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Changes in the concentrations of y-aminobutyric acid
(GABA), soluble calcium ions, glutamic acid, and the
activity of glutamate decarboxylase (GAD) were
investigated in non-germinated vs. germinated brown rice.
Brown rice was germinated for 72 h by applying each of
the following solutions: (1) distilled water, (2) S mM lactic
acid, (3) 50 ppm chitosan in 5 mM lactic acid, (4) 5 mM
glutamic acid, and (5) 50 ppm chitosan in 5 mM glutamic
acid. GABA concentrations were enhanced in all of the
germinated brown rice when compared to the non-
germinated brown rice. The GABA concentration was
highest in the chitosan/glutamic acid that germinated
brown rice at 2,011 nmol/g fresh weight, which was 13
times higher than the GABA concentration in the non-
germinated brown rice at 154 nmol/g fresh weight. The
concentrations of glutamic acid were significantly
decreased in all of the germinated rice, regardless of the
germination solution. Soluble calcium and GAD were
higher in the germinated brown rice with the chitosan/
glutamic acid solution when compared to the rice that was
germinated in the other solutions. GAD that was partially
purified from germinated brown rice was stimulated about
3.6-fold by the addition of calmodulin in the presence of
calcium. These data show that the germination of brown
rice in a chitosan/glutamic acid solution can significantly
increase GABA synthesis activity and the concentration of
GABA.
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Introduction

y-Aminobutyric acid (GABA) is a nonprotein amino acid that
is primarily produced from the a-decarboxylation of L-
glutamic acid (Glu) that is catalyzed by the enzyme glutamate
decarboxylase (GAD) (Satyanarayan and Nair, 1990; Choi et
al., 1998, Park et al., 1999). GABA functions in animals as a
major inhibitory neurotransmitter (Erlander and Tobin, 1991;
Mody et al., 1994).

For at least a half century the presence of GABA in plants
has been known (refs. in Satyanarayan and Nair, 1990).
However, the GABA rolein plantsis gtill unclear. GABA may
have a role in pH regulation (Bown and Shelp 1997), N
storage (Selman and Cooper, 1978), plant development
(Baum et al., 1996), and in the plant's defense against
phytophagous insects (Ramputh and Bown, 1996).

Recently, there has been an increased interest in the
utilization of GABA as a hioactive plant component. Several
lines of evidence suggest that plant extracts containing high
levels of GABA are effective in blood pressure regulation
(Omori et al., 1987; Nakagawa and Onota, 1996) and in the
recovery of acohol-related symptoms (Nakagawa and Onota,
1996; Oh and Cha, 2001). Reportedly, GABA levelsin plants
are enhanced during high stress conditions, such as
mechanical stimulation, hypoxia, cytosolic acidification,
water, darkness, and drought (Serrgj et al., 1998; Snedden and
Fromm 1998; Shelp et al., 1999). Interestingly, many of these
same stresses that induce GABA production in plants aso
cause transient increases in cytosolic Ca®* concentrations
(Knight et al. 1991). Transient elevations in cytosolic Ca* are
metabolic signals that are transmitted through Ca?*-modul ated
proteins, such as camodulin. Ca*-stimulated GAD activity
was first observed by screening a cDNA expression library
from petunia with *S-labeled calmodulin (Baum et al. 1993).
A cDNA coding for a Ca*-dependent calmodulin-binding
protein was isolated and the recombinant protein showed
GAD activity (Baum et al. 1993). Ling et al. (1994)
demongtrated that plat GAD is simulated by Ca&/
camodulins, Snedden et al. (1995) showed that soybean
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GAD is a Ca"/camodulin-dependent enzyme.

In this study, the effects of calcium and calmodulin on the
activation of GAD were evaluated in partialy purified GAD
from germinated brown rice. We were able to demonstrate the
Ca/cmodulin-dependent  activation of rice GAD.
Furthermore, we were able to show that the germination of
rice with chitosan that was dissolved in a glutamic acid
solution significantly increased the concentrations of GABA
and GABA synthesis activity.

Materials and Methods

Materials Flasks with side arms for the GAD assays were
purchased from Kontes (Vineland, USA). DEAE-cellulose, bis-
Tris, dithiothreitol (DTT), ethylenediamine tetra-acetic acid
(EDTA), ethyleneglycol-bis-3-aminoethyl ether, N, N, N', N'-
tetraacetic acid (EGTA), y-aminobutyric acid (GABA), pyridoxal-
S'-phosphate (PLP), phenylmethyl-sulfonyl fluoride (PMSF), and
polyvinyl-polypyrrolidone (PVPP) were obtained from the Sigma
Chemical Co. (St. Louis, USA). L-[1-"*C] glutamic acid (55.0 mCi/
mmol) was purchased from Amersham (Little Chalfont, England).
The calcium standard solution for the ion chromatography was
obtained from Dionex (Sunnyvale, USA). Chitosan was supplied
by El-Chitosan Korea Co., Ltd. in Jeonju, Korea. Brown rice was
obtained from a Jeonju market place in Korea. All of the other
reagents were purchased from commercial sources and were of the
highest available grade.

Germination of brown rice Brown rice was surface-washed 3
times with double-distilled water. The brown rice (50 g) was soaked
in the following solutions a 25-26°C in the dark for 72 h: (1)
digtilled water (W), (2) 5mM lactic acid (L), (3) 50 ppm chitosan in
5mM lactic acid (CL), (4) 5 mM glutamic acid (G), and (5) 50 ppm
chitosan in 5mM glutamic acid (CG). The solutions were changed
every 12 h with freshly prepared solutions. The germinated brown
rice was air dried, frozen in liquid nitrogen, ground with a mortar
and pestle, and extracted as described below.

Extraction and analysis of GABA and glutamic acid GABA
and free amino acids were extracted using the procedures of Baum
et al. (1996) with modifications as described (Oh and Choi, 2001).
The ground samples (~200 mg) were thawed in 800 pl of a mixture
of methanol:chloroform:water 12:5:3 (v/v/v). The mixture was
vortexed and then centrifuged at 13,000 % g at 4°C for 15 min. The
supernatant was collected, then 200 pl chloroform and 400 pl water
were added to the pellet. The resulting mixture was vortexed and
centrifuged for 15 min at 13,000 % g. The supernatant was collected
and combined with the first supernatant and recentrifuged to collect
the upper phase. The collected samples were dried in a freeze-dryer
and redissolved in water. The resulting samples contained GABA,
glutamic acid, and other amino acids. Each sample was passed
through a 0.45 pm filter and analyzed by an amino acid analysis
system (Waters, USA) after 6-aminoquioly-N-hydroxysuccinimidyl
carbonate (AQC) derivatization.

Analysis of GAD activity GAD was assayed using the

procedures described by Oh and Choi (2001). The ground-
germinated rice samples (~200 mg) were thawed in a 50 mM bis-
Tris-HCI (pH 7.0) buffer containing 2 mM EDTA, 1 mM DTT, 0.1
mM PLP, | mM PMSF, 2% (w/v) PVPP, and 10% (v/v) glycerol.
The homogenate was centrifuged at 13,000 x g for 15 min at 4°C
and the supernatant collected. The total protein concentration was
determined according to the method of Bradford (1976) using a
Coomassie blue reagent (Bio-Rad) with y-globulin as the standard
protein. The GAD assay was performed using the radiometric
method that is based on L-[1-"“C]Glu-dependent “CO, production
(Snedden et al. 1995) with modifications. The samples were
incubated in a shaking water bath at 30°C for 30 min in 25 ml
sealed flasks with side arms containing a CO, trap of 0.4 ml of
0.1 N NaOH and 2 ml of the reaction mixture. The reaction mixture
consisted of a 20-100 pl protein sample, 100 mM bis-Tris-HCI
buffer (pH 7.0), 1 mM DTT, 2.5 mM CaCl,, 200 nM calmodulin,
0.5mM PLP, and 10% (v/v) glycerol with 2.5 mM L-glutamate
(0.1 pCi/reaction, Amersham). All of the reactions were initiated by
injecting these protein extracts with a micro-syringe through a
rubber stopper on the side arm into the reaction medium. The
reactions were incubated for 25 min and then terminated by an
injection of 0.2 ml of 9 N H,SO,. The reaction flasks were left at
4°C overnight to ensure the complete evolution of CO, and
absorption by the sodium hydroxide trap before the '“C content of
the CO, trap was determined using a liquid scintillation counter
(Beckman, USA).

Partial purification of GAD from germinated brown rice GAD
from germinated brown rice was partially purified by a
combination of ammonium sulfate precipitation and anion-
exchange chromatography, as previously described (Ling et al.,
1994; Oh and Yun, 1999), with slight modifications. Brown rice
that was germinated 72h in a CG solution was harvested and
immediately frozen in liquid nitrogen. The samples were ground to
a fine powder with a mortar and pestle and transferred to 50 mM
bis-Tris-HCI (pH 7.0), 1 mM EDTA, 1 mM DTT, 0.1 mM PLP,
1 mM PMSF, 2% (w/v) PVPP, and 10% (v/v) glycerol. The
homogenate was centrifuged at 23,000 X g for 20 min and the
supernatant was used to prepare a 20 to 60% (w/v) ammonium
sulfate pellet, which was solubilized in an extraction buffer. The
sample was then dialyzed overnight at 4°C against a 50 mM bis-
Tris-HCI (pH 7.0) buffer containing 1 mM EDTA, 1 mM DTT,
1 mM PMSEF, and 10% (v/v) glycerol. The sample was applied to a
2.5% 10 cm column of DEAE-cellulose that was pre-equilibrated
with the dialysis buffer and washed with the same buffer. After
washing, the column was eluted with a linear NaCl gradient (0~1.0
M) in an equilibration buffer. The enzyme peak was pooled and
concentrated by ultrafiltration on an Amicon YM-10 membrane.

Calcium extraction and concentration Soluble calcium was
extracted and the concentration was measured by the procedures of
Oh and Choi (2001). The ground samples (~200 mg) were thawed
in 800 Pl of double-deionized water and vortexed. The homogenate
was microcentrifuged at 12,000 rpm for 15 min at 4°C and the
supernatant collected. The resulting samples containing the calcium
ions were passed through 0.45 um filters and analyzed by a DX-
500 ion chromatography system with an IonPac CS12A cation
column (Dionex, USA).
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Fig. 1. Increased concentrations of GABA in chitosan/glutamic
acid germinated brown rice. Brown rice was germinated in
distilled water (W), lactic acid (L), chitosan/lactic acid (CL), in
glutamic acid (G), and chitosan/glutamic acid (CG) solutions.
GABA was extracted from the non-germinated and germinated
brown rice and analyzed as described in Materials and Methods.
Each bar represents the average of three determinations with
eror bars showing the standard error of the mean. N, non-
germinated brown rice.

600

500

Py
o
(@]

Glutamic acid
{(nmole/g F.W.)

N W

(=] o

(@) o

-
o
o

0

N w L CL G cG

Fig. 2. Decreased concentrations of glutamic acid in germinated
brown rice. Brown rice was obtained and analyzed as described
in the legend of Fig. 1. Each bar represents the average of three
determinations with error bars showing the standard error of the
mean. N, non-germinated brown rice; W, brown rice germinated
in water; L, brown rice germinated in lactic acid; CL, brown rice
germinated in chitosan/lactic acid; G, brown rice germinated in
glutamic acid; CG, brown rice germinated in chitosan/glutamic
acid.

Results

Increasesin the concentrations of GABA and decreasesin
Glu in germinated brown rice GABA and free amino
acids, including glutamic acid (Glu), were extracted from the
non-germinated and germinated brown rice, and analyzed by
an amino acid analyzer after AQC derivetization. The GABA
concentration changes in the germinated brown rice are shown
inFig. 1. GABA was enhanced in al of the germinated brown
rice, but the highest GABA increase was found in the brown
rice that was germinated with the chitosan/glutamic acid (CG)
solution. The GABA concentrations in the CG rice was 13
times, 2.5 times, 2 times, and 1.5 times higher than in the non-
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Fig. 3. Changes in GAD activity by the germination of brown
rice. GAD was extracted from the brown rice, and the activity
was assayed as described in Materials and Methods. Values are
the averages of three determinations with error bars showing the
standard errors of the means. N, non-germinated brown rice; W,
brown rice germinated in water; CL, brown rice germinated in
chitosan/lactic acid; G, brown rice germinated in glutamic acid;
CG, brown rice germinated in chitosan/glutamic acid.
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Fig. 4. Changes in the concentrations of Ca®* by the germination
of brown rice. Ca" was extracted from the brown rice and
anadyzed by ion chromatography as described in Materials and
Methods. Each bar represents the average of three determinations
with error bars showing the standard error of the mean. N, non-
germinated brown rice; W, brown rice germinated in water; CL,
brown rice germinated in chitosarvlactic acid; G, brown rice
germinated in glutamic acid; CG, brown rice germinated in
chitosan/glutamic acid.

germinated (N), water germinated (W) or lactic acid
germinated (L), chitosan/lactic acid (CL) germinated, and
glutamic acid (G) germinated brown rice, respectively (Fig.
1). On the other hand, the highest Glu levels were found in the
non-germinated brown rice (Fig. 2). The Glu levels declined
greatly in al of the germinated brown rice samples, regardless
of the soaking solutions.

Increases in the levels of GAD and soluble calcium in
germinating brown rice The specific GAD activity in the
sample extracts was determined using a radiometric GAD
assay (Snedden et al., 1995). GAD activity was very low in
the N brown rice, but significantly higher in the germinated
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rice (Fig. 3). The highest GAD leved was found in the CG
germinated brown rice, which was about 4-fold higher than
the activity that was determined in the N rice, and about 3-fold
higher than in the W rice (Fig. 3). The soluble calcium
concentrations were aso increased in the germinated brown
rice (Fig. 4), when compared with the N brown rice; the
highest concentrations were in the CG brown rice (Fig. 4).

Stimulation of rice GAD activity by calcium and
calmodulin  To determine whether rice GAD is activated by
cadmodulin and whether it is Ca®*-dependent, the GAD
activity was measured in the presence or absence of Ca&* and
camodulin. The addition of both Ca® and calmodulin
increased the GAD activity, but combining the two had more
of an additive effect (Table 1).

Discussion

The effects of germination and germination conditions on the
concentrations of GABA, Glu, GAD and soluble calcium ions
were evalusted in brown rice. Germination resulted in
sgnificant increases in the GABA concentrations that could
be further increased by additions to the soaking solution that
was used for the germination; the highest GABA
concentrations were obtained by germination with the
chitosan/glutamic acid (CG) solution. The CG-germinated
brown rice aso appeared to have higher GAD levels when
compared to the non-germinated and water germinated brown
rice. The concentration of calcium ions was also higher in the
CG-germinated brown rice than in the non-germinated brown
rice. In contrast, the highest Glu concentrations were found in
the non-germinated brown rice; the Glu levels were very low
in the germinated brown rice. Overal, the data clearly show
that the concentrations of GABA, GAD, and soluble calcium
are significantly increased by germination of the brown rice,
with the greatest increase in the CG-germinated brown rice,
while Glu is highest in the non-germinated brown rice.

Previoudy, we demonstrated that the germination of brown
rice in chitosan or glutamic acid solutions increased the
GABA concentrations when compared to the non-germinated
or water-germinated brown rice (Oh and Choi, 2000; Oh et
al., 2002); however, this study demonstrated that combining
the glutamic acid and chitosan resulted in greater increases
than when using either aone (Fig. 1). Severa organic acids
(including: lactic acid, acetic acid, glutamic acid, tartaric acid,
citric acid, etc.) can be used to increase the solubility of
chitosan (Jung et al., 1999). Our results demonstrate that
glutamic acid, especially when combined with chitosan,
increases the GABA accumulation more than the other
organic acids or than lactic acid with chitosan (Fig. 1). These
results suggest that chitosan and glutamic acid have a
synergistic effect on the increase in GABA synthesis (see
below for further discussion).

Interestingly, the Glu concentrations were unchanged by

the germination of brown rice in either the CG or G solution,
but the germination significantly increased the GABA
concentrations (Figs. 1 and 2). Glu that influxed from the CG
solution, as well as the endogenous Glu, could be used as the
key substrate of GAD during the germination of brown rice.
In this regard, it is interesting to note that transgenic tobacco
plants that expressed the petunia GAD gene had a marked
increase in GABA and decrease in Glu concentrations (Baum
et al., 1996). The GABA-shunt pathway may provide carbon
skeletons for oxidation in the tricarboxylic acid cycle, an
important step during germination (Vandewalle and Olsson,
1983). GABA was also postulated to have a role in nitrogen
storage and metabolism in plants (Selman and Cooper, 1978).
GABA in nutrient solutions can function as a sole nitrogen
source for plant growth (Shelp ef al., 1995). Other possible
GABA functions in plants may include a role in the plant's
defense against phytophagous insects (Ramputh and Bown
1996) and in disease resistance (Ling et al, 1994).
Aminobutyric acid isomers (0, 3, and ) induce pathogenesis-
related protein synthesis in plants, such as [3-1,3 glucanases,
and chitinases (Cohen et al., 1994). Future studies, including
an analysis of pathogenesis-related enzymes, may provide
insight into the significance of GABA production during the
germination of brown rice.

It has been reported that chitosan can function as a plant
cell dicitor (Pearce and Ride, 1982; Notsu et al., 1994).
Therefore, it is possible that chitosan, like other stimuli,
activates the mobilization and redistribution of calcium ionsin
plant cells (Bach et al., 1993). There is increasing evidence
that changes in calcium concentrations in response to
environmental stimuli serves as a mgor second messenger
and evokes a number of celular responses in plants (Hepler
and Wayne, 1985; Knight et al., 1991). Our results provide
evidence that the externd environment (i.e. the soaking
solution) is important to the induction of the synthesis of
calcium-dependent enzymes, such as GAD, and to the
bioavailability of calcium in germinating seeds (Figs. 3 and 4).

The increased activation of rice GAD by Ca*/camodulin
(355%) was higher than the reported incresses in the
activation of petunia GAD (276%) (Arazi et al., 1995) and
Vicia fava root GAD (212%) (Ling et al., 1994). The
stimulation of GAD, even in the absence of added calmodulin
(Table 1, control and +Caf*), may be interpreted as evidence
for bound calmodulin. Bound camodulin in final protein
preparations results in the high background activity of the
plant Ca*/calmodulin-dependent enzymes (Collinge and
Trewavas, 1989; Rasi-Cadogno et al., 1993). A small increase
in GAD activity with calmodulin in the absence of C&* may
be explained by camoduli/GAD interactions in the absence
of Ca* (Arazi et al., 1995). In order to exclude the possibility
that bound calmodulin may not be removed during the partial
purification of GAD, it would be hepful to an E. coli
expression system. Previoudly, we showed that GAD, whichis
purified from E. coli that carries a plasmid containing the
tobacco GAD gene, exhibits about a 60-fold increase in Ca?*/
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Table 1. Cacium/camodulin dependent activation of partialy
purified rice GAD?

Activity
Treatment ;
nmol CO,/min/mg
protein % of control
Control (-Ca*,-CaM) 15.6 (0.7)° 100
+Ca* 23.4 (0.9 150
+CaM 21.8 (0.8) 140
+Ca&*/CaM 55.4 (1.1) 355

*GAD was partidly purified from germinated brown rice extract
through a combination of ammonium sulfate precipitation
(20~60% saturation) and DEAE-cdlulose column chromatogra
phy. GAD assay was performed as described in Materids and
Methods without the addition of Ca* and camodulin (CaM)
(control), and with the addition of 25mM CaCl, (+Ca), 200
nM VU-1 camodulin (+CaM), and 25mM CaCl, and 200 nM
VU-1 camodulin (+Ca*/CaM).

®Values represent the means of three independent determinations
with standard errors shown in parenthesis.

camodulin-dependent  activation. The activity was not
stimulated by the addition of Ca* or calmodulin aone (Oh
and Yun, 1999).

Petunia GAD is developmentaly regulated, and GAD
activity can be detected at a very early stage of germination
(Chen et al., 1994). Previoudly, it was shown that plant GADs
and NAD kinases (another type of camodulin-binding
protein) are differentially activated by calmodulin isoforms
(Leeet al., 1997; Oh and Yun, 1999). The differentia abilities
of GAD in the binding of camodulin and calmodulin
isoforms suggest that GAD isoforms may have their own
target calmodulins. In this regard, it is interesting to note that
rice contains several camodulin isoforms (OsCaMs) (Lee et
al., 2000) and GAD isoforms (OsGADs) (Akama et al.,
2001). Future isoform-specific calmodulin-binding assays for
OsGAD proteins will help us understand the mechanism by
which OsGADs interact with calmodulin.

All plant seeds and cereds contain phytate, which
decreases the bioavailability of calcium by chedlating C&*
(Graf, 1983; Novak and Had berger, 2000). The levels of plant
phytases, phytate hydrolyzing enzymes, are enhanced during
the germination of plant seeds (Bartnick and Szafranska,
1987; Laboure et al., 1993). Therefore, increases in soluble
calcium ion concentrations in germinated brown rice extracts
may be due to the rdlease of Ca& from the phytate-Ca*
complex by the enzymatic hydrolysis of phytate during
germination.

Since glutamic acid, which is the precursor of GABA, is
one of the most abundant amino acids in brown rice (Oh and
Choi, 2000), then understanding the mechanism of synthesis
and regulation of GABA may have nutritiona and
pharmacologica significance (Choi et al., 1998; Baek et al.,
2000; Lee et al., 2001). Typicaly, enhanced GABA levels

were obtained in germinated rice and barley grain by
germinating them with water only (Nakagawa and Onoda
1996, Yun et al. 1998). Our approach for enhancing GABA
synthesis in germinating rice may potentialy greatly improve
GABA yidds for research purposes or produce GABA-rich
functional foods. Further work with the rice system (including
the introduction of genes that are related to GABA synthesis
into rice plants and studying the interactions of brown rice
components with GABA synthesizing or degrading enzymes
from animal sources) may provide further insights into novel
nutraceutical applications for germinated brown rice.
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