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Abstract: Glutathione is a tripeptide compound with many important physiological functions. A new,
two-step reaction system has been developed to efficiently synthesize glutathione. In the first step,
glutamate and cysteine are condensed to glutamyl-cysteine by endogenous yeast enzymes inside
the yeast cell, while consuming ATP. In the second step, the yeast cell membrane is lysed by the
permeabilizing agent CTAB (cetyltrimethylammonium bromide) to release the glutamyl-cysteine,
upon which added glutathione synthetase converts the glutamyl-cysteine and added glycine into
glutathione. The ATP needed for this conversion is supplied by the permeabilized yeast cells of
glycolytic pathway. This method provided sufficient ATP, and reduced the feedback inhibition of
glutathione for the first-step enzymatic reaction, thereby improving the catalytic efficiency of the
enzyme reaction. In addition, the formation of suitable oxidative stress environment in the reaction
system can further promote glutathione synthesis. By HPLC analysis of the glutathione, it was found
that 2.1 g/L reduced glutathione is produced and 17.5 g/L oxidized glutathione. Therefore, the new
reaction system not only increases the total glutathione, but also facilitates the subsequent separation
and purification due to the larger proportion of oxidized glutathione in the reaction system.

Keywords: glutathione; glutathione synthetase; yeast energy coupling; post-addition CTAB method;
oxidative stress environment

1. Introduction

Glutathione (GSH) is a bioactive tripeptide compound with γ-glutamyl and sulfhydryl groups
consisting of l-glutamic acid, l-cysteine, and glycine [1]. It is ubiquitous in living organisms and plays
a central role in cell biology. Glutathione is easily oxidized. Two molecules of reduced glutathione are
oxidatively dehydrogenated and then disulfide bonded to form oxidized glutathione (GSSG), but only
reduced glutathione has biological activity [2]. Oxidized glutathione can be reduced to active reduced
glutathione with glutathione reductase by consuming NADPH (nicotinamide adenine dinucleotide
phosphate) [3]. Glutathione maintains the intracellular redox balance through the transformation of
oxidized and reduced states [4]. GSH can irreversibly bind to toxic electrophilic compounds that are to
be eliminated outside the cell either spontaneously or via catalysis by glutathione s-transferase [5].
Related research shows that glutathione can be involved in DNA repair to protect against side effects
caused by tumor drugs and other radiopharmaceuticals and radiotherapy [6,7]. In addition, glutathione
has a skin-whitening effect in humans through the inhibition of melanogenesis by suppressing the
activity of tyrosinase [8,9]. To summarize, important groups on the γ-peptide bond and the thiol group
in the glutathione structure determine its various physiological functions, such as anti-oxidation [10],
detoxification of exogenous substances [11], maintenance of the intracellular thiol balance [12], assisted

Catalysts 2020, 10, 33; doi:10.3390/catal10010033 www.mdpi.com/journal/catalysts

http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
http://www.mdpi.com/2073-4344/10/1/33?type=check_update&version=1
http://dx.doi.org/10.3390/catal10010033
http://www.mdpi.com/journal/catalysts


Catalysts 2020, 10, 33 2 of 13

amino acids transmembrane transport [13], DNA repair [6], anti-radiation [7], and other functions,
so it is widely used in food, cosmetics, medicine, and other fields [8].

Glutathione has multiple metabolic pathways in cells. In all eukaryotic cells and most
Gram-negative bacteria, glutamylcysteine synthetase (GSHI) first catalyzes the synthesis of
glutamylcysteine from glutamate and cysteine by consuming ATP. Glutathione synthetase (GSHII)
continues to catalyze the synthesis of glutathione from glutamylcysteine and glycine using ATP [14].
However, in Gram-negative bacteria, glutathione bifunctional synthase can directly catalyze three
substrates to synthesize glutathione [15,16]. Additionally, there are some alternative pathways in
prokaryotes [17,18].

Over the years, researchers have explored a variety of methods for the efficient synthesis
of glutathione based on these metabolic pathways. There are four main methods for producing
glutathione: extraction, chemical synthesis, fermentation, and enzymatic methods. Extraction and
chemical synthesis were the main early methods for the synthesis of glutathione, but they have been
phased out due to low yields and other limitation. Fermentation is widely used in industry, but there
are also problems such as the inhibition of intracellular products [19] and difficulty in separation
and purification [20]. Enzymatic methods are currently the research focus. Enzymatic synthesis uses
a two-step enzyme-catalyzed reaction system containing the glutathione synthetase system, three
precursor amino acids, cofactors, and the necessary energy [21]. The advantages of the enzymatic
production of GSH are mainly that the in vitro reaction system simplifies the production process and
has strong specificity and mild reaction conditions, so that the yield of GSH can reach a high level.
However, the transfer to the industrial scale has still not been achieved as efficient ATP supply and
enzyme catalytic systems were lacking [22]. At present, the key to the enzymatic synthesis of GSH
is to obtain a high-performance glutathione synthetase enzyme system and a high-efficiency ATP
generation system.

Our work aims to further increase the yield of glutathione synthesis based on the enzymatic
method and coupling with yeast energy production. The expression of GSH synthase can be improved
by inserting the glutathione synthase gene into the prokaryotic expression system to construct the
recombinant strain through genetic engineering [23]. Therefore, we first constructed pET28a-gshII
recombinant plasmid and transformed it into E. coli BL21. Then, recombinant strains were induced to
express large amounts of glutathione synthetase with different inducers. Additionally, this study has
set up a new method called the “post-addition CTAB method” (cetyltrimethylammonium bromide,
a permeabilizing agent), which not only effectively coupled the yeast energy production system but
also greatly reduced the feedback inhibition of glutathione for the first step enzymatic reaction. Due to
the characteristic of the glutathione redox state transition [4], the formation of a suitable oxidative stress
environment in the reaction system can promote the synthesis of glutathione. This new reaction system
can efficiently synthesize a large amount of GSSG and has obvious advantages in T-GSH synthesis.

2. Results and Discussion

2.1. Induced Expression of Glutathione Synthetase

High enzyme activity plays a decisive role in the enzymatic synthesis of glutathione [24]. In this
new method, the activity of glutathione synthetase directly determines the efficiency of glutathione
synthesis in the exogenous yeast enzyme reaction. Therefore, it is necessary to investigate the induction
expression conditions of glutathione synthetase. The expression of glutathione synthetase was induced
by Tianda No.1, IPTG (isopropyl-beta-d-thiogalactopyranoside) and lactose, and the effect of the
induced expression is shown in Figure 1a. It was found that Tianda No. 1 has obvious advantages over
IPTG and lactose as an inducer, and it can promote the expression of glutathione synthetase. When the
cells are grown at a suitable temperature (>30 ◦C), they can be induced to express a large amount of
proteins. However, the induced proteins are prone to be inclusion bodies or have misfolded spatial
structure which affects the enzymatic activity [25]. Because enzymatic activity is a key factor in the
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reaction system, it is necessary to lower the induction temperature [26]. The expression of glutathione
synthetase was induced at 30 ◦C, 26 ◦C, 22 ◦C, 18 ◦C, 14 ◦C, and 10 ◦C, and the effect of the induction
temperature on glutathione synthetase is shown in Figure 1b. The recombinant protein has the highest
expression at 26 ◦C, and 26 ◦C was determined as the optimal induction temperature.

Figure 1. The induced expression of glutathione synthetase. (a) the effect of the different inducers.
Lanes 1, 2, and 3 show GSH induced by Tianda No.1, lactose, and IPTG, respectively; (b) GSH at
different low temperatures. Lanes 1–6 show the glutathione synthetase expression that was induced at
30 ◦C, 26 ◦C, 22 ◦C, 18 ◦C, 14 ◦C, and 10 ◦C, respectively, by the Tianda No. 1.

2.2. The Permeability of the Yeast Cells and Coupling with Yeast ATP Generation

The synthesis of GSH by glutathione synthetase must be coupled with ATP produced by the
yeast glycolytic pathway [27]. Therefore, the yeast cells need to be permeabilized to ensure the
intracellular to extracellular diffusion of ATP. Shailasree Sekhar found that treatment with CTAB to
alter the membrane permeability yielded higher catalase activity than digitonin and TritonX-100 [28].
CTAB is a cationic surfactant, and can lyse cell membranes by acting as membrane-modulating
agent [29]. N-Lauroylsarcosine is a cationic detergent that is often used instead of SDS (sodium dodecyl
sulfate) to solubilize proteins [30,31]. TritonX-100 is a mild non-ionic detergent used to solubilize
cytoplasmic membrane proteins [31]. The cells were permeabilized with Tween-80, 1% TritonX-100,
CTAB, N-Lauroylsarcosine, and 30% ethanol, respectively. The effect of the type of permeabilizing
agent on GSH synthesis is shown in Figure 2a. As seen from the figure, CTAB and N-Lauroylsarcosine
have the best effect; comparatively, the effect of 1% TritonX-100 is significantly lower, and 30% ethanol
and Tween-80 have no effect. Therefore, CTAB was chosen as a permeabilizing agent for the yeast
cells. In this study, the yeast cells were able to produce approximately 21.61 mmol/L GSH after
CTAB permeation. Compared with other permeabilizing agents, CTAB can reduce the permeability
barrier of the cell membrane to the greatest extent and therefore greatly increase the release of
intracellular metabolites.
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Figure 2. The effect of the permeability of yeast cells on GSH synthesis; (a) the effect of the different
types of permeabilizing agents. The permeabilizing agents were Tween-80, 1% TritonX-100, CTAB,
N-Lauroylsarcosine, and 30% ethanol; (b) the effect of the volume concentration of yeast cells. The yields
are shown for the 100 mL reaction system with yeast cell volumes of 5%, 10%, 20%, 30%, and 40%; (c) the
effect of the proportion of yeast to permeabilizing agent. The proportion of yeast to permeabilizing
agent in the reaction system were 20:1, 15:1, 10:1, 5:1, and 2:1.

After selecting CTAB as the permeabilizing agent for the yeast cell membranes, it was necessary to
investigate the volume concentration of yeast in the reaction medium. Yeast cells are so crucial for the
first endogenous enzyme reaction that the yeast volume concentration directly affects the production of
the final product. Different volume concentrations of yeast were added to the reaction system, and the
substrate was reacted with the endogenous yeast enzyme for sufficient time (approximately 10 h). Then,
CTAB was added for permeabilization and the exogenous enzyme was simultaneously used to catalyze
the reaction. The final concentration of GSH is shown in Figure 2b. It can be seen from the figure that
the larger the volume concentration of yeast cells, the higher the concentration of synthesized GSH.
However, the growth rate of GSH synthesis tends to slow down after the volume concentration of
yeast cells exceeds 20%. Moreover, if the concentration of yeast in the reaction system is too high, a
large amount of bubbles will be generated in the reaction solution due to cellular respiration, which is
not conducive to the continuous reaction. Considering the cost and the difficulty of separation and
purification, a 20% yeast volume concentration of yeast is optimal.

The proportion of yeast to permeabilizing agent in the reaction system was 20:1, 15:1, 10:1, 5:1,
or 2:1. The effect of the proportion of yeast to permeabilizing agent on the GSH synthesis is shown in
Figure 2c. It can be seen from the figure that the smaller the proportion of yeast to permeabilizing agent,
the higher the concentration of synthetic GSH, but the effect of the ratio of yeast to the permeabilizing
agent is not significant in the range of 10:1 to 2:1. Since CTAB is a cationic detergent with certain
cytotoxicity, if the concentration of the permeabilizing agent is too high, it can cause excessive damage
of yeast cells. In particular, the activity of the glycolytic yeast enzymes will decrease and lead
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to a reduction in ATP generation from yeast glycolysis. Hence, 10:1 is the optimum ratio for the
permeabilizing agent.

2.3. Effective Energy Supply Is Necessary in the Post-Addition CTAB Method Reaction System

The post-addition CTAB method is a new synthetic system based on the enzymatic synthesis of
GSH. In the enzymatic method, the yeast cells are first permeated to release a large amount of ATP
produced by intracellular glycolytic pathway, and then glutathione synthetase in the reaction system
consumes ATP to synthesize glutathione [32]. However, the release of a large amount of ATP cannot
be fully utilized by the glutathione synthetase system in the initial reaction stage, which will lead to
the unnecessary loss of ATP. Additionally, the low activity of yeast due to the long coupling time leads
to an insufficient energy supply for the subsequent reactions [33]. To solve these problems, in this
study, the glutathione was first directly catalyzed by endogenous enzymes in the yeast cells, and CTAB
was then added to permeate the cell membrane. At the same time, exogenous enzymes were added
to continue to catalyze the synthesis of glutathione. This method shortens the coupling time and
maintains the high glycolytic enzyme activity to provide sufficient ATP for the reaction. As a result,
the efficiency of synthesizing GSH was greatly improved.

This method also reduces feedback suppression to some extent. Research shows that, when the
accumulation of GSH in the organism reaches a certain concentration, GSH will be combined with the
regulatory site of γ-glutamylcysteine synthetase which makes its binding site change to inactivate, and
the synthesis of GSH will thus be inhibited by feedback [34]. In this new method, CTAB was added
to the reaction system after the first-step endogenous yeast enzyme reaction was completed, which
avoided the accumulation of the intermediate product GGC and the final product GSH in the cell, and
released the ATP for the exogenous enzyme reaction. Glycolytic enzymes can effectively maintain the
enzymatic activity to complete the second-step exogenous enzyme reaction.

The synthesis of glutathione requires two steps, each of which consumes one molecule of ATP [32].
It is necessary for us to consider how to provide an efficient and low-cost energy supply for the new
method to take full advantage of its superiority. Six carbon sources of glucose, lactose, maltose, sucrose,
FDP (Fructose-1, 6-diphosphate) and ATP, were added to the reaction system. The effect of the different
carbon sources on glutathione synthesis is shown in Figure 3a. Among the six carbon sources, ATP
can be used as a direct energy source to synthesize the most amount of GSH, reaching 27.81 mmol/L.
The GSH produced from glucose, lactose, maltose, sucrose, and FDP was 19.67 mmol/L, 13.59 mmol/L,
16.69 mmol/L, 17.26 mmol/L, and 17.60 mmol/L, respectively. The other carbon sources need to be
converted into ATP through the yeast cell glycolytic pathway [35], so the efficiency of synthesizing
GSH from these carbon sources is not as high as the direct synthesis of GSH from ATP. However, ATP
is so expensive that it is economically unfeasible to add ATP directly at an industrial scale. Therefore,
glucose is the best carbon source for GSH synthesis.
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Figure 3. The effect of the energy supply on the synthesis of glutathione in the reaction system with
post-addition CTAB method. (a) the effect of different carbon sources. The six carbon sources were
glucose, lactose, maltose, sucrose, FDP and ATP. (b) the effect of the initial glucose concentration,
10–80 mmol/L; (c) the effect of the supplemental glucose concentration, 20–80 mmol/L; (d) the effect
of different supplementation times. After adding the permeabilizing agent, the interval before the
supplemental glucose was added was 2 h, 3 h, 4 h, 5 h, or 6 h. (e) the effect of different ways of
replenishment. The four ways of replenishing energy were mean flow supplementation of glucose,
mean flow supplementation of glucose and ATP, gradual flow supplementation of glucose, and gradual
flow supplementation of glucose and ATP.

The initial concentration, supplemental concentration, supplementation time, and the
supplementation strategy of glucose are all critical to the reaction system of GSH synthesis. To the
initial reaction system, 10–80 mmol/L of glucose were added, which was then mainly catalyzed by
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the yeast endogenous enzyme. The effect of the initial glucose concentration on the GSH synthesis
is shown in Figure 3b. The endogenous yeast enzyme catalyzes the first step reaction for about 10 h.
Sufficient glutamyl-cysteine and ATP can be produced, which is most beneficial for the second step
of the synthesis of glutathion catalyzed by the exogenous enzymes, as shown in Figure S1. After
10 h of reaction, CTAB was added to permeate the yeast cells. Next, 20–80 mmol/L of supplemental
glucose was added for the reaction to continue to produce ATP. The effect of the supplemental glucose
concentration on GSH synthesis is shown in Figure 3c. Glucose was added at 2 h, 3 h, 4 h, 5 h, and 6 h
after permeabilization. The effect of the glucose supplementation time on GSH synthesis is shown in
Figure 3d. Four strategies for replenishing energy were used, namely, mean flow supplementation of
glucose, mean flow supplementation of glucose and ATP, gradual flow supplementation of glucose,
and gradual flow supplementation of glucose and ATP. The effect of the different strategies of energy
replenishment on the GSH synthesis is shown in Figure 3e. As seen from Figure 3a–e, the optimal
concentration for the initial addition of glucose is 40 mmol/L. After using CTAB to permeate yeast cells,
30 mmol/L of glucose is added to synthesize more GSH at intervals of 5 h or 6 h. Before adding CTAB,
the yeast cells mainly undergo the tricarboxylic acid cycle in the mitochondria to produce a large
amount of ATP to synthesize GSH. Therefore, in the early stage of the reaction, the yeast cells consume
less glucose, so a shorter glucose supplementation interval will lead to glucose accumulation, which
will inhibit the synthesis of GSH [36]. The glucose can be fully consumed in 5 h or 6 h, and the energy
can be replenished in time to promote GSH synthesis. Gradual flow supplementation is obviously
superior to mean flow supplementation because it can better maintain the supply of energy and avoid
excessive ATP in the system that would inhibit the synthesis of GSH. The combination with ATP is
also superior to a single supplementation of glucose. Therefore, the gradual flow supplementation of
glucose combined with ATP in the reaction system is more conducive to GSH synthesis.

2.4. Oxidative Stress Environments Can Promote the Synthesis of GSH

Many studies have shown that GSH-dependent reduction systems play an important role in
resisting oxygen stresses for E. coli and Saccharomyces cerevisiae [37]. The active sulfhydryl group of GSH
is oxidized by ROS to form oxidized glutathione, which can then be reduced to GSH under the action
of glutathione reductase, thus removing the ROS and protecting the cell [38]. Under the induction of
low concentrations of H2O2, it has been demonstrated that the proteins responsible for transcription
regulation in yeast induce the transcription of genes in the GSH synthase line, thus producing more
GSH to resist oxidative stresses [39]. The specificity of the glutathione redox transformation provides
us with a new idea to improve the yield of GSH. Yeast cells were treated with different conditions
of oxidative stress to observe if glutathione synthesis was promoted. Different concentrations of
Mn2+/H2O2/Fe3+ (MnCl2/H2O2/FeCl3·6H2O) were added as stress agents to the reaction system to form
an oxidative stress environment. A control group was assigned for each experiment. As seen from
Figure 4a–e, compared with the control group, the oxidative conditions at different low concentrations
all promoted the synthesis of glutathione. In addition, when each stressor was added alone, we found
that the optimal concentrations were 20 mmol/L for Mn2+, 20 µL/100 mL for H2O2, and 2.22 mmol/L
for Fe3+. When 20 mmol/L Mn2+ was combined with different concentrations of H2O2 and Fe3+,
the optimal concentrations were 20 mmol/L of Mn2+, 10 µL/100 mL of H2O2, and 1.48 mmol/L of Fe3+.
Glutathione can alternate between its oxidized and reduced states, so it can effectively maintain the
intracellular redox balance [4]. When stimulated by oxidative stresses, yeast cells will synthesize more
GSH to protect themselves and resist the adverse environments [40]. Stress agents may also affect the
structure of glutathione synthetase [41]. When the enzyme structure changes, the enzymatic activity of
glutathione synthetase is fully stimulated to catalyze GSH synthesis.
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Figure 4. The effect of oxidative stress environment on glutathione synthesis (in the 100 mL reaction
system). (a) the effect of different Mn2+ concentrations, 0 mmol/L (control)–90 mmol/L; (b) the
effect of different H2O2 concentrations, 0 µL/mL (control)–180 µL/mL; (c) the effect of different Fe3+

concentrations, 0 mmol/L (control)–3.33 mmol/L; (d) the effect of Mn2+ (20 mmol/L) combined with
H2O2 at different concentrations, 0 µL/mL (control)–160 µL/mL; (e) the effect of Mn2+ (20 mmol/L) and
H2O2 (10 µL/mL) combined with Fe3+ at different concentrations, 0 mmol/L (control)–3.33 mmol/L.

In this new post-addition CTAB method reaction system, three types of stress agents are combined
to form oxidative stress environments, and various regulatory factors are added according to the
optimized results. Reduced glutathione and oxidized glutathione were detected by HPLC as shown in
Figure 5. The final concentration of GSH can reach 2.1 g/L, and the final concentration of GSSG can
reach 17.5 g/L in the reaction system. GSSG has a larger proportion than GSH in the final product, and
GSSG is easier to separate than GSH, which is conducive to downstream processing. In the subsequent
separation and purification, the oxidized glutathione can be removed by using a reducing agent [42].
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Figure 5. Glutathione analysis by HPLC. (a) analysis of GSH and GSSG standards by HPLC; (b) analysis
of GSH and GSSG samples by HPLC.

3. Materials and Methods

3.1. Plasmids, Strains, and Reagents

Saccharomyces cerevisiae SP5 is the main experimental yeast strain preserved by Jiangsu Province
Key Laboratory for Molecular and Medicine Biotechnology. E. coli DH5α, E. coli BL21 (DE3), expression
vector PET-28a (+) and Saccharomyces cerevisiae were stored in the laboratory at −80 ◦C. Taq DNA
polymerase, T4 DNA ligase, restriction endonuclease, and DNA molecular weight markers were
purchased from TaKaRa (Dalian, China); protein molecular weight markers were purchased from MBI;
primer synthesis and plasmid sequencing were performed by General Biosystems (Anhui, China);
Tianda No.1, a rapid and efficient protein expression inducer, was developed in our laboratory and
commercialized by Nanjing Bioworld Company (Nanjing, China).

3.2. Construction of the pET28a-gshII Recombinant Plasmid

Primers were designed based on the gshII gene sequence of Saccharomyces cerevisiae and the
MCS site of pET28a, and the NcoI and BamH I restriction sites were inserted at the 5′ end of the
upstream and downstream primers, respectively, F: 5′-CATGCCATGGATGGCACACTATCCACCT-3′,
R: 5′-CGCGGATCCCTAGTAAAGAATAATACT-3′. The primers were sent to General Biosystems
for synthesis. The whole genome sequence of Saccharomyces cerevisiae was extracted as a template
amplified by PCR: 5 min at 95 ◦C; 25× (40 s at 95 ◦C, 18 s at 53 ◦C, 1 min 30 s at 72 ◦C); stored at 4 ◦C.
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The target gene obtained by PCR and the pET-28a (+) vector were digested with NcoI and BamHI,
respectively, and then ligated into E. coli DH5α competent cells by T4 DNA ligase, and plated overnight
at 37 ◦C to screen for positive clones. Finally, the DNA sequence was found to be identical to the
template sequence. This recombinant plasmid was designated as pET28a-gshII. The molecular weight
of glutathione synthetase is approximately 61KD.

3.3. The Reaction System of Glutathione Synthetase Coupled with Yeast Energy Production

Endogenous yeast enzyme reaction: in the 100 mL reaction system, the yeast volume ratio was
approximately 20%. Three precursor amino acids (Glu/Gly/Cys) were added to the reaction system at
concentrations of 100 mmol/L each. In addition, 20 mmol/L of Mg2+ was added as a cofactor to improve
the activity of a yeast glycolysis enzyme system [43], and 40 mmol/L phosphate buffer was added
(K2HPO4·3H2O, NaH2PO4·2H2O). In this stage, the reaction pH should be kept at approximately 6.5.
Different kinds of carbon source medium (glucose, lactose, maltose, sucrose, FDP, and ATP) were used
to provide energy for the endogenous enzyme reaction. The endogenous yeast enzyme reaction was
performed under aerobic conditions at 37 ◦C with shaking at 220 rpm for 10 h.

Exogenous yeast enzyme reaction: After 10 h for the endogenous yeast enzyme reaction, CTAB
was added at a ratio of yeast to the permeabilizing agent of 10:1 to lyse the yeast cell membrane to
release the intermediate products and ATP. Phosphate buffer (K2HPO4·3H2O, NaH2PO4·2H2O) was
added at 25 mmol/L, and the reaction pH was adjusted to 5.5. Then, 24 mg/mL of the exogenous
enzyme was added to continue to catalyze the synthesis of glutathione. At the same time, 20 mmol/L
of Glu, 10 mmol/L of Cys, 30 mmol/L of Gly, and 1 g of ATP were also added. At intervals of 5 h or 6 h,
30 mmol/L of supplemental glucose was added. In this stage, the glucose provides sufficient energy
for yeast exogenous enzyme reaction through the glycolytic pathway.

Permeabilizing yeast cells and coupling with yeast energy: in the reaction system, yeast and
the permeabilizing agent CTAB were added in the proportion of 10:1 for permeabilization. Before
permeabilization, the yeast cells mainly undergo the mitochondrial tricarboxylic acid cycle to produce
ATP for the first-step enzymatic reaction [33], and after permeabilization, the yeast cells mainly perform
glycolysis to produce ATP for the second-step enzymatic reaction due to the damage of the cell
membrane [32]. The yeast cells transform the carbon source to ATP, which provides sufficient energy
for the glutathione synthetase catalytic reaction.

3.4. Glutathione Analysis

Glutathione was analyzed using an Agilent 1200 high-performance liquid chromatograph.
The column was Intersil ODS-3 C18, 250 mm × 4.6 mm, 5 µm. The mobile phase had a ratio of
A:B of 90:10 (v:v). Phase A was a sodium heptanesulfonate-phosphate buffer solution, where 3.4 g
potassium dihydrogen phosphate and 1.1 g sodium heptane sulfonate were dissolved in 500 mL water.
The pH of the solution was adjusted to 3.0 with phosphoric acid. Phase B was methanol. A 0.45 µm
microporous membrane was used to filter the phase A and phase B. The detection wavelength was
210 nm, the flow rate was 1.0 mL/min, and the injection volume was 20 µL [44,45].

Standard solutions of glutathione were prepared at concentrations of 5 µg/mL, 10 µg/mL,
20 µg/mL, 40 µg/mL, and 60 µg/mL to draw a glutathione standard curve, and then samples were
injected for analysis.

4. Conclusions

The glutathione was synthesized based on the enzymatic method, and the reaction system has
been improved. First, a large amount of glutamylcysteine and a small amount of glutathione were
synthesized by endogenous enzymes. Then, CTAB was used to permeate the yeast cells, and the
exogenous enzyme was added to continue catalyzing GCC to synthesize GSH. This method not only
effectively couples yeast ATP generation, but also reduces the feedback inhibition. The energy supply of
the reaction system is optimized. A moderate oxidative stress environment can promote the synthesis
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of glutathione. The post-addition CTAB method has obvious advantages in promoting the synthesis
of T-GSH.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/33/s1,
Figure S1: The effect of the first-step reaction time on glutathione synthesis.
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