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Abstract

The relationship of glutamate acid decarboxylase (GAD) activity with the reaction products was developed. It was
based on incubating sodium glutamate substrate (S) with GAD enzyme (E) when the enzyme-substrate-complex (ES)
product was obtained along with gamma aminobutyric acid (GABA) and unreacted sodium glutamate. The reaction
products were separated by paper chromatography. The ES, GABA and S products were sprayed with ninhydrin
reagent when ninhydrin-colored-complex (NCC) was formed on the paper chromatogram. The products were
extracted with 75% ethanol containing 0.5% cupric sulfate. The NCC absorption readings of ES and S products were
measured by a spectrophotometer. A standard curve was prepared by plotting absorption readings against different
concentrations of sodium glutamate. This curve was the basis of determining GAD activity of E. coli and C. welchii.
It was observed that NCC absorption of ES and S products was directly related with the enzyme activity. The
qualities of ES and S products in the reaction mixture increased as the enzyme activity increased with the incubation
time. On the other hand, some products in the reaction mixture decreased in the presence of an inhibitor of GAD
activity. The relationship of reaction products with GAD activity was also established by the radioisotopic method.
The results obtained by the chromatographic separation of products followed by the spectrophotometric method of
determining GAD activity is a simple, safe and less expensive compared to the other methods. © 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Glutamate decarboxylase (GAD) is an enzyme
that catalyzes the removal of a carboxyl group
from L-glutamic acid to produce g-aminobutyric
acid (GABA) and carbon dioxide. In the mam-
malian central nervous system (CNS), L-glutamic
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1 The work was partly presented at the International Sym-
posium on Medicinal Chemistry held in Maastricht, The
Netherlands, 8–12 September 1996.
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Scheme 1. Sequence of enzyme reactions.

acid and GABA are excitatory and inhibitory
neurotransmitters, respectively [1–4]. Epileptic
seizures are recognized when there is a deficiency
of GABA in the brain. Two major enzymes, GAD
and GABA-transaminase (GABA-T), are in-
volved in the metabolism of GABA. In sequence
of enzyme reactions (1)–(3) (Scheme 1),
L-glutamic acid is converted to GABA by GAD.
Subsequently, GABA is degraded to succinic
semi-aldehyde (SSA) by GABA-T in the presence
of a-ketoglutaric acid which is converted to
glutamic acid. On further metabolism, SSA is
oxidized to succinic acid by SSA-dehydrogenase.
The concentration of GABA is thus dependent on
chain reactions by GAD, GABA-T and SSA-de-
hydrogenase leading to the products formed in the
CNS. Many anticonvulsant agents increase
GABA levels in the brain either by mimicking,
enhancing inhibitory action of GABA or by in-
hibiting reactions (2) and (3) [5,6]. Scheme 1

The objectives of the research were to isolate
reaction products by chromatographic methods
and to establish a relationship between reaction
products and GAD activity. The latter activity is
determined mainly by manometric, radioisotopic
and fluorometric methods. But work on colori-
metric and chromatographic methods of GAD
activity determination is scanty. In the continued
search for exploring colorimetric methods for de-
termining GAD enzyme activity [7], the present
work reports a relationship between reaction
products and GAD activity based on separating

sodium glutamate (S) and enzyme–substrate (ES)
complex from GABA by paper chromatography
(PC). These products were sprayed with ninhydrin
reagent. Their ninhydrin-colored complex (NCC)
absorption readings were determined colorimetri-
cally and related to enzyme activity. Simple car-
boxylic acids including sodium valproate are
inhibitors of GAD and GABA-T activities, as
determined by manometric and radioisotopic
methods [8–12]. Sodium valproate and sodium
arsenate (inhibitors) were chosen so that results
obtained previously by standard radio-isotopic
method are compared with the colorimetric
method [8]. Sodium valproate is used in the treat-
ment of both generalized and partial seizures.

2. Experimental

2.1. Materials

Purified L-glutamate decarboxylase from E. coli
and C. welchii was a commercial product of
Sigma (St. Louis, MO) with a specific activity of
0.41 unit (mg protein)−1. One unit of enzyme
released 1.0 mmol of carbon dioxide per min from
0.35 mmol L-glutamic acid at 37°C.
L-[14C]Glutamic acid was obtained from New
England Nuclear (MA) with a specific activity of
49.6 mCi mmol−1. Hyamine base (benzethonium
chloride) was obtained from Aldrich (Milwaukee,
WI). Sodium valproate was prepared by neutraliz-
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ing valproic acid (Saber Laboratories, IL) with an
equivalent quantity of sodium hydroxide solution
and adjusting the solution to pH 7. All other
chemicals and reagents were analytical grade.

2.2. Colorimetric method

GAD activity and inhibitory studies were car-
ried out by the modified method [7,13]. The reac-
tion mixture (3 ml) contained 0.50 mM sodium
acetate, pH 5.0, 0.30 M sodium chloride, 25 mM
sodium glutamate and 50 ml (0.20 units) of en-
zyme. Following incubation at 37°C for 15 min,
the reaction was stopped by cooling on ice for 15
min. After cooling, appropriate volumes of the
reaction mixture were streaked on Whatman
chromatography paper and developed with
N-butanol–acetic acid–water (5:3:2) solvent. Af-
ter development, the paper was dried and sprayed
with ninhydrin solution (0.1%, w/v in 90%
ethanol). The NCC bands of the S and ES com-
plex were separated from GABA, cut into small
pieces, and extracted with 6 ml of 75% alcohol,
containing 0.05% cupric sulfate, by heating to

Table 2
Absorption of reaction productsa

Ninhydrin-colored complex absorp-Product
tion reading

25°C37°C

0.21ES complex and S 0.13
GABAc 0.05 —b

Percent loss of S
Standard errord 8.00 7.00

a The composition of the reaction mixture is described in the
Section 2. For preparative PC, 200 ml of the reaction mixture
containing 282 mg of S was streaked on the paper. The
readings were an average of five experimental assays. ES
complex and S represent enzyme–substrate complex and
sodium glutamate, respectively. Their combined absorption
readings were referred to Fig. 1 for corresponding S quantity.
b ES complex and GABA were not detected at this tempera-
ture.
c GABA was a minor quantity. Therefore, no standard curve
was prepared for corresponding S quantity.
d A standard error was expressed as the percent loss of S from
the applied and recovered S quantity.

boiling. After cooling, the absorption readings
were taken by a Bausch & Lomb DB spectronic
spectro-photometer at 575 nm. The standard
curves were prepared by plotting the NCC ab-
sorption readings of S and ES complex obtained
from the incubated reaction mixture against S
concentration. A control curve was prepared from
S obtained from the reaction mixture at 25°C.
The absorption readings were corrected for blank
readings obtained by extracting pieces of paper
between bands with the same solvent. The in-
hibitory studies were carried out in the presence
of an appropriate concentration of inhibitor by
obtaining S and ES complex from the incubated
reaction mixture. The NCC absorption readings
of ES complex and S were referred to the stan-
dard curve and results were expressed as percent
inhibition. The control reaction mixture contained
all of the ingredients except an inhibitor.

2.3. Radioisotopic method

GAD activity and inhibitory studies were car-
ried out by modifying the published method [10].
Essentially, the reaction mixture contained 0.05 M

Table 1
Chromatography of the reaction mixturea

Rf valueSolvent mixture

ES complex S GABA

Paper
0.45Methanol–toluene 0.25 0.30

(9.5:0.5)
Methanol–chloroform 0.200.15 0.35
(9:1)

0.850.50N-Butanol–acetic acid– 0.60
water (5:3:2)

TLC
Methanol–chloroform 0.200.420.35
(9.5:0.5)

0.65 0.500.75Ethyl alcohol–water
(9:1)

0.75N-Propanol–water (1:1) 0.570.85

a Ninhydrin (0.1%, w/v) in 90% ethanol was used as a spray
reagent. Whatman paper and Merck KGF silica gel plates
were used for chromatography. GABA spot was revealed from
the incubated reaction mixture only. ES complex and S repre-
sent enzyme–substrate complex and sodium glutamate, respec-
tively.
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Fig. 1. Standard (A) and control (B) curves. After paper chromatography, the NCC (ninhydrin-colored complex) abrorption
readings of sodium glutamate and ES (enzyme–sustrate) complex from the reaction mixture at 37°C (A) and sodium glutamate from
the reaction mixture at 25°C (B) were plotted against the quantity of sodium glutamate. Data are mean values of standard error less
than 10%.

L-glutamic acid, 0.012 mmol pyridoxal phosphate,
0.013 mmol L-[14C]glutamic acid, 0.08 mmol
sodium chloride, 0.05 M sodium acetate buffer,
pH 5.0, and 100 ml of enzyme (0.3–0.5 units).
Following incubation at 37°C for 1 h, the reaction
was stopped by adding 0.20 ml of 75%
trichloroacetic acid and the mixture was cooled
on ice for 15 min. The filter paper soaked in
hyamine base (benzethonium chloride) absorbed
radiolabeled carbon dioxide. The radioactivity
was determined in a toluene-based scintillation
fluid. The results were calculated by comparing
with the control enzyme activity. The inhibitory
studies were carried out in the presence of an
inhibitor.

3. Results and discussion

In establishing a relationship between GAD

activity and the reaction products using the ra-
dioisotopic and colorimetric methods, preliminary
chromatography of the incubated reaction mix-
ture indicated products consisting of a major spot
corresponding to ES complex and a minor spot
corresponding to S and GABA. Similar spots
were observed in determining GABAase activity
[7]. Table 12223 lists solvents, two types of chro-
matographic techniques and Rf values of ES com-
plex, S and GABA. The Rf value of ES complex
and S were generally higher on TLC than on
paper. On the other hand, the Rf value of GABA
was higher than ES complex or S on paper than
on TLC plate by using various solvents. The
magnitude and relative order of Rf vales of ES, S
and GABA on thin-layer and paper chromatogra-
phies is unknown; but it may be due to the
chemical affinity of glutamate decarboxylase for
the carboxyl group of glutamic acid and GABA
relative to physical adsorption and lipophilicity of
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Fig. 2. Kinetics of enzyme reaction mixture. After chromatography, the NCC (ninhydrin-colored complex) absorption readings of
sodium glutamate and ES (enzyme–substrate) complex from the reaction mixture at 37°C (�) and sodium glutamate from the
reaction mixture at 25°C (
) were plotted against incubation time. Vertical bars indicate mean values of standard error less than
10%.

reaction products on paper cellulose or silica gel.
N-Butanol–acetic acid–water was a better solvent
because of a clear separation of ES complex and S
from GABA. Preparative PC was used for obtain-
ing reaction products, which were extracted com-
pletely from the paper but not from the TLC
plate with 75% alcohol. Cupric ions are known to
interact stoichiometrically with amino acids and
produce deep-blue copper derivatives [14,15].
Cupric sulfate imparted deep-blue color to the
NCC of amino acids, which were easily extracted
with 75% alcohol. GAD activity was based on the
quantities of ES complex and S, which were deter-
mined colorimetrically by their NCC absorption.
Upon critical chromatographic examination of
the incubated reaction mixture, it was observed
that an enzyme (E) reacted with sodium gluta-
mate (S) to form ES complex which yielded
GABA (product) as shown below:

E
Enzyme

+ S
Substrate

� ES
Complex

�GABA
Product

+E+S

Although GABA should be a major product,
reaction mixture contained mainly ES complex
indicating incomplete conversion of ES complex

to GABA. Thus, PC revealed three spots upon
spraying with ninhydrin reagent. The S spot (Rf

value 0.60) was blue in color. The ES complex
spot was yellowish-blue (Rf value 0.50) and the
GABA spot was violet (Rf value 0.85). In order to
determine the quantity and nature of reaction
products, attempts were made to separate S from
ES complex with butanol–acetic acid–water
(5:3:2) and other solvents, but none of the sol-
vents showed adequate separation of ES complex
from S spots because of similar polarity of the
compounds.

To establish a relationship of products formed
at 37 and 25°C, two portions of the reaction
mixture, each containing 282 mg of S, were pre-
pared. One portion was incubated at 37°C and the
other was kept at 25°C for 15 min. Preparative
PC was used to extract NCC bands of S, ES
complex and GABA. The NCC absorption read-
ings of S, ES complex and GABA obtained from
the reaction mixture were 0.07, 0.14 and 0.05,
respectively. Since the NCC absorption reading of
S or GABA was low as compared to ES complex,
the latter was present as the main product in the
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Fig. 3. Inactivation of GAD by sodium valproate. After chromatography, the NCC (ninhydrin-colored complex) absorption
readings of sodium glutamate and ES (enzyme–substrate) complex from the reaction mixture at 37°C containing no drug (control,
�), sodium valproate at 100 (*) or 200 mg (
) were plotted against incubation time. Vertical bars indicate mean values of standard
error less than 10%.

incubated reaction mixture. Due to similar Rf

values and the concomitant nature of S and ES
complex, it was difficult to separate these prod-
ucts. Table 2 shows products obtained by PC of
the reaction mixture and their NCC absorption
readings. The NCC absorption readings (0.21) of
ES complex and S obtained from incubated reac-
tion mixture corresponded to 300 mg S (Fig. 1A).
The NCC absorption readings (0.13) of ES com-
plex and S obtained from the reaction mixture at
25°C (control) corresponded to 250 mg S (Fig.
1B). The higher NCC absorption reading of ES
complex and S from the incubated reaction mix-
ture, as compared to control, was due to specific
interaction of ninhydrin with ES complex at the
incubated temperature. It was conceivable that
enzyme reaction at 25°C did not proceed to a
detectable product, ES complex or GABA. But in
the reaction mixture at 37°C, ES complex was
predominant as the enzyme activity increased
upon incubation of reaction mixture at 5, 10 and
15 min (Fig. 2). In any case, NCC absorption
readings of S and ES complex were employed to
construct standard and control curves (Fig. 1).

Although, ninhydrin forms intensely colored com-
plexes with amino acids, this interaction is also
exhibited by peptides and proteins [14,16]. The
intensity of color in the complex formation varies
with the type of proteins.

The Beuguer–Lambert–Beer Laws were
obeyed in the colorimetric method when the NCC
absorption readings of S and ES complex were
plotted against S obtained from the reaction mix-
ture at 37°C (Fig. 1A). For comparison, a control
curve of S obtained from the reaction mixture
kept at 25°C was also prepared (Fig. 1B). The
purpose of preparing this curve was to ascertain
that ES complex and S were formed in the incu-
bated reaction mixture. Also, it was used in estab-
lishing a standard error (Table 2). The kinetics of
enzyme reaction at 37°C exhibited a linear expo-
nential line of ES complex and S when the NCC
absorption readings were plotted against incuba-
tion period (Fig. 2). The reaction mixture reached
equilibrium in 15 min. For determining enzyme
activity, the optimum incubation time was 15 min,
since the activity declined after this time period.
At 25°C, there was practically no enzyme activity
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Table 3
Comparison of percent inhibition of GAD activity by sodium arsenate and sodium valproate using radioisotopic and colorimetric
methodsa

Sodium valproate (conc. mg/assay mix-Sodium arsenate (conc. mg/assay mixture)Method
ture)

8035 3580

70 90Radioisotopic (% inhibition) 67 87
63 85 64Colorimetric (% inhibition) 83

a All readings were an average of five experimental assays. Methods of determining GAD activity and its inhibition by sodium
arsenate or cyanide and sodium valproate are described in the Section 2. A variation of 97% in results was observed in the
radioisotopic and colorimetric methods.

since a nearly straight line of S was obtained. At
37°C, a linear exponential line of the NCC
absorption of S and ES complex, demonstrated a
relationship of enzyme activity to the products.

Preliminary inhibitory studies indicated that in
the incubated reaction mixture, GAD activity
decreased in the presence of sodium valproate (Fig.
3). The inhibitory effect of 100 mg sodium valproate
on GAD was approximately half that exhibited by
200 mg sodium valproate in the reaction mixture.
Similar results were obtained when sodium
arsenate or cyanide was used as an inhibitor of
enzyme activity (data not shown). Cassel and
co-workers reported that GAD activity was
noncompetitively inhibited by sodium cyanide as it
reacted with the substrate or products in the
reaction mixture [17]. Although mechanism of
action of sodium valproate is not fully understood,
in vitro and in vivo studies indicated that
valproates increased GABA levels in whole brain
and several brain regions of rodents by inhibiting
GABA-T and SSA-dehydrogenase [18,19]. Other
workers have reported that sodium valproate
increased potassium or sodium conductance on
Aplysia neurons, thus affecting membrane ion
channels [20,21].

Radioactivity and manometric methods are also
used to determine GAD activity [22,23]. The latter
is based on measuring carbon dioxide released in
the reaction mixture when L-glutamic acid is
converted to GABA. Fluorometric and chromato-
graphic methods involve estimation of GABA in
the reaction mixture [24,25]. Our in vitro studies on
inhibition of enzyme activity were based on using

radioisotopic and colorimetric methods. The
percent inhibition of GAD activity by sodium
arsenate and sodium valproate at two different
concentrations are shown in Table 3. When the
radioisotopic method was used, sodium arsenate in
concentrations of 35 and 80 mg/assay mixture
showed 70 and 90% inhibition, whereas in the
colorimetric method, inhibitions were 63 and 85%,
respectively. Similarly, sodium valproate in
concentrations of 35 and 80 mg/assay mixture
showed 67 and 87% inhibition in the radioisotopic
method. The corresponding inhibitions with the
colorimetric method were 64 and 83%. The results
obtained by both methods were comparable and in
close agreement.

4. Conclusion

GAD activity was determined on enzyme reac-
tions forming products, GABA, ES complex and
unreacted S and GAD. The main product, ES
complex concomitant with S, was isolated by
preparative PC. The NCC absorption readings of
ES complex and S were determined colorimetri-
cally and related to the enzyme activity. GAD
activity was also determined using a radioisotopic
method. The results were compared to the colori-
metric method, and it was demonstrated that that
method could be used in the study of enzyme
inhibition by anticonvulsant agents. The colori-
metric method is simple, convenient and less
expensive.
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