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Large-Scale Enzyme-Ciatalyzed Synthesis
of ATP from Adenosine and Acetyl Phosphate.
Regeneration of ATP from AMPI

Sir.'

In previous reports,  we have descr ibed large-scale en-
z,yme-catalyz,ed organic syntheses requiring the enzymatic
regeneration of ATP from ADP and acetyl phosphate.z,r Many
important biosynthet ic react ions t ransform ATP to AMP
rather than ADP; a few generate adenosine.a Here we sum-
marize the operation of a three-en zyme sequence which con-
verts adenosine to ATP (Scheme I) :  In th is scheme. AMP and
ADP are involved both as intermediates in the phosphorylation
of adenosine to ATP, and as parts of  the catalyt ic cofactor
ut i l izat ion cycle which consumes and regenerates ATP. This
Scheme I .  Convers ion  o f  Adenos inc  to  ATP
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Figure l .  Quanti t ics (mil l imoles) ol 'nuclcosides prcsent during conversron
of  adenos inc to  ATP.

sequence estab l ishes the potent ia l  o f  organic  syntheses based
on ATP rcgeneration from AMP and adenosine. and i l lustratcs
a route for  thc  prcparat ion o f  nuc leot ides f rom nuc lcos ides.

A  t yp i ca l  r eac t i on  was  run  a t  r oom tempera tu re  i n  a ,5 - [ -
f lask equippcd wi th  a  pF{  e lect rode and magnet ic  s t i r r ing bar .
To I L of deoxygenated. doubly dist i l led water was addcd ATP.
ADP,  and  AMP (50  mg  cach  as  t hc  sod ium sa l t s .  - 0 .1  mmo l ) .
adenos ine  (40  g ,  150  mmo l ,  no t  comp le te  l y  so lub le ) ,  magnc -
s ium acetate  (4  g .  l9  mmol) ,  and d i th io thre i to l  (DTT.  300 mg,
1 .9  mmo l ) .  Adenos ine  k i nasc  (E .C .  2 .1 .1 .20 ,40  U ) ,  adeny la te
k inase  (8 .C .  2 .1 .4 .3 ,  - 550  u ) ,  and  ace ta te  k i nasc  (8 .C .  2 .1 .2 .1 .
180  U ) ,  immob i l i zed  i n  c ross - l i nked  po l yac ry l am ide  ge l  pa r -
t i c l c s .  w c r c  a d d c d  a s  u  s u s p e n s i t l n  i n . 5 5 0  m l -  o l ' w u t c r . i  

' )  
A n

argon atmosphere was maintained in the f lask, and the pH was
kcpt  bctwecn 6.7  and 6.9  by the pH s ta t  cont ro l lcd addi t ion o l '
2  M  sod iun r  ca rbona tc .  D ian rmon ium ace ty l  phospha tc l 0  (0 .5

M )  was  pumped  i n  con t i nuous l y  a t  a  ra t c  o i  0 .1  mo l  pc r  day .
Al ter  the f i rs t  few hours  o f  operat ion,  concent ra t ions o f  sub-
s t ra t cs  excecded  the  M ichae l i s  cons tan t s  o f  t he  enzymes . l l
Add i t i ona l  DTT I2  and  magnes ium ace ta te l s  we re  added
dur ing the course of  the react ion.  An addi t iona l  500 U of  im-
mobi l ized acetatc  k inase was added af ter  120 h o f  operat ion,
because the ratc of formation of ATP was, at this point. l imited
by  t hc  ac t i v i t y  o f  t h i s  enzyme .  The  quan t i t i es  o f  AMP,  ADP.
and ATP in  so lu t ion dur ing the course of  the react ion are
summar i zed  i n  F igu re  l ;  A f t e r  239  h .  125  mmo l  o f  ATP ,  20
mmo l  o f  A  DP ,  and  3  mmo l  o i  A  M  P  we rc  p resen t ; r a  t hc  f i na l
concentrat ion of ATP was 30 mM. Thc yicld of phosphorylated
adenos ine der ivat ives was 9801,  based on adenos ino and 38o1,
based on acety l  phosphate added.  The equi l ib r ium constants
for  the react ions in  Scheme I  are  such that  convers ion of
adenosine to ATP should have been complete, and conversions
in  srnaf  ler  sca le  re i rc t ions were as h igh as94o/u.e  The adcnos ine
kinase used in the procedure described was, however, con-
taminated wi th  ATPase act iv i ty ,  and the observed f ina l  con-
centrat ions represent a competit ion between thc rates oi ATP
lormat ion and ATP hydro lys is .

Thc enzyme-conta in ing ge l  and a whi tc  prec ip i ta te  (pr i -

mar i ly  magnesium phosphate)  were sepr i ra ted f rom thc so lu-
t ion by cent r i fugat ion.  ATP was ext racted in to  an organic
phasc cons is t ing o f  57o w:w octadecy laminc in  I  -pentanol ls  bv
mix ing the phases thoroughly  and ad just ing the pH o i  the
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aqucous phasc to7 .4  wi th  g lac ia l  acct ic  ac id .  The ph i rses were

separatcd,  and ATP was reext racted in to  an aqueous so lu t ion

rvhose  pH  was  ad jus ted  t o  l l . 5  w i t h  NaOH.  Th i s  aqueous

solut ion was neutral izcd with acctic acid. and the dibarrutn salt

o f  ATP  was  p rec ip i t a t cd  by  add i t i on  o f  s l i gh t l y  ) 2  cqu i v  (77

g,  300 mmol)  o f  bar ium acetate .  lso la t ionr6 o f  thc  prec ip i t r t tc

y ie lded 60.9 g  o f  whi tc  powder  whose ATP content  by enz) ' -

rnatic assaylT corrcsponded to 77",4,Ba1ATP'4tlrO (-54 nlrnol).

Th is  va lue rcpresents  an iso la ted y ic ld  lor  ATP o i  36%, based

on adenos ine and l  -5o1,  based on AcP.  Thc act iv i t ics  o l ' recov-

ered enzyme correspond to  93o/o o f  the adenos ine k inase and

J5o/ool the irnmobil ized acctate kinasc addcd. Adenylate kinasc

recovery  was a lso good but  was not  determined accurate ly .

Th i s  syn thes i s  cs tab l i shcs  t h rec  po in t s  pe r t i ncn t  t o  t hc  usc

of  cnz l 'mat ic  cata ly 's is  in  organic  svn lhcs is '  F i rs t '  thc  cnz i rn la t ic

rcgencrat ion t t l -  ATP I ' r t ln t  AMP procceds sn looth lv  us ing

acc t l l  phospha tc  as  t hc  u l t i n l l t t c  phospha tc  dono r :  cnzyn l c -

cata lvzcd rcact ions l l  h ich convcr t  c t l l 'ac tor  ' \TP to  A M P can

thus bc used l 'o r  pract ica l -sca lc  s1 'n thcscs.  Sccond '  n lan ipu la-

t ion o f  a  couplcd systcnr  o l ' th ree cnzymcs as p l l r t  o f  a  sr  n thct ic

proccdurc  prcscnts  no spcc ia l  prob lems.  Th i rd ,  enz\ml r t ic

proccdurcs should  nou bc cons idcred as an a l tc rnat ivc  t t l

convent iona l  chcrn ic l t l  o r  fc rn lcnta t ion methods for  the

la rgc -sca l c  s r  n thes i s  o l 'ATP  and  o thc r  nuc leo t i des  f r on l  nu -

c l c o s i d c s . l s
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