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Perphenazine and haloperidol have been shown to be potent inhibitors of the r(’actiOns of

keto or amino acids with glutamate dehydrogenase. These drugs do not significantly inhibit

amino acid dehydrogenase reactions catalyzed by the complex formed between glutamate

dehydrogenase and glutamate-oxalacetate transaminase, even though, in the presence of

transaminase, they (‘an still bind to glutamate dehydrogenase. Apparently, when these

drugs are bound to glutamate dehydrogenase in the enzyme-enzyme complex, they cannot

alter the conformation of this enzyme in the same manner that results in inhibition ()f the

free enzyme. The transaminase-glutamate dehydrogenase complex catalyzes many amino

acid dehydrogenase reactions with substrates such as tyrosine arid aspartate. Sinc(’ the
enzyme-enzyme complex is not inhibited by these drugs, the amounts of transaminase and
glutamate dehydrogenase in mitochondria are an important determinant of the degree of

inhibition produced by these tranquilizers. If the levels of both enzymes are low, amino

acid dehydrogenation would not be catalyzed by the complex, and l)erl)heflaZine and

haloperidol would be quite potent inhibitors. If the levels of both enzymes are high, the

amino acid dehydrogenase reaction would be catalyzed mainly by the enzyme-enzyme

complex, and these drugs would not be significant inhibitors.

INTRODUCTION

It has been recently found that some tran-

quilizers, such as perphenazine, but not

antidepressants, of a structure resembling

desipramine, are potent inhibitors of gluta-
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mate synthesis through glut aniat e dehydrog-

enase [b-glutamate: XAI)(P) oxidoreductase,

EC 1.4.1.3] (1). Haloperidol, also a tran-

quilizer, is-as found to be a very potent

inhibitor of glutamate dehydrogenase, but

promethazine, which is structurally similar

to perphenazine but lacks tranquilizer 1)0-

tency, does not inhibit glutamate dehydro-

genase (1). In general there is-as a correlation

between the inhibitory effect of these drugs
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011 glutamate (lehydrogenase and their t.hera-

peutic action. Several oth(’r experim(’nts

suggested that the enzyme-inhul)it ory effects

of these drugs could be pharmacologically
signihcatit : (a) glutamate (2-5) tlui(l gluta-

mate dehydrogenase (6) have important

neurochemical functions , and glut amate dc-

hydrogenase is Present in high levels in brain

(7-9) ; (b) thi(’ inhiibitioll constant of traii-

(luilizers such as haloperidol is quite loss- (1);
(c) these drugs do not inhibit other enzymes

of glutamate metabolism, including gluta-

mat e-oxalacetat e transaminase (L-aspartate:
2-oxoglutarate aminotransferase, EC 2.6.11)
and glutamine synthetase (9) ; (d) halo-

Peridol has been tested in tivo and has been
found to lower brain levels of glutamate (10);
and (e) these drugs are not simple competi-
tive inhibitors of glutamate dehydrogenase

but apparently are bound to a unique site on

the enzyme (1, 9).
Glutamate dehydrogenase in bovine brain

and liver (7, 9) is kinetically and electro-
phoretically identical and is affected simi-

larly by the tranquilizers. Therefore these

drugs probal)ly do not inhibit the brain

enzyme selectively on the basis of its unique

properties. Possibly organ specificity is de-
termined by the microenvironment. lor

example, high DPNH:I)PN, ATP:ADP,

DPXH : T1�NH, or GTP: ADP ratios favor
inhibit ion ()f glutaniate dehydrogenase by

some tranquilizers in vitro (1, 9). Alterations

of these ratios in mitochondria in rico might

result. in inhibition of the brain rather than

the liver enzyme.

Another factor which could alter the

effects of these drugs on glutamate dehydro-

genase in different organs may be the level

of other mitochondrial proteins, such as

glut amate-oxalacetate t ransaminase. This

is because in the presence of reduced pyridine
nucleot ides an(l NHi� glutamate dehydro-
genase can reversibly catalyze the conversion
of this enzyme from the pyridoxal to the

pyridoxamine phosphate form (11-14).
Thus, in the presence of some amino acids,

oxidized pyridine nucleotides, and both en-

zymes, certain amino acid dehydrogenase

reactions may be catalyzed by the enzyme-

enzyme system but not by glutamate de-

hydrogenase alone. For example, tvrosine

does not react with glutamate (lehydr( )g(’li-

ase alone, but it does 1)articipate in a
tratisaniinase half-reaction with the p��i-

doxal PhosPhate form of the transaminas(’

(14-16) and (�0tise((1.IeI1tlV rea(’ts with DPN

to l)rodue(’ equiniolar amounts Of DPNH,
XH4+, and hydroxyphenylpyruvate in the

enzyme-enzyme system (14).
In reactions betsveen glutaniate dehiydn )-

genase and traiisaniinase a (‘OIIll)lex is �

parently formed l)(’tsseen the two eIlZ\tl)(’s,

atid tlu’ glutanate dehydrogetiase in this

complex react s with t ransaminase-l )()und

�)yridoxal or pyridoxamiiie j)la)spliat ( ‘. TlThie
reaction is not niediated by keto or alnin()

acids associated svith either (‘nzyme, and the
reactive group is tightly bound to the enzyme
(11, 13, 14). 1�Tidoxal or ))yridoxamille

phosphate is required for the rea(’tion (11,
13, 14), and during the reaction these (‘0-

enzymes are not transferred from traits-

aminase to glutamate dehydrogenase (11).

�sloreover, the two eI1Z\�n1es must be iii

direct contact to react (13). Finally, in the

presence of glutamate dehydrogenase, the
molecular weight of the transaminasu’ is in-

creased (as estimated by Sephadex gel tilt ia-

tion, see ref. 14).
The effects of perphenazine and huh

peridol on reactions catalyzed by the eli-
zyme-enzyme complex are the subject of this

paper. These tsso drugs were used because
they are the most Potent tranquilizers iii-

hibiting glutamate dehydrogenase (1).

In this study crystalline liver rather thait

brain mitochondrial enzymes ss.ere used,

since the former are easier to prepare anti

crystallize (9, 17, 18). Because no differences

have been found between bovine liver an(i

brain mit ochondrial glutamate-oxalacet ate
t ransaminase and glut timat e dehydroget tase

(7, 9), it appears valid to extrapolate trom

the liver to the brain enzyme. A few ex))(’ri-

ments were performed w-ith pig heart gluta-

mate-oxalacetate transaminase; again ito

differences si-crc found between the heart

and brain preparations (16).

MATERIALS AND METHOI)S

En zymo es an ,‘l reagents. Bovine hiv ‘r in ito-

chondrial glutamate dehydrogenase and glu-

tamate oxalacetate-transaminase (t�-aspar-

tate: 2-oxoglutarate aminotransf erase, EC

2.6. 11) were prepared and crystallized by
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Syntli es is oJ ra.(lloactire compounds. Tn-

1l1(’t h )ds descril)ed l)r(’viously ( 1 7-19) . Cyt 0-

l)lasmic l)ig heart glutamate-oxalacet ate
transaminase ivas purchased from Boeh-

ringer/i\ Iannheini Corporat loll . The PYru-

vate used si-as triplv distilled. Other

substrates, coenzymes, nucleotides, aIld en-

zvmes were obtained from Sigma Chemical

Coniian�. Stock solutions of all reagents
svere adjusted t() the pH of the assay system
atid l)repared as sodium salts. Etizymes were
dialyzed for 20 hr prior to use ill these cx-

p(’rini(’nts against 2 liters (tsvo volume
(‘hanges) of 0.025 M sodium arsenate and 0.1
iflM l])TA, j)H 7.5, at 4#{176}.[4-3HIDPN svas
ObtIiilH’d from Nesv i�igland Nuclear Cor-

porat ion. The transaminase ap enzyme sias

prepared according to previously described
methods (20, 21).

ilIea.suremmient of /)rotein concentral inn. En-

z�-me (‘(ii ieentra tion si-as measured spect ro-

photometrically at 280 or 360 nm with the
use of previously published extmction (‘0-

efhcietits (12, 1$-23). Enzyme concentration

is expressed in units of moles of enzyme pep-

tide chain per liter, using 5 X 10� and 5.6 X

10�, respectively, as the molecular weights of

transaminase and glutamate dehydrogenase

PePtide chains (24, 25).
Initial m’elocity imueasureinents. Enzyme as-

says were carried out in 0.025 M sodium

arsenate with 0.1 m�i EDTA, pH 7.8, at

25#{176}.Heactions were follosved spectropho-

tometrically at 340 or 360 nm with a Gilford

mo(Iel 2000 multiple sample al)sorl)ance re-

corder attached to a Beckman DU mono-
chr mmator. Previously described precautions

were used to measure initial velocity in the

presence of (lrugs svhich absorb light at 340

nrn (1, 9).
I)rugs. The drugs svere gifts from Schering

(perphenazine) and McNeil Laboratories
(hiaioperidol, Haldol). Both si-crc obtained in

the free base forni and dlisSolved in 0.01 �r

HC1. Solutions of these drugs were prepared

fresh daily and protected from exposure to

light. The drug solutions svere found to l)e

stable (luring the time required to perform

the experiments. The concentrations of drugs

used in assays svere loss- so that additions to

the enzyme assay mixture did not alter the

pH.

tiated DPNH atid alanine si-crc synthesized

according to previously described methods

(13). Radioactivity assays were performed

as described previously (13).

Amino acid analysis. Amino acid analyses
svere performed svith a Beckman model 120C

amino acid analyzer, using previously de-

scribed methods (13).

I (lent ifi cation of products. \ leasurement.s
of oxidized pyridine nucleotide and of tn-

tiated svater were performed by previously

described methods (13).

RESULTS

./�nzyme-enzyme cow plex. Reduct we ami-

nation of the pynidoxal phosphate form

(GT-PLP) of the transaminase to the pyni-

doxamine form of the enzyme (GT-Pi\IP) by

TPXH (or DPNH) plus NH.1� (reaction 2)

and the tyrosine dehydrogenase reaction (in

the absence of a-ketoglutarate or glutamate)

(reactions 1 and 2) both require the gluta-

mate dehydrogenase-glutamate-oxalacetate
transaminase enzyme-enzyme complex. Since

glutamate dehydrogenase does not react

with tvrosme directly, this latter reaction

takes place as

Amino acid + GT-PLP

keto Acid + (T-PMP (1)

1120 + DPN (or TPN) + GT-PMP

1)PNH (or TPNH) + NH4� + GT-PLP (2)

si-here glutamate dehydrogenase catalyzes

reaction 2. Similarly, the reversible aspartate

dehydrogenase reaction is slosser in the

presence of glutamate dehydrogenase alone

than in the presence of both enzymes (12,

14). These reactions, svhich are catalyzed

mainly or exclusively by the enzyme-enzyme

complex, are not inhibited by halopenidol or

perphenazine at concentrations sufficiently
high to inhibit reactions catalyzed by glu-

tamate dehydrogenase alone (Fig. 1). There-

fore t.liese tsvo tranquilizers, svhich are l)Ot(’nt

inhibitors of glutamate dehydrogenase in the

absence of transanunase (1), do iiot signifi-

cantlv inhibit reactions catalyzed by the

enzyme-enzyme complex.

Enzyimie-enzyme vs. enzyme systemmi. High
levels of glutamate dehydrogenase are re-

quired to catalyze the reductive amination

of pyruvate or oxalacetate in the absence of
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Fi;. 1. Plot of ratio of velocity imu ab.sem,ee amid

presemuce of drug um’ith respect to drug comucemutratiom,

When the reactu)n � catalyzed by the enzyme-

etizynie complex, pcrphenazine and haloperidol
had no effect at the levels of drug used, and t hits

the ratio is equal to 1. These assays were (a)

the tyrosine dehydrogcnasc reaction in the

presence of l)erphcnazine , nitorhondrial glu-

tan)ate-oxala(etate transanunase (1.5 juSt) ,

tamate dehvdrogenase (0.24 mg,ml), 1)PN (1.0

mit), and tyrosine (4.5 mit); (b) the aspart ate

dehydrogenase reaction in the preseiwe of pcr-

phenazine, niitochondrial glutamate-oxalacetate
transaminase (0.5 psi), TPN (it) mit), aspart ate

(10 mM), and glutamate dehydrogenase (0.5

mg,ml) ; (c) the reductive anlinatioti of oxal-

acetate in the presence of perphenazine, mit-

oc hondrial gl at amate-oxalacet ate t ransam in ase

(0.6 psi), glutamate dehydrogenase (0.38 mg in!),
TPNFT (100 nit), NH4CI (50 mit), and oxal-

acetate (100 suit) ; (d) the reductive aminat ion of

transaminase-bound pyridoxal phosphate (PLP)

in the presence of perphenazine, uvtoplasmic glu-

tamate-oxalacetat e t ransaminasc (20 �iiI), 1)PNH

(20 �A1), N1L4C1 (50 mM), and glutamate dehydro-
genase (1.0 mg ‘nil); and (e) the reductive aniina-

tion of pyruvate in the presenc’ of haloperidol or

perphenazine and pyruvate (1.0 mit), NII4CI (50
mM), 1)PNII or TPNH (20 �uil), glutamate dehv-

drogenase (0.5-i mg/ml) , and cyt oplasniic gi iii a-

mate-oxalacet ate transaminase (20 m�M ) . lii tIle

above assay the I yrosi tie dehydrogenase react ion,

the reductive amination of low levels (100 Mit) of

oxalacetate, and the reductive ainination of trans-

aminase-bound pyridoxal phosphate require both

enzymes (ii, 12, 14). In the other assays the rear-

tion is catalyzed Predominantly by the enzyme-
enzyme complex (see tile text and refs. 11, 12, and

14). The effects of haloperidol or perphenazine on

react ions uat alyzed by glut anlat e dehydrogenase

in the absence of the transaminase holoenzynw are

shown in (�l1rve5 _4-F: curve .4, reductive antina-

tion of a-ketoglutarate itt tIle presence of ��r-

t.raiisaminase (3 ) . Hosvever, as tnansanhinas(’

is added, this enzyme displaces the keto aci(i

fron� glut amate dehydrogenase so that the
reaction l)e(’omes catalyzed by the enzyme-

(‘nzvme (‘omplex (reactions 1 and 2). That

is, as the level of transaminase is increased,

the pynidoxal I)h)osl)hlate form of this (‘nzynIe,

rather thati the keto a(’id, reacts ssithi gluta-
ilitlte (lehydrogenase. �fhis has beeii jut erred

from kinetic (‘xpenim(’nts (12) and is con-

firmed l)1� th(� following (lirect (‘xpenilu(’llts.

In these exj)eninu’nts 2-nl solutions of

tI’itiated 1)PXH (ssithi tnitiuni on the B side

of the �)y1’idiiI1(’ ring) (100 pM ; specifi(’ a(’tiV-

� 300 to 400 cl)m. nrnole), NH1(’l (50
m.si), pyruvate (1.0 mi�1), and glutamate

dehydrogenase (0. 1 3 n�g�’ml ) sv(’ne in(’IIh )at (‘(1

for 75 mm in th(� I)1esenee or al)sence of

(‘vtoplasnlic transaminase (1.0 n)g,n)l). At

thie (‘lift of the in(’ubation the (‘oncellt ration

of DJ�N svas nieasurecl and the solutions

svere deproteinized and applied to tlu amino

acid analyzer. Alternatively , the r(’a(’tion
mixtun’ si-as chiromatographed on a (‘olun)n
of I)EAE-Sephiadex as i)reviously desenib(’d

(13), and the fra(’tions contaiiiing tnitium

a nd/or alanine si-crc then chiromat )graphl( ‘d

in the amino acid analyzer. Identical results

phenazine, a-ketoglutarate (100 MM), TPNII (100
MM), NII4C1 (50 mit), and glutamate dehydrogen-
ase (1 �g /iiil) ; B, redact ive aniinat ion of pyruvat e

lfl tile presetie of haloperidol, pyruvate (It) mit),

NH4C1 (50 mit), glutamate dehydrogetiase (oS

mg ‘ml), and TPNII (100 Mit); C, reductive amitia-

tion of pyruvate in t he presence of perphetiazi tie,

l)yrulvate (1.0 mit), NII4Cl (50) mit), 1)PNII (2(1

Mu), and glutamate dchydrogenase (1.0 nig’nil)
I), the redact ive anlitiat ion of oxalacet ate itt t lie

presene of perphenazine, oxalacet ate (500 MM),

TPNII (100 Mit), NII4CI (5(1 mit), and glutamate
dehydrogetiase (0.5 tug iii!), ivitli or without 20

M51 (Vt oplasnii( glut amate-oxalacet ate t ransatni -

tiase apoenzymmue ; F, reductive atnitiat ioti (if a-ket

gi itt arate in the pi�set�tt’ of a-ket( glut aiat e (2.()

mit), NI14(’l (50 mit), 1)PNII (100 MM), glittatitate

dehydrogenase (0.4 �g till), and perphenazine I”,
Sa�It’ as calve L i)ttt iii t ii perphenaz itie rel)la((’d

by haloperid d . All oust it tients were inuitbat ((1 at
25#{176}for 5 tnt ii, after which I lie glut amat e dehvdn -

genase-catalyzed react ions were itiit iated by add-

i tig t he PY 0(1 i nt ii title it ide (( erizyme. ‘fliese cx -

peritiients were performed in t).025 it sodium lit’-

senate and 0.1 mit El )TA, 1)11 7.5, at 25#{176}.
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�( ‘1.0’ obtained si-itii cit her met hod. Equal

amounts of DPN and alanine were produced

in the absence of transaminase, svhiile slightly

more I)PN than alaninc (100 vs. 70 p�i) was

produced iii its presence. In thie latter expcni-

111(’tit thit transamitiase remain(’d in tIme

pyi’idoxal form. In the absence of transami-
nas(’ all the tnitium svas eluted from the

anahyz(’n with alanine. In the presen(’e of

tratisaminase essentially all the tritium si-as

el at ((1 as t nit iat(’d si-at en. These results are

consistent svitli tIme concept that ammonia is

incorporated by the transaminasc’ and not
by glutamate dehydrogenase and that the

keto a(i(i reacts svithi the amine form of the

tratisamnmase. It seems unlikely that all the

alanino’ in the experiments above si-as pro-

duced via the glutamate dehydrogenase re-

action and that the alanine exchanged tn-
tium with wato’r by reacting si-ith tIme pyn-

doxal form of the tralisammase. In control

o’xporimo’Ilts [a-1H]alaninc, unlike glutamate,

Fm �;. 2. Plot of velocit!, (muicromm,olez per liter per

mu mule) of liP_V production with respect to comuemm -

tra titim,of cytoplasmm ic �jlu tammmate-o.ralacetate tra ni -

amnmna.se-boun(l pyrido.ral phosphate (FL?) in the

prezemce (curves A omit! B) amid absemice (curves C

(imul 1)) of 1.0 intl pyruvate amid the presence (curves

B timul D) and absence (curves A and C) of 200 M11

per ph emmazine

The c mccii tration of glutamate dehydrogenase
was 1.0) nig. ml; 1)PNH, 20 Mit; and ammonium

chloride, 50 iimut. All cotistititents of the assay cx-

copt l)PNII were incubated at. 25#{176}for 5 mm. At
the end �mf this time 1)PNII was added. The cx-

l)(rinletlts were perforiiied in 0.0)25 it sodium ar-
S(tuute :iti(l 0.1 niu El)TA, p11 7.8, at 25#{176}.

could not (‘xchange all its tnit.iuini svith siat(r
by nacting ssitlm glutamate-oxalacetate

transan)inas(’ (13). \Vhien the glutamate-

pyruvat(’ trahisanhitlas(’ is ineul)atedl svith
[a-3Hlalanino’, (‘ssentially all thu tnitium is

transt(’t’t’(’(l to siatet’ (13).

.\..lt h )ugh 1)el’Phm ‘i iazinc I11)d halopo’ridol

itihiibit t lu 1(’di.i(’til’(’ tlfliilicltic)li ()f pyruvate

or oxalacet ate by glutamate d hiydrogenase

alone (Figs. 2-4), the�- have 110 significant

effect si-hen the level of tratisantinase is

sufficictitly high for these reactiotis to be
mediated by the enzyme-enzyme complex

(Figs. 2-4). The transaminase apoenzyme,

which (lots not react svith glutamate de-

hydrogenase, did not alt(’r time (‘fleet of these

drugs ott these reactions (Fig. 1).

DPVH o.ridase activity. Cytoplasmic glu-
tamate-oxalaeetate transaminase (‘aim ()Xi-

dixe I)PNH (but not TPNH) in time Presence

of NH.1�. This reaction (DPNH oxidation)

can take place svith time transaminase apo-

enzyme or pynidoxamine phosphate form as

svell as time pynidoxal phosphate form of the

enzyme. l’or these and othien reasons it has
beell concluded that in this reaction a group,

Ft c; 3. Plot of veloelt !/ (mmeicrommiales per liter per

mm 1mmmute) of TP_\ product iomm with respect to con cen -

trot lam, of mmtitoeh ondrial ql uta mmmate -oxalaeet ate trans -

amn im,ase-boumul p!/ridol(1l p/los p/mate (FL?) imi the

absence (curve 4 ) amid presence (curve B) of 100 MM

per phemm(izime

Additional experimental (( 01(11 t ImIIis were

TPN II, 100 Mit aniiiiotiititii chloride, 50) mit ; oxal -

acetate, 10)0) Mit; and glutamate dehdrogenase,

0.35 tug ‘nil. All const it netits of t he assay except

TPNII were iticmil)at.e(l at 25#{176}for 5 mitt. At the etid
of this time TPNH was added. i�emaitiitig experi-

tiietit al condittotis are given itt t lie legend to Fig. 1.
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1�’i (; . 4. J)/��/ (If me/mn, I !/ (mumimromm,mmle.s per ii /(‘1� per

7)( 1 ii (I t( ) (If ‘1’l�.V pro(!umt mo mmmeith respect 1(1 COIl cc mm-

tratiom, of (!/topla.siml i( (/lot(!m)((Ile-o..ral(ieetale Ira,,.s -

amm jm,a.se-bou nil p!,ri(!�xal /)hos/)i1(11( (PLJ� ) , m, time

ab.scn(e (curie .4 ) a mI(l pre.senme (r uric I� ) of 85 M11

h a lopo’ridol

��ddit iotitl (Xl)et�itll(’tit il � ti(lit i 015 \i(tt

‘I’PNII, 20 Mit ; atiiniotiitini lilonide , 5() nut ; l)Y1ti

vate, 1.0) mit; atid glut atnate olehydrogetiaso, (1.5

rngnil . All � (tist it itetit s of t lie �ss�y except TPN 11

were incubated at 25#{176}for 5 tam. At the end of this

time 1P�S 11 was added. Ueniainitig (XI)etiIll(tit il

condit iotis ito giveti in t he heget#{236}d 0(1 Fig. 1.

()ther thami pynicloxal phiosphato, tightly

bound to the transaminase is reductiyely

aminated (13). It has been (‘otieluded that

this grouj� do(’s not I’eaet with glutamate

dehiydrogo’tmase (13). l” a example, if pvm’i-

doxal PhIt)51)hlttt( is ro’moyecl fit an t lie tratis-
atUituis(’ liii(i til(’ al)O(lizViTlt’ is tt’t’it(’d with

NaBH1, 1)PNH oxidase activity is lost.

Hosvevei’, if tIme ��aBH -tt’oat(’d aj)oenzvmo

is reconstituted siithi pyt’idoxamine phios-

phate, 1)PNH oxidase a(’tivity is not me-

stored, hut the neconstitutc’d redu(’ed apo-

enzyme is tsvice as reaetis-e with glutamate

dehydrogenase as is the t)niginal native

holoenzvme. Siniilam’lv, treatnient 0)1 1 hit

pynidoxantine phosphate form of this en-
zvme svith phenylhydi’azitie markedly in-

huibits DPNH oxidase activity but does not

alter reactivity siit ii glutamate dehivdr -

getuase. Thereft mno’ t hit group ott t hue t ta tis-

antinase which oxi(iizes 1)PNH can ap-

parently be inactivated by these reagents,

svhich rca(’t svithi CIirl)Omiyl gmoutps svithmout

tl tci’imig (11’ ti’eli (‘I ihiammeitig 1’(lt(’t iiit V si-it ii

glutanmate (l(hmy(ht’t )gonase ( I 4). (‘otiso’-

t�l.it’titl\� it is (‘OIU’lUdt(i that glutantato’ (It’-

hiydnogo’tiasc (10)05 iit)tm’otuct ivithi this group.

As shit)iitt in lable 1 , high (‘o)nt’o’Iitratit)mis

0)1 l)eIPhittiazimio hmts�t ii( ) t’lft’(t o )ii t hit I ) P1\F1I

oxidase a(’tivit\ of tho’ tm’atisamitmase.

J?ea.cliomm nit/i a-ieloglularate. As shosvti iii

‘.I’al)le I, mieithmei’losv levels of glutamate (it-

his drt genase al( )tl( itt It ci-kttt )glutal’ate ltl( )Iit

affects the I)PNH oxidase aetivitv of thit

t t’ansamimiase. HI )iVtVtt, iti tho’ plt’5(’n(’t’ t )f

glutanmate (leh\dt’t)gtIiast, a-kt’toglutaratt,
an(i tratisanutiaso, the nato (if 1)P\H oxida-

tiout ((is pM ‘miii) is (‘()Iisi(ltt’ah)lV slower

than tIme sum of thmo rates of thmo 1)PNH oxi -

(last i(tt(t.lOti altait (4.2 pM mimi) Plus tlit

glutamate dthiydrogtttase rtaetit)Ii alone (4.5
pM/mm). This suggests that thit tnansanii-
iiUS( ilihiil)its tlit’ glutamate (lthmvdrt)go’tiaso’

react ion. I tihiibit �t (Ii (‘0)111(1 mu )t 1)0’ duo’ to

‘I’.slItL I

I,, tem’arl /0,, (11111/il q per/)/m en azimi ( , tma n.sami(in use,

yl (I t(imli tit 0 (/0’!, !fllrot/e ,,a.u and lou levels of

� -keloylu I (irate

.A.ssays wet-e pt rf )rnl((1 itt I lit )t(’setico of 1(10)

MM 1)PNII, 50)‘lilt NII4CI, (1.0)25 it sodium arsottate,

and 0.1 tnmt El )TA, 1)11 7.8. at 25#{176}.The react iotts

were st att ed iii lii I )PN 11 aft or a lt)-tiii ii i ncuba -

iou of t lie other cons 0 it imen is of t lie assay it

25#{176}.I tii I in! velocity (1 ) iS (Xl)itssed in tin its of

microni( IllIt (1 It(c(’tt I 0(111 Itt I If I ) PN pr id tired ret’

niitiiit e. Tratisanii inst cottceitt rat loti is expressed

itt niic r moles per liter f I rattsanii naso’ pept i(Ie

din itt (It (If I ratisa tt ii ft USC -1)1 Itt ti(lI’Y ridl x: I p Ia s -

l)hiltl e.

a-Ketoglu- Glutamate Perpheti
tarate dehvdro- azmne

genase

M.ti M.t� iii! Mt! jj.t!

0) 0) 0) 3(1 4.2

0) 1) 10)0) 30) 4.2

0)1 (1 0) 30) 4.2

0.1 0) 10)0) 3(1 4.2

(1 0.35 0) �I0 4.2
0) 0.35 10)0) 30) 4.2
01.1 01.35 0) 3(1 6.5

1)1 0)35 0) (1 4.5

((.1 0.35 10)0) 0 3.2

0.1 0)35 10)0) 30 hO



1)inding of I)PNH to the transantinase, since T.s1mt�F� 2

in tIme absence o f tratisaminaso’ th� conceIt- Immter(lttiom, amm/ommy p(’rphemmazimme, tram,sanmim,ase,

tl’tttit)im t)f 1)PINH can be loiiered from 100 to glutammiate (!ehy(!royemmase, a,,d high levels of

70 pM (a difference equal to) time concentra- a-ketoylutarate

tion of transantinase pe�)tide (‘hams Present) Assays were l)erfornied in the Iresetmce of 101)

svithout altering th( rate of the glutamate Mit 1)PNIJ, 50) mit NH4C’l, 0.025 ii soditumi arsettate,

dohydnogommase roaction (26). This itmhihition

of glutanmate do’hydi’ogenaso l)y the traims-

antmnase (‘0 uld be duo to) displaeememmt of a-

ketoglutarate front. glutamate dehis�irogen-
. . .

t’s o’� ti ails imimta� bound pi nidoxal phos
. .‘ . . . . .

iilm itt ‘1 ho r itt i’� inimibito (I b( (d1i’�t si hu Ii

the level 0)1 glutanuate dehtydrogetlas( is loii

tratisaminase (‘an b( bound to this enzyme

i)lit cannot l)( (‘otivented to the I)\�nidoxa-
. . r � ‘ .

mine phosphate form. I hius the transami-

afl(I 0.1 ‘miii J:I)TA, 1)11 7.5, at 25#{176}.The reactions

were started with 1)PNII after a 10-mimi incuba-

� �#{176}‘� lIf t he ot her (‘(IttsI it tietit s of t he assay’ at 25#{176}

Ittitial V(lO(ity (1W,) is expressed in units of ini�ro-

rn(Ilar (Ilttdefit rat toti (If 1)PN I)rlmduded per nminute.

1. ransanittiase dllticetit rat tI)tt 15 expressed in timaro-
uliIIes P#{176}I litet (If ti itt� imttt i’,e I)epticle C h titi oi

Of � ratisaniitiase-hI)uti(1 1)m’ri(I1Ixa! phIIsl)hate

� �

a-Ketoglu- Glutamate Perphen- Gluta- V�
tarate clehidro- azine mate-

gertase oxalace-

nase acts as a compctit.ivo inhibitor of tate

cu-ketoglutaratc. TImis sio)ulcl exj)iaiti svhv in
. . . ,

the presonco 0)1 p(nphm(’Imaztn(, giutantate

tratis-
minase

- --------.

(I(’hydrogenase, tnansaminase, and losi levels �‘�“ Mg in! Mu! Mtf

of a-ketoglutarate, th( rate obs(nved ((1.0

p�i/mnin) is t’55(’ntiallv equal to tho sum of
. ) - . .

time rates of thio Dl IN H oxidas( reaction

(4.2 piI/min) J)h115 tho’ glutamate dehydro-

g(nas( r(a(’tion (3.2 psi mimi) . That is, in the

1)1’(seImc(� of lois con(’tntnatn)ns of cu-keto-
glutarate and both o’mizyntes the rate is

(‘sseiltiall\ time 5IuIfl( (01.0 vs. 6.5 pM/mili

Table 1) iii citht’r tIme 1)nes(llc’e or ai)scnee of

j)erph(’nazitmc. This result again is (‘onsistelit

with th (‘oncept. that i)enPhttlazine has ito

effect on the enzynie-etizymc (‘omj)lex.

\Vhmt’n time level of a-kctoglutaratc is suffi-
(iently high (2.0 niii) to clisplact traits-
amiliase from glutamate dehmydrogenase, the

sum of thm( rat(S svithi (mt.hen (nzvme alone is

((fual to thu rate of time roaction in the pn�’s-
(mice of 1)0th! (‘iIZVIfl(5 (Table 2). L�ndei’ these

conditions, thicrefore, time transanminase is
not bound to glutamate dehmvdrogcnas(’, and

. 1) 30) 4 .2
2.() 0)12 0) 0) 6.0
.� � () � 0 �o) 10)

)() () � 11)0) � 0) 1 0
2 0) 0) . i� 100) 30) 611)

- -�-------

tide. Also, nione imihlibitioli iS pnoduc’cci if a

high (‘()ncentration ()f glutanmate dohydrogen-

I15t � ilmtI1.il)Iit(d iVithi j)(’rj)hm(nazilio’, (liluted,
and assay(’d than if a smallor anuouiit of en-

z�me is incui)ated with tIme samc amount. of

drug auid asStty((i dii’’t’tly. Howeven, after

about 2 mimimi� the Vol0(’itV of time uoaetion in

thit’ ciiluto’d samiuple 1)egins to in(’ntase and tip-

1)1’((liehts tiitit of thmo’ llmldiltit(’(l sIiIiiI)l( (1).
Ilitso’ rosults time c’((tms;st(mit isithi the c’oii-
((1)t thitiit i)immdiiig of I)ol’ph(miazilit’ to gluta-

mat’ dehcirogo’nase (‘aim be described by

E(f. 1:

perphcnazmlm( inhibits time reaetiomi in the

Pt’os(mi(c of both enzymc:s (velocity is losvered (1)

from 10 to 6 pM/mm; see Table 2).

Median isin al pei’p/ienazuie-lransaminase That is, an enzymo-penphienazimn’ complex

interact urn. It hums been showmi that 1)em’PhI(n- (EP) can form i’apmdlv, but this (‘()mpleX

zinc is more iiihibitory if it is itieubated with slowly forms a ntor( ilihiibit(d (OmpheX

glutamate do’hydnogenase for at least 4 mm (EP*) in which thio’enzyme is more inhibited.

and time rea(’tion is thcmi started by adding Dissociation of .EP* is much less reversible

DPNH than if thu drug and enzyme ate not than that of EP. Tim( rate constant 14 is

incui!)atcd. (‘onso’quentlv time above expeni- smaller thamm k� , and bothm are snmah1 with

ments were repeated by first incubating gin- respect to /�i and k2.

t amate dehydnogenase si-it hi penphmenazm ni and The o xp(’niments iii this paper demon -

starting the neaction svith pynidine nuclei)- strate that perphenazine does not signifi_
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I..,

F + P ,-iii’�. El� ;i:ii EP*
1,.�



i)ilutititi �if

incubat ioti

SI)lUtihitl

1:10)0)

1:50)

1:100

1:50)

1:10)0)

1:50)
1:10)0)

1:50)

17
47

.12

21)

58

(ml
47
.).)
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catitly inhibit I’t’ad’tions eatal\Zed by the

(mmzynle-cnzynmc CO)mI)lex. Fins suggests that
tratisaminase might dlisplad’c p(l’pim(tiazmne

from glutamate dthvdrogtnase. To t ( st this

l)OssibilitY, pcl’ph(imaziiie iias in(’ubat((i siitiu
glut anmato ‘ deimydnogenaso ‘ in t lit’ � ‘mlee

and absemice of t.i’ansamninase. Iliose solutiotms
SV(ie then diluted audi assayed fon glutanmate

(io’hydlrOgo’naSe act ivity. I f trammsanmimmaso’ �i’c-

V(tmtS 1)mndimmg of perphmeiiaziime, the L’J� �‘��ni-

jlex should hot I)d’ fonnted in timo’ presottco of
transanm.inase, ati(l the (liiuto’d glutamato

doimydrog(tiase should not 1)0’ ininb)ite(i. If

ponj)h(miazine is boumid in the j)I�(50tm(’t’ of
tI’ansanuiimas(, t lie diiluto’dl glut anmat( tie-

hmydnogenase should ho’ immhmii)it((i.’ As slit ain

in Table 3, this is time (‘ase. In sinmilat (xponi-

nmonts it si-as foutmd thmat if 30 pM (‘\toplastlti(’
transammnase was added to) tIme assay of the

diluted, iimcubated l)(t’Phl(liiiZIIi( glutanmate

dchdnogo naso so dut i n, the t mansamim iase

had no effect on the timo (‘o)urse of ptt’phen-

azine inhibition. This finding is consistent

svith tiut’ results of Table 2, which (l(nmomm-

strat((I that transanminase has ti() (‘fft’(’ton

pei’pheimazine inhibition if time 1(5(1 of a-
kotogiutarato is hugh ami tI’atisamimias( (‘((a-

scqucimtiy cannot be imoutmd.

1)1 SC U551 ON

B.o;ictions catalyzed b\ tin complex (if

glutamate delmydrog(nasc and I ramtsanmimmas(

ai’e tiot significantly inhibited by high (((It-

o’entratmons of penphmenazine on haloj)enidOl

(100-200 pii). rfii(Se tirug (‘otmd’emitratiOmls

1)10(10cc maximal itihibiti In of glut amato’
(iehydrogenase in the presence of higli comi-

d’entratio)nS of a-ketoglutanate (1). It is not

pra(’tical to use sigmuheantly higher eoncen-

tratiotis of these two drugs because of their

limited solul)mhty in svatem. Perphenazine

and haiopenidol svere found to be timo most

potent inhibitors of the reaction si-ith gluta-

mate dehydr( geumase and a-ketoglut ann t (

(1). Therefore, since es-en quite high levels
of these drugs do not significantly itihibit

reactions catalyzed by time enzyme-etmzvme

in previous experilnotils it was showtt that

DPNII (1(Ies n(It alter the anilluitit of itthtihitiort

PrIIdu(eoI by perphettazitte whott it is itictihat �I
with high commcent rat ions (If gl it aniat o doItvdrl I-

genase anti t his s,,l mit il ti is dii tiled tttiil liSSii�VO(l (8)

TAll!.. :�

.1�’ffeet (If tramisamim i nose omm im,/mlb/I /00 of glutammiale

deh ydroyemm use by perph O’liOZ lime

Glutamate dehyolrogettase (63 �g, mb was in-

ctibated alllne (II’ tiith the dllftcettt ttiti((tts hf per-

phtetiazine atid Or oyt oplasmic glut aniate-oxalace-
tate t ratisaminase shown beII(w itt 0.025 is sodium

arsettate titiol 0)1 tiiu El )TA, 1)11 7.8, at 25#{176}for 10)
miii, t heti diluted with aft(l assayed in I he s:tme
huller. The assay mixture clOt I ai tied 100 Mit

I )PNII, 50) mit NII4CI, :tti(I 2 mit a-ketoglui arate

at 25#{176}Specific activity is expressed in miorotnlules

(if I)PN produced per nil ti itt e per mill igrani (If

glutamate dehydrogenase Trans:tnii nase concen -

tint II ti �S oxpresse(1 in tttic roml Iles per lit or wit hi

respect III lId)) ide chiai its.

A(1(IiiionS IC) incul,ation

solt.i I i()ti

(fit

Peuplttttaz i tie (21)1) MM)

Sliecitic ac-

tivity of

glutamate
dchvdro-
genase in

assay

�l at atitat e-oxalaleI ate

I ratisaunittase (17 Mit )#{176}

Peuphiottazitte (200 Mit) +

glut anlate-IIXala(et ale

1 tattsafititi;ts( (17 Mit)

The slight lv fast ct r:u e found iii I lie ptosotice

1 hiatt iti tIme ahsetime � t rattsaniittase is oltie III I lie
fact that I ratisani iti;tso 1)1111 ens gi itt attatt e dcliv -

drogeitaso agaitist flaIl iVlttlllft.

complex an(l since thov are th( most potent

inhibitors of l’oaetit)Ima catalyzed by gluta-

mato dehy(irogomiase alone, it seems safe to

(‘onclude that t t’anquilizens svhich nmankedly

inhibit rea(’tmt)tts cataized by glutamate

dehmydnogemmase alono’ (10 not significatit lv

mnhmibit rea(titlns catalyzod i)y time gluta-

i’nate do’hydrogo’miase-tratmsanmimiase (‘nz\-nmo’-

(nzymo conmplox.

Th( ineffeet ivenoss of these drugs iii

inhibiting the etizynmo -eltzym( complex is
not due to tratmsfo’n of biiiditig of the drug

from glutamate doim drogetiast to the I namis-

anmimiase. In all the cxptnimo’nts reponto(l

above, timo molar ratio of drug to tramisammii-

tiase peptido oimaitis was quite hmighm, as high

as 500: 1 iii thit react ititi wit hi TPN and

aspam’tate. Thus hitidimig of drug b tramms-
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anminaso could not depl(tc time c()n(’entration

of drug available to itmhibit glutamate de-

hydrogenase. Furthermore, there is no cvi-

dence that thles( drugs tui’e bund to time

transaminase. Theso’ drugs hmave mmo effect oii

tramisamumase activity (0.)) Ol’ the DPNH

oxidaso rea(’tion.

1�or tramisanumnase to) huive an effect on

iimhibition by these drugs, it nmust he bound

to glutamate deimydrogt ‘imase. rn transam-

inase apot’nzyme (svhiich is not hound;

refs. 1 1 , 14) dolts not alter inhub)it.ion i)v thm(se

drugs. Nor dolts p(’nphlonazimic affect time

t ransaminase-glutamate th’hydnogenase �

tenu siimc’mmthe los-oh of a-kotoglutarate is losv

and an on zvmc-o ‘nzvm( coniplox can be

formed, svhmereas it is inhibitory whu’iu the

levol of this keto acid is high and an enzyme-

enzyme conmplex caimnot he formed. I’unthen-

more, perphenazmne has no (‘ffoct on reac-

tions svithi oxalacetate and pyruvate svhetm

time level of tnansanminase is sufficiently high
to i)e bound and to displace these keto aci(Is

from glutamate dehydnogenase.

Since time ti’ansamimmase is bound to active

sites of glutamate deimydrogenase aimd p�r-

phenazinc aumd hali ipenidol appar(’nt Iy are

not (1, 9), it seo’ms ummhikelv timat time former

enzyme sinmply (‘( )mpo’t os si-it h t Imose (mugs

for glutanmate doimydrogemmase. Furthermore,

oxp(nimonts p(nformoci svith timo incubated,

(liluted ptnpheiiazmne-glutamat e dehvdro-

geumase conmplex (Tablo’ 3) reveal that tIme

transaminase does not prevent binding of

perpheimazine to glut anmate dohydnogemmase.
These r’sults indicate that the drugs can be

houmid to glutanmate dehydnogeimas( in time

emmzymc-enzymmme (‘0 )mpio’x but t imat glutamate

dehydnogenase in this co(mplex caimnot

uimdengo time dmug-iuidueed eon format ional
changes sshieim r’sult imminhibition of the free

enzymo’ (1, 9). Thmus ti’ansaminase behaves

similarly to ammtmbody with glutamate de-

hydnogeimase in pro’v�ii ting coimformational

(‘hanges immgi ut amat 0 dehydnogenase b loss

molecular sveight ligands (27).
These results could i)( phmarnmacologi(’ally

sigimifieant in view of time fact that either the

enzyme-ctmzynme complex or time t iVO separate

enzyme-catalyzed reactions (svith recycling
of a-kctoglutarate and glutamate betsi-eeim

tii(’ tsi-o enzymes) (‘an (‘atalvze tyrosimme or

aspartato deh�-dm’ogttiase reactions (14).

\Vimich nmechmammisnm (‘atalyzes timese roa(tio)ns

in L’U’() siould dopemid ui�on time n’utt)(’iioiidnial

content of thmese two enzvnmes, as it (10(8

l�11.. t’ilro. Ih(S(’ tranquiliz(rs ssould i)c ox-

I)((�t((l to iumhmii)it r(’a(’tiomms catalvz(’d by time
tsVi) so’parate enzvnmes (in iilmi(’im a-keto-
glutarate aimd glutanmate are ti’ansferred

i)(tsV(tmi the tivo emmzvimmcs) but not reactions

catalyzed J)y time complex. Timus time levels of

tim(s(’ tivoi emizvmos itm mmmito(’honcii’ia from

various organs, as sieli ums thu.’ (‘on(’o’imtrations

o)f various coemmzvmes, i)unilme mmueieotides,

alm(I sui)strates, would deternmine t ime amount

of in hibitioim pu�t )duc’ed in tranquilizers.

(� ltit amate-oxalaco’t at( tiaimsamitmase and
glutamate dehvdrogenase are located in the

sanmi’ regiolms of time mitoclmoimdnion (2S), but

time relativ’ ratios of these tsi-o enzymes vary

in different, organs (7-9). I\Ioreover, mito-

cia (mmdu’ial glutamate-oxalacetate t ransam.i-

nast’ is the major or only tvrosine amiimo-

tratmsferase in mmtochmoimdnia (14-16). The

enzyme-enzyme complex caim be as efficient

in (‘atalyzing tyrosume d(imydrogenase reac-

tiomis as time classical recvclnig of a-keto-

glutarate and glutanmate 1)etsveen the tsio

enzymes (14). How-over, time eiizvme-etmzynme

complex is not inhibited by the tranquilizers

studiod here. Timis finding could be signif’i-

camit iii i)rain immitoc’homidnma.
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