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Abstract—Experiments on the binding of radioactive chlorpromazine to glutamate dehydrogenase, at
pH 7.0 and 25° in 100 mM KCl, reveal the presence of two sites for the drug with an apparent dissociation
constant, Kpap, of 66 uM. In the presence of the substrates a-ketoglutarate and NADH, the affinity
of one of the sites for chlorpromazine remains essentially unchanged, whereas that of the other is much
lowered (Kpapp ~ 200 uM). Apparently only the low affinity site of the enzyme is expressed kinetically
as Kpapp for the inhibition of enzyme catalysis (in the direction of glutamate formation) is 136 uM. Each
of the two sites in the hexameric enzyme molecule seems to be located in a domain formed by three
polypeptide chains. K* and Rb* are competitive inhibitors of NHY , the third substrate. In the presence
of a-ketoglutarate and NADH, with K* replacing NH{, the two chemically identical domains become
conformationally different. Evidence is brought together, from the literature and the present work, to
show that the pharmacological effects of phenothiazines and butyrophenones are due primarily to the
blocking of dopamine receptors and, marginally at best, to the inhibition of glutamate dehydrogenase.
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Phenothiazine and butyrophenone drugs are thought
to exert their neuroleptic effects by blocking dopa-
mine receptors in the brain [1]. These drugs were
found by Fahien and Shemisa [2, 3] also to inhibit
glutamate dehydrogenase (EC 1.4.1.2,L-glutamate:
NAD* oxidoreductase) non-competitively in the
direction of synthesis, that is, in the formation of
glutamate:

aKG + NH! + NAD(P)H
= L-glutamate + NAD(P) + H.O

They discovered that the inhibitory effect of these
drugs is especially pronounced in the presence of
NADH and GTP, and is almost absent in the pres-
ence of ADP and NAD". The functional enzyme is
a hexamer of six identical polypeptide chains. Each
chain of the bovine enzyme has been reported to
contain 500 [4] or 501 or even 502 amino acids [5].

Fahien and Shemisa, using a variety of biophysical
techniques [2, 3], showed that chlorpromazine also
induces structural changes in the GDHf molecule
and suggested that at least some of the pharmaco-
logical effects of chlorpromazine and haloperidol
may be due to their interaction with GDH. In support
of this they brought essentially the following evi-
dence from the literature: (a) the level of glutamate
dehydrogenase in the brain is high [6, 7]; (b) sub-
sequent to the injection of pharmacological doses of

* In partial fulfilment of the requirements for the degree
of M.Sc. in Biochemistry.

+ To whom correspondence should be sent.

} Abbreviations: Kp.y,, apparent dissociation constant;
oKG, a-ketoglutarate; CP, chlorpromazine-HCl; [*H]-CP,
tritiated  chlorpromazine-HCl; GDH,  glutamate
dehydrogenase.

chlorpromazine into laboratory animals, the con-
centration of the drug in the brain [8} exceeds by
one order of magnitude the apparent dissociation
constant of the complex of the drug with GDH, as
obtained from kinetic measurements with the pure
enzyme [3]; (c) mitochondria, which contain GDH,
strongly adsorb phenothiazines; brain mitochondria
adsorb chlorpromazine more strongly than liver
mitochondria [9]; (d) subsequent to the injection of
chlorpromazine to rats, the concentration of L-glu-
tamine in the brain increases 10, 11].

It is plausible that the increased level of glutamine
indicates inhibition by the drug of GDH-catalyzed
glutamate formation [2]. Glutamate, however, is
also formed from oKG by the action of glutamic:
oxaloacetic transaminase (EC 2.6.1.1,v-aspartate : 2-
oxoglutarate aminotransferase). When GDH is
inhibited, aKG becomes more available for the
action of the transaminase. From glutamate and
NH{, which also becomes more available, glutamine
is formed by the action of glutamine synthetase (EC.
6.3.1.2,L-glutamate :ammonia ligase). Neither the
transaminase nor glutamine synthetase is affected by
chlorpromazine [2]. It should be noted, furthermore,
that GDH inhibition by the drug is strong when the
level of NADH is high, and that under these con-
ditions the cell has a high level of ATP [12], which
is necessary for glutamine synthesis. As to glutamine
itself, it is non-toxic; it is thought to be the product
of ammonia detoxification [13] and a reservoir for
glutamate in the brain [14].

The inhibition of glutamate dehydrogenase by
phenothiazines and butyrophenones in the direction
of synthesis only [2] probably results from the binding
of these drugs to the hexameric enzyme in a specific
conformation. Kinetic and spectroscopic experi-
ments suggest that these neuroleptic drugs bind to
specific sites [2, 3].
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Table 1. Molar extinction coefficient of some neuroleptic drugs

Wavelength M
Compound Medium (nm) M l-cm™)
Chlorpromazine 0.1 NHCI 254 31,687
Spiroperidol 0.1 N HCl 248 16,347
Haloperidol MeOH 245 12,781

In this study we report experiments on the binding
of [’H]-CP to GDH. We compare results with those
obtained from the inhibition of the enzyme and
discuss the pharmacological significance of these
findings.

MATERIALS AND METHODS

Materials. Beef liver GDH was obtained from
Boehringer, Mannheim, West Germany, either as
a crystalline suspension in (NH4);SO4 or else dis-
solved in glycerol. We chose to work with the purified
beef liver enzyme. It has been shown previously that
the liver and the brain enzyme behave in identical
fashion [2, 3]. Chlorpromazine~HCl was obtained
from Specia, Paris, France. Haloperidol was
obtained from Abic, Ramat Gan, Israel, and spi-
roperidol* from Dr. Daphne Atlas of our laboratory.
[*H]chlorpromazine (34.2 Ci/mmole) was obtained
from the Dimona Nuclear Research Center, Israel.
All other chemicals and biochemicals used in this
study were of the highest purity.

GDH. Enzyme concentration was determined
spectrophotometricaily using A%, = 0.97 [15].
The molar concentration of the enzyme was calcu-
lated using 330,000 as the molecular weight [16].
GDH activity was measured by following the reduc-
tion of aKG by NADH (u0um = 6220 M~ cm™)
with a Gilford 2000 recording spectrophotometer.
Experiments were at first conducted in 25 mM
sodium arsenate 0.1 M EDTA, pH 7.8, at 25°, as
described by Fahien and Shemisa [2]. As chlorprom-
azine is more soluble at pH 7.0 than at pH 7.8, later
experiments were conducted at the lower pH, in the
absence or presence of KCl (100 mM; see section
“Binding of [’H}-CP to GDH?”). Substrate concen-
trations were: 50 mM NH.Cl, 0.1 mM NADH, and
2 mM oKG, which was added last. The time course
of the assay was linear up to 0.2 optical density units
in a cuvette of 10 mm optical path. One enzyme unit
is defined as that amount which will oxidize 1 ymole
of NADH per minute at these concentrations and
pH 7.0. Specific activities of the GDH preparations
ranged between 8 to 17 units per mg of enzyme.

Concentration of drugs. Stock solutions of chlor-
promazine and of spiroperidol were prepared in
0.002 N HCl. Haloperidol was dissolved in meth-
anol. Concentrations were about 10 mM or less, as
required. From these solutions appropriate dilutions,
to be used in the experiments, were made in buffer.
Concentrations of these solutions were measured
spectrophotometrically, following further dilution of

* Spiperone, see Merck Index, Ninth Edition, 1976; p.
1131.

aliquots. The solvents used and molar extinction
coefficients are given in Table 1.

Dialysis membranes. Visking dialysis tubing was
boiled three times in 0.2 M EDTA, pH 7.4, for
5 min, washed with water, then allowed to stand for
24 hr in 50% acetic acid at room temperature,
washed extensively with water, and stored at 4° in
water or in sodium arsenate buffer.

Binding of [*'H]-CP to GDH. The binding of ['H]-
CP to GDH was determined by measuring the rate
of dialysis of the drug from the enzyme-[*H]-CP
equilibrium mixture, using the method of Colowick
and Womack [17] and the identical cells and tech-
nique described by Henis and Levitzki [18]. A full
titration curve was usually obtained within 90 to
100 min, during which time and longer enzyme
activity remained unchanged. The steady state of
[*H]-CP outflow from the upper to the lower chamber
of the dialysis cell was reached in 6 to 8 min, No
change occurred in outflow as a result of the increase
in volume in the upper chamber. It was found that
[PH]-CP also binds to the dialysis membrane and
that, in the presence of 100 mM KCl, this binding,
though not abolished, is significantly reduced. There-
fore each GDH binding experiment was run in the
presence of 100 mM KCl, together with a control in
the absence of GDH, in which binding of drug to
membrane was measured. This latter value was sub-
tracted from that obtained in the presence of GDH
to give the specific binding of [*H]-CP to enzyme.
Unless otherwise specified, all binding measure-
ments were made in 100 mM KCl, 25 mM sodium
arsenate, 0.1 mM EDTA buffer, pH 7.0, at 25°,

The decrease in CP binding to membrane was not
due specifically to KCl. At comparable concentra-
tions a similar effect was obtained with lysine-HCIl
{data not shown).

RESULTS

Inhibition of GDH by neuroleptic drugs. The
apparent binding constants of chlorpromazine, halo-
peridol and spiroperidol to GDH were determined
from the inhibition of the GDH catalyzed reaction,
as previously described [2, 3]. The inhibition curves
for all three drugs were found to fit well the equation:

Vi—-p=—7> @

where V; is the reaction velocity in the absence of
drugs, V, the reaction velocity in the presence of
saturating concentrations of drugs, v the measured
velocity in the presence of drug concentration [D},
and Kpapp, the apparent enzyme-drug dissociation
constant. The plots of (V; — v)™! against [D]™! were
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Fig. 1. The inhibition of GDH by chlorpromazine and spiroperidol. The assay mixture included: 2 mM

aKG, 50 mM NH.(CI, 0.1 M NADH, 0.116 yg GDH/ml (0.4 nM) in 25 mM sodium arsenate buffer

0.1 M EDTA, at 25°. (A) Chlorpromazine: (O——O0), in the absence of KCl, pH 7.8; (@——@), in

the presence of 100 mM KCl, pH 7.0. (B) Spiroperidol, in the absence of KCl, pH 7.0. Bars indicate
95% confidence limits. Curves were obtained by calculation from equation 1 (see text).

found to be linear and to yield values of Kp,p, using
a linear regression program. Typical inhibition
curves of GDH are shown in Fig. 1 and the corre-
sponding Kp.pp values are included in Table 2. Kpapp
for chlorpromazine, which we determined under the
conditions of Fahien and Shemisa [2] (Fig. 1(A),
empty circles, and Table 2, top line), was similar to
theirs.

Inhibition of GDH by K* and Rb*. As binding
experiments were performed in the presence of
100 mM KCl (see next section), the Kkinetics of
enzyme inhibition were studied in the presence of
this salt as well as in its absence (Fig. 1 and Table
2). We next wished to find out whether K* (atomic
radius 1.33 A) and Rb* (atomic radius 1.48 A) are
able to replace NH{ (atomic radius also 1.48 A) as
GDH ligands. If this were so, binding experiments
in the absence of NH{ but in the presence of one
of these ions would simulate conditions of the enzy-
me-catalyzed reaction, while occurrence of the

reaction itself would be prevented. We found that
K* and Rb* inbibit GDH by competing with
NH;. K, for NH{ and inhibition constants for K*
and Rb* are given in Table 3.

Binding of [*H]-CP io GDH. The binding of [*H}-
CP to GDH alone in the presence of 100 mM KCl
reveals the presence of two binding sites per hexamer
of equal affinity (Kpa.p = 66 uM; Fig. 2 and Table
2). In the presence of NADH, aKG and KCl, the
affinity towards the drug of one site remains essen-
tially unchanged, whereas that of the other site is
much lowered (Kp.pp about 200 uM; Fig. 3 and Table
2). This lower affinity constant is an estimate, as it
is impossible to obtain data at higher chlorpromazine
concentrations because of the limited solubility of
the drug and its relatively high binding to the dialysis
membrane. These results indicate that in the pres-
ence of the substrates aKG and NADH, with K*
replacing NHY, the two initially equivalent sites
become non-equivalent.

Table 2. Apparent dissociation constants for the complexes of chlorpromazine and butyrophenones with

GDH
Apparent dissociation constant (uM)
Enzyme kinetics
Experimental Binding Other

Drug conditions pH experiments This study  workers  References
Chlorpromazine No K(l 7.8 NDt 45 = 4* 32 2]
Chlorpromazine 100 mM KCl 7.0 66 * 4 136 + 8* ND —
Chlorpromazine 100 mM KCl, 61 + 4

2 mM aKG, 7.0 200 = 30 136 + 8*f ND —

0.1 mM NADH -

Spiroperidol No K(Cl 7.0 ND 28 + 2* ND —
Haloperidol No KCl 7.0 ND 14 +1 4 [3]

* Average of three independent determinations and its standard error. GDH activity was measured as
described in Materials and Methods, except for the presence or absence of KCl, indicated in this table.

t ND, not determined.
i Identical experiment to the one above.
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Table 3. Apparent affinity constants for the interaction of
NHi, K* and Rb* with glutamate dehydrogenase*

Apparent affinity constant

Cation (mM)
NH* 19.5 = 1.0 (Kn)t
K* 5.0 * 0.4 (K)
Rb* 10.0 = 0.7 (K))

* GDH activity measured at pH 7.0, as described in
Materials and Methods. Both K* and Rb* ions were found
to be purely competitive inhibitors of NH{.

+ This parameter is 3.2 mM in 0.01 M Tris-acetate
buffer, pH 8.0 and 25°, with NAD(P)H replacing NADH
[15).

DISCUSSION

Direct binding studies of [*H]-CP to GDH, at K*
concentrations sufficient to saturate theNH{ binding
site, reveal the presence of two binding sites (Figs
2 and 3). In the absence of substrates, these two sites
seem to be equivalent, with Kpay, = 66 pM. In par-
allel studies conducted in the presence of aKG and
NADH, the two sites become non-equivalent, with
one site exhibiting essentially an unchanged affinity
and the second a lowered affinity to the drug (61 uM
and 200 uM respectively, Fig. 3 and Table 2}. In
kinetic experiments, in the presence of all three
substrates and KCl, the apparent chlorpromazine
dissociation constant is close to that of the low affinity
site (136 uM; Fig. 1(A) and Table 2). It appears that
under these conditions the occupancy of only the
low affinity site is expressed kinetically.
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Fig. 2. Scatchard plot for the binding of chiorpromazine
to GDH in the presence of 100 mM KCl and the absence
of substrates, determined by the method of Colowick and
Womack [13]. Initial concentrations: GDH in the upper
chamber, 3.32 mg/ml, 10.1 pM; [PH]-CP (342 mCi/mmole),
6.1 uM; concentrated CP solutions of same radio-
activity/ml, 0.248 mM and 1.94 mM were added in small
portions. Buffer flow rate through bottom chamber 1.0
ml/min; 1.0 ml fractions were collected for counting. Inset:
Binding isotherms: O, GDH plus membrane; A, GDH
only. For further details, see Materials and Methods,
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Fig. 3. Scatchard plot for the binding of chlorpromazine

to GDH in the presence of 100 mM KCl, 2 mM aKG and
0.1 M NADH. Conditions as described in Fig. 2.

GDH possesses both a two-fold and a three-fold
axis of symmetry ({16] and references therein). Since
the stoichiometry of chlorpromazine binding is two
per hexamer, it is tempting to speculate that there
exists a single drug site within the domain of each
of the two trimers that constitute the enzyme. This
is in contrast to twelve binding sites for NADH or
NAD(P)H and six for GTP [20, 21]. As the six
polypeptide chains are identical, there presumably
exist two NAD(P)H sites and one GTP site per
chain, whereas chlorpromazine binds to a domain
formed by three such chains. It seems that in the
presence of aKG, NADH and K*, the two domains,
though chemically identical, are conformationally
different.

Data relating to phenothiazine and butyrophenone
drugs, when available for all three effects—clinical
potency, GDH inhibition and the inhibition of halo-
peridol binding to the dopamine receptor [1}—are
given in Table 4. It may be seen that the correlation
of haloperidol binding inhibition with clinical
potency (correlation coefficient, », +0.972) is much
better than that of GDH inhibition (r, +0.582).
Moreover, our data for GDH inhibition by halo-
peridol and spiroperidol are in inverse relationship
to their clinical potency. Over and above this, affin-
ities for the dopamine receptor (inhibition of halo-
peridol binding) are greater by about three orders
of magnitude than those for GDH.

One hour after intravenous injection to dogs, the
concentration of chlorpromazine in the brain was
80-89 mg/kg [8], which is roughly equivalent to
250 uM, somewhat higher than the apparent disso-
ciation constant of the low affinity site of GDH for
the drug in the presence of KCl, but three to six
orders of magnitude greater than K;, the constant
for the inhibition of haloperidol binding to the
dopamine receptor. The specific binding of pheno-
thiazines and butyrophenones, both to dopamine
receptors in the brain and to GDH, is indeed intri-
guing; yet, the evidence is overwhelming that the
pharmacological effects of these drugs are due pri-
marily to the blocking of dopamine receptors and,
marginally at best, to GDH inhibition.
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Table 4. Comparison of the clinical potency of some phenothiazine and butyrophenone drugs
with their ability to inhibit GDH and haloperidol binding to the dopamine receptor

Inhibition of

Average clinical Kpapp haloperidol binding,
daily dose [1] GDH inhibition K [1]1*
Drug (umoles/kg) (uM) (M)
Spiroperidol 0.058 28% 0.25
Haloperidol 0.152 14%, 4% 1.50
Triflupromazine 4.59 807 2.10
Chlorpromazine 12.0 32t 10.30
Promazine 333 80t 71.50
r=0.582
(1 series) r=0972

*pH 7.1 and 37°.
+ pH 7.8 and 25° [2, 3].
1 pH 7.0 and 25° (present work).
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