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bUMMARY 

An ATP- lnco rpo ra t ing  enzyme has been solubihzed from a nonnuclear  par t ic -  
u la te  f ract ion of ra t  bra in  wi th  the nonlonIc de tergent  Tr i ton  X - I o o  The enzyme 
a c t i w t y  is not  affected b y  deoxyr lbonuclease  or r lbonuclease,  and  is m a r k e d l y  s t imu-  
la ted  by  GTP and, to a lesser extent ,  b y  the  o ther  nucleoslde t r lphospha tes  There 
l~ an absolu te  r eqmremen t  for a hea t - s tab le  cofactor  present  in the  same enzyme 
ex t rac t  This cofactor  has been sepa ra t ed  from the enzyme b y  means  of  e thanol  
f rac tmna t lon  and appears  to be a compound  of re la t ive ly  low molecular  weight  since 
it is d la lyzable  and hea t - s tab le  I ts  ac t iva t ing  effect is lost  af ter  incuba t ion  with  
alkal ine phospha tase  The p roduc t  of  the reac t ion  is not  hydro lyzed  b y  r lbonuclease 
or deoxyrIbonuelease  bu t  is pa r t i a l ly  degraded  b y  phosphodles terase  A rap id  non- 
enzymic degrada t ion  of the  p roduc t  occurs In neu t ra l  or mode ra t e ly  alkal ine condi-  
t ions A slgmficant  f ract ion of  the f ragments  released by  alkal ine hydro lys i s  behaves  
a~ though t hey  were more highly  charged than  A D P  

INTRODUCTION 

The incorpora t ion  of  14C-labeled A T P  into acid- insoluble  ma te r i a l  ca ta lyzed  b y  
m a m m a h a n  t issues is genera l ly  a t t r i b u t e d  to enzymes which synthesize  polynucleo-  
t ides,  such as R N A  polymerases  1-4 and poly-A synthetasesS, 6 More recent ly  the for- 
nla t lon of a po lymer  of  adenosine dlphosphorlbo~e has been descr ibed In l iver 7-9 

In this  paper  we repor t  the  presence of an enzynie s} s tem from ra t  bra in  which 
ca ta lyzes  the  Incorpora t ion  of  rad ioac t ive  A T P  into a tnch loroace t lc  acid- insoluble  
p roduc t  The enzyme is solubihzed with  Tr i ton  X - I o o  from a nonnuclear  pa r t i cu la te  
f ract ion and requires the pa r t i c ipa t ion  of a hea t - s tab le  cofactor  present  in the  same 
ex t rac t  It~ proper t ies  appea r  to be different  from those of  R N A  polymerase  and poly  
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32 c GURGO ct al 

A or polyadenos lne  dlpt iosphorlbose synthe tases  The occurrence in b ra in  of  R N A  
polymerase  1°-12 and homopo lymer  syntheta~e ~8 has been descr ibed b y  several  authorb 

MATERIALS AND METHODS 

Enz'vme assa.y 
The lncorpora tmn  of [14C]ATP was followed at  3 o* in o 2 ml of a solut ion con- 

t a lmng  IO #moles  TrIs-HC1 p H  7 5, o 3 #mole  MnC12, o o2 ~umole [14C]ATP (2o-6o 
mC/mmole) ,  o o5 #mole  GTP,  o 2 #mole  mercap toe thanol ,  IOO #1 (if "cofaetor"  and 
50/zl of  enzyme which was added  to s t a r t  the react ion The incubat ion  was t e rmina t ed  
b y  add i t ion  of  2-3 volumes of  IO% trlclf loroacetlc acid Af ter  IO rain in ice, more 
5°/o t r ichloroacet lc  acid was added,  the  prec ip i ta te  was collected b y  cent r i fugat lon  
and  washed 4 t imes  with  approx  IO ml of  5°L tnch loroace t lc  acid The washed pre- 
c ip i ta te  was fi l tered th rough  imlhpore  with add i t iona l  5°o t r ichloroacetIc  acid and 
counted  on a low-background gas-flow counter  Zero t ime controls  (30-4o counts /mini  
were alwa 3 s sub t rac ted  The ac t iv i ty  of the  enzyme was expressed as pmoles  of  A T P  
incorpora ted  In  some exper iments  dealing with  the  charac te r iza t ion  of the  p roduc t  
( ch romatography  on Sephadex,  sed imenta t ion  in sucrose denbIty gradients ,  phenol  
and  chloroform par t l tmn)  [aHIATP ob ta ined  from the New Eng land  Nuclear  Co was 
used as subs t ra te  af ter  being d i lu ted  to a specific a c t l w t y  of  4 ° mC/mmole  In  tlii~ 
case the  acid-washed produc t  was dissolved In o 4 nil hyamlne  and counted  in an 
appropr i a t e  sc int i l la tor  

Preparation of the enzyme 
Step z F resh ly  excised ra t  bra ins  (3o-5o g), cleaned from membranes  and b lood 

vesselb, were hand-homogenized  in the  cold In a Dounce glass homogenizer  with 
IO lnl/g of tissue of  o 32 M sucrose conta ining 5 mM mercap toe thano l  Centr l fugat lons  
were carr ied out  wi th  the  SS-34 ro tor  of the  Sorval l  RC-2 refr igera ted centr ifuge The 
par t i cu la te  f ract ion ob ta ined  at  15 ooo x g for IO nun ( I I  240 r e v / m i n i  was homo- 
genlzed wlth  an amoun t  of o 05 M Trls-HC1, p H  7 5, conta in ing 5 mM mercap to -  
e thanol  corresponding to the  original  volume of the  homogena te  and recentr l fuged 
as above  The washed prec ip i ta te  was homogenized In one volume of  the same Tr l s -  
HC1 buffer and  brought  to o 5°o Tr i ton  X - I o o  b y  addi t ion  of a IO°o solut ion of the 
de te rgent  The suspension was centr i fuged at  lO5 ooo y g for qo mln in rotor  4 ° of  
the  Spinco ul t racentr i fuge (4 ° ooo r e v / m i n i  Tim supe rna t an t  f ract ion was separa ted  
careful ly  from the pellet  and  the fluffy layer,  and  represented  the Tr i ton  ex t rac t  
Under  these condi t ions more than  80°0 of the enzyme was recovered m the ~uper- 
n a t a n t  phase A second ex t rac t ion  yie lded only a minor  fract ion of  the a c t w i t y  

(approx 8(}o) 
Step 2 5 ml e thanol  were added  slowly and with s t i r r ing to IO nil of Tr i ton  

ex t rac t  a t  - -5  ~ The suspension was centr i fuged for 5 inln at  12 ooo r e v / l n i n  at  
approx  - - IO  ~, the prec ip i ta te  wab dissolved in I 8 ml of o o 5 M TrIs HC1 pH 7 5, 
conta lnmg 5 mM mercap toe thano l  and d ia lyzed  In the cold for 6 h against  2 1 of  the 
same buffer Undissolved mate r i a l  was removed  bv  centr l fugat lon Tile enzyme pre- 
pa ra t ion  was s tored  at  15 ° wi th  l i t t le  or no lob~ of ac t iv i ty  for a t  leabt one week 
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ATP-INCORPORATING ENZYME FROM BRAIN 33  

Preparation of the "co factor" 
io ml of the Triton extract were heated at 80-9 °0 for 15 man, cooled in lee and 

centrifuged at 15 ooo rev/mln for IO mm to remove the precipitate The supernatant 
fraction, which was ~tored at --15 °, contained the cofactor but was devoid of enzyme 
actlwty 

Materz als 
~*C-labeled ATP, ADP and GTP were from the New England Nuclear Co 

(Boston, Mass), I14C]AMP from the Radiochemlcal Centre (Amersham, England) 
Triton X-ioo waa kindly given by Rohm and Haas Deoxyrlbonuclease, rlbonuclease, 
venom phosphodlesterase and alkaline phosphatase from Escher,chm coh were from 
Worthington Blochem Co (Freehold, New Jersey), phosphoenolpyruvate kanase from 
Boehrmger (Mannhelm, Germany), Actlnomycm D wa~ a gift of the Merck, Sharp 
and Dohme Co (Rahway, N J ) Ribosomal RNA was prepared from brain riboso- 
mes 14, soluble RNA was from E coh B (General Biochemistry) All other reagents 
were high grade commercial products 

RESULTS 

Solubd~zat~on of the enzyme 
During the course of an investigation on the effect of nonlonlc detergents on 

the physical properties of RNA polymerase from rat bram, it was noted that the 
ATP-mcorporatmg activity of crude nuclear fractions prepared from o 32 M or o 25 M 
sucrose homogenates (IO mm at IOOO × g or 600 × g respectively) was considerably 
increased by addition of Triton X-Ioo The effect was dependent on the concentration 
of detergent and became maxnnal between o 3 and i% (Fig i) At higher concentra- 
tions there was a progressive inhibition of the Triton-Induced activity 

Since non-ionic detergents produce a solublhzatlon of membrane-bound pro- 
telns, it appeared likely that the enhanced activity was associated with the release 
of an enzyme in the soluble phase Such a possibility was tested by sublectlng the 
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Effect  of Tr i ton  X - i o o  on the  A T P - m c o r p o r a t m g  a c t i v i t y  of a crude nuclear  f rac t ion  pre- F ig  i 
pa red  by  c e n t n f u g a t l o n  a t  600 < g for IO Iron of a 20°0 homogena t e  of r a t  bra in  (o 25 M sucrose, 
5 mM mercap toe thano l )  The nuclear  pel le t  was  ~ a s h e d  once by  cen t r l fuga t lon  and resuspended  
m o 05 M Trls-HC1, p H  7 5 Assay  m e d m m  as descr ibed m Table  I, E x p t  i 
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T A B L E  I 

REQUIREMENTS OF TIIE REACTION 

T h e  r e s u l t s  w e r e  c o n s t b t e n t l y  r e p r o d u c e d  u a m g  t h e  T r i t o n  X - : o o  e x t r a c t  a s  e n z y m e  

k~pt Co~zdttwns Aclwdy 
No (pmok a~ 

.5 m.O 

: C o m p l e t e *  12 
- -  D N A  lO 4 
- -  N a F  : : ~  
- -  p h o s p h o e n o l p y r u v a t e ,  

- -  p h o s p h o e n o l p y r u v a t e  k l n a s e  IO 7 
- -  M g  ~+ I 2 2  
- -  Mn2+ 70 
+ ( N H 4 )  a S O 4 ,  o 0 5  M 60 

2 ( omp le t e**  i 13 
+ d e o x )  r l b o n u c l e a s e ,  i o  l , g  i o  ,. 

3 E n z y m e ,  15 m l n  a t  ~8 ** 134 
+ d e o x y n b o n u c l e a s e ,  1(5 l~g : 2 7 

4 C o m p l e L  ** 95 
+ n b o n u c l e a s e ,  2 l ~  S 4 
,'- r R N A ,  i o o / ~ g  9~ 

+ t R N A ,  I O O F g  ~0 

5 ( o l n p l e t e * "  lO2 
- -  G T P  21 
- -  G I P ,  + U T P ,  o 5 m M  71 
- -  G T P ,  + C T P ,  o 5 m M  2 7 
t U T P ,  t ( 1 1 '  98 

- -  G T P ,  [ l l p ,  ~ C T P  7 ° 
+ 1'~, o I 3I 22 

* E n z y m e  , t s~ays  c a r r i e d  o u t  in a m e d i u m  d e s i g n e d  t o  m e a s u r e  t h e  a c t l v : t x  o f  R N A  po l  5 - 
m e r a s e  a n d  c o n t a i n i n g ,  in  a v o l u m e  o f  o 2 ml ,  3 6 f l m o l c s  ~ i r l s - H C l  ( p H  8 I),  I p m o l e  Mn(12 ,  
o 5 / m a d e  Mg(  la, 5 / m m l e  N a F ,  o 5 / * m o l e  p h o s p h o e n o l p y r u x  a t e ,  4 / ~ g  p h o s p h o e n o l p y r u v a t e  k l n a s e  
o 2 / ¢ m o l e  m e r c a p t o e t h a n o l ,  25 l lg  D N A ,  o I /creole  e a c h  o f  G T P ,  ( ' T P  a n d  U T P  a n d  o (52/m~olc 
[14( ] A ' I P  (IO--I 3 n lC /n ln :o l e )  

** E x p e n m e n t ~  c a r r i e d  o u t  x~ath t h e  ~ t a n d a r d  m e d m m  (see MATERIALS AND METHODS) ¢o11- 
t a l n l n g  h o w e x  er  36 l m m l e s  T r l ~ - H C 1  ( p H  7 5) a n d  o I / ~ m o l c  (; '1 P 

I n c u b a t m n s  x~cre c a r r i e d  o u t  a t  37 ~ 

nuclear  suspen ,mn t r ea ted  x~ltti o 5°0 Triton, o 0 5 M Trl~-HC1 (pH 7 5) to centnfu-  
ga tmn  at  IO 5 ooo x g for qo man This t r e a t m e n t  3qelded a supe rna t an t  f ract ion 
(Triton ext rac t )  which conta ined  a sizeable pa r t  of the  enzymic ac t iv i ty  (approx 
5O°o) and an insoluble residue whose ac t iv i ty  was a p p r o x i m a t e l y  equal  to the  amount  
present  before Tr i ton  t r e a t m e n t  The l a t t e r  wa~ a t t r i b u t e d  to the  R N A  p . lymera~e  
present  an the  nuclei 

Rcquzrements of the reactzon 
The rate of  A T P  incorporation catalyzed by  the Triton extract was hnear ft .  

IO-I 5 m m  and rapidly declined afterwards In order to measure the lmtlal  veloeit~ 
o f  the reaction, the assays were hmlted  to 5 rain or even shorter t imes  As slio~ n an 
Table I, the incorporation of  A T P  into acid-insoluble material  was not  dependent  on 
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ATP-INCORPORATING ENZYME FROM BRAIN 35 

the  presence of N a F  or the  energy-genera t ing  sys tem (phosphoenolpyruva te  and 
phosphoeno lpyruva te  klnase) and  was m a r k e d l y  mhlbmted b y  (NH4)2SO 4 (Expt  i )  
and  Pa (Expt  6) Omlssmn of DNA,  add i t i on  of deoxyr lbonuclease  to the  react ion 
mix ture ,  or p remcuba t lon  of the  enzyme with  deoxyr lbonuc lease  failed to produce any  
effect on the  enzymic  ac t i v i t y  In  other  exper iments  carr ied out  wi th  a more purified 
p repa ra t ion  (ethanol  prec ip i ta te ,  see Preparahon oJ the cnzyme) i t  wa~ found t ha t  
2 3 IO 5 M a c t m o m y c m  D did  not  produce any  inhibi t ion  The react ion was also 
essent ia l ly  unaffected b y  add i t ion  of r lbonuclease to the  asbay mix ture  and no s tnnu-  
l a t i n  ~ a s  given b y  ei ther  ~oluble or r ibosomal  R N A  

As to the  runic requirements ,  omission of Mn 2~- produced a significant decrease 
m the ra te  of the  react ion (Expt  I ,  Mg 2+ present)  bu t  no effect was observed b y  lack 
of Mg 2+ (Expt  I,  Mn a+ present) When  nei ther  ion was added,  approx  25°o of the  
ac t i v i t y  was stil l  observed No addi t iona l  s t imula t ion  was brought  about  by" Mg °"+ in 
presence of Mn 2+ 

A conaiderable decrease in the react ion ra te  was observed b y  omi t t ing  GTP 
(Expt  5) Under  these condit ions,  add i t ion  of  UTP  produced  a pa r t i a l  res tora t ion  of 
the ac t i v i t y  while ¢ T P  was only s l ight ly  act ive The s tnnu la to ry  effect of  GTP did 
not  require the  presence of the other  nucleoslde t r lphospha tes  Similarly,  CTP did 
not  enhance the ac t iva t ion  brought  about  b y  U T P  I t  was concluded tha t  the  react ion 
d id  not  require  the  s imul taneous  presence of the  four nucleoslde tnphospha tes ,  and  
tha t  each nucleot lde s t imula ted  the enzyme a c t l w t y  to a different degree 

Presence of a co factor 
The presence of  an ac t iva t ing  factor  m the Tr i ton  ex t rac t  ~ a s  ind ica ted  by  the 

anomalous  behav lour  of  the curve re la t ing enzyme ac t iv i ty  to enzyme concentra t ion,  
showmg tha t  the  ra te  of the react ion was not  p ropor t iona l  to the  concent ra t ion  of  
enzyme (Fag 2) Direct  evidence for an ac t iva t ing  component  wa~ provided  b y  ex- 
perlment~ in which the ac t iv i ty  of the  Tr i ton  ex t rac t  was measured  in presence of  
va ry ing  amount s  of  ex t rac t  previous ly  inac t iva ted  b y  hea t  (~ee Prcparahon of the 
"cofactor") Aq shown in Fig  3, the  ra te  of  the  react ion wa~ ~t lmulated severalfold b y  
this p repa ra t ion  which in i tself  was comple te ly  devoid  of enzyme ac t iv i ty  
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Fig  2 Dependence  of the  ve loc i ty  of the  reac t lon  on the  concen t ra t ion  of Tr i ton  .x2-ioo ex t r ac t  

Fig 3 Effect  of h e a t - r e a c t i v a t e d  Tr i ton  X - i o o  e x t r a c t  on the  a c t l x l t y  of the  enzyme  Assay  
carr ied  out  m the  s t a n d a r d  m e d i u m  c o n t a m m g  hox~ ever  3 6 Hmoles Tns-H(_l  (pH 7 5) and  o i / m l o l e  
GTP  
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T A B L E  I I  

O U T L I N E  O F  T H E  S T E P S  F O L L O V * E D  I N  T H E  P A R T I A L  P U R I F I C A T I O N  O F  T H E  E N Z Y M E  

Fractwn Total 5peczfic 
achv,ty actzvzty 
(pmoles/ (pmohs/ 
5 mzn) 5 m~n per 

mg protez n) 

H o m o g e n a t e  90  o o o  69 
P r e c i p i t a t e  a t  15 o o o  / g fo r  i o  r a in  61 o o o  82 
S p l n c o  S u p e r n a t a n t  54 5 ° 0  196 
33 % e t h a n o l  p r e c i p i t a t e  30 i o o  425  

Treatment of the Triton extract with ethanol at the final concentration of 33% 
(see Preparahon of the enzyme) yielded a protein precipitate which contained most of 
the enzyme and essentially no cofactor and a soluble phase which retained most . f  
the original cofactor actavity Such a procedure produced a hmlted degree of purifi- 
cation, the specific activity of the ethanol precipitate being approx 6 times higher 
than that of the honIogenate (Table II) With the ethanol precipitate there was httle 
Incorporation of [14CJATP in the absence of cofactor while addition of this component 
produced a stimulation of more than 2o-fold in the rate of the reaction (from 16 to 
4oo pmoles/5 Inln per mg protein) Since the same amount of cofactor lncrea~ed the 
activity of the Triton extract less than 3-fold, fins finding confirmed the essential 
separation of the two components achieved bv ethanol fractlonatlon Analysl~ of the 
klnetms of ATP mcorporatlon m presence of different concentratmns of cofact()r 
indicated that the amount of product formed was a function of the amount of co- 
factor and tlIat also the lnmal rate of the reaction appeared to depend on the concen- 
tratmn of th~s component (Fig 4) 

400 

c 

s 3oo L 
o 

2 0 0  o 

100 

J I ? -  
5 10 15 20 

MINUTES 

1(] 

o .  

c_ 
r--- 

o 
E 
o_ 

I I I 
10 20 30 

PREINCUBATION TIME (M INUTES)  

F i g  4 E f f e c t  o f  t h e  c o f a c t o r  c o n c e n t r a t i o n  o n  t h e  k l n e t m s  o f  t h e  r e a c t i o n  [ a - 3 2 P j A T P  (2 3 8 m C /  
m m o l e }  w a s  u s e d  as  s u b s t r a t e  m t h e  s t a n d a r d  a s s a y  ~ J, c o f a c t o r  o l m t t e d ,  O ,  2o y l  c o f a c t o r ,  ~ ,  
4 ° p l  c o f a c t o r ,  A ,  8 o / t l  c o f a c t o r ,  ~3, i o o  i d c o f a c t o r  

F i g  5 K l n e t m s  o f  m a c t l ~ a t l o n  o f  t h e  e n z y n l e  T w o  s a m p l e s  o f  t h e  e t h a n o l  p r e c i p i t a t e  w e r e  in -  
c u b a t e d  a t  3 ° °  w i t h  (O) a n d  x~ l thou t  (C')  c o f a c t o r ,  a d d e d  m t h e  s a m e  p r o p o r t i o n  as  in  t h e  a s s a y  
m e d i u m  A h q u o t s  w e r e  t a k e n  a t  t h e  d e s i r e d  t i m e  i n t e r v a l s  a n d  a s s a y e d  u n d e r  t h e  s t a n d a r d  c o n -  
d m o n s  
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Fig 6 Add~tmn of the  cofactor  dur ing  the course of the  reac t ion  Cofactor  p resen t  from the  
beg inn ing  m a s t a n d a r d  assay  (CJ), cofactor  replaced by  an equal  ~olume of wa te r  (Q), cofactor  
added  af ter  4 m m  (A)  The s l igh t ly  lox~er ra te  observed under  the  l a t t e r  condi t ions  is due to  the  
d i lu t ion  of the  sample  

Fig  7 A p p a r e n t  loss of cofactor  af ter  incuba t ion  w~th the  enzyme  Tx~o comple te  sets  of s t a n d a r d  
m i x t u r e s  x~ere i ncuba t ed  a t  3 °° for 2 mm and  io  mm,  respect lvely ,  and  t r ea t ed  the rea f t e r  a t  
8o 9 °° for IO m m  Al lquots  of o .  ml ~e re  then  incuba ted  ~ t h  o o 5 ml of fresh enzyme  a t  3 °° 
for 2. 5 and  io  m m  C/, p r e m c u b a t e d  for 2 m m ,  0 ,  p r e m c u b a t e d  for i o  m m  

The possibility that the role of the cofactor was that of preventing a rapid 
reactivation of the enzyme was considered unlikely in view of this last effect and was 
excluded by the finding that the rate of enzyme inactivation at 3 °° was unaffected 
by addition of this component and was far too slow to account for the drastic loss of 
activity observed when the eofactor was omitted (Fig 5) It was also found that the 
rate of a reaction carried out without added cofactor, which had stopped after the 
first minutes of incubation, was fully restored by addition of the heat-stable compo- 
nent (Fig 6) This finding indicated that the limited extent to which the reaction 
occurred under these conditions was due only to lack of cofactor and not to the in- 
activation of the enzyme, and raised the possibility that the heat-stable component 
was being conbumed during the process of enzynnc catalysis Some support for this 
possibility was obtained by the results pre~ented in Fig 7 When the cofactor was 
incubated for 2 mm with the enzyme under the standard conditions and the mixture 
was then treated at 8o-9 o° (a procedure known to inactivate the enzyme but to pre- 
serve the cofactor and the other components of the assay mixture), addition of fresh 
enzyme elicited a rate of ATP incorporation which remained approximately linear 
for IO rain On the other hand, when the prelneubation of enzyme and eofactor lasted 
for a longer time (IO mm), the rate of the subsequent reaction stopped after the first 
few minutes In addltmn, if the preincubatlon was carried out for IO mm but without 
ATP in order to prevent the occurrence of the enzymic reaction, the high rate ob- 
tained after heating the mixture and adding the substrate indicated that no cofactor 
had been lost under these conditions 

Properties of the cofactor 
The suggestion that the cofactor was a molecule of relatively small molecular 

weight, provided by its heat-stablhty, was confirmed by the finding of its dlalyzabihty 
through cellulose bags (Table III)  Assay of the lyophyhzed outer solution after 
dialysis afforded an almost complete recovery of the cofactor activity 
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F A B L t  2 1I[  

DItKLYZABILII'x OP THE COF~CTOR 

A n  a h q u o t  oi the  cofactor  prepara tmn (2 ml) ~a~  d ia lyzed  at  4 aRamst 2 1 of  lo  m M  "lr~b HC1 
(pH  7 5) ~ t h  c o n t m u o u ~  ~t~rrlng of  the  outs ide  so lutmn Storage  of  the  cofactor  at t h e  a a m e  
t e m p e r a t u r e  and for the  ~ame p e n o d  of  t~n~e d id  n o t  a f fec t  lt~ act~x ~ty 

_J dd~t~on~ A ct~wty 
(c,,unts/m~n 

N o n e  3 ~ t 
L o f a c t o r  S,S6 
Cofdc tor ,  d~a l \ zcd  4 ~ h 224 
Cofdctor, d~al \zcd  Oo h 32t  

Treatment of the c-factor at 20 ° for 15 mm with deoxyrlbonuclease (IOO/zg/ml) 
or rlbonuclease (zo#g/ml) &d not decrease its ~tlmulatory actlwty On the other 
hand, incubation with alkahne phosphatase produced a complete loss of its capacity 
to enhance the rate of the reactmn (Table IV) No inactivation occurred when the 
incubation x~ as earned out under the same cond~tmn~ but in the absence of alkahne 
phosphatase No effect ~n the ATP Incorporation u as produced bv eqmvalent w~lumes 

1 XBLI'. 1\  

El I'ECT ()1~ H~DROLYTI( ENZYMES ON THE CObACTOR ¢CTI \ I rY  

Incubat ion  of  the  cofactor  ~ a s  carried o u t  a t  37 for 4 h "1 he m e d i u m  for a lkahnc  phosphataqe  
c o n t a i n e d  ~o m M  " Ins  H(_l, p H  9 o After  l n c u b a t m n  the  m i x t u r e s  were  neutrahzed ,  heated  at  
,So 9o for  ~o m m  to  d e ~ t r o v  the  h? d r o l y t m  e n z y m c ~  a n d  e q u i v a l e n t  ahquots  x~ere absa3 cd for  
cofactor  actlx ~tv u~lng react ion  n n x t u r e s  lack ing  this  c o m p o n e n t  {5-mln i n c u b a t i o n )  

.1 ddztzon~ q ctzvztv 

N~me 207 
C o f a c t o r  7o4 
Cofac to r ,  4 h a t  ~7' 69o 
{ o fac to r ,  4 h at  37 , dlkahne  

phosphata~e  (2o/~g/ml)  272 

oi incubation nuxtures c~mtalnlng alkahne phosphatase but lacking the cofactor 
The,e data suggested the presence of a phosphate group reqmred for the actlwty of 
the eofactor 

Propcrtzes of tht product 
A marked instability of the product at neutral or moderately alkahne condltlona 

was sho\vn by incubating it at &flerent pH values (Fig 8) Loss of trlchloroacetlc 
acid-insoluble material occurred above pH 6, increasing as the pH increased At 
pH 8 o approxmmtely half of the product became acid-soluble after 3 h of mcubatmn 
at 3 °° In view of this instability, expenments deahng with the possible effects of 
hvdr,,lvtlc enz5 mes on the product were carried out at pH 5 5 (Table V) Under these 
con&tmns, even prolonged incubation with deoxyrlbonuclease or rlbonuclease failed 
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oa 
80 

k 

60 
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E 

I I I I I 
1 3 5 7 9 

PH 

l q g  8 E f f e c t  o f  p H  o n  t h e  d e g r a d a t i o n  o f  t h e  r e a c t m n  p r o d u c t  a t  3 ° A l l q u o t s  o f  t h e  a c i d -  
x~ a s h e d  p r o d u c t  w e r e  i n c u b a t e d  a t  t h e  d e s w e d  p H  x a l u e s  fo r  3 11 a n d  r e p r e m p l t a t e d  x~ l t h  t r l c h l o r o -  
a c e t i c  a c i d  

to release any acid-soluble material A significant degradation was however produced 
by phosphodmsterase which rendered approx 37°o of the product acid-soluble in 2 h 

Essentially the same extent of degradation (43°o) was brought about by doubling the 
time of incubation and by adding an additional ahquot of phoaphodmsterase 

Several proteolytlc enzymes (Table V) did not affect the preclpltabIhty of the 
product in acid In ad&tion, no effect was observed after incubation at 3 o'' for 3 h 
with pepsin (5 °/~g) and with trypsin plu~ chymotrypsln (IOO/,g each) It  was hou- 
ever found that half of the pronase-treated product became non-sedlmentable at 
17 ooo x g for IO lnin, while without pronase approx 90°,0 of the trmchloroacetlc 
acid-washed product was recovered An the sediment A considerable decrease in the 
opacity of the product occurred during its incubation with pronase 

AddItmn of I°,o sodium dodecylsulfate to the suspension of product in o 05 M 

l A B L E  \ 

EFI~ECT OF HYDROLYTIC ENZYMES ON THE REACTION PRODUCT 

T h e  p r o d u c t  o f  t h e  r e a c t i o n  w a s  w a s h e d  3 t m l c s  x~lth 5"o t r l c h l o r o a c e t m  a c i d  a n d  i n c u b a t e d  a t  
~o in  x o l u n i e s  o f  o 5 m l  m o o 5 3I s o ( h u m  a c e t a t e ,  p H  5 5 R l b o n u c l e a s e  ( 2 o / , g )  d e o x y n b o n n -  
c l ea sc  ( 2 o o / ¢ g ) ,  p h o s p h o d l e s t e r a b e  ( 5 o o p g )  a n d  Mg(  1 a (i p m o l e ) ,  p r o n a s e  ( 5 0 o / I g ) ,  s t r e p t o l v s m e  
( 5 0 0 / , g ) ,  p a p a l n  (27o / ig}  , c y s t e l n e  ( I / *mo le )  a n d  E D T A  (o 5 /~mole )  I n  E x p t  2 m x~hich I3Hj - 
A T P  (4 ° m C / m i n o l e )  x~as u s e d  as  s u b s t r a t e ,  t h e  p r o d u c t  w a s  s o l u b f l l z e d  m o 5 m l  h ~ a m m e  a n d  
c o u n t e d  m a t o l u e n e  s c i n t i l l a t o r  All  t h e  e n z y m e s  t e s t e d  xvere ac t lx  e o n  t h e i r  r e s p e c t l x  e s u b s t r a t e s  
u n d e r  t h e  c o n d i t i o n s  u s e d  A p p r o p r i a t e  c o n t r o l s  r u n  x~hen t h e  i n c u b a t i o n  m i x t u r e  c o n t a i n e d  
d d d m o n a l  c o m p o n e n t s  w e r e  n o t  d i f f e r e n t  f r o m  t h e  n o r m a l  o n e  R e s u l t s  a r e  e x p r e s s e d  as  c o u n t s /  
m m  o f  t r l c h l o r o a c e t m  a m d p r e m p i t a b l e  p r o d u c t  

/ .~p(~ > A d d z t w n s  Incubatzo~* tmT* 
Dle~zt 

120 ltlZll 

C o n t r o l  21oo  
R ~ b o n u c l e a s e  2050  
D e o x v r l b o n u c l e a s c  21 oo 
P h o s p h o d l e s t e r a s e  1320  

( o n t r o l  ~05o 
P r o n a s e  ~ 50o 
~ ; t r ep to ly~ lne  ~(,Oo 
P a p a m  77oo 

24o m~n 

1835 
18oo 
187o 
lO25 
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~odlum ace ta te  buffer (pH 5 5) p roduced  a comple te  clarif ication Shaking  o 5 ml of 
this  p repara t ion  ~ ~th an equal  volume of wa t e r - s a tu r a t ed  phenol  a t  room t empera tu r e  
for 15 rain afforded a 4O°o recovery of the t r ichloroacet ic  acid-insoluble r ad ioac t iv i ty  
m the aqueous phase while the remaining  r ad ioac t iv i ty  remained  aaaocmted with the  
phenol  layer  A similar  d i s t r ibu t ion  was ob ta ined  when the pa r t i t i on  wa~ carr ied out  
with chloroform A shght ly  higher recovery  in the aqueou~ phase (45 ° o) wa~ provided  
by  phenol  t r e a t m e n t  of the p roduc t  not  previous ly  t r ea ted  with t r lchloroacet lc  acid, 
with or wi thou t  ad&t lon  of I ° '  o sodium dode% lsulfate 

Molecular sieving on Sephadex G- ioo  of the  ac id-washed p roduc t  di.~bolved in 
o 05 M sodium ace ta te  buffer conta ining I°'o sodium dodecylsul fa te  af ter  equ ihbra t lon  
of the  column (I cm ~< 25 cm) with the  ~ame ~olvent y ie lded a rad ioac t ive  peak af ter  
9 ml Under  the same condit ions,  a p repa ra t ion  of t R N A  from E coh wa~ eluted af ter  
i i  ml, while the  peak  of  A T P  appea red  af ter  2(~ ml Similar  results  were ob ta ined  with 
a column of  Sephadex G-25 with  which the elutlon volumes for ATP,  t R N A  and the 
p roduc t  were 24, 12 and 7 ml, respect ive ly  In  the absence of bodlumdodecyl~ulfate  
the  e lu tum of t R N A  on Sephadex  G-Ioo  was not  different  from tha t  ob ta ined  in 
presence of the  de tergent ,  while those of  two prote ins  run as s t anda rds  were ~Jgnlfi- 
can t ly  increased (from I I  to 18 ml in the  case of  cv tochrome c, from q to 12 ml in 
the  case of  bovine ~erum albumin)  

Less conclusive findings were p rov ided  b y  centrf fugat ion of a mix ture  of p roduc t  
and  t R N A  in a 3-12°o ~ucrose dens i ty  g rad ien t  conta in ing  o o5 M sodium ace ta te  
buffer (pH 5 5) and  I°~, sodmm dodecylsu l fa te  (2o h at  24 ooo rev ~ram, 15 °) The 
percentage  d i s t r ibu t ion  of r ad ioac t i v i t y  m d l c a t e d  the  presence of p roduc t  in the top  
region of the  I6-ml  grad ien t  wi th  a l eadmg edge ex tend ing  4-5 ml from the top, while 
t R N A  sedimented  ~ l t h  a peak  at  3 ml from the top  The resolut ion achieved was not  
sufficient to allow d i sc r lmmatmn m the region between t R N A  and more ~lowly ~edi- 
ment Ing  compounds  

Af ter  alkal ine hydro l?s i s  of the  p roduc t  in o 3 M K O H  (18 h at  37:), on13 a 

"l A B L E  X I 

CHROM ~TOGRAPHY OF THE &LKALINE-HYDROLYZED PRODUC'I ON D E A E  CELLULOSE 

Percentage distribution of the fragments obtained by alkaline hydrol 5 sis of the product  separated 
by thin-layer chromatography on DEAE-cel lulose 15 The concentrat ion of HCI refers to the 
elutlng solution The reference compounds visualized under ultra~ 1olet hght  and the blank regions 
in be t~een were counted m a Trmarb scintillation counter Recoveries approached 90°0 

£ t a n d a r d  H C l  conc n 

±o 2 3 1  2 z o  - 1 5 I  

Adenosme 8 o ] i t 
Blank 3 3 I 
Adenosme-5 ' -monophosphate  I i o 5 o 
Blank 2 3 
Adenosme-5'-dlphosphatc 28 o 
Blank ] I 1 4 °  
Adenoslne-5 ' - tnphosphate  9 7 
Blank 47 o ~ 0 
Blankkden°slne-5'-tetraph°sphate ] i I tI oZ 
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ATP-INCORPORATING ENZYME FROM BRAIN 41 

portion of the radioactivity was recovered with the adenosine, AMP or ADP standards 
from columns of Dowex I (formate) and from thin-layer chromatograms (Table VI) 
The remaining radioactivity was either not eluted from columns of Dowex I (formate) 
under the conditions used (4 M formm acid or moved as more highly-charged negative 
components when sublected to thin-layer chromatography (Table VI) These com- 
pounds were not readily Identified with the phosphorylated derivatives of adenosine 
used as standards (ATP and adenosine tetraphosphate) since blank regions of the 
chromatogram had a comparatively high content of radioactivity 

Other substrates 
Under the standard assay conditions but without GTP In the reaction mixture, 

ADP wa~ Incorporated into acld-insohible material at approximately one-third the 
rate of ATP (Table VII) Under ~lmilar conditions, the incorporation of AMP wa; 

TABLE VI I  

INCORPORATION OF OTHER SUBSTRATES 

The assays were carried out  under  the s tandard  conditions ubmg the ethanol precipitate as the 
enzyme, except tha t  GTP ,aas omit ted Each subs t ra te  ~ a s  present  m the concentra tmn of  
I i o -4M 

A dd~lt on .'t ct~v ~ty 
(pmoles/ 
5 rmn) 

[14C]ATP 5 ° 
[14C]ATP, NMN (2 io -3 M) 47 
[I~C]ATP, NAD (2 io -~ M) 44 

[14C]ADP 17 
[14C]ADP, ATP (I IO -3 M) 9 
[14C]ADP, glucose (o I M), 

hexoklnase (8o pg) o 

[1*CLAMP 2 
[14C]GTP 0 

minimal and was completed after the first minute of incubation The velocity of ADP 
Incorporation was markedly decreased by addition of a Io-fold excess of ATP and was 
brought to lnslgmficant values in the presence of an ATP-trapplng system (glucose 
and hexokmase) It appeared therefore that the incorporation of adenosine dlphos- 
phate followed the previous conversion of this compound into EIaCIATP catalyzed by 
the same enzyme preparation This was confirmed by the finding that a considerable 
portion of [I~C]ADP chromatographed as ATP on thin layers of DEAE-cellulose '5 
after incubation with the enzyme for Io min under the standard assay conditions 

Because of its marked activating effect, GTP was also examined as a possible 
substrate of the enzyme, but no incorporation was found (Table VII) In the same 
table It is also reported that NMN and NAD have no effect on the incorporation of 
[14C]ATP This property differentiates the enzyme from the adenosine dlphosphorl- 
bose polymerase of liver which is strikingly stimulated by NMN 16 and whose activity 
IS considerably decreased by addition of unlabeled NADT, s whmh dilutes the true 
substrate of the enzyme 
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1 A B L F  V I I I  

D I S T R 1 B U f I O \  Ob T H E  T R I T O N  X - i o o  E N E T R & C T k D  ] ~ . N / 3 M E  A C T I \ I I ~  IN b U B C h L L U L A R  I q ~ % ( _ q l O N S  

I~ROM R \ T  B R k I N  

]2IlZ}u]e a c t l X l t }  "~%a~ m c , t s u r t d  111 / r l t o n  .'N-lOO e x t r a c t s  p r e p a r e d  f r o m  e a c h  of  t i le p a r t l c u h t t e  
f r a c t i o n s  o b t a i n e d  b v  d l t t e r e n t h d  c e n t n f u g a t u m  ot a lO°o h o m o g e n a t e  (,f r a t  b r a i n  m o ~_" M 
sucrobe 

F~achon Total  ". s h~ ~ U~ 
ct t l l ; 'g l l  ' a c l l t ' l l l '  

(pm,,l~ %' (pm, ,h  "l' 

p~ r mg 

I CO0 { g ,  I O  111111 7 9 ° 0  I 2  3 2 5 0  

1 5  OOO , g ,  I O  i n n 1  4 5  i o o  7 1  o 3 4 2  

3 5 ° ° °  < ¢, 1 c r a m  5 5 5  ° 8 7 z 5 °  
IO  5 OOO " g ,  Oo 111111 5 I O O  8 0  7t) 

i)zstrzbuhon of the en:vmc 
Only a ~mall percentage  of the  to ta l  ATP- lnco rpo ra t ing  ac t iv i ty  prebent in a 

Io°o  l i o m o g e n a t e  o f  rat brain x\ as recovered m the  prec ip i ta te  co l lec ted  at Iooo  .\  g 
fi,r Io  m l n  (nuclear tYactlon), wherea~ mo~t  o f  the  e n z y m e  wa~ f i m n d  a~soclated w i t h  
the  part icu la te  s e d i m e n t m g  at I5 ooo g tbt Io rain (Table  VIII )  The  ti ighe~t va lue  
(if ~peclhc ac t iv i ty  was al~(/ exlnb~ted by  t h >  fract ion Some enz 3 me wa~ ex t r ac t ed  
from the fraction~ sediment lng at  higher  veloc~t~e~ (up to ~o 5 ooo g for 0o mini ,  
but  no a ; t l v l t y  x~a~ de tec ted  m the Splnco ~upernate exen af ter  Tr i ton  X-~oo t rea t -  
nlent  

The finding tha t  only  a ~mall por t ion  of  the  enzynle x~as e x t r a t t e d  tron/ the 
nuclear  f ract ion suggested a different ~ubcellular locahzatum This wa~ confirmed in 
,m e x p e r i m e n t  m w h i c h  the  crude nuclear  fract ion  wa~ f rac t ionated  into  a pel let  o f  
purified nuclei and a floating layer  t ~,ntalnlng nuclei  and other  nonnuclear  par t iculate~ 
A', bhown m Table  IX,  the  purified nuclei con ta ined  boule a c t i v i t y  w h w h  was n,,t 
s t imula ted  b y  Tr i ton  X-~oo, wherea~ the f loating la b er ca t a lyzed  the incorpora t ion  of  

1" \ B L I {  I X  

L \ C K  O F  T R I T O N  ~N~-IOO I N D U C E D  ~ C T I ~ I T ' ~  IN P U R I F I E D  N U C L E I  

A To°o h o m o g e n a t e  of  r a t  b r a i n  m o 3 2 M sucro>e x~a,, c e n t r i f u g e d  a t  i o o o  ~., lor  i o  m l n  to 
col lec t  t h e  c r u d e  n u c l e a r  f r a c t m n  x~ inch  wa s  w a s h e d  once  b,, c e n t r l f u g a t l o n  In the  , a m e  n l t d l u n l  
l h c  final pe l l e t  w a s  r e s u s p e n d e d  ~ a t h  a p p r o x  7 xol of  e ~ M sucrose ,  5 m M  m e r c a p t o e t h a n o l  a n d  
c e n t r i f u g e d  In r o t o r  5 W - z 5  of  the  S p m c o  u l t r a c c n t r l l u g c  a t  2 3 ooo r tx  / n l m  for  2 h Fhe pur i f i ed  
n u c l e a r  pe l l e t  a n d  t h e  h e t e r o g e n e o u s  l a } e r  f loa t ing  on t o p  of  t h e  e 3 M sucrose  w e r e  r e ~ u s p e n d e d  
m o o 5 M T r m  H ( 1  ( p H  8 3) a n d  d l ; l d e d  in to  t w o  a f iquo t s  one  o f  u h l c h  r e c m ~ e d  T r i t o n  X - l o o  
to  t h e  lanai c o n c e n t r a t i o n  of  o 5"o l he  cnz  3 m e  a c t l x l t  5 was  m e a s u r e d  b v  t h e  m c o r p o r a t m n  ol 
A'I  P u n d e r  c o n d i t i o n s  t h a t  ~ ouhl  also d e t e c t  the  a c t n  l t y  ot R N A  p o l y m e r a ~ e  (ace Fable I, E x p t  i ) 

l~rachon Total  aclzvzly ( p m o h s / 5  m t n )  

1| Itkoul lVtlh 7 ~ don 
T~ zion l'r~tm~ X - z o o  
X - l  OO X - z o o  t~dttc~ d 

Pur i f i ed  nuc le i  '~4 7 ° o 
F l o a t i n g  l a y e r  4 2 0  i 5 2 o  i i o o  
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ATP In a reaction which was markedly shmulated by Triton X-Ioo The incorpo- 
ration of ATP m the absence of detergent was attributed to the activity of the nuclear 
RNA polymerase Triton X-ioo-induced activity was therefore associated with the 
fraction containing non-nuclear particulate matmial but absent m the purified nuclear 
fraction In accold with this result, a Triton X-Ioo extract prepared from the purified 
nuclear pellet contained no enzyme activity 

A smular ATP-mcorporatmg activity x~a, also present m other organs of the 
rat where It was identified by the solublllzmg effect of Triton X-Ioo on similarly 
prepared particulate fractions (15 ooo × g for IO nun) and by the activating effect of 
the cofactor A comparable level of enzyme was found m brain, liver and heart, while 
considerably lower amounts (approx 5°0) were detected in kldne 3 and spleen 

D~scllssloJz 

Since the formation of acid-insoluble products from ATP in nmnlmahan tissues 
13 generally attributed to the catalytic action of RNA polynlerase and poly A svn- 
thetase, respectively, the ATP-mcorporatmg activity of rat brain described in tlus 
paper should be primarily compared with these two enzymes The mare properties 
which differentiate it from RNA polymerase are (I) the lack of a DNA requirement, 
(2) tile capacity to attain full activity w lth only ATP, (3) the lack of incorporation 
of GTP, (4) the resistance of the product to rlbonuclease, (5) the nature of the frag- 
ments obtamed by alkaline hydrolysis of the product, (6) the non-nuclear h>callzatmn 
The enzyme can also be readily dlstingmshed from poly A synthetase by virtue of the 
f()llo~lng properties (I) the nature of the product formed, (2) the activation by GTP, 
(3) the lack of requirement for an RNA prnner, (4) the hmlted time course of the 
reaction A third polynucleotlde-syntheslzmg enzyme Much appears to be different 
from the ATP-mcorporatlng activity described m tlus paper is the poly adenosine 
dlphosphonbose synthetase described in hver nuclei 7 9,16 as shoun by the lack of 
effect of NAD and NMN In the reaction catalyzed by polyadeno~lne dlphosphoribose 
synthetase, NAD serves as the ~ubstrate and NMN is an absolute reqmrement for the 
incorporation of radmactlvlty from ATP into the product 

As to the identity of the product of the reaction, we have hsted above the mare 
reason~ which appear to exclude a similarity with RNA or poly A An additmnal 
property which distinguishes it from these two polymer~ is its striking sensitivity t(> 
moderately alkaline pH conditions This property argues also against the posstbflity 
of a protein adenylylation similar to that described for glutamme syntlietase from 
E colz ~7 in which case the adenvlate is not released after alkaline hydrolysis at 37 ° 
(o 3 M NaOH for 3 h) The similar chromatographic behavlour of the product and 
tRNA on Sephadex G-25 and G-IOO, while suggestlve of an a~soclatlon of the incor- 
porated radioactivity with a compound of considerable molecular weight, should be 
viewed with caution because of the slgmficant effect of sodium dodecylsulfate on the 
elutmn volume of proteins Despite the permanence of the product as acld-msohlble 
material after dlgebtlon with several proteolytlc enzyines, its association x~lth a pro- 
tern cannot be excluded, partmularly since it is only partml recovered m the aqueous 
phabe after phenol or chloroform extraction and also in vmw of the effect of prona~e 
and sodmm dodecylsulfate on its solubility under neutral conditions The partial 
hydrolysis of tile product by pho~phodlesterase from snake venom mdlcate~ the pre- 
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sence of phosphodlester  bonds, but  suggests also the occurrence of  a resistant  residue 

still preclpl table with t rmhloroacetm acid 

Two other  features which appear  to be pecuhar  to this enzyme are the s tok ing  

ac t iva t ing  effect of  GTP and, to a lesser extent ,  of  U T P  and CTP, and the stract re- 

qmremen t  of the react ion for a heat-s table cofactor present in the same enzyme 

ext rac t  I t  should be stressed tha t  the ac t lva tmn brought  about  by the nucleon]de 

tnphospha te s  does not  require the s imultaneous presence of all the four nucleotlde~ 

and is not  accompanied by the incorporat ion of the act ivator ,  as shown m the case 

of  GTP The heat-~table cofactor  appears to be of  re la t ively low molecular  weight, 

as shown by ~t~ dmlyzabfl l ty  through cellulose bag~ The presence of an esterlfied 

phosphate  group is suggested by the loss of s t lmula tory  actlvaty produced by alkaline 

phosphatase I t  should be noted tha t  a mix tu re  of 2', 3'-AMP, (;MP, UMP and CMP 

(I mM each) wab unable to replace the cofactor  Although the loba of cofactor ac t iv i ty  

whld~ occurs during enzymat ic  incubat ion could be due to the act ion of  un~pec~la( 

reactmn~, the finding tha t  no such los~ takeb place when the Incubation la c a m e d  out 

wi thout  substrate  suggests a more specific mechanism mw)lwng perhap~ the incor- 

porat ion of the cofactor in the react ion product  In such a cabe, eluc]datmn of the 

nature  of the product  would be great ly  eased by a prewous unders tanding of the na- 

ture of the cofactor  
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