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A GABA synthesizing enzyme, glutamate decar-
boxylase, has been purified from bovine brain by
several chromatographic procedures. The preparation
appeared homogeneous on SDS-PAGE. The enzyme is a
homodimeric protein with a molecular mass of
120 kDa.

The activation of glutamate decarboxylase by
ginesenosides from Panax ginseng C.A. Meyer has been
studied. Preincubation of the enzyme with total
ginsenoside, Rb, and Rc ginsenosides, increased
glutamate decarboxylase activities in a dose-dependent
manner. There was a reproducible decrease in K, in
addition to a increase in V,,,,, in response to increasing
concentrations of the Rc ginsenoside fraction. Upon
addition of the ginsenoside to the enzyme, a decrease in
flurorescence intensity was discernible, together with
an increase in emission anisotropy. Judging from the
anisotropy values, the ginsenoside is rapidly trapped by
the protein matrix.

Total ginsenoside was administered to rats and the
rat brains were removed for the measurement of the
changes of GABA shunt regulating enzyme activities.
Among the GABA shunt regulating enzymes, only the
glutamate decarboxylase activities were increased after
ginsenoside treatment.

Therefore, it is suggested that the ginsenosides may
elevate the GABA level in brain by activation of
glutamate decarboxylase and the enzymatic activation
might be due to the conformational change induced by
binding of ginsenoside to the enzyme.
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Introduction

GABA (yaminobutyric acid) is present in many tissues of
mammals and is believed to be a major inhibitory chemical
neurotransmitter in the Central Nervous System (CNS), in
which it is present in competitive amounts (Fletcher and
Fowler, 1986). The release of GABA by nerve terminals
and its subsequent binding to its receptor must be followed
by a rapid inactivation of the neurotransmitter. When the
concentration of GABA in brain diminishes to below a
threshold level, various neurological disorders including
epilepsy, seizures, convulsions, Huntington’s disease, and
Parkinsonism may occur (Perry et al., 1973; De Biase
etal., 1991; Lloyd et al., 1997).

The concentration of GABA in the brain is controlled by
two pyridoxal-5’-phosphate (PLP) dependent enzymes,
i.e., glutamate decarboxylase (GAD) and GABA
transaminase (GABA-T). The first enzyme catalyzes the
synthesis of GABA, whereas the second enzyme catalyzes
the conversion of GABA to succinic semialdehyde in a
transamination reaction. Succinic semialdehyde is oxidized
to succinate by a succinic semialdehyde dehydrogenase
(SSADH) and can also be reduced to j~hydroxybutyrate
(GHB) by succinic semialdehyde reductase (SSAR). The
observation that activation of GAD or the inactivation of
the GABA-T, SSADH, SSAR in brain tissues increases the
concentration of GABA supports the contention that these
enzymes exert a controlling influence on GABA levels. It
is reported that the irreversible inhibition of GABA-T by
chemical analogues of GABA is the basic mechanism of
action of drugs used in the treatment of convulsive
disorders (Lippert et al., 1977).
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It is well known that total ginsenoside, a mixture of
saponins from Panax ginseng C.A. Meyer, have been used
as a preventive drug for thousands of years in oriental
countries (Kim er al., 1992). The studies on the
pharmacology and clinical application of ginsenosides on
the decrease in blood pressure (Takagi et al., 1972), a
supression of conditioned avoidance response (Nabata
etal., 1973), inhibition of gastric ulceration (Chang and
Kim, 1974), and facilitation of sexual behavior (Lim and
Kim, 1982) have been done.

The saponin fraction Rb has been shown to possess
CNS depressant, anticonvulsant, antipsychotics,
improvement of learning and memory, analgesic, and
antifatigue actions (Petkov, 1978). Very recently, effects of
Korean red ginseng on the central dopaminergic
transmission system in CNS were investigated (Lee et al,
1995c). The detailed mechanisms of actions of
ginsenosides on brain, however, are still unknown.

In this study, we examined the effects of ginsenosides
on brain GABA shunt regulating enzymes and showed that
some ginsenosides activate GAD activity which catalyzes
the synthesis of GABA from glutamate. To our knowledge,
this is the first report on the stimulatory effects of
ginsenosides on brain GAD activity and on it usefulness as
an anticonvulsant drug in clinical applications.

Materials and Methods

Materials GABA, succinic semialdehyde, NAD™", PLP,
2-oxoglutarate, L-glutamate, 2-mercaptoethanol were purchased
from Sigma Chemical Co. (St. Louis, USA). CM-Sephadex,
DEAE-Sephadex, DEAE-Sephacel, AH-Sepharose-4B, CM-
Sepharose, Blue-Sepharose, 5'-AMP-Sepharose, Mono-Q,
Hydroxyapatite were purchased from Pharmacia/LKB, Ltd.
(Uppsala, Sweden). L-[I-MC]glutamate was purchased from New
England Nuclear Corp. (specific activity 52.6 mCi/mmol) and
Todoactamidefluoreceine (IAF) from Molecular Probes (Eugene,
USA).

Bovine brains were obtained from Majang Slaughter House,
Seoul, Korea. Total ginseng saponin mixtures containing 26
ginsenosides such as Rb; 18.26%, Rb, 9.7%, Rc 9.65%, Rd
8.24%, Re 9.28%, Rf 3.48%, Rg, 6.42%, Rg, 3.62%, Rg; 4.7%
and purified Rb,, Rb,, Rc, Re, Rg, fractions were obtained from
Korea Ginseng & Tobacco Research Institute, Taejon, Korea.

Purification of GAD The enzyme preparation procedures were
carried out at 2-5°C unless otherwise indicated. Bovine brains
were placed in ice as quickly as possible after slaughter and
preparation was started within 1 h. A Waring blender was used to
prepare a 15% (w/v) homogenate in a solution of 5 mM
potassium phosphate buffer (pH 7), containing 1 mM 2-
mercaptoethanol, 2.5 mM EDTA (buffer I). The homogenate was
adjusted to pH 5.7 by the addition of acetic acid (7%), heated to
50°C for 5 min and, after cooling to 4°C, centrifuged at
10,000 X g for 30 min. The precipitate was discarded and the
supernatant treated with (NH,),SO,. The precipitate obtained at
30-70% saturation was dissolved in buffer I and dialyzed
overnight against several changes of the same buffer. It was then

applied to a column (2.6 X 30 cm) of DEAE-Sephacel previously
equilibrated with buffer I. The column was washed with 200 ml
of equilibration buffer I and eluted by a linear gradient of the
equilibration buffer (200 ml) and the same volume of buffer I
containing 0.8 M KCl.

The active fractions were combined and concentrated to a final
volume of 50 ml using an Amicon concentrator (membrane
PM 30). The protein was dialyzed against 5 mM potassium
phosphate buffer (pH 7) containing 1 mM 2-mercaptoethanol
(buffer II) and applied to a hydroxyapatite column (1.5 X 20 cm)
previously equilibrated with buffer II. The enzyme was eluted by
using a linear gradient made with buffer I (50 ml) and the same
volume of 0.35 M potassum phosphate (pH 7).

The active fractions were combined, dialyzed against buffer I
and applied to a column (0.9 X 15 cm) of L-glutamate-Sepharose
equilibrated with buffer II. The enzyme was eluted with a linear
gradient of buffer IT containing 0.01 M NaCl and buffer II
containing 0.6 M NaCl. The enzyme was eluted at NaCl
concentration of 0.25 M.

The active fractions were combined and dialyzed against
buffer II. The specific activity of purified enzyme is defined
as that amount of protein which catalyzes the production of
1 nmol/min of CO, at 37°C.

Enzymatic assay of GAD Glutamate decarboxylase activity
was measured by trapping and counting 14CO2 from L-
[1-14C]g1utamate (Choi et al., 1994a). In a typical assay, the
incubation vessel contained 4 mM L-glutamate in 10 mM
potassium phosphate buffer (pH 7.2). The reaction was started by
injecting enzyme solution (80 ul) into the vessel and allowed to
proceed at 37°C for 30 min. The reaction was terminated by the
addition of 100 ul of 2.5M H,SO,. The reaction mixture was
incubated for another 60 min to ensure the complete release of
CO, and its absorption into the hyamine base. 14CO2 absorbed in
hyamine was then counted in a liquid scintillation counter. The
protein concentration was determined by the colorimetric method
of Bradford (1976).

Preparation of L-glutamate coupled with AH-Sepharose-4B
AH-Sepharose-4B (5 g) was dissolved in 100 ml 0.5 M NaCl.
Sodium glutamate (8.5 g) was dissolved in 100 ml of water and
adjusted to pH 4.5; the carbodiimide reagent [l-ethyl-3-
(3-dimethyl aminopropyl) carbodiimide HCI] (500 mg) was also
dissolved separately in 100 ml water at pH 4.5.

The ligand and coupling solutions were mixed with the gel
suspension of AH-Sepharose-4B, placed in a rotary shaker and
incubated at 37°C for 25 h. L-Glutamate coupled to AH-
Sepharose-4B was washed with 0.5 M NaCl, water, and 0.1 M
NaCl.

Purification of other GABA shunt regulating enzymes
GABA-T was purified according to a procedure of Choi et al.
(1993) and SSADH and SSAR were prepared by the method of
Lee et al. (1995a) and Cho et al. (1993), respectively.

Polyacrylamide gel eletrophoresis The enzyme preparations
were examined by polyacrylamide gel eletrophoresis according to
the original procedure of Davis (1964). Protein bands were
detected by staining with Coomassie blue dye for 1h and
subsequently destained overnight in a solution containing 10%
methanol and 7% acetic acid in water.
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Labeling of GAD with fluorescent probe IAF GAD, at a
concentration of 2 mg/ml, was allowed to react with 1 mM IAF
in 0.05 M potassium phosphate (pH 7) at 4°C. The reaction was
allowed to proceed for 5 h at 4°C. The degree of labeling of the
enzyme was determined spectrophotometrically using an
extinction coefficient of 3.4 X 10*M~'em™" at 490 nm. The
incorporation of 1.1 mol of dye/mol of enzyme does not affect the
catalytic activity.

Spectroscopy UV-Vis spectrophotometric measurements were
carried out with a Kontron UVIKON 930 double beam
spectrophotometer. Fluorescence spectra were recorded on a
Kontron SFM 25 spectrofluorometer.

Effects of ginsenosides on GAD enzyme activity Total
ginsenoside and other ginsenoside fractions were dissolved in
water at a high concentration and stored at —20°C. These stock
solutions were diluted with distilled water. Preincubation of GAD
with the ginsenosides was performed in the 10 mM potassium
phosphate buffer, pH 7.0, at 25°C. An equal concentration of
ethanol was added to the control experiments. Aliquots were
withdrawn and assayed for GAD activities by adding the standard
assay mixtures as described above.

Ginsenoside treatment to animals Five male Sprague-Dawley
rats weighing 150-200 g were used in each group. The animals
were housed in a controlled environment of 23 * 1°C
temperature and given regular food throughout the experimental
period.

For in vivo assay of GAD, the total ginsenosides were
suspended in distilled water and administated intraperitoneally in
doses of 25 and 50 mg/kg/day for one week, respectively. The
control animals received an equivalent volume of saline
(10 ml/kg) for 1 week.

Results

Purification and properties of bovine brain GAD
Glutamate decarboxylase from bovine brain was purified
for the first time to homogeneity by following ammonium
sulfate fractionation, DEAE-Sephacel, Hydroxyapatite and
Affinity column chromatographic steps. The results of a
typical purification procedure are shown in Table 1.

The enzyme purified through the Sepharose derivatized
affinity step exhibited one protein band on SDS-PAGE
(Fig. 1) and native PAGE (data not shown). The result
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Fig. 1. SDS-PAGE of bovine brain GAD. The gel electrophoresis
was performed on 12.5% separating gel and 4% stacking gel in
a Tris-glycine buffer system. The gel was stained with Coomassie
blue. Lane 1, molecular weight standard (Bio-Rad); Lane 2,
purified bovine brain GAD.

from the FPLC Superose-12 gel filtration gave an
estimated molecular mass for the native enzyme of
120 kDa, which dissociates into subunits of 60 kDa under
reducing conditions on SDS-PAGE. These results indicate
that the enzyme is a dimer with identical subunits. The
enzyme contains 1.1 mol of bound cofactor PLP per mole
of dimeric protein when determined by the method of
Wada and Snell (1961). Upon addition of exogenous PLP,
the purified enzyme acquires maximum catalytic activity,
suggesting that weakly bound molecules of cofactor are
released from the protein during the purification steps.

The activation of GAD by ginsenosides As shown in
Fig. 2, preincubation of the enzyme with total ginsenoside
activated the enzymatic activity of GAD which is involved
in the synthesis of GABA. The GAD activities were also
enhanced significantly by the ginsenoside-Rb, and
ginsenoside-Rc fractions in a dose-dependent manner. The
effects of ginsenosides on GAD were further analyzed by
the fundamental kinetic parameters for the enzymatic
activity. As shown in Table 2, it was observed that there
was a reproducible decrease (up to 3.5 fold) in K|, for the
glutamate, in addition to a substantial increase (up to 1.5
fold) in V,,,., in response to increasing concentrations of
the ginsenosides-Rc fraction of up to 15 ug/ml.

Table 1. Purification of GAD from bovine brain. Specific activity was determined after addition of excess PLP (50 uM) to the

enzyme solution.

Treatment Total Protein Total Activity Specific Activity Yield
(mg) (unit) (unit/mg) (%)
Homogenate 45,250 1854 0.041 100
Dialysed 30-70% (NH,),SO, Fraction 3120 768 0.246 41
DEAE-Sephacel 520 1.61 28
Hydroxyapatite 409 7.87 22
Affinity Chromatography (derivatized Sepharose) 95.6 47.8 3
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Fig. 2. Activation of GAD by total ginsenoside (@), Rb,-
ginsenoside (A), and Re-ginsenoside fractions (M), respectively.

Table 2. Effect of ginsenoside Re fraction on kinetic parameters
of bovine brain GAD

[Rc] K, (for glutamate) Viax
(ug/ml) (mM) (mol/min)

0 1.8 0.045

1 1.1 0.051

5 0.8 0.059

15 0.5 0.067

Compared to the total, Rb,, and Re fractions, the other
ginsenoside fractions (i.e. Rb;, Re, Rg) did not show any
effect on GAD activity (Fig. 3). These results suggest that
Rb, and Rc activates the activity of the GABA
synthesizing enzyme GAD and they may also be involved
in increasing the GABA level in vivo.

We also investigated the effects of ginsenosides on
enzymes involved in GABA degradative enzymes
(GABA-T, SSADH, and SSAR). As shown in Fig. 4, there
were no changes of those enzyme activities, respectively.

Conformational changes of GAD by ginsenoside
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Fig. 3. Effect of several ginsenoside fractions on GAD enzyme
activity.
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Fig. 4. Effect of ginsenosides on neurotransmitter GABA
degradative enzymes: GABA transaminase (GABA-T), succinic
semialdehyde dehydrogenase (SSADH), and succinic
semialdehyde reductase (SSAR).

Protein conformational changes elicited by ginsenoside
binding were examined using a fluorescent probe
covalently linked to the protein. IAF was selected for these
studies because it displays absorption and emission
properties distinct from the cofactor PLP.

The enzyme was reacted with IAF under the condition
described in the Materials and Methods. The labeled
enzyme exhibited an absorption at 490 nm. Using an
extinction coefficient of 3.4 X 10*M ™ 'cm™" for bound
fluoreceine, a degree of labeling of 1.1 chromophores/
dimer was determined for the reacted enzyme. The
fluorescence spectroscopic properties and a steady
emission anisotropy of bound fluoreceine can be used
conveniently to detect structural fluctuations induced by
binding with ginsenoside.

When IAF-GAD was incubated with the ginsenoside Rc
fraction at pH 7.0, a decrease of fluorecence intensity was
observed (Fig.5). The polarization of IAF-GAD
(p = 0.25) increased in the presence of the Rc fraction
(p = 0.34).
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Fig. 5. Fluorescence emission spectra of native and modified
IAF-GAD. The enzyme (2 uM) was incubated without Rc
ginsenoside (1) or with Rc ginsenoside fraction (2) in 0.05M
potassium phosphate buffer, pH 7.0 at 25°C.
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Figure 6 shows the steady emission anisotropy values of
IAF-GAD with the ginsenoside Rc fraction. The emission
anisotropy values were obtained at different wavelengths

by Eq. (1).
A=3T5 (1)

where A is the emission anisotropy and P is the measured
polarization.

Judging from the changes of fluorescence intensity and
anisotropy values, it appears that the ginsenoside is rigidly
trapped by the protein matrix and conformational changes
are induced in the enzyme.

Changes of the GAD enzymatic activities by the
administration of total ginsenoside Changes on the
enzyme specific activity of GABA shunt regulating
enzymes after pretreatment of total ginsenosides are shown
in Table 3. The GAD activity after total ginsenoside
administration increased two folds compared to that of the
control. However, the enzyme activities of the GABA
degradative enzymes were not affected at all.

Discussion

GABA is a major inhibitory neurotransmitter in the
mammalian brain. Its biosynthesis from glutamate is
effected by the cytoplasmic enzyme GAD, which has
proved to be a valuable immunocytochemical marker for
GABA neurons (Wu, 1983).

Since abnormal levels of neurotransmitter GABA in
brain have been associated with a variety of neurological
disorders including epilepsy, seizure, and convulsant
disorders, a specific activator of the GABA synthesizing
enzyme (i.e. GAD) or inhibitor of the GABA degradative
enzyme (i.e. GABA-T, SSADH, SSAR) would be useful in
attempts to elevate GABA levels in certain pathological
conditions. It is well known that the GAD activity seems
to be a crucial factor in regulating the function of GABA,
the latter being the most widely distributed inhibitory
neurotransmitter in the mammalian brain.
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Fig. 6. Steady anisotropy values of IAF-GAD (®) and of IAF-
GAD in the presence of the ginsenoside Rc fraction ().

In this study, we have purified and characterized GAD
from bovine brain for the first time. It contains 1.1 mol of
a tightly bound cofactor PLP-enzyme dimer. Upon
addition of exogenous PLP, the enzyme acquires its
maximum catalytic activity.

Incubation of GAD with increasing concentrations of
ginsenosides resulted in a progressive increase in enzyme
activity (Fig. 2). Among the ginsenosides fractions, the Rb,
and Rc fractions stimulated the GAD enzymatic activity in
a dose-dependent manner. The reactions between GAD and
the ginsenosides were investigated by UV-Vis difference
spectroscopy (data not shown). With increasing
ginsenoside concentrations, a differential absorbance
maximum emerged at 220 nm and a minimum at 275 nm
with an isosbestic point at 250 nm. The UV-Vis difference
spectroscopic studies suggest the possibility that the
activation of GAD comes about by binding of the
ginsenoside to the enzyme. The results are similar to the
activating effects of ginsenoside on yeast alcohol
dehydrogenase, where the activation is due to the
conformational changes of the protein caused by the
ginsenoside (Kim et al., 1985).

The results obtained using chemical and biophysical
methods indicated that the conformational changes have
taken place in GAD as a result of ginsenoside binding to
the enzyme. The spectroscopic properties of a fluorescent

Table 3. The changes of enzyme activities of rat brain GABA shunt regulating enzymes after

administration of total ginsenoside

Treatment of total

Enzyme Specific Activity

ginsenoside (unit/mg)
(mg/kg/day)
GAD GABA-T SSADH SSAR
Control 0.47 = 0.02 4.02 £0.24 5.32 £ 0.42 1.10 * 0.07
25 mg 0.69 = 0.03 4.06 = 0.24 5.06 * 0.56 1.06 = 0.08
50 mg 0.94 = 0.03 3.96 * 0.31 5.02 = 0.47 1.07 = 0.07

Each value represents the mean + SD of 5 rats.
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probe (IAF) covalently linked to sulfhydryl groups are
influenced by local conformational changes in the protein.
The quenching of fluorescence intensity and increase of
the fluorescence polarization values reveal that the GAD
remains relatively immobilized upon binding of
ginsenoside and thus binding of ginsenoside to GAD
undergoes conformational changes.

The hypothesis of ginsenoside binding to GAD was
supported by the results of the interaction between
phospholipid and GAD. In the previous report, we have
shown that purified porcine brain GAD interacts with
derivatized fluorescent phospholipid in vitro (Choi et al.,
1994a) and the synthetic lipid vesicle was selected to
monitor the effect and interaction on the GAD purified
from porcine brain (Choi et al., 1994b). Like lipid vesicles,
the similar characteristics of a hydrophobic structure in
ginsenosides might play an important role in the actions of
binding to the enzyme.

Unlike the action of ginsenoside to GAD, most of the
ginsenosides have no effect on GABA degradative
enzymes, GABA-T, SSADH, and SSAR. These results
suggest that the ginsenosides could be involved in the
elevation of GABA levels in vivo.

As shown in Table 3, the only GAD activity of rat brain
was activated after administration of total ginsenoside.
These results are consistent with the results of in vitro
experiments. According to the stimulatory effects of
ginsenoside on GAD in vivo and in vitro, we have assumed
that the activation of GAD caused the elevation of GABA
levels in brain. It has been demonstrated that the total
saponin diminishes the PTZ (pentylene tetrazole)-induced
seizure of rat (Lee et al., 1995b; Park et al., 1995).
Therefore, to our knowledge, the present article is the first
report which showed the activation of the GABA
synthesizing enzyme GAD by a ginsenoside. Further
studies to elucidate the elevation of GABA levels by
ginsenosides in brain and interaction of ginsenoside with
GAD may provide insights into approaches for the clinical
application of ginsenoside as an anticonvulsant or
antiepileptic therapeutic drug.
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