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Human glutamate dehydrogenase exists in hGDH1

(housekeeping isozyme) and in hGDH2 (nerve-specific

isozyme), which differ markedly in their allosteric

regulation. In the nervous system, GDH is enriched in

astrocytes and is important for recycling glutamate, a

major excitatory neurotransmitter during neurotransmission.

Chloroquine has been known to be a potent inhibitor of

house-keeping GDH1 in permeabilized liver and kidney-

cortex of rabbit. However, the effects of chloroquine on

nerve-specific GDH2 have not been reported yet. In the

present study, we have investigated the effects of

chloroquine on hGDH2 at various conditions and showed

that chloroquine could inhibit the activity of hGDH2 at

dose-dependent manner. Studies of the chloroquine

inhibition on enzyme activity revealed that hGDH2 was

relatively less sensitive to chloroquine inhibition than

house-keeping hGDH1. Incubation of hGDH2 was

uncompetitive with respect of NADH and non-competitive

with respect of 2-oxoglutarate. The inhibitory effect of

chloroquine on hGDH2 was abolished, although in part,

by the presence of ADP and L-leucine, whereas GTP did

not change the sensitivity to chloroquine inhibition. Our

results show a possibility that chloroquine may be used in

regulating GDH activity and subsequently glutamate

concentration in the central nervous system.
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Introduction

Schizophrenia is a chronic and disabling brain disorder, which

affects up to 1% of the population worldwide. There is no

cure, and treatments, which are mainly based on antagonism

of dopamine, serotonin and other neurotransmitter receptors in

the brain, are only partially effective (Collier and Li, 2003).

Especially, the dysfunction of the glutamatergic system is

recognized to take place in the pathogenesis of schizophrenia

(Tamminga and Frost, 2001). Smith et al. (2001) have

obtained data suggesting that higher expressions of transcripts

encoding excitatory amino acid transporters, EAAT1 and

EAAT2 were detected in the thalamus of subject with

schizophrenia. The evidence which the N-methyl-D-aspartic

acid (NMDA) class of glutamate receptor subunits are

abnormally expressed in elderly patients with schizophrenia

supports glutamate hypothesis of schizophrenia (Dracheva et

al., 2001).

Glutamate dehydrogenase (GDH; EC 1.4.1.3) is a family of

enzymes catalyzing a reversible deamination of L-glutamate to

2-oxoglutarate directly connected to the Krebs cycle (Fisher,

1985). Recent molecular biological studies have confirmed that

two human GDH isozymes (hGDH1 and hGDH2) of distinct

genetic origin are expressed in human tissues. (Hussain et al.,

1989; Shashidharan et al., 1997; Zaganas et al., 2002; Plaitakis

et al., 2003). hGDH1 (housekeeping GDH) is expressed widely,

whereas hGDH2 (nerve-specific GDH) is specific for neural

and testicular tissues (Hanauer et al., 1987; Mavrothalassitis et

al., 1988; Anagnou et al., 1993; Michaelidis et al., 1993;

Shashidharan et al., 1994). In brain, hGDH may have a dual

function that involves glutamate neurotransmitter availability

and energy metabolism. However, the functional significance

and reaction mechanism of nerve-specific GDH isozyme in

nerve tissue remains to be studied.

Chloroquine is a drug with safe clinical use in the treatment

of malaria and inflammatory disorders. Also, it has found
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utility in the treatment of rheumatic disorders such as lupus

erythematosus and rheumatoid arthritis (Tett et al., 1990). In

addition, there are some reports that hydroxychloroquine

affects the synthesis and secretion of proinflammatory

cytokines such as interleukin (IL)-1-α, IL-6, tumor necrosis

factor-α (TNF-α), and interferon-γ (Sperber et al., 1993; Van

den Boren et al., 1997) and this molecule may affect neuronal

functioning and psychiatric symptoms (Nawa et al., 1997;

Reichenberg et al., 2001). Despite of some reports about

abnormality of neuron such as death of cerebellar granule

neurons and accumulation of GM1 ganglioside in Rab5-

positive enlarged early endosomes by chloroquine (Shacka et

al., 2006, Yuyama et al., 2006), hydroxychloroquine treatment

in patients with schizophrenia was associated with a greater

probability of release from the hospital and with improved

psychiatric symptoms and chloroquine can depress in vitro

neuronal activity, perhaps through inhibition of membrane

calcium channels (Desta et al., 2002; O’Shaughnessy et al.,

2003). In this study, we investigated whether chloroquine is

also potent inhibitor of hGDH2 and is able to be a candidate

for treatment of schizophrenia.

Materials and Methods

Materials. NADH, NAD+, 2-oxoglutarate, ADP, and factor Xa

were purchased from Sigma Chemical Co. Previously constructed

synthetic hGDH2 gene was used (Cho et al., 2001). Pre-cast gels

for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and

pre-stained marker proteins for Western blot were purchased from

Novex. Low molecular weight marker proteins were purchased

from Bio-Rad. All other chemicals and solvents were reagent grade

or better.

Bacterial strains. E. coli DH5α (Hanahan, 1983) was purchased

from Invitrogen and used as the host strain for plasmid-mediated

transformations for cassette mutagenesis. E. coli PA340 (thr-1

fhuA2 leuB6 lacY1 supE44 gal-6 gdh-1 hisG1 rfbD1 galP63 v(gltB-

F)500 rpsL19 malT1 xyl-7 mtl-2 argH1 thi-1; kindly provided by

Dr. Mary K. B. Berlyn, E. coli Genetic Stock Center, Yale

University, New Haven, CT, USA) lacked both GDH and glutamate

synthase activities (Teller et al., 1992) and was used to test

plasmids for GDH activity. E. coli BL21(DE3) (Studier et al., 1986)

was used for high-level expression of the recombinant human

GDH2.

Construction and expression of synthetic hGDH2. The design of

the synthetic hGDH2 gene was based on the amino acid sequence of

the mature hGDH2 (Shashidharan et al., 1994). The synthetic

hGDH2 gene was constructed from the hGDH1 gene previously

synthesized (Yang et al., 2003) by cassette mutagenesis at different

amino acid residues not common between the GDH1 and GDH2

isozymes (Shashidharan et al., 1994). hGDH2 proteins were

expressed in E. coli strain BL21(DE3). The gene expression level in

the crude extract was examined by Western blot using monoclonal

antibodies against recombinant hGDH. The expressed proteins were

purified to homogeneity as described before (Cho et al., 2001) and

analyzed by SDS-PAGE. To remove five additional N-terminal

residues (M-I-E-G-R), the purified hGDH2 was treated with factor

Xa (10 µg/mg GDH) in a reaction mixture of 20 mM Tris-HCl/100

mM NaCl/2 mM CaCl2. After incubation at room temperature for

3 h, the reaction mixtures were purified by a high performance liquid

chromatography (HPLC) Protein-Pak 300SW gel filtration column as

described before (Cho et al., 2001). The purified protein was

analyzed by SDS-PAGE and Western blot analysis (Kim et al.,

2006). HPLC-purified hGDH2 was subjected to automated amino

acid sequencing. Steady-state kinetic parameters were determined

with the purified proteins unless otherwise indicated.

Enzyme kinetics. hGDH activity was measured spectrophotometrically

in the direction of reductive amination of 2-oxoglutarate by

following the decrease in absorbance at 340 nm as described before

(Cho et al., 1995). All assays were performed in duplicate and

initial velocity data were correlated with a standard assay mixture

containing 50 mM triethanolamine, pH 8.0, 100 mM ammonium

acetate, 0.1 mM NADH, and 2.6 mM EDTA at 25oC. The reaction

started with the addition of 2-oxoglutarate to 10 mM final

concentration. Since E. coli only has an NADP(H)-dependent GDH

(Hanahan, 1983), the enzyme assay was performed with NADH as

a coenzyme as described elsewhere (Cho et al., 1995). One unit of

enzyme was defined as the amount of enzyme required for

oxidizing 1 µmol of NADH/min at 25oC.

For determination of Km and Vmax values, the assays were carried

out by varying the substrate under investigation while keeping the

other substrate and reagents at the optimal concentrations. Ki values

of hGDH2 were obtained in the presence of 200 µM chloroguine

from the initial velocity data and linear regression analysis of

double-reciprocal plots as described elsewhere (Yang et al., 2004).

GDH activity was measured in the presence of 1 mM ADP. The

data represent the mean of two independent experiments. Duplicate

of the kinetic values differed less than 5%.

Statistical analysis. Unless otherwise mentioned, each experimental

point represents the mean of triplicate determinations from different

preparations and standard deviation is indicated as error bar in each

figure. At some points, error bars were omitted in the figures for

clarity purpose.

Results and Discussion

Chloroquine has been known to be a potent inhibitor of

house-keeping GDH in permeabilized liver and kidney-cortex

of rabbit (Jarzyna et al., 1997). The effects of chloroquine on

house-keeping human GDH1 (Fig. 1) was consistent with

those of liver and kidney enzymes (Jarzyna et al., 1997).

However, the effects of chloroquine on nerve-specific hGDH2

have not been reported yet. In the present study, we have

investigated the effects of chloroquine on hGDH2 at various

conditions and showed that chloroquine can inhibit the

activity of hGDH2 at dose-dependent manner. Studies of the

chloroquine inhibition on enzyme activity revealed that

hGDH2 was relatively less sensitive to chloroquine inhibition

than house-keeping GDH1 (Fig. 1). The IC50 values were
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50 µM and 140 µM for hGDH1 and hGDH2, respectively. We

have applied the 200 µM concentration of chloroquine for the

rest of studies. When the inhibitory effects were examined

with various concentrations of 2-oxoglutarate at a fixed

concentration of NADH, it showed a non-competitive

inhibition against 2-oxoglutarate with a Ki value of 56 µM

(Fig. 2A). In contrast, it showed an uncompetitive inhibition

against NADH with a Ki value of 373 µM (Fig. 2B). These

results indicate that the binding site of chloroquine is different

from those of 2-oxoglutarate and NADH and the inhibitory

effects may be due to the conformational change caused by

the binding of the drug.

Since it is well documented that GDH is highly activated

by allosteric activators such as ADP, L-leucine, and GTP

(Fisher et al., 1985; Cho et al., 1995), it is important to take

account of the regulators when considering the inhibitory

actions of drugs on GDH. Therefore, we have examined the

effects of ADP, L-leucine, and GTP on the inhibition by

chloroquine. Study of the ADP stimulatory curves revealed

that ADP induced a concentration dependent activation of

hGDH2 (Fig. 3). The inhibitory effect of chloroquine on

hGDH2 was abolished, although in part, by the presence of

ADP up to 0.5 mM (Fig. 3). More profound protection of

hGDH2 against chloroquine inhibition was observed with L-

leucine, another well known allosteric activator of GDH. As

shown in Fig. 4, more than 80% of hGDH2 activity was

recovered in the presence of 10 mM L-leucine. Previously, it

was reported that ADP and L-leucine did not affect the

inhibitory actions of chloroquine in house-keeping liver and

renal mitochondria GDH (Jarzyna et al., 1997). The

discrepancies between the effects of chloroquine on house-

keeping GDH1 and nerve-specific GDH2 indicate that the

mechanisms of action of chloroquine on GDH1 and GDH2

may differ from each other as well as the different regulatory

mechanism of ADP and L-leucine on these GDH isozymes.

For instance, there are differences in the sensitivity to ADP

and L-leucine between hGDH1 and hGDH2 (Plaitakis et al.

2000, 2003; Yang et al., 2004).

We also have investigated the effects of GTP, an allosteric

inhibitor, on chloroquine inhibition of hGDH2. Interestingly,

unlike to the results in ADP or L-leucine activation studies,

the changes in the sensitivity to chloroquine inhibition were

not observed in the presence of GTP (Fig. 5) Unlike to

hGDH1, hGDH2 has been known to be resistant to GTP

inhibition (Zaganas and Plaitakis, 2003). As GTP levels are

generally higher in brain than in other tissues, GTP may not be

a suitable modulator for hGDH2 activity in the nerve tissue.

Taken together with the dependency on available ADP levels,

it will permit the recruitment of the enzyme under conditions

of low energy charge (high ADP/ATP ratio), such as those

occurring under intense glutamatergic neurotransmission.

Therefore, hGDH2 may have evolved to function in the

particular environment that prevails in glial cells following

glutamate uptake.

Fig. 1. Concentration-dependent inhibition of hGDH1 and hGDH2

by chloroquine. Data points represent mean values from at least two

experimental determinations and are expressed as percentage of

each control. Duplicate of the kinetic values differed less than 5%.

hGDH1 (▲-▲); hGDH2 (○-○).

Fig. 2. Inhibition of hGDH2 by chloroquine. Km, Ki, and Vmax values

of hGDH2 were obtained in the presence and absence of 200 µM

chloroguine from the initial velocity data and linear regression

analysis of double-reciprocal plots as described in Materials and

Methods. hGDH2 activity was measured in the presence of 1 mM

ADP. The data represent the mean of two independent experiments.

Duplicate of the kinetic values differed less than 5%. ■, control

(hGDH2 only); ∆hGDH2 with 200 µM chloroquine.
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The glutamatergic hypothesis of schizophrenia was based

primarily on data showing changes in glutamate levels in

brain and cerebrospinal liquid (Tsai et al., 1995). Previously,

Shashidharan et al. (1994) reported the presence of two

human GDH-specific genes encoding highly homologous

polypeptides. The first gene is expressed in all tissues,

designated GLUD1 (housekeeping GDH), whereas the second

gene is expressed specifically in neural and testicular tissues,

designated GLUD1 (nerve tissue-specific GDH). Very recently,

it also has been reported that nerve tissue-specific and

housekeeping human GDHs are regulated by distinct

allosteric mechanism (Shashidharan et al., 1997; Plaitakis et

al., 2000). Immunoreactivities of all three GDH isoenzymes

are significantly elevate in prefrontal cortex of patients with

schizophrenia compared to controls (Burbaeva et al., 2003).

Except for GDH3, the isoform partially associated with

particulate (membrane) fraction, significantly changed levels

of immunoreactivities of GDH2 was higher than GDH1

(Burbaeva et al., 2003). Therefore, GDH2 inhibition by

specific inhibitor can regulate glutamate level in neuronal or

glial systems and specific GDH2 inhibitor can be a drug of

antipsychotic diseases, such as schizophrenia. There are some

reports that chloroquine can depress in vitro neuronal activity,

perhaps through inhibition of membrane calcium channels

(O’Shaughnessy et al., 2003). It also has been reported that

hydroxychloroquine is associated with probability of release

from the hospital and with improved psychiatric symptoms

(Desta et al., 2002). In the present study, we have shown that

chloroquine is a potent inhibitor for the nerve-specific hGDH2

and supported the possibility that chloroquine may be one of

the candidates for the anti-schizophrenic drugs. The effects of

chloroquine on GDH activity in vivo remain to be elucidated

and are in progress in our laboratory.
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Fig. 3. Effects of ADP on inhibition of hGDH2 by chloroquine.

Data points represent mean values from at least two experimental

determinations and are expressed as percentage of maximal activity.

GDH activity was measured in the direction of reductive amination

of 2-oxoglutarate with NADH in standard assay mixture at pH 8.0

in the presence of increasing concentrations of ADP. All assays

were performed with purified samples. ■, control (hGDH2 only);

∆hGDH2 with 200 µM chloroquine.

Fig. 4. Effects of L-leucine on inhibition of hGDH2 by

chloroquine. Data points represent mean values from at least two

experimental determinations and are expressed as percentage of

maximal activity. GDH activity was measured in the direction of

reductive amination of 2-oxoglutarate with NADH in standard

assay mixture at pH 8.0 in the presence of increasing concentrations

of L-leucine. All assays were performed with purified samples. ■,

control (hGDH2 only); ∆hGDH2 with 200 µM chloroquine.

Fig. 5. Effects of GTP on inhibition of hGDH2 by chloroquine.

Data points represent mean values from at least two experimental

determinations and are expressed as percentage of baseline activity

(no GTP added). GDH activity was measured in the direction of

reductive amination of 2-oxoglutarate with NADH in standard

assay mixture at pH 8.0 in the presence of increasing concentrations

of GTP. All assays were performed with purified samples and in the

presence of 1 mM ADP. ■, control (hGDH2 only); ∆hGDH2 with

200 µM chloroquine.
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