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Mercuricchloride,p-chloromercuribenzoate and 5,5'-dithiobis(2-nitrobenzoic acid)
irreversibly in hib ited the ac tiv ity ofEsch e richiacoli qutaTatedlecarboxyl asg. Theilr
secondorder rate constantsforinactivationare0.463uM "min ", 0.034 uM "min -,

0.018 uM *min*

, respectively. The characteristics of the inhibition by the three

thiol-group re agents sup ports the idea that cysteinyl res i dues at the bind ing sites for
the co fac tor and/or the sub strate are im por tant for en zyme ac tivity in E. coli.

In the vertebrate central nervous system
y-aminobutyric acid (GABA) is considered as
themajorinhibitorychemicaltransmitter[1].
This amino acid is synthesized from
L-glutamic acid by the action of L-glutamate
decarboxylase (GAD; EC 4.1.1.15) which re-
quires pyridoxal 5'-phosphate (PLP) as cofac-
tor [2]. GABA is also synthesized by plants
andmicroorganisms,althoughinthoseorgan
Isms not pos sess ing nerve tissue, the func tion
of this amino acid is not quite clear. Ev i dence

for Escherichia coli suggests that GAD can
protect the pathogen from acid shock in the
stomach [3].

Aconsiderablenumberofinhibitorsofmam
malian GAD have been identified, including
residue-specific reagents which have given
clues about those amino ac ids that might be vi
tal for catalyticactivity [4,5]. From such stud
ies evidence has emerged that sulfhydryl
groupsofcertaincysteinylresiduesareimpor
tant for enzyme activity [6, 7].
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carboxylase;pCMB, p-chloromercuribenzoate; NEM, N-ethylmaleimide; PLP, pyridoxal 5'-phosphate.
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Glutamate decarboxylase from microorgan-
isms has not been stud ied as thor oughly as the
mammalian enzyme. It is known, however,
that the enzyme from Streptococcus pneumo
niae hasamo lecular massof54 400 Da and ex
hibits 28% homology with GADgs from brain
[8]. GAD from E. coli and Clostridium per-
fringenscon sistsof sixidenti cal sub unitseach
with amo lec u lar mass of about 50000 Da [9,
10]. As in eukaryotes, the prokaryotic en zyme
(E. coli) is encoded by two distinct genes
whose sequences have been determined
[11-13]. The protein products differ in only
five amino-acid residues and their functional
properties are identical. The enzyme from E.
coli shows different physical and catalytic
properties from the mammalian protein but
doesexhibitsomesimilaritiestothebrainen
zyme as far asitsin hibi tion by sub stratean a
logues and divalent cations, although quantt
tative differ encesdoexist[14].

Compounds which react specifically with
some amino ac ids can be use ful for de ter mi na
tion of the catalyticactivity ofenzymes. Loss
ofenzymeactivityand protectionagainstthis
loss by sub strates or co factors on ex po sure of
enzyme to these reagents provides evidence
that the respective amino acids are essential
for biological activity. There is already some
evidencethatsulfhydryl groupsare im por tant
for bacterial GAD activity [15—-17]. With this
inmind, the presentinvestigationwasunder
taken to determine the kinetic mechanismof
the action of several cysteine-specific re agents
on GAD from E. coli.

MATERIALS AND METHODS

Enzyme and chemicals. L-Glutamate de-
carboxylase (40 units/mg protein) from
E. coli, L-glutamic acid, pyridoxal 5'-phos-
phate, N-ethylmaleimide, p-chloromercuri-
benzoate, chloroacetamide, iodoacetate, 5,5'-
dithiobis(2-nitrobenzoic acid) and mercuric
chlo ride were ob tained from Sigma Chemi cal
Co. L-[1-14C]Glutamate (54 mCi/mmol) was

purchased from Research Products Interna-
tional.

Glutamate decarboxylase assay. The ac-
tivity of the en zyme was measured by in cu bat
ing 0.02 units at 37°C in the pres ence of 1 mi
of 50 mM sodium acetate/acetic acid buffer,
pH 4.6, containing 0.4 mM [14C]glutamate,
0.05 mM PLP and 120 mM NaCl. The evolved
radioactive CO2 was trapped in 0.1 M potas-
siumhydroxide. Thereactionwaster minated
by the addition of 0.1 ml of 0.8 N H,SO4 and
theincubationcontinuedforafurther30min
toensurethereleaseofall car bondioxide. Ra
dio ac tiv ity was counted in a Beckman LS100
liquid-scintillation spectrometer. Flasks con-
taining no en zyme were used as blanks.

Inactivationofglutamatedecarboxylase.
Fortheinactivationexperiments,enzymewas
incubatedatroomtemperatureinsodiumace
tate/acetic acid buffer, pH 4.6, with several
different concentrations of inhibitor, with or
with outglu tamate or PLP, for var i ous lengths
of time. In the course of the incubation,20ul
aliquots of the mixture were successfully re-
moved and added to 1.98 ml of ac e tate buffer
containing 0.4 mM radioactive glutamate,
0.05 mM PLP and 120 mM NaCl. The activity
of the enzyme was then measured by incuba-
tion at 37°C as described above.

RESULTS

The enzyme activity was assayed as de-
scribed in Methods at pH 4.6 in the presence
of DTNB, chloroacetamide, iodoacetate, NEM,
pCMB or mercuric chloride. Only mercuric
chloride, pCMB and DTNB inhibited enzyme
activity (Table 1). In each case the inhibition
wasirreversiblesince, ifenzymebe fore the as
say was di luted 50-fold with buffer, the de gree
ofinhibitionwasthesameasifeachinhibitor
had been present during the incubation.

Under the conditions of the inactivation ex-
periments, the rate of activity loss exhibited
pseudo-first-order kinetics and was propor
tional to inhibitor concentration (Fig. 1). At
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the highest inhibitor concentration (3 uM),
however, pseudo-first-order kinetics was ob-
served for the first 15 min only.

The observed rates of inactivation (Kgps),
which are the pseudo-first-order rate con-
stants, can be re lated to the inhibitor concen
tration [I] by the equation:

Kobs = Ka[I]"

where nis the re ac tion or der andk; is the sec
ond-order rate constant [18]. Thereforethese
results are consistent with the inactivation
process following second-order kinetics as a
bimolecular reaction:

E+1%%® B

where E is enzyme, | is inhibitor, and E—I is
the stable enzyme—inhibitor complex. The
simple bimolecular rate constant (ko) for
HgCl, was calculated as 0.463 uM~1 min~t.
This was done by mul ti ply ing the slope of the
lines by 2.303 and dividing by the inhibitor
concentration. Further experiments were
done underidentical conditionsandare sum
marizedintheinsettoFig. 1. The lack ofanin
ter cept on they axis sup ports the idea of a sim
plebimolecularreactionduringwhichnomea
surable transient inhibitor—enzyme complex
was formed; i.e., the mercuric chloride was
not actingasanaffinity label.

A similar pattern of inactivation was ob-
served when either pCMB or DTNB was the
inhibitor (Figs. 2 and 3). In both cases inacti-
vation fol lowed pseudo-first-order ki netics, al
though at the highest DTNB concentration
(100 M), pseudo-first-order ki neticswas seen
for the first 12 min only. As in the case with
mer cu ric chlo ride, the in crease in the rate of
inactivationwasproportionaltotheinhibitor
concentration(Figs.2and 3, inset), indicating
that no transient enzyme—inhibitor complex
was formed. The second-order rate constant
wascal cu lated as O.O34MM_l min~tand 0.018
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Figure 1. Remaining enzyme activity as a
func tion of HgCl, con cen tra tion and time of
exposure.

A =1.5uM HgCl, and 1 mM pyridoxal 5'-phos phate; B
=1.5uM HgCly; C=3.0 uMHgCl5. In each case the rate
ofinactivation (k,,) was obtained by multiplying the
slope of the line by 2.303. Each point is the mean of
four determinations and the coefficient of variation
was never greater than 10%. The enzyme activity at
100% = 16.5 umol/min per mg pro tein. The in set shows
thereciprocal of k¢ plot ted against the re cip ro cal of
inhibitor concentration. For the sake of clarity, the
data for additional two points in the inset are not
shown in the main graph.

Fraction of Enzyme Activity

T T
0.00 0.04 0.08
1/pCMB (M)

.

0 10 20 30

Time (min)

Figure 2. Remaining enzyme activity as a
func tion of pCMB con cen tra tion and time of
exposure.

A=25uM pCMB and 1 mM PLP;B =25uM pCMB; C =
50 uM pCMB. For other de tails see leg end to Fig. 1.
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uM~min~! for pCMB and DTNB, respec-
tively.

If PLP was present during the exposure of
enzyme to either of the three inhibitors, the
rate of inactivationwas reduced in each case
(Figs. 1, 2 and 3). The pro tec tion was con cen
tration de pendent, al though only one con cen
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Figure 3. Remaining enzyme activity as a
func tion of DTNB con cen tra tion and time of
exposure.
A =60uM DTNB and 1 mM pyridoxal 5'-phos phate; B =

60 uM DTNB and 10 mM glu ta mate;C = 60uM DTNB,;
D = 100 uM DTNB.

tration is illustrated in the graphs. On the
other hand, the presence of 10 mM glutamic

iodoacetate, NEM or chloroacetamide was
monitored. The enzyme was assayed at pH
4.0, 5.0, 6.0, 7.0 or 8.0 in the ab sence or pres
ence of 100 uM of each com pound. In the ab
sence of inhibitor, the enzyme activity
reached a peak between pH 4.0 and 5.0.
lodoacetate had no marked ef fects on en zyme
activity but both NEM and chloroacetamide
showed a significant inhibitory effect at pH
6.0 and higher pH values (not shown).

DISCUSSION

Glutamate decarboxylase from E. coli was
exposed to six different sulfhydryl-group re-
agentsatpH 4.6, buttheactivitywasin hib ited
by HgCl,, pCMB and DTNB only. In each case,
the inhibition was irreversible. The three in-
hibitors behaved similarly towards the en-
zyme. Each pro duced an in ac ti va tion that fol
lowed pseudo-first-order ki net ics and was lin
ear with inhibitor concentration. Conse-
quently, there was no evidence for the com-
pounds producing readily reversible en-
zyme—inhibitor complexes and therefore no
inhibitor binding constant could be calcu
lated. The other three sulfhydryl-selective re-
agents — iodoacetate, NEM and chloroace-

Table 1. Ef fects of sulfhydryl-group re agents on E. coliglutamatedecarboxylaseactivityatpH4.6.

Reagent Percentinhibition
HgCl, 80.1+11.0
p-Chloromercuribenzoate 68.5+7.7
5,5'-Dithiobis(2-nitrobenzoate) 50.3+11.1
lodoacetate 4.6 +3.3
N-Ethylmaleimide 09+6.3
Chloroacetamide -0.3+04

En zyme as sayed as de scribed in the Ma te rials and Methods. HgCl, con cen tration = 1uM, all other com pounds = 100 uM.

Values rep re sentmean (x S.D.) of 10 de ter mi nations.

acid reduced the rate of inactivation only by

DTNB but not by the other two compounds.
In one experiment the effects of increasing

pH on the potential inhibitory action of

tamide—hadnoappreciableeffectonenzyme
activity. This might be explained by the rela-
tively acidicconditionsofthereaction. There
activity of these reagentsis pHde pendent, the
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optimum range being pH 6-8. Indeed, when
NEM or chloroacetamide were ex posed to the
enzyme at pH 6.0 or higher, an inhibition of
enzyme activity was observed (not shown).
This is in contrast to both mercuric chloride
and pCMB whose re ac tion with pro teins is the
highest at about pH 5 [19].

The co fac tor PLP was able to pro tect against
the inactivation by the two mercurial com-
pounds, as well as by DTNB. The substrate,
however, did not protect against the inhibi-
tion by the mer cu rials but did pro tect against
inhibitionby DTNB. Con se quently, these data
provide evidence thatessential cysteinylres
dues reside at or near the cofactor binding
site. In fact, previous studies had indicated
that pCMB and mercuric chloride could ad-
versely affect the activity of this enzyme al-
though no ki netic data were pro vided [14, 16].
Actually, both Strausbauch & Fischer [9] and
Fonda [15] have used DTNB to estimate the
number of cysteinyl residues presentin each
sub unit of the en zyme. The es ti mates were et
ther 9 or 10 cysteines per subunit. Further,
bromopyruvate was shown to inactivate
E. coli GAD by alkylating one essential
sulfhydryl group on each sub unit [15]. In this
regard, the bacterial enzyme resembles GAD
from mam ma lian brain since the lat ter is sus
ceptibletoinhibitionbyreagentswhichreact
with thiol groups [6, 7, 20, 21].

In sum mary, we have shown that GAD from
E. coli was irreversibly in hib ited by the three
sulfhydryl-group reagents, mercuricchloride,
pCMB and DTNB, with mercuric chloride be-
ing by far the most effective. Since pyridoxal
5'-phos phate pro tected the en zyme against in
hibition by all three compounds, it might be
con cluded that cysteinyl residueisim por tant
for cofactor function. Glutamate offered pro-
tection only against the ef fects of DTNB, sug-
gesting cysteinyl residues also play a role in
glutamatebindingtotheenzyme. However, it
is not clear why it did not pro tect against the
action of HgCl, and pCMB.

We are grate ful to Dr. T.T. Ngo for criti cally
reading the manuscript and offering helpful
suggestions.
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