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SUMMARY

The studies presently reported are consistent with the concept that. chlorpromazine,

certain isosteres of phenothiazine, and haloperidol (all drugs known to affect behavior)

are inhibitors of glutamate dehydrogenase. These drugs apparently are bound to a. site
on the enzyme distinctly different. from the active or purine nucleotide-binding sites. A

lvsine group OII the enzyme molecule which is quite reactive with pyridoxal phosphate and

is essential for full enzyme activity and allostery does not seem to be part of the drug-bind-

ing site. However, after this lysine group has reacted with pyridoxal phosphate, chlor-

promazine will not inhibit the enzyme.
Since binding of these drugs alters the absorption spectrum, fluorescence, and sedimen-

tat.ion coefficient of the enzyme, it is believed that inhibition by these drugs is secondary

to an induced change in the conformation of the enzyme. In general the drugs are more

inhibitory if the enzyme is already in a rather inactive conformation, i.e., if high concentra-

tions of DI�NH or GTI� are present, and much less inhibitory if the enzyme is in an acti-

vated conformation, i.e., in the presence of high concentrations of ADP or DPN. Therefore

the conformat.ional changes produced by the drugs seem to be enhanced in the inactivated

enzyme and retarded in the activated enzyme.
In the presence of TPNH the drugs have little effect unless GTP is present. The drugs

are extremely inhibitory in the presence of DI�NH only if the concentration of DPNH is

sufficiently high to produce substrate inhibition. AT1� does not. markedly alter the inhibitory

action of the drugs with either coenzyme, and none of the drugs is a potent inhibitor in the

presence of ADP or DPN. Therefore these agent.s would be most effective as inhibitors of

ammonia incorporation if the DPNH : DPX and ATP: ADP ratios are high or if the concen-
trations of both TPNH and GTP are high.

A detailed structure-activity st.udy of the effects of many isosteres of promazine on gluta-
mate dehydrogenase was performed, and the essential parts of the drug molecule neces-
sary for binding to the drug site were characterized. The effects of these isosteres on gluta-

mate dehydrogenase correlate closely with their alltipsychotic activity in vivo.

INTRODUCTION such as chlorpromazine and isosteres of plie-

It has previously been shown that some nothiazine, are inhibitors of glutamate dehy-
drugs which are known to affect behavior, drogenase (EC 1.4.1.3) (1). Furthermore,

these results were consistent with the con-
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allosteric site on the enzyme different from
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13 872). active sites.
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The level of glutamate dehydrogenase in

brain is high (2, 3). The inhibition constant
of clilorpromazine in the glutamate dehy-

drogenase reaction is about 10 times lower

than estimates of the pharmacological levels

of this drug in brain (1, 4). Chlorpromazine
can enter mitochondria and is known to in-
crease brain levels of glutamine (5, 6). Glu-

tamate is known to play an important role

in the central nervous system (7-9). Conse-

quently, it. has been suggested that the

effects of chiorpromazine on glutamate de-
hydrogenase could be related to the pharma-

cological action of this drug. In this paper

additional studies of the effects of chlor-

promazine and several other drugs on gluta-

mate dehydrogenase are reported.

MATERIALS AND METHODS

Enzymes and reaqe nts. Bovine glut amat.e

dehydrogenase was prepared by methods

described previously (10). The kinetic prop-

erties described in this paper are the same

for bot.h the bovine brain and liver enzymes.

Coenzymes were obtained from P-L Bio-

chemicals, and other substrates from Sigma

Chemical Company. The structures of the
drugs used are given in Table 4. Phenothia-
zine base and 2-chlorophenothiazine base
were purchased from Aldrich Chemical Com-
pany. Drugs were generously supplied by

Smith Kline & French [SKF 2680, chior-

promazine (Thorazine), chlorpromazine sul-
foxide, triflutrimeprazine (SKF 5354), and
prochlorperazine (Compazine)], Geigy Phar-

maceuticals [imipramine (Tofranil) and des-

ipramine (Pertofrane)], R.iker Laboratories

[orphenadrine (Disipal)I, the Squibb Insti-

tute (triflupromazine), G. D. Searle & Com-
pany [aldactone and fenethazine (SC 1627)1,

the Merck Institute (hydrochlorothiazide),
Schering (perphenazine), Wyeth Labora-
tories (promazine and promethazine), Led-

erle Laboratories [methoxypromazine (Ten-

tone)], Rhone Poulenc [diethazine (RP 2989)
and chiorproethazine (RP 4909)], McNeil
Laboratories [haloperidol (Haldol)], Lake

Side Laboratories and Dr. Albert Manion of

the National Institutes of Health [demono-

methyl chlorpromazine, dedimethylchlorpro-
mazine, EX 10-029 (Lake Side Laboratories

experimental antiparkinsonian compound)],
Chas Pfizer & Company (doxepin), and

Merck (amitriptyline). These drugs were
sufficiently soluble in water or in 0.01 N HCI
to be used in our experiments. The concen-

trations of drugs used in the assays were low,
so that additions to the enzyme assay mix-

ture did not alter the PH. Solutions of the

drugs were made fresh, protected from ex-

posure to light, and stored at 4#{176}.

Initial velocity measurements. Enzyme as-

says were performed in 0.025 �i sodium ar-

senate-O.1 m�i EDTA, pH 7.M, at 25#{176}.The
enzyme was dialyzed against, this buffer be-
fore use. Reaction rates were followed spec-

trophotometrically by measurillg tile rate of

oxidation of DI�NH or TPNH or the reduc-

t.ion of DPN at 340 or 360 m�m (when high
concentrations of DPNH were used), using

a Gilford model 2000 recorder and a Beck-
man DU Monochromator. Corrections were
made for loss of enzyme activity by perform-
ing st.andard assays periodically during the

course of the kinetic experiments (10).
Since many of the drugs used in these ex-

periments absorb light at 340 m/1, control

experiments were performed at 340 m�.i in the

absence of enzyme, and in the presence of

enzyme but absence of coenzyme. None of

the drugs produced changes in absorbance
in control experiments, and were found to

be stable during the time required to measure

initial velocities. Kinetic experimellt s were

performed at least three times, and experi-

mental points represent. average values.

These experiments were found to be essen-

tially completely reproducible. The standard
assay mixture referred to throughout. the
text consisted of 2 m�i a-ketoglutarate, 50

m�sI XH4C1, and 100 mi DI�XH in 0.025 \I

sodium arsenate-0.1 m�i EI)TA, pH 7.8, at

25#{176}.

Protein concentration. The concellt rat ion

of glutamate dehydrogenase was determined
by measuring the absorbance at. 280 m�,

using 0.97 cm2 mg� (11) as the extinction
coefficient.

Ult race ntrif uqat ion. Sediment at ion experi-
ments were performed in a Spinco model E

analytical centrifuge at 20#{176}.

Absorption. spectra. Absorpt ion spectra

were measured either with a Beckman l)U

Monochromator or with a Cars’ model 14

automatic recording spectrophotometer.

Fluorescence measurements. These experi-



omer (mol wt 2.8 X 10�) (13-17). This is

the same number of sites found for other
coenzymes and purine nucleotides which

show- binding of the Michaelis-Menten type

when the enzyme concentration is low (18).

When the concentration of enzyme is high

(as in binding experiments), the enzyme
associates to polymeric forms (18). The loss

of substrate inhibition which occurs at high
enzyme concentration could result either
from a masking of the DPNH modifier site

by the polymerized enzyme or from a loss
of interaction between chains in the polym-

erized enzyme.
When the concentration of enzyme is low,

the effect of DPNH on the initial velocity
of DPNH oxidation (v) with respect to

DPNH concentration (A) can be expressed

by Eq. 1�(19).

k1[E0]
1 K1 (A) (1)

+�A�+ K2

If there are tw’o types of binding sites (active

and modifier), then K1 is the Michaelis con-

stant for DPNH at the active site, K2 is the
dissociation constant at the modifier site,
and k1 [E0] is the maximal velocity. The gen-

eral equation for an enzyme with six inter-
acting sites (20) can be simplified to a form

empirically identical with Eq. 1 if there are
certain relationships between intrinsic disso-

ciation constants K1 and average catalytic
rate constants per site k5 for a particular

complex.2 For example, if K’2 = 5K’6 , K’3 =

0.33K’1 , K’4 = 0.6K’6 , = K’1 , k2 =

k4 = k6 = 0, k3 = 0.33k1, and k5 = 0.2k1,

then the general equation for six interacting

sites becomes

k1[E0] (2)
V 1 + K’1/6(A) + (A)/K’6(6)

Since Eq. 2 cannot be distinguished by
kinetic experiments from Eq. 1, kinetic re-
sults in this paper were evaluated with Eq. 1.

Kinetic experiments performed with van-

2 The subscripts refer to the intrinsic dissocia-

tion or rate constant for a particular complex. For

example, the constant K’6 refers to the intrinsic
dissociation constant of the complex E-(DPNH)6
(20).
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ments were performed at 25#{176}in 0.025 M so-

dium arsenate, pH 7.8, with 0.1 mr�i EDTA
in an Aminco-Bowman spectrophotofluorom-
eter equipped with a thermoelectric cooler,

a Glans prism polarizer, and an X-Y re-
corder. In fluorescence experiments in which
the enzyme was t.itrated with drugs, correc-
tions were made for dilution. Also, since the

drugs used in these experiments absorb light
at 280 mj� (the exciting wavelength), control

experiments were performed by adding the
drug to a solution of tryptophan which was
adjusted so that the intensities of emitted

fluorescence from the tryptophan and en-
zyme solutions were equal. Therefore the re-

sults represent the difference between the

effects of the drug on glutamate dehydrogen-
ase fluorescence and on tryptophan fluores-

cence. It was assumed that the decrease in

tryptophan fluorescence produced by the
drug was due to internal quenching of the

exciting light by the drug, and not to an
interaction betw-een tryptophan and the
drug.

KINETIC THEORY

It has previously been demonstrated that

chlorpromazine in the absence of purine
nucleotides inhibits glutamate dehydrogen-

ase mainly by increasing the amount of sub-

strate inhibition by DPNH. Substrate in-

hibiti()n could result from binding of DPNH

to two distinctly different sites (active and
modifier) on each peptide chain of the en-
zyme (12), with binding to the modifier site

resulting in inhibition of the active site.

Alternatively, each peptide chain on the

enzyme mighlt possess one potentially equal,
active DPNH-binding site, and negative

interaction would take place among these

sites. These interactions would result in a

progressive increase in the dissociation or
Michaelis constant for DI�NH and inhibi-

tion of the enzyme reaction. Kinetic data

alone cannot distinguish between t.hese two,

or several other, possibilities. When the con-
centration of enzyme is high, there is no evi-

dence of substrate inhibition by DPNH, and
studies of the binding of DPNH to gluta-

mat.e dehydrogenase are consistent with

there being six equal, noninteracting DPNH-

binding sites per enzymatically active mon-
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ous concentrations of drugs were evaluated

with the use of Eq. 3.

V1 - V2
(V1 - v) = _______

l+K3/(M)
(3)

where V1 is tile velocity in the absence of a

drug, v is the velocity in the presence of a
drug, V2 is the velocity in the presence of

saturating concentrations of the drug; K3 is

the apparent dissociation constant of the
drug, and (M) is the concentration of the

drug. The constants V2 and K3 were esti-

mated from double-reciprocal plots of the
change in velocity produced by the drug

(V1 - v) with respect to drug concentration

as described previously (1). In some experi-

ments these double-reciprocal plots were not

linear. The results were evaluated with the

use of Eq. 4.

V - V
(V-v)= 1 � (4)

1 1 + K3/(M) + K3K4/(M)2

This is a general equation for a modifier

which is bound poorly at low concentrations
to one or a few equally available sites (with
dissociation constant K3); binding t.o this

site(s) enhances binding to the additional

site(s) (with a dissociation constant K4).

Binding to the loose site(s) (expressed by K3)

produces essentially no cilange in velocity,

but binding to the tight sites (expressed by
K4) produces a change in velocity. V1 has

been defined previously, and V3 is the veloc-

ity when the enzyme is saturated with drug.

Equations empirically similar to Eq. 4 can

be obtained by straightforward simplifica-
tions of the general equation for the effect of

a modifier on an enzyme with interacting
sites (20). However, results compatible with

Eq. 4 could also be obtained if there are two

distinctly different drug-binding sites on

each chain. Again, one cannot distinguish

between these two possibilities on the basis

of kinetic data alone.

Kinetics

RESULTS

Chiorpromazine. The effects of chlorproma-
zinc on the rate of oxidation of DPNH or
TPNH in the presence or absence of purine

nucleotides are summarized in Tables P

and 2. These kinetic constants were calcu-

lated from experimental results similar to

those shown in Figs. 1 and 2. In the absence
of purine nucleotides, chlorpromazine inhib-
its the oxidation of DPNH more than that

of TPNH, mainly because chlorpromazine
increases the amount of substrate inhibition

by DI�NH (chlorpromazine decreases the

value of K2 in Table 1 and Eq. 1). The disso-

ciation or inilibition constant of chiorproma-

zinc is lower when the concentration of

DPNH is sufficiently high to produce sub-

strate inhibition (Table 2). In the presence

of ATP, chlorpromazine has little effect on

TPNH oxidation (the dissociation collstaflt

of the drug exceeds 200 ,.i�i), but in the

presence of DPNH plus ATP clilorproma-

zinc is inhibitory, since saturating concen-

trations of the drug inhibit 100-fold (Table

2). In the presence of GTP, chlorpromazine
inhibits more when TPXH is time coenzyme,

since k1 is decreased 2-fold in the presence

of T1�NH (Table 1), whiie in the presence of

DI3NH plus GTP the dissociation constant

of the drug is greater than 200 /2�I (Table 2).
In the presence of ADP, chlorpromazine has

little effect on the reaction with either re-

duced coenzyme, since in bothi cases the

dissociation constant of the drug is high

(Table 2) and ADP almost. eliminates sub-

strate inhibition by 1)PNH (Table 1).

Perphenazine. In the absence of purine

nucleotides, perphenazine, like chiiorproma-

ziiie, increases substrate inhibition by

These results, obtained in the presence of ar-

senate buffer and absence of drugs, are slightly

different from those previously reported when

Tris-acetate was used as a buffer (12). The main

difference between arsenate or phosphate and

Tris-acetate is that in the presence of the latter

there is more substrate inhibition by DPNII (21,

22). Results obtained with chlorpromazine in Tris-
acetate are qualitatively similar to those wit.h

arsenate, except. that the value of K3 is slightly

lower in the presence of Tris-acetate. This is

consistent with the concept that chlorpromazine

has its main effect when substrate inhibition by

DPNH is greater, i.e., in this case, in the pres-

ence of Tris-acet ate. The values given for K2 are

only estimates above 0.3 m�i, because of the tech-

nical difficulties caused by high concentrations of

DPNH.
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DPNH (Fig. 1 and Table 1). Inhibition by
perphenazine is likewise markedly decreased

by ADP but not by GTP or ATP (Figs. 2
and 3 and Tables 1 and 2). Unlike chlorpro-

mazine, how-ever, perphenazine displays in-
creased inhibitory effects if incubated with
the enzyme for about 4 miii before the assay.
More inhibition is produced if a high concen-

tration of glutamate dehydrogenase is incu-

bated with perphenazine and then diluted

and assayed than if a smaller amount of en-

zyme (t.hat required for optimal assay) is in-

cubated with the same amount of drug

(Fig. 4, curve C vs. D). However, after about

2 mm the velocity of the diluted sample

(Fig. 4, curve D) begins t.o increase and ap-

TABLE 1

Effects of chlorpromazine and perphenazine on kinetic constants for DPNH and TPXH in the glutamate

dehydrogenase reaction

The kinetic constants are those used in Eq. 1. Experimental conditions are described in the legend

to Fig. 1. The constant k1 is expressed in micromoles of reduced coenzyme oxidized per minute per

milligram of protein.

k1 K1 K2
Additions to assay

DPNH TPNH DPNH TPNH DPNH TPNH

JIM JIll 51.11 51.11

None 80 33 34 25 0.5 High

Chiorpromazine (200,�) 75 22 34 13 0.04 High

Perphenazine (2OJhM) 96 34 0.02

AT)P (100MM) 162 73 40 46 1.0 High

ADP + chlorpromazine 162 73 40 46 0.4 High

GTP (100�u) 1.4 0.8 5 5 0.6 High

GTP + chlorpromazine 1.1 0.4 10 5 0.4 High

GTP + perphenazine 0.8 10 2.0

TABLE 2

Effects of purine nucleotides on modifier constants of chiorproniazine and perphenazine for glutamate

dehydrogenase

Chlorpromazine Perphenazine

Purine nucleotide Dissociation lT/V’ Dissociation: V/V’:
DPNH DPNHDPNH TPNH DPNH TPNH

.iif ,.iif JAM

None 32, 16a >200 6.0 5,�’ 20 50

ADP(100JAM) >200 >200 1000,6c 2c

ATP (100 JAM) 95 >200 100 3.7 20 50

GTP(100j�M) >200 36 4.3 3.0

o The concentration of reduced coenzyme in all experiments was 100 JIM except for this one, in

which the concentration of DPNH was 300 MM. This change did not alter the value of V/V’.
In this experiment a constant amount of glutamate dehydrogenase (4 or 8 JAg/mI) was incubated

with various concentrations of perphenazine (20-200 JAM) for 10 mm, after which 0.1 ml of the incuba-

tion mixture was added to the standard assay mixture (0.9 ml) to give a final volume of 1.0 ml. The

dissociation constant refers to the concentration of perphenazine in the assay. The other experiments

with perphenazine were performed by incubating perphenazine (20-200 JAM), glutamate dehydrogenase
(0.4-0.8 JAg/mi), and the other constituents of the standard assay except DPNH for 5 mm. Then DPNH

was added and the solution was assayed.

The dissociation constant refers to K3 in Eq. 3, or the inhibition constant of the drug, in all ex-

periments except these, in which the two values of the dissociation constants represent K3 and K4
in Eq. 4. Similarly, the ratio V/V’ refers to the ratio Vi/V2 in Eq. 3 except as noted here, where it

refers to the rat.io V,/V3 in Eq. 4.
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V

FIG. 1. Double-reciprocal plot of velocity with

respect to concentration of DPNH in the absence of

any modifiers (curve C) and in the presence of 200

J3.%f ch lorproinazine (curve A), 20 �.ir perphenazine

(curve B), 200 J.131 chlorpromazine plus 100 /4.11 ADP

(curve D), and JO0 JIM ADP alone (curve E)

Experiments with perphenazine were performed

by incubating perphenazine (200 JAM) with 10 times

more glutamate dehydrogenase than the concen-

tration required to give the optimal rate in a

standard assay (usually about 4-8 JAg/ml) for 10

mimi iii 0.025 M sodium arsenate-0.1 mM EDTA,
pH 7.8, at 25#{176}Then 0.1 ml of this solution was

added to the assay mixture to give a final volume

of 1 ml. The curves were calculated with t.he use

of Eq. 1. In all assays the concentration of a-keto-

glut arate was 2 m�, and that of NH4C1 was 50mM.

proaches that of the ulidiluted sample (Fig.

4, curve C). These results can be interpreted

as indicating that. the enzyme-perphenazine

complex (E-P) can slowly form a more in-

hibited complex (EP*) as shown in Scheme

1. In this mechanism the complex EP* is
more inhibited, is formed more slowly, and
is less reversible than EP. Tilat is, the rate

constant. k4 is smaller than k3 , and both are
small with respect to k1 and /�,

Ii k3
E + P � EP �==± EP6

k2 k4

SCHEME 1

Previous results obtained with chlorpro-
mazine are not consistent with the concept

that this drug and ADP are bound to the

same site on the enzyme, in spite of t.he fact

that ADP markedly reduces inhibition by

chlorpromazine (1). Similar results are ob-

tained with perphenazine (Figs. 2 and 3).

These results suggest. that in the presence of
ADP the drugs are bound to the enzyme but

FIG. 2. Plot of ratio of velocity in the presence

(V2) to that in the absence (V1) of (Irug with respect

to concentration of drug

The drug is perphenazine in curves A and C,

and haloperidol in curves B and D. These experi-

ments were performed in the presence of either 100

/4M 1)PNH (curves .1, C, and D) or 1 m� DPN

(curve B). Curve A shows results obtained in the

presence of l)PNII and 100 JAM APP, while curve C
shows results obtained in presence of l)PNII with
(�) or without (0) 100/4M ATP. The reaction mix-

tures for curves A, C, and D also contained a-keto-

glutarate (2 m�t), ammonium chloride (50 mM),

and glutamate dehydrogenase (0.4 JAg/mI of assay

mixture), and, for curve B, glutamate (10 m�i) and

glutamate deh drogenase (4 JAg/mi of assay mix-

ture). Experiments with perphenazine (curves A

and C) and haloperidol (curves B and D) were per-

formed by induhatillg the drug (20-200 JAM) with

glutamate dehydrogenase and the other const.it-

iments of the standard assay except. the coenzyme

for 5 mm in the case of perphenazine and for 2 mm
in the case of haloperidol. At the end of this time

l)PNH (.4, C, and D) or 1)PN (B) was added to the

mixture. Remiti lung experiment at conditions are

given in t.he legend to Fig. 1. Curves .1, C, and D

were calculated with the use of Eqs. 3 and 4 and

t.he values given in Table 2. The points are experi-

mental values. Although each ligand and co-

enzyme added altered the activity of glutamate

dehydrogenase, t.he results shown in this figure are

the ratios of velocity in the presence to that in the

absence of drug, so that in absence of drug this

value is unity in all the experiments shown.



25 50 75

NUCLEOTIDE (�tM)

50 100 150 200

PERPHENAZINE (1&tM) IN ASSAY

14 SHEM ISA AND FAHIEN

V

Fiu. 3. Plot of relocity u’i(h respect to concentra-

tion of purine nuelcolides in the absence (curves A,

C, and E) and presence (curves B, D, (md F) of 20

�.ii perphenazine

The nucleotides were AI)P (curves .1 and 13),

ATP (curves (‘ and D), and (TP (curves E and F).

The react ion mixtures also contained I )PN1I (100

JAM), a -ketogl mit arate (2 mii�i), and ammonium chlo-

ride (50 nwi). Experiments with perphenazine

(curves B, D, and F) were performed by incubat-

ing 10 times more glutamate dehydrogenase than

needed for an assay (4-8 JAg/ml) with 200 JAM per-

phemiazine for 10 miii in 0.025 �i EI)TA, p11 7.8, at

25#{176},after which 0.1-mI aliquots of the incubation

mixture were added to the assay mixtures (0.9 ml)

and assays were performed. Controls, which con-
tamed no perphenazine, were similarly incubated

and diluted. The results of control experiments in

the absence of 1)0th nucieotide and drug are shown
on the left -hand ordinate. Incubations amid assays

were performed in 0.025 M sodium arsenate-0.1 mM

EDTA, p11 7.8, at 25#{176}.

ADP prevents them from iniiibiting enzyme

activity. This conclusion is reinforced by the

results shown in Table 3. Solutions of ADP,

perphenazm e, and enzyme were incubated
for 10 mm and then diluted lO-foid and
assayed. If ADP and perphenazille are bound
to the same site on the enzyme, ADP should
prevent formation of the EP or EP* com-

plex in the incubated solutions, and there
would be essentially no inhibition in the

diluted samples. The activity in the diluted

samples would be equal to that observed
when 10-fold lower concentrations of en-
zyme, ADP, and perphenazine are incubated

and assayed directly without dilution (Fig.

2, curve A). As shown in Table 3, this is

not the case. When ADP, perphenazine, and
enzyme were incubated together and then

diluted, only the rapidly reversible activat-

ing effect of ADP was diminished, and the

inhibitory effect of the slowly reversible

EP* complex remained. Furthermore, the

Fn;. 4. Plot of ratio of velocity in the presence

(V2) to that in the absence (V1) of perphenazine with
respect to concentration of perphenazine in the assay

in i.rt ure

These experiments were performed in the pres-

ence of 100 JAM DPNII, with either 50 JAM ammo-

nium chloride (curves A, C, and D) or 1.0 nt�

l)PN (curve B). The keto acid substrate was 0.9

mM pyruvate (curve A) or 2 rn� a-ketoglutarate

(curves C amid D). Curve B shows the results ob-
tamed when 10 mM glutamate was the substrate.
The glutamate dehydrogenase concentration in

the assay mixture was 0.4-0.8 mg/mi (curve A),

4-8 JAg/mI (curve B), or 0.4-0.8 JAg/nil (curve C).

Experiments with perphenazine shown in curve D

were performed by incubating 10 times more glu-
tamate dehydrogenase than necessary for an assay

(4-8 JAg/mi) with perphenazine (20-200 JAM) for 10

mm. At t.he end of this period 0.1-ml aliquots were
added to the mixture (0.9 ml) containing the other

constituents of t.he assay, and the mixture was

assayed. Other experiments with perphenazine

(curves A, B, and C) were performed by incubat-

ing the drug (20-200 JAM) with glutamate dehydro-

genase amid other assay constituents except the
coenzyme for 10 mm, after which coenzyme

(DPNH, curves A, C, and D; or 1)PN, curve B)

was added and the mixture was assayed. Incuba-

tions and assays were performed in 0.025 M sodium

arsenate-0.1 mis EI)TA, pIT 7.8, at 25#{176}.
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TABLE 3

Effect of ADP on inhibition of glutamate

dehydrogenase by perphenazine

In these experiments glutamate dehydrogenase

(4-8 JAg/rnl) was incubated for 10 mm either alone
or with the concentrations of perphenazine and/or

nucleotides shown. Then 0.1 ml of the incubated

solutiomi was added to 0.9 ml of the standard assay

mixture, amid this solution was assayed. Relative
activity is the ratio of the activity of the solutiomis

which comltained perphenazine and/or nucleotides

to that of a similar glutamate dehydrogenase solu-

tion incubated without these additions. Assays

and incubations were performed in 0.025 M sodium

arsenate-0.1 m�m EDTA, pH 7.8, at 25#{176}.

Relative

Additions to incubation solution
activity in

diluted
assay

system

APP (100 JAM) 1.4

Perphenazine (200 JAM) 0.22

ADP + perphenazine 0.40

ADP + l)PNH (100 JiM) 1.4

APP + 1)PNH + perphemiazine 0.40

DPNH + perphenazine 0.22

addition of DPNH did not alter these results
(Table 3). Therefore ADP does not block

formation of the EP* complex, and ADP

and perphenazine are not bound to the same

site. High concentrations of ADP prevent

bound perphenazine from inhibiting the
enzyme.

In undiluted assays t.he effects of per-

phenazine in the presence of ADP are com-
plicated (I’ig. 2, curve A). A low concentra-

of the drug produces essentially no effect

whereas a higher concentration has a marked

effect. Therefore curve A of Fig. 2 was cal-
culated with the use of Eq. 4 and the values

of the constants show-n in Table 2.

Perphenazine has a slight inhibitory effect,
and chlorpromazine has essentially none, on

the rate of reduction of DPN (Figs. 4 and 5).
It is believed that the substrate activation
produced by DPN (more enzyme activity at
high DPN concentration than is predicted

by extrapolation from results obtained in the
presence of low concentrations of DPN) re-

sults from binding of DPN to the ADP site

(12). Binding of DPN, like ADP, to this site
results in activation of the rate of DPN re-

duction at the active site. In this respect. it is

of interest that perphenazine in the presence

of high concentrations of DPN has a sig-
moid effect on velocity similar to its effect
in the presence of ADP (Fig. 4, curve B);

that is, a low concentration of perphenazine

produces little inhibition whereas higher

concentrat.ions have a marked effect.

Neither chlorpromazine (1) nor perphena-

zine markedly inhibits alanine dehydrogen-
ase activity in the presence of a high con-
centration of enzyme (Fig. 4, curve A).

Haloperidol. Although structurally differ-
ent from chlorpromazine or perphenazine,

this drug is the most potent inhibitor of those

tested (Table 4 and Fig. 2). As with per-
phenazine, the maximal inhibitory effects of

haloperidol are not immediately apparent,

but require about 1 mm of incubation to de-
velop. This is shorter than the time required

for maximal inhibition by perphenazine.

Both haloperidol and perphenazme inhibit

DPN reduction more than chlorpromazine
(Fig. 2). Results obtained with a combi-

nation of haloperidol and chlorpromazine

are consistent with the concept. that both

FIG. 5. Double reciprocal plot of velocity with

respect to concentration of DPN in the presence of 10

mimi glutamate and in the presence (curve A) or

absence (curve B) of 200 JAM perphenazine

Experiments with perphenazine were performed
by incubating the drug (200 JAM) with glutamate
dehydrogenase and other constituents of the assay

except for DPN. After incubation for 10 mm, DPN

was added to the mixtures in the concentrations
indicated and the mixtures were assayed. All in-

cubations and assays were performed in 0.025 M

sodium arsenate-0.1 Mm EDTA, pH 7.8, at 25#{176}.
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FIG. 7. Absorption spectra of glutamate d�hydro-
genase (0.4 mg/nil) in the absence of drugs (curve A),

or in the presence of 100 �.if haloperidol (curve B),

100 JAM chlorpromazine (curve C), or 100 JA.if per-
phenazine (curve D)

Curves B, C, and D represent the difference

spectra between t.he absorbance of glutamate

dehydrogenase in the presence of the drug and that

in the absence of enzyme. These experiments were

performed in 0.025 M sodium arsenate-0.1 mis

EDTA, pH 7.8, at 25#{176}.

18 SHEMISA AND FAHIEN

FIG. 6. Plot of ratio of velocity in the presence

(V2) to that in the absence (V1) of chlorpromazine

wit/i respect to concentration of chioropromazine in

the absence (curve B) or presence (curve A) of 100 JAM

haloperidol

The reaction mixtures also contained 1)PNII

(100 JAM), a-ketoglutarate (2 mM), and ammonium

chloride (50 mM). Experiments with haloperidol

were performed by incubating glutamate dehydro-

genase with 100 JAM haloperidol and other assay

constituents except 1)PNH and chlorpromazine

for 2 mm, after which DPNH and chlorpromazine

were added and the mixture was assayed. Other

experimental conditions are given in the legend to
Fig. 1.

drugs are bound to the same site on the en-

zyme (Fig. 6). Chlorpromazine (a poor in-

hibitor) is an act.ivator in the presence of

haloperidol (a more potent inhibitor), as

would be expected if chlorpromazine dis-
placed haloperidol from the enzyme.

Effects of other drugs. The effects of several

other drugs on glutamate dehydrogenase are

summarized in Table 4. It has previously
been shown that ouabain, st.rophanthidin,

phenobarbital, �‘-aminobutyric acid, mor-

phine, caffeine, quinine, and chiordiazepox-

ide have 110 significant. effect on this enzyme

(1). Dihydrochiorthiazide has also been
found to have no inhibitory effect on gluta-

mate dehydrogenase.

Spectroscopy and Fluorescence

Spectroscopy. Figure 7 show-s the effect of

chlorpromazine, perphenazine, and haloperi-

dol on the absorption spectrum of glutamate

dehydrogenase. These results represent the

difference between the absorbance of gluta-

mate dehydrogenase in the presence of drug

and that of t.he drug alone. It can be seen

that all three drugs increase the absorbance

of glutamate dehydrogenase in the range be-

tween 260 and 280 m�. In contrast, gluta-

mate dehydrogenase has no significant effect

on the absorption spectra of tile drugs.

Fluorescence. Chlorpromazine absorbs light

in the range between 300 and 340 mgi. When

this drug is excited by light at 340 m�, weak

fluorescence with a peak betw-een 460 and

470 m� is observed (Fig. 8, curve E). Glu-

tamate dehydrogenase has a typical protein

emission spectrum with a peak at 340 mh

after excitation at 280 m�i (Fig. �, curve A).

If chlorpromazine is added t.o glutamate de-

hydrogenase and this solution is excited at

280 m�, fluorescence at 340 m� is decreased

and the solution fluoresces betweell 450 and

460 m�. Chlorpromazine alone does not

fluoresce when excited at 280 mhz. These re-
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F

FIG. 8. Fluorescence emission spectra of gluta-

mate dehydrogenase (0.31 mg/mi), chiorpromazine

(100 JAM), and DPNH (33 JAM)

The exciting wavelengths were 280 fliJA (curves
A-D and F) and 340 mJA (curve E). The fluores-

cence spectra of glutamate dehydrogenase, chior-

promazine, and DPNH alone are shown in

curves A, E, and F, respectively. The fluorescence

spectra of a mixture of glutamate dehydrogenase
plus DPNH and of chlorpromazine are shown in

curves B and C, respectively. The fluorescence
spectrum of the mixture of glutamate dehydro-

genase, DPNH, and chlorpromazine is shown in
curve D. These experiments were performed in

0.025 M sodium arsenate-0.1 mr�i EDTA, pH 7.8, at
25#{176}.

suits are consistent w-ith the concept that

chlorpromazine bound to glutamate dehy-
drogenase can absorb the light emitted from
the protein at 340 m� and consequently it

fluoresces at 450-460 m/2. Moreover, the

slight increase chlorpromazine produces in
enzyme absorbance at 280 m�t (Fig. 7) is
negligible compared with the absorption of
light emitted from the protein at 340 mj�.
Therefore the effects of chlorpromazine on

protein fluorescence are similar to the well-
known effects of reduced pyridine nucleo-

tides (23). Similarly, the effects of chiorpro-
mazine on enzyme fluorescence can be used

to estimate the dissociation constant of the

enzyme-chlorpromazine complex (Fig. 9).

Since chlorpromazine absorbs light at 280

m�i (the exciting wavelength in these experi-

ments) , the results show-n in Fig. 9 are the

difference between the effect of chlorproma-

zine on glutamate dehydrogenase and those

on a tryptophan blank (see MATERIALS AND

ItIETHODS). Similar experiments can be per-

formed with perphenazine. If it is assumed

that there are six binding sites per enzymat-

ically active monomer (mol wt 2.8 X 10�)
(15, 16) and the change in fluorescence is

proportional to the amount of drug bound

to the enzyme, the dissociation constants of

chlorproma.zine and perphenazine can be es-

timated to be 40 and 10 ,�i, respectively. In
these estimates it is assumed that there are

as many binding sites (six) for these drugs
as there are sites for coenzyme and purine
nucleotides (13, 14, 18), and that the change

in fluorescence is related t.o the concentra-

tion of free or unbound drug in a manner
similar to the change in velocity as expressed
by Eq. 3. The curves shown in Fig. 9 have
been calculated with these assumptions.
These values of t.he dissociation constants

are similar to the inhibition constants (K3)

of these drugs.
The addition of both chlorpromazine and

DPNH to the enzyme produces more
quenching of enzyme tryptophan fluores-

cence (340 m,.�) than the addition of either

DPNH or chlorpromazine alone (Fig. 8).

Chlorpromazine markedly decreases the flu-
orescence of the DPNH-enzyme mixture at

460 m,u, but the addition of DPNH only
slightly enhances the fluorescence of the mix-
ture of chlorpromazine and enzyme at this
wavelength. Consequently, in spite of the
enhanced quenching at 340 mj�, it seems un-
likely that chlorpromazine enhances binding
of the more fluorescent (at 460 mgi) DPNH.
What seems more probable is that chlorpro-
mazine, in the presence of DPNH, produces

a conformational change in the enzyme
w-hich results in a decreased emission of en-

zyme tryptophan at 340 m�t and conse-

quently a decreased fluorescence of enzyme-

bound DPNH and chlorpromazine at 460

mj�.

Effect of Pyridoxal Phosphate

Pyridoxal phosphate can form a Scuff
base with one lysine group on each of th�

six peptide chains of the enzymatically ac-

tive glutamate dehydrogenase monomer
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FIG. 9. Plot of ratio of fluorescence in the presence of a drug (F’) to that in its absence (F) as a function

of drug concentration

liesults obtained with chlorpromazine are shown in curvesA andD, and with perphenazine, in curves

B and C. In all experiments the solutions were excited at 280 m�c. The left-hand ordinate gives the value

of this ratio when fluorescence was read at 460 m� (curves C and D). The right-hand ordinate gives the

value of this ratio when fluorescence was read at340 mji (curves A and B). The curveswere calculated by
assuming that there are six drug-binding sites per active enzyme monomer and that the dissociation

coast ants of chlorpromazine and perphenazine are 40 and 10 JAM, respect.ively (see the text). Experiments

were Performed in 0.025 M sodium arsenate-0.1 M EDTA, pH 7.8, at 25#{176}.

This results in a marked decrease in both
alanine and glutamate dehydrogenase activ-

ity (24). In the experiments shown in Table

5, the reaction betw-een enzyme and pyri-

doxal phosphate is slow- and reaches comple-

tion after 1 hr if the collcentration of pyri-

doxal phosphate is saturating (between 0.1
and 0.3 mu) and the concentration of en-

zyme is 0.2 mg/mi. At the end of 1-2 hr of

incubation the enzyme retains about S % of
its original activity. Table S shows the ef-

fects of coenzyme, purine nucleotides, and

some drugs on enzyme inactivation in the

presence of saturating concentrations of

pyridoxal phosphate. In these experiments
rather high concentrations of enzyme were

present in the incubation system, and there-
fore, after dilution, only a small amount of

the incubated nucleotide or drug was present

in the assay system. This was the case even
with perphenazine. Control experiments

showed that perphenazine has only a slight
inhibitory effect if the original incubation
solution containing 200 �i perphenazine is

diluted 100-fold.

The results shown in Table 5 demonstrate
that the combination of reduced pyridine

nucleotide with GTP but not with ADP pro-

tects the enzyme. The combination of DPN
with either ADP or GTP does not protect.
None of the coenzymes or purine nucleotides

alone gave significant protection. Treatment

of the enzyme with pyridoxal phosphate did
not alter the apparent Michaelis constant of

any of the coenzymes or substrates, but the
allosteric modification afforded by purine
nucleotides was markedly decreased (Fig.
10). Therefore the reactions of the enzyme
with pyridoxal phosphate and acetic anhy-
dride are similar (25). In both cases the re-

sults can be interpreted on the assumption

that one lysine group is quite reactive with
both reagents. This group is not part of
either the active or allost.eric site, but is

essential for optimal enzyme activity and
allostery. Protection by GTP but not by
ADP plus reduced coenzyme is not the result

of direct masking of this lysine group by
either GTP or DPNH; instead, the confor-
mat.ional change produced by GTP and
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Effects of nucleotides, coenzym.es, and drugs on

reaction between glutamate deh.ydrogenase

and pyridoxal phosphate

Incubat ions were conducted for 1 hr in 0.025 is

sodium arsenate-0.1 m�i E1)TA, pH 7.8, at 25#{176},
with 0.3 mM pyridoxal phosphate and glutamate

dehydrogenase (0.2 mg/nil). The concentrations

of nucleotides added were 0.1 mis for DPNH,

GTP, and ADP and 1.0 mis for DPN. The concen-

trations of drugs added to the imicubation mixture

were 0.2 m�m for haloperidol and chlorpromazimle

and 0.3 mis for perphenazine. After incubation,

the samples were diluted with arsenate buffer and

assayed by the standard procedure. Residual ac-

tivity is the ratio of act ivit.y of the treated sample

to that. of a control solution containing the same

concent ration of glutamate dehydrogenase incu-

bated in the absence of pyridoxal phosphate. 1)ur-

ing these incubat.ions no significant amoumit of en-

zyme activity was lost, from control solutiomis.

Residual
Additions to incubation mixture activity

%

None 8

Chlorpromazine 4

DPNH 30

DPNH + chlorpromazine 21

DPNH + perphenazine 17

DPNH + haloperidol 14

GTP 12
GTP + l)PNH 76

GTP + 1)PNH + chlorpromazine 63

TPN1I 36
TPNH + chlorpromazimle 26

TPNH + GTP 60

TPNH + GTP + chlorpromazine 54

DPNH + A1)P 22

1)PNH + A1)P + chlorpromaziiie 18

GTP + l)PN 12

ADP + l)PN 12

DPNH results in inhibition of enzyme activ-
ity and burying of this group so that it is

no longer accessible to attack by pyridoxal

phosphate or acetic anhydride.

As shown in Table 5, chlorpromazine,

perphenazine, and haloperidol enhance the

inactivation by pyridoxal phosphate. There-

fore the lysine group is apparently not. part

of tile drug-binding site. If the enzyme is
treated with pyridoxal phosphate, chlorpro-
mazine (in concentrations as high as 200

psi) has no effect on enzyme activity. The

50

(MODIFIER) pM

FIG. 10. Plot of ratio of velocity in the presence of

a modifier (V2) to that in the absence of a modifier

(JT1) as a function of modifier concentration

ADP was the modifier for curves A and B, and

GTP for curves C and D. Curves B and C show

results obtained with t.he pyridoxal phosphate-

t.reated enzyme (8% residual activity), and curves

A and D show the results obtaimled with tile native

enzyme. Assays were performed in the stamidard

system. Remaining experiment al conditions are

given in the legend to Fig. 1.

functional integrity of this lysine group
is therefore also necessary for inhibition by
chlorpromazine.

Ultracentrifugation.

In the presence of DPNH, perphenazine,
like chlorpromazine, decreases the sedimen-

tation coefficient of glutamate dehydrogen-

ase 1.4-fold (1).

1)ISCUSSION

The results presented above show that
several drugs known to affect behavior are
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bound to and inhibit glutamate dehydrogne-
ase. It has been show-n previously that

chlorpromazine is not competitive with re-
spect to any of the substrates or coenzymes
of the reaction. Since chlorpromazine and
perphenazine are inhibitors in the presence

of saturating concentrations of GTP, these
drugs are obviously not competitive with re-

spect to this purine nucleotide (1). Neither

drug has a significant effect in the presence

of ADP. It was previously concluded that

if ADP and chlorpromazine were competitive

a higher degree of inhibition would be pro-
duced by chlorpromazine than that actually

observed (1). This is perhaps a tenuous con-
clusion. However, if ADP and perphenazine

are incubated with glutamate dehydrogenase

and this solution is then diluted and assayed,
the freely reversible activating effect of

ADP, but. not the inhibitory effect of per-

phenazine, is lost. Therefore ADP does not

prevent binding of perphenazine to the en-

ZVflM�.

The drugs do not protect. the enzyme from
reacting w-ith pyridoxal phosphate. There-
fore tile lysine group on the enzyme which

reacts w-ith pyridoxal phosphate and is im-
portant for full allostery and enzyme activ-

ity is apparently not part of the drug-binding

site. After this group reacts with pyridoxal
phosphate, even high concentrations of
chlorpromazine no longer inhibit the enzyme.

Therefore, if the lysine group is treated with

pyridoxai phosphate, chlorpromazine can no
longer inhibit the enzyme.

\\hile haloperidol has a considerably dif-
ferent structure from those of chlorproma-
zine or isosteres of phenothiazine, its effect

on glutamate dehydrogenase is quite similar.
Experiments performed with chlorpromazine
and haloperidol are consistent with the con-

cept that both drugs are bound to the same
enzyme site.

The results are consistent with the concept

that certain drugs which affect behavior are

bound to a unique site on glutamate dehy-

drogenase. Binding of drugs to this “drug

site” produces inhibition of enzyme activity,

a decrease in the sedimentation coefficient

(or dissociation) of the enzyme, a decrease

in the fluorescence, and an increase in the

absorbance of the enzyme. These results

suggest that inhibition by these drugs is

secondary to an induced change in the con-

formation of the enzyme.
In general the drugs are more inhibitory

if the enzyme is already in a rather inactive
conformation. Perhaps inhibition of the en-
zyme, whether by high concentrations of

DPNH or GTP, facilitates further drug-
induced inhibition. The drugs produce less
inhibition, when the enzyme is activated by

ADP or DPN. In this case, after a certain

fraction of drug-binding sites is occupied, the

enzyme acquires a greater affinity for drugs,

and binding results in more inhibition. In

the presence of these drugs considerably

more ADP must be added to produce full

activation of enzyme activity (Fig. 3, curve
B). Again these results can be interpreted as

indicating that although ADP and per-
phenazine are not competitive, each de-

creases the affinity of the enzyme for the
other. Perphenazine cannot prevent full
activation by ADP, but ADP can abolish

the maximal, potential inhibitory effect of
perphenazine. ATP, which is a weaker acti-
vator than ADP, is much less capable of

preventing inhibition by these drugs.
K3, the dissociation constant for proma-

zine and other drugs at the drug site on the

enzyme in the presence of DPNH, can be
used to correlate the effects of modification

of the chemical structure of promazine
with binding to the drug site. It can be seen
from the results in Table 4 that while

promazine is an inhibitor of glutamate

dehydrogenase, phenothiazine is not. There-
fore the side chain on N-10 is required for
inhibition. A 3-carbon side chain betw’een

N-b and the terminal amino nitrogen

results in optimal binding. In general,

shortening of the chain to 2 carbon atoms
markedly decreases binding except for
diethazine, which has a bulky substituent

on the terminal nitrogen. Bulky substitu-
ents on the terminal nitrogen result in

increased binding to the enzyme, as in the

case of diethazine, chlorproethazine, pro-

chiorperazine, perphenazine, and haloperi-

dol. Furthermore, some drugs with these

bulkier substituents, such as perphenazine,

haloperidol, and prochiorperazine, produce

more inhibition if they have previously
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been incubated with the enzyme. This

suggests that a slow, measurable time inter-
val is required for reorientation of the bulky
groups iii the enzyme-drug complex. Com-

pounds containing smaller substit.uents on
the terminal amino group, such as chlor-
promazine, exert maximal inhibition imme-

diately. Mono- and didemethylation of the

terminal amino groups result in a pro-
gressive decrease in binding, as seen with

demonomethylchlorpromazine, dedimethyl-
chlorpromazine, and demethylimipramine.
Addition of a methyl group to the terminal

amino nitrogen to give a quaternary amino
group, as in SKF 2680, does not affect

binding; SKF 2680 has a K3 value similar

to that of chlorpromazine. Branching of the
side chain results in marked reduction in
binding of drugs to the enzyme, as is the
case for promethazine.

Small electron-withdrawing substituents
on C-2 enhance binding, as in the case of
methoxypromazine and chlorpromazine.

Larger electron-withdrawing groups seem
to have no effect, as seen with the CF3
group on triflupromazine. Replacing the

sulfur in ring B with an ethylene bridge, as
with imipramine, does not affect binding,
and sulfoxidation of the sulfur slightly de-
creases binding, as in chlorpromazine sulfox-
ide. This suggests that this region of the

molecule does not markedly affect binding.
Replacement of N-b by a methylene
group may or may not decrease binding,
depending on the other substituents present
on the molecule, as in the case of amitriptyl-
in doxepin, orphenadrine, and EX 10-029.
The large difference in binding between

amitriptyline and imipramine suggests that
substituting a methylene group for N-b

decreases binding. However, some replace-

ments for N-b, as in EX 10-029, result in

binding essentially as strong as that of
imipramine. Ring B does not seem to be
necessary for binding, as seen with halo-

peridol.

It can be inferred from these results with

isosteres of phenotriazine and haloperidol

that the parts of the drug molecule which

are most important for interaction w-ith

the binding site on the enzyme are the

phenyl ring (ring C in the case of the sub-

stituted phenothiazine, and the phenyl
ring adjacent. to the carbonyl group in halo-
peridol), N-b (or its proper replacement)

with its attached side chain, and the alkyl-
substituted terminal nitrogen. This is simi-
lar to other proposed models (26, 27)

for the pharmacologically active parts of

the substituted phenothiazine molecule.

The basic structure important for binding

to glutamate dehydrogenase is show-n in

Scheme 2A. Although haloperidol has a
different structural formula from that of

substituted phenothiazine, it can conceiv-
ably assume a conformation resembling the

basic structure necessary for binding (Scheme
2B).

A correlation of these results with knowrn
effects of the drugs in vivo, based only on the
kinetic constant K3, is very difficult.
While K3 is apparently an estimate of the
affinity of the drug for the drug site on the
enzyme, this constant does not reflect the

degree of inhibition produced by the drug

after binding. The ratio V1/V2 is a measure
of the magnitude of inhibition, but it does
not take into account the concentration

of the drug required for inhibition. In
general, however, correlations can be made

between the effects of these drugs on gluta-
mate dehydrogenase and their antipsychotic
activity in vivo if all three constants are
considered and the effective potency in

vitro is defined as the ratio V1/V2K3. To

simplify these correlations further, the
effective potencies of the various drugs are

expressed as multiples relative to the effec-
tive potency of promazine, which is ar-
bitrarily set equal to unity. Promazine
has been used previously as a basis for

comparing tranquilizer activities (28). The

phenothiazine nucleus alone neither in-
hibits glutamate dehydrogenase nor has

antipsychotic activity, but promazine ex-
hibits both activities (Table 4) (29, 30).

Both activities are enhanced by substitu-
tion of electron-withdrawing groups on

position 2 of ring C, as in chlorpromazine

and t.riflupromazine (29, 31), but not

methoxypromazine (32-34). Substitution

of an N-methylpiperazinylpropyl group at

N-b (prochloperazine), or of an N-hy-

droxyethylpiperazinyl group (perphenazine),
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SCHEME i
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I alkyl substituted
terminal nitrogen
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(B)

ring C aboveanalogous to

replacement of � OH
N10 nitrogen �

side chain �- _________
alkyl substituted
terminal nitrogen

markedly enliamices bot ii activities (Table
4) (31, 35). A progressive decrease in both
activities results from progressive de-

methylation of tile terminal nitrogen to
give demonomet.hylchiorpromazine and de-
dimethylchlorpromazine, respectively (36,
37). Demonomet hyichlorpromazine is only
slightly less active both as an inhibitor of
glutamate dehydrogenase and in ant.ipsy-
chotic potency thati its parent compound,
chlorpromazine (Table 4) (36, 37). Addi-
tion of an extra methyl group to the termi-
mial nitrogen of the side chain (e.g., SKF
2680) results in only a 3-fold increase in

relative effective potency with respect. to
glutamate dehydrogenase. SKF 2680 is

thougilt. to be devoid of antipsychotic

properties because of its inability to cross
the blood-brain barrier.

Shortening of the chain length to 2 car-
botis (fenethazine) or the presence of a

branched cilain (promethazine and tn-
flutrimeprazine) reduces both relative effec-
tive potency \vit.ll respect to glutamate
dehydrogenase and antipsychotic activity
(31). Sulfoxidat ion of chiorpromazine re-

sults in a marked decrease in both activ-
ities (30, 38, 39) (Table 4). In addition,
structural modifications which enhance

antidepressant, antiparkinsonian, or anti-
hist.aminic activity, as in demethylimi-
pramine, orphenadrine, and triflutrimepra-

zine, result in reduction of the inhibitory
effects of these compounds on glutamate

dehydrogenase (Table 4) (31, 37). Chlor-
proethazine and, to some extent, diethazine
are exceptions.

REFERENCES

1. L. A. Fahien amid 0. Shemisa, ZlIoi. Pharmacoi.

6, 156 (1970).
2. C. Frieden, J. Biol. Chem. 240, 2028 (1965).

3. E. Schmidt, F. Schmidt, M. D. Ibormi and U.
Gerlach, in “Methods of Enzymatic Amialy-

sis” (H. U. Bergmeyer, ed), p. 658, Aca-
demic Press, New York, 1963.

4. N. P. Salzman and B. B. Brodie, J. Pharmacol.

Exp. Ther. 118, 46 (1956).
5. M. Berger, J. Neurochem. 2, 30 (1957).
6. IL S. l)e Rupp and E. ii. Snedeker, Proc. Soc.

Exp. Biol. �Ied. 106, 696 (1961).

7. E. A. Kravitz, P. B. Molinoff and Z. W. hall,

Proc. Nat. Acad. Sci. U. S. A. 54, 778 (1965).



EFFECT OF DRUGS ON GLUTAMATE DEHYDROGENASE 25

8. K. Krnjevic, Proc. mt. Union Physiol. Soc.

4, 435 (1965).

9. M. II. Jasper, R. T. Khan and K. A. C. Elliott,

Science 147, 1448 (1965).
10. L. A. Fahiemi, M. Strmecki amid S. Smith, Arch.

Biochem. Biophys. 130, 449 (1969).

11. J. A. Olson amid C. B. Anfinsen, J. Biol. Chem.

197, 67 (1952).

12. C. Frieden, J. Biol. Chem. 238, 3286 (1963).
13. K. L. Yielding and B. B. ilolt, J. Biol. (‘hem.

242, 1079 (1967).
14. J. E. Churchick, Biochim. Biophys. Acta 147,

32 (1967).
15. A. Ullmann, M. E. Goldberg, D. Perrimi amld J.

Monod, Biochemistry 7, 261 (1968).

16. H. Sund and W. Burchard, Eur. J. Biochem. 6,

202 (1968).
17. 11. 0. Spivey, Fed. Proc. 28, 342 (1969).

18. C. Frieden and R. F. Colman, J. Biol. Chem.

242, 1705 (1967).

19. C. Frieden, J. Biol. Chem. 234, 815 (1959).

20. J. Teipel and I). E. Koshland, Biochemistry 8,

4656 (1969).

21. L. A. Fahien and M. Strmecki, Arch. Biochern.

Biophys. 130, 468 (1969).
22. L. A. Fahien, B. 0. Wiggert and P. P. Cohen,

J. Biol. Chem. 240, 1091 (1965).

23. S. F. Velick, J. Biol. Chem. 233, 1455 (1958).
24. B. M. Anderson, C. 1). Amiderson and J. E.

Churchich, Biochemistry 5, 2893 (1966).
25. It. F. Colman amid C. Frieden, J. Biol. Chem.

241, 3652 (1966).

26. M. Gordon, L. Cook, 1). H. Tedeschi and II. E.

Tedeschi, .1 rzneim ittei-Forsch ung 13, 318
(1963).

27. Ii. ltamirez, Fifth mt. (‘ongr. Coil. mt. Neuro-

psychopharmacol. 1164 (1967).

28. A. Burger, ed., “I)rugs Affecting the Central

Nervous System,” Vol. 2, p. 327. Marcel

Dekker, New York, 1968.

29. G. Curzon, “Biochemical Aspects of Neuro-

logical I)isorders,” Ser. 3 (J. N. (‘umings
and M. Kremer, eds.), p. 82. Blackwell Sd-

entific Publications, Oxford, 1968.

30. 11. S. Posner, E. Hearst, W. L. Taylor and G.

J. Cosmides, J. Pharmacol. Exp. Ther. 137,

84 (1962).
31. M. Gordon, P. Craig amid Zirkle, Ath’an. Chem.

45, 140 (1964).
32. A. Manian, D. Efron and M. Goldberg, Life

Sci. 4, 2425 (1965).

33. J. C. Burke, J. Paila and 11. Yale, Meet. Soc.

Pharmacol. Exp. Ther. (French Lick, hid.

1956).
34. F. Sulser, J. Watts and B. B. Brodie, Ann. N.

Y. Acad. Sci. 96, 279 (1961).
35. L. Cook, Meet. Amer. Psychiat. .‘lss. (Phila-

delphia) (1956).

36. G. Brune, H. Kohl, W. Steiner and H. Him-

wich, Biochem. Pharmacol. 12, 679 (1963).

37. W. Steiner amid II. Hiniwich, Biochem. Phar-

macol. 12, 687 (1963).
38. J. D. Davidson, L. L. Terry and A. Sjoerdsma,

J. Pharmacol. Exp. Ther. 121, 8 (1957).

39. N. C. Moran and W. M. Butler, Jr., J. Phar-

macol. Exp. Ther. 118, 328 (1956).




