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YL MECHANISM OF THE DITHIOL-DEPENDENT INHIBITION BY AR- 

'3~em tlOe: D, pa¢~me~atof tnie~nat Medicine, The University of Michigan, Ann A rbor, Mich.(U.S.A.) 

Di~thiol-dependent inhibition by arsenite has been demonstrated, in glutamine 
syntLeta,~; (t-glutamate:ammonia !igase (ADP), EC 6.3.I.z) obtained from various 
~outees: _from Neurospora to mammalian tissues. With a partially purified enzyme 
preparation from rat liver, a,o~-dimercaptoalkanes, heterocyclic and aromatic dimer- 
caFte compounds have been compared for their ability to activate the enzyme and 
t~ m ~ a t e  arsenite inkibition. BAL and z,2-dimercaptoethane proved to be the 

m e , t  effective dlthiols in both respects. 
t~Squtm~Jlar quantities of BAL and arsenite produced the greatest inhibition 

~ff glut~.maSne synthet~ase. Excess arsenite did not cause an additionM inhibitiom but 
eXcevs BAL ~im]nished iL Cysteine, though less effective than BAL, also reversed 
t~m tn:hibifion. ' 

Mapharside inhibited the enzyme at low concentrations and required no 
dithioL Inhibition by either mapharside Or p-arsenosobenzoate could be prevented 
mor~ effectively by BAL than by cysteine. Inhibition by the organic arsenicals 
inGeased progressively with the length of time of prior incubation with the enzyme; 
tba,~ :by arsenite, however, showed little increase. In contrast, prior incubation ~4th 
o~i~×h~benzoate produced a spontaneous reactivation of the enzyme with time. 

Both Cd ~+ and mercurial treatments of glutarrdne synthetase altered the 
,r~mrse of ar~mite inhibition. Cd 2 v treatment appeared to interfere with arsenite in- 
hi|~ithm; mercurial treatment enabled cysteine, as well as BAL to mediate the in- 
hibitiom 

Eviderj~e has been presented to show that the enzyme-~rsenite compkx dis- 
sociates readily. ~toreover, kinetic analysis gives a value for Ei as high as k;m for 
hydroxylamine and adenosinetriphosphate. These results have invalidated the 
currently held assumption that dithiol-dependent arsenite inhibition results ill the 
formation of a relatively stable ring structure with two closely ]uxtapesed. ~authydryl 
groups of the •enzyme molecule. Instead, a mechanism has been proposd for the 
dithiol-mediated inhibition by arsenite, which entails reaction with only one suiG 
hvd~yJ :group of gl~tamine synthetase. 
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A R S E N I T E  I N H I B I Y I O N  OF G L U T A M t N E  S Y N ' T R E T A S E  t~k~ 

I N T R O D U C T I O N  

Following the discovery of BAL as an a~t~dote for arse.~i~d ~¢antg, TaO~.V. 
so~ et aLt~ Pioneered a series of  s3.'~tcmatie in~st.igatiorts o~ the ¢ ~  Of ~ L ~  

~: O~mm~st+rati+m. th/tt the,, a~,,~ic 
~ ratioof t A~ to~ S (s~, ~*+ ~tL 

~lati~ety st£Lqe ring stmacture. 
This ':'dithiol ,t'heO.~,'+ [;received: suppo~ in ~ suh~q~..nt i .n '+x'~C~ with the 
pyruvate oxidase~:s~vstem by Vc'Hi1TAKE~. ~+ I, iS nO',' .genea'~dly a:~,~med+ though 
not proved, that a tervadem moneeubstitute~ arsen~ai inhibits a~ ~mzyr~ by 
forming a cyclic thioarsenite ~ t h  two j ~ x t a ~ i  sulihyd~l h~ou~ of' tl~ .ea¢:y¢~ 
molecule, .and that  the dissx~ciation of 'Suc:h a ¢omp~x dc½~i~ts ~m the+ httc~+~+~:eti~.~ 
of thiots ha,:ing tile property of fornfir~g ~..~r+: ~<~!J.~e c~-|ic ~xm~mt~ts ~it.h th=e 
arsenical. 

The terwdent inorgmdc ~rs~mie~L a:egmit¢. ~ p ~ , ~  to g~.~:~+ ~ a : J ~  p~x+-. 
perties in enzyme inhtbMon m)t :~hared by its o+n+c  c:,m~t:+~artg ~-Me of tl~:~ 
is its dependence (m a thiot for its inhibition. ~verai  enzyt~e s~timis hav'e ]t~xm 
observed to require a thiot thr arsenite inhibiti.~+ K~xampk~ ,an" ai~k=h~ie tteh3~it+~o 
genases s, oxidative phosphoD, lat]~n ~, Catty acJ~+t hi~%~th~Mss+ ~h~ar+~x~tb~l~y~at~t 
dehydrogenas@, acety!-CoA carb~xyt~t~  a~d M ~ t ~ t t - ,  .M~ of tt~+~ ~ e~Fm~s 
were Mso inhibited by Cd~+% On the basis ,~t t he~  rtml~g.,+ tl~e ~+~+~mpi~ that 
there are tx~ ]ux ta l~ t~  sulthyai~q fft~mlxs in t h ~  e~m~e  prot~ins has |~+~ 
made +-u. But the way iu wluch tlw. thiot mediat~ a.esenile inh~fi[.km aad the 
nature ~f th ~ en:~-me-inhibitor c~m.#ex have not ~ n  it~ves~i~ated+ 

The ~reeeding paper of .this ~ ¢ s  t~ re~.xl fliat #ut"~td~ synt~,t,a~ ~ 
(L+glutamate :amm~mia Ega~ {ADPL EC &5~l..~ ~va:s inhiMt~a by a~m~te+ ha~t ~niy 
in the p,r~,nce of a (.-e.r~in dithk~L The ~ m m ~  ~ a-|~ i~hi~t~i by+, ~t¢~x~g other 
metal ions, C<t t~. The nature of armnite inhib~tior~ of this, enz~re  has ~ ~¢~!h,~l 
in detail+ Inhibition by (~antc  a,~emk~als i~ atg~ ~X'r|U<K~J fv* ~+m~rig~n. ~he 
results of the~ expe~uaents form tt~e .sti[~.~;t ~+~t + ~his pt~nt~iti+~. 

E X P E R I M E N T A L  P R O ¢ t i D U R ~ "  

liver as bet~re ~, Thi~ enzyme preparatic~ wa~ ~ e d  ~ ~ ~ ¢ ~ t ~  ~ , ¢ ~ t  ~ 

svnthetase, activity wa, a ' ~  As pce~4a.~ ~ ' ~ 1  ~ but wi~h ~ 3 ~ x y ~ e  
concentraiion in the reaeihm m~xtttre r e d u ~ t  fe<~m ~ 6  mM ~ ~:~m~.~ ~;,~,,o ~mA 

tion of i t / , m ~  of ~g|utam~h3~tx~x~trobc a~.~ i~ I h ~t 3~+:. 

,. + .. " 



: , " • ¢ . .  w u  

ons for iincubation remained unehanged~ At 
ff 5o°./o trichloroacetic acid was added to the 

ft~t dissolved in ~ %  i~propyl alcohol to give a o.oz M sotution: Aliquots of these 
~,lutiems were then added to the reaction mixture. The highest concentration of 
t ~  M¢ohot thus introduced into the reaction mixture was r3/A/ml, which did not 
a,~e¢l the enzyme activity, a,a'*Dimercapto,p-xylene and 3,4-dimercaptotoluene'were 
~Me6 in a similar way~,: 

All ,.lithiots and ar~nicals were commercial products. Dithiols were purchased 
t~r¢~m either Eastman Organic Chemicals or K & K Laboratories. p-Arsenosoben- 
zoate was a pr~Muct of Nutritional Biochemicats Corporation, and mapharside, 
of Parke, Davis and Company. 

The detailed procedure for each experiment is given in the legend a,.com- 
pan~4ng each table and figure. 

Enz~;me from different sources 
The preceding paper of this series t2 has s!,own that the inhibition by al~enite 

[ ~  raM) of glutamine synthetase from rat liver depended on the presence of a 
d~tt~ioI, atld that no inhibition occurred in the absence of an added thiot or in the 
p r e ~ c e  of a monothiol. Therefore, an examination of the enzyme from other 
~ources was made to determine the degree of dependence of arsenite inhibition on 
thJo|s, Table I shows these results The inhibition of glutamine synthetase from a 

TABLE 1 

~)I*~]~][IOL*DE~E~DI~NT ARfiENITE I N H I B I T I O N  OF GLUTA,NIINE S Y N T H E T A S E  FROM D I F F E R E N T  S O U R C E S  

3~'J¢~)c~e or celt h0mogelxates were used, The reaction mixture  coutained either no thiol or one 
t~io~ a~ ~lt,~tt~d below, Arsenite. when added ,was t , l  mM. The inhibition is determined by  com- 
paring f[tc ~n,zyrae activities in the presence and absence of arsenite. 

-goume of enzyme Per cent inhibition 

No thiol zx  mM z . t  m i ' f f  
¢Qvsteine B A L 

Morris hepatoma 7800 i .8 z. ~ 760 
Rat  cerebrum 2 r .8 9.8 83.6 
Chick cerebeUum 6.4 o 29. I 
Oattt~r snake liver 3.2 0.8 8t ,z 
Telra&vmena pyrlforrais ~ 7 o 86. 4 
Neuro,~pom ~rasaa 23. 4 z z. t 95.0 

Biochim, Biophys, Acta, 96 (I965) I34-z47 
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rat hepa toma~ts  .r uela like that observed in rat liver. With, the ext~ption of the 
enzyme from chick .brairi, which was quite  resistant to arsenite, the enz,,~ne from 
other sources Was inhibited to a s imi l~  degree by" ~ i t e  in t l~ presence of BAL. 

:in dfiek brain 
a~,nite alone 

are~pora, BAL 
co~centration 

. The decrease 
appears ,to: be  due:t0.:~he f0m~ation of a thioa~nite,  thereby redudng 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 dgkiols 
Experiments were then made with a nm~:ber ~f d, ithiols t.o test their ability 

to mediate arsenite inhibition. Their effective~ness in fulfilling the sutflwdD'! r~tui~- 
ment of the enz,,m~e is compared x~Sth that of BAL at the ~m~e concentratiou, In- 
cluded is a homoh:~ous series of a,~dimereaptoalkanes. The results in Table It 
show that the relative effectivem~s of the homok~axes in activating the en~.yme 
decreased as the length of hydrocarl~m chain betwoen the two mercapto gr~ups 

TABLE [I 

RI~LA~VR F~FFF;~IVR,~*~/,$S OF" D I I ' H I O L $  I N  F U L F | ~ - | N G  I']iF~ SI~'LF*HYI~RYL RI -~ .¢ IREM~NT OF  GI.t;* 
MI.NR SYNTH~TASg A~ ~) gN 3~RD|ATING AR~NI~; INH~[BITIO~ 

Dittliol (o.z~ m3 f  ) ReDdit~ Per ce~  inhibi~&m 
e ffeelive.ne-,.~s ........................................... 

(O.t t  m.'ltj ( 0 , ~  t~M) 

~.3- Dimoreaptop~opanol  (too.o) 38.4 (~3.o 
~..~-Dira~rcaptoeeham~ 9(*.4 5 t-9 g~3.7 
~ .3- Dimerca ptopropa~ae 65.8 ~ ,0 4.~.4 

.4-Dimereaptobutan~.-,,, .~ 65,8 ~ ~ ~ ,  
t ,6-Dimereaptohex ~ne 62.0 o o 
t , g - D i m e r c a p ~ o o c . t ~ n  e 6~ ,  ~ : . 4  t ~. z 
~,~o-DimercaI:~odeeane 56, ~ o -~, a 
3,4- Dimcrcapt otoluene 8~. ~ z3. ~ 3 ~-4 
tt,a'- Dimerc~pt~p-xylene S3-4 9, t 3o,0 
a ,4.- Dimercaptopyrimidlne 34.8 o o 
~ ,3-Dimereaptoquinoxa|iae~ 54~6 o ~.S 
None 3~7 o o 

increased, I,~-Dimercapt:oethaae, for in~mce~ ~owt.~l an activity es~ntialty the 
s~me as .BAL, but tjo-dimercaptodec~ne had little ,acti~ity, In ~het, ~t~e activity 
dropped sharply when the t.w~ mer¢~pto g~x~ps changed ~ m  the t ~  to the L3 ~ 
pt~sitions. The ability of  the hmTaohwaes to n ~ i a t ~  a rsenite inhibiti~m s~s  exami,~l 
at two concentrations of arseni~ wigh the ~nce~.tration of  the dimet~-apto ~x~mt~mnds 
maintained at o , ~  raM, :The l~ults  :~L~q show that their ability to medla~e a ~ n l t e  
inhibition depended ~n the proximity of  the t~o me~eapt~ gt~/l~ in tl~e mg~lee~b. 
x,6-Dimercaptohex~ane and ~he higher h o a ~ l ~ e s  eoukl not.n~e~liat~ the inhibition, 
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W l l t ~ g ~ .  s investigated the reactivation by a,a~-dimercaptoalkaJaes, of pigeon- 
:l~r~n, py~:a~,ate oxida,~, after poisoning vdth lewisite and Showed that  x,4-~ timer- 
:~i~ttt~a~)hnd.:t~5:dimereaptopentaiie:iwe~ less.effective th!n: their  low~,r and 
:l~|h!¢::~,ilbgues', Pres~!mably,. the requirement for stability i of the a:senical- 
: dabh~Ieomp!¢~i fbr mediation: of an inhibition differs f rom that for reversal. 

: i~3~c~tp to~ i3 ,4~ th]ad iamIe  already has been shown to be incapable:of 
~ t m g  arsenite:inhlbition n. Now a few other heteroc~Aic and aromatic din~er- 

~c~os~0ml~oUads;,ha*:e,~e~ investigated~ Despite their.ctose!y placed mercapto 
ii ~ps.,~;i~t~i~:d~f~p[t~pyri~id~fi~.a~dizi3~me~c~pf0quin~xaiihe :fi~d~ tittle or 

~ :~i~:i~!!and':.!eoala .fi6~. ;nied~fe ~dnite :ird~ibitio:n)0n' the :other ~hand! .a,a!. 
; d I ~ r ~  p.-xylehe and 3~4::di~ercaptot0[uen~ On,bi ter  significant actiVity: toward 
~. ~i~eenZ~m~"ar~d t0 Some extent.medi~tea the inhibition: Hencei not all the dithiols 
: 'a a:t fn~ e,zr:6e ~ea~ medi~t6:arsenffe inhibitkm..: Neither the activity o f  a 

d~hiii;i f0~ t.h~ eh~Vi~' r,or iiS abifi~V to mediate :tile inhibiti0n Can be predicted 
~ l y  from file proximffy of the mercapt6 groups. 

Tile partial requirement of gtutamine synthetase for a thiot could be fulfilled 
h}°i a math towel' concentration of BAL than of a monothiol is. The requirement also 
de/g,nded on the age of the enzyme preparation. A freshly purified enzyme prepara- 
firm had a lower requirement for a thiol than had a stored sample. Thus, the enz3wne 
activity wffhout a thiol varied from 30 to 50% of that with a thiol. But the degree 
of ar~enite inhibition did not vary with the age of the preparation. Moreover, within 
the limits of the ~.ssay, doubling the enzyme concentration in the reaction mixture 
did not change the degree of arsenite inhibition. 

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

stoidtiometrie relation to BAL 
FLtr~awrV a~D SAgADI 7 have suggested that BAL setwes as a vehicle for 

t'r~'msI~rtiug arsen]te to the sensitive site in the oxidative phosphorylating system. 
t f  tiffs is true, low concentrations of BAL would be expected to be sufficient to 
mediate a full it~h~bition :aused by high concentrations of arsenite, since one carrier 
molecuIe can tray, sport repeatedly one arsenite moIecule at a time to the sensitive 
site. The results in Fig. I show dlat, for a given ctmcentration of BAL, the per cent 
inhibition increased with increasing concentration of the inhibitor, if the inhibitor 
concentration did not exceed the BAL concentration. Further increase in arseafite 
concentrati~m beyond this limit resulted in no additional inhibition, unle~, of 
c0ur~% BAL c:mcentration was raised also. Clearly, availability of BAL limits the 
e×tent to wh;ch arsenite can inhibit. Furthermore, for a given concentration of 
a~2,!enite, the greatest inhibition occurred when the molar ratio of BAL to arsenite 
was lmily (Fig. 2). Increasing the ratio toward unity enhanced the inhibition, but 
further increa,~e in the ratio beyond unity caused the inhibition to diminish. Most 
of the in|fibition was prevented with the ratio approaching 2. 5. These results show 
that the requirement for BAL in arsenffe inhibition is stoichiometrie and suggest 
tlmt BAL serves as more than a vehicle for transporting the inhibitor to the sensitive 
site of the enzyme. 

Bfo~cMm, Biophys, Aaa, 96 (z965) 134~x47 
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Fig, x .  Dependen~e o f  a.rscnit~ inhibition o f  glutamia, :  s y , n e h c t ~  ~m BAL, The ~gur~ sho~ 
arseni te  inhibit ion ill the  presertce o f  03~ mM (O"=QL o-44 ram { x ..... \ ) ,  ~ !  ~ ' ~ ~ M  ( @  "' r~ @ ~ 

B A L  

Fig, .,. Ch ,xn~s  in arc(mite in~bi t io l t  o f  git~ztmlnc sy~ttheti~se w~th the  me,tar rat io of  I~AL to 
,arsenite,, The  concent ra t ions  of  a r semtc  in the  t~,xcti~m mix tu re  were ~x44 ram {O-,4D}, o . t~  ram 
(X~--.'<), and ,.I mat  ( . . . . . .  ~.,), 

InMbition ~y organic ~enicais 
The degree of dependeuce of inhibition by organic avsenie.als on a thiot has 

been studied for a comparison with ar~.wnite inhibition. Fig. 3 A s h o ~  fl~a~, ht the 
absence of any thiol, both p-arscnombenzoate and mapharside cau~M greater in- 
hibition of glutamine s3uatheta:-e than arsetfite, and ~hat mapharsidc ~ ,  much more 
powerful than p-arseno.~,obenz~xate. For instam~,, o.o2~ mM mapharside caus~M ~tlxmt 
40 ~o inhibition as dld 2.:2 mM p-arsem~ot~nz~te or 8., mM ar~-nite. A~.~aite 

~t i / I  
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' ~:,~tt~t i ~ b i ~  the enzyme ,~ithoat .~ ~hiol but only at high concentrations. BARRON 
a!e;l~ ~*ve S l ~ =  tlaat a ,~ni te  was less effective in inhibiting sulflxydryl enzymes 
~tan organic ar~iaieals; " ' : 

iAiaioug~ p~r~n~sobenz0ate  could inhibit the enzyme ~Sthout a thiol, the 

|',y mapharside and by p-arsenosobenzoate. These results demonstrate some differ- 
em.'es between tile inhibi:tion of glutamine svnthetase by the organic arsenicals and 
*hat by. ar~nite,  Fir:~t, the inhibition by the organic arsenicals was not so much 
det~ndent on BAL as that by  arsenite. Second, cysteine could increase the inhibition 
by p < t r ~ n ~ b e n z o a t e  to some extent but not that  by arsenite. In fact, 2z mM 
cy~teine has been found to reverse the inhibition by z.i  mM each of arsenite and 
BAL fr~rn 93,o to 4.5%. Third, the molar ratio of BAL to the arsenical for maximum 
inhibition anti for complete reactiva*ion yielded different values for the three ar- 
senicals. 

Rate of inhibition 
Fig, 4 sho~vs the effect of prior incubation of glutamine synthetase with the 

~rsenicai on the exten'~ of inhibition. Prior incubation was made in the presence 
of two Substrates of the enzyme, the third substrate being added at the end to s tar t  

I00 

G 

t -  

,,,, ,., ,.~,* ~0 
0 5 ~ ~5 20 ~ 30 

~ior~ INe~A'nON riME t .  MtNv,rrs 

Fig, 4. Chang¢:s in inhibition of glutamine syntheta~e with time of prior incubation at room 
temperature by a mixture of 0.22 mM each of arsenite and :BAL (O--O), by a mixture of 2,,z mM 
of f~t'~nosobcnzoate and o,o22 mM of BAL (0~-0) ,  by 0.66 !rtM of mapharsidc (~-~CA), ~nd 
by 4,4 :ram of o~Jdosobenzoate ( × ~-- × ).: The per cent inhibitkm by o-iodosobenzoat¢ is pl~ttcd 
Oita lr~gaii!thmic scale against time. 

BD~him; Biophys. Aaa, 96 (I965} ]34-147 



ARSENITE INHIBITION OF GLI, I IAMINE SYNTP~ETA$1~ I4 . I  

th( tion of the e n ~ m e  
wi~ ~tez did not aff~mt 
sig • ~Ow that the in- 
hil~ition by ars~nit~=,:was aimost c0mplete irnmt~iatetv after its addition, The further 
increase in ihiabiti0n amt~unted t0:, Ie~ thati lo%'bcf0~ 'a platc~U ~ was t~,achto~i 

:he ~rgan~e 
t~he e Btire 
,~ :the prior 

rain, 

?onta~teous 
. inhibition 

against time give~ a straight line (Fig, 4L thus shoxvth~ tsar tbe~ r~,~ac, tivation follos~ 
first-order kinetics. However, since the en(vme u,~-d was o~dy t~trtially purified, 
the possibility that the decrea~,~, in inhibition may ~ri~ from a gradual iaactivatk~ 
of the inhibitor by foreign substanet~ ill the ~ e p a r ~ o n  cannot I~ exdtt(k~|, 
.A.L.DRIDGE 17 has documentc~t one examlfle of such a spolltall~.~,~ts pheltome, non in the 
inhibiLion of cholineste~se by certain organic phosph~rns eoml~nmds. 

Eff}c! of mercurial In,atme~rt e~ ars~mite inhibffion 
STOPPANI el ~d, TM have reportcM that merculfia|s affordt~t ~n~.', protection ~g~dnst 

inhibition of yeast py ru~ te  de~rboxyta~ by o~an~¢ ~l~e, nkals. Tiwnffore, the 
effect of mercurials ,~m ar~cnitc inlfibition wa~ ~ x~mamed, ~,~ h~a gh~tannn~o synthcta~ 
was treat~t with ~-chloromercuril~.'nzoate t~r ttgCl,~, tiic treated eng3art¢ lyeeame 
sensitive to a~enite inhibition not only in the t'mz~sence of BAL but a t~  in the pr~,~ 

TABLE tti 

~:F~Cl  OF PRIOtt TR~AI.MEN'~r Ot • (~I.U'~f,~alN~ S',,'~TIiLF.T:X$]~2 WI'~i~ ~:RC, I..,'RIAL$ O~ I'I'$ INI~I~I~IOb~ 
BY &RSENIr~, IN "~'I-I~; PRI~F.NCg O~ ~ , X \ ~ g I N E  

0. 5 m |  ~ f  an  e n z y m e  p~el~ar~tk~ hax~r~g St, ~rti~s o f  a~ztiv~ty/~i~l w ~  ~ix¢~l w~lh o ~  ~al di.~filk~ 
w,'tter a m t  0.I ni l  o f  I nt~{ ~<hlo~tll¢r~-~lril~a~oAt~ or  t t~ |~ , ,  T5~ a~ixtat-~- Wi~S ~l~alvt~l .~..~i.st 
two challg¢~ o f  5~a all  ~.ach or" o .o l  A|  Tri,~ bttffer t,}~i~[ 7.2] l~r ~.l t~t~lt O~ 7 h. Aliq~lOts ~f  i'ht~ d~a- 
t y ~ l  t;nzynl~ serw't l  f~,~r the I~olk*~x~kq Cx::F<~nt$, 

A. /~ ,Chloro~ve reBrib~n ~x~ ~ 4r~at~a! 
None ~ 

B. t t g C l a t a ~ a ~ l  
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: ia  pteaence o f  a W e n  concentration of arsenite increased, r a t h e r t h a n  decreased, 
~Jlth m~rta,~ing.¢0t~centration o f  cysteine. This phenomenon parallels t ha t  observed 
~$t~h, ~ r~n  te  inhil~itlon ~n B A L  shown in  Fig. L Therefore, the increase in inhibition 
in. ~he.pte~Oc~ of  arsenite.may indeed rcsutt from its direct action on the mercurial- 
ttea~xi el~zyme.. Possibly the mercurial t reatment  has resulted in a reversible change 
t~ t/l~ protein conh~rmation: l a t h e  vicinity of the suithydryl group wi th  which 
ar~t~ite, reacts, In  any case, the  mercurial t rea tment  has modified the dithiol-depen- 
dent  inhibltior~ by arsenite and has enabled a monothiol  to  mediate the inhibition. 

Efforts to  see whether t reatment  of the enz3wne with guanidine hydrochlofide 
~r ttrea c0ald produce an effect on arsenite inhibition similar to tha t  of the mercurial 
treattneiat have been unsuccessful, owing to  the sensitivity of the enzyme to these 
teagents~? ~ M guanidine hydroCh!oride or 3.z M urea caused a complete loss of  the 
enzyme aefivFT, :which could no t  be: restored by dialysis. 

Gl~ita/r/tle synthe~ase was inhibited 47.5% and 86.0% by 6. 7- re  -~ M and 
6~ ,  ~O"~M rindS+,, respectively Prior t reatment  of  the enzyme with Cd z+ at these 
co~cen.trati,,ns was found to  decrease arsenite inhibition subsequently, A detailed 
~tudy ef' tl:fis 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 iux-  

TAtkLE IV 

~,P'F?E(2"|' ~.~F D I L U I i D N  O N  I N H I B I T I O N  O F  O L U T A M I N E  S Y N T H I ? , T A S E  B Y  A R S E N I T I  • . 

r~.~ m] of ~ c~zynle solution containing about 3z units of activity was mixed with o,z ml Of 
~,/~ ~l, ~,a,:.t, of 13AL and arsenite. The mixture was allowed to stand at a° for 3o rain and then 
di~u~i:,~l ~r~,ittt distilled water in the proportions given below. About 15 rain folIowing the diFations. 
e.3-m~ ~i~qu~Ln of the undiluted and diluted enzyme solutions were assayt~d for activity. Another 
• ~.8 tM of fl~*,: ,~zyme solution, simitzrly treated and diluted but with o.z ml distille~i water re- 
pla~;ing arse~xit*:..~erved as a control The ~pecific activity of the enzyme in the control remained 
nr~zhal~gcd a£ter ttie first two dilutions, but decl~ed by about 20% after the next two higher 
dilutions. The specific activity of the inhibited enzyme increased progressively with dilutiou. 

Condition Per ~nt 
inMbition 

Undilu.~ed 50.9 
Dii~tcd ~ ~l 4 4 . 8  
Dilttte6 t :~ 39.5 
Diti~ted ~ ;4 z3.9 
DilUted 1,9 ~O.~ 

Biochirn, Biophys, dtta, 96 11965) 134-147 



ARSENITE INHIBITION' OF GLUTAMINE SYNTHETASE 114.3 
i + 

taposed sal~hy~D,l groups in ,he  protein molecule has been suggeated to a c c e n t  for 
the inlfib!fion of SuL~hyd~,i 9nzyn~s bythe .ar~v.nieal~.~ ~. Although the inhibition 
can readily be reversett by a dithi0l, the re,~.~e~+is a~umed to take pla~ ~ a u ~  
of a greater stability of tl~e dithi01-ar~ni'~ complex than the eazyme-arsenicM 

i.¢re~-r- 
0raptex 
tilutivg 
able IV 
e~ Fro- 
imiuish 
asbeen 

obtained'~s4th ge((fltration+ Giutamine s,a~thetase x~as extruded by ~.phadex G-75+ 
When it was filtered through the get in a 7 × t e m  column, the specific activity ia 
the only fraction containivg the enzyme activity ~3eexeas~l by 3L~ ,/o (Table V). 

T A B L E  V 

R1/ACTIVATION OF AgSRNITE-INRIBITI~O ~Lt,++J~ltS~ SYNTI~(gTAS[~. We PA$$A(~R l']-IR0t~.~tl ~.~I?RADEX 
G'75 c , ~  
An onzyme pr~paxafiOn was mixed  wi th  BAL or  an  cx~ulm~a~ ~oiutioa o f  [~AL ~n~] ~ e n i ~ ,  
whose final concent ra t ions  '+v¢~ 4+2 • ~o ~ M+ o+ 5 ml  o f  t h e  mix tu re  was  allox~t~l h~ pa.~ t h r ~ g h  
a 7 × t c m  column of  Sephadex  G-75 gel pcevk+~usly equi~ibrat~! wi th  t m M  Tris  baff¢~ (pH ?,~). 
The enzyme was subsequent ly  elutcxl wi th  thv  saline baffez. Ordy the  ~ c o n d  ~,.¢al Cvacti~m o~n- 
rained the  ermyme ac t iv i ty ;  o t h e r  fract ions had r~o ai~ttvity, The  ca:pcrlmt, n t  xviKs done  ~t  :s+~ 
The enzyme~ act~vi*y was a~y~ '~l  xeitho~t a~t a d d ~ l  thioL 

P*ot¢i+ F~n~rm Spe+ifi+ Pm+ei. l~n~ym+ Spcaifl¢ mti~i~+ 
fm.g f ~=:titqty +~ivi~v (m.q~n¢, 9 e,e~ir.ily ++r~i~,i~. + fiqli+~+i~g 
raP) (u+it~+ f+,i~*[ (mmia+~ (umit+p~g fi++i~m 

Enz ym e  + BAL ~.1 9q+4 4 ~  
Second fraction" ~-~!5 ~ 3.9 ..~+~ '~ 31 °~ 

Enzyme + t3AL+ar~eni te  L ~ oo+~** .-&+" 

• ]"he +,e~very x'alu¢~ for  tot~J p ~ a  ~1~ ' ~ ~+ .'~tiv~ty o f  the  an i~hih im~ e a , y m e  t~ 
this t rac t ion gave 85+7% and  58.9%+ r~pc~tix+e. +,+he irux~mpte~ r~c{~v<-D+ ~i" t ~ ,  . e ~ y m e  
ac t iv i ty  ap l~a r s  to r ~ u t t ,  at  l~,gst in t ~  fi~Om ¢ea.m~,~d eft K~AL ~i~ring the f i l t t~m.~  x~hk~h 
lowers the  enzyme activity+ BAL w ~  e iu t r . ,  in  t he  four th  ,~t~+A f i~h  i ~ t c t ~ n ~  

• * Ar~+~t+ c~us~| 3(~,4% h~hibi~k"t of t h e  cn~-yca¢ i~a thi~ c x ~ v d ~ t .  This ¢a+th~" ~Ow 
inhibi t ion m a y  ark~e front  t h e  lo~er~r~g ,~f t h e  ~ t 4 x ,  n ~ ¢ ~ ¢ t  @f ~,rs.~-~i~ h~ 1 | ~  ~t ,~¢ ' t~  n l~ t~r t ,  

But when the a~nite-iahibi~efl en~une x~s sim~hfly fiR:er~xl+ au iu~x~am of 8+8% 
was realized. Hence, gel fi|tmtio~ of t |m inhibited en~wae eff~etixt ~ ~lati~, i~¢rea~ 
of 4o% in the sp~vdfie ac£wity when tam~pa.~ x~th theft of the ~t~[ahlbRt~| e~y~i~  
This increase appears to a ~  from remo~a| ~fl~ ~rsenh~ l ~ a  tl~ ,~x~'le durh~g ~1 

for the all--lability of  ~he, e n ~ y r a ~ n i t e  ¢~ ~ r ~ .  
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F~g, .~, Double reeiproo~| plot showing arsenite inhibition with respect ~o char~ges in ATP con- 
~:,:rrt*ai.~o,L v denotes the numher of fcmoles of y-glutamylhydroxamie acid formed in ~5 rain. The 
~e~ne, ent~don eft BAI,, was o.~i mM ~rt all experiments described in this and the following two 

figures. Y. --- ×, with o.~ [ mM arsenite; ©---©, without arsenite. 

t:°ig~ a, 13~mble reciprocal plot showing arsenite inhibition with respect to changes in hydroxyl~ 
ar~n~ ecmeeiatr~tion. For details see the legend of Fig. 5. 

Kinetics of inhibai~n 
~ ' c a u s e  of the reversibility of the inhibi t ing reaction, the kinetics of arsenite 

inhibition I~as been studied in tile usual way. The double reciprocal plots according 
to L~qcWWAVEI~ A,~I> BUrtK z° for each of the three substrates are shown in Figs. 5, 
6, and 7~ The apparent  Km values for L-glutamate, hydroxylamine,  mad. A T P  cal- 
~:ulated from the plots gave 2.2, IO -z M, I . I .  lO -4 M, and  2.o- IO -4 M, respectively. 
The values for hydroxylamine and L-glutamate are similar to those obtaSned with 
~heep4~rain enzyme by P/~,~II,JANS el al.~L But the value for ATP is one t en th  of 

/ 
! 

fl,~ 50 / 
4 0  ~, 

¢ 
I / raM L-GLUTAMATE 

Fig. 7. Double reciprocal plot showing ar~e~ite inhibition witl~ rt\sp~t t<~ ehartg,~ ill L-gi~tlm~tf 
c~o~centration. For details see the !egend of Fig. 5. 
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• ~ s ~ m r s  m m B m o ~ o ~  a h u r a m , ~  s;,-~ra~r~s~ ~45 
; . . ) : . . . . .  

that with sheep bra~ enzyme, The L,:Mbition by a ~ n i ~  was non-es~mpetifive with 
respect to both hydroxytamlne:artd ATP, /f~ :values caknlated fnm~ the graphs 

Hen~ 
gl'tlph 
of the 
,hably 

iPerhaps 'the ~d~: :ob ta ined  in. the present study would:have been more 
clean-cut, had a more higMy pm'ified en~mae preparatkm, been used. Further in- 
vestigations m4th suitable e n z 3 ~  can }~eld mo'~e conclusive inthrmation c~r,~cnung 
the mechanism of dithiol-mediated arsenite inhibit~o~. 

DISCUSSIOS 

Two a.~umptions have b~ea offered previtats|y to describe the nat are ofarami<ai 
inhibition. First, ba~d on the nature of bindit~g of lewisite m k e r a t e i ~  arse~itc 
was con~dered to form a similar ring ~racture with two j u x t a p o ~  sul~h)~,l groupies 
of the enzyme inhibited~,*-n, t~, ~cond~ perhaps as a ~:or~llary to the fi~t -a~umption, 
arsenical inlfibition was assumed to be ~ n t h l l y  trreve~tble ,~  tha~ is, fi, r all 
practical purp~es~ the enzyme..arsen~a! ~mptex was not di...~ciabh-.. The results 
of gel filtration and diluti~m experiments nzported in fhis study invatidale i ~  
general applicability of the set:ond ax-qumpthm to arsenit¢ ir/hibitkm of glatamine 
synthetase. The kinetie data. furCd~er s-appart fl~e rexe~ibility ofarseni~e inhibiticm, 
since Kt has been shown to be as high as K~ for h3xlroxS~anfine a~1 ATP. In view 
of this eviden¢~ the a~sumptkm that arsenite fom~s a rek~ti~ty stz.hle ring ~ruct~re 
with glutamine symheta.q~ s~m~ untenable. I f  it d~x,~ tbrm a r i ~  stra~ture with 
the en:~'me, the structure must hs~ ~)mewhat unstable a:~d the As~ t~nds readily 
broken. An alternati~e wtmM bt, to a~m~e that a~ait~- for~s an oper~'hMn ¢¢m~- 
plex ~Sth the ertz~m~e, AKhough ao e~iden¢~, offering a di.~tinct d~k~e l~t~een tile 
two alternatives has been obtai~xed, ~ open-eh~rt ~pk~.x. appears to t~ ra~m~ 
consistent with the following obsen,ation~ {a) lake tVt-her enzyta~ w t , ~  in'hibiii~m 
by arsenite Is'." P, ALqtependeatrm~ glntamh~, sxm:ti~ta~., r t ~ u i ~  ¢ehtix~ely higi~. 
concentrations of an~enite fi)r inhibitkm even wht~ BAL is p ~ m t .  Th~s may ~.'- 
compare~t xdth rite d a r k . !  example ~ff p~'uval~, ~*x~d~-~, which m~s iah~bitt~d 
50% by aiwnt z, ~o "a M of a~r~ite ab~el, |~i!~iy~ then~ ar~e~fte d~.~ not rent, 
with two viei~;al st:l~yd~z|.g~mps m g,t~a:~i~.~ S3mthet~, |b) COltr~:S a a/. s~ ha~.e 
shoxxaa the d~." ~ciahilitv. tff the o~-S t~ads mR" ".As(sr~e~" R~tl~g a:N'D H~ERMaN "at 
have Ix)tared out that it~the fi~matio~ ot~a t h i ~ a i t *  ~ n ~  ~'e-s .~mk* ¢~ue th~,~| ~rom*ia; 
the complex may ~ e~m~den.~ sp~ntant~s~y ~ h ~ .  l ~ bab l y  in the ~t~enffe 
inhiMtion studied bare; ira,tenet of  a ring f~rmati,m, ar~fi te  t~om~s a readily dis~.~- 
eiable open-ehai~ tmaplex wi{h ~mly o ~  ~il~.xl~-i g~m 9 o ~ t k  on,yale. 

A ~lattM q m'~st~ ,~.~as. tO !~ ~ t v  I ~ L  t a ~ t i ' ~  * ~ t ~ :  t~htbi~,m ~ that 



~ ! d ~ t  gr'*~l* and tlie ar~niexd, Furthermore, monothiols cannot reverse the 
,,~.MM .,t~m ~ the: opt-n-chain thJoarsenite formed between the monothioi and 

(b) i An I :~  molar 
itami ne s~nht hetase 
• . ¢ , :  . 

iteTBAL •complex, 
~. a s  Such. Indeed; 
~Umed present) of 
, that  the arsenlte- 

BAL c~impie:~ is broken, with the release of BAL and, at the same time~ with the 
fi~t~k~rt ~f a t~ew ring structure. I f  this were the case, the enz)mae--arsenite com- 
|~1~,~.~ ~l:gmld l~a:ve been more ,~table than the arsenite-BAL complex, and the inhibi- 
~on ieottid not have been reversed by BAL. The evidence described in this study is 
~KMnst the formatkm of such an indissociable enzyme-inhibitor complex. In view 
ot~ the." considerations, the fol!,~wing scheme is proposed for the BAL-mediated 
~l~r~ite , inhibition of glutamine ~ynt hetase: 

AsO- (enzyme)-S~As 

/",, s / \ S S + {cnzyme)-SH ~ S 

CH~CH--CH~OH CH~--CH~CH~OH 

A~fiie-BAL complex  Enzyme-in',~ibltor complex 
{Inl~ibitor} 

+ ott-- 

In the enzs~me-.4nhibitor complex, the ar~r nic is bound to three S atoms. This 
~true~ure resembles tha t  four~d in tricysteinylarsine synthesized by JoH~so,~ .,,.',:t~ 
V.~rx;xL~x ~. The bond between the (enzyme)-S and As is like that formed by a 
monothioi with arsenite, and hence the complex would be readily ddssociable. The 
n~dnre, of the complex also explains the requirement for equimolar quantities of 
BAL in arsenate inhibition. Furthermore, unlike the inhibition of pyruvate oxidase 
which caunot be reversed by cysteine, the dithiol-dependent inhibition of glutamine 
s Vt~lthetase can be reversed by cysteine. The reversal may be looked upon as a dis- 
phe,::ment of the enzyme by eysteine in the complex;the nature of the (enz~ane)- 
S.-.A~ bond permits such a displacement to take place. Finally, the formation of a 
reta¢.Ively stable arsenite-dithiol complex with a five- or six-membered ring st'e~.~s 
~o ]'~v esseJ~tial for inhibition, since 1,4-dimercaptobutane and the higher homolo ~tes 
mediated the inhibition poorly or not at all One crucial test of *_lie, proposed scheme 
wottId t~ the ability to demot~strate the presence of the additional su!|hydryl groutxs 
contributed by BAL in the arsenite-inhibited enzyane after reraoval of BAL not 
hound to the enzyme. Efforts to obtain information in this respect have not been 
sttccessftfl, owing to the high dissociability of the enzyme~-inhibitor complex. 

The foregoing postulation neither negates nor s tlpports the view that gluta- 
mine synthetase may have a reactive disulfhydryl component ~. The BAL-arsenite 
~orapl~x:may act on either a single sulthydryl group or two vicinal sulth~MD~l groups. 
The: Jnhibitlon of the enzyme by low concentrations of Cd ~+ and rnapharside, how~,er, 

Bioa~im, ttiop&s. Aaa, 96 (~965} x34-x47 
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does suggest the pre, l n ~  of t~!,~ reactive sulfliyd~.t grolat~ ch~ely ptac~t iu the 
enzyme mdecu!e. PresumaBly t h ~  stdfh3xto'l groups are o~.mted in such a w,ay 
that: arsenite alone is barred from 0~pprt~ehii~. Ba.,~d on the ~s~lis  prt~sented in 
this study, a distinction would ha're to be made I,~tx~x~l the tm~hanimt~ ¢ff iahibi- 
t ion by arselficals, including a.r~fite, without the ne~l ti:~r a dRMo| aa,l that by 
aiselnite requiring a dithioL 
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