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Abstract In the present study, permeated yeast cells were

used as the catalyst to synthesize glutathione. When waste

cells of brewer’s yeast were incubated with the three pre-

cursor amino acids and glucose for 36 h, 899 mg/L of

glutathione were produced. To release the feedback inhi-

bition of c-glutamylcysteine synthetase caused by gluta-

thione, two-stage reaction was adopted. In the first stage,

glycine was omitted from the reaction mixture and only

c-glutamylcysteine was formed. Glycine was then added

in the second stage, and 1,569 mg/L of glutathione were

produced. The conditions of the two-stage reaction were

optimized using Plackett–Burman design and response

surface methodology. Under the optimized condition,

commercially available baker’s yeast produced 3,440 mg/L

of glutathione in 30 h, and most of the produced glutathi-

one was in the medium. The two-stage reaction could

effectively reduce the feedback inhibition caused by glu-

tathione, but degradation of glutathione was significant.

Keywords Glutathione � Permeated yeast cell �
Two-stage reaction � Response surface methodology �
Central composite design

Introduction

Glutathione (c-L-glutmyl-cysteinyl-glycine, GSH) is the

most ubiquitous non-protein thiol in most living cells from

microorganisms to man [1, 2]. Intracellularly, most GSH is

kept in its thiol form by glutathione disulfide (GSSG)

reductase, an NADPH-dependent enzyme [3]. GSH has

important cellular functions. It is involved in metabolism to

maintain the thiol moieties of proteins and low molecular

weight compounds, such as cysteine and coenzyme A.

GSH is also involved in the formation of deoxyribonu-

cleotides. GSH reacts enzymatically (glutathione S-trans-

ferase family) or non-enzymatically with toxic compounds

to form GSH conjugates. It also protects against oxidative

damage caused by reactive oxygen species (ROS) that may

be formed normally in metabolism.

Biosynthesis of GSH in cells involves two consecutive,

ATP-dependent reactions catalyzed by c-glutamylcysteine

(c-GC) synthetase (c-GCS, EC 6.3.2.2, catalyzes the reac-

tion to form c-GC from L-glutamic acid and L-cysteine) and

GSH synthetase (GS, EC 6.3.2.3, catalyzes the reaction to

form GSH from c-GC and glycine). In most organisms, the

activity of c-GCS is subjected to feedback inhibition by

GSH to avoid over-accumulation of GSH, and it has been

shown that formation of c-GC is the rate-limiting step in

the GSH biosynthesis pathway [4]. Cellular GSH can be

degraded by c-glutamyltranspeptidase (c-GT, EC2.3.2.2),

which catalyzes the reaction to transfer the c-glutamyl

moiety of GSH and other c-glutamyl compounds to amino

acids, and hydrolytically releases L-glutamate [5].

GSH can be produced mainly by four ways: extraction

from natural biomass, chemical synthesis, enzymatic syn-

thesis, and fermentation. Since GSH is widely distributed

in living organisms, extraction of GSH from animal or

plant tissues was the main approach in early times when it

was discovered. Later on, Harington et al. [6] established a

chemical synthesis approach in 1935. However, the high

cost to extract GSH with a solvent and formation of

physiologically inactive D-isomer blocked the development

of these two approaches.

At present, GSH is produced mainly by fermentation and

enzymatic synthesis. For a fermentation process, the main
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approaches to improve GSH production are to increase the

cell density and cellular content of GSH. Some fermenta-

tion control schemes, such as dissolved oxygen (DO)-stat

[7] and pH-stat [8], have been applied for enhancing GSH

production by increasing cell density. Fuzzy control has

also been used in fed-batch culture of yeast to reduce eth-

anol concentration and to enhance GSH production [9].

Supplementation of the precursor amino acids or related

amino acid (serine, arginine, or methionine) during fer-

mentation can effectively increase intracellular GSH con-

tent [10, 11]. However, as an intracellular product, GSH

production is limited by feedback inhibition. At low pH,

GSH can be secreted into the medium and thus the feedback

inhibition by intracellular GSH on c-GCS activity can be

alleviated [12]. Genetic engineering was applied to improve

the activities of c-GCS and GS in the past few decades [13–

15]. Although the levels of c-GCS and GS were improved

significantly, the intracellular GSH content was limitedly

improved due to inhibition of c-GCS by GSH [16]. There-

fore, release of the feedback inhibition caused by GSH

becomes important for efficient production of GSH.

Enzymatic synthesis of GSH has the advantages of

higher concentration of product, shorter production cycle,

less byproducts, etc., compared to the fermentation

method. In this study, permeated yeast cells were used as

the catalyst to synthesize GSH from the precursor amino

acids, and glucose was used to provide ATP by the cellular

activities in the glycolytic pathway. To alleviate feedback

inhibition on c-GCS, we proposed a convenient way. The

whole process was divided into two stages. In the first

stage, glycine was omitted from the reaction mixture and

only c-GC was formed, then in the second stage, glycine

was added to the reaction mixture for production of GSH.

In such a way, inhibition of c-GCS by GSH could be

effectively reduced and production of GSH was signifi-

cantly enhanced.

Materials and methods

Microorganisms

Waste Saccharomyces cerevisiae cells were kindly pro-

vided by Asia-Pacific Brewery Co. Ltd., Shanghai, China.

Active dry baker’s yeast was produced by Angel Yeast Co.

Ltd., (Hubei, China), and was purchased from a supermar-

ket. Candida tropicalis and another strain of S. cerevisiae

were from our laboratory stock.

Cell pretreatment

The waste brewer’s yeast cells were harvested by centrifu-

gation of the yeast slurry at 1,0509g and 4�C for 5 min. The

pelleted cells were washed three times with 0.02 M phos-

phate buffer (pH 7.0) and centrifuged. The active dry baker’s

yeast (10 g) was suspended in 50 ml phosphate buffer

(0.02 M, pH 7.0) for 30 min, and then centrifuged and

washed under the same conditions to obtain the cell pellet.

The laboratory stocked S. cerevisiae and C. tropicalis were

cultured at 30�C in the medium containing (per liter):

glucose 40 g, urea 2 g, K2HPO4 1.5 g, MgSO4�7H2O 0.5 g,

FeSO4�7H2O 3 mg, MnCl2�4H2O 0.3 mg, ZnSO4�7H2O

4 mg, CaCl2�2H2O 1 mg, CuSO4�5H2O 0.5 mg, and biotin

0.05 mg (pH 6.0). Shake flask cultures were carried out in

250-ml flasks containing 30 ml medium. After inoculation,

the flasks were incubated at 30�C and 220 rpm for 30 h.

Then, the cells were centrifuged and washed three times with

the same phosphate buffer. The harvested wet yeast cells

were frozen at -20�C and thawed at 37�C three times for

permeation.

Enzymatic synthesis of GSH

10 g (wet weight) permeated yeast cells were suspended in

100 ml reaction mixture containing 0.2 M phosphate buf-

fer (pH 7.0), 20 mM MgCl2�6H2O, 10 mM CaCl2�2H2O,

0.4 M glucose, 10 mM L-glutamic acid, 10 mM L-cysteine,

and 10 mM glycine. The amino acids were of technical

grade and L-cysteine was kindly supplied by Chuyuan

Chemicals Co., Hubei, China. The reaction was carried out

at 37�C in flasks immersed in a thermostat water bath, or in

a 500-ml glass reactor with a magnetically driven rotator

and a water jacket through which thermostat water was

circulated.

GSH degradation

Aliquots of 1-g baker’s yeast cells (wet weight) were sus-

pended in 10 ml 0.2 M potassium phosphate buffer (pH7.0)

containing 5 mM GSH. Different concentrations of the

constituent amino acids and glucose were added to the

reaction medium. The reaction was carried out at 37�C for

10 h and the residual GSH concentrations were measured.

Assay

Reduced GSH was measured with the DTNB [5,50-Dithio-

bis (2-nitrobenzoic acid), Sigma-Aldrich, St Louis, MO,

USA] method [17]. The sample of reaction mixture was

centrifuged at 9,4009g for 10 min at 4�C and the super-

natant was used to determine the GSH in the reaction

medium. The GSH inside the yeast cells was extracted with

10 volume of boiling water for 3 min, then the cell sus-

pension was cooled immediately to 25�C and centrifuged at

9,4009g and 4�C for 10 min, and GSH in the supernatant

was determined.
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Glucose was determined by an enzymatic assay kit

(Kexin Biotech, Shanghai, China). The concentration of

ethanol was determined by GC equipped with a 2-m col-

umn filled with Chromosorb 101 (Dikma, Lampoc, CA,

USA) and a flame ion detector, at the temperatures of

column, injector and detector of 160, 180 and 180�C,

respectively.

Experimental design and optimization of GSH

production

Plackett–Burman design [18] is an efficient means to

screen important factors among a large number of variables

with least experiments. Several variables involved in the

components of the reaction medium and reaction condi-

tions were chosen, and the levels of experimental variables

under study are shown in Table 1.

The central composite rotatable design [19] was used to

develop a mathematical model to relate the examined

variables with GSH production. According to the experi-

mental results of Plackett–Burman design, five variables,

namely the concentrations of L-glutamate, L-cysteine,

phosphate buffered saline (PBS), CaCl2 and pH, were

chosen to correlate with GSH production. The five variables

were further optimized by the response surface methodol-

ogy (RSM). The central composite design (CCD) and the

corresponding experimental data are shown in Table 2.

The response equation in which the parameters were

fitted based on the data in Table 2 is a quadratic equation

as follows:

Y ¼ b0 þ
X

biXi þ
X

i

X

j

bijXiXj þ
X

biiX
2
i

i; j ¼ 1; � � � ; 5; i\j
ð1Þ

where Y is the calculated response (GSH production); Xi

the actual variable to be optimized; b0 a constant; bi the ith

linear coefficient; bii the squared coefficient; bij the ijth

cross-product coefficient. All the experimental design and

data analysis were performed by using Minitab 15 (Minitab

Inc., PA, USA).

Results and discussion

GSH synthesized by different yeasts

Four kinds of yeasts including baker’s yeast, waste brewer’s

yeast, and two laboratory collected strains (S. cerevisiae and

C. tropicalis) were used for synthesis of GSH. Before use,

the yeast cells were permeated by repeated freeze and thaw

to improve the transport of the precursor amino acids and

formed GSH. The results are shown in Table 3. It can be

seen that the waste brewer’s yeast and the baker’s yeast were

much better than the laboratory stock strains. By incubation

of 10-g wet yeast cells of the former two strains in shake

flasks with the three precursor amino acids (each at 10 mM)

and glucose (400 mM) for 36 h, the GSH concentrations

reached 899 and 871 mg/L, respectively. The GSH pro-

duced was about twofold that produced by the laboratory

strains under the same conditions, and the extracellular GSH

accounted for 95% of the total produced GSH. These results

indicated that the cellular activities in the glycolysis and

GSH synthesis pathways functioned well and GSH could be

synthesized even without addition of ATP. This was also

verified by Murata et al. [20], who used intact and immo-

bilized S. cerevisiae cells and the glutathione concentration

reached nearly 460 and 610 mg/L, respectively.

Table 1 Plackett–Burman design for GSH production by the baker’s yeast cells

No. L-glutamate

(mM)

L-cysteine

(mM)

Glycine

(mM)

MgCl2
(mM)

CaCl2
(mM)

PBS

(M)

pH Temperature

(�C)

Benzoic

acid (mM)

Time to add

glycine (h)

Cell

(%)

GSH

(mM)

1 (-1) 10 (-1) 10 (1) 30 (-1) 10 (1) 10 (1) 0.5 (-1) 6.0 (1) 37 (1) 10 (1) 6 (-1) 10 0.983

2 (1) 20 (1) 20 (1) 30 (-1) 10 (-1) 5 (-1) 0.3 (1) 7.0 (-1)30 (1) 10 (1) 6 (-1) 10 3.122

3 (1) 20 (-1) 10 (1) 30 (1) 20 (-1) 5 (1) 0.5 (1) 7.0 (1) 37 (-1) 0 (-1) 4 (-1) 10 4.292

4 (-1) 10 (1) 20 (1) 30 (1) 20 (-1) 5 (-1) 0.3 (-1) 6.0 (1) 37 (-1) 0 (1) 6 (1) 12 1.906

5 (1) 20 (-1) 10 (-1) 20 (-1) 10 (1) 10 (-1) 0.3 (1) 7.0 (1) 37 (-1) 0 (1) 6 (1) 12 3.346

6 (1) 20 (1) 20 (-1) 20 (-1) 10 (-1) 5 (1) 0.5 (-1) 6.0 (1) 37 (1) 10 (-1) 4 (1) 12 1.468

7 (1) 20 (-1) 10 (1) 30 (1) 20 (1) 10 (-1) 0.3 (-1) 6.0 (-1) 30 (1) 10 (-1) 4 (1) 12 1.021

8 (-1) 10 (1) 20 (-1) 20 (1) 20 (1) 10 (-1) 0.3 (1) 7.0 (1)37 (1) 10 (-1) 4 (-1) 10 5.135

9 (1) 20 (-1) 10 (-1) 20 (1) 20 (1) 10 (1) 0.5 (-1) 6.0 (-1) 30 (-1) 0 (1) 6 (-1) 10 1.226

10 (-1) 10 (1) 20 (-1) 20 (-1) 10 (-1) 5 (-1) 0.3 (-1) 6.0 (-1) 30 (-1) 0 (-1) 4 (-1) 10 1.780

11 (-1) 10 (-1) 10 (1) 30 (-1) 10 (1) 10 (1) 0.5 (1) 7.0 (-1) 30 (-1) 0 (-1) 4 (1) 12 3.108

12 (-1) 10 (1) 20 (-1) 20 (1) 20 (-1) 5 (1) 0.5 (1) 7.0 (-1) 30 (1) 10 (1) 6 (1) 12 4.036

Data in parentheses are the coded values of the variables to be examined
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Synthesis of GSH in a 500-ml agitated reactor

Synthesis of GSH using the waste brewer’s yeast cells was

further carried out in a temperature-controlled 500-ml

reactor mixed with a magnetically driven rotor. The initial

volume was 250 ml. Figure 1 shows the time courses of

GSH, glucose, and ethanol concentrations. The total GSH

including those secreted to the medium and remained

inside the cells reached 836 mg/L (2.72 mM) at 34 h and

the molar yield was 27.2% based on added L-cysteine.

Furthermore, most produced GSH (more than 96%) was in

the reaction medium. During the reaction, glucose was

consumed rapidly and the ATP generated was more than

that actually required for GSH synthesis. According to the

concentration of produced ethanol, the calculated ATP

generated in the glycolic pathway was 675 mM. Therefore,

only 0.4% of the generated ATP was used for synthesis of

GSH, and the phenomenon was in agreement with what

Murata et al. observed [20]. This was attributed to the high

ATPase activity in brewing yeasts especially in industrially

used fast fermentation yeasts. In such yeast cells, ATP

formed in the glycolytic pathway is degraded quickly to

maintain a low level of ATP, and glucose is metabolized

quickly.

Table 2 Central composite rotatable design for optimization of GSH production by baker’s yeast

No. pH L-cysteine (mM) L-glutamate PBS (M) CaCl2 (mM) Total GSH (mM)

X1 X2 X3 X4 X5 Measured Predicted

1 (-1) 6.5 (-1) 10 (-1) 10 (-1) 0.2 (1) 6 1.948 1.994

2 (1) 7.5 (-1) 10 (-1) 10 (-1) 0.2 (-1) 2 2.703 3.039

3 (-1) 6.5 (1) 20 (-1) 10 (-1) 0.2 (-1) 2 2.162 2.063

4 (1) 7.5 (1) 20 (-1) 10 (-1) 0.2 (1) 6 2.470 2.807

5 (-1) 6.5 (-1) 10 (1) 20 (-1) 0.2 (-1) 2 2.423 2.219

6 (1) 7.5 (-1) 10 (1) 20 (-1) 0.2 (1) 6 3.038 3.271

7 (-1) 6.5 (1) 20 (1) 20 (-1) 0.2 (1) 6 2.554 2.350

8 (1) 7.5 (1) 20 (1) 20 (-1) 0.2 (-1) 2 3.141 3.228

9 (-1) 6.5 (-1) 10 (-1) 10 (1) 0.5 (-1) 2 5.182 4.888

10 (1) 7.5 (-1) 10 (-1) 10 (1) 0.5 (1) 6 4.930 5.072

11 (-1) 6.5 (1) 20 (-1) 10 (1) 0.5 (1) 6 4.464 4.171

12 (1) 7.5 (1) 20 (-1) 10 (1) 0.5 (-1) 2 8.025 8.022

13 (-1) 6.5 (-1) 10 (1) 20 (1) 0.5 (1) 6 5.033a 4.635

14 (1) 7.5 (-1) 10 (1) 20 (1) 0.5 (-1) 2 4.287 4.179

15 (-1) 6.5 (1) 20 (1) 20 (1) 0.5 (-1) 2 5.229a 4.685

16 (1) 7.5 (1) 20 (1) 20 (1) 0.5 (1) 6 8.677 8.570

17 (-2) 6.0 (0) 15 (0) 15 (0) 0.35 (0) 4 1.994a 2.856

18 (2) 8.0 (0) 15 (0) 15 (0) 0.35 (0) 4 6.244 5.652

19 (0) 7.0 (-2) 5 (0) 15 (0) 0.35 (0) 4 2.703 2.692

20 (0) 7.0 (2) 25 (0) 15 (0) 0.35 (0) 4 4.064 4.342

21 (0) 7.0 (0) 15 (-2) 5 (0) 0.35 (0) 4 4.343 4.123

22 (0) 7.0 (0) 15 (2) 25 (0) 0.35 (0) 4 3.905 4.393

23 (0) 7.0 (0) 15 (0) 15 (-2) 0.05 (0) 4 1.780 1.380

24 (0) 7.0 (0) 15 (0) 15 (2) 0.65 (0) 4 6.524 7.192

25 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (-2) 0 4.054 4.334

26 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (2) 8 4.483 4.471

27 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (0) 4 4.539 4.420

28 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (0) 4 4.418 4.420

29 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (0) 4 4.399 4.420

30 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (0) 4 4.483 4.420

31 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (0) 4 4.427 4.420

32 (0) 7.0 (0) 15 (0) 15 (0) 0.35 (0) 4 4.520 4.420

Data in parentheses are coded values of the variables examined
a Experimental values having comparatively large standardized residual due to the experiment error or the error of measurement
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Feedback inhibition by GSH

It is reported that c-GCS is inhibited by reduced GSH in

most eukaryotic and prokaryotic cells [5]. To examine the

effects of feedback inhibition caused by GSH, the reaction

was initiated at different GSH concentrations and the GSH

formed was measured in an hour. The results are shown in

Fig. 2. It can be seen that GSH strongly inhibited the GSH

production. The synthesis of GSH was almost completely

inhibited at the initial GSH concentration of 2 mM. In

order to get more GSH, the feedback inhibition should be

reduced as much as possible.

Two-stage reaction

To release the feedback inhibition of c-GCS caused by

GSH, the whole reaction was divided into two stages. In

the first stage, glycine was omitted from the reaction

mixture and only c-GC was formed. Because no GSH was

produced in this stage, the c-GCS activity could be main-

tained, and more c-GC could be produced. Then, glycine

was added to the reaction mixture at 7.5 h to start the

second stage for production of GSH. The result is shown in

Fig. 3. Under this condition, the GSH produced by the

waste brewer’s cells reached 1,569 mg/L in 31 h, 1.88

times as high as that obtained when the three amino acids

were added at the same time. In addition, 1,430 mg/L GSH

was in the reaction medium due to cell permeation. The

glutathione produced by intact cells was accumulated in the

cells and was not excreted [20]. Therefore, the two-stage

reaction using permeated cells could effectively reduce the

feedback inhibition caused by GSH, thus enhanced GSH

production. According to the rate of GSH production, the

second stage could be further divided into three sections

after glycine addition. During the initial 3 h, GSH was

produced at an average rate of 0.72 mmol/(l h), which was

consistent with fast glucose consumption. Then GSH pro-

duction was slowed down. This was assumed to be caused

by two reasons. First, the reduction of the concentration of

intermediate substrate c-GC caused GSH production to

slow down. Second, glucose was consumed slower than in

the first section. The second section continued until glucose

was consumed very slowly at 23.5 h. In the third section,

little glucose was used and GSH was hardly formed. The

decreased synthesis of GSH in the later period of reaction

was attributed to leakage of enzymes due to permeation by

Table 3 Glutathione synthesized by different yeast strains in flasks

Strain Intracellular GSH (mM) GSH in medium (mM) Totol GSH (mM) Yielda (mol/100 mol)

Waste brewer’s yeast 0.156 ± 0.016 2.775 ± 0.066 2.926 ± 0.075 29.26 ± 0.75

Baker’s yeast 0.160 ± 0.021 2.174 ± 0.104 2.834 ± 0.121 28.34 ± 1.21

Saccharomyces cerevisiaeb 0.432 ± 0.075 1.132 ± 0.059 1.594 ± 0.088 15.94 ± 0.88

Candida tropicalisb 0.233 ± 0.049 1.230 ± 0.085 1.463 ± 0.067 14.63 ± 0.67

a Based on added cysteine
b Lab stock

0

1

2

3

4

5

6

7

8

0 10 20 30
Time (h)

G
SH

, p
H

0

100

200

300

400

500

600

700

800

G
lu

co
se

, E
th

an
ol

pH GSH (mM)

Glucose (mM) Ethanol (mM)

Fig. 1 Synthesis of glutathione in a 500-ml reactor using waste

brewer’s yeast cells. The initial concentrations of the precursor amino
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freeze and thaw, because the protein concentration in the

reaction medium was trebled in this period (data not

shown).

Optimizing GSH production using statistical

experimental methods

Because the quality of waste brewer’s yeast varied to a

large extent, in the following experiments, the commer-

cially available baker’s yeast was used. Preliminary

experiments on single factor affecting GSH production

were performed in the two-stage reaction mode (not

shown), and 11 factors were chosen (Table 1). Benzoic

acid was added to examine whether it would be useful to

better use of ATP [21]. The effects of these variables were

studied using Plackett–Burman design, and the significance

was estimated by the P-value (Table 4). A P-value less

than 0.05 indicated influence of the variable was signifi-

cant. From the experimental data, five significant variables

including pH and the concentrations of cysteine, glutamic

acid, CaCl2, and PBS were identified. The effect of the

time to add glycine was not significant, suggesting less

change in the production of c-GC during the examined

period.

The five variables were further optimized by RSM.

Except for the examined variables, the reaction conditions

were the same as that described in ‘‘Materials and meth-

ods’’. The whole reaction was carried out for 30 h, and

glycine was added at 5 h. The levels of these variables in

the CCD design and the experimental results are shown in

Table 2. The experimental data were analyzed with

MINITAB 15, and the analysis of variance (ANOVA) is

listed in Table 5. The parameters in Eq. 1 describing the

relationship between GSH production (Y) and tested vari-

ables were obtained and are shown in Eq. 2:

Y ¼ �87:5991þ 41:4655X1 � 6:2241X2 þ 0:1843X3

� 10:1410X4 � 9:7120X5 � 4:1516X2
1 � 0:009X2

2

� 0:0016X2
3 � 0:0148X2

4 � 0:0042X2
5 þ 0:9413X1X2

� 0:0582X1X3 þ 1:5611X1X4 þ 1:2232X1X5

þ 0:0062X2X3 þ 0:0262X2X4 � 0:0093X2X5

� 0:0104X3X4 þ 0:106X3X5 þ 0:0334X4X5 ð2Þ

The R2 of the model was 96.16%, and the adjusted R2 was

89.17%, indicating a very high correlation.

According to Eq. 2, the predicted highest yield of GSH

based on cysteine was 0.84 mol/mol with a GSH concen-

tration of 4.12 mM, and the highest GSH concentration of

12.1 mM with a yield of 0.48 mol/mol. To achieve rea-

sonable GSH concentration and yield, the optimal condi-

tions were obtained by weighting the GSH yield by 0.6 and

GSH concentration by 0.4, and the optimal conditions were:

pH 6.8, cysteine 23 mM, glutamic acid 25 mM, CaCl2
4 mM, and PBS 0.65 M. Two-stage reaction was carried

out under the optimized conditions, and the baker’s yeast

produced 3,440 mg/L (11.2 mM) of GSH in 30 h. The time

courses in the reaction for GSH production are shown in

Fig. 4. It can be seen that the course of GSH production by

baker’s yeast was rather similar to the waste brewer’s yeast

except that baker’s yeast consumed glucose even faster than

the waste brewer’s yeast. In addition, the pH dropped

slower than in the previous experiments due to the higher

concentration of PBS to provide better buffering capability.

After 19 h, the added glucose was all consumed, but ethanol

and GSH were still produced at a slower rate. This could be

attributed to the degradation of intermediate products such

as fructose-1, 6-diphosphate to generate ATP [20].
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Fig. 3 The profiles of total glutathione, glucose, and ethanol in two-

stage reaction catalyzed by waste brewer’s yeast cells. The initial

concentrations of both L-glutamate and L-cysteine were 10 mM.

Glycine (20 mM) was added to the reaction mixture at 7.5 h. The

arrow shows the supplementation of glucose. Multiplicate experiments

indicated the average final GSH concentration of 5.11 ± 0.01 mM

Table 4 P-values of the factors examined in Plackett-Burman design

for GSH production by baker’s yeast

Code Variable Level P-value

High (?1) Low (-1)

1 L-glutamate (mM) 20 10 0.048

2 L-cysteine (mM) 20 10 0.004

3 Glycine (mM) 20 10 0.845

4 MgCl2 (mM) 20 10 0.899

5 CaCl2 (mM) 10 5 0.029

6 PBS (M) 0.5 0.3 0.041

7 pH 7 6 0.000

8 Temperature (�C) 37 30 0.992

9 Benzoic acid (mM) 5 0 0.549

10 Time to add glycine (h) 6 4 0.064

11 Cell (%) 12 10 0.665
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Degradation of GSH

In yeast cells c-glutamyltranspeptidase that catalyzes deg-

radation of GSH exists [22]. In the two-stage reaction,

feedback inhibition caused by GSH could be effectively

reduced. However, the molar GSH yield based on added

cysteine was only around 50%, far below the theoretical

yield. The residual cysteine existed in the reaction medium

was very low at the end of reaction (data not shown).

Thereby, it was supposed that GSH degradation was the

main reason to reduce the GSH yield. GSH degradation

was examined under different conditions: A, GSH plus

glucose, cysteine and glycine; B, GSH plus cysteine and

glycine; C, GSH alone. The results are shown in Fig. 5.

When glucose was present, GSH degraded more slowly

compared with the other experiments (B or C) where glu-

cose was missing. This could be due to the resynthesis of

GSH, but the rate of degradation was faster than that of

synthesis. Comparison of the experiment C where the

reaction mixture contained nothing but GSH, with B where

cysteine and glycine were added, the degradation of GSH

was at the similar level. Therefore, the concentration of the

precursor amino acids seemed to have no effect on GSH

degradation.

Conclusions

The waste brewer’s yeast and commercial baker’s yeast

can convert the precursor amino acids to GSH in the

presence of glucose. To reduce the feedback inhibition of

c-GCS caused by GSH and to improve GSH production,

the reaction was divided into two stages. In the first stage,

glycine was omitted to synthesize c-GC only. Then glycine

was added to synthesize GSH which achieved 1,569 mg/L,

1.88 times that obtained in the conventional one-stage

Table 5 The estimated coefficients of the variables

Coefficient Value Standard error P-value

b0 -87.5991 0.21598 0.000

b1 41.4655 0.11053 0.000

b2 -6.2241 0.11053 0.003

b3 0.1843 0.11053 0.553

b4 -10.1410 0.11053 0.000

b5 -9.7120 0.11053 0.763

b11 -4.1516 0.09998 0.686

b22 -0.0090 0.09998 0.045

b33 -0.0016 0.09998 0.694

b44 -0.0148 0.09998 0.754

b55 -0.0042 0.09998 0.967

b1b2 0.9413 0.13537 0.005

b1b3 -0.0583 0.13537 0.834

b1b4 1.5611 0.13537 0.112

b1b5 1.2233 0.13537 0.386

b2b3 0.0062 0.13537 0.280

b2b4 0.0562 0.13537 0.010

b2b5 -0.0093 0.13537 0.737

b3b4 -0.0104 0.13537 0.576

b3b5 0.1060 0.13537 0.002

b4b5 0.0334 0.13537 0.718
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Fig. 4 The time courses of total glutathione, glucose, and ethanol in

two-stage reaction catalyzed by baker’s yeast cells. The initial

concentrations of L-glutamate and L-cysteine were 25 and 23 mM,

respectively. Glycine (50 mM) was added to the reaction mixture at

5 h. The concentration of potassium phosphate buffer was 0.65 M.

Multiplicate experiments indicated the average final GSH concentra-

tion of 11.2 ± 0.05 mM
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Fig. 5 GSH degradation under different conditions. 1-g baker’s yeast

cells (wet weight) was suspended in 10 ml 0.2 M potassium

phosphate buffer (pH 7.0) containing 5 mM GSH. The mixture was

supplied with different amounts of amino acids and glucose, and

incubated with gentle shaking for 10 h at 37�C. A 320 mM glucose,

10 mM L-cysteine, and 10 mM glycine; B 10 mM L-cysteine and

10 mM glycine; C neither amino acid nor glucose was added
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reaction. The optimal conditions were established by using

Plackett–Burman design and RSM, and the GSH concen-

tration reached 3,440 mg/L in 30 h. Most of the produced

GSH was in the medium. GSH degradation was also found

to be responsible to the low GSH yield, and presence of

glucose decreased degradation of GSH.
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