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An enzymic mechanism for amino acid activation in animal tissues* 

ZAMECNIK AND KIELLER 1 have  shown t h a t  r a t  l iver  soluble  pro te in  fraction is essent ia l  for the 
)** i nco rpora t ion  of 14C-labeled amino  acids in to  the  prote in  of mierosomes  in the  presence of ATt . 

The d a t a  p rcsen ted  in the  p resen t  paper  sugges t  a mechan i sm for ac t iva t ion  of amino  acids in this  
s u p e r n a t a n t  fraction.  

• ~2.I>P, when  i n c u b a t e d  wi th  ATI',  d ia lysed  ioo,ooo-; ,  r a t  l iver  supe rna t an t ,  MgC12 and KY 
becomes incorpora ted  in to  ATP?, ~?. This incorpora t ion  is enhanced  two to th ree  fold by  the  addi t ion  
of a comple te  c o m p l e m e n t  of pure  L-amino acids. The incorpora t ion  in to  ATP of 82p and 32pp in 
microsomes  and of 3-°P in s u p e r n a t a n t  is unaffected by  amino  acids. 

The e n h a n c e m e n t  of exchange  is d e p e n d e n t  both on the  t o t a l  concen t ra t ion  and the  n u m b e i  
of amino  acids added.  If  the  t o t a l  concen t r a t ion  of amino  acids is held cons tan t ,  a t  o.o 4 31, the 
PP-ATP  exchange  increases  as the n u m b e r  of L-amino acids is increased {Table I). 0. 4 ml of a ra t  
l iver  loS ,ooo .g  s u p e r n a t a n t  f ract ion,  p repa red  by  the  me thod  of ZAM~;CN1K AND KELLER 1 wi th  
minor  modif icat ions ,  d ia lysed  16 hours  a ga in s t  the  
buffered sucrose m e d i u m  in which the  homogena t e  T A B L E  I 
was prepared ,  was  incuba ted  for 7 minu te s  a t  
37 ° in a vo lume  of i . i  ml wi th  511~14 ATI' ,  4 t t M  THE EFICEC'I Ol r INCREASING NUMI3I~2RS OF 
MgC12, 1oo H.]I t r i s ( h y d r o x y m e t h y l ) a m i u o m e t h a n e  :\_mNO ACII)S ON IH)-ATP EXCHANGE 

buffer pH  7.6, 60 t,31 K F  and 4/~. l l  32pp, p H  7.5 . . . . . . . .  
con ta in ing  1 2N,ooo c.t),ln, E v e r y  anlillO acid was Number o/amino Counts per minute % - acids added per #M AVP exchange 
c h r o m a t o g r a p h i c a l l y  pure, t h e y  were added  in 
groups  of four, wi th  a t o t a l  concen t ra t ion  of 40 
#Al in each tube.  {Changing the  order  of add i t i on  o 4038 28 
of the  amino  acids gave  s imi la r  results.)  The reac- 4 566o 4o 
t ion  was s topped  wi th  t r i ch loroace t ic  acid and the  8 7960 56 
ATP and PP sepa ra t ed  and  de t e rmined  by charcoal  i 2 827o 58 
adsorp t ion  according to the  me thod  of CRANE AND J 0 897 o 63 
LIPMANN 2. l~nder the above  condi t ions,  no ATP or ; o  9360 66 
P P  was hydro lysed .  ° o exchange  = counts  per  
m i n u t e  per /231 ATP d iv ided  by to t a l  counts  per  
minu t e  pe r /~ : l l  ATP plus  P P .  IOO. 

More than  2 l~3J/ml of each amino  acid, on the  average,  does not  fu r the r  increase the  exchange.  
E q u i v a l e n t  number s  and  concen t r a t i ons  of D-amino acids  are t o t a l l y  ineffective. 

AMP is only  s l igh t ly  i nh ib i t o ry  to the  sy s t em and 14C-uniformly-labeled AMP fails to exchange  
wi th  ATP** *. 

P P  does no t  a c c u n m l a t e  in the  sys te ln  in measu rab l e  q u a n t i t y  even t hough  the  PPase  a c t i v i t y  
is comple te ly  inh ib i t ed  by  KF,  and  P P - A T P  exchange  is proceeding.  However ,  in the  absence of K F  
and  in the  presence of h igh  concen t ra t ion  of salt-/fee NH2OH,  a m i x t u r e  of L-amino acids produces 
a cons ide rab ly  increased " h y d r o l y s i s "  of ATI '  and  a cor responding  appea rance  of two equivMents  
of P. C o n c o m i t a n t l y  there  is p roduced  a s igni f icant  q u a n t i t y  of h y d r o x a m i c  acid (Table If).  Ra t  
l iver  was  homogenized  wi th  T. 5 vo lumes  of o.05 3J KCI and the  ~oo,ooo.g s u p e r n a t a n t  f rom this  
homogena t e  was d ia lysed  for 2o hours  aga ins t  IOO t imes  i ts  vo lume of 0.05 M KC1. i .o  ml  of the 
s u p e r n a t a n t  was then  i ncuba t ed  for 3 ° m inu t e s  a t  37 ~ C in a final vo lume of 2.0 ml wi th  io  ¢*M 
MgK2ATI) , ioo  H.1] Ir is  buffer pH 7.(), and  24oo 1~3[ of f reshly  p repa red  sal t -free h y d r o x y l a m i n e .  
, \n equ imola r  m i x t u r e  of 1-, amino  acids  (each of which  alone failed to produce  measurab le  quan t i t i e s  
of h y d r o x a m a t e  phe, val,  leu, t ry ,  i-leu, lys, thr ,  ser, alan,  his, arg, gly) was  used at  a to ta l  concen- 
t r a t i on  of 12 t*31/ml. Analyses :  

(1) h y d r o x a m a t e  was measured  d i rec t ly  on a 1.o ml a l iquo t  of the  reac t ion  m i x t u r e  by  the 
me thod  of LIPMANN ANI) T U T T L E  3, using as an in t e rna l  s t a n d a r d  a m i x t u r e  of the  h y d r o x a m a t e s  
of six amino  acids (leu, i-leu, val, lys, gly, ala)§. 

(2) Af ter  k i l l ing  the  enzyme  in the r ema in ing  ~.o ml by boi l ing z minutes ,  P was  de te rmined  
by  the  m e t h o d  of ]4"ISKE AND SUBBAROW on a o.! ml a l i quo t  and  compared  to  a zero- t ime control .  

(3) ATP was s imi l a r l y  d e t e r m i n e d  on a o.I ml  a l i quo t  hydro lysed  for 12 mi nu t e s  in I N HCI. 
(In the  absence of KI ' ,  all  P I '  formed is sp l i t  to P du r ing  the  incubat ion . )  

• This  is pub l i ca t i on  No. 835 of the  Cancer  Commiss ion  of H a r v a r d  Univers i ty .  
• * Abbrev ia t i ons :  A TP  a de nos ine t r i phos pha t e ;  AMP - a d e n o s i n e m o n o p h o s p h a t e ;  P P  - inorganic  

p y r o p h o s p h a t e ;  P o r thophospha te .  
? The aopp was  p repa red  by, and  the  gif t  of Dr. M. E. JoNEs. 

?t P a b s t  K~ATP was used rou t i ne ly  b u t  s imi la r  resu l t s  were ob t a ined  w i t h  the  S igma Chemical  
C o m p a n y  c rys ta l l ine  product .  

• ** Prepared  from Schwarz  14C-uniformly-labeled A D P  enzymi ca l l y  (hexokinase  and myokinase)  
and  i so la ted  by  pape r  e lectrophoresis .  The 14C A D P  was  generous ly  suppl ied  by  Dr. JOHN GERGELY. 

§ Americem Cancer  Society Scholar  in Cancer  Research.  
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T A B L E  I I  

ATP LOSS, AND HYDROXAMATE APPEARANCE IN THE PRESENCE OF 
AMINO ACIDS AND HYDROXYLAMINE (in / ,M/ml) 

Hydroxama tc 
A ddition formed A TP lost Pi lormed 

- -  o 2.31 4.64 
NH~OH 0-34 1.39 2.78 
AA o 2.25 4.51 
AA + NH2OH o.69 2.25 4.51 

due to AA alone o o 
z~ due to AA in 

presence of NH2OH 0.35 o.86 1-73 

D-amino acids are inert  here also. The appearance of hydroxamates ,  like the exchange, is 
dependent  on the num ber  of amino acids added, as well as the concentration. A purified enzyme 
f rom this  supe rna t an t ,  when incubated  with leucine and NH2OH, has yielded a p roduc t  indistin- 
guishable f rom leucine h y d r o x a m a t e  by  paper  ch roma tog raphy .  

These findings permi t  the following tenta t ive  formulat ion of the process by which amino acids 
are act ivated for protein synthesis.  I f  E 1 is an act ivat ion site on an enzyme for a par t icular  amino 
acid (AAa), this site binds ATP in such a way  as to labilize the AMP-pyrophosphory l  linkage: 

(t) Ex ~ . . . . . . . . . . .  I__ + ATP f :  Ex I X~p-~Tq;L- 
The amino acid then displaces the PP:  

(2) El__i A M P - -  P P  I + AA 1 ~_ E1 ~ r A M  P _  AA 1[~ ~_ p p  

These two equilibria would permi t  PP-ATP exchange to occur only in the presence of amino acids, 
would account  for the failure of AMP to inhibit  the reaction or to exchange with ATP and the 
failure of PP  to accunmlate  in the absence of an acceptor. The additive effect on exchange of different 
amino acids suggests a separate act ivat ion site for each. 

In  the presence of NH2OH, the carboxyl-act ivated amino acid reacts to form the hydroxamate ,  
while AMP and P P  accumulate,  since the enzyme is regenerated to cycle again: 

(3} E 1 IA~iP--AAI~-- + NH2OII  --+ E 1 + AA l -  N H O H  ~ AMP 

(The possibili ty of the A M P ~  AA dissociating from the enzyme is not  ruled out  and is consistent 
with the results  if the dissociation were of small extent.)  

The above formulat ion is similar to tha t  of MAAS 4 for the enzymic synthesis  of panto thenic  
acid in a purified E. coli extract  where detailed s toichiometry of the reaction has been worked out. 

The na tura l  intracellular counte rpar t  of NH2OH in reaction (3) above might  be expected to 
be the amino group of amino acids or peptide chains in the microsomes where a r rangement  of amino 
acid sequence and condensat ion of peptide chains would occur 8. Examina t ion  of the interrelat ionship 
of these two fractions is in progress in this laboratory.  

The au thor  wishes to thank  Dr. F. LIP_~IANN, Dr. P. C. ZAMECNIK and Dr. E. B. t{ELLER for 
valuable discussions. 
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