbit
IgG. Cells harbouring the control plasmid showed
almost no labelling (Figure 3b), while cells expres-
sing protease fusing to the «-agglutinin peptides
exhibited green fluorescence localized at their sur-
face (Figure 3d). The results confirmed that the
aspartyl protease was displayed on the cell surface
of S. cerevisiae.

Characterization of the strains expressing
protease in barley mash fermentation

Barley mash was fermented by recombinant strains
APA (secretively expressing the protease), APB
(expressing the enzyme on cell surface) and S. cere-
visiae CICIMYO0086 (wild-type). Several param-
eters, including growth rate, FAN, biomass and
protein content, were analysed.

Comparison of available FAN and the
concentration of protein in the medium

Since 250 mg FAN/1 was considered to be more
than adequate for the full fermentation with nor-
mal gravity wort (Ingledew, 1986; Jones and Rain-
bow, 1966), VHG corn mash fermentation requires
higher concentration of FAN for rapid attenuation.
In our experiments, the initial content of FAN in
barley mash was about 287.9 mg/l, but assimil-
able nitrogen was insufficient, which can be seen
by the high content of FAN at the end of fer-
mentation and long-time attenuation for the parent
strain. As shown in Figure 4b, the fast uptake of
FAN for all three bath fermentations occurred dur-
ing the initial 16 h, which was in accordance with
the fast cell multiplication phase. Thereafter, the
content of FAN for the wild-type became lower
and lower and changed little at 32 h. However,
the FAN content for the recombinant strains could
be maintained at a higher level during the whole
fermentation process. Meanwhile, in order to bet-
ter evaluate the effects of expression of acid pro-
tease, the medium was supplemented with sugar

Yeast 2010; 27: 1017-1027.
DOI: 10.1002/yea
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Table 2. Distribution of aspartyl protease activity in wild-type and recombinants

Enzyme activity

Parameter Cell pellet? Cell wall® Culture supernatant?
CICIMY0086 ND ND ND
CICIMY0086-APA 1.62 4+ 0.54 (U/g) 0.48 £+ 0.23 (U/g) 16.38 (U/ml)
CICIMY0086-APB 10.56 £0.15 (Ulg) 13.34 £ 0.12 (Ulg) ND

2 Triplicate experiments.

Cells were in exponential phase (ODgoo nm = 2). CICIMY0086 = wild-type, CICIMY0086-APA and CICIMY0086-APB = recombinants
secretively expressing protease and cell wall anchored expression of the enzyme.

ND = not detectable. Data =+ the standard deviation.
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Figure 2. Enzymic characters of aspartyl protease
expressed by recombinant of S. cerevisiae APA. (a) Relation
between recombinant protease activity and pH (solid
diamonds); (b) relation between recombinant acid protease
activity and temperature (solid diamonds)

and airflow. As expected, cell growth accompa-
nied by the consumption of FAN was observed for
the recombinant strains, but not for the wild-type.
Although 65.4 mg FAN/I could be detected in the
medium for the wild-type at the end of fermen-
tation, it was un-utilizable forms of FAN such as
higher peptides (four or more amino acid residues)
and soluble proteins (Thomas and Ingledew., 1990)
and the source of FAN had become a limiting
factor for fermentation to continue. On the other
hand, a gradual decrease in content of protein in
medium was observed for the wild-type, which
might be due to the measurement methods, which

Copyright © 2010 John Wiley & Sons, Ltd.

were influenced by the presence of amino acids and
peptides (Lowry et al., 1951; Figure 4a). As for the
recombinant strains, a dramatic decrease in protein
contents was observed during the initial 44 h, but
a slight yet continuous increase of protein content,
which might be the secretively expressed protease
by the recombinant strain APA, was measured after
56 h. Enzyme detection showed that recombinant
APA acid protease activity in the medium achieved
56.8 U/ml by this time. Analysis of the composi-
tion of the amino acids of medium showed that the
amounts of arginine, serine, glutamate, threonine,
aspartate and lysine, which were generally most
heavily utilized amino acids for most wine yeast
(Jiranek et al., 1995), were deficient in medium.
Among them, arginine, glutamate, threonine and
aspartate were the most consumed amino acids for
all the strains. However, the concentration of these
amino acids could stay at a higher level (more than
10 mg/1) during the whole fermentation process for
the recombinant strains compared with the wild-
type, for which most kinds of amino acids could
not be detected after 36 h. Obviously, adequate
amounts of necessary amino acids would promote
growth and metabolism of the yeast. The above
results confirmed the effects of expressing acid pro-
tease to degrade the proteins in medium.
Although the requirement for a nitrogen source
by yeast in ethanol production with barley mash
was unknown, in the high-concentration mash fer-
mentations used, a high pitching rate (more than
1 x 103/ ml) was usually employed to decrease
the preliminary lag phase of fermentation, which
requires more FAN than when fewer cells were
pitched. If available, the cells took up more
FAN than was necessary for full fermentation of
the sugar solutions. Saita and Slaughter (1984)

Yeast 2010; 27: 1017-1027.
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Figure 3. Immunofluorescent labelling of transformed cells. Phase micrographs (a, c) and immunofluorescence micrographs
(b, d). (a, b) S. cerevisiae CICIMY0086/pMGKR (control); (c, d) S. cerevisiae CICIMY0086-APB/pMGKR-PEP4-AG| expressing

the aspartyl protease on cell surface

previously attributed stimulation by nitrogen to
its function as a substrate for protein synthesis.
Although available FAN could be increased by
adding extra protease or other nutrients (yeast
extract, amino acids, vitamin, etc.), as described in
early research (O’Connor-Cox et al., 1991; Reddy
and Reddy, 2005), the cost of production would rise
and the fermentation process would be made more
complicated. The expressed protease could stimu-
late barley mash fermentation by supplying more
available FAN.

Comparison of growth rate, fermentation rate,
cell counts and viability

It is well known that VHG fuel alcohol fermen-
tation can be stimulated when hydrolysed wheat
proteins are used as a source of FAN (Thomas
and Ingledew, 1990). In the case of the bar-
ley mash fermentation, FAN obviously plays a
role in growth and multiplication of yeast. Higher
maximum specific growth rate (Table 3) and cell
counts (Figure 4c) were achieved by expressing

Copyright © 2010 John Wiley & Sons, Ltd.

acid protease. When sugar was supplemented to the
medium, an increase in cell counts was observed
for the recombinant strains. As for the parent strain,
the specific growth rate was 0.37 £ 0.08/h and
the maximal yeast cell number was 5.2 x 10%/ ml
of medium by 32 h, and there was a gradually
decreasing tendency thereafter, while the recom-
binant strains exhibited a higher specific growth
rate (0.51 £ 0.09/h for APA and 0.52 &+ 0.07/h for
APB) and a reduced initial fermentation lag phase.
The cell counts for the recombinant APA and
APB could reach 6.0 x 10® and 6.2 x 108/ ml of
medium, respectively. The results differ from those
of other studies (Agenbach, 1977; Monk et al.,
1986; Vos and Gray, 1979) that excess assim-
ilable nitrogen did not promote increased num-
bers of cells or rates of cell division might due
to the fact that the assimilable nitrogen was not
excessive for the recombinant strains in VHG fer-
mentation supplemented with sugars. The abil-
ity of yeast cells to excrete acidity through the
action of membrane H-ATPase, H"/K™ exchange

Yeast 2010; 27: 1017-1027.
DOI: 10.1002/yea
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Figure 4. Changes in measured parameters during anaerobic batch fermentation with feed barley mash. (a) Concentration
of protein of the medium for S. cerevisiae CICIMY0086 wild-type (solid squares), recombinant APA (solid diamonds) and
APB (solid circles), respectively. (b) Concentration of FAN for wild-type, APA and APB. (c) Cell counts of wild-type, APA
and APB. (d) AP value of the wild-type, APA and APB. (e) Concentration of residual sugar of the medium of wild-type, APA
and APB. (f) Concentration of ethanol of the medium of APA and APB. The dashed line shows the time of glucose was

supplementation

Table 3. Comparison of growth and compound yields of S. cerevisiae CICIMY0086 wild-type with recombinant strain
CICIMY0086-APA and APB, during anaerobic batch growth in barley mash

Parameter Wild-type? APA? APB?
Specific growth rate (1/h) 0.37+£0.08 0.51 £0.09 0.52 £0.07
Average fermentation rate (g glucose/h) 2.13£0.45 2.69 £0.31 2.83+£0.25
Growth yield (g biomass/g glucose) 0.514+£0.10 0.578 £0.12 0.582 £0.08
Protein (g/100 g biomass) 52.13£ 1.6 5725+ 1.8 57.82 £ 2.1
Ethanol yield (g ethanol/g glucose) 0.473 £0.05 0.502 £ 0.04 0.504 £ 0.06
Acetate yield (mg acetate/g glucose) 3.45£0.11 3.47 £0.21 3.52+0.12
Glycerol yield (mg glycerol/g glucose) 17.83 £ 1.23 13.46 £ 1.12 12.46 £ 2.10
Pyruvic acid (mg pyruvic acid/g glucose) 0.752 £ 0.05 0.456 £0.06 0.398 £ 0.05
Total residual sugar (g/ 1) 3413+ 1.56 4.07 £0.12 2.36 £0.11

2 Triplicate fermentations.
Data =+ the standard deviation.

Copyright © 2010 John Wiley & Sons, Ltd.
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and production of CO, and organic acids is a
strictly controlled process that reflects very accu-
rately the metabolic activity of the cells (Sigler
et al., 1981a,b, 1983). The AP test developed by
and Opekarovd and Sigler (1982) on the basis of
these findings provided a fast and simple method
of assessing the viability of yeast cells. As can
be seen in Figure 4d, with the gradual increase of
cell counts in the exponential growth phase, the
AP value changed little. After 16 h, with the con-
sumption of available FAN and accumulation of
the ethanol, the AP value of wild-type yeast began
to decrease and dropped below 1.8 at 68 h. How-
ever, the ATP value of the recombinant strains
was constantly maintained at a high level (above
2.5) during the whole fermentation process. Since
AP values below 2 indicated a reduced metabolic
activity and an AP value below 1.8 denoted low
metabolic competences that could result in slug-
gish fermentation (Gabriel et al., 2008), the cells
can be harvested and used for the further fed-batch
fermentation.

Meanwhile, higher fermentation and ethanol pro-
ducing rates for recombinant strains than the
control were achieved by expressing the protease
(Figure 4e, f). The observed stimulation of fermen-
tation was apparently mediated through increased
growth and cell multiplication as well as high yeast
viability. As expected, the barley mash for the wild-
type with no added extra nitrogen source had not
fermented satisfactorily at the end of fermentation
(Table 3). Expressing acid protease on cell surface
significantly increased the rate of fermentation and
the VHG fermentation was completed in 56 h with
residual sugar less than 10.0 g/l before the glu-
cose was added for APB. As for the recombinant
APA, raw-starch-digesting amylase was added to
the media after 44 h since the starch concentration
did not change for 2 h before this time. This phe-
nomenon might result from the proteolytic effect of
acid protease on the raw-starch-digesting amylase
in medium. Thus, anchoring the acid protease on
the cell surface of yeast is a more practical choice
in simultaneous saccharification/fermentation.

Comparison of product yields and total residual
sugar

Expression of acid protease resulting in more
available source of assimilable nitrogen not only
increases the rate of fermentation but also yields
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higher amounts of ethanol. Such improvements
resulted from the decreased need for carbon source
and ATP used in protein synthesis. As shown in
Table 3, the ethanol yield could reach 50.2 £ 3.72
and 50.4 = 5.64 g per 100 g of sugar for APA and
APB, respectively, which is significantly higher
than the control maximum ethanol yield of 47.3 +
4.51 g per 100 g of sugar. The comparatively low
ethanol yield for the wild-type was due to the lim-
iting amount of FAN in the medium, as can been
seen from the fact that the final total residual sugar
was relatively high (34.13 g/l). In addition, three
main byproducts including acetate, pyruvic acid
and glycerol were evaluated (Table 3). Fermented
mash for the wild-type contained higher concen-
tration of glycerol and pyruvic acid than that for
the recombinant strains (APA and APB). During
anaerobic conditions, the respiratory chain did not
function and glycerol formation by yeast reoxidized
NADH, formed in synthesis of biomass and sec-
ondary fermentation products, to NAD" (Ansell
et al., 1997). Thus, the decreased production of
glycerol might have resulted from the greater
amount of available FAN benefitting the synthesis
of biomass, leading to less essential amino-acids
needing to be synthesized, while the production
of acetate for recombinant strains and the wild-
type were not found to be significantly changed.
Meanwhile, an improvement of the biomass yield
accompanied by higher cell protein content for
recombinant strains expressing the protease were
detected at the end of the fermentation. The yeast
cells, also called SCP, were a high-quality nutri-
ent additive and the barley lees could be treated
appropriately for feed purposes.

Conclusion

In this study, acid protease was expressed in the
industrial ethanol-producing yeast, either secre-
tively or cell surface anchored. This shows that
expression of the acid protease resulted in higher
yeast cell counts with an increased rate of growth,
and the recombinant strain of S. cerevisiae exhib-
ited a higher yield of ethanol compared with the
parent strain. Comparison of recombinant strains
expressing the acid protease secretively and on the
cell surface with the wild-type in barley mash fer-
mentation showed that surface-engineered yeast is
of practical use in ethanol and SCP production
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when a simultaneous saccharification/fermentation
is employed. To our knowledge, this is the first
study on expressing an acid protease on the cell
surface of S. cerevisiae. Future studies will be con-
ducted to construct starch-utilizing strain with high
fermentation vitality, attempting to directly produce
ethanol from uncooked starchy materials.
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