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Two isoforms of glutamate decarboxylase (GAD65kDa and GAD67kDa) from human brain, which
had previously been overexpressed in Escherichia coli as fusion proteins containing a
glutathione-S-transferase domain, were purified by affinity chromatography on glutathione
Sepharose 4B. Both isoforms were also expressed in Saccharomyces cerevisiae. After modification
of a HPLC based assay, the enzymes were characterized with respect to their biochemical
properties. Comparison of kinetic data, pH, and temperature optima as well as of the mode of
interaction with pyridoxal phosphate as a cofactor revealed several significant differences
between the two isoenzymes reflecting their somewhat different physiological and molecular
features. Investigation of the influence of 4′-O-methylpyridoxine (ginkgotoxin) (1), a neurotoxin
occurring in Ginkgo biloba L., on the different isoenzymes, indicates that the phosphorylated
form of the toxin, 4′-O-methylpyridoxine-5′-phosphate (2), decreases GAD65kDa activity, although
in unphysiologically high concentrations, whereas GAD67kDa activity seems to be hardly affected.

Introduction
Leaf extracts of Ginkgo biloba L. (Ginkgoaceae) are

well-known components of remedies employed in the
therapy of insufficient central and peripheral blood
flow.1,2 This beneficial effect is attributed mainly to
ginkgolides and bilobalide which besides flavonoids are
the prominent natural products occurring in Ginkgo
leaves.3-7 Nevertheless, mainly the seeds of Ginkgo
biloba L. were shown to accumulate ginkgotoxin (4′-O-
methylpyridoxine, 1, Figure 1), an antivitamin structur-
ally related to vitamin B6.

8,9 This compound is a potent
neurotoxin which, when ingested in higher concentra-
tions, causes epileptic convulsions and paralysis of legs
as cardinal symptoms.8,10-12 The toxicity can be allevi-
ated by vitamin B6 indicating that ginkgotoxin is an
antimetabolite which might interfere with amino acid
metabolism in mammals. The amino acid metabolism
is closely connected to the formation of γ-aminobutyric
acid (GABA), a classical inhibitory neurotransmitter of
the central nervous system (CNS) involved in several
neurological functions. Altered GABA levels are likely
to be responsible for a number of pathological conditions
including, for example, Parkinson’s disease, epilepsy,
depression, and general motor disorders.13 Since 4′-O-
methylpyridoxine (1) and other convulsant drugs have
been shown to reduce the GABA concentration prior to
the onset of seizures,11,14-16 any enzyme involved in the
formation of the neurotransmitter might be a possible
target for the toxin. Nevertheless, the rate-limiting step
in GABA synthesis is the decarboxylation of glutamate
catalyzed by glutamate decarboxylase (GAD; L-glutamate
1-carboxy-lyase, E.C. 4.1.1.15). Since this decarboxyla-
tion is dependent on pyridoxal-5′-phosphate (PLP, 3,
Figure 1) as a cofactor, and PLP as a B6 vitamer is

structurally related to ginkgotoxin, investigations de-
signed to elucidate the biochemical mechanism of GABA
decrease, induced by 4′-O-methylpyridoxine, should
concentrate initially on glutamate decarboxylase.

In the adult human brain, glutamate decarboxylase
has been shown to exist in two isoforms of different
molecular weight, GAD65kDa and GAD67kDa, encoded by
two independently regulated genes located on different
chromosomes.13,17 As shown by anatomical studies, the
two gad genes are coexpressed in most GABA-contain-
ing neurons of the CNS.18 However, there are important
differences with respect to the amount and distribution
of GAD isotypes observed in the mammalian brain.19

Although GAD65kDa generally appears to be the major
form found in most GABA-containing neurons,13 the
intracellular distribution differs among the two iso-
enzymes. GAD65kDa is mostly associated with mem-
branes and targeted to nerve endings while GAD67kDa
is mainly a cytosolic enzyme widely distributed in
cells.20,21 The fact that a minor amount of GAD67kDa was
also detected in neuronal membrane fractions can be
explained by the formation of GAD65kDa-GAD67kDa het-
eromers through interactions between the N-terminal
domains of the two forms.22

In 1992, the cDNAs coding for GAD65kDa and GAD67kDa
from human brain were first isolated, sequenced, and
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Figure 1. Ginkgotoxin (1), pyridoxal-5′-phosphate (3), and
derivatives.
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heterologously expressed in Escherichia coli.17 The
amino acid sequences for the two proteins deduced from
the DNA data revealed an overall similarity of 81%.
They were also shown to contain the tetrapeptide Asn-
Pro-His-Lys, identified as the pyridoxal phosphate (3)
binding site in porcine dihydroxyphenylalanine (DOPA)
decarboxylase.23 Another important feature, especially
with respect to the data presented in this paper, is the
different response of GAD65kDa and GAD67kDa to the
presence of the cofactor pyridoxal-5′-phosphate (3).
According to experiments with recombinant enzymes,
GAD65kDa seems to be more responsive than GAD67kDa,
but the differences have not as yet been characterized.24

Furthermore, a number of interesting data concerning
the expression and physiological functions of the GAD
isoenzymes from mammalian tissues have been pub-
lished in recent years.25-28 Other authors describe the
influence of certain convulsants29-31 and anticonvul-
sants16,32 on GABA levels in brain tissues. According to
an early report, the 4′-substituted vitamin B6 derivative
4′-deoxypyridoxine (4, Figure 1) was shown to be a
potent inhibitor of GAD.31 However, this study was
performed exclusively with tissue homogenates. Any
reports dealing with the influence of putative GAD
inhibitors on purified enzymes have been rare so far.

The current work concentrates on the investigation
of the influence of ginkgotoxin (4′-O-methylpyridoxine
1, Figure 1) and its 5′-phosphorylated derivative 4′-O-
methylpyridoxine-5′-phosphate (2, Figure 1), respec-
tively, on purified recombinant GAD65kDa and GAD67kDa
from human brain. In this paper, the results from
enzymological experiments characterizing the two iso-
enzymes with respect to their differences in kinetic data
and pyridoxal phosphate (3, Figure 1) interaction are
presented.

Results and Discussion

Properties of GAD65kDa and GAD67kDa Expressed
in Escherichia coli. Glutamate decarboxylase (GAD;
L-glutamate 1-carboxy-lyase, E.C. 4.1.1.15) catalyzes the
conversion of glutamate to γ-aminobutyric acid (GABA),
the major known inhibitory neurotransmitter in the
vertebrate brain. The human GAD was reported to exist
in two isoforms, GAD65kDa and GAD67kDa, which are 65%
identical and share high homology with the correspond-
ing rat and feline enzymes (96% and 97%, respec-
tively).17 Both enzymes had been expressed in bacterial
systems as fusion proteins harboring a glutathione-S-
transferase (GST) domaine. The fusion proteins were
both shown to be enzymatically active.17 Nevertheless,
reports on the biochemical characterization of purified
GAD65kDa and GAD67kDa, from human or from any other
vertebrate tissue, are few.

To compare GAD65kDa and GAD67kDa with respect to
their biochemical and kinetic data, two different expres-
sion systems were used, the bacterial one published by
Bu et al.,17 and another one based on overexpression of
the respective genes in yeast resulting in histidine-
tagged fusion proteins (see Experimental Section).

In the bacterial system, overexpression of the fused
genes was induced by isopropyl-â-D-galactopyranoside
(IPTG), and protein was extracted from the recombinant
strains. As shown by SDS polyacrylamide gel electro-
phoresis (SDS-PAGE), after disruption of the bacterial

cells grown under standard conditions (LB-medium; 37
°C), most part of GST- GAD65kDa (Figure 2 A, lane 1)
and also of GST-GAD67kDa (data not shown) appeared
in the membrane fraction, indicating that both isoforms,
as partially eucyaryotic proteins, might form inclusion
bodies in a prokaryotic system.33 The fact that only
∼10% of a GAD65kDa-thioredoxin fusion protein were
soluble in a bacterial expression system had already
been reported by Papouchado et al.34 Thus, to improve
the solubility, especially of GAD65kDa, which in any case
was shown to be associated with membranes in its
native system, the growth conditions previously de-
scribed by Bu et al.17 were modified by addition of
sorbitol (1 M) and betaine (2.5 mM) to the growth
medium (see Experimental Section). Additionally, dur-
ing growth the incubation temperature was lowered to
28 °C. With this modified protocol, appreciable levels
of GAD activity could be detected in the soluble fraction
of the crude cell extract. The identity of the correspond-
ing isoforms was confirmed by Western blot analysis
(Figure 2B, lanes 1 and 2).

Both GST-fusion proteins were purified by one-step
affinity chromatography on glutathione agarose yielding
a plain enrichment of both isoforms [250 µg/L (∼15 g
cells) for GST- GAD65kDa and 800 µg/L (∼15 g cells) for
GST-GAD67kDa ]. This yield is within the range described
for a GAD65kDa/67kDa hybrid protein purified from a yeast
system,28 although it is clearly less when compared to
the amount of enzyme isolated from a large scale
fermentation, which yielded 360-490 mg GAD from
1000 g of cells.33

Figure 2. Expression of GST-GAD isoforms in Escherichia
coli. (A) SDS-PAGE of membrane fraction (lane 1) and soluble
protein fraction (lane 2) from recombinant strain JM101
(pGEX-3X-gad65kDa) grown under standard conditions (LB-
medium, 37 °C). As indicated, most of the GST-GAD fusion
protein is associated with the membrane fraction (see arrow).
(B) Immune reaction of crude extracts from strain JM101
containing GST-GAD67kDa (molecular weight of the fusion
protein: 93 kDa) (lane 1) or GST-GAD65kDa (molecular weight
of the fusion protein: 91 kDa) (lane 2) with GAD specific
antibodies. The E. coli strain was grown under modified
conditions (see Experimental Section). (C) Immune reaction
of a protein fraction (20 µg) obtained after affinity chroma-
tography, containing the GST-GAD65kDa fusion protein, with
GAD specific antibodies (lane 1). The fraction contains several
truncated proteins generated during the purification proce-
dure. Molecular weights of standard proteins (MWM): phos-
phorylase b, 97 kD; albumin, 66.2 kDa; ovalbumin, 42.7 kDa;
carbonic anhydrase, 31 kDa.
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However, as shown by Western blot analysis (Figure
2C, lane 1), in some cases not only one single protein of
the predicted molecular weight (91 kDa for GST-
GAD65kDa and 93 kDa for GST-GAD67kDa) reacted with
GAD specific antibodies but also a number of truncated
proteins of molecular weights ranging from 26 to 67
kDa. This is again in agreement with previous attempts
to purify recombinant mammalian GAD from yeast and
from E. coli and nonrecombinant GAD from porcine
brain which revealed a similar range of obviously
truncated proteins,28,33,35 indicating on one hand the
occurrence of proteolysis during purification and on the
other hand the coexpression of a 48-kDa byproduct from
an internal translation site.36 Both fusion proteins were
then cleaved with protease factor Xa, yielding the
corresponding authentic GAD-isoforms of the predicted
molecular weights (65 and 67 kDa, respectively), and a
smaller protein of about 26 kDa representing the GST-
domain. These fractions were further employed in the
studies described below.

GAD activity of crude extracts and purified enzymes
was monitored by HPLC after precolumn derivatization
of GABA, which was derived from decarboxylation of
glutamate as substrate. Quantification of GABA was
performed by relating the peak areas of GABA and of
δ-aminovalerianic acid (DAVA), which was added as
internal standard (see Experimental Section). In some
cases, GAD activity was determined by the spectropho-
tometric enzyme assay described below. In each case,
GST fusion proteins and authentic GAD-isoforms cleaved
off from the GST-domain were found to be enzymatically
active after a one-step affinity chromatography on
glutathione. However, a significant decrease of enzyme
activity (40 to 80%) was observed after storage of the
proteins for several days at -20 °C, making their
characterization more difficult. This is in contrast to the
finding of Davis et al., who under certain storage
conditions (argon atmosphere), kept GAD enzymes for
up to six months with negligible loss of activity.33

A. Interaction with Pyridoxal-5′-phosphate. Al-
though GAD65kDa had been reported to be much more
responsive toward the addition of pyridoxal-5′-phos-
phate (PLP) as a cofactor,24 a detailed comparison of the
kinetics of cofactor interaction with purified GAD iso-
forms is to date unpublished. To evaluate optimal assay
conditions, investigation of GST- GAD65kDa and GST-
GAD67kDa was initiated by determining the kinetics of
GABA formation dependent on increasing amounts of
PLP (3) (Figure 3). In contrast to GST- GAD65kDa which
shows nearly no activity without addition of PLP, GST-
GAD67kDa unequivocally catalyzes the conversion of
glutamate to GABA under these conditions (Figure 3,

Table 1). Nevertheless, since an increase of activity is
observed for GST-GAD67kDa with increasing amounts of
PLP, this enzyme seems to be still affected by addition
of the cofactor. However, as shown by the constant
increase of GST- GAD65kDa activity up to a PLP satura-
tion of 14 µM, the dependence on PLP is much more
evident for this isoform. These results are in good
agreement with observations on brain extracts from
which either GAD65kDa or GAD67kDa was removed by
immunoprecipitation.21 According to these studies, ex-
tracts containing GAD67kDa showed only a slight in-
crease in activity when exogenous PLP was added. In
contrast, addition of cofactor caused a 2.2-fold increase
of activity for extracts containing only GAD65kDa. This
is in agreement with the assumption of Kaufman et al.
that GAD65kDa activity might be regulated by supply of
PLP itself, while GAD67kDa activity is not affected in this
way.21 This again is in agreement with results from
incubations of brain extracts with 32P-labeled pyridoxal-
5′-phosphate which after protein analysis revealed a
strong label of the 65 kDa-isoform of GAD, whereas
GAD67kDa was only labeled to a very small extent.37

From this and the clear reduction of label caused by
addition of the pyridoxal-5′-phosphate analogue 4′-
deoxypyridoxine-5′-phosphate (5), it was concluded that
GAD65kDa in contrast to GAD67kDa is present in a rather
large amount as the apoenzyme. This apoenzyme may
serve as a reservoir of inactive GAD that can be
activated by the cofactor when additional GABA syn-
thesis is required.37

B. KM Values, pH, and Temperature Optima. The
temperature dependence of GST- GAD65kDa and GST-

Table 1. Biochemical Properties of Recombinant GAD Isoforms Expressed in Escherichia coli and Saccharomyces cerevisiae

optimum
pH pKS1 pKS2

optimum
temp [°C]

KM
[mM]

Vmax
[nmol/min]

kcat
[s-1]

activity without
exogenous PLP [%]

Expression in E. coli
GST-GAD65kDa 7.5 6.0 ( 0.4 8.2 ( 0.4 37-42 2.9 ( 0.21 17.4 1.8 ( 0.10 nearly zero
GST-GAD67kDa 6.5 5.5 ( 0.4 7.2 ( 0.3 43-50 2.5 ( 0.27 74.6 7.7 ( 0.85 20
GAD65kDa

a 7.0 6.1 ( 0.3 7.7 ( 0.4 39-43 1.3 ( 0.21 5.8 0.41 ( 0.062 nearly zero
GAD67kDa

a 6.5-7.0 6.1 ( 0.4 8.0 ( 0.3 45-50 1.4 ( 0.19 83.3 6.2 ( 0.87 32

Expression in S. cerevisiae
6xHis-GAD65kDa 7.5 6.8 ( 0.1 8.2 ( 0.4 39-43 1.4 ( 0.29 25.7 1.8 ( 0.39 nearly zero
6xHis-GAD67kDa

b 6.5 5.9 ( 0.4 7.3 ( 0.4 43-50 1.3 ( 0.36 8.8 nd 30
a After cleavage with protease factor Xa. b Properties were determined in crude extract.

Figure 3. Interaction of GST-GAD65kDa and GST-GAD67kDa

fusion enzymes with the cofactor pyridoxal-5′-phosphate (PLP,
3). Arrows indicate the difference of activity between the two
glutamate decarboxylase isoforms before addition of the co-
factor. Each plot represents the average of three independent
determinations.
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GAD67kDa activity was studied. Determination of the
optimal reaction temperature revealed a rather broad
optimum for both fusion enzymes ranging from 37 to
42 °C for GST- GAD65kDa and from 43 to 50 °C for GST-
GAD67kDa (Table 1). In contrast, the plots representing
the dependence on pH showed a sharp optimum at 7.5
for GST- GAD65kDa and at 6.5 for GST- GAD67kDa (Table
1). The difference between the pH optima for the two
isoforms may reflect the different localization of GAD65kDa
and GAD67kDa with respect to the cellular compartments
as well as their different distribution within the neu-
ronal areas.

Investigations of temperature and pH optima in the
fractions containing the authentic GAD isozymes cleaved
off from the GST-domain revealed values in the same
range as those determined for the fusion enzymes with
the exception that the pH optimum of the cleaved
GAD67kDa is broader (6.5-7.0) than that of the corre-
sponding fusion protein (6.5) (Table 1). This demon-
strates that the rather bulky GST-domain does not
drastically influence the properties of the fusion enzyme.

KM values with respect to glutamate were determined
as described later (see Experimental Section). With 2.9
( 0.21 mM for GST-GAD65kDa and 2.5 ( 0.27 mM for
GST-GAD67kDa, the KM values for both fusion proteins
were found to be not particularly low (Table 1). This
was also the case for the cleaved enzymes (1.3 ( 0.21
mM for GAD65kDa and 1.4 ( 0.19 mM for GAD67kDa).
Nevertheless, since similar values (1.3-2.1 mM) were
reported for recombinant GADR from Escherichia coli,38

for GAD from cowpea (3.2 mM),39 and for GAD from rat
brain (1.59 mM),40 the KM values determined in this
study seem to be significant. Even higher values were
reported for GAD from Lactobacillus brevis (9.3 mM)41

and for GAD determined in rat brain homogenates (21
mM).42 It seems reasonable that the KM values with
respect to glutamic acid are not particularly low, as
GABA concentration in the brain was found to be 4 to
5 times lower than that of glutamic acid, reflecting the
low affinity of GAD to the substrate.43

Properties of his-GAD65kDa and his-GAD67kDa
Expressed in Saccharomyces cerevisiae. Histidine-
tagged GAD-fusion genes were constructed as described
in the Experimental Section. Expression of his-GAD65kDa
and his-GAD67kDa was proved by Western blot analysis
with specific anti-histidine antibodies (Quiagen, Hilden,
Germany). As a result of antibody reaction with the
histidine residue of the fusion protein, both GAD65kDa
and GAD67kDa were identified as single bands of the
predicted molecular weight (data not shown). In contrast
to the bacterial strain used for overexpression of GST-
GAD65kDa and GST- GAD67kDa, the yeast system nearly
lacked any activity resulting from an internal glutamate
decarboxylase. Thus, it was possible to determine
enzyme activity and even some biochemical properties
of the GAD isoforms without purification of the enzymes
to homogeneity.

The isoforms were enriched over a nickel resin
(Qiagen, Hilden, Germany), yielding approximately 1.5
mg protein/L. Determination of temperature optima for
both histidine-tagged isozymes revealed them to have
very similar values compared to those obtained for the
GST-fusions and the respective cleaved enzymes (Table
1). In the case of his-GAD65kDa, the range of optimal

temperature was very broad (39-43 °C) and matches
exactly that shown for the cleaved GAD65kDa (Table 1).
An exact match was also observed for GST- GAD67kDa
and his-GAD67kDa (43-50 °C). pH-Optima of the histi-
dine-tagged GAD-fusions were identical to those of the
GST-fusion proteins (Table 1).

The KM values (1.4 ( 0.29 mM for his-GAD65kDa and
1.3 ( 0.36 mM for his-GAD67kDa) were also comparable
to those determined for the enzymes obtained after
cleavage of the GST- fusion proteins (Table 1).

The similarity or identity of kinetic parameters
determined for the fusion proteins expressed in the
different systems demonstrate that the different fusion
domains do not alter the enzymatic properties of human
GAD drastically. Since a protein fused to a 26 kDa GST-
domain exhibits characteristics similar to those of the
same protein fused to a hexameric histidine-residue, and
to the authentic enzyme cleaved off from GST, the
molecular weight of a fusion domain plays no important
role in influencing the enzymes’ properties. Thus, the
possibility that a bulky residue might influence the
characteristic properties of the native enzyme can be
ruled out. The biochemical features of the GAD isoforms
also do not seem to depend on whether they are
expressed in a procaryotic or in a eucaryotic system.
This is noteworthy, as one might expect posttransla-
tional modifications of higher eucaryotic enzymes. In
fact, it has been reported that the hydrophobicity of
GAD65kDa results from two hydrophobic posttransla-
tional modifications at its NH2-terminal region, one of
which consists of the thiopalmitoylation of two cysteine
residues.22 Therefore, since this thiopalmitoylation is
not expected to occur in the E. coli system and since its
possible occurrence in the yeast system still lacks any
proof, slightly different kinetic parameters of GAD-
isoenzymes purified from their native system, i.e., from
human brain, cannot be ruled out. On the other hand,
the KM values determined for several recombinant
and native glutamate decarboxylases from different
sources38-42 and those presented in the current work
are in the same range of molarity (see earlier). There-
fore, our data should not be expected to differ markedly
from those which would be derived from studies with
GAD purified from human brain.

Further properties (pKs, Vmax, and kcat) of both iso-
forms expressed in E. coli and S. cerevisiae are given in
Table 1.

Influence of 4′-Substituted Derivatives of Pyri-
doxal Phosphate on GAD65kDa and GAD67kDa Isoen-
zymes. The influence of 4′-substituted derivatives of
pyridoxal-5′-phosphate (3) on GAD65kDa and GAD67kDa
isozymes was determined by adding increasing amounts
of 4′-deoxypyridoxine (DPN) (4), 4′-deoxypyridoxine-5′-
phosphate (DPNP) (5), 4′-O-methylpyridoxine (MPN)
(1), or 4′-O-methylpyridoxine-5′-phosphate (MPNP) (2),
respectively, to the incubation mixtures described in the
Experimental Section. As shown in Figure 4 B, the
decrease of enzyme activity caused by addition of one
of the compounds was generally low for GST- GAD67kDa.
The same was observed for cleaved GAD67kDa (data not
shown). This reflects the high cofactor saturation of the
67 kDa-isoform of glutamate decarboxylase. However,
when comparing the effect of the different compounds
in detail, slight differences in the maximum decrease
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of activity can be noted, and range from approximately
10% (for DPN, 5) to about 30% (for MPNP, 2) (Figure
4B). This variation is in agreement with the observation
that addition of exogenous pyridoxal phosphate still
causes an increase of GAD67kDa activity (Figure 3) and
demonstrates that the enzyme is not completely satu-
rated with cofactor.

While the effect caused by the nonphosphorylated
vitamin B6 analogues was generally low, an unambigu-
ous decrease of activity was observed when 4′-deoxy-
pyridoxine-5′-phosphate (5) or 4′-O-methylpyridoxine-
5′-phosphate (2) were added to the incubation mixtures
containing GAD65kDa or GST-GAD65kDa-isoforms. GST-
GAD65kDa activity was diminished down to about 40%
of the initial activity (which was set to 100%) by DPNP
(5) (3.5 mM) and down to about 35% of the initial
activity by MPNP (2) (3.5 mM) (Figure 4A). The IC50
values for inhibition of GST-GAD65kDa were calculated
to be 2.4 mM for DPNP (5) and 2.7 mM for MPNP (2).
Enzyme activity could be restored by subsequent addi-
tion of pyridoxal phosphate (3) and even increased up
to 120%, when high PLP (3) concentrations were applied
to either GST-GAD65kDa or GST-GAD67kDa treated with
the different inhibitors (Figure 5A,B). According to these
results the phosphorylated forms of 4′-substituted
pyridoxal derivatives seem to decrease the activity of
GAD65kDa or GST-GAD65kDa-isoforms, at least in high
concentrations, while the nonphosphorylated forms do
not inhibit the enzymes significantly.

Since bilobalide, one of the well-known constituents
of Ginkgo biloba extracts, has been reported to possess
inhibitory effect against 4′-O-methylpyridoxine-induced
convulsions in vivo,16 this sesquiterpene was employed
in the investigations concerning the effect of 4′-

substituted pyridoxine derivatives on glutamate decar-
boxylase. At low concentrations it did not show any
effect on GAD isoforms treated with the inhibitors, at
unphysiologically high concentrations (90 mM) it even
inhibited GAD activity (data not shown). This finding
coincides with results from previous investigations
which found that, after administration of bilobalide, a
potentiation of glutamate decarboxylase activity was
observed in vivo, but, as shown by negative results of
in vitro experiments with brain homogenates, this
appeared to be a secondary effect rather than a direct
action of bilobalide on the enzyme.32

Summarizing the results from the inhibition studies
discussed above: The phosphorylated form of ginkgo-
toxin (1), 4′-O-methylpyridoxine-5′-phosphate (2), in-
hibits the activity of especially GAD65kDa. Since the
decrease of GAD activity is reversible by addition of the
coenzyme pyridoxal-5′-phosphate (3) (Figure 5A), the
type of inhibition is best described as being competitive.
However, the concentrations of MPNP (2), which caused
a clear inhibition, were in the range 0.5-3.5 mM. It
seems very unlikely that these high concentrations are
physiologically significant, for the MPN (1) concentra-
tion determined in the serum of a patient 8.5 h after
ingestion of about 50 Ginkgo seeds was only 0.09 µg/
mL (i.e., about 0.5 µM)10 and may be even lower in the
different compartments of the brain. Thus, a direct
inhibition of glutamate decarboxylase by MPN (1) or
MPNP (2) causing a decrease in the cerebral inhibitor
GABA, and insofar triggering the typical effects of MPN
(1) intoxification like epileptic convulsions, can most
likely be ruled out. In this context it is remarkable that
the GABA content of the brain might not be the decisive
factor in the development of seizures induced by struc-

Figure 4. Influence of compounds structurally related to
pyridoxal-5′-phosphate (3) on glutamate decarboxylase iso-
forms GST-GAD65kDa (A) and GST-GAD67kDa (B). MPN: 4′-O-
methylpyridoxine (1); MPNP: 4′-O-methylpyridoxine-5′-phos-
phate (2); DPN: 4′-deoxypyridoxine (4); DPNP: 4′-deoxypyri-
doxine-5′-phosphate (5). Each plot represents the average of
three independent determinations.

Figure 5. Reconstitution of GST-GAD65kDa (A) and GST-
GAD67kDa (B) activity by replacement of 4′-O-methylpyridoxine
(-5′-phosphate) [MPN(P), 1, 2] and 4′-deoxypyridoxine(-5′-
phosphate) [DPN(P), 4, 5] with pyridoxal-5′-phosphate (PLP,
3). Inhibitor concentrations were 1.6 mM for MPNP and DPNP
and 3.2 mM for MPN and DPN. Each plot represents the
average of three independent determinations.

3170 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 19 Buss et al.



tural analogues of vitamin B6, because convulsions have
been found to occur with decreased as well as with
increased concentrations of brain GABA.43 More likely
is an altered turnover of the brain specific glutamate-
GABA shunt, which participates to about 40% in the
oxidative metabolism of the brain, as the cause of
diminished oxygen consumption in the brain leading to
the symptoms of induced vitamin B6 deficiency. This
alteration can be caused not only by inhibition of GAD
isoenzymes but also by inhibition of another pyridoxal-
5-phosphate dependent enzyme of the brain, GABA
transaminase, which catalyzes the transamination be-
tween GABA and R-ketoglutaric acid to form succinic
semialdehyde, and in so doing also participates in the
regulation of the shunt.43

Whereas the latter consideration is pure speculation,
it is more likely that enzymes involved directly in the
biogenesis of pyridoxal-5′-phosphate (3) are possible
targets for MPN (1) or MPNP (2). An inhibition of
pyridoxine/pyridoxamine-5′-phosphate oxidase or of py-
ridoxal kinase, both of which catalyze the formation of
pyridoxal-5′-phosphate (3) in the brain, would lead to a
diminished level of cofactor and to a reduction of GAD
activity or GABA transaminase activity. An inhibition
by 4′-deoxypyridoxine-5′-phosphate (5) in higher con-
centrations (200 µM-1 mM) has already been shown
for pyridoxine-5′-phosphate oxidase from rabbit liver,44

and by 4′-deoxypyridoxine (4) and 4′-O-methylpyridox-
ine (1) for pyridoxal kinase from mouse brain,11 as well
as by 4′-deoxypyridoxine (4) for human pyridoxal ki-
nase.45 These enzymes may be useful subjects for
further investigating the influence of ginkgotoxin (1) in
the amino acid metabolism of man. Interestingly, the
failure of deoxypyridoxine to reduce pyridoxal phosphate
concentrations in several mammalian tissues signifi-
cantly suggests that the in vivo mechanism of at least
this compound may involve more than simple competi-
tive inhibition of enzymes.46 A comparison of these data
with those which will be obtained from further enzy-
matic in vitro studies with ginkgotoxin should contrib-
ute to clear up the role of pyridoxal phosphate analogues
in the mammalian metabolism.

Conclusions

Former in vivo experiments and in vitro studies with
brain homogenates demonstrated an induction of central
nervous seizures by 4′-O-methylpyridoxine (1) with a
simultaneous decrease of GABA concentration in the
examined brain compartments.47 These findings led to
the hypothesis that pyridoxal-5′-phosphate (3) depend-
ent glutamate decarboxylase isoenzymes may be pos-
sible targets for the toxin. Since 4′-O-methylpyridoxine
(1) and the corresponding 5′-phosphorylated form (2) are
structurally related to pyridoxal phosphate (3), a com-
petitive inhibition of the GAD isoforms seemed reason-
able. Indeed, in the current study with purified enzymes
inhibition was shown, mainly of GAD65kDa by the phos-
phorylated form of ginkgotoxin (1). However, since this
inhibition was only observed with nonphysiologically
high concentrations, a direct influence of the toxin on
glutamate decarboxylase can probably be excluded.
Possibly other enzymes involved in the GABA shunt of
the brain or enzymes directly involved in pyridoxal

phosphate (3) biosynthesis may be influenced by ginkgo-
toxin or its phosphate.

Experimental Section

Analytical Material and Methods. 1H, 13C, and 31P
spectra were recorded on a Bruker DPX-NMR-spectrometer
(300 MHz) in appropriately deuterated solvents as indicated
in the procedure (see later). The melting point of 4′-O-
methylpyridoxine-5′-phosphate (2) is uncorrected. HPLC sepa-
rations were conducted using a Merck-Hitachi L-6200A HPLC
apparatus (Merck-Darmstadt), connected to a fluorescence
detector [Shimadzu RF551 (Shimadzu, Kyoto, Japan) set to
330 nm (EX) and 440 nm (EM)]. Samples were separated on
a reversed phase column (Nucleosil 100 C18 AB; 250 mm × 4
mm; Macherey-Nagel, Düren, Germany) with a guard column
(Nucleosil 100 C18 AB; 30 × 4 mm; Macherey-Nagel, Düren,
Germany ) at a flow rate of 1 mL/min. As eluent 78-80% of
solvent A (0.1 M sodium phosphate buffer, pH 5.5; 100 mg/L
EDTA) were mixed with 20-22% of solvent B (100% aceto-
nitrile). Samples were evaluated with Nelson 3000, model
2000, revision 5.1 (Perkin-Elmer, Norwalk, USA) and Euro-
chrom 2000 Integration (Knauer, Berlin, Germany) software
packages. Spectrophotometric assays were performed on a UV
single beam mini-spectrophotometer (Shimadzu, Kyoto, Ja-
pan).

Synthesis of 4′-O-Methylpyridoxine-5′-Phosphate (2).
The synthesis of 4′-O-methylpyridoxine-5′-phosphate (2) modi-
fied after a previously reported procedure11 was carried out
starting from 300 mg of 4′-O-methylpyridoxine (ginkgotoxin,
1) in a mixture (w/w) of one part phosphorus pentoxide (6.5 g)
and 1.3 parts of 85% phosphoric acid (5 mL). After stirring
for 3.5 h at 60 °C, 25 mL of water were added. This mixture
was then refluxed for 35 min. The progress of the reaction was
controlled by thin-layer chromatography (TLC). After cooling,
the solution was mixed with 5 g of charcoal and stirred for a
further 12 h. The charcoal was removed by filtration and
washed with 50% ethanol until the eluent was devoid of any
phosphate. When phosphate was present, the violet color of a
spot of eluent sprayed with sulfosalicyl-FeCl3 reagent on a TLC
plate should fade. Subsequently the product was eluted from
the charcoal with ethanol (100%). After freeze-drying, the
ethanol fraction was obtained as a white crystalline material.
The identity of the product was confirmed by 1H, 13C (in D2O,
10% deuteriomethanol), and 31P (in DMSO) NMR spectra as
well as by elemental analysis (found: C 41.94, H 5.59, N 5.55%;
calculated for C9H14NO6P: C 41.07, H 5.36, N 5.34%). The
melting point was determined to be 216-218 °C as is in
agreement with literature values (215-217 °C).11 NMR data
were not given previously and are listed in Table 2.

Growth of Recombinant Escherichia coli Strains. For
overexpression of gad isogenes, E. coli strain JM101 [F′ traD36
lacIq ∆ (lac Z)M15 pro A+ B+/supE thi ∆(lac-proAB)] (New
England Biolabs, Beverly, MA) was transformed with vector

Table 2. 1H (D2O with 5% CD3OD, 300 MHz [ref. D2O: δ
4.79]) and 13C NMR (D2O with 5% CD3OD, 75.5 MHz [ref.
CD3OD: δ 49.0]) Data for 4′-O-Methylpyridoxine-5′-phosphatea

position δ 13C ppm δ 1H ppm

2 144.4 (s)b

3 153.3 (s)
4 139.5 (s)
5 136.0 (ds)c J13C-31P ) 7.5 Hz
6 131.2 (d) 8.17 (1H, s)
O-methyl 59.7 (q) 3.43 (3H, s)
2′ 15.5 (q) 2.59 (3H, s)
4′ 67.0 (t) 4.80 (2H, d, J ) 8.1 Hz)
5′ 62.4 (dtd J13C-31P ) 4.6 Hz) 5.01 (2H, d, J ) 7.3 Hz)

a All assignments are based on extensive 1D and 2D NMR
experiments (HMQC, HMBC). b Implied multiplicities by DEPT
(C ) s, CH ) d, CH2 ) t, CH3 ) q). c d from coupling with 31P, s
from coupling with 1H. d d from coupling with 31P, t from coupling
with 1H.
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pGEX-3X (Amersham-Pharmacia, Freiburg, Germany) con-
taining the coding regions of either gad65kDa or gad67kDa, each
fused to a gene coding for glutathione-S-transferase.17 For
growth of each recombinant strain, 1 L of LB-medium (10.0 g
tryptone, 10.0 g NaCl, 5.0 g yeast extract) supplemented with
sorbitol (1 M), betaine (2.5 mM), and ampicillin (100 µg/mL)
was inoculated with 5 mL of a stationary preculture grown in
LB/ampicillin(100 µg/mL). Incubation of the main cultures was
carried out at 28 °C in an Infors shaker (180 rpm) until the
OD600 reached a value of 0.2. Isopropyl-â-D-thiogalactopyra-
noside (IPTG) (final concentration 0.2 mM) was then added
to induce the expression of gst-gad fusion genes. After further
12-18 h cells were collected by centrifugation. Cell pellets (15
g wet weight) were resuspended in 5-10 mL of cold PBS buffer
(0.14 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2-
PO4, pH 7.3) containing 1% (v/v) Triton X-100 and 10 mM
2-aminoethylisothiouronium bromide (AET) and subsequently
frozen at -20 °C for at least 2 h.

Purification of GST-GAD65kDa and GST-GAD67kDa Fu-
sion Proteins. The frozen bacterial cells harboring either
GST- GAD65kDa or GST- GAD67kDa were thawed in a cold water
bath before ultrasonic treatment (Branson sonifier, Danbury,
USA, 10 times, 10 s, 50% output at stage 5). After sedimenta-
tion of the cell debris (30 min, 11000g, 4 °C) supernatant was
passed twice over a column (15 cm × 1 cm; 1 mL/min) packed
with 3 mL gluthathione-agarose (Pharmacia, Freiburg, Ger-
many) equilibrated with 8 column volumes of PBS buffer. The
column was washed with 10-15 column volumes of PBS buffer
(specified above), and the fusion proteins were eluted with 50
mM Tris-HCl (pH 8.0) buffer containing 10 mM reduced
glutathione. The eluent containing the fusion proteins was
optionally concentrated over an Amicon cell (‘8050’-cell, Ami-
con, Witten, Germany, with filter ‘Omega Filter 15 K’, Filtron)
to a final concentration of 0.3 µg/µL (for GST-GAD65kDa) or 1
µg/µL (for GST-GAD67kDa). Enrichment of fusion protein was
controlled by SDS-PAGE.48

To obtain GAD isoenzymes separated from the glutathione
S-transferase domain, GST- GAD65kDa and GST- GAD67kDa

fusion proteins were cleaved with 1 µg of protease factor Xa
per 50 µg fusion protein supplemented with 0.1 volumes of
factor Xa-buffer (10 mM Tris-HCl, 5 mM CaCl2, 10 mM NaCl,
pH 8.0) for 2-4 h at 4 °C. After determination of the protein
concentration,49 and confirmation by SDS-PAGE48 that the
cleavage was complete, the mixture was employed in further
incubations.

Construction and Growth of Recombinant Saccharo-
myces cerevisiae Strains. The BamHI fragments of vector
pGEX-3X17 containing the reading frames for either GAD65kDa

or GAD67kDa were isolated and treated with Klenow fragment
(Roche, Mannheim, Germany) to generate blunt ends. Both
fragments subsequently were each ligated into vector pQE
(Qiagen, Hilden, Germany) cleaved with SmaI (New England
Biolabs, Schwalbach, Germany) and treated with shrimp
alkaline phosphatase (United States Biochemicals, Bad Hom-
burg, Germany). The recombinant vectors pQEKBA (contain-
ing GAD65kDa ) and pQEKBB (containing GAD67kDa) were
checked for correct construction by restriction analysis. For
transformation of a Saccharomyces cerevisiae strain (Mat R,
leu2-3, 112 ura3-52 his3-trp1-lys2-801 suc2-9) (Qiagen,
Hilden, Germany) yeast cells were incubated overnight in YP-
glucose-medium (20 g glucose, 10 g bacto yeast extract 20 g
bacto peptone/L). 0.5 mL of the overnight culture were
transferred into 50 mL of fresh warm medium and were
further grown up to an OD600 of 0.5-0.7. After sedimentation
of the cells by centrifugation, they were washed with sterile
water. After further sedimentation, they were resuspended in
1 mL of sterile distilled water, transferred to a microtube and
again centrifuged for 5 min. The cell pellet was then washed
with 1 mL of TE-buffer (100 mM Tris/HCl, pH 7.5; 1 mM
EDTA) containing LiAc (100 mM). After sedimentation, the
cells were resuspended in 1 mL of the same buffer. After
addition of 100 µL glycerol (100%), the cell suspension was
divided into aliquots of 50 µL and frozen at -70 °C. For
transformation, the cells were thawed on ice and mixed with

1 µg DNA and 50 µg herring sperm DNA, 300 µL of sterile
PEG 4000 (40%) in TE-buffer were then added. The resultant
suspension was mixed and incubated for 30 min at 30 °C.
Addition of 35 µL of DMSO prior to heat shock increases the
number of transformants. Heatshock was performed for 6 min
at 42 °C. The cells were subsequently chilled on ice for 1 min
and centrifuged for 5 s. The pellet was resuspended in 0.2-1
mL of TE-buffer, and 200 µL of the cell suspension was
distributed on selective agar plates.

For expression, 50 mL of YP-glucose-medium was inoculated
with 1 mL of a stationary preculture of the recombinant yeast
strain. After vigorous shaking for 48 h at 30 °C, the glucose
concentration was determined. If glucose concentration was
0.2 mM or less, cells were centrifuged at 2500g at room
temperature. The cell pellet was resuspended in 200 mL of
YP galactose medium (20 g galactose, 10 g bacto yeast extract,
20 g bacto peptone/L) and further shaken for 48 h at 30 °C.
After harvest of the cells by centrifugation, the pellets may
be stored at -20 °C or -70 °C.

Purification of his- GAD65kDa and his-GAD67kDa Fusion
Proteins. Preparation of cell free crude extracts from cell
pellets obtained from a 50 mL culture of the recombinant
Saccharomyces cerevisiae strain harboring the his-GAD fusion
genes was performed according to the supplier’s recommenda-
tion for protein purification with Ni-NTA-agarose (Dr. F.
Schäfer, Qiagen, Hilden, Germany, personal communication).
Cells were disrupted enzymatically with zymolyase (Lyticase,
Sigma-Aldrich, Deisenhofen, Germany) (1 mg/g fresh weight)
and osmolysis of the resulting spheroplasts. The crude extract
was incubated for 1 h under smooth shaking with 1-2 mL of
Ni-NTA-agarose (Qiagen, Hilden, Germany). The suspension
was filled into a small column cartridge (5 mm × 10 cm) and
was washed 4 times with washbuffer (50 mM sodium phos-
phate, pH 7.5, 300 mM NaCl, 50 mM imidazole) containing
50 mM imidazole. Subsequently, the bound protein was eluted
in 4 fractions with 1 mL of the same buffer containing 250
mM imidazole each, and the protein content was determined.49

The eluent was further concentrated by ultrafiltration in
centricon tubes (Centriplus 50, Amicon, Inc., Beverly, MA,
USA; 50 kDa exclusion mass), if the protein concentration was
below 0.2 µg/µL.

Immuno Blotting. Immuno blotting was performed ac-
cording to the manufacturer’s recommendation using a Mini
Trans Blot Electrophoretic Transfer Cell (Biorad, Muenchen).
After equilibration of the SDS gel in transfer buffer (25 mM
Tris, 192 mM glycine, 20% [v/v] MeOH) the proteins were
transferred overnight onto a polyvinylidene fluoride membrane
(Roti-PVDF, Roth, Karlsruhe, Germany) at 30 V. The mem-
brane was then washed twice for 10 min with TBS-buffer (10
mM Tris/HCl pH 7.5; 150 mM NaCl) and was subsequently
incubated in blocking solution (TBS-buffer pH 7.5 containing
3% bovine serum albumine) for at least 1 h. After washing of
the membrane twice for 10 min with TBS buffer, a dilution
(1: 5000) of the polyclonal anti-hGAD-antibody from rabbit
(1-2 mg/mL) (Chemicon, Hofheim, Germany) or of the mono-
clonal anti-penta-his-antibody from mice (1-2 mg/mL) (Qiagen,
Hilden, Germany) was added to the blocking solution. After
incubation for at least 1 h and subsequent washing with TBS/
Triton-X100- buffer (twice for 10 min) and with TBS-buffer
(10 min), the membrane was incubated for 1 h with anti-rabbit-
alkaline-phosphatase conjugate (Roche, Mannheim, Germany)
or with anti-mouse-alkaline-phosphatase conjugate (Chemicon,
Hofheim, Germany), respectively. The alkaline-phosphatase
conjugates were diluted 1:10000 in 15 mL of blocking solution.
The membrane was then washed 4 times for 10 min with TBS/
Triton-X100-buffer and subsequently equilibrated in detection
buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl). Finally 10
mL of detection buffer mixed with 80 µL of a solution
containing 4-nitroblue-tetrazolium-chloride/5-bromo-4-chloro-
3-indolyle-phosphate (NBT/BCIP) (Roche, Mannheim, Ger-
many) was added to the membrane, which was incubated for
10 to 20 min in the dark. After complete development of the
alkaline-phosphatase reaction, the membrane was rinsed in
water and dried at 40 °C
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Enzyme Incubations. All enzyme incubations carried out
in order to convert glutamate to γ-aminobutyric acid were
performed in 0.5 M sodium-phosphate buffer. The pH was
adjusted to the pH-optimum of the respective isoenzyme (Table
1). The total volume of the incubation samples was 150 µL
containing 3.5 (for inhibition studies) to 4 mM glutamate
(Fluka, Buchs, Switzerland), 13.3 µM pyridoxal-5′-phosphate
(3) (Fluka, Buchs, Switzerland), and 10 µg of the respective
fusion protein. KM values were determined according to
Lineweaver-Burk plots with concentrations of glutamate
ranging from 0.07 to 7 mM. Regression lines were calculated
using software “Microsoft Excel 1997”. To guarantee optimal
stability, incubations were performed at the lowest optimal
temperature within the range of the broad temperature optima
determined for both isoenzymes. The incubation period varied
between 10 and 20 min depending on the concentration of
substrate, but in any case the turnover of enzyme per minute
was proved to be constant. Incubations were stopped by
denaturing the enzymes for 10 min in a boiling water bath.
All incubations were generally performed in triplicate.

Determination of GAD Activity. HPLC Assay. The
activity of GST-GAD fusion and GAD enzymes was mainly
determined by high performance liquid chromatography (HPLC)
following a modified method of the one described by Lasley et
al.50 and by Chakraborty.51 This method was based on the
precolumn derivatization of γ-aminobutyric acid (GABA) which
reacts with o-phthaldialdehyde (OPA) reagent to form a
fluorescent compound. GABA which was derived from enzy-
matic conversion of glutamate in the preceding incubations,
was quantified by adding to the samples an internal standard,
δ-aminovalerianic acid (40 nM) (Fluka, Buchs, Switzerland),
which also gives a fluorescent compound after derivatization.
Precolumn derivatization was performed by addition of 50 µL
of OPA reagent (13.5 mg OPA [Fluka, Buchs, Switzerland])
dissolved in 0.5 mL of ethanol and supplied with 25 µL of
â-mercaptoethanol (99%) and by addition of 5 mL of 0.1 M
sodium-borate buffer, pH 10.5) to the DAVA and GABA
containing samples. After incubation for 90 s at room temper-
ature, the samples were injected immediately into the HPLC
apparatus. After approximately 20 min, DAVA and GABA
were completely eluted. Specification of the HPLC apparatus
and solvent composition are described earlier (vide supra).

Spectrophotometric Assay. A coupled enzyme assay was
employed to confirm the identity of GABA determined by the
HPLC-method described above. This assay was based on the
conversion of GABA and R-ketoglutarate to glutamate and
succinic semialdehyde catalyzed by GABA transaminase and
the subsequent oxidation of succinic semialdehyde by NADP-
dependent succinic semialdehyde dehydrogenase. In this as-
say, which was performed according to the published method
of Zhang and Bown,52 GABA values were related to the
increase in absorbance due to NADPH production. Although
the determination of GABA by HPLC is much more sensitive
compared to the spectrophotometric method, because of its
high specificity the coupled enzyme assay provided a useful
confirmation of the values obtained by HPLC.
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