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Owing to their various physiological activities, thiol compounds, such as l-cysteine with UV-protection prop-
erties and captopril that inhibits the catalytic activity of angiotensin converting enzyme (ACE), are current-
ly used as supplements and pharmaceuticals. Glutathione (GSH) plays an important role in intracellular pro-
tective effects and is currently used for the treatment of cataract and detoxification from metal poisoning. In
contrast to GSH, the GSH precursor y-glutamyl cysteine (y-EC) has been reported to exhibit neuroprotective
effects, thus making it an attractive key biological protective molecule. However, its characteristics are large-
ly unknown. Here, we evaluated the ACE inhibitory function of y-EC and its mechanism by comparing it with
that of GSH in vitro. ACE inhibitory analysis showed that the IC,, of GSH and y-EC against ACE were 8.3 tM
and 3.9 x 102 pM, respectively. These data suggested that y-EC exerted ACE inhibitory activity, but it was weak-
er than that of GSH. Docking simulation showed that the ACE inhibitory activity of both compounds was due to
the interaction of their carboxyl groups of Glu with Zn?* in the active center of ACE. Moreover, GSH could fit
more compactly in the pocket of ACE, forming more hydrogen bonds with the enzyme than y-EC. By analyzing
its kinetics and in vivo efficacy, we hope that y-EC could be used as a promising compound for lowering blood
pressure in applications with moderate activity, such as functional foods.
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INTRODUCTION v-EC is the product of the first step of the GSH biosynthet-
ic process.
Thiol compounds have high reactivity and exert various

. . . . 1) Glu + Cys + ATP -Glu-Cys (y-EC) + ADP + Pi
physiological activities, such as antioxidant (SH/S-S exchange (1) Glu *+ Cy — ¥-Glu-Cys (-EC)

reactions), metallic chelation, and nucleophilic addition reac-
tions. Thus, they are currently used in a variety of supple-
ments and pharmaceuticals; such examples include 1-cysteine,
which protects against UV-induced skin damage, captopril,
which inhibits the catalytic activity of the angiotensin con-
verting enzyme (ACE) and lowers blood pressure, N-acetyl-
l-cysteine, which cleaves disulfide bonds (S-S) in mucus pro-
teins exerting expectorant effects, thiamazole, which inhibits
the catalytic activity of thyroid peroxidase and lowers the lev-
els of thyroid hormones, and tiopronin, which chelates hydr-
argyrum, detoxifying the body."® Among them, glutathione
(GSH), which is the most abundant thiol compound in cells,
plays an important role in intracellular protective effects such
as the removal of active oxygen and exclusion of foreign com-
pounds.®® Based on these actions, GSH is currently used for
the treatment of cataract and the detoxification from metal poi-
soning. In this context, GSH has been thoroughly studied as
a key biological protective molecule, and many findings have
already been reported on its protective effects.

The biosynthetic precursor of GSH, y-glutamyl cysteine
(y-EC), is also a thiol compound (Fig. 1). More specifically,

(2) y-Glu-Cys (y-EC) + Gly + ATP — y-Glu-Cys-Gly (GSH) + ADP + Pi

It has been reported that the antioxidant activity of y-EC is
due to the thiol group of the cysteine residue, as is the case
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Fig. 1. The Structure of GSH and Its Precursor y-EC

Structural formulas of (a) GSH and (b) y-EC. GSH is a tripeptide consisting of
Glu, Cys, and Gly. y-EC is a dipeptide consisting of Glu and Cys. Both have unusual
y-peptide bonds between Glu and Cys.
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Fig. 2. ACE Inhibitory Activity of GSH and y-EC

A: y-EC, GSH, and ramipril as an ACE inhibitor (positive control) were mixed with ACE and the substrate analog, 3-hydroxybutyryl-Gly-Gly-Gly. The amount of 3-hydroxybu-
tyric acid produced from the substrate analog following ACE catalysis was quantified. The ACE inhibitory activity was determined using a fluorescent assay. Data are expressed as
the mean + SD (n = 3, ***P < 0.001 versus control by Dunnett’s test). B: After plotting the ACE activity at each concentration, the IC, was calculated through fitting.

of GSH. In addition, y-EC has been reported to have neuro-
protective effects, in contrast to GSH.>'D) Furthermore, as the
molecular weight of y-EC is smaller than that of GSH, its use
is expected to reduce production costs and improve intestinal
absorption. All these properties make y-EC an attractive com-
pound as a key biological molecule.

However, as the in vivo production of y-EC is a rate-deter-
mining reaction in GSH biosynthesis, the characteristics of
v-EC, such as its bioactivity and kinetics, have remained large-
ly unknown.

Here, we evaluated the characteristics and mechanism of
action of y-EC, focusing on ACE inhibition, a known function
of thiol compounds, by comparing it with that of GSH in vitro.

MATERIALS AND METHODS

Reagents v-EC, GSH, and ramipril were purchased from
Bachem (Bubendorf, Switzerland), Nacalai Tesque (Kyoto,
Japan), and Selleck (Houston, TX, USA), respectively.

ACE Inhibition Test The ACE inhibitory activities of
ramipril, y-EC, and GSH were evaluated using the ACE Kit-
WST (Dojindo, Kumamoto, Japan) according to the manu-
facturer’s instructions. Briefly, this kit can detect the amount
of 3-hydroxybutyric acid produced from the reaction of ACE
with its substrate analog, 3-hydroxybutyryl-Gly-Gly-Gly, by

measuring fluorescence at 450 nm.

Structural Analysis of the Binding of GSH and y-EC to
ACE Maestro (Schrodinger K.K., New York City, NY, USA)
was used for the computational docking simulation. Natesh et
al. have reported the cocrystal structure of ACE with lisino-
pril, an ACE inhibitor.'» Using PDB 1086 reported by Natesh
et al. as a template for ACE, we calculated the interaction
between the enzyme and the active groups in GSH and y-EC.

Statistical Analysis Data were expressed as the mean +
SD. Statistical analyses were conducted using KyPlot 6.0
(KyensLab Inc., Tokyo, Japan). Statistical significance was
set at P < 0.05. IC,, values were estimated from the semiloga-
rithmic plots of the y-EC or GSH concentration versus relative
ACE activity (%), using KaleidaGraph 3.6J (Synergy Software,
Mount Penn, PA, USA).

RESULTS AND DISCUSSION

The ACE Inhibitory Activity of y-EC To analyze the
ACE inhibitory activities of y-EC, GSH, and ramipril, we
measured 3-hydroxybutyric acid levels following the reac-
tion between ACE and its substrate analog 3-hydroxybutyryl-
Gly-Gly-Gly. Figure 2A shows that the amount of 3-hydroxy-
butyric acid was significantly reduced in the ramipril-treated
group, which was used as a positive control, compared with
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Fig. 3. Docking Simulation of y-EC and GSH Against ACE for Structural Analysis of Mechanism of Action

A: Interaction of (a) captopril (thiol compound) and (b) enalapril (nonthiol compound) in the active site of ACE. ACE contains Zn>* at its active site. The carboxyl group in
enalapril and the thiol group in captopril bind to Zn?*, as indicated by the arrows. Both enalapril and captopril form hydrophobic interactions with ACE, as shown by the broken
lines. B: Interaction model of (a) GSH and (b) y-EC in the active site of ACE using docking simulation. Z2*, sulfur atoms, oxygen atoms, nitrogen atoms, and hydrogen atoms are

indicated by gray, yellow, red, blue, and white, respectively.

that in the control group. We also found that the amount of
3-hydroxybutyric acid in the GSH-treated and y-EC-treated
groups was significantly reduced in a concentration dependent
manner, compared with that in the control group. These data
suggest that GSH and y-EC inhibited ACE activity in vitro.
GSH and y-EC can likely lower blood pressure, although their
efficacy is yet to be verified in animal models.

To evaluate the ACE inhibitory activity of GSH and y-EC
in detail, we plotted the enzymatic activity of ACE at each
concentration of GSH and y-EC, and then used curve fitting
to calculate each IC,,. Figure 2B (a) and (b) show that the IC,,
of y-EC was 3.9 x 102 uM, whereas that of GSH was 8.3 pM.
These findings suggested that the ACE inhibitory activity of
v-EC was lower than that of GSH.

Functional foods that could be used for the prevention of
diseases and reduction of medical costs have been attract-
ing increased attention lately. Unlike the balance between the
main and side-effects, which is important for pharmaceuticals,
safety is the most important aspect in functional foods. As
GSH has already been used as a pharmaceutical, it cannot be
used as a functional food. However, y-EC is a component of
the body and moderately inhibits ACE activity in vitro. There-
fore, y-EC would be a more suitable functional food compo-
nent, although it is necessary to verify its efficacy and safety in
prehypertensive mouse models and patients.

Structural Analysis of Mechanism of Conformational
Stability between y-EC and ACE Despite the fact that the
structures of y-EC and GSH differ in only a single glycine,
the activity of y-EC was demonstrated to be approximately
470-folds lower than that of GSH in the ACE inhibitory anal-
ysis. Therefore, to evaluate the mechanism of action, we pre-
dicted the stable conformations of y-EC and GSH against ACE
using docking simulations.

The ACE enzyme, which catalyzes the conversion of the

angiotensin II pressor protein, has Zn?* in its active center.
Thus, various compounds that inhibit the interactions of Zn2*
in the active center of ACE with its substrates have been devel-
oped as antihypertensive drugs. For example, captopril, a thiol
compound, inhibits the catalytic activity of ACE through the
interaction of its thiol group with Zn?* in ACE (Fig. 3A (a)).
Likewise, interaction of the carboxyl group of enalapril, a non-
thiol compound, with Zn?>* in ACE, inhibits the catalytic activi-
ty of ACE (Fig. 3A (b)). 1) Therefore, we speculated that y-EC
and GSH also inhibit the catalytic activity of ACE through
the interaction between their active groups and Zn?* in ACE.

Docking simulation of y-EC and GSH against ACE showed
that both y-EC and GSH could interact with Zn2*; however this
interaction was not accomplished through the thiol group of
Cys, but through the carboxyl group of Glu. Moreover, apart
from Zn?*, the carboxyl group of Glu was also shown to inter-
act and form hydrogen bonds with amino acid residues in the
ACE active center. Furthermore, the carboxyl groups of the
amino acid residues located at the opposite end of Glu (Cys
for y-EC, Gly for GSH) interacted with other amino acid resi-
dues in ACE by hydrogen bonding. We thus inferred that both
ends of GSH and y-EC bound to ACE.

Whereas y-EC fit linearly in the ligand-binding pocket of
ACE, GSH fit compactly in the pocket by bending to allow the
approach of the carboxyl groups at both ends. In fact, the dis-
tance between the carboxyl carbons at both ends was short-
er for GSH (5.3 A) than that for y-EC (7.7 A). In addition,
Fig. 3B shows that the number of hydrogen bonds between
(a) GSH and ACE (8 bonds) was greater than that between (b)
v-EC and ACE (4 bonds). These data suggested a stronger inhi-
bition of the catalytic activity of ACE by GSH, because GSH
can fit more compactly in the pocket of ACE allowing it to
form more hydrogen bonds with the active site of the enzyme.

Finally, we thermodynamically compared the stabilities of
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the 2 conformations. We found that the Glide score, which is
used as an index of thermodynamic stability, was lower for
GSH (-8.893) than for y-EC (-6.574). As a smaller Glide score
value is known to indicate a higher stability, these findings
suggested that the interaction between GSH and ACE is ther-
modynamically more stable than that between y-EC and ACE.

Although it has been previously reported that GSH inhib-
its ACE activity, the underlying molecular mechanism has not
been discussed.!® Therefore, we first showed that y-EC inhib-
ited ACE activity and proposed a new model in which the car-
boxyl group of Glu interacts with the Zn?* of ACE via dock-
ing simulation.

Conclusions In this study, we revealed that y-EC, as a
GSH precursor, inhibited the catalytic activity of ACE in a
concentration-dependent manner, although weaker than GSH.
Both y-EC and GSH could inhibit the activity of ACE through
the interaction of the carboxyl group of Glu and not the thiol
group of Cys with the Zn?* in the active center of ACE. Fur-
thermore, we demonstrated that GSH exerted a stronger inhi-
bition against the catalytic activity of ACE because GSH can
fit more compactly in the pocket of ACE, forming more hydro-
gen bonds with the enzyme.

By further analyzing its kinetics and in vivo efficacy, we
hope that in the future y-EC will be used as a promising com-
ponent of functional food for lowering blood pressure.
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