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Abstract The eVects of industrial storage on the changes
of the cell viability and the activities of intracellular alcohol
dehydrogenase (ADH) and glucose-6-phosphate dehydro-
genase (G6PDH) in brewer’s yeast, and the corresponding
capacity for the bioconversion of ethyl-3-oxobutanoate
(EOB) to ethyl (S)-3-hydroxybutanoate ((S)-EHB), were
investigated. The viability of fresh brewer’s yeast cells
stored in industrial circulating cooling water at 1–2°C
showed 4 and 15% drop after the storage of 7 and 15 days,
respectively, after which cells died rapidly. The pretreat-
ment of the stored brewer’s yeast cells by washing and
screening signiWcantly enhanced cell viability during indus-
trial storage. The intracellular levels of ADH and G6PDH
after permeabilization of these stored cells with cetyltrim-
etylammonium bromide (CTAB) were much higher, which
showed only slight decrease within 2 weeks during the

industrial storage. When the stored cells after the permeabi-
lization treatment was used as the biocatalyst at 90–120 g/
L, EOB was converted almost completely into enantiopure
(S)-EHB with an enantiomeric excess (ee) more than 99%
and a yield of over 96%, by fed-batch bioconversion of
560 mM EOB within 6 h.

Keywords Ethyl (S)-3-hydroxybutanoate · Bioconversion · 
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Introduction

Optically active 3-hydroxyesters are useful chiral building
blocks for the synthesis of pharmaceuticals, agrochemicals
and fragrances, such as ethyl (S)-3-hydroxybutanoate ((S)-
EHB) is applied for the synthesis of carbapenemes and thie-
namycin. In addition, a variety of antibiotic macrolids, such
as (R,R)-pyrenophorin, colletodiol, (R,R)-grahamimycin
A1, (R)-recifeiolide and carbomycin were prepared using
(S)-EHB as a chiral synthon [1].

Currently, several procedures are available for the prepa-
ration of (S)-EHB, such as whole cell catalytic bioreduction
of EOB [2–7] or PEG-acetoacetate [8] by the actions of
alcohol dehydrogenase (ADH) and glucose-6-phosphate
dehydrogenase (G6PDH), chemically ethanolytic depoly-
merisation of poly[(R)-3-hydroxybutyrate] [9], asymmetric
hydrogenation of EOB with chiral catalyst Ru-BINAP, or
recombinant enzyme ADH catalyzed reduction of EOB in
the presence of both formate dehydrogenase and cofactors
(NAD+ and NADP+) [1]. Among these methods, whole cell
catalyzed bioreduction with yeast is the most appealing
means due to its cost eVectiveness [10].

However, there is the diYculty in large-scale production
of enantiopure 3-hydroxyester with whole cell catalysts
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because the catalytic capacity of yeast cells is far beyond
satisfaction. Recently, a new, simple and eYcient method
has been developed for bioreduction using permeabilization
pretreated microorganism cells containing either ADH and
glucose dehydrogenase [11] or ketoreductase and a G6PDH
[12]. In our laboratory, CTAB permeabilized brewer’s
yeast cells were successfully used as the whole cell biocata-
lysts for bioreduction of ethyl-4-chloro-3-oxobutanoate to
ethyl(R)-4-chloro-3-hydroxybutanoate [13]. Nevertheless,
yeast cell has a limited lifespan, usually within 30 divi-
sions, before entering a non-productive state of senescence,
followed by cell death and autolysis [14]. and so all unused
parts of a batch of fresh brewer’s yeast cells has to be stored
for a few days before being next used, but no data are avail-
able on the eVects of industrial storage on the bioreduction
capacity of the yeast. Herein, we investigated the eVects of
industrial storage on the viability and the intracellular
enzyme activities of ADH and G6PDH in brewer’s yeast,
and their capacities for bioreduction production of (S)-EHB
after permeabilization pretreatment.

Materials and methods

Chemicals

NAD+, NADP+, glucose-6-phosphate, ethyl-3-hydroxybut-
anoate [(R)- and (S)-enantiomers] were obtained from
Sigma-Aldrich. All other chemicals used were of reagent
grade, unless stated otherwise.

Storage, permeabilization pretreatment of brewer’s yeast

Fresh brewer’s yeast slurry (a strain of Saccharomyces cere-
visiae), a by-product from brewery with a solids content of
about 20%, was purchased from Chongqing Beer Group Co.
Ltd (Chongqing, China) and transferred to a 200 L stainless
steel vessels and then put it into 1–2°C industrial circulating
cooling water until later use. The lid of the vessel was closed
during storage, but yet to permit the escape of carbon diox-
ide through a vent. During the storage, aliquots of the yeast
cells were taken every 2 days within 26 days. The samples
were centrifuged at 3,000 rpm for 10 min, and the yeast pel-
lets were diluted 2–3 times with 0.9% NaCl (saline) at 0–
2°C, Wltered through a 100-mesh screen and centrifuged
again at 5,000 rpm for 30 min. Methylene blue was dis-
solved in sodium citrate solution (2% w/v) to a Wnal concen-
tration of 0.01% (w/v). Yeast suspension at 0.5 ml (1 £ 107

cells per ml suspension) was mixed with 0.5 ml of methy-
lene blue and examined microscopically after 5 min to count
the living and dead cells as before. The yeast cells were then
permeabilized with 0.2% w/v CTAB according to the
method described previously [13].

The analysis of the intracellular enzyme levels of brewer’s 
yeast

Permeabilized and nonpermeabilized yeast cells, respec-
tively, were suspended in 0.1 M sodium phosphate buVer at
0.2 g/mL, the suspension was used for the assay of the
intracellular ADH and G6PDH activities according to the
published method [15]. In brief, the activity of G6PDH was
determined by measuring the increase in absorbance result-
ing from the reduction of NADP+, and the activity of ADH
was determined by measuring the increase in the rate of
absorbance resulting at 340 nm from the reduction of
NAD+. For the two enzymes, one unit of enzyme (U) was
that to reduce 1 �mol NAD(P)+/min at 25°C and pH 7.0.

Bioreductions of EOB with brewer’s yeast cells

To determine the eVect of cell concentration on bioconver-
sion of EOB, an adequate amount (70, 80, 90, 100, 110,
120, 130 and 140 g) of the permeabilized brewer’s yeast
cells from each sample, respectively, were added to a 2-L
Xask containing 100 ml of 0.1 M sodium phosphate buVer
(pH 6.0). After the Xask was preincubated at 30°C for 0.5 h
with continuous shaking at 80 rpm, pH was adjusted to 7.0
with 2.0 M NaOH, and then 15 mM MgCl2, 0.45 M glu-
cose, 0.2 M sodium phosphate, 0.1 mM NAD+ and 0.1 mM
NADP+, respectively, were added with shaking and was
mixed with n-hexane to a Wnal volume of 925 ml. The reac-
tion was started by continuously adding 75 ml EOB into the
stirred suspension at a rate of about 19 ml/h for 4 h. Then,
the Xask was incubated at 32°C for another 2 h with contin-
uous shaking at 125 rpm, and the concentrations of EOB,
(R)-EHB and (S)-EHB were measured by gas chromatogra-
phy (GC), as described in detail below.

Analysis of (S)-EHB

After bioreduction at 30–32°C for the stated duration, the
reaction mixture was centrifuged at 5,000 rpm for 30 min
and the pellet was washed with 250 ml water and 1,000 ml
ethyl acetate, respectively. The pooled aqueous supernatant
was extracted twice with 1,000 ml of ethyl acetate. The
organic layer was then combined, washed with saturated
sodium bicarbonate (250 ml) and subsequently with satu-
rated saline (250 ml £ 2), dried over anhydrous magnesium
sulfate and Wltered. The yield of the product (S)-EHB was
evaluated, taking into account the initial amount of mate-
rial. The concentrations of EOB and ee of (S)-EHB were
measured by chiral gas chromatography (Varian CP-3800,
Varian Inc., Palo Alto, USA) equipped with a FID and a
capillary column of 20 m £ 0.25 mm (i.d., Advanced Sepa-
ration Technologies Inc., Whippany, NJ, USA). Pure
helium was used as carrier gas and a sample volume of
123
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1 �L was injected using a split ratio of 1:100. The tempera-
tures of both the injector and the detector were at 220°C.
Acetophenone was used as internal standards.

Results and discussion

EVects of industrial storage on the viability of yeast cell

Yeast cells showed a 4 and 15% drop in viability after the
storage of 7 and 15 days, respectively, after which the
amount of dead cells rapidly increased during the following
11 days of storage (Fig. 1). These results indicated the
gradual ageing and decreasing process of the bioreduction
capacity of yeast cell during industrial storage at 1–2°C.
But the pretreatment, including centrifugation, washing,
screening and centrifugation again for the brewer’s yeast,
signiWcantly enhanced the cell viability during industrial
storage. These results suggested the various inclusion prod-
ucts of the brewing process, and many Xoating dead cells in
the gross precipitates of yeast slurry were removed by
washing and screening.

EVects of industrial storage on intracellular enzymes 
activities for bioreduction

During the storage, the activities of the intracellular ADH
and G6PDH in brewer’s yeast cells, both before and after
permeabilization pretreatment, respectively, were progres-
sively and signiWcantly decreased (Figs. 2, 3). However,
during the industrial storage, yeast cells had the similar
response to the pretreatment by 0.2% CTAB, accompany-
ing with the comparable increases of the activities of these
required enzymes upon permeabilization treatment. There
were much few vial cells after the storage of 26 days, but

the pretreatment of these cells by CTAB still caused signiW-
cant increases of the activities of these two intracellular
enzymes. Therefore, the decrease of cell viability
accounted for the decrease of the two intracellular enzymes
during industrial storage, but the reserved vial cells had the
comparable bioreduction capacity after permeabilization
pretreatment.

EVects of industrial storage on the bioreduction capacity 
of yeast cell

After industrial storage, the yeast cell upon permeabiliza-
tion pretreatment still had competent bioreduction capacity
and there was dosage-dependent accumulation of the
desired product after the reaction of 6 h (Figs. 4, 5). The

Fig. 1 EVects of industrial storage on the viability of yeast cell. Stor-
age conditions: industrial recirculating cooling water at 1–2°C. Closed
squares and circles represent, respectively, cells viability before and
after brewer’s yeast pretreatment, the pretreatment procedures as in
“Materials and methods”
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Fig. 2 EVects of industrial storage on intracellular enzymes activities
for bioreduction. Storage conditions: industrial recirculating cooling
water at 1–2°C. Closed squares and circles represent, respectively,
intracellular ADH and G6PDH activity before brewer’s yeast perme-
abilization, enzymatic analysis method and cell permeabilization pro-
cedures as in “Materials and methods”
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Fig. 3 EVects of industrial storage on intracellular enzymes activities
for bioreduction. Storage conditions: industrial recirculating cooling
water at 1–2°C. Open squares and closed circles represent, respec-
tively, intracellular ADH and G6PDH activity after brewer’s yeast per-
meabilization, enzymatic analysis method and cell permeabilization
procedures as in “Materials and methods”
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same amount of yeast cells (90 g–120 g/L) were used for
each batch experiment, EOB was still readily converted
into the desired product with satisfactory yield. However,
the use of a more concentrated suspension of cells (¸130 g/
L) brought diVusion limitation on substrates and products,
respectively, and exhibited no further improvement on the
eYciency of bioconversion.

EVects of industrial storage on the bioreduction capacity 
of permeabilized yeast cells

After the industrial storage, the amount of the permeabili-
zed yeast cells had biphasic eVects on bioreduction (Figs. 6,
7, 8, 9). In detail, the ee and yield of (S)-EHB were all close

to 97 and 95%, respectively, when 80 g/L of the permeabi-
lized brewer’s yeast cells stored 0–2 weeks at 1–2°C were
used for the reaction of 6 h. With the increase of the perme-
abilized yeast cell to 90–120 g/L (n = 8), the ee value rap-
idly rose to above 99% and the yield also rose to above
96%. But the further increase of the permeabilized yeast
cell to above 130 g/L resulted in progressive decrease of ee
and yield of (S)-EHB. Moreover, in all of the experiments
of the permeabilized brewer’s yeast cells after stored for
2 weeks at 1–2°C, the ee and yield of (S)-EHB were rapidly
decreased with the prolongation of the storage duration as
shown in Figs. 6, 7, 8 and 9. These results further conWrmed
“cell viability” be a key factor in determining the catalytic
ability of the yeast cells, the tolerable storage period in

Fig. 4 EVects of industrial storage on the bioreduction capacity of
brewer’yeast cell. Storage condition: industrial recirculating cooling
water at 1–2°C. Closed squares, circles, up triangle and down triangle
represent, respectively, EOB concentration of 70, 80, 90 and 100 g/L
of permeabilized brewer’s yeast cells group, cell permeabilization pro-
cedures as in “Materials and methods”
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Fig. 5 EVects of industrial storage on the bioreduction capacity of
brewer’yeast cell. Storage condition: industrial recirculating cooling
water at 1–2°C. Closed squares, circles, up triangle and down triangle
represent, respectively, EOB concentration of 110, 120, 130 and 140 g/
L of permeabilized brewer’s yeast cells group, cell permeabilization
procedures as in “Materials and methods”
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Fig. 6 EVect of brewer’s yeast stored in industrial recirculating cool-
ing water at 1–2°C for 0–26 days on bioconversion of EOB to (S)-
EHB. Diamonds and squares represent, respectively, ee and yield of
70 g/L of permeabilized brewer’s yeast cells group. Down triangle and
up triangle represent, respectively, ee and yield of 80 g/L of permeabi-
lized brewer’s yeast cells group, cell permeabilization procedures as in
“Materials and methods”
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Fig. 7 EVect of brewer’s yeast stored in industrial recirculating cool-
ing water at 1–2°C for 0–26 days on bioconversion of EOB to (S)-
EHB. Diamonds and squares represent, respectively, ee and yield of
90 g/L of permeabilized brewer’s yeast cells group. Down triangle and
up triangle represent, respectively, ee and yield of 100 g/L of perme-
abilized brewer’s yeast cells group, cell permeabilization procedures
as in “Materials and methods”
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industrial recirculating cooling water at 1–2°C for fresh
brewer’s yeast is about 2 weeks, and the decrease of ee and
yield of (S)-EHB at too high amount of the permeabilized
yeast cells may be due to the limitations on mass transfer.

In conclusion, on the basis of our results, although fresh
brewer’s yeast stored in industrial recirculating cooling
water at 1–2°C has a limited lifespan, the permibilization
pretreatment of the brewer’s yeast cells with 0.2%CTAB
was still very eYcient to enhance the activity of the intra-
cellular enzymes of the brewer’s yeast cells ADH and
G6PDH and its bioreduction capacity. Moreover, the
permeabilized brewer’s yeast cells within the industrial

storage for 2 weeks were still eYcient biocatalysts for bio-
conversion of EOB to (S)-EHB. Therefore, brewer’s yeast
cells upon permeabilization pretreatment with 0.2% CTAB
after industrial storage can be used as eYcient industrial
biocatalyst for the bioreduction conversion.
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