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SUMMARY 

I. Tile indispensable cofactor fi~r carbamvl phost)hate svnthetase (ATP: car- 
bamate phosphotransferase (dephosphorylating), EC 2.7.2.5), N-acetyl-L-glutamate, 
markedly accelerates inactivation of this enzyme bv the disulfide 5,5 ' -di thiobis(z ,2 ' -  
nitmbenzoate) (DTNB). This effect has been used t~ examine the interaction of the 
enzyme with its different substrates and cofactors. The following results have been 
obtained. 

z. ATP in the presence of Mg 2, is the only substrate to protect against the 
inactiwttion. This protection is considerably enhanced if K + is present. HCOs aug- 
ments the protective effect of ATP and K-, but provides no protection bv itself. ADP 
does not protect against the inactivation. 

3. :Mg z" has been flmnd to increase the rate of inactivation. This effect is par- 
ticularlv marked when acetvl glutamate is present. In the absence of 3Ig a ", the enzvme 
appears to bind acetyl glutamate at two sites, the second of which is detectable only 
at high concentrations of acetyl glutamate. Furthermore, inactivation is much slower 
at all except high levels of cofactor. In contrast, when Mg 2+ is present, the rate of 
inactivation is much greater, and the second binding site for acetvl glutamate is not 
detectable. 

4. The significance of these tindings for the enzymatic reaction has been tested 
by determining the Km for acetvl glutamate in solutions containing either a slight 
excess of ATP over Mg z~, or a large excess of .Mg z- ¢~ver ATP. When unbound Mg 2- 

is low, the Km for acetyl glutamate is doubled in value, and the highest levels of acetvl 
glutamate produce an inhibition of the reaction. When the level of free Mg"- is high, 
there is a lower K m  for acetyl glutamate, and no inhibition by acetvl glutamate. If 
the inhibitory effects of high acetvl glutamate concentration in the plot with h~w 
3Ig z+ concentration are ignored, the extrap(~lated maximum velocity is identical in 
both eases. 

5. None of the other substrates of the enzyme produce any significant effect 
upon the inactivation. 

6. The inactivation of the enzyme by organic mercurials, which is reduced 

Abbreviation : 1)'I'NI3, 5,5,-dithio-bis(e,-.-nitrobenzoic acid). 
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instead ()f in('reased by acetvl  gh] tamate ,  has been re inves t iga ted  in the light of the 
above  results.  Mg 2 reduces the protec t ion  by acet \ ' l  g lu tamate ,  but does n,~t reduce 
inac t iva t ion  in the absence ,,f cofact,,r. ( 'ompar ison of protect i ,m b\ '  aect \ ' l  g lu t ama te  
agains t  a var ie ty  of organic mercurials  has reveah'.d tha t  the eofactor  l)r,)tects against  
mercurials  in ;~ maimer  which ix independent  of the na ture  ,~t the (wgauic p(,rtion ,,f 
the inhil)itor. 

1 N T R ( ) I ) t ' C T I ( ) N  

Tim enzynle ( 'arbamvl  phosl)hate svnthe tase  (A'I 'P: carbanl; t te  t)hosph(,tran:; - 
lcrase (dephosph . ry la t ing) ,  t-(" 2.7.2.5) which c a t a h z e s  the following react ion:  

.VI ' I '  - N I l  2 H ( ' ( )  a " - c ; t r l ~ a m v I  p h o s p h a t e  - 2 . \ l ) 1  ~ - I ' i  

requires the cofa('t()r X-;wety ' l -L-ghmmmte for a t ' t iv i tv  ~. It h;ts l)ecn shown tha t  this 
cofactor,  alone or in c()mbination with substra tes ,  will marked ly  affect the s t ab i l i t y  
of the e n z v n l e  2,3. 

Previous s tudies  on tim inac t iva t ion  (,f the enzvme 1)v su l thvdr \ l  reagents  have 
shown tha t  acet.vl g lu t ama te  will grea t ly  increase inac t iva t ion  b \  reagents  such a~, 
I )TNB,  but  tha t  : \ ' I ' I  ) will prevent  this effect ~.'~'. These tindings suggested that  inact i- 
\ a t i on  b \  this reagent  c -u ld  be used t -  ex:m~ine the in teract ion of the enzvme with 
its o ther  subs t ra tes  or c.factors. The results  obta ined ,  its well as some possibh, inter- 
preta t ions ,  are presented here. 

M:XTERIAI .S  

Frog liver ear lmmvl  phosphate  svn the tase  was pretmred its described bv RAIJ- 
MAN AND (}R1SOI . IA  6. The enzyme prepara t ion  was carried to the acetone prec ip i ta te  
stage and then l.wq)hilized fl,r storage. 

The. reagents  usc.d were s t anda rd  coTl~.mercial p r ,duc t s .  

METH() I )S 

( ' a rbanlv l  ph . sph ; t t e  syn the tasc  was assayed as descr ibed tweviouslyk I ' r~tein 
was de te rmined  by the pro( 'cdurc of 3](')KRA,'%'H ANI )  .~ IC( ; I I .VI -RY 7. The inac t iva t ion  
s tudies  were carried out as fi)lh)ws: solut ions conta ining enzyme and the approt)r ia tc  
( '(mlbination of acetyl  g lu t ama te  and subs t ra te  were incubated  in a water  bath  for 
5 rain or hmger to allow t empera tu re  equi l ibrat ion.  The I)'I'N]¢ was added,  incubati ,  m 
was cont inued for the in terval  indicated,  and then samph's  (,t o.I ml were wi thdrawn 
for assay of enzyme ac t iv i ty .  In all cases, enzyme ac t iv i ty  is expressed as the pmolc,.  
of ci trul l ine synthesized by these samples  of o. I ml. 

In exper iments  designed to show the effect of K ' ,  all reagents  wetc neutrali×t 'd 
with Tris. In all o ther  cases, K()H was used to neutral ize reagents.  

Hiochtm. H~,,phvs..-J~la, ~ 2 o  (lq7o', 5 o~; 512 
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"I'A I~I.I" I 

E F F E C T  OF l'~ ~ ON :VI'P P R O T E C T I O N  A(iAINSI"  I)'I'NI{ 

Each tube contained o.4x mR of enzyme in 2.o ml containing loo/*moles of Tris buffer (111t 7.4), 
and the following ad(litions where indicated: 1opmoles acctvl glutamate, o.otltmoles D'['NP,, 
s!m~oh,s ATP, zoBmoles MRS() t, loo/,moles NaCI, lOOltmolcs K('I, and looBmoles NaHC()a. 
.\ttt'r illCtlb~.ttit)n for -'5 rain ;It 3o ', F,0.IIIp]CF, of  (). l 1111 were taken for assav of ciiZylllC activity. 

.4 dddt ,ms (m.ul l tm.  
svml . s i ccd  
(t,,,,,I,.s) 

NOIIC t). 3 1 
Acetyl ~lutamate, I)'I'NI~ o.o(~ 
Acetvl glutamate, I)TN P,, :VI'I', MRS( )4 o. tq 
Acetvl ~lutlimatc, D'I'NB, ATP, 31gS()t, Na('l o.2o 
. . \cetvl glutamate, I)TNB, ATI ), 3lgS()  s, K('l o.2c~ 
:\ct'tvl :_:lutamatc, I)'I'NI'}, .\TI'. 31~4S()~, NaH('(la o.I. I 

RES('I.TS 

F a c t o r s  i n f l u e n c i n g  pro tec t ion  by , . ITI '  

The  p r o t e c t i v e  effect of  A T P  aga ins t  the  ace ty l  g l u t a m a t e - i n d u c e d  D ' I 'NB 

i n a c t i v a t i o n ,  which  has been d e m o n s t r a t e d  p rev ious ly  ~, is a comp lex  p h e n o m e n o n  

when  e x a m i n e d  closely.  Tab le  I shows tha t  A'I 'P  ahme  only  p r e v e n t s  abou t  ha l f  the  

i n a c t i v a t i o n .  A d d i t i o n  of  K('I ,  however ,  g ives  essen t ia l ly  c o m p l e t e  p ro t ec t i on  aga ins t  

I) 'I 'N B, an effect which  canno t  be p roduced  by NaC1. In t e re s t ing ly ,  a l t hough  N a i l ( ' ( )  a 

p roduces  a s l ight  decrease  in the  p ro t ec t i on  aga ins t  I ) T N B ,  the  mos t  c o m p l e t e  pro-  

t ec t ion  is p rov ided  by  at c o m b i n a t i o n  of  A T P ,  Mgz% K ~, and  HCOa- .  Since K('I  

a u g m e n t s  p ro t ec t i on  cons ide rab ly ,  and since H C O  a- is p resen t  in all so lu t ions  exposed  

to the  air, the  t ) ro tec t ive  effect of  added  KHC():~ is best  shown when  the  per iod of  

i ncuba t i on  wi th  I )TN B is e x t e n d e d  for severa l  hours.  "fable I I shows t h a t  unde r  these  

cond i t ions  K H(.'O a p rov ides  at p ro t ec t i on  aga ins t  I ) T N B  which  is s ign i t i can t ly  g rea t e r  

t han  t h a t  of  a s imi la r  solut ion c o n t a i n i n g  KC1 ins tead  of  the  I4, H(7()a. The  cont ro l  

"I'A IgIA'~ 11 

Evm.:cr oi: If(() a ox :VI'I' I'RO']'ECTION A(;AINST I)'I'NI~ 

l 'ach tube contained in a volume of 2 ml: o. t2 mg protein, IOO I*III()ICS "l'ris bt, ffer (p|l  7..0, and 
where indicated: tottmoles acetv1 glutamate. 8/ramies .\'I'I', 2oltmoles 31gS()s. iooBmoles 
KH('() a, lOot~moles KCI, and O.Ol Hmoh, 1)'I'NB. After incubation for 3 h at alo:. samples of 
o. i ml were taken for a s s a y  of  ( tnzylnc  activitv. 

.4ddtt~,ms to prctncubati,,n mixture C~trullim" 
. . . . . . . . . . . . . . . . .  foum! 

.4cctvl I)T.\'I~ .'|TI' 31A'NO a I~'H(O a l~'(.'l (/omdcs) 
:,,h~tamatc 

+ 

°.3 t 
"-34 
o .  3 ! 

-.- o .  2 3 

O.O I 

O.f)| 
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T : \  ['I[.[,] [ [ [ 

,..xzl.wm" or." AI)I '  a'() I'Ro'rt.;('r A(;A,.Xsr I)TNB 

l ' ]ach  t u b e  co, l tai , l t . ' ( ]  i1, tl \ 'o l l ,  II1(' o¢ 2 1,1]: o.2() ,,IR o f  {*,,zy,,,(!. l oo, , ' t , l lol t ' s  o f  "l', 'is [ ) t i l le r  (p[[ 7. l?, 
and where indicated: lO/t"lC)](2S aCetVl  g l , l t a , , , a t ( L  o . ( ) ,  i/,1,o](? I ) T N B ,  l o / / , , IO l ( ! s  AI)t'. and 
- o  I m , o l e s  M R S ( ) v  S a m p h . s  ~ e r e  i n c u l ) a t e d  f o r  2 5 , l l in  ; i t  3 ( ) '  a t  w h i c h  t i n l t '  s a , l /p l ( . s  o f  (). l nil  
9~c,c t a tke , i  f(lr  a s s a v  o f  t!l ,ZV,,ic a c t i v i t y .  

.-I ddlttrm.~ (.'itrldl~m' 
svmhcs~:cd 
(,,~m,,l,'s) 

. \  O,,(2 0. 41 
Act,tvl glutamate, I ) ' I ' N [ ~  () .x I 
.\cvtyl glutamate, I)TNH, : \ 1 ) 1 '  o.o~ 
.\cct\'l glutamate. I)'I'NI3, AI)I', .MgS() 4 o.oq 

c o n t a i n i n g  A T P ,  .Xlg",, a n d  H C O  a- b u t  no t  I )TNt3 ,  shows  no  more  a c t i v i t y  t h a n  the  

c (mt ro l  c o n t a i n i n g  e n z \ m e  a h m c .  "l 'herefore,  it is u n l i k e l \ '  t h a t  c . n t a m i n a t i n g  a ln-  

m ( , n i u m  sa l t s  ( '(mid h a v e  f o r m e d  ( ,hough c a r b a i n v l  p h o s p h a t e ,  d u r i n g  t he  in( -ubat i (m,  

t~ i n t e r f e r e  w i t h  t iw  assay .  "l 'ablc i I  also s h o w s  t h a t  p r o t e c t i o n  by  A 'FP  is, as ext)ccte( l ,  

d e p e n d e n t  Ul)(m t h e  p r e s e n c e  ()f Mg 2+. 

"l'he p r o t e c t i v e  effect  of  A ' I 'P  is u n c h a n g e d  o v e r  a con ( : en t r a t i (m  r a n g e  ()f ().o()i 

o . o I 0  .M. 

l~/]i'ct o f  A I ) P  upon  D T A ' B  inact ivat ion  
T a b l e  I II s h o w s  t h a t  A I ) P ,  in c o n t r a s t  t~) A T P ,  will no t  i)rot( 'et  a g a i n s t  I ) T N B  

i n a c t i v a t i ( m .  A d d i t i o n  (,f Mg" '  chics no t  a l t e r  t h i s  b e h a v i o r .  

Bcli)re it can  be c o n c l u d e d  t h a t  t h e  c n z v m e - A l ) P  c o m p l e x  is no t  r e s i s t a n t  t(, 

I) 'I 'N B i n a c t i v a t i ( , n ,  it m u s t  be s h o w n  t h a t  t he  c( )mplex ex i s t s  u n d e r  s im i l a r  c()n(l i t ions.  

The  c l ea res t  d c m l ) n s t r a t i ,  m ()t" t h i s  is t he  fact  t h a t  A I ) P  will in f luence  t he  t h e r m a l  

r e a c t i v a t i o n  of  ( ' a r b a n l v l  ph~)spha te  s y n t h e t a s e ,  as s h m v n  in I ' a b h .  • IV. In t he  a b s e n c e  

T : \  l~ , l , l :  I X  

I'~I"FECT OF . ' \ | ) | )  ON TIIE FIIERMAL STY, BII . ITY ()1' ('ARtC~.MYI. PII(L'4PH KTI'~ ~4YN I'ITIq'rASI,2 

I'iach tube contained l.o mg of enzvnm and loo/~moh,s of Tris butler (pll 7.-I at 37 "1 in z.o Ill 
o f  s o h l t i o l I ,  a n d  the follm~in R additions as indicated: 1o/inloles acetvl Rhlt;tn]at(.. 20 /dlllOle:'; 
.MgS()~, ;rod Io tlmoles .\[)P. Samples were taken for ;tssil\" (~t" ellZVIllC activity I)efore aim after 
incubation for 5 rain ;it 52 .  

.-ldditi,,m~ ('itrullim' .sy~tthcsi:t d 
(ym,,Ics) 

t¢~f,,re' .'l flcr 
hvati)G, heart n~ 

.NoIlc ()-5 ° () 37 

.'\ c t ' t  \'] g h l t a m a t c '  o . 5 o  o . 2 0  

.\ct'tyl glutanlatc, :\1)1' ~)-45 ,).u 7 
:\cetyl glutamate, Mg.<,()t °.4'; 0.22 
:\cetyl glutamate. AI)P, MRS(18 ()- t5 °-3~ 

• Since the p[l of tile "l'ris buffer during heating shouhl have dropped .n ly  to aboul 7.~), 
no adjustnlent  was made for the t,th,cts of tempt,rature change. 

lhochim. 13iophys..-Ida,-'-'o (Iq7o', 503 512 
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of Mg 2:, ADP increases tim rate of inactivation, while in its presence AI)P provides 
protection. In either case, interaction of AI)P  with the enzyme ix evident. The fact 
that  ADP inhibits the synthetase competi t ively against ATP,  with a Ki of I • I o s  M, 
is also consistent with such a conclusion. 

The increase in acetvl glutamate-induced thermal inactivation produced t)y 
addition of Mg"- has been shown before by CAR.XV.~C.X ANI) (;I~:[SOt.[A a and will be 
discussed elsewhere in this paper. 

The itzJlucnce of 3 I f  upon ace(vl glulamatc-imtuccd D'I'N B inactivation 
Although Mg"'  is required for the protective effect of ATP, it will accelerate 

the rate of enzyme inactivation when ..'VI'I ) is absent. The presence of Mg '~" typically 
doubles the rate of inactivation, even when acetvl g lu tamate  is not present. For 
example, m a typical experiment,  addition of Mg"'  increased the amount  of  inacti- 
vation from 5 to It')i) when acetvl glutamate was not present, and from 2q to 59'~,, 
when the cofactor was present. Because so little inactivation occurs in the absence of  
acetvl glutamate,  it has been flmnd most advantageous to stud\" the effect of .Mg 2- 
b\" examining its influence upon the ('(ffactor-induced inactivation. 

The action of Mg"" is best illustrated by a double reciprocal plot of the rate of 
inactivation versus the acetvl g lutamate  concentration. It has t)een shown that  the 
acetvl glutamate-induced thermal inactivati(m of carbanlyl phosphate svnthetase is 
half maximal at an acetvl g lutamate  con('entrati(m close t() its Km value ~. A modi- 
fication of this technique has been used by (.']rRI Axl) ZYK 'a in s tudying the substrate 

04 I 

E " ' , 4  .~ -12 t 
o [ 

. . . . . .  'ib 2b 
T~me incubated w~tn DTNB(mm) 

. . . . .  ~ . . . . . .  2b 
~/[ccetyl glutamate] xlO-2(M) 

l:ig. I. Kinet ics  of i nac t iva t ion  of e a r b a m v l  phospha te  svn the t a se  by I)'I'Nt}. Tul)es con ta ined  
the fl)llowing in 2.o ml:  o.30 mg enzyme,  IOO/lmoles Tris buffer (pt l  7-0, and o . o I  //II]O]c I )TNB.  
( ) ther  add i t ions  were: [-,  none; ,) ,  I O/ramies ace ty l  g lu t ama te .  Solut ions were incuba ted  a t  
BO °, RIld ;It  t i le i n t e r v a l s  i n d i c a t e d ,  5a l l l | ) ]es  o f o .  I inl  w e r e  w i t h d r a w n  for deter i I l in t I . t iOl l  o f  el iZVil lc  
ac t iv i ty .  

Fig. 2. /Lltect of Mg 2" upon t i le  ace ty l  g l u t a m a t e - i n d u c e d  inac t iva t ion ,  l ; i rst-or(ter  constant% 
ob ta ined  as descr ibed in the text ,  are  expressed in sec -l.  t,'ach tube  con ta ined  0.3 9 mg of enzynw,  
I o o / i m o l e s  of Tris  bu t le r  (pH 7.4), o.oi / lmole of ] )TNB, and the moht r i ty  of ace ty l  g l u t a m a t e  
ind ica ted  in 2 .oml .  Other  add i t ions  were: [.I, none;  (-), zo t tmo le s  MgS()~. All i ncuba t ions  were 
for ,~ rain a t  3 o ' .  

Bu,chim. Biophys. A eta, - .o  ( 197 o) 5oY-5 ] z 
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ana log - induced  the rma l  ina( : t iva t ion  of penici l l inase.  These inves t iga to r s  used a 
d~)uble r('cipr()cal ph)t ()f the f irs t-order c o n s t a n t  fl)r the rate  ()f i n a c t i v a t i o n  r o t s u s  

the subs t r a t e  ana log  ('()nt'(:ntrati()n to ()btain a c()nstant  e q u i v a l e n t  t() the l'~m f()r a 
l.incw~.aver Burk ph)t. lh)w~wer, they  po in t ed  out  tha t  such a c o n s t a n t  is n()t ne('cs- 
sarih" an equ i l i b r ium c()nstant ,  as the  e n z y m e  m a y  rema in  in an altcr( 'd ;tnd u n s t a b h ,  
( '()nt()rmation f()r some t ime af ter  tile subs t r a t e  ana log  has d issocia ted fr()m it. 

The  kinet ics  of inact ivat i ( )n  of c a r b a m v l  l)h()sphatc > \n the tas t ,  can bt" seen in 
big. I, whi('l) shows ;1 ph)t ()f the  h)gar i thm ()f t lw t ' n z v n l t ~  a c t i v i t y  r c m a i n i n g  aga ins t  
the t ime  ()f irlcubati()n wi th  I)TNI~. The s t ra igh t  line, which is pr()duced till al)()ut 
7o% ()f the a ( ' t iv i tv  has been lost, is charac ter i s t ic  ()f tirst-(>r(h,r kinet ics .  Thercfi)r(' ,  
f i rs t-order c o n s t a n t s  for the  rate of inac t iva t i ( )n  could be ca lcu la ted  b\ '  us ing  the  
in t eg ra t ed  form ,)f the equat i()n for a first-()rdcr react ion.  A (l,)ublt: rccipr()c;tl l)h)t ()f 
the rate  ()f inm' t iva t i ( )n ,  o b t a i n e d  m this  mamu ' r ,  7cr.stcs the a c c t \ l  g lu tanmt( ,  c()nccn- 
t r a t ion  is shown in Fig. 2. The enzxme  was i n c u b a t e d  with I )TNI  g t(,r an in te rva l  ,)f 
on ly  8 rain, s() n() tul)e sht)wcd more  t h a n  00",) l()ss of a c t i v i t \ .  It can bc seen tha t  in 
the  presence ()f Mg e , the  rate ()f i nmt iva t i ( )n  is mu( 'h grea ter  at  m~ ,,t levels ()f a c c t \ l  
g l u t a m a t e ,  and  there  appears  t() be ()nlv ,)n(' t ypc  ()f b i n d i n g  site fi)r the c()fact()r. "l'hc 
c o n s t a n t  has a valut.  ()f ~.() - IO -a 3I. In c()ntrast ,  in tile absence  ()f 31g e , thcrv i~ nmcll  
less inac t iva t i (m,  except  at the  h ighc , t  lc\ 'els of  ac t ' t \ l  g l u t a m a t e .  In addit i()n,  tht 'rc 
apt)ear t() 1)e two k inds  ()fsites,  ()no with a c o n s t a n t  ()f 4.7.~() ) 3I, and  a sc('()nd with 
a ('on.~tant ()f 2..5 "I() .2 31. 

The rclctti()nshi I) of  these f indings t() the  e n z \ m a t i c  rt~a('ti()n has been cxamin( ,d  
in the f,)lh)wing m a n n c r :  A l though  the e n z y m a t i c  rcact i(m cann()t  l)e (a r r i cd  ()ut in 
the al>sence ()f Mg e" , it can  be carr ied out  with e i ther  A T P  ()r 31g"' in (,x('(,s~. : \  l . inc- 
weaver  Burk  ph)t ()f thc effect ()f acctvl  g l u t a m a t e  ()n the react ion veh)city,  in whi (h  
the  efl\ 'ct of  excess Mg"  is con t r a s t ed  with th(, t,.fl\'('t ()f excess A T 1 ' ,  ( a n  be sccn in 
l"i~. 3. Add ing  an  e×cess ()f al>out I ,urnole (>f A T I '  over  th(' Mg e , rcduct 's  the t'rce 31g e" 
h ' v v l  I() a] ) ( ) t l t  4 ' IO 4 M, i f  a v a l u e  ()f I • I() 4 is  tlSt'(] f()r t h e  ;t~,~()t ' iati()n ( ( ) n s t ; t n t  () t  th ( ,  

'°°[ 
-v 

5O 

[ . . . . . . .  I0 . . . . . . . .  20 
1/ [ocetyl  g utamote]xlO-2(M) 

l.'ig. 3. ]"f leet o f  lou and high free Mg ~-" levels upon t i le K, ,  <,f acct\ ' l  g lu tanmtc  fl,r the carbamyl  
p h o s p h a t e  s y n t h c t a s c  r eac t i on ,  l : . nzvmc  v e l o c i t i e s  a re  e x p r e s s e d  as  t he  l t m o l c s  of c i t r u l l m c  s v n .  
the.sizt 'd ill 15 rain a t  3H: , ; i l ia  a c c t y l  g l u t a m a t e  c o n c e n t r a t i o n s  are  ill Ino la r i t i es .  l:.ach tub(! con-  
t a i n e d  t he  fo l lowing  in z.o m l :  o.o22 mg  of e n z y m e ,  i o o / m l o l u s  Tr i s  h u l l e r  (pH 7.-I), i o ! o n o l c >  
a c e t v l  ~ l u t a m a t c ,  1 o / t m o ] c s  o r n i t h i n c ,  1 o o l a n o l c s  I¢.Fl('()a, 5o tmlo lc . s  NH, ( ' I ,  a n d  t o u n i t s  
()rni(.hinc t r a n s c a r b a n a v l a s c .  ( ) tho r  a d d i t i o n s  were :  ;, 8 / t m o l t ' s  A'I 'P  a n d  7 ,ttm¢)le~ .M~S{)); 

. N i tmol( ' s  A T I '  and 27 ,nmolcs  31gS() 4. 
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complex l°. On the other hand, adding an excess of about  zo/ ,moles of Mg "+ over the 
ATP present, given a free Mg"" level of about  o.oI M in a a-ml w)lume. The Km for 
acetvl glutamate ,  which in about  5 "I°-~ .Xl in the presence of high Mg -0+ concentrat ion,  
is increased to about  I .  IO -a M under  condit ions of low free Mg "~ com'entrat ion.  In 
addit ion,  whe.ll the concentrat ion of 51g'-" is low, high acetyl g lu tamate  levels inhibit  
by binding at a site with a Ki of about  2 • IO ;! .~[ as determined by tile method (,f 
I)Ixox :\Xl) \Vl.:l~IdL This inhibi tory site appears to be identical to tilt' second binding 
site for acet\ ' l  g lu tamate  revealed by I)TNB inact ivat ion in Fig. 2, as both require 
high levels of acetvl glutamate ,  and as neither site is detectable at high levels of Mg 2' . 

hzfluence of other substrates upon the rate of enLvme inactivation by I )TN B 
Neither NH~" nor HCO a produce any maior effect upon the rate of inact ivat ion,  

whether or not acetyl g lu tamate  is present, l lowever,  H(.'() a does produce a slight 
but  consistent increase in tile rate of inact ivat ion.  

Acetyl phosphate, wllicll is a substrate  for the sx'ntllcsis of A'I'P from AI)P l)y 
carbamyl  phosphate synthetase v-', fails to produce any signiticant effect upon the 

inact ivat ion b\ '  I)TNB. 

"1".\ t~l.l .i V 

I'2FFECT O1," M~ "°~ (.IN INACTIVATION OF CARBAMYL PltOSPIIATE SYNTI1E'rASE I~Y *IF.RCITRII~;1.;NZOATE 

l:.ach tube contained the following components in a final volume of 2.0 ml: 0. 5 mg of enzyme, 
5 o/tmoh,s Tris buffer (pt[ 7.4), and where indica.ted: to/~moles acetyl glutamate, 20pmoles 
MgS() a, and 0.02 /~inole mercuribenzoate..Solutions were incubated few 5 rain after which samples 
of o.~ ml were withdrawn for assay of enzyme activity. 

,4 dditbms C ilrulline 
fl~ u n d 

(l~moles) 

None 0.35 
Mercuribenzoate o.o 3 
Mercuribenzoate, acetyl glutamate o. 1{ 
.Mercuribenzoate, Mg ~+ o.o 3 
Mercuribenzoate, acetyl glutamate, Mg 2+ o.o 7 

Inactivation of carbamyl phosphate synthetase by organic mercurials 
Although acetyl g lu tamate  accelerates tile inact ivat ion by DTNB, M'ARSHALL 

et a l )  a have reported that  it protects against  inact ivat ion by mercuribenzoate.  Sub- 
sequent invest igat ion of the effect of acetyl g lu tamate  upon inact ivat ion by sulfllvdrvl 
reagents showed a wide range of results ~. Reagents such as N-ethylmaleimide and 
iod.acetamide were similar to DTNB, while mercuriphenyl  sulflmate and AgNO s 
were similar to mercuribenzoate.  The results obtained with 3[g" ,  described previ- 
ously, indicated that  it might be appropriate to reinvestigate this phenomenon.  

The effect of Mg 2 ~ upon inact ivat ion by mercuribenzoate can be seen in Table V. 
The pr imary effect of Mg 2+ is to decrease protection by acetyl glutamate .  Since Mg "+ 
reverses the action of acetvl g lu tamate  on mercuribenzoate inact ivat ion,  a s tudy 
similar to that  shown in Fig. z could not be duplicated for this reagent.  However, it 
has alreadv been shown by' MARSHAI.L CI al. ~a that  protection by acetvl g lu tamate  in 

H~,,ch,m. Bu,phys. Acta, , ,o (t97 o) 503 5re 
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"l' A l~,I.l'~ VI 
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l ' i a c h  t u b e  e i . w l t a i l l C d  the :  | o l l o w i l l g  C(HIIpDIICIltF, i l l  LI. llllLI] V()IIIIIIC t ) f  2.(1 1111 : O.()-~L 7 I ] lg  CI1Z}'IIU,', 

5 ° itm()lcs "l'ris bultcr (pit 7.4). and where indicated: to/tmolcs ;icetvI ~lutamat('. and O.c) 3 !/III()IC 
mercurial. Solutions were incubated at 3o' for 5 mitt, after which samples wcrc withdrawn for 
ilSS~I,V Of CIIZV(I/C activity. 

.4(tiv~ty ~cmainzng after z,cubati,m 

II ~th II " ~ t h o u l  l)ff))'rcm:, 
a('~ lyl ac, t~,l ( ",, ) 
ghtlamatc ghttamah' 
(%) ("0) 

p-Mercuribenzoatc q 
1 )henylnmrcuric chloride (~ 
p-Aminophcny'lmcrcuric acetate 7 
Mcthylmercuric iodide cj 
3-Chloronwrcuri- 2-methoxypropyl tlrca 9 

5 2  " 4 3  

3¢) • 3 ° 
5 5  ' 4 ~ 

4 7  " 3 S 

the absence of 3Ig ',~ , is complete at a c(mcentration of 5 " to ~ 31, and is not altered 
when the level of cofactor is ilwreased to o.oz M. This finding has been duplicated in 
our laboratory. Not surprisingly, ATP and gig" had no influence on the inact ivat ion 

of carbamyl  phosphate svnthetase by inercuribenzoate s. 
The behavior . f  organic mercurials was further investigated by inact iva t ing  

carbamvl  ph(~sphate svnthetase with a series ~)f rcagents in which the organic moiety 
differed. These im'luded ionic and n(mionic, aromatic or aliphatic, and hydrophobie 
- r  hy'drophilic residues. The results can be seen in Table VI. It is apparent  that  the 
na ture  of the organic portion ot 'mcrcurials has only a slight effect upon acet yl g lu tamate  

protection against inact ivat ion.  

I)I,-;C USSION 

The results obtained show that  the greatest protection against I)'FNt¢ hmcti- 
r a t ion  of carbamvl l)host)hate svnthetase  is provided by a combinat ion ()t :VI'P, 
Mg '>, N ' ,  and H('():~ . This can nmst readily be interpreted as resulting from the 

existence of an enzyme complex with the composition of E ATP .Mg") K" -H('():) . 
This could possibly be the act ivated E - " ( ' O . , "  complex suggested by MI.:TZE:,;I~I-I¢(; 
ct a l .  ~4 a s  an intermediate  in the catalyt ic  reaction. This assumption is s t rengthened 
hv the fact tha t  nc) pr()te.ction is provided, either by ItC() a in the absence nf ATP, 
(w by AI)P, a substance which closely resembles ATP and presumably binds to the 

enzyme at the same site. 
It has been shown by .MaRSHALl. el a l Y  ~ that  K ~ will alter the kinetic behavior 

()f carbamvl phosphate svnthetase when the substrate  NH.( is present at h)w concen- 
trations.  Apparent ly,  the enzx me has a re.quirenwnt fiw a monovalent  cation, which 
can be filled by" either N or N H.z +. Therefi)re, it is not surprising to find that  K will 

inttuence the rate o f  I ) T N  B inact ivat ion.  
The effects of Mg ~ upon carbamvl  phosphate svnthetase,  which have been 

described, suggest that  this metal interacts with the enzyme directly, in addit ion t() 

l~i,n'him. Hiophys. .4eta, "_,zo (r97o) 5o3 51-' 
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fl)rming an A T P  5Ig 2~ chelate which serves as a substrate fi)r the reaction. In this 
connection, it is interesting to note that  .MARSHALl. el al. ~3 have reported that  carbamvl  
phosphate svnthetase has a requirement fl)r Mg 2 ~ in amounts  greater than needed to 
complex with ATP. A similar result has also been published for the enzyme from rat 
liver a:'. The effect of Mg 2 upon the interaction of acetyl g lu tamate  with the enzyme 
differs, depending upon whether the level of c~)factor is high m" low. Tile data  on D'fN B 
inactivation from Fig. 2, as well as tile da ta  on enzyme kinetics from Fig. 3, both show 
that  the .Mg"--deficient enzyme exhibits a second, high dissociation constant,  site for 
binding acetyl glutamate.  This site cannot be detected in the presence of excess Mg 2~ . 
A somewhat  similar phenomenon has been observed with tile tllermal inactivation of 
carbamyl t)hosphate synthetase, i t  has been shown by (.'ARAVACA AND (}RISOLIA 2 that  
acetvl g lu tamate  will accelerate the rate of thermal inactivation of the enzyme. 
Subsequently I:AHII.;N et al. ~' demonstrated that  much higher levels of acetyl g lutamate  
decrease the inactivation, apparent ly  by binding at tile second site fi~r acetyl glutamate.  
In contrast  to these studies, the second site for acetyl g lutamate  cannot be detected 
by inactivation with nmrcuril)enzoatO a. 

The best indication of the significance of this second binding site to the catalyt ic  
act ivi ty of the enzyme is the da ta  obtained from enzyme kinetics in the presence of 
high and low levels of .Mg 2-. It is obvious that  binding at the second site is inhibitory 
to catalytic activity, l :urthermore, if the points obtained at inhibitory levels of acetvl 
g lu tamate  are neglected, the extrapolated maximum velocity for the enzyme is 
identical whether or not an excess of 3Ig ~ ~ is present. Thus, the second site for binding 
cofactor is probably a non-specitic site which is not involved in tile catalytic reaction, 
and whicl~ disappears when .Mg"' is present. 

Examinat ion of tile da ta  in Fig. 2 shows that,  if values at high acety'l g lutamate  
concentrat ion are ignored, the maiu effect of Mg"' is to increase the maximal rate of 
inactivation by DTNB. There is also an increase in the K for acetyl glutamate.  In 
contrast,  the effect of Mg a- upon the kinetics of the enzyme is to decrease the K m  for 
ace.tyl glutamate,  but not to change the Vmax. Typically, in enzyme systems where a 
cofactor must be bound to the enzyme before the substrate is bound, the Km for the 
cofaetor will decrease as the concentration of the substrate is raised ~7. An interpretation 
which is consistent with tile above findings is that  both acetvl g lutamate  and Mg '2" 
bind to the enzyme, independently of each other, to produce a cooperative confor- 
mational change in the enzyme. rh i s  is necessary before the enzwne can form the 
act ivated E "CO.," complex which has been postulated as an intermediate in the 
reaction. The change produced by Mg'-' ~ upon tile euzyme seelns to reinforce the effects 
of acet\-I glutamate,  al though it eliminates the second, noncatalvticallv functional 
site for aeetyl glutamate.  This explanation implies that  the binding of Mg °-+ to tile 
enzyme may  be essential for catalytic activity. Since carbamvl t~hosphate svnthetase 
has an absolute re.quirement for a .~.Ig" ' ATP complex as substrate, it is experimentally 
difficult to ascertain the extent  of the requirement for free Mg a' . However, it has been 
shown that  a a--3-fold excess of ATP over Mg -° produces ahnost complete inhibition 
of the enzyme la, an effect which has be.e.n duplicated in this laboratory.  This is con- 
sistent with the possibility that  free Mg 2+ is indispensable for catalytic activity.  
However, inhibition by uncomplexed ATP could produce the same result. 

Biochim. Biophys. Acta, 220 (i97 o) 5o3 -512 
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