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PROLOGO, INTRODUCCION Y ADVERTENCIA

A thorough kinetic analysis is an
essential part of the characterization
of any enzyme. Yet, too often such
studies are either omitted from researct
publications or are presented in a very
superficial manner. This is unfortunate
but somewhat understandable.,

Many biologists study enzymes but are
intimidated by the apparent complexity
of enzyme kinetics.,.

Io He SegE].

DE LOS MODELOS. llemos estado y seguimos estando instalados en

el "estado de gracia" del sentido comfin y en la ™paz espiritual® de
la légica, a pesar de que es evidente que el uno y la otra han pues
to invisibles y sutiles trabas para nuestro acercamiento a la ver-

dad. La comprensién cabal de los fendmenos bioldgicos solo puede -
darse desde el pensamiento matemitico, entendiendo éste en términos
de los procedimientos usados para convertir una idea en un modelo y
éste en una ecuacidn que pueda ser probada experimentalmente 8§, de
forma reciproca, para desarrollar ecuaciédn y modelo a partir de da-
tos experimentales. Sin embargo ningdn modelo es definitivo, Cada
uno de ellos recrea el mito de Sisifo. Por desalentador que parez-
ca estamos limitados a y por los modelos. Ellos son el principio y
fin de 1o que llamamos ciencia$ Son nuestra idea del universo, Mis

alld estdn el sentido comfin y la obscuridad.



LE LA CINETICA ENZIMATICA. Dentro de la complejidad funcional

de los sistemqs nerviosos algo de luz se ha posado sobre los siste-
mas capaces de transmitir informacién de una neurona a otra. De -
los probables mensajeros primarios en la comunicacién siniptica, el
Acido ¥-amino butfrico ha dado evidencia de un papel relevante en -
las acclones de tipo inhibitorio. Sin embargo los mecanismos que -
regulan su sfntesis no han sido afln esclarecidos. Un intento de -
iniciar su dilucidacién ha sido este estudio del comportamiento de
la enzima que cataliza su produccién. Algunos trabajos sobre las
propiedades de la descarboxilasa del 4cido glutdmico habfan sido
realizados sin tomar en consideracidn que el instrumento necesario
para la comprensién de esta actividad enzimAtica es el estudio ciné
tico de su accidn catalftica, incluyendo éste el andlisis de depen-
dencia de substrato (Glutamato) v activador (PLP) en un amplio in-
tervalo de sus concentraciones (Art{culo 2), estudios completos de
inhibicién por andlogos de cada uno de estos reactantes (Artfculos
1 y 3) asf como por el producto de la reaccién (Artfculo 3). Nin-
gin estudio cinético incompleto puede dar informacién concluyente -

sobre el comportamiento de un sistema de reactivos-enzima-productos

DE ENTIDADES PURAS Y SISTEMAS BIOLOGICOS. Sin embargo, las -

propiedades cinéticas de un sistema bioldgico solo adquieren senti-
do cuando se las enmarca en el contexto de su posible papel funcio-
nal, Esto implica tanto el conocimiento del comportamiento del sis
tema catalf{tico puro, y el del sistema integrado en el ser biolégi-
co, como la reconstruccién gradual del segundo a partir del primero
En este trabajo hemos abordado un procedimiento suplementario que -

consiste en el estudio cinético del sistema enzimitico sin eliminar
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componentes que pudieran coexistir con el in vivo (aunque &sto im=-
plique extremar los cuidadds y aumentar la complejidad en los proce

dimientos metodolégicos y analfticos).

Este acercamiento ha fructificado en la identificacién de dos
formas de actividad enzimdtica que pudieran no haberse detectado -
usando preparaciones puras y que son imposibles de detectar en un

sistema {ntegro.

"El 18gico mAs versado en su ciencia -
abandona las leyes de la 1dgica en =

cuanto discurre realmente"

SCilOPENHAUER,
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Running title.

Inhibition of brain glutamate decarboxylase.



Abstract = Seven N- (5'phosphopyridoxyl) amino acids, reduced analogs

of the glutamate-pyridoxal phosphate Schiff base, were synthesized and
purificd. All of them inhibited mouse brain glutamate decarboxylase
activity. Tnec four most potent inhibitors were the aminooxyacectate, GABA,
cystcincsulfinate and glutamate derivatives, and the cffcct of thesc
compounds was studicd kinctically. The inhibition produced was in all
cascs mixed function with respect to glutamate and competitive with respect
to pyridoxal phosphate. The inhibition kinetics were non-linear. These
resuits are interpreted as indicating an ordered binding of pyridoxal
phosphate and glutamate to the enzyme. Furthermore, they are

consistent with previous findings suggesting the existence of two kinds of
glutamate decarboxylase activity differing in their dependence on free

pyridoxal phosphate.



Brain glutamate decarboxylase (L-glutamatc-1=-carboxylyase,
EC 4.1.1.15, GAD) scems to play an csscntial role in the regulation
of brain excitability (Tapia, 1975; Tapia ct al., 1975; Towecr, 1976). In
spitc of the existence of many compounds capable of inhibiting its
activity (Roberts ct al., 1964; Wu & Roberts, 1974), little is known on
its kinctic and regulatory mechanisms. Previous studies from this
laboratory (Tapia & Sandoval, 1971) have shown that the stable oxime
pyridoxal-5' -phosphate-O~acetic acid may be a useful inhibitory compouna
ior the elucidation of such mechanisms, because of its structural similarity
to the substrate-pyridoxal phosphate Schiff base (Roberts et al., 1904). In
the present study we describe the synthesis, purification and the ikdnetics
of the effect on brain glutamate decarboxylase activity of the reduced
oxime and several other N-(5'-phosphopyridoxyl)-amino acids, which are

also structurally similar to the substrate~pyridoxal phosphate Schiff base.

MATERIALS AND METHODS

Materials, DL- (1-14C) Glutamic acid, and [3H) NaBH4 were from
New England Nuclear (Boston, Mass.). Sephadex G-10 was from Pharmacia
Finc Chemicals (Uppsala, Sweden). Apotryptophanasc was obtained
by dialysing a commercial preparation of E. coli tryptophanase (grade II,

Sigma Chemical Co., St. Louis, Mo.) Pyridoxal phosphate (PLP) and other
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chemicals for synthesizing its derivatives, except X, ¥ ~diaminobutyric

acid (Aldrich Chemical Co. Cedar Knolls, N. J.), were obtained from Sigma.

Synthesis and purification of N-(5'-phosphooyridoxyl) amino acids. The

reduced oxime PLP=-aminooxyacetic acid and the reduced Schiff bases of
PLP with L-glutamic acid, GABA, L-aspartic acid, L-cystcinesulfinic acid,
taurine and LD - o , ¥ ~diaminobutyric acid were synthesized anq
characterized essentially as previously described for PLP-aminooxyacetic
acid and PLP-X , ¥ ~diaminobutyrate (Possani et al., 1977). NaBH4
was added to incubated mixtures of the amino acid and PLP, and the reduced
(2.5%x34 cm),
Schiff bases were purified by gel filtration in a Sephadex G-10 column/ as
shown in Fig. 1 for glutamate=PLP. The spectra of all the derivatives
were similar to spectrum II of inset in Fig. 1. Their 8325 ranged from
5.7 x 103. for the cystei.nesulﬁnatc derivative to 8.0 x 103 for the
o , ¥ -diaminobutyrate derivative. The main side product was reduced
PLP, which was identified as pyridoxine phosphate. This compound.
absorbs also at 325 nm but is eluted from the column much later than the
phosphopyridoxyl derivatives. These spectrophotometric data were
confirmed by the radioactivity profile after reduction with G’H) NaBH 4!
which showed three peaks, corresponding to the phosphopyridoxyl derivative,
rcduced PLP, and [3}{) Na.BI-I4 and its oxidation products. As expected,
ninhydrin-positive reaction was observed only in the fractions containing

lower molecular weight compounds (Fig. 1). Similar elution profiles to those

of Fig. 1 were obtained with the other phosphopyridoxyl derivatives. The



-6 -
« » ¥ -diaminobutyrate derivative gave positive ninhydrin reaction, bccause of
thc presence of a second amino group, which indicates that &, ¥ =diamino
butyrate reacted with PLP through only onc of its amino groups, probably
tie ¥ -amino as judged by the color of the ninhydrin product. However, this

was not ascertained.

Besides the spectrophotometric criteria already mentioned, thin layer
chromatography showed only onc spot for each pure compound, which was
fluorescent. For all compounds, except for the diaminobutyrate derivative,
the spot was ninhydrin negative. Furthermore,when the phenylhydrazine
method of Wada & Snell (1961) was used to check the presence of unrecduced
Scniff base, it was found that the contamination of the purified derivatives
with the unreduced compound was less than 1%.

The criteria enumerated above leave little doubt on the identity of the
synthesized compounds.. This was further confirmed by, elementary
analysis for the glutamate, GABA and cysteinesulfinate derivatives, which

gave the expected proportions of C, H, and N.

Enzyme Preparation. Adult albino mice (local strain) were used

throughout. Brains, without cerebellum, were quickly removed aiter cervical
dislocation and homogenized cither in water (10% w/v) or, only for the

initial experiment (Table I), in 0.5% Triton-X-100 (20% w/v). The
homogenates were centrifuged at 100,000 g for one h, at 0-4°C (Beckman L5=65

centrifuge), and the supernatants were used as source of the enzyme. The
enzyme is purificd about 2.5 fold by this procedure. A freshly prepared

supernatant was used for each set of experiments. ,
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Enzymc assay. GAD activity was determincd by measuring the

14CO2 releascd from [l-“C) glutamic acid as previously described

(Tapia & Awapara, 1969), with slight modifications. The volume of the
enzyme preparation was reduced to 0.2 ml and the total incubation
voiume to 1 ml. The reaction was started by the addition of the cnzyme.
3 N Sulfuric acid was used instead of trichloroacetic acid to stop the

reaction and release the 14

COz from the medium. The incubation time
was in all cases 20 min. At this time the reaction was still linear under
all conditions studied. A blank flask stopped at zero time was included

for each substrate concentration in each experiment.

Dctermination of endogenous PLP. In order to calculate tne

actual concentration of PLP in the incubation mixtures, its endogenous
level in the enzyme pr;aparaﬁon was measured by the apotryptophanase
method of Wada et al. (1961), as modified by Minard (1967). Similar
results were found when the preparation was deproteinized with
perchloric acid before the assay and when the supernatant was used

directly for the PLP determination.

RESULTS
The effect on GAD activity of the N-(5'~phosphopyridoxyl)-amino

acids synthesized is shown in Table 1. All compounds, except the
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ciaminobutyrate derivative, inkidited GAD aciivity in supernatants of
both water and Triton-X-100 homogenates. The cffect of the four most
potent PLP-derivatives, namely aminooxyacctatc-PLP, GABA-PLP,
cystcinesulfinate-PLP and glutamate-PLP, was kinctically studied at
broad ranges of glutamate and PLP concentrations. Figure 2 shows
Lincwcaver-Burk plots at varying glutamate and with saturating PLP
concentrations, at several fixed inhibitor concentrations. Secondary
siope and intercept replots are shown in the insets. The primary plots
indicate that the four PLP derivatives behave as mixed function
innibitors with respect to glutamate. The same type of inhibition paitcin
was observed when glutamate concentration was increased up o 3-foid
witn respect to the maximum used in Fig. 2. The secondary plots ior
the PLP-aminooxyacetate are hyperbolic. For the viher derivatives
tnhese replots scem to be straight lines at the inhibitor couceniration range
useda.

Double reciprocal plots at varying PLP aiu .iii L seturaas,
giutamate concentrations in tac presence of the innilitors are - . Znear,

~

ine slope of these curves increascs with PLP concentration, . Jroacring

competitive behavicr Tiz. 3).



DISCUSSION

The reduced PLP-amino acid Schiff bases that we have synthesized
were designed as structural analogs of the PLP-glutamate Schiff base,
its amino acid and PLP moicties resembling the glutamate and PLP
molecules, respectively. Since the carbon-nitrogen double bond has been
rcduced, dissociation of fhe two components is prevented, making these
compounds a powerful tool for studying the glutamate-PLP kinectic

relationship in the GAD catalyzed reaction.

The kinetc studies with the four PLP derivatives used show that they
are competitive inhibitors with respect to PLP, but display mixed function
inhibition with respect to glutamate. This behavior may be interpreted in
two ways. A first explanation would be that ordered binding of PLP and
glutamate takes place on the enzyme. This explanation is supported by the
following observations (see Segel, 1975): The decrease of apparent vmax
by the inhibitors (Fig. 2) cannot be overcome by saturation with glutama'te.
indicating that the substrate and the inhibitor combine with different enzyme

forms. Besides the-ceffect on Vmax' the slopec of the curves also changes in

the presence of the inhibitors (Fig. 2), indicating that the inhibitor binds

before glutamate to an enzyme form reversibly connected with the form bindin

glutamate. Since PLP competes with the inhibitors for the same enzyme

»
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form (there is an effect on the slope but no cffect on Viax® Fig: 3), it
foliows that PLP also binds before glutamate. This behavior implicates
that the ordered binding occurs in non-rapid equilibrium, since in
ordered rapi equilibrium saturating substrate should overcome the eiiect

nVv .
0 max

This is the simplest explanation for the primary inhibition pattern snown
in r'igs. ¢ and 3, and we shall claborate it in the context of the enzyme
kincdcs in absence of inhibitors (Bayén et al., accompanying paper).
Nevertheless, an alternative kinetic model could also account for thnis
pattern. Mixed function inhibition with respect to glutamate by the PL>?
derivatives, which compete with PLP, could also be explained if an
enzyme-inhibitor-glutamate complex could form in addition to thc enzyme-=-
inhibitor complex, assuming a rapid equilibrium random bireactant
because. steric hindrance makes difficult that both glutamate and the
PLP-amino acids share the same site of the enzyme, and consequently two
scparate sites, onc for glutamate binding and the other forinhibitor binding

(allosteric sitc), would have to be postulated.

The secondary plots in Fig. 2, together with the curved primary plots
in rig. 3, provide an additional and valuable piece of information. Non

lincar-hyperbolic slope or intercept replots arise from alternate patns
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to product formation, that is, at lcast two productive enzyme spccics cxast,
independently of the kinetic model underlying this behavior (Segel, 1975).

Two typcs of idnetic explanations could account for this innioition pattern.
Onc of them would require that the velocity equation include terms containing
inhibitor concentration in the numecerator, in addition to those in the
denominator, meaning that at least one enzyme-inhibitor-gilutamate compiex
is formed and that it is an alternate productive species (this could be due o
cither partial inhibition or alternate activation of the enzyme with the PLP
derivatives, Segel, 1975). Nevertheless,this explanation also implicates

the existence of an allosteric site for the PLP derivatives, as previously
discussed. Thne sccond kinetic explanation is that the two productive

enzyme species are in fact two different, not interconvertivie enzyme
activities, one of them resistant to the inhibition produced by the PLP
derivatives (Scgel, 1975). This interpretation is also in agreement with

the fact that incrcasing inhibitor concentrations cannot decreasc the -cnzyme
activity to zero but only to a fixed limit velocity represented by the theoretical
asymptotes of both the intercept replot in Fig. 2A, and all the primary curves
in Fig. 3 (scc also Tapia & Sandoval, 1971). In this rcgard, itis

noteworthy that only when the inhibition values are at least 50%, a hyperbolic

shape of rcplots is obscrved (Fig. 2, insets).

Since the PLP derivatives approach compctitive benavior with respect

to PLP, thc activity of GAD not inhibited by these compounds should be



- 12 =

indcpendent of {frce PLP concentration. This possibility of the cxistence
of two enzyme activities, diifering in their dcpendence on free PLP,

alrcady proposcd by our group (Tapia & Sandoval, 1971), will be {urther
studicd and discussed in the subsequent paper (Baydén et al., accompanying

paper) on the basis of a kinetic analysis in the absence of inhibitors.



Acxnowlcdecenients = The authors are indebted to Dr. T. P. King

from The Rockefcller University for the elementary analysi’s of the

compounds.
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Footnote to the text (page 10):

This alternative possibility arises because kinetic patitcrns at
varying subsirates for non-rapid equilibrium ordered bircactant and
rapid equilibrium random &©ireactant mechanisms cannot be
distinguished (Seg;:l, 1975). Complete product inhibition studies could

help to make tac distinction, but in the present case they are precluded

becausc onc oi the products is the volatile COZ.
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Table 1. Eficct of the N-(5'=-phosphopyridoxyl) amino acids synthcsized
on glutamatc decarboxylasc activity of supernatants of Triton-X-100
and water honiogenates of mousc brain

Pyridoxal phosphate % of control valucs

derivative (I mM)

(R=5'-phosphopyridoxyl) Triton supcrnatant  Water supcrnatant
R-Glutamate 751 8 79t 4
R-¥-Anminobutyrate 530 60 ¥5
R-Aspartate 79 T1 92
R-Cystcinesuliinate 63 ¥ 6 66 T5
R=-Taurine 85 T 4 79
R-Aminooxyacctate 34%2 38 T3
R-«,¥ -Diamincbutyrate 91 * 8 96 5

Homogenates were preparced and centrifuged at 100,000 g as described in
Materials and Methods. Glutamate concentration was 33 mM and PLP
concentration was 0.1 mM. The figurcs are mean values of three to four
experiments ¥ 5.D. (only two experiments when no S.D. is shown).
Absolute control values were ( pmoles/h/g original tissue): Triton
supcrnatant, 65.0; water supernatant, 39.0.
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A,
Livure Lecends:

Fig. 1. Scphadex G-10 scparation of a glutamate-pyricoxal
o - . o~ . . “ . LR 3 - Lo Rdvd

phosphate rcacudon mixture after partdal reduction with [ H] NaBH .

‘x
Iractions of 1.6 ml were collected and their spectra, radioactivity and
ainihydrin reaction were determined. The elution pecaks of the unreacted
PL?P and glutamate {Glu), as well as thosc of the reduced PLP and otner side

. \ ’

products, arc indicated by arrows. N=-(5'-phosphopyridoxyl) giutamate is
cluted in fractions 25-33, but unrcduced Schiif basc is also present in these
iracudons, as indicatcd by the absorbance at 388 nm. Insct shows tnc

pecirum {(in 0.2 M potassium phosphate buffer, pH 7.2) of iraction 23

w

um I), after 2.5«io0ld dilution. This fraction was further reduced

—
w0

J
(@]
0
ct
g}

Y

with NaBH. and passec again through the column. I'ractions containing tae

02

rceduced derivative were pooled and tne spectrum was tnen odbtained without
diluton (spectrum IIj. The disappearance of the peak at 388 nm shows the

abscnce of detectable contaminant unreduced Schiif base.

Fig. 2. Enzyme activityasa functim of glutamate conceniration in
the presence of N=(5'-phosphopyridoxyl)-amino acids; 1/v vs 1/S piots.
PLP concentration was in all cases 0.1 mM. Sis glutamate concentration
(mM), vis enzyme activity expressed aS}.xmoles of giutamate
decarboxylated/h/g of original tissue. Each point is the mean value of
3-4 indcpendent determinations. The phosphopyridoxyl-amino acids used

as inhibitiors were: a, N~-(5'-phosphopyridoxyl)-aminooxyacetate;
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b, .\'-(5'-;)E‘.Osphopyridoxyl)-b’-aminobutyra‘cc;& N-(5'=phosphopyridoxys,
cysteinesulfinate; &, N-(5'-phosphopyridoxyl) L-glutamate. The
derivatives were tested at the following concentrations (mM):

0.60 (0;0.01 (0)0.1 (B);0.38 (©); 0.5 (Dj;1.0(&).
Inscis are sccondary plots of slopes (expressed as 102 x S/v) and

2
: b} o v e a . /7\
intercepts (expressed as 10 x 1/v) vs innibitor concenirations (i}

(maM).

Fz]

ig. 3. Znzyme activity as a function of PLP concentration in tae
presence of N-(5'-phosphopyridoxyl)-amino acids; 1/v vs 1/A plots.
Glutamatec concentration was in all cases 33 mM. A is 2LP concentration
g};.\(), v is as definedin Fig. 2. Symbols represent tne phosphopyridoxy.
derivative uscc (at a 0.1 mM concentration): no derivaiive (Q);

v

N-(5'-phospuopyridoxyi)-aminooxyacectate ( ¢ ); N-(5'-phosphopyridoxyl,-

e

¥ -aminobuiyrate (A ); N-(5'-phosphopyridoxyl)-cysteinesuiiinate (.C\ )
N-(5'-phosphopyridoxyl)-gluitamate ( O). Each point is the mean value oI 3
independent cetecrminations. Endogenous PLP concentration was measurec
in all cascs. This value, as well as that of PLP contaninating the
inhibitors {determincd as described in Methods) were taxen into account

for calculating the final PLP concentrations in the assay medium.
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1
AND GLUTAMATE-PYRIDOX L 5'-PHOSPHATE SCHIFF BASE
Alejandro Bayénz', Lourival D, Possani, Mauricio Tapia and Ricardo Tapia.3.

Departamento de Biologia Experimental, Instituto de Biologia, Universicad
Nacional Auténoma de México, Apartado Postal 70-600, México 20, D. T .

Méxdco.

Plecase sencd proofs and correspondence to Ricardo Tapia, at the above address.

Abbreviations uscd: PLP, pyridoxal 5'-phosphate; GAD, glutamate

decarboxylase.

1
This work was supported in part by grant No. 043/76 from the Consejo

Nacional cde Cicncia y Tecnologia, México, D. F.

"'Recipient of feliowship from the Divisién de Formacion del Profesorado,

Universidad Nacional Auténoma de México.

3To whom correspondence should be sent.



Running title:

Glutamate decarboxylase-substrate=coenzyme interactions.



Abstract = The kinctic behavior of glutamate decarboxylase from mouse
brain was analyzed in a wide range of glutamate and pyridoxal 5'-phosphate
concentrations, approaching three Lmit conditions: (I)in the absence of
glutainate-pyridoxal phosphate Schiff base; (II) when all glutamate is
trapped in the form of Schiff base; (III) when all pyridoxal phosphate is
trapped in the form of Schiff base. The experimental results in limit
condition (I) are consistent with the existence of two different enzyme
activities, onc dependent and the other independent on free pyridoxal
phosphate. The results obtained in limit conditions (II) and (III) give
further support to this postulation. These data show that the free
pyridoxal phosphate-dependent activity can be abolished when either all
substrate or all cofactor are in the form of Schiff base. The free pyridoxal
phosphate-independent activity is also al%o]ished when all substrate is
trapped as Schiff base, but it is not affected by the conversion of free
pyridoxal phosphatec into the Schiff base. A kinetic and mechanistc
modecl for brain g}utamate decarboxylase activity,which accounts for
these observations as well as for the results of previous dead end
inhibition studics, is postulated. Computcr simulations of this model,
using the experimentally obtained kinetic constants, reproduced all

the observed features of the enzyme behavior. The possible

implications of the kinetic model for the regulation of the enzyme activity

are discussed.

End of abstract. -



GABA is an inhibitory transmitter in neuromuscular junctions of
some invertebrates and most probably also in the central nervous system
of vertebrates (Krnjevié, 1974; Curtis, 1975; Otsuka, 1976). This amino
acid is synthesized by o ~decarboxylation of L-glutamate, catalyzed by
glutamate decarboxylase (L-glutamate-l-carboxylyase, EC 4.1.1.15; GAD).
In mammals, GAD is prescnt only in.nervous tissue and, in contrast to
other vitamin By-dependent enzymes, is particularly sensitive to
deficiencies of p;rridoxal 5'-phosphate (PLP), both in vitro (Roberts ct al.,
1964; Tapia et al., 1969a, 1970) and in vivo (Minard, 1967; Tapia et al.,
1969b; Pérez de la Mora et al., 1973). This dependence on PLP.

represents probably a regulatory control of the physiological action of

GABA (Pérez de la Mora et al., 1973; Tapia & Pasantes, 1971).

Previous studies from this laboratory (Tapia & Sandoval, 1971) have
shown that the oxime N-(5'-phosphopyridoxylene) aminooxyacetic acid, a
compound structurally similar to the glutamate-PLP Schiff base, i;s a
selective inhibitor of brain GAD. From the results of inhibition studies
with this PLP derivative as comparcd to those obtained with aminooxyacetic
acid, it was postulated that two types of GAD activity are present in brain,
one dependent and the other independent on free PLP concentration (Tapia &

Sandoval, 1971; see also Bayén_ct al,,accompanying paper).



In the present paper we have analyzed this hypothesis more dircctly,
be mcans of a kinctic study of the GAD dependence on PLP and glutamate
concentrations. Furthermore, this approach led us to study the cffects
of the formation of the glutamate-PLP Schiff base on GAD activity. The
results of these experiments support the above hypothesis and allow us
to propose a kinetic model of GAD activity that provides a mechanism for

its regulation.

MATERIALS AND METHODS

Chemicals, determination of endogenous PLP, and enzyme preparation
and assay, were as described in the preceding paper (Bayén et al.,

accompanying paper).

For the experiments requiring very low PLP concentrations, an
enzymo preparation diluted 10-fold was used. A curve of activity ‘'vs
enzyme concentration at saturating substrate and PLP was obtained in order
to test for possible effects of endogenous inhibitors or activators. Linearity
was obscrved over a wide range of enzyme concentrations (including those
used for the kinetic experiments), indicating that no such effects were
present. When required, the endogenous PLP levels were taken into

account for calculating the PLP concentration in the assay medium.



The dissociation constant of the glutamate=PLP Schiif base (Ko) was
determined spectrophotometrically (Pye-Unicam 1800 spectrophotometer
with a constant temperature cell holder) under the same experimental
conditions of the GAD assay (pH 6.3, 37°C). The absorption of several
mixtures of PLP-(at fixed 0.1 mM concentration) and glutamate (varied
from 16.5 to 82.5 mM) was read at 410 nm. The absqrption coefficient
of PLP at this wavelength was determined. Knowing this value, and
maintaining glutamate concentration in great molar excess with respect

to PLP, the following equation can be established:

1 _ Ko ..1 + 1

BA T DAL, S DA

max

where Sis glutamate concentration; & A is the difference in absorption
between a given concentration of PLP alone and after the addition of
varying amounts of glutamate; and & A . is the value of & A when

all PLP has been converted into Schiff base. From a plot of 1/ & A

versus 1/S the value of Ko can be determined.

RESULTS AND DISCUSSION

In order to analyze the GAD dependence on PLP and glutamate
concentrations, it was first nccessary to determine to what extent the
glutamate-PLP Schiff base is formed in the assay medium. In fact,

PLP-amino acid Schiff bases are readily formed in solutions {Finseth &
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Sizer, 1967), and it has been described that the non-enzymatic formation
of substratc-activator complexcs may affect ecnzyme activity (London &

Steck, 1969).

For this purpose, the dissociation constant of the Schiff base
glutamate-PLP (Ko) was determined as described in Materials and Methods.
The value obtained (6.24 x IO'ZM, see Fig. 1, inset) is similar to those
reported for other amino acid=PLP Schiff bases (Finseth & Sizer, 1967)
and it was used for calculating, with the aid of a computer, the amount of
Schiff base formed at varying glutamate and PLP concentrations (Fig. 1).
Thesc data thus indicate the glutamate and PLP concentration range at
which the Schiff base is significantly formed, and permitted to dcfine three

limit conditions for studying the enzyme behavior: (I), when Schiff base
concentration is zero; (II), when all glutamate present is in the form of

Schiff base; and (III), when all PLP present is in the form of Schiff base.

Limit condition (I). Absecnce of glutamate-PLP Schiff base. This
limit condition is approached when glutamate-PLP Schiff base (SA)
concentration approaches zero, and free PLP (A) and frce glutamate (S)
concentrations approach total PLP (AT) and total glutamate (ST)

concentrations, respectively.

In order to study experimentally the enzyme behavior in this limit

condition we have mcasurcd its activity at glutamate and PLP concentrations



low cnough to yicld less than 0.1% of Schiff base formed with respect to
both total glutamatc and total PLP (sce Fig. 1). The results of these
experiments are shown in Fig. 2. Linewcaver-Burk plots, varying PLP
at scveral fixed glutamate concentrations, are non-linear and approach
horizontal asymptotes as PLP concentration is lowered (Fig. 2a). Double
reciprocal plots, vary;ing glutamate at several fixed PLP concentrations,
yicld a family of straight lincs (Fig. 2b); the sccondary plot of the slopes
of these curves vs 1/PLP is non linear and approaches an horizontal

asymptote at low PLP concentrations (Fig. 2b').

The hyperbolic shape of plots in Figs. 2a and 2b', both approaching
horizontal asymptotes and intersecting the ordinate axis above the origin,
is consistent with the exd stence of two different GAD activities, one
dependent and the other independent on free PLP concentration. A
mathematical demonstration of this conclusion is shown in the Appendix
to this paper. In view of previous independent evidence on this poi:nt
(Tapia and Sandoval, 1971), and since other alternative interpretations,
as discusscd in the preceding paper (Bayén ct al.,accompanying paper),
are unlikely, thc subsequent kinetic analysis of the data was made on the

basis of the existence of two scparate enzyme activities.

The simplest approach for this analysis is to consider each curve in
Tig. 2a as composed by two straight lines: an horizontal asymptote, which

represents the reciprocal velocity of the free PLP-independent enzyme
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activity, and a positive slope line, correcsponding to the contribution of
the frce PLP-dcpendent activity. The experimental curves can be
rcsolved into its two components by subtracting the contribution of the
frece PLP-ipdcpcndcnt activity (the velocity obtained from the horizontal
asymptotes) from the total activity. The differences obtained correspond
to the velocities contributed by the PLP-dependent activity, and should
give straight lincs with positive slope when plotted as Linewcaver-Burk
plots, provided that the 1/v valucs given by the asymptotes are correctly
chosen., This procedure provides a trial and error method for cstimating
the position of both the asymptotc (dashed lines in Fig. 2a) and the positive
slope component (Fig. 2c) for cach curve, allowing the kinetic analysis

of cach of the two enzyme activitics.

The behavior of the free PLP-independent activity is thus displayed
by plotting the intercepts of the estimated horizontal asymptotes (which
arc the reciprocal limit velocitics, vlim' of the hyperbolic experimental
curve s) vsthe recciprocal of the correspording glutamate concentrations.
The rcsulting plot shows simplc Michaclis~Menten uniroactant kinclics
(Fig. 2a'). The kinctics of the free PLP-dependent activity is shown
in Figs. 2c and 2d (Fig. 2d is obtained by replotting the data in Fig. 2c,

varying glutamate at fixed PLP concentrations). Their corresponding



sccondary plots of slope vs_ reciprocal glutamate and PLZP concentrations
arc shown in the inscts. The obscrved pattern is consistent with cither
rapid cquilibrium random bircactantidnctics or non=-rapid cquilibrium
ordercd bircactant kinetics, but dead end inhibition studies with reduced
Schiff basc analogs (Baydn ct al., accompanying paper) strqngly favor

the latter possibility.

On the above basis, the velocity cquations of the two cnzymc activities

can be summed in order to obtain the total velocity equation:

vV

£s) Vimaxg
= = 4
1" K5 7 53 (4)

V.= (AY (S} Vmax> (5)
27 Kia Ks, + (S} Ka + (A] Ks, + (4] (5]

where vis initial velocity, (S) and (A) arc as previously defined and the
subindcxes refer to cach of the enzyme activities (subindex 1 for the free
PLP-independent, subindex 2 for the frece PLP~dependent and subindex T for
total activity);the kinetic constants follow Clcland's nomenclature (sce Segel,
1975) and their valucs, obtained from the plots in Figs. 2a', 2c¢ and 2d (Segel,
1975) are: Ks = Ks_ = 5x 107% M; Ka= Kia = 9 x 1077 M; the ratio

VmaxZ/Vmax1 is 2.76.
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Although thesc cquations describe esseniially the dependence of GAD
activity on PLP and glutamate, f{urther information on thispoint was
obtained by studying the cnzyme benavior at high PLP and glutamate
concentrations. When glutamate and PLP concentrations are such that
substantial amounts of Schi{f basc arc formed, the corresponding cquilibrium
cquation (expressecd in the form of cquations (1) to (3) in the legend to Fig. 1)
must be considered in addition to the velocity cquations (4) to (6). As
alrcady mentioned, in order to study the enzyme behavior in the presence of

Schiff base cffccts, limit conditions (II) and (III) have to be established.

Limit condition (il). All glutamate is in the form of Schiff base. This

limit condition is defined by (S) = 0 and (SA) = (ST} anditis
experimentally approached when the (SA) / (ST)ratio approximates to
onc, as (AT) isincrecased at fixed (ST) (sce Fig. 1). If this condition

is assumed in cquations (1) to (6), the total velocity cquation becomes

\Z (im II) = 0. Fig. 3a shows the experimental velocity curves obtained by

incrcasing (AT) at scveral fixed (ST) . As (AT)incrcascs all curves
rcach a peak velocity and then bend downwards. The shift to the right of

the pcak velocities with increasing fixed (ST) is duc to the difficulty for
trapping a substantial fraction of (ST) in (SA) , when (ST) is high

(sce Fig'. 1). As a conscquence of this fact, and because of the limited
solubility of PLP, the predicted limit velocity (zero). was attained only :;t low
(ST) (in thec order of 10-4 M) when (AT) was increased to 0.5 M (these

data wcre obtained in three independent experiments, but they are not shown
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in Fig. 3a). When velocity curves were obtained by increasing (S “)
at scveral fixed [AT] , the decrease of activily at high (AT) is reflected

in a shift to the right of the velocity curves when fixed (AT\} is high

cnough to trap a significant fraction of (ST) in (SA) (Fig. 3b and 3c).

Limit condition (I'T). All PLP is in the form of Schif{f basc. This

linmit condition is defined by (A) = 0 and (SA) = ( AT} and, analogously

to limit condition (II), it is cxperimentally approached when the

[SA] / (AT] ratio approximates to onc as (_ST] is incrcascd at fixed

[A'I‘) (sce Fig. 1). If condition (III)is assumecd in cquations (1) to (6),

the total velocity cquation becomes Vep (im II) = v,. When the (ST)

1

concentrations nccessary to attain this condition are well above the X

value (as in the present case, see Fig. 1),then Vi (im III) = Vmax,

at any EAT) . -Figs. 3b and 3¢ show the experimental velocity

curves obtained by increasing (ST} at several fixed (AT) . The

decrcase of activity observed, approaching the limit velocity at increasing
[ST) » can only bc obscrved at low (AT) for rcasons analogous to those

discusscd for limit condition (II). This bchavior is reflected in the curves

of F'ig. 3a as a lower activity of the initial points of curves VI-VII as

compared to the initial points of curve V. Although the limit velocity could

not be experimentally attained, its value can be cstimated irom the ordinate
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of the asymptote to curve 1 in Iig. 3b. A rcasonable estimate for this
value is the one shown as a dashed line in the same {igure. Since this
asynptlotc represents Vmaxl , its diffcrence with respect to the nmaximal
attained velocity (in"Fig. 3c) will represent Vmax,. The calculated ratio
Vmaxz/Vma.xl is 2,88, whichis in cxcellent agreement with thosc obtained
from inhibition studics, 2.73 (calculated irom Fig. 4 in Tapia & Sandoval,
1971) and {rom thc analysis of limit condition {I), 2.76 (scc above). These

results give further support to the kinetic model we propose.

Commnuter simulation of GAD bchavior: The kinetic model represcented

by cquations (1) to (0) accounts for all the experimental results of both the
present and the preceding papers. I'ig. 4a shows a computer simulation of
the behavior of the model. The cxpcrim'cntally determined constants were
uscd, and thc substrate and cofactor curves shown cover the conccntxiation
rangcs experimentally assayed. When compared with the curves in T'igs. 3b
and 3¢ (and indirectly with 3a), the simulated curves show the adequacy of
the modcl. Another advantage of this simulation is its capability to resolve
thcoretically the enzyme behavior into its two componcents and to show
graphically their propertics, implicit in equations (1) to (6). When v; is
zcro, only the frce PLP~-dependent activity is simulated, showing that it

is inhibited at high PLP or glutamate concentrations (Fig. 4b). On the other

hand, if v_ is zero, the frec PLP-independent activity is displayed (Fig. 4c),

2

and it can be scen that it is inhibited only by high PLP concentrations.



Ninctic and mechanistic model of GAD activity. In spitc of considerable

rescarch carricd out in order to explore GAD properiies (Roberts & Simonscn,
1963, Tapia_ct al., 1970; Wu & Roberts, 1974; Miller & Martin, 1978), no
lkdnetic model of the GAD catalyzed rcaction was available. On the basis of
tac results discussed in the preceding sections, and in the light of inhibition

studics (Bayén ct al., accompanying paper; Tapia & Sandoval, 1971), we

postulate the following kinetic model, which accounts for equations (1) to (6).

—- - k
Ea————FEaS—L Ea+ P

Ksl=Ksz
Y’O
I A4+S—/=->5A
~

Ka=Kia
\lﬁ —_— kp'
EATTT——______EAS—*—E 4+ P

KSZ=K31

All symbols have been deflined in the above sections, except: P,
rcaction products; kp and kp', forward rate constants {or product
formation of the free PLP-independent and {ree PLP-dcpendent enzyme
actvitics, rcspectively; Ea and E, the catalytic sites responsible for the
irce PLP-indcpendent and the free PLP-dependent enzyme activilics,
rcspectively. Since PLP is a necessary cofactor for the GAD catalyzed
rcaction, it has to be postulated that the {rce PLP-independent catalytic site
possesscs tightly bound PLP (Tapia & Sandovail, 1971), which is

representd by index'a'in Ea. Other implications of the model, which are in



full agreement with the experimental findings, arc the following:
(1) The binding of the glutamate~-PLP Schiff basc to the {rce
PLP-indcpendent catalylic site would be precluded because of the presence

*

of tightly bound PLP. As a consccuence, the trapping of glutamate in the
Schiff basc at high PLP concentraions would result in a decrcase of GAD
activity, but the trapping of PLP at high glutamate concentrations would
not affect the activity. Iurthcrmorc, the PLP~amino acids uscd in the
preceding paper (Bayén ct al., accompanying paper) would not inhibit this
activity.

(2) The observed inhibition of .frec PLP=-dcpendent activity at high
substrate or cofactor concentrations is a consccucnce of the non-cnzymatic
formation of the glutamate~PLP Schiff base. The kinetic rcasons for this.
ype of inhibitdons have been amply analyzed and discusscd by London &

teck (1969), but steric factors could also account for these cffects. Itis
possible that the Schiff base connot enter the frece PLP-dependent
catalytic site, and thercfore the inhibition wouid be due to the removal of frece
cofactor or of substratc becausc of their trapping in the form of Sciiff base.
That the Schiff base cannot bind to thic cnzyme is suggested by the ordered
naturc of the kinctics of the free PLP-dependent acidvity. Ia this regard it
is noteworthy that, among the rcduced PLP=~derivatives studiced ldnetically

in the preccding paper (Bayén ct al., accompanying paper),



N=-(5'-phosphopyridoxyl) glutamaic has apparently the lowest affinity for the
cnzyme, in spite of being the closcut structural analog to the glutamatc-PLP
Sciniff basc.

(3) The kinetic model implics that the two types of GAD ac‘a’.ﬁty arc
indcpendent and cannot be interconverted by changing substrate or cofactor
concentrations, but the model gives no information on the physical
rclations between the two activities. At least three possibilitics can be
cnvisaged: the tw-o catalyiic sites responsible for them might be located in
the same cnzymc molecule, in different enzyme subunits or in diffcrent
enzyme molecules. Because of the latter possibility, a relatively cxrude
enzyme prcparation was used in these studies, but we emphasize that the
possible effect of endogenous inhibitors or activators was excluded in control
experiments (sce Materials and Methods). Fractionatdon and purification
studics in order to clucidate the relations between the two activides are

presently in-progress (Possani et al., 1977).

The available evidence from experiments_in vivo indicates tnat under
physiological conditions the level of PLP in brain determines GAD achvity,

both in enzyme preparations from whole brain (Minard, 1967; Tapia ct al

A ]
1969b; Tapia & Pasantcs, 1971) and in isolated nerve endings (Pérez de la

L o
Mora ct al., 1973). The properiies of the idnetic model postulated in the

present paper suggest that only a fraction oi the enzyme actvity is susceptibie

>

for regulation by PLP concentration in vivo, the otacr providing a basa
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minimum rate of GABA synthesis.

The non enzymatic formation of PLP-glutamate Schiif basc may also
rcpresent a control mechanism of GAD activity in vivo, since the trapping
of PLP would result in a decreasc of the iree PLP-dcpendent a'ctivlty.
Furthermore, the formatdon of Schiif bases of PLP with other amino acids
present in brain, such as cysteine suliinate, taurine, aspartate and GABA
itsclf (D.uyén__ol:_ll_. , accompanying paper), mipght also contribute to this
regulatory mechanism. Other amino compounds present in brain could
also participate in this regulation by trapping PLP. Ior cxample, it
nas been reported that norepinepnrine and ATP inhibit brain GAD only
when added iree PLP is present (Haber, 1973; Miller & Martin 1976).
Interestingly, norepinephrine and dopamine, putative central
ncurotransmitters, have been shown to form compiexes witih PLP,

non enzymatically (Neary et al., 1972).
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Apvendix. - Although the analysis of independent enzyme acivitics
cocxisiing in a preparation is commonly carricd out by solving the cxperimental
curves in their components by itecraldve trial and error mcthods (chcl,

1975), in the present casc a more direct approach can be used. Two
separate enzyme activities, one depcndent and the other independent on
iree PLP concentration, arc described by the velocity equations (4) to (6)
in the paper. When Ksl = Ksz and Kia = Ka (as it is inthe present

case, sce text), and defining Vmax,/Vmax, = ¥ , the following
]

1

cquations can be written:

Substituting cq. (4) and (5)in (6) and rearranging:

Vmax —“-(ﬂ . 1+ (4] + ¥ [a)

1 Ks Ka Ka

<
H
\
-~
~
N—

e8] (1o )

Ks \ Ka )

Rearranging for S and obtaining the rcciprocal:

Ks (1481 1y £
1 83 S S SR \ e ) (8)
Ve Vm.:tx1 (1+ l.\] + XiA) ) s) Vmaxl (1_.‘_ ";"A] 4 i )
Ka Ka na B

This equation describes a family of straigat lincs intersecting on the
izonta .l ' may be sl acl, 1 that s i
horizontal axis (sce Fig. 2b). It e shown (Scgel, 1975) that slope and

intercept replots vs 1/AA are hyperbola interscctling thae ordinate above

N o . ’ e
the oripgin (sce Fig. 2b').

90



When cq. (7)is rcarranged for A and the reciprocal is obtaincd, we have:

. N
: (14 L1 /1;~—('_.\
la \ TR 1 1 x5 )
1 - : L " - (9)
vT Vma.xl (5] /1 + ?:-[- A ) {A] VIThl}Zl .__-_“:_]_’1 +a/+ :; \\
Ks \ () Ks \ )/
When A cquals infinite:
. 'K
—_r . ° (10)
Vep Vrmax (s) (1+7)
VNS =
AS
Dciining:
(1.1 1 (11)
& \v T v v -
T T Traj=00

Substituting eq. (9) and (10)in (11), simplifying termsand rearranging:

o - \2 eV idd ” -
1 :\'nm-\l Q=+Y ) (C]L s) (a) + Vmax; (1+7) ({s) /Xs) (12)
. Xa ¥ 1.0\ Y (1 5T
i 14 22 +
N T Rs Ks
i
\.vm/
This cquation represents a family of straight lines in 1/ A/ vs (A
\vm
4

piots, and demonstraics that l/Vr—u Vs 1/(A) curves (ceq. 9) are rectangular

hyperbola intersccting the ordinate above thc origin (sce Iigs. 2a). Thcir

horizontal asymptotes may be calculaied {rom tac l/vT values when (&) is

o - . . - . L. . \ N tegt\ . . .
zero. Althougn {A:l: 0 gives an indeterminadon in cg. {9), in eq. (7) it gives:
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V‘I‘ - Vmaxg ES}:{T:{S (13)
1+ 12
s
or:
1 = Xs . 1 4+ i (i4)
Ve Vm""l (s) Vmaxl

In cquation (14) the l/vT valucs are the ordinates of the norizontal
asymptotes to the hyperbolain 1/vp vs 1 /(A plots of cguation (9),
at diffecrent (S), and it is also the velocity couaiion of the irce PLP-independent
y ¢q

cnzyme aciivity (sce Fig. 2a').
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Vinure lesonds:

rig. 1. Glutamate-PLP Schiil basc forraation. Insct, dctecrmination

of its dissociation constant (Ko). & A is defined in Mcthods and is

410
expressed in absorbance units; Sis glutamate concentration (M), The Xo
valuc obtained from this plot (6.24 x 10=% M) was used to obtain the curves
of Schiif basec formation at varying glutamate and PLP concentrations
(main figure). Total glutamate and PLP concenirations are defined as:

(ST] = (s) + (sA) (cquation 1) and [AT} =(A) + (Sfa (eg. 2), respectively,
where (A)= free PLP, (S)=zfree glutamate, and (SA)= glutamate-PLP
Schiif base. Since Ko = (5] (A} /(SA), Schiff base concentration

was calculated irom the quadratic cquation:

(54) _ Ko+ (AT)+ (sT) £ v (Ko + {AT) (5T) )Z - 4 (AT] (ST)(eq.3)

o)
[

which resulted from substituting cquations (1) and (2) in the cquilibrium

. . N . s
cquations (since [SA) cannot exceed (sT)} or CAT, , the larger posidve
root was not uscd). A FORTRAN IV program in a Burroughs 6700 computer
(Centro de Servicios de Cémputo, UNAM,) was used for calculating the
values of [SA) . Results are expresscd as the molar {raction of Schiif base
of the total concentration of the fixed rcactant, Vs total molar
concentration of the varied reactant (eq. (3)is symetrical for (ST) and (AT) ).
Curves (1) to (5) result irom dificrent total concentrations of the fixed

2

reactant: (1), up to 1073 M; (2), 1074 M5 (3), 3.3. x 1072 M; (4), 107 M and

(5), 1 M.



I'ig. 2. IZnzymc behavior in thic absence ol Schiif basc. In'all
coordinates A is PLP JAM concentration; Sis glutamate mM concentration;
vis enzyme activity expressed as }molcs of GABA/h/g of original tissue;
and slopes arc expresscd in the corresponding v/S or v/A units. a shows
1/v vs 1/A plots at scveral fixed S concentrations {M): (1), 3.125x 107°;
(2), 6.25x 1072 (3), 1.25x 10™%; (4), 2.5x 107% (5), 5x 10™%. The
cstimated asymptotes to cach curve arc in dashed iincs and their ordinates
were replotted in a’ as 1/VHm vs tiheir corresponding 1/S values(see text).
b shows the same data as in a, reploited as 1/v vs 1/S at scveral fixed
A concentrations (M): (1), 5x 1078 (), 1.5 x 10-7; (1), 1.05 x 107%; (1v),
10_5. The slopes arc plotted vs 1/A in b'. Data in ¢ and ¢ were obtained
oy subtraclion of the velocities contributed by the PLP~independent
activity (asymptotcs) irom the total observed velocitics, as described in
the text. The numbers on cach curve represent fdxed .suos..ratc and
cotactor concentrations, as indicated above. The sccondary slope rcp*oLs
arc shown in the inscts to ¢ and d. Tic cxperimental data in a and b were
obtained using an cnzyme preparation diluted 10-fold in oxder to lower the
cndogenous level of PLP in the assay medium, but glutamate speciiic

activity was increasced 100~fold or increasing the sensitivity of the method.

Each point is the mean vaiue of 2 independent experiments.



Fig. 3. DEnzyme behavior ia the presence of giutamate=-? L2 Scidif

basc. vis dcfined in the legend to IMig. 2. AT and ST arc expresscd in

. . RN . ¢
molar concentrations. & shows v iog (A*) curves, ai scveral fixed LST)

3 f
— o
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(M): (1), 1.65x 107%; (1), 4.95 x 10™%; (1), 1.65x 10™3; (IV), 4.95 x 1073;
(V), 1,653 107%; (VI), 4.95x 107%; (VII), 1.65x 107, band c show v

vs log @T) curves at scveral fixed (AT) (M): (1), 5x 10'7; (2),1.5x 10-5;

- -5 . TA™ - ‘4 N - ’ ~—~"A
(3), 1.05x 107% (4) 3.38 % 107>, (5), 107" (6}, 1073, (7), 3.33 x 10™3; (8),
1072, An cstimation of the asymptoic to curve 1 is the dashed line {sce

text). Each point represents the mean value of 3-4 independent experiments.

I'ig. 2. Computer simulation oi thc idnectic model of GAD actvity.
A FORTRAN IV program was designed in order to calculate the
thcorctical relative velocities of the cnzyme rcaction {defined as
Vrel = v/ Vmax where ve is as nreviously cdefined and

" m~ i
1 -
\ AN

Vmaxg = Vmaxl + Vmax,) at varying (ST/ and [AT] , using
cquations (1) to (6) (lecgend to Fig. 1 and text) and the experiraentally

5

. r e e 2™ s
determined xinctic constants. Vrel vs log (8%, curves were ploticd at three
e fud -7 . - "5 o) "'1 1 ] -
(AT) (M): (1), 5x107% (2), 3.3. x 1072 (3), 10™*, In a the whoic
model 18 di.«;p*ayccl (vT = v+ vy). In D the frec PLP-dependent component

H
is obtained by} making v, = 0, and conscquently Vo =V In ¢ the irce

PLP-indcpendent activity is displayed maxing v = 0, and conscquentliy

Vo= Vz-

m
-
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