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SUMMARY 

I. The specific ac t i v i t y  of  ph()sphoribosyladen()sine t r iphospha te :  pyrophos-  
pha te  t>hosphoribosyltransferase (phosphor ibosyladenosine  t r iphospha te  synthetase)  
from Eschcrichia coli decreases with increasing concentra t i (m of the  enzyme,  indica t ing  
aggregat ion  to less act ive forms. 

2. The decrease in specific ac t iv i ty  at  high enzyme concent ra t ions  is m()re 
pr(>nouneed at  35 '~ than  at  I5 °, and for this  reason a very  h)w activati()n energy f<)r 
the svn the tase  reacti(m is found at  high enzyme c(meentrat ions.  

3. 2.5 mM AMP inhibi ts  the  sw~thetase react ion under  s t anda rd  assay ('(m- 
diti(>ns and h)w enzyme concent ra t ions  while l i t t le  inhibi t ion is seen at high enzyme 
c()ncentrati(ms. Even at  high enzyme levels, 2.5 mM AMP changes the resp()nsv ()f 
the enzyme t() his t idine from a coopera t ive  to a more hyperbol ic  type.  

4. At  high enzyme concentra t ions ,  inhibi t ion by the product ,  ph(>sph()rih()syl- 
adenosine t r iphospha te ,  is t e m p e r a t u r e  dependen t  and most  pronounced  at l()w 
tempera tures .  

5. The appa ren t l y  s igmoidal  respcmse ()f svn the tase  ac t iv i ty  t() magnesium 
concent ra t ion  m a y  be expla ined  by the l-)inding of Mg '-'~ to ATP.  At'ter c()rre(-ti<m f()r 
this  binding,  half  sa tu ra t ion  of the  enzyme with Mg e' is ()bserved at  ().I?) 111.~1. 

INTRODUCTION 

The enzyme phosphor ibosy ladenos ine  t r iphospha te  svn the tase  ()f E.whcrichia 

col~ is f l 'edback inhib i ted  by  hist idine,  a~nd its ac t iv i ty  is also control led by the emqKv 
('barge p a r a m e t e r  I . 

The hist idine pa thway  is fur ther  control led  b \  synergis t ic  inhibiti()n ()f the 
sxn the tase  b \  the first product  and tim p a t h w a y  end product .  These various c()ntr()l 
mechanisms were shown to be associa ted  with an increased enzyme affinity f()r histi- 
dine caused by  AMP and phosphorib()syladenosine t r i phospha t e ' .  

Studies  ()f the  sed imenta t ion  proper t ies  of phosphoribosyladen()s ine triph()s- 
pha te  svnthe tase  in the  ana ly t ica l  u l t racent r i fuge  a showed tha t  the enzyme may 
exist  in many  aggregate  forms, (me of which, the S.()-S species, is s tabi l ized hv ,)v 

l~b,chim. Hiophv/. Ache, -'35 (I171) l-'() 4~,4 



~.2;{} H. I,H{YVJ, ~ }\i ! N ( ; > , ~ - : ,  

preferentially b~mml t~)AMt', ldsti(tine an(t phosphoribosyladenosim' lrit)hosphatc 
This species, Iiowevcr, is also seen \~ith moderately high concentrati,ms of AI I  ~ 
which raises the question of whether the presumed hexamer really represents a st,t: 
cifically inhibited form. 

We have studied this and other problen> of kinetics at high enzyme concct, 
trations, as they presented then>elves from our knowledge about the molecular 
properties of the enzyme. 

M A T E R I A L S  A N I )  M E T H O D S  

Phosphoribosyladenosine triphosphate synthetase was prepared fronl our E. 
coli mutant strain X q  as previously reported 2. The enzyme was dissolved in o. 5 ml 
io mM imidazole buffer containing 0. 5 ml 2-mercaptoethanol per 1 (Basal buffer). 
Further dilution of the enzyme was done in Basal buffer ~- o.I M NaCI. 

The kinetic experiments were carried out in a Shimadzu MPS-5ol, inulti- 
t)urpose spectrophotometer by measuring the change in absorbance at 2()o nm at a 
controlled temperature. 

AMP, ATP, phosphoribosyl pyrophosphate and purified pyrophosphatase were 
obtained from Sigma Chemical Company, St. Louis. 

Tris, imidazole, 2-mercaptoethanol and histidine were purchased from Merck 
AG, Darmstadt. 

Protein content was determined as described by KLUNGS()YR 4. 
Tim rate in the kinetic experiments was determined by measuring the slope of 

the tangent to the curve immediately after substrate addition. 

R E S U L T S  

Enzyme concentration and activity 
Tile specific activity of the enzyme at 3 o" depended upon protein concentration 

(Fig. I). The activity increased with decreasing enzyme concentration and reached 
a maxinmm value beyond which it again decreased, probably due to enzyme de- 
naturation. 

In these experiments the assay mixture contained 5 mM ATP. We have earlier 
described the ability of ATP at high concentration to create the inhibited 8.9-S 
species of the enzyme, while other aggregate forms were seen with lower ATP concen- 
trations or in the absence of ATP 3. While protein concentration obviously will 
influence the aggregation of the enzyme, ATP might also be an iinportant factor, 
both with regard to the extent of aggregation and the species of aggregate formed. 

In Fig. 2 results of experiments with varying ATP at two different levels of 
enzyme are presented. At high enzyme concentration, high concentrations of ATP 
caused considerable additional inhibition. 

~ e c t  of et M P 
The effect of AMP on the activity of the synthetase is also shown in Fig. I. 

At low concentrations of the enzyme, high concentrations of AMP had an inhibitory 
effect which is not seen at high enzyme concentrations. This may reflect a displace- 
ment of the aggregation dissociation equilibria by AMP towards the 8.q-S species, 
analogous to our findings in the ultracentrifuge 3. 
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I:i~. i .  l { l i ec t  (H- thc  e n z y m e  c ( m c e n t r ; i t i o n  and  : \ M I  ~ on  the  spec i l ic  a c t i \ ' i t \  o f  tht,  cnz \um, .  l h c  
r e a c t i o n  m i x t u r e  c~mta [ncd :  5 m M  .M~('I~, 5 m M  A T I ' ,  o.z .Xl T r i s  It( '1 ( p i t  s.5). 2 o . 1  ~d t im  
a p p r o p r i a t e  ~'nzyme d i l u t i o n  in a f inal  v~ ) lumc  o1" o . 5 4  ml  a n d  . \ M I '  a s  speci l i{  d b e l o w .  T h e  ru ; i c t i ou  
w a s  s t a r t e d  b y  a d d i n g  p h o s p h o r i t ~ o s y l  p y r o p h o s p h a t c  t~, a c o n c u n t Y a t i o l l  o f  i). t S m ) d .  T h e  l ; i t t '  
u n i t  i s / m u H c / m i n  p e r  m ~  c n z \ ' m e .  ( ' i t l - \ e  i d e n t i f i c a t i o n :  , N~, . \ M t ' :  , 5 o f f M  \ ? d l ' :  . - ' 5  mNl 
\ M I ' .  

I"ik. 2. %\ 'n the tasu  r cac t i {m  ra te  as a f u n c t i o n  (4- . \ T I '  c o n c c n t r a t i H n  at  t\vt~ t i l t h ' r e n t  c n z \ n w  
c (mcen t ra t i ons .  T h e  t e m p e r a t u r e  was 3o . i s s a v  m i x t u r e :  o.~ M Tr is .  o . i  5 m 1,:('1. i m?,l M - ( I :  
('11I'\1.' i den l i f l , . ' a t i o l / :  , o.21 II1~ CIlZ~I~/C 1)('1 1111: I ;, I).lll 4 III14 I'llZVll/t' [)t'l" IIII. 

,1311' amt hislidim' scJtsili~,itv 
S ince  AMP may ac t  1)v inducing t h e  h e x a m e r i c  s t r u c t u r e  in t h e  s y n t h c t a s u ,  

this ligand might t)e expected t~ influence the kinetics ~)t the histidine inhibiti ,m , q  

tilt' enzyme. This has been t s h o \ v n  to be true at low t'l/ZVl]le concentrat ions ~. TI . '  
results in Fi,~. 3 dem~mstrate that  AMP affects histidim' inhibiti~m als~ at hiqll q'u 
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t:ig. 3. I ( i i c c t  (H , \ M I '  on  t h e  i n h i b i t i ~ m  b y  h i s t i d i n c  ~,t p h o s p h ~ w i h o s \ ' h l d c n o s i m '  t r i p h ( ~ s p l m t u  
s \ n t h e t ; I s e .  T h e  r e a c t i o n  m i x t u r e  \~as  a s  ~ i \ ' e n  in Fig.  i .  I ) a t a  f r o m  t ~ ( )  d i f l e r u n t  s e r i e s  (H cx  
|)t ' l-iIllUllts a t  3 o  h a v e  boci i  COlllbil led.  T h e  CllZVIIlC t?ol/celltrllti(lll~q \ \Cl t '  ; i p p r o x ,  (i .2 I / /~ / l l / ] ,  T h c  
l t i l l  c o e l f i c i e n t s  w e r e  c a l c u l a t e d  b v  t h e  h ' a s t - s q u a r c s  m e t l u . } .  R ; i t c  m i l t s  a r c  a r l f i t r a r \ .  C u r \ *  
i d e n t i f i c a t i o n :  , 5 o / t M  A M I ' ;  I i, 2 .5o  m.M A M P .  

Fix .  4- I{ ( fec t  ~1" t e m p e r a t u r e  a n d  t,llZVlllV c o n c e n t r a t i o n  , m  s v n t h c t a s e  a c t i v i t \ .  ( ' o n d i t i c m .  a s  
, ~ i \ e n  in Fig .  t w i t h  n o  A M P .  T h e  n~ te  u n i t  i s / m a o l e / m i n  p e r  m g  e n z y m e .  T h e  p o i n l s  a ru  a v e r n ~ u  
v a l u e s  o f  3 - 5  d e t e r m i n a t i o n s .  C u r \ ' c  i d c n t i f i c ; t t i o n :  f ,  15 : , 25 : , 35 • I imt, t ,  p r o t e i n  c~m 
c c n t r a t i o n s :  u p l ) c r  l ine ,  O.Ol m g / m I :  loxxer l ine ,  o .57  m S m I .  
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z \ 'me concentra t ions ,  when AMP alone }las l i t t le  effect, and  tht', ~3i/ZVll/C is Mr~,a~i,, 
inh ib i ted  b\ '  aggregat ion.  Homotrol ) ic  his t idine in terac t ion  is appa ren t  at tile h~wc:-,i 
AMP concentra t ion,  and the l t i l l  plot  or" the hist idi~e effect had a Mope ol- 2.3. Ai 
2.5 InM AMP hyperbol ic  kinetics (d tim his t id ine  inhibi t ion is aptm,m'hed witll ;, 
Hil l  p lot  slope of 1.3. 

Temperature 
For  a be t te r  unde r s t and ing  of t i le assoc ia t ion-d issoc ia t ion  phenomena,  tht~ 

effect of the  t empe ra tu r e  was s tudied.  Fig. 4 i l lus t ra tes  the  specific ac t i v i t y  as ;t 
funct ion of enzyme concent ra t ion  at  three different  tempera tures .  At  low enzyme 
concent ra t ion  the  ra te  of react ion increased with  the  t empera tu re .  However ,  as the 
prote in  concent ra t ion  increased the specific ac t iv i ty  decreased much more at 35 ° than 
at  15 ° , and  at  the  highest  concent ra t ions  tes ted,  near ly  s imilar  ra tes  were measured 
at  the  three  tempera tures .  An Arrhenius  plot  of the  rates  a t  high and low concen- 
t ra t ions  of the  enzyme is inc luded in Fig. 4. For  the d i lu te  enzyme the ac t iva t ion  
energy was e s t ima ted  to 0.12 kcal,  whereas at  high enzyme concent ra t ions  1.6 kcal  
was found. 

Product inhibition 
In  the  syn the tase  ra te  assay the t races  recording the increase in absorbance  

at  29 ° n m  with t ime had  different  shapes depending  upon enzyme concent ra t ion  and 
t empera tu re .  In  Fig. 5 this  is i l lus t ra ted  with copies of recorder  t racings  from experi-  
ments  with high enzyme concent ra t ion  at  15 °, 25 ° and  35 °. The inhibi t ion  caused 
by  p roduc t  format ion  at  I5 ° could be dup l i ca ted  by add i t ion  of corresponding 
concentra t ions  of the  p roduc t  from the s t a r t  of the  assay.  The ini t ia l  phase of rap id  
decrease in ra te  was then abolished.  Addi t ion  of p roduc t  a t  high enzyme concen- 

d l g ~ '  &1gab 6193b ' 
T i m e ( s e c )  

Fig. 5. Product inhibition. Copies of recorder tracings of phosphoribosyladenosine triphosphate 
synthetase assays at different temperatures. The enzyme concentration was o.37 mg/ml. CondF 
tions as in Fig. I (no AMP). 

t r a t ions  at  35 ° had  no apprec iab le  effect on the  rate.  At  15 ° the  accumula t ion  of 
phosphor ibosy ladenos ine  t r i phospha te  seemed to pa r t i c ipa te  in the  process of 
ac t i v i t y  decrease which a t  35 ° was a l ready  accompl ished ini t ia l ly .  P r o b a b l y  at  this  
t empe ra tu r e  and concent ra t ion  the  enzyme was aggrega ted  and  inhibi ted,  while 
s tab i l iza t ion  of  the  inhib i ted  8.9-S species by  phosphor ibosyladenos ine  t r iphospha te  
was seen a t  the  lower t empera tu re .  Similar  t e m p e r a t u r e  effects on the  his t id ine  
affini ty to the  enzyme in the  presence of phosphor ibosyladenos ine  t r iphospha te  have 
been repor ted  previous ly  2. 
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It has been shown that  Mg"~ is necessary for the catalytic act ivi ty  of the 
enzyme a. With  high ATP/Mg 2+ ratios the enzyme had little act ivi ty  independent  of 
the absolute concentrat ion of ATP. The magnes ium/ATP complex is re la t ive l \  
stable (log/e 4.3) ". An apparent ly  sigmoidal dependence of rate on Mg" was 
(H)served (Fig. 6), bu t  when tire Mg 2~ concentrat ions were corrected for A'I'P binding,  
hyperbolic kinetics were observed, and a Km value of o.I 3 mM was estimated. 
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Fi~e.(). A. T h e  effect  of  m a g n e s i u m  on t h e  c a t a l y t i c  a c t i v i t y  of  t he  s y n t h e t a s c .  The  r c a c t i m l  
in ix tm-c  c o n t a i n e d :  -'.4 m M  A T P ,  o.0 5 mM AMI ' ,  o . :  M Tr i s  HCI ( p i t  ,s.5]. The  t c l n p c r a t u r c  
was  3 ° . The  r a t e  u n i t s  a re  a r b i t r a r y ,  t~. l )oublc-recipr<~cal  p lo t  of t he  dater in A a f t e r  c o r r e c t i o n  
for b i n d i n g  of  _Mg e- b y  A T P .  

\Ve were, however, unable  to demonst ra te  a n \  effects of Mg "~ on the histidine 
inhibi t ion of the enzyme, except possibly a decreased histidine sensi t ivi ty at high 
Mg" concentrat ions.  If Mg 2 was necessary for the histidine effect as indicated by 
the sedimenta t ion da ta  a, this function was sa tura ted  before or s imultar leousl \  with 
the eatah ' t ic  function of the metal  ion. 

I / IS(!USSION 

In a previous paper a we a t t empted  to sumnmrize our knowledge of F.. c()li 
phosph()ribosyladenosine t r iphosphate  svnthetase  in the form of a model. This nmdel 
aided in the fi)rmulation of sew,ral questions, some of which could be at tacked with 
kinetic methods. 

First:  Are all inhibi ted forms of the enzyme to be found among the S.q-S 
species? This question may now be answered in tire negative. Even at low com'en- 
t rat ions of ATP, inhibi t ion was observed at high enzyme e<mcentrations. Under these 
condit ions little 8.9-S material  was seen in the ultracentrifuge.  However, increased 
ATP concentrat ion gave even more inhibi t ion,  and therefore the condit ions of maxi- 
mum inhibiti(m were those that  created the 8.(1-S species. 

Second: Since zkMP is such efficient stabilizer of tire 8.q-S species, w h \  is it not 
a more efficient inhibi tor  of enzwne a c t i o n ?  This seems part ly  t,) be a mat te r  ()l- 
e o n c e n t r a t i o l l s . . 3 t t  low enzvll/e concentrat ions,  relatively high concentra t ions  ~)f 
AMP did inhibi t  the enzvme. At high enzyme concentrat ion,  enzyme aggregati(m 
caused inhibit ion by itself and AMP gave little addit ional  inhibit ion.  :\ls¢~. the' 
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. \MI ~ and  A T P  s tab i l ized  8.!)-S fl,rms were (rely pa r t i a l ly  inh ib i ted ,  ~im'e Ifistidilu. 
caused cons ide rab ly  a d d i t i o n a l  inh ib i t ion .  

T h i M :  Are the  8.0-S species s tabi l ized  lw AMP and  , \ T P  ident ica l?  Tiff> 
seemed un l ike ly  from the  u l t r acen t r i fuge  observati(~ns, where tilt '  h is t id im'  clf l ' , t  
was much  faci l i ta ted by  AMP and  no t  by  ATI ' .  The resul ts  from tlie k im' t ic  t 'xpuri 
lllellts at  high e n z y m e  concel~trati~m confirm t imt  different  st)ccies mus t  be inv,~l\~,d. 
\Vith higl~ AMP hyperbol ic  k im' t ics  ~1: his t id ine ,  inhi l ) i t ion was set'n, wlfih' witll 1,nv 
AMP the  histidilae effect was c l e a r h  c,~opcrativu. Tl , ' ref l)rc ,  thc .VI I '  cn,at t .d  ,~.,~ % 
species 1/111>;t ill SOllle \v;.tV I)c reorganized  1)eft,re tilt, histidine-~tal)i l izt ,d N. ~ % I~,i~ 
appcurs ,  wllile this  is no t  n e c e s s a r \  for tilt ' .\.~IP l;wm. 

()f ,m-<tt in te res t  are the  ,4 , svrva t ions  {m the  t e m p e r a t u r e  c l | c r t  on c]~zvmu 
a c t i \ i t \ '  &'crease,  pr~)l)al)ly ( 'nused b \  aggregati(m. The grea te r  t{ ,ndenc \  t~, a~dglug~dc 
at 35 t han  at I5 indica tes  t l la t  llydr, qyl|,)bic b~mds m a y  be invo lved  eitl lur in tll.' 
aggregati~m process i tself  ()r in the  crea t ion of "st ick\-"  pr~t~m~ers. 

The da ta  m a \  also l>e used l()r the  c(mstltlcti~m ()t- crudt, . \ r r l l t .nius  pl(,t> al~d 
as such dist)lay an in t e res t ing  diffcrcm'e from the da t a  of I[I.\N¢; .\:~1) (;k.\ \ ' I :5 r ~,ll 
IllHSI.'H" !)]l()s|)h()l-yl:LS(~ ~1. These :tilt]It)l% (~l}ser\t'd a d~l~blin~ ~,l tilt, : tctivati ,  m , 'm']~y 
\v]iull tilt ' ( ' I]Z\ ' I / l t* ( '()ilC(*Iltl"atit)l l  WaS ill( 'I '(}~Is('d, W]l('l'('~ls \V(.' ,1)scrxed a dCCl<~>c 
towards  zcr(~. ()bvi(msly,  these energies mere ly  rot)resent rcact i(ms c<mcc]lu,d \ \ i t l l  
a,~gregation a im dissociat ion of the  enzyme ,  n~t  the  ca ta lvzud rein'tiara. Is a c t i x i t \  
in tl~e ag~4regated e n z y m e  perhat)s d e t e r m i n e d  1)\ tl~e rato ~1- diss~,riati~m ,~1 tit,' 
aggregatt ' ,  mnk in<  p,~ssible tilt. ]vh'asu (d l~r~du,t  which was lfimh'rcd in t in '  :t~gr~' 

~atv? 
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