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FUMGARY

Dithiol-dependent inhibition by arsenite has been demonstrated in glutamine
synthetase (L-glutamate:ammonia Lgase (ADP), EC 6.3.1.2) obtained from various
sestiress: from Newrospora to mammalian tissues, With a partially purified enzyme
preparation from rat liver, o,c-dimercaptoalkanes, heterocyclic and aromatic dimer-
capte compounds have been compared for their ability to activate the enzyme and
o mediate arsenite inhibition. BAL and 1,2-dimercaptoethane proved to be the
most effective dithiols in both respects.

- Equimolar quantities of BAL and arsenite produced the greatest inhibition
‘of glatamine synthetase. Excess arsenite did not cause an additional inhibition, but
ekepss BAL diminished i, Cysteine, though less effective than BAL, also reversed
the hahibition.

Mapharside inhibited the enzyme at low concentrations and required no
dithigl, Inhibition by either mapharside or p-arsenosobenzoate could be prevented
more effectively by BAL than by cysteine. Inhibition by the organic arsenicals
increased progressively with the length of time of prior incubation with the enzyme;
that by arsenite, however, showed little increase. In contrast, prior incubation with
o-indosobenzoate produced a spontaneous reactivation of the enzvme with time.

Both Cd*+ and mercurial treatments of glutamine synthetase altered the
ahmrse of arsenite inhibition. Cd2+ treatment appeared to interfere with arsenite in-
hibition; mercurial treatment enabled cysteine, as well as BAL to mediate the in-
hibition,

Evidenice has been presented to show that the enzyme-arsenite complex dis-
sociates readily. Moreover, kinetic analysis gives a value for Ky as high as Ky, for
hydroxylamine and adenosinetriphosphate. These results have invalidated the
currently held assumption that dithiol-dependent arsenite inhibition results in the
formation of a relatively stable ring structure with two closely juxtaposed ~mfhydryl
growps of the enzyme molecule. Insteéad, a mechanism has been propos-d for the
dithiol-medisted inhibition by arsenite, which entails reaction with only one sulf-
hydryl group of glutamine synthetase.
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ARSENIIE INEIBITION OF GLUTAMINE SYNTHETASE 133
INTRODUCTION

, Following the discovery of BAL aa an antidote for arsenical vesicants, Trowe-
SON ef al.1~* pioneered a S§ms ni systematic mv%t:gai?wm on t%ax @ﬁaﬂ nﬁ arsewicals

of lemsxte cnmbm he: sulfur of kemt&m& m the ra!m 43{ 'S ftﬁ ’h} 3 z; g;w n-%‘ mﬂ,
giving rise to the. esis that the tirsenical acts by reacting with two closely
placed mercapto groups: tha pmtmn 10 fm‘m a mlaﬂmiv stable ring structure.
This “dithiol theory” received support in » ﬂubaeqewnt iavestigation with the
pyruvate oxidase system by WHITtakERr®. 1. is nov generally assumed, though
not proved, that a tervalent monosabstituted avsepical inhibits an enzyme by
forming a cvclic thivarsenite with two jextaposed sulihydey] groops of the wnevme
molecule, and that the dissociation of swh a © Qmpkx depends on the intredaotd
of thiols having the pmpa%rfv of forming more stable evelic compoonds with the
arsenical.

The tervalent inorganic arsanical, srsenite. appears to posiess oertaln pro.
perties in enzyme inhibition not shared by its organic countorparts. One of these
is its dependence om a thiol for its inhibition. Several enzyme systems have mu
observed to reguire a thiol for arsenite inhibition. Examples ave aldohvie de
genases®, oxidative phosphorviation?, fatty acid blosynthesis%, A-hydn -ﬁmax':vmw
dehydrogenase®, acetyl-CoA earboxylase™, and Inciferase™, Most of these CNEVTS
were also inhibited by Cdte, On the basis of these findings, the assumption that
there are two gmmpmﬁ suifoedoy] groups in these engvme proteins bas boen
made®1, But the way in which the thiol mediates arsenite inhibdtion and the
nature of th~ enzyme-inhibitor complex have not been ipvestigated.

The ;receding paper of this series®™ reported that gletamire synthetase
{-glatamate ‘ammonia ligase {(ADP), EC 6.3,1.2) was inhibited by arsenite, bot only
in the presence of & certain dithicl. The enavexe was slso nhibited by, smong other
metal ions, Cd2*. The nature of arsentte inhibition of this enmyme has bren studied
in detail. Inhibition by organic arsemivals is alo included for compavison. The
results of these experiments form the subject of thiz presentation.

EXPERIMENTAL PROCEDURE

% mrtmﬂv ;;anﬁm gﬁﬁmmmve “mmm pzwgmrﬂmﬁ Wk fﬁﬁ;ﬂw’l from rat
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thixtire &nd the conditions for: mcubatmn remained unchanged At

(:ubwtmﬁ, hmvewar, 0.5 mt of 50% tnchloroacetlc acid was added to the

¥ fiott niixtare, and an aliguot 'of the mixture was used at ohce for

termination. The control contained ATP but. no hydroxylannne
:‘f bl

= ‘ toalkifies hzwe Tow solub;lmes in ‘water. Therefore, they were
fient dissolved in 60%, isopropyl aleohol to give a 0.01 M solution. Aliquots of these
sodutions were then added to the reaction mixture. The highest concentration of

wffect the enzyme activity. a,a’-Dimercapto-p-xylene and 3,4-dimercaptotoluene were
added in a similar way.

Al dithiols and arsenicals were commercial products. Diithiols were purchased
fromm either Bastmman Organic Chemicals or K & K Laboratories. p-Arsenosoben-
rowte wos a product of Nutritional Biochemicals Corporation, and mapharside,
of Parke, Davis and Company.

The detailed procedure for each experiment is given in the legend a.com-
panving ¢ach table and figure,

BESULYS

Eviz,ome from different sources

The preceding paper of this series?? has shown that the inhibition by arsenite
{1.1 mM) of glutamine synthetase from rat liver depended on the presence of a
dithiol, and that no inhibition occurred in the absence of an added thiol or in the
presence of a monothiol. Therefore, an examination of the enzyme from other
sources was made to determine the degree of dependence of arsenite inhibition on
thiols, Table I shows these results. The inhibition of glutamine synthetase from a

TABLE I
PITHIOL-DEFENDENT ARSENITE INHIBITION OF GLUTAMINE SYNTHETASE FROM DIFFERENT SOURCES

Timoe or cell homogenates were used. The reaction mixture contained either no thiol or one
ihied g4 noted below. Arsenite, when added ,was 1.1 mM. The inkibition is determined by com-
parmg the M?yme activities in the prescncc and absence of arsenite.

‘»:WI’CE af enzyme me cent tnhibition

No thiol  1rmM .rmM
Cysteine BAL

Morris hepatoma 7800 1.8 2.3 76.9
Rat corebrum 21.8 9.4 83.6
Chiclk cerebellum 6.4 o 29.1
Gartor snake lver 3.2 0.8 81.z
Tetrahymena pyriformis 7 o 86.4
Newrospora cvassa 23.4 12,1 95.0
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:\RSENITE INHIBITIQN OF GLUTAMINE SY\THETASE 137

rat hepatoma was 1 uch like that oi)sened in rat liver, With the exception of the
enzyme from chick ‘braini, which was quite resistant to arsenite, the enzyme from
other sources was mh1 ited to a sxrmlar t’agree by axsamte» m the pmena:e of B !xl,.

v enhang .(}n- the uther hand c\:stame whcsse cmmentratmn
was’ optlmal for the enzymie ac vity, decrea:,ed arsenite inhibition. The decrease
appears to be due to the formation of a thioarsenite, thereby reducing the concen-
tration of the free inhibitor. The results, in general, demonstrate a similarity in
arsenite inhibition of glutamine synthetase from widely diverse sources,

Comparison of dithiols

Experiments were then made with a nun:ber of dithiols to test their ability
to mediate arsenite inhibition. Their effectiveness in fulfilling the sulftnadryl require-
ment of the enzyme is compared with that of BAL at the same concentration. In-
cluded is a homologous series of awu-dimercaptoalkanes. The resalts in Table 1
show that the relative cffectiveness of the homologues in activating the enzyvme
decreased as the length of hvdrocarbon chain between the two mercapto groups

TABLE i}

RELATIVE EFFECTIVE™:ZSS OF DITHIOLS 1IN FULFILLING THE SULFHYDRY)L REQUIREMENT OF GLt-
MINE SYNTHETASE Al 0 IN MEDIATING ARSENITE INRIRITION

Dithiol fo.22 mM} Relative Ptr tend inkibition
effectiveness T —
4rwm§¢ Arsenite

fo.rz mﬁf} fo.22 mlm

2,3-Dimoreaptopropanol {160.0) kLAY H3.0
1, 2-Dimercaptoechane 96.4 3L Hy.7
1,3-Dimercaptopropane 658 2 434
1,4-Dimercaptobutane 65,8 22 2.3
L,6-Dimercaptohexane 62.9 ) @

1.5-Dimercaptooctane 62.1 24 153
1,10-Dimercagiodecane 50.1 o 2.2
3-Dimercaptotoluene 8g.1 3.1 3.4
au’~-Dimercapto-p-xylene 83.4 '8} 30.9
2,4-Dimercaptopyrimidine 348 o o

2,3-Dimercaptoguinoxaline 54-0 o LR
None T ) @

increased. 1,2-Dimercaptoethanc, for instance, showed an activity essentialiv the
same as BAL, but rz¢-dimercaptodecane had little activity, In fagt, the activity
dropped sharply when the two mercapte groups changed from the 1,2+ to the 1.3
positions. The ability of the homuologues to mediate arsenite inldbition was examined
at two concentrations of arsenite with the concentration of the dimercapto compoeunds
maintained at o.22 mM. The results also show that their ability to mediate arsenite
inhibition depended on the proxinity of the two mercapto groups in the molecule,
1,6-Dimercaptohexane and the higher homologues could not mediate the inhibition,

Biochion, Biephve. dota, v (1oBs) 134247



‘%\Jﬁ!*f‘mﬁﬁﬁi investigated the reactivation by o,w-dimercaptoalkanes of pigeon-
Train pyruvate oxidase after poisoning with lewisite and showed that 1,4~limer-
' et ami 1,5 tizmerc&pmpentane were less effective than -their lowr and
hﬁandgues I’reaumablm tlxe reqmrement for stabxhty of the a"senical-

of Tt ¢ e:nnme ror lis dblhcv to mechate the mhxbmon can’ be prechcte(i
4 fmm tim proximity of the mercapto groups.

The partial requirement of glutamine synthetase for a thiol could be fulfilled
by a much Jower concentration of BAL than of a monothiol’s. The requirement also
depended on the age of the ensyme preparation. A freshly purified enzyme prepara-
tiori hiad o fower regttirernent for a thiol than had a stored sample. Thus, the enzyme
activity without a thiol varied from 30 to 50%, of that with a thiol. But the degree
of arsenite inhibition did not vary with the age of the preparation. Moreover, within
the firmits of the assay, doubling the enzyme concentration in the reaction mixture
did not change the degree of arsenite inhibition.

In what follows, experiments will be described to elucidate the role of BAL
in arsenite inhibition and the nature of the enzyme-arsenite complex.

Stoichiometric vélation to BAL

- FLemarty anp Saxant’ have suggested that BAL serves as a vehicle for
ff'maipﬂrtmg arsentite to the sensitive site in the oxidative phosphorylating system.
If this is true, low concentrations of BAL would be expected to be sufficient to
‘mediate a full inhibition caused by high concentrations of arsenite, since one carrier
molecule can transport repeatedly one arsenite molecule at a time to the sensitive
site. The results in Fig. 1 show that, for a given concentration of BAL, the per cent
inhibition increased with increasing concentration of the inhibitor, i the inhibitor
conecentration did not exceed the BAL concentration. Further increase in arsenite
concentration beyond this limit resulted in no additional inhibition, unless, of
course, AL concentration was raised also. Clearly, availability of BAL limits the
extent to which arsenite can inhibit. Furthermore, for a given concentration of
arsenite, the greatest inhibition occurred when the molar ratio of BAL to arsenite
was unity (Fig. 2). Increasing the ratio toward unity enhanced the inhibition, hut
further ificrease in the ratio beyond unity vaused the inhibition to diminish. Most
of the inhibition was prevented with the ratio approachmg 2.5. These results show
that the requirement for BAL in arsenite inhibition is stoichiometric and suggest
that BAL serves as more than a vehicle for transporting the inhibitor to the sensitive
site of the enzyme,

Riochim, Biophys. Acta, 96 (1965) 134~147
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Fig. 1. Dependence of arsenite inhibition of glutamine syntbetase on BAL. The figure shows
arsenite inhibition in the presence of o.1v mM (@8, o4 @M Do pmd v mM (020
BAL,

Big. 2. Changes in arsenite inhibition of gintamine synthetase with the molar ratio of BAL o
arsenite. The toncentrations of arsenite in the teaction mixture were .34 mM (- -8, 066 ;M
(X~} and .3 M {(Oea )

Inhibition by orgenic arsenicals

The degree of dependence of inhibition by organic arsenicals on a thiol has
been studied for a compatison with arsenite inhibition. Fig. 3A shows that, i the
absence of any thiol, both p-arsencsobenzoate and maphatside caused greater in-
hibition of glutamine synthetase than arsewite. and that mapharside was much more
powerful than p-arsenosobenzoate. For instance, 0.022 mM mapharside caused about
40% inhibition as did z.2mM p-arsenosobenzoate or 3.8 mM arsemite. Avsenite

T A T
oo o F1]
ARSEWLRL ek

Fig. 3.{A) Inhibition of glutamine svathetase by raapharside i--@), f-arscaosebenroate {C— 0
and assenite { -~ 2} in the absesics of & thioh, The concontration of the arsenioal is exprossed v
a logavithmic scale. (19 Prevention of arsenical inhibition of glutanvine spathetast by thaols, The
graph shows changes in inhibition by o2z mM maphbaside with oysteine {x--x3 and with
BAL {01 and by 2.2 saX] parsenosobenzoate with cysteing {C--{0) ated with BAL (-8,

Bivckins, Biophve, A, 96 {rob6s) 134147
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4 11 4 and 10, Cv:teme Awas. 1@1« effeatwe than BAL in prev entmg miubxtmn
by mmfhﬁrsfﬂv and by p-arsenosobenzoate. These results demonstrate some differ-
enses Between the inhibition of glutamine synthetase by tie organic arsenicals and

 that hv arsenite. Firet, the inhibition by the organic arsenicals was not so much
giﬂ;ﬁ‘ndmt ori BAL as that by arsenite. Second, cysteine could increase the inhibition
by parsenosobenzoate to some extent but not that by arsemite. In fact, 22 mM
oysteine has been found to reverse the inhibition by 1.1 mM each of arsenite and
BAL from g3.0 to 4.5%,. Third, the molar ratio of BAL to the arsenical for maximum
inhibition and for complete reactivation vielded different values for the three ax-
senicals.

Rate of iuiibition

Fig. 4 shows the effect of prior incubation of glutamine synthetase with the
arsenical on the extent of inhibition. Prior incubation was made in the presence
of two substrates of the enzyme, the third substrate being added at the end to start
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Fig. 4. Changes in inhibition of glutamine synthetase with time of prior incubation at room
temperature by a mixture of 0.22 mM each of arsenite and BAL (@-—@), by a mixture of 2.2 mM
of p-ursenosobenzcate and 0,022 mM of BAL (O~ 0O). by .60 mM of mapharside ({3—~3), and
by 4.4:mM of o-odosobenzoate {X+—x ). The per cent inhibition by o-iodosobenzoate is plotted
ol 4 Togarithmic scale against time.
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thx—; raactmn, Prehnnnary exp rime | jshowmi that a prmr mcubatmn c)f the ﬂz.wme

vas generally less, thaﬂ S min, -

' mthetam b\‘r‘ o—mdt:subenmate decmaa&d with
L At i & spontaneous
reactwation of the inhibit enzyvme, The pict of h)ganﬂnm of pu' ‘cent inhibition
against time gives a straight line (Fig, 4), thus s“hmmlb that the reactivation follows
first-order kinetics. Hm\ever, since the enzyme used was only partiaily purified,
the possibility that the decrease in inhibition may wise from a gﬂtiuai inactivativn
of the inhibitor by foreign substances in the prepuraiion cannot be excluded.
ArprinGE?? has documented one example of such a spontaneows phenomenen in the
inhibition of cholinesterase by certain ovganic phosphorus compounds.

Effect of mercuréal treatwment on arsendle snhibilion

Storpant ¢f i have reported that mercurials afforded some protection against
inhibition of veast pyravate decarboxviase by organic arsenicals. Therefore, the
effect of mercurials on arsenite inhibition was examined. When ghutanine synthetase
was treated with p-chloremercaribenzoate or HpCly, the treated cnzyme became
sensitive to arsenite inhibition not only in the presence of BAL but also in the pre-

TABLE 11t

EEFECT OF PRIOR TREATMENT OF GLUTAMINE SYNTHETARE WITH MERCORIALY 4N 1T DNHIRITION
BY ARSENITE IN THE MRESENCE OF {URTEINE

o.5 ml of an enzyine preparation hoving So onits of avtivity/ml was mixed with 0.4 wl distilled
water and o.1 mit of ¥ mM pchiefomercutibonzonty or ;i{{tan. The wrixtare wis dialvzed against
two changes of 300 mi cach of o.01 A Tris baffer {pH 7.2] for o total of 7 h. Aliguats of thoe dia-
fyzed sneyme served for tiw mi.iu\\"f:\g ¢ ;wﬁmwi%

o t?d Wions Iwuérm Par p2ut
askivity indibition
by grsemite

A. p-Chloromercuribenzoate-treated

Noue a3

1.1 mM BATL {100}

1.1 mM BAL -+ o ;M arsenite 110 )

2.2 mM eysteine w6

2.2 mM eysteine 4 1.1 mM arsenite 1A 330

6.6 mM cysteine RN

5.6 mA oysteine 4+ .t arsenite Mg FES
B, Hgll-treated

None a

11 mM cysteine {ioty

¥ oysteive + 1.0 M ansenite 1Ly ®E.3

o : O L T SN N
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’tﬁmﬁ *f{Table IH}. As has been shown earlxel:12 monothmls could not

in the pteﬂmcr‘ ofa gwcn concentratxon of arsemte increased, rather than decreased
WHE inereaging. concentration of cysteine, This phenomenon parallels that observed
fFsentte inhibition in BAL shown in Fig. 1. Therefore, the i increase in inhibition
it senice of arsenite may indeed result from its direct action on the mercurial-
ﬁmtf“d mzym@ Possibly the mercurial tréatment has resulted in a reversible change
in the protéin conformation in the vicinity of the sulthydryl group with which
arsenite redets. Ml any case, the mercurial treatment has modified the dithiol-depen-
dedit frlidbition by arsenite and has ¢nabled 2 monothiol to mediate the inhibition.
Efforts to see whether treatment of the enzyme with guanidine hydrochloride
or wrea could produce an effect on arsenite inhibition similar to that of the mercuriat
treattient have been unsuccessful, owing to the sensitivity of the enzyme to these
reagents, T M guanidine hy droehlonde or 3.2 M urea caused a complete loss of the
enzyme activity, which could not be restored by dialysis.
Gutamne synthctase was inhibited 47.5% and 86.09% by 6.7-10-? M and
6.4 308 M Ld*, respectively. Prior treatment of the enzyme with Cd?+ at these
concentrations was found fo decrease arsenite inhibition subsequently. A detailed
study of thds interference, however, has not been made.

Dissociation of the enzyme-arsenite complex
The formation of a fairly stable ring structure by an arsenical with two jux-

TABLE 1V
HBPFECT oF DILUTION 0N INHIBITION OF GLUTAMINE S$YNTHETASE BY ARSENITE

o8 ml ef an enzyme solution containing about 32 units of activity was mixed with 0.2 ml of
a4y M each of BAL and arsenite. The mixture was allowed to stand at 2° for 30 min asd then
diluted with distilled water in the proportions given below. About 15 min followi ing the dilutions,
a3 wilguods of the undiluted and diluted enzyme solutions were assayed for activ ity. Another
5.8 pd of the enzyme solution, similarly treated and diluted but with o.2 m! distilled water re-
phacing arsenite, derved as a control. The pecific activity of the enzyme in the control remained
aychanged after the first two dilutions, but declived by about z0%, nfter the next two higher
ditutions. The specific activity of the inhibited enzyvme increased progressively with dilution.

{?andszn Per cent

inhibition
Undiluted 50.9
Diuted 11 44.8
Dilitad ¢ A 30.6
Drlited 23.9
Tituted 1 9 10.2

Bidﬂﬁ;’m, Biophys. Acla, 06 (1065) 134~147
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taposed sulﬁwdryl gmups in the pmtem molecule has been suggested to account for
the inhibition of sulfhydrgl enzymes by the arsenical®%, Although the inhibition
can rezdily be reversed by a dithiol, the reversal is assumed to take place beeause

of a greater stabzhty of the dlt}uolwarsemuai complex than the enzyme-arsenical
camplex‘* 18 Henaa. the inhibition is generally _m!dgmé to be pmttml}v irrever.

ihibition hould m)f i;h«mge uptm ﬁllutmg
',—wuuld be dlﬁsﬂémbie Tha mui‘-ts in ’lahle v

gressiv ely w1th dﬂutmn. Thus, a gn-foid dxiutmn caused the mh:bmun to diminish
from 50.9 fo 19. 297 Further evxdence for the dissociability of the complex has been
obtained with gel filtration. Glutamine syuthetase was excluded by Sephadex G«h
When it was filtered through the gel in a 7 X 1 em column, the \pi;‘{:ﬁlt activity in
the only fraction containing the enzyme activity Jdecreased by 3r.29% (Table V).

TABLEV

REACTIVATION OF ARSENTTE-INHIBITED GLUTAMINE SYNTHETASE BY PASSAGE THROUGH Saerabex
G-7% GRL

An enzyme preparation was mixed with BAL or an oguimelar solution of BAL snd arsenite,
whose final concentrations weve .£.2+10°% M. o.3 ml of the mixture was allowed to pass through
ay x tcmcolumn of Sephadex G-75 gol previeosty equitibrated with 1 mM Tris buffer (pH 7.2,
The enzyme was sabsequently eluted with the same buffer, Only the second »mi fraction con
tained the enzyme activity: other fractions had no activity, The experiment was done at 5%
The enzyme actz\m'v was assmzxi without an adﬂed ﬂm}!

C aazdalmn. Before yel Sltration 4 :‘fmf gf’ !sffmrwra Change

s sperific
Protein lincyme  Specific  Prolein Enzvme  Spestfic  achinity
fmgl aslivily achvily  [mgimi} achivity  apfivity  folowing

mi} {aendfs]  faimitsf Fanits] {immfmz ﬁ-ﬁrm‘mn
) g wal} Drodein) %)
profein)
Enzyme 4 BAL 2.1 934 440
Second fraction® .35 3.9 0.0 o =
Enzyme 4 BAL4-arsenite 2.1 Ho.0"" /-
Second fraction €43 f50 3. + 8.8

* The recovery values for total protein an ™ & . wtivity of the uninhibited onsyne in
this fraction gave 85.79% and 58.0%, respective.  Yim ineomplte wecovery of the enzvine
activity appears to result, at least in part, from rewoval of BAL during the fltration, which
Tow ers. th; enzyvine activity. mz, was clate . in the fourth and fifth factivas,

* Arsenite camsed 36.39 inhibitic of the enzvme in this experiment. This rather ow
inhibition may arise from the lamrm,g of the conventration of Atsohite iR the reaction ristare
during assay te 5-10°% M — 3 dilution adequate o teduee the et cont inhibitioe {Table 1V1

But when the arsenite-inhibited enzyme was simnilady filtered, an increase of 8.8%,
was realized. Hence, gel filtration of the inhibitad engvene effected a relative incrense
of 40%, in the specific activity when compared with that of the unindibited engyme.
This increase appears to arise from removal of arsenite from the enzyme duning gel
filtration, since the amounts of protein excluded and the emzyme activities were
the same in both casés, The two kinds of e\pénmtmﬁ deseribed above give evidence
for the dissociability of the enzyme-arsenite

Biockiw. Biephys. dete, o6 {1065) 134047
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Fig. 5. Double reciprocal plot showing arsenite inhibition with respect 40 changes in ATP con-

evritration. ¢ denotes the number of pmoles of p-glutamylhydroxamic acid formed in 75 min. The

comsentration of BAL was 0,11 mM in all experiments described in this and the following two
figures, ¥ -— %, with 0.1t mM arsenite; — (), without arsenite.

¥ig. o Donble reciprocal plot showing arsenite inhibition with respect to changes in hydroxyl-
spisic concentration. For details see the legend of Fig. 5.

Kinetics of inihibition

Becanse, of the reversibility of the inhibiting reaction, the kinetics of arsenite
imhibition las been studied in the usual way. The double reciprocal plots according
1o Livgwraver AND BUurk?® for each of the three substrates are shown in Figs. 3,
6, and 7. The apparent Ky, values for L-glutamate, hydroxylamine, and ATP cal-
culated from the plots gave 2.2-10 M, 1.1-107* M, and 2.0 -10~% M, respectively.
The values for hydroxylamine and r-glutamate are similar to those obtained with
sheep=brain enzyme by PAMILJANS ef al®. But the value for ATP is one tenth of

59,
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Fig. 7. Double reciprocal plot showing arsenite inhibition with respect to changes i Leglutamate
concentration. For details see the legend of Fig. 5. -

Biochim, Biophys. Acia, 96 (1965) 134-147



r.amssmm mmmsrmiai os ammm SYNTHETASE ‘ 143

that with sheep bram enszm The i.. sibition by arsenite was non-competitive with
respect to both hy droxylamm and ATP, The K; values calculated i‘mm the g.mylh
for: hgdmty: 10 M and ,g, ‘ Hive enee

non—competatwe alsu K

:Perhaps ‘the 1 'fults ﬁbtamed in the pzesen% =tudx: would have been more
clean-cut, had a more highly purified enzyme preparation been used Further in-
vestigations with suitable enzymes can yield more conclusive information coneming
the mechanism of dithiol-mediated arsenite inhibition,

DISCUSSION

inhibition. i‘mt i;mmd on the na'ture m‘ hmdiag of lewisite 1o kerateine?, arsenite
was considered to form a similar ring structure with twiy juxtaposed sulthydryl groups
of the enzyme inhibited®#-11,2%, Second, perbaps as a corollary to the first assumption,
arsenical inhibition was assumied to be essentlally irreversible®®, that is, for all
practical purposes, the ehzyme-arsenical complex was not dissociable. The results
of gel filtration and dilution experiments reported in this study invalidate the
general applicability of the second assumption to arsenite inhibition of glutamine
synthetase. The kinetic data farther support the reversibility of arsenite inhibition,
since X; has been shown to be as high as Ky for hidrosylamine and ATP, In view
of this evidence, the asswmption that arsenite forms a relatively stzble ring structure
with glutamine synthetase seems untenable, If it doos form a ving stractare with
the enzyme, the structure must be somewhat anstable and the As-S bonds readily
broken. An alternative would be to assume that arsenite forms an open-chala com-
plex with the enzyme. Atthough ne evidence offering a distinet cholve betwoen the
two alternatives has been obtained, the open-chain comples appears 1o be more
consistent with the following observations. {a) Like other enzvraes whose Inhibition
bv arsenite is BAL-dependent™!, slutamine synthetase requires relatively high
concentrations of arsenite for inhibition even when BAL is present. This may be
compared with the classical example of prruvate oxdidase, which wag sﬁhﬁaﬁﬁi
509 by about 21073 M of arsenite adonel. Possibly, then, arsenite dovs not veact
with two vicinal sedfhdeyt groups In glutamine synthetase. {b) Connx o al® have
shown the dissociability of the As-S bonds in R™-As{SR),. REss axy Hstogruas®
have pointed out that if the formation ofa thisarsenite involves only one thiol grouping,
the complex may be considered spontaneously dissociable. Probably in the arsenite
inhibition studied here, instead of a ring formation, arsenite forms a ruadily disso-
ciable open~chiain coraplex mﬂx only one ﬂatﬁmﬁwi group iaf the enayme,

A refated fgmwm Soptns to be how BAL mediates ars fnbibition 30 that
in the end arsenite s bound to only boe sulil m"@s mf %:M enzying. lawhmps
ih&quimmamnmﬁh&amm%sna.' Anive way witho b Snowlades
of the disociption constants of the. VRTINS mmﬁww in %ﬁxﬁﬁ ﬁm t%aim gmﬂ%a
may be congdered in order to fnmulate o -erechani

iﬂww @w@w dvas, 36 (v} g



T ‘ ‘ C. wu

' “wf : mmm el ai - has shown that the reversal of lew;slte of arsenite

gﬂmp@: md fht* arwmml I*urthenmre, monathmls cannot reverse the
1 1 -cham ﬂnaarsemtc, formed betv.een the monothnox and

he niyhe co0 ave d greater .afﬁmtv for the As than BAL ‘50 that the arsemte—

| fe s broken, with the release of BAL and, at the same time, with the
wetion of a new ring structure, If this were the case, the enzyme-arsenite com-
sl should Bave been more stable than the arsenite-BAL complex, and the inhibi-
e coitld not have been reversed by BAL. The evidence described in this study is
agaittist the formation of such an indissociable enzyme-inhibitor complex. In view
of these considerations, the following scheme is proposed for the BAL-mediated
grsenite inhibition of glutamine synthetase:

Aglr- (enzyme)-S—As
s/mxs + (enzyme)-SH = s’/ s 4 OH~
éiﬁr-»(z‘ﬂ ~CH,OH én,wéawcusou
Ansattite-BAL complex Enzyme-in"sbitor complex
{Infiibitor}

I the enzyme-inhibitor complex, the arsonic is bound to three S atoms. This
sfrpeture resernbles that found in tricysteinylarsine synthesized by JonNsox axp
Vorsriix®, The bond between the (enzyme)-5 and As is like that formed by a
monothiol with arsenite, and hence the complex would be readily dissociable. The
nature of the complex also explains the requirement for equimolar quantities of
BAL in arsenite inhibition. Furthermore, unlike the inhibition of pvruvate oxidase
whith cannot be reversed by cysteine, the dithiol-dependent inhibition of glutamine
synthetase can be reversed by cysteine. The reversal may be looked upon as a dis-
plasement of the enzyme by cysteine in the complex; the nature of the (enzyme)-
%.#5 Bond permits such a displacement to take place. Finally, the formation of a
refatively stable arsenite-dithiol complex with a five- or six-membered ring scems
16 b essentiul for inhibition, since 1,4-dimercaptobutane and the higher homolozues
mediated the inhibition poorly or not at all. One crucial test of the proposed scheme
would be the ability to demonstrate the presence of the additional sulthydryl groups
contributed by BAL in the arsenite-inhibited enzyme after rerioval of BAL not
bound to the enzyme. Efforts to obtain information in this respect have not been
successful, owing to the high dissocnbihtv of the enzyme-inhibitor cemplex

The foregoing postulation neither negates nor supports the view that gluta-
tiine synthetase may have a reactive disulfhydryl component?®. The BAL-arsenite
mmp}eﬁx may act on either a single sulfhydryl group or two vicinal sulfhydryl gronps.
Thé'inkibition of the enzyme hy low concentrations of Cd* and mapharside, however.

Biochim, Biophys. Acig, 96 (1955} 134-147
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does suggest the pre%nce of two reactive sulfhydryl groups closely placed iun the
enzyme molecule. Presuniably these sulfhydryl groups are oriented in such a way
that arsenite alone is barred from approaching?. Based on the vesulis presented in
this study, a distinetion would have to be made between the mechanism of inhibi-
tion by arsenicals, including arsenite, without the need for a dithiol and that by
arsenite reqmnng 4 dithiol,
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