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Studies on the Properties of E. coli y-Glutamylcysteine Synthetase
in Relation to the Enzymatic Synthesis of Glutathione
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Abstract : yGlutamylcysteine synthetase was purified from E. coli K-12 strain and its properties related to
the in witro synthesis of glutathione by enzymatic method were investigated. The activity of purified y-glu-
tamylcysteine synthetase was increased with increasing concentration of L-glutamate up to 60 mM, while it
was decreased by about 50% and 40% under 60 mM of L-cysteine and 45 mM of glycine, respectively. The
enzyme activity was reduced not only by ADP, one of the reaction products, but also by the reduced form of
glutathione. Therefore, because the reduced glutathione as well as glycine which is the substrate for glu-
tathione synthetase inhibit the activity of y-glutamylcysteine synthetase, it is recommended to design a
bioreactor system with two separate reactions for glutathione synthesis : one with y-glutamylcysteine syn-
thetase reaction and the other glutathione synthetase reaction. In addition since ADP, resulted from these
reactions, reduces the activity of y-glutamylcysteine synthetase, it is necessary to introduce an ATP re-
generation system for glutathione synthesis.(Received September 10, 1997; accepted October 13, 1997)

Introduction

Since glutathione {(y-glutamylcysteinylglycine) plays
many physiological roles in mammals such as de-
toxification of toxins from environment and protection
of cells against reactive oxygen compounds and free rad-
icals,” it has been utilized as one of the main com-
ponents for hepatic medicine.” Although glutathione has
been produced by extraction from yeast cells or by
chemical synthesis, these methods have some disad-
vantages for the mass production of glutathione.” There-
fore, development of new methods has been proceeded
for the improvement of glutathione production.*””

Glutathione is synthesized by the consecutive actions
of y-glutamylcysteine synthetase(E.C 6.3.2.2) and glu-
tathione synthetase.” The y-glutamylcysteine syn-
thetase catalyzes the first reaction, known as the rate
limiting step, of glutathione biosynthesis.”” It has been
reported that yglutamylcysteine synthetase-is feedback
inhibited by reduced glutathione™'” and the enzyme for-
mation is not repressed by glutathione.'” Glutathione
synthetase, which catalyzes glutathione biosynthesis in
the second step, is not inhibited by glutathione.” These
results indicate that the synthesis of glutathione would
be mainly controlled through feedback inhibition of ¥

glutamylcysteine synthetase by reduced glutathione.
Nam" reported that the enhancement of y-glutamyl-
cysteine synthetase activity would be crucial for the im-
provement of in vitro glutathione biosynthesis and the
enzymatic method would be more suitable than fer-
mentation for the glutathione production.

¥-Glutamylcysteine synthetase has been purified from
several sources such as Escherichia coli B,'® Proteus
mirabilis™ and rat liver.”” Each of them showed dif-
ferences in physical and catalytic properties. In this
study, y-glutamylcysteine synthetase was purified from
E. coli HB101 strain containing a plasmid pGH500 (pUC
8-gshL.D) and its properties, which relate to the in vitro
synthesis of glutathione, were investigated.

Materials and Methods

Bacterial strain

E. coli HB101 strain harboring recombinant plasmid,
pGH500, which contains two copies of J-glutamyl-
cysteine synthetase gene (gshl) derived from E. coli K-
12 wild type on pUC8 vector plasmid, was used for the
purification of 7yglutamylcysteine synthetase.” E. coli
HB101 cells harboring pGH500 were grown in LB medi-
um with ampicillin (50 pg/mf) at 37°C for 16 hr under
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reciprocal shaking condition.

Chemicals

ATP, acetylphosphate, amino acids, NADPH, NADH
were purchased from Sigma (U.S.A). ¥Glutamylcysteine
was purchased from Nakari Chemical LTD (Japan). Glu-
tathione reductase, pyruvate kinase (type II), and lactate
dehydrogenase (type II) were purchased from Sigma (U.
S.A). DEAE-Trisacryl, Sephadex G-100 and G-150 were
purchased from Phamacia Biotech (Sweden).

y-Glutamyicysteine synthetase assay

Two different methods were used for the assay of
glutamylcysteine synthetase as described by Kumagai."”
The feedback inhibition of the enzyme by glutathione
was determined by PK-LDH method and the usual en-
zyme activity was measured by DTNB method.

PK-LDH method : The standard reaction mixture is
composed of 12.5 pumol L-glutamate, 12.5 ymol ATP, 125
t#mol diethanolamine-HC] buffer (pH 9.15), 1.25 pmol
MgSO.7H0, 125 ymol KCL, 0.75mg bovine serum al~
bumin, 0.25 umol NADH, 0.125 umol phosphoenolpy-
ruvate, 7.4 units pyruvate kinase, 12.7 units lactate dehy-
drogenase, and the enzyme, to a final volume of 0.8 ml.
The reaction was initiated in a 1 m/ cuvette of 1 cm light
path after the addition of 12.5 tmol cysteine at 37°C. The
initial rate measurement was carried out by monitoring
the change in absorbance at 340 nm for at least 2 min.
For calculation of NADH consumed, an extinction coef-
ficient of 6.22 mM'cm™ at 340 nm was used.

DTNB method : The activity of enzyme was measur-
ed by the method of Jackson®™ with a slight modification.
The standard reaction mixture contained 30 fimol L-glu-
tamate, L-cysteine, and ATP, respectively, and 20 gmol
MgSO..7H:0, 200 umol of KCl, 200 umol of diethanol-
amine-HCI buffer (pH 9.15), and the cell free extract
to a final volume of 2.0 m/. It was incubated at 37°C for
15 min. This reaction was terminated by adding 3.3 m/
of ice cold 3.2% sulphosalicylic acid. The remaining cys-
teine in a reaction mixture was removed by the method
of Ball.” After standing on ice for 20 min, the reaction
mixture was centrifuged at 1,000 X g for 20 min. Then 1
m/ of its supernatant was transferred to each of the
tubes containing 4 m/ of 1.0 M potassium phosphate
buffer (pH 6.8), with 5mM EDTA, 1.0 g/I ascrobic acid,
and 3.0 g/l of glyoxylic acid monohydrate. These tubes
were incubated at 60°C for 5 min, cooled rapidly on ice,
and then equilibrated at 25°C. 0.5 m! of 3.8 mM DTNB
[5,5'-dithiobis-(2-nitrobenzoic acid)] in 1.0 M potassium
phosphate buffer (pH 6.8) was added to each of tubes.

The absorbance was read at 412 nm for 7 min after the
addition of DTNB. One unit of y~glutamylcysteine syn-
thetase activity is defined as the amount of enzyme that
catalyzes the synthesis of 1 umol 7¥-glutamylcysteine
per hour. Specific activity is expressed in terms of units
per milligram of protein.

v-Glutamylcysteine synthetase purification

Enzyme preparation procedures were carried out at
4°C, and centrifugation was at 17,000 X g for 20 min.

(1) Cell free extract

The harvested cells (60g wet weight) were
resuspended in 300 m/ of 25 mM Tris-HCl buffer (pH
7.4) containing 0.5 mM L-glutamate, 0.5 mM L-cysteine
and 1.0 mM MgSO..7H.O (buffer I). Cells were lysed by
sonication (80 KHz) for 20 min on ice and debris was re-
moved by centrifugation. The resultant supernatant
solution was dialyzed for overnight against 10 liters of
buffer 1.

(2) First ammonium sulfate fractionation

The supernatant (340 m/) was treated with solid (NH,),
SO.. The precipitate obtained at a 30 to 60% ammonium
sulfate saturation was dissolved in 240 m/ of buffer I
This suspension was dialyzed twice for 48 hr against 20
liters of buffer 1.

(3) Second ammonium sulfate fractionation

Solid (NH,),SO, was added to 240 m! of the enzyme
solution to obtain the precipitate at 35 to 60% sa-
turation. The precipitate was dissolved in 45 m/ of buff-
er | and dialyzed twice for 48 hr agamnst 10 liters of
buffer I.

(4) Heat treatment

The dialyzed enzyme solution was incubated at 45°C
for 5min in a stirring condition. Then the precipitate
was removed by centrifugation.

(5) DEAE-Trisacryl column chromatography

The enzyme solution (100 m/) was applied to a DEAE-
Trisacryl column (3.4 X 22 cm) chromatography pre-
viously equilibrated with buffer I and then the enzyme
was eluted with a linear gradient of 0 to 0.5 M KCI in
buffer I at a flow rate of 80 m//hr. The active fractions
(60 m/) were pooled and dialyzed against buffer 1. The
dialyzed enzyme solution was concentrated ap-
proximately to 20 m/ with cold PEG 6,000.

(6) Sephadex G-100 column chromatography

The enzyme solution (20m/) was applied to a
Sephadex G-100 column (1.6 X 80 cm) equilibrated with
buffer 1. The protein was eluted with buffer I at a flow
rate of 10 ml/hr. Active fractions were pooled and con-
centrated approximately to 5m/ through filtration on
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Centriprep-30 concentrator (Amicon).

(7) Sephadex G-150 column chromatography

The concentrated enzyme solution (5 m/) was applied
to a Sephadex G-150 column (1.6 X 80 cm) equilibrated
with the same buffer. The protein was eluted with buff-
er I at a flow rate of 6 ml/hr and 4 m!/ portion was col-
lected. Active fractions were pooled and the enzyme
solution was used throughout this study as a purified en-
Zyme.

Assay of protein
The amount of protein was determined either with ab-
sorbance at 280 nm or using the method of Lowry.”

Gel electrophoresis

Proteins were analyzed on 10% SDS-polyacrylamide
gels using the discontinuous buffer system as described
by Laemmli.”

Results and Discussion

Purification of yglutamylcysteine synthetase from E.
coli K-12

The purification of )glutamylcysteine synthetase was
attempted after its overexpression of the cloned gshl
gene (pGH500) in E. coli. A homogeneous preparation of
the y-glutamylcysteine synthetase was obtained by am-
monium sulfate fractionation, heat treatment, DEAE
Trisacryl anion exchange column chromatography,
Sephadex G-100 and Sephadex G-150 column chro-
matography.”” The 7glutamylcysteine synthetase ob-
tained from each purification step was evaluated by SDS-
PAGE (Fig 1). The purified enzyme showed a single
band upon polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulfate. The molecular weight of
the purified enzyme was estimated to be 58,000 cor-
responding to the molecular weight from estimated amino
acids sequences.” It agrees with that of Y-glutamyl-
cysteine synthetase from E. coli B strain.'” Specific ac-
tivity of the purified enzyme was 468.1 U per mg of pro-

Table 1. Purification of yglutamylcysteine synthetase from E. coli K-12

Fig. 1. SDS-PAGE pattern of pglutamylcysteine synthetase
obtained from each successive purification step. The gel con-
centration was 10%. Standard proteins in gel (lane 8) were : myo-
sin (H-chain) (MW =200,000), phosphorylase B (MW =97,400),
bovine serum albumin (MW =68,000), ovalbumin (MW =43,000),
carbonic anhydrase (MW =29,000).

lane 1, Cell free extract; lane 2, 1st ammonium sulfate fraction;
lane 3, 2nd ammonium sulfate fraction; lane 4, Heat treatment;
lane 5, DEAE-trisacryl column chromatography; lane 6, Sephadex
G-100 column chromatography; lane 7, Sephadex G-150 column
chromatography; lane 8, Molecular size marker.

tein and a 10.1 fold purification was achieved. The yield
was 7.8% (Table 1). Despite the low fold of purification
for y-glutamylcysteine synthetase, the homogeneous pre-
paration of the enzyme was easily obtained due to the
overexpression of the cloned gshl gene in E. coli cells.

Properties of yglutamylicysteine synthetase in
relation to the synthesis of glutathione.

It was reported that the amount of glutathione syn-
thesized was not increased by increasing enzyme ac-
tivity for glutathione biosynthesis in E. coli cell.”® This -
suggests that an enzymatic bioreactor system would be
advantageous for the production of the glutathione. For
setting up bioreactor system, we have studied pro-
perties of y-glutamylcysteine synthetase of E. coli.

The enzyme activity was determined at various pHs
from 6.5 to 9.5 in several buffer systems (Fig 2). The
highest enzyme activity was obtained at pH 7.5 in 0.1
M potassium phosphate buffer. The heat stability pro-

Step TOta(lrrI:;)O tem Total unit %Esil/f;rclga;?:'zz:;}), Purification fold ii;:}l)d
Crude extract 11500 535370 46.5 1.00 100.0
1st Ammonium sulfate 7200 439450 61.0 1.31 82.0
2st Ammonium sulfate 3800 248325 65.3 1.40 46.4
Heat treatment 2000 203000 101.5 2.18 37.9
DEAE-Trisacryl 800 88550 110.7 2.38 16.5
1st Sephadex G100 270 67820 251.2 5.40 12.7
2st Sephadex G150 920 42130 468.1 10.10 7.8

Enzyme activity was determined by the DTNB method described in Materials and Methods.
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Fig. 2. Effect of pH on the purified yglutamyicysteine synthetase
activity. The reaction was carried out in standard reaction mixture
except changing buffers of various pH as described in Materials
and Methods and the activity was determined by the DTNB
method. Activity is expressed relative to that found in 0.1 M
diethanolamine-HCI buffer. The buffers used were 0.1 M potassium
phosphate (e—e), 0.1 M sodium phosphate (a—a), and 0.1 M Tris-
HCI (»—a), respectively.

file of the enzyme activity is shown in Fig 3. When the
enzyme activity was measured after preincubation at
45°C for 30 min, the enzyme retained its full activity.
However, the enzyme activity was reduced to half in a
reaction at 50°C for 15 min. The purified enzyme was
stable during storage at 4°C for 10 months (Data not
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Fig. 3. Effect of temperature on the purified pglutamylcysteine
synthetase activity. The reaction was carried out at the indicated
temperature for 15 min instead of incubation at 37°C for 15 min
(e—e). The enzyme for test of stability was preincubated in 25
mM Tris-HCI buffer (pH 7.4) containing 0.5 mM L-Glu, 0.5 mM L-
Cys, and 1.0 MM MgS0,.7H,0 at the indicated temperature for 30
min (O-O) and then its activity was determined by the DTNB
method described in Materials and Methods. The activity is ex-
pressed relative to that found at 37°C.
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Fig. 4. Effect of reduced glutathione on the purified ¥glu-
tamylcysteine synthetase activity. Enzyme activity was determined
by PK-LDH method described in Materials and Methods. The ac-
fivity is expressed relative to that determined in the absence of
reduced glutathione (100%).

shown).

The changes in y-glutamylcysteine synthetase activity
were studied in order to examine the degree of feed-
back inhibition by the reduced form of glutathione in a
range of 2.5 to 10 mM (Fig. 4). The activity was in-
hibited by 48% at 10 mM reduced glutathione. Inhibition
of yglutamylcysteine synthetase by adenosine deri-
vatives such as ADP, AMP, and adenosine, which are
the reaction precursors or products of ATP in coupled
reactions, was investigated with the cell free extract
and the purified enzyme. ADP inhibited the activities of
both the cell-free extract and the purified enzyme by
45% and 69%, respectively (Table 2). Adenosine in-
hibited both the non-purified and the purified enzymes,
but the inhibition by AMP was not significant. These
results indicate that the synthesis of y-glutamylcysteine,
the intermediate of glutathione synthesis, is strongly de-

Table 2. Inhibitory effect of adenosine derivatives on yglu-
tamylcysteine synthetase activity.

. Relative activity(%)
Concentration ATP

Chemical (mM) (mM) Cell free Purified enzyme
extract
None - 15 100 100
ADP 10 15 55 31
AMP 10 15 95 83
adenosine 10 15 76 46

Enzyme activity was determined by the DTNB method described in
Materials and Methods. Each of adenosine derivatives was added into
standard reaction mixture at indicated concentration and the activity
is expressed relative to that determined in the presence of 15 mM
ATP (100%).
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Table 3. Effect of various substrates on jglutamylcysteine syn-
thetase activity.

) Concentration Relative activity(%)

Chemical
(mM) Cell free extract Purified enzyme

15 100 100

30 117 121

L-Glutamate 45 120 124

60 120 135

15 100 100

30 106 100

L-Cysteine 45 98 97

60 48 51

75 32 29

0 100 100

Glvcine 15 82 68

v 30 74 63

45 66 60

Enzyme activity was determined by the DTNB method described
in Materials and Methods. Each substrate was added into standard
reaction mixture at indicated concentration and the activity is ex-
pressed relative to that determined in standard reaction mixture
(100%).

pendent to the method of ATP supply. Therefore, a cou-
pling reaction system with an ATP regenerating system
is recommended for optimal synthesis of the y-glutamyl-
cysteine intermediate, since the ATP regenerating sys-
tem can maintain ADP in low concentration and con-
sequently the enzyme inhibition by ADP would be min-
~ imized.

The effect of substrates such as L-glutamate, L-cys-
teine and glycine on the activity of purified 7-glu-
tamylcysteine synthetase was investigated (Table 3).
The activity of y-glutamylcysteine synthetase was in-
creased 35% with the elevation of concentration of L-
glutamate up to 60 mM, while it was decreased by
about 50% and 40% under 60 mM of L-cysteine and 45
mM of glycine, respectively. On the other hand, no
y-glutamylcysteine hydrolyzing activity was detected in
the purified enzyme (Data not shown).

In summary, it is recommended that glutathione pro-
ducing reactions should be separately conducted in two
bioreactors : the first reaction proceeds in a mixture
consisting of Yglutamylcysteine synthetase, L-glu-
tamate, L-cysteine and an ATP-regenerating system,
and the second reaction proceeds In a mixture con-
sisting of glutathione synthetase, the products of the
first reaction, glycine and an ATP-regenerating system.
This system can eliminate the feedback inhibition by
the reduced glutathione and the inhibition by glycine on
the y-glutamylcysteine synthetase in the first reaction.
Additionally the substrate inhibition of Yglutamyl-
cysteine synthetase by L-cysteine can be reduced by

maintaining the substrate concentration low in the first
reaction.
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