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Mer cu ric chlo ride, p-chloromercuribenzoate and 5,5′-dithiobis(2-nitrobenzoic acid)
ir re vers ibly in hib ited the ac tiv ity of Esch e richia coli glu ta mate de car box yl ase. Their
sec ond or der rate con stants for in ac ti va tion are 0.463 µM–1min–1, 0.034 µM–1min–1,
0.018 µM–1min–1, re spec tively. The char ac ter is tics of the in hi bi tion 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 tiv ity in E. coli.

In the ver te brate cen tral ner vous sys tem
γ-aminobutyric acid (GABA) is con sid ered as
the ma jor in hib i tory chem i cal trans mit ter [1].
This amino acid is syn the sized from
L-glutamic acid by the ac tion of L-glu ta mate
de car box yl ase (GAD; EC 4.1.1.15) which re -
quires pyridoxal 5′-phos phate (PLP) as co fac -
tor [2]. GABA is also syn the sized by plants
and mi cro or gan isms, al though in those or gan -
isms not pos sess ing nerve tis sue, the func tion
of this amino acid is not quite clear. Ev i dence

for Esch e richia coli sug gests that GAD can
pro tect the patho gen from acid shock in the
stom ach [3].
A con sid er able num ber of in hib i tors of mam -

ma lian GAD have been iden ti fied, in clud ing
res i due-specific re agents which have given
clues about those amino ac ids that might be vi -
tal for cat a lytic ac tiv ity [4, 5]. From such stud -
ies ev i dence has emerged that sulfhydryl
groups of cer tain cysteinyl res i dues are im por -
tant for en zyme ac tiv ity [6, 7]. 
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Glu ta mate de car box yl ase from mi cro or gan -
isms has not been stud ied as thor oughly as the 
mam ma lian en zyme. It is known, how ever,
that the en zyme from Strep to coc cus pneu mo -
niae has a mo lec u lar mass of 54400 Da and ex -
hib its 28% homology with GAD65 from brain
[8]. GAD from E. coli and Clostridium per -
fringens con sists of six iden ti cal sub units each
with a mo lec u lar mass of about 50000 Da [9,
10]. As in eukaryotes, the prokaryotic en zyme
(E. coli) is en coded by two dis tinct genes
whose se quences have been de ter mined
[11–13]. The pro tein prod ucts dif fer in only
five amino-acid res i dues and their func tional
prop er ties are iden ti cal. The en zyme from E.
coli shows dif fer ent phys i cal and cat a lytic
prop er ties from the mam ma lian pro tein but
does ex hibit some sim i lar i ties to the brain en -
zyme as far as its in hi bi tion by sub strate an a -
logues and di va lent cat ions, al though quan ti -
ta tive dif fer ences do ex ist [14].
Com pounds which re act spe cif i cally with

some amino ac ids can be use ful for de ter mi na -
tion of the cat a lytic ac tiv ity of en zymes. Loss
of en zyme ac tiv ity and pro tec tion against this
loss by sub strates or co factors on ex po sure of
en zyme to these re agents pro vides ev i dence
that the re spec tive amino ac ids are es sen tial
for bi o log i cal ac tiv ity. There is al ready some
ev i dence that sulfhydryl groups are im por tant 
for bac te rial GAD ac tiv ity [15–17]. With this
in mind, the pres ent in ves ti ga tion was un der -
taken to de ter mine the ki netic mech a nism of
the ac tion of sev eral cysteine-specific re agents 
on GAD from E. coli. 

MA TE RIALS AND METHODS

En zyme and chem i cals. L-Glu ta mate de -
car box yl ase (40 units/mg pro tein) from
E. coli, L-glutamic acid, pyridoxal 5′-phos -
phate, N-ethylmaleimide, p-chloro mercuri -
benzoate, chloroacetamide, iodoacetate, 5,5′-
di thio bis(2-nitrobenzoic acid) and mer cu ric
chlo ride were ob tained from Sigma Chem i cal
Co. L-[1-14C]Glu ta mate (54 mCi/mmol) was

pur chased from Re search Prod ucts In ter na -
tional.
Glu ta mate de car box yl ase as say. The ac -

tiv ity of the en zyme was mea sured by in cu bat -
ing 0.02 units at 37°C in the pres ence of 1 ml
of 50 mM so dium ac e tate/ace tic acid buffer,
pH 4.6, con tain ing 0.4 mM [14C]glu ta mate,
0.05 mM PLP and 120 mM NaCl. The evolved
ra dio ac tive CO2 was trapped in 0.1 M po tas -
sium hy drox ide. The re ac tion was ter mi nated
by the ad di tion of 0.1 ml of 0.8 N H2SO4 and
the in cu ba tion con tin ued for a fur ther 30 min
to en sure the re lease of all car bon di ox ide. Ra -
dio ac tiv ity was counted in a Beckman LS100
liq uid-scintillation spec trom e ter. Flasks con -
tain ing no en zyme were used as blanks.
In ac ti va tion of glu ta mate de car box yl ase. 

For the in ac ti va tion ex per i ments, en zyme was 
in cu bated at room tem per a ture in so dium ac e -
tate/ace tic acid buffer, pH 4.6, with sev eral
dif fer ent con cen tra tions of in hib i tor, with or
with out glu ta mate or PLP, for var i ous lengths 
of time. In the course of the in cu ba tion, 20 µl
aliquots of the mix ture were suc cess fully re -
moved and added to 1.98 ml of ac e tate buffer
con tain ing 0.4 mM ra dio ac tive glu ta mate,
0.05 mM PLP and 120 mM NaCl. The ac tiv ity
of the en zyme was then mea sured by in cu ba -
tion at 37°C as de scribed above.

RE SULTS

The en zyme ac tiv ity was as sayed as de -
scribed in Methods at pH 4.6 in the pres ence
of DTNB, chloroacetamide, iodoacetate, NEM, 
pCMB or mer cu ric chlo ride. Only mer cu ric
chlo ride, pCMB and DTNB in hib ited en zyme
ac tiv ity (Ta ble 1). In each case the in hi bi tion
was ir re vers ible since, if en zyme be fore the as -
say was di luted 50-fold with buffer, the de gree
of in hi bi tion was the same as if each in hib i tor
had been pres ent dur ing the in cu ba tion.
Un der the con di tions of the in ac ti va tion ex -

per i ments, the rate of ac tiv ity loss ex hib ited
pseudo-first-order ki net ics and was pro por -
tional to in hib i tor con cen tra tion (Fig. 1). At

574 S.J. McCormick and G. Tunnicliff 2001



the high est in hib i tor con cen tra tion (3 µM),
how ever, pseudo-first-order ki net ics was ob -
served for the first 15 min only.
The ob served rates of in ac ti va tion (kobs),

which are the pseudo-first-order rate con -
stants, can be re lated to the in hib i tor con cen -
tra tion [I] by the equa tion:

kobs = k2[I]n

where n is the re ac tion or der and k2 is the sec -
ond-order rate con stant [18]. There fore these
re sults are con sis tent with the in ac ti va tion
pro cess fol low ing sec ond-order ki net ics as a
bi mo lec u lar re ac tion:

E + I 
k2 →  E–I 

where E is en zyme, I is in hib i tor, and E–I is
the sta ble enzyme–inhibitor com plex. The
sim ple bi mo lec u lar rate con stant (k2) for
HgCl2 was cal cu lated as 0.463 µM–1 min–1.
This was done by mul ti ply ing the slope of the
lines by 2.303 and di vid ing by the in hib i tor
con cen tra tion. Fur ther ex per i ments were
done un der iden ti cal con di tions and are sum -
ma rized in the in set to Fig. 1. The lack of an in -
ter cept on the y axis sup ports the idea of a sim -
ple bi mo lec u lar re ac tion dur ing which no mea -
sur able tran sient inhibitor–enzyme com plex
was formed; i.e., the mer cu ric chlo ride was
not act ing as an af fin ity la bel.
A sim i lar pat tern of in ac ti va tion was ob -

served when ei ther pCMB or DTNB was the
in hib i tor (Figs. 2 and 3). In both cases in ac ti -
va tion fol lowed pseudo-first-order ki net ics, al -
though at the high est DTNB con cen tra tion
(100 µM), pseudo-first-order ki net ics was seen
for the first 12 min only. As in the case with
mer cu ric chlo ride, the in crease in the rate of
in ac ti va tion was pro por tional to the in hib i tor
con cen tra tion (Figs. 2 and 3, in set), in di cat ing 
that no tran sient en zyme–in hib i tor com plex
was formed. The sec ond-order rate con stant
was cal cu lated as 0.034 µM–1 min–1 and 0.018 
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Fig ure 1. Re maining en zyme ac tiv ity as a
func tion of HgCl2 con cen tra tion and time of
ex po sure. 

A = 1.5 µM HgCl2 and 1 mM pyridoxal 5′-phos phate; B
= 1.5 µM HgCl2; C = 3.0 µM HgCl2. In each case the rate 
of in ac ti va tion (kobs) was ob tained by mul ti ply ing the
slope of the line by 2.303. Each point is the mean of
four de ter mi na tions and the co ef fi cient of vari a tion
was never greater than 10%. The en zyme ac tiv ity at
100% = 16.5 µmol/min per mg pro tein. The in set shows 
the re cip ro cal of kobs plot ted against the re cip ro cal of
in hib i tor con cen tra tion. For the sake of clar ity, the
data for ad di tional two points in the in set are not
shown in the main graph.

Fig ure 2. Re maining en zyme ac tiv ity as a
func tion of pCMB con cen tra tion and time of
ex po sure. 

A = 25 µM pCMB and 1 mM PLP; B = 25 µM pCMB; C =
50 µM pCMB. For other de tails see leg end to Fig. 1.



µM–1min–1 for pCMB and DTNB, re spec -
tively.
If PLP was pres ent dur ing the ex po sure of

en zyme to ei ther of the three in hib i tors, the
rate of in ac ti va tion was re duced in each case
(Figs. 1, 2 and 3). The pro tec tion was con cen -
tra tion de pend ent, al though only one con cen -

tra tion is il lus trated in the graphs. On the
other hand, the pres ence of 10 mM glutamic

acid re duced the rate of in ac ti va tion only by
DTNB but not by the other two com pounds.
In one ex per i ment the ef fects of in creas ing

pH on the po ten tial in hib i tory ac tion of

iodoacetate, NEM or chloroacetamide was
mon i tored. The en zyme was as sayed at pH
4.0, 5.0, 6.0, 7.0 or 8.0 in the ab sence or pres -
ence of 100 µM of each com pound. In the ab -
sence of in hib i tor, the en zyme ac tiv ity
reached a peak be tween pH 4.0 and 5.0.
Iodoacetate had no marked ef fects on en zyme
ac tiv ity but both NEM and chloroacetamide
showed a sig nif i cant in hib i tory ef fect at pH
6.0 and higher pH val ues (not shown).

DIS CUS SION

Glu ta mate de car box yl ase from E. coli was
ex posed to six dif fer ent sulfhydryl-group re -
agents at pH 4.6, but the ac tiv ity was in hib ited 
by HgCl2, pCMB and DTNB only. In each case, 
the in hi bi tion was ir re vers ible. The three in -
hib i tors be haved sim i larly to wards 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 in hib i tor con cen tra tion. Con se -
quently, there was no ev i dence for the com -
pounds pro duc ing readily re vers ible en -
zyme–in hib i tor com plexes and there fore no
in hib i tor bind ing con stant could be cal cu -
lated. The other three sulfhydryl-selective re -
agents — iodoacetate, NEM and chloro ace -

tamide — had no ap pre cia ble ef fect on en zyme
ac tiv ity. This might be ex plained by the rel a -
tively acidic con di tions of the re ac tion. The re -
ac tiv ity of these re agents is pH de pend ent, the 
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Fig ure 3. Re maining en zyme ac tiv ity as a
func tion of DTNB con cen tra tion and time of
ex po sure.

A = 60 µM DTNB and 1 mM pyridoxal 5′-phos phate; B = 
60 µM DTNB and 10 mM glu ta mate; C = 60 µM DTNB;
D = 100 µM DTNB.

Ta ble 1. Ef fects of sulfhydryl-group re agents on E. coli glu ta mate de car box yl ase ac tiv ity at pH 4.6.

Reagent Per cent in hi bi tion

HgCl2 80.1 ± 11.0

p-Chloromercuribenzoate 68.5 ± 7.7 

5,5′-Dithio bis(2-nitro benzoate) 50.3 ± 11.1

Iodoacetate 4.6 ± 3.3

N-Ethylmaleimide 0.9 ± 6.3

Chloroacetamide –0.3 ± 0.4

En zyme as sayed as de scribed in the Ma te rials and Methods. HgCl2 con cen tra tion = 1 µM, all other com pounds = 100 µM.
Values rep re sent mean (± S.D.) of 10 de ter mi na tions.



op ti mum range be ing pH 6–8. In deed, when
NEM or chloroacetamide were ex posed to the
en zyme at pH 6.0 or higher, an in hi bi tion of
en zyme ac tiv ity was ob served (not shown).
This is in con trast to both mer cu ric chlo ride
and pCMB whose re ac tion with pro teins is the 
high est at about pH 5 [19].
The co fac tor PLP was able to pro tect against

the in ac ti va tion by the two mer cu rial com -
pounds, as well as by DTNB. The sub strate,
how ever, did not pro tect against the in hi bi -
tion by the mer cu ri als but did pro tect against
in hi bi tion by DTNB. Con se quently, these data 
pro vide ev i dence that es sen tial cysteinyl res i -
dues re side at or near the co fac tor bind ing
site. In fact, pre vi ous stud ies had in di cated
that pCMB and mer cu ric chlo ride could ad -
versely af fect the ac tiv ity of this en zyme al -
though no ki netic data were pro vided [14, 16].
Actually, both Strausbauch & Fischer [9] and
Fonda [15] have used DTNB to es ti mate the
num ber of cysteinyl res i dues pres ent in each
sub unit of the en zyme. The es ti mates were ei -
ther 9 or 10 cysteines per sub unit. Fur ther,
bromopyruvate was shown to in ac ti vate
E. coli GAD by alkylating one es sen tial
sulfhydryl group on each sub unit [15]. In this
re gard, the bac te rial en zyme re sem bles GAD
from mam ma lian brain since the lat ter is sus -
cep ti ble to in hi bi tion by re agents which re act
with thiol groups [6, 7, 20, 21].
In sum mary, we have shown that GAD from

E. coli was ir re vers ibly in hib ited by the three
sulfhydryl-group re agents, mer cu ric chlo ride,
pCMB and DTNB, with mer cu ric chlo ride be -
ing by far the most ef fec tive. Since pyridoxal
5′-phos phate pro tected the en zyme against in -
hi bi tion by all three com pounds, it might be
con cluded that cysteinyl res i due is im por tant
for co fac tor func tion. Glu ta mate of fered pro -
tec tion only against the ef fects of DTNB, sug -
gest ing cysteinyl res i dues also play a role in
glu ta mate bind ing to the en zyme. How ever, it
is not clear why it did not pro tect against the
ac tion of HgCl2 and pCMB.

We are grate ful to Dr. T.T. Ngo for crit i cally
read ing the manu script and of fer ing help ful
sug ges tions.
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