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ENZYMATTC BEGENERATION OF ATP FROM ATiP AND ADP

PART II : ENZY}4E IXMOBTLIZATION AND REACTOR DETELOPMENT

G.1 "1 .  hh i t es ides ,  A .  Chmurny ,  p .  Ga r re t t ,
A .  Lamo t te  and .  C .K .  Co l t on

Depar tments  o f  chemist ry  a : rd  chemicat  Engineer ing
Massachuset ts  Ins t i tu te  o f  Technology
Cambr id .ge,  Massachuset ts

The b iosynthes is  o f  many natura l  prod.uct ,s  cons lunes ATp ( r ) .
The invo lvement  o f  ATP in  b iosynthet ic  react ions can be i l lus t ra ted.
by two ve l l  es tab l ished pathways for  the act ivat ion o f  an a lky l
r " s rhn* r r ' l  n r c  i on  ( r i g .  1 ) .  f n  one ,  t r ans fe r  o f  t he  t e rm ina l  phospha tev r l . /  4 e  v v
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group of  ATP to  the carbor ,qg la te  grouping (phosphory l  t ransfer )  resu l - ts
in  the prod-uct ion o f  an acy l  phosphate and.  ADP.  In  a  second pathway,
nuc leophi l - ic  a t tack o f  carbo>qr la te  ion on the cr -phosphate grouping
o f  A T P  ( n d e n w l - V l  t r a n s f e r )  g e n e r e t e q  a n  a n r r l  q ; o n r r - l  o f  cv a  n r r  \  o , L l g r r J - L J '  +  v r  q r r u r u a  / r  b v r r v r  s u v u  s r a  u e J  L  - * - , ,  a n d _  i n o r g a n i c
pyrophosphate ion. These two types of acyl d.erivatives are both
act ive esters and. can take part  in fur ther react ions at  the carbonyl
group.

A s  n a . r t  o f  n  n r o i e e t  t o  t p e i .  f h e  n r  o n f  i  n ,o r  } j a r  u  \ J r  d  p . v J v u u  u v  u s D v  e v v ! - a l i t y  o f  l a r g e  s c a l e
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syn thes i s  o f  t he  cyc l i c  d .ecapep t i de  an t i b i o t i c  G ram ic id i n  S  us ing

cel- l-- free enzymes (Z) ,  we have erplored. method.s for the economical
regeneration of ATP from AIvF or ADP. We have sett led- on a coupled

enzyme system cons is t lng o f  ad.eny l -a te  k inase and acetate  k inase
( f ig ,  2) .  Acety l  phosphate is  chosen as the u l - t imate phosphate
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Fig.  2 :  Coupled.  System for  ATP Regenerat ion

source.  React ion o f  acety l  phosphate wi th  SP,  cata lyzed by ace-
ta te  k i nase ,  gene ra tes  ace ta te  i on  and  ATP  ( : r )+ ) .  ATP  read i l l '  : i s -
propor t ionates wi th  AMP in  the presence of  adeny l -a te  k inase * -c  

Eener-
a te  two molecu l -es o f  ADP ( r -T)  ,  fhus,  react ion o f  AI IF  wi th  ace. - - ; ; l
phosphate in the presence of small  amounts of ATP and. aden)" at-e
k inase and acetate  k inase resu l ts  ln  consumpt ion of  acety i  p : - :sphate
atrd. the generation of acetate ion and ATP.

Tn search i -ng for  a  synthes is  o f  acety l  phosphate tha- ,  ^s  ooth
inexpensive and amenable to process d.evelopment on an inCus', :-z '
sca ler  w€ have set t l -ed.  on the acy la t ion o f  phosphor ic  ac id ,  w^: : .

ke tene  (B ) .  Ke tene  i s  r ead . i l y  gene ra ted .  on  a  l a rge  sca le  b i , ' t : e

o 7000
l l

n.c / \cH.  cHa=6=9 +

3CHa-6=g + H3PO4 (HzO)

I ?,oui
cH3cot  

oa,

( 5O  % l so lo ted  )

o o
+ cxuSo8cx.

Fig.  3 :  Synthes is  o f  Acety l  Phosphate

the rma l  c rack ing  o f  ace t i c  ac id .  o r  ace tone  ( f i g .  3 ) .  Reac t i on  o f

ketene wi th  phosphor ic  ac id .  generates,  in i t ia l ly ,  monoacety l  phos-
phate. Further reaction of ketene with the prod.uct mixtr.rre con-

ta in ing the monoacety l  phosphate a lso generates d . i -  and t r iacet ; . ' i
phosphates.  In  ad.d. i t ion,  water  or ig ina l ly  present  in  the phos: l : : ic

ac id .  reacts  wi th  ketene to  prod.uce acet ic  anhyd. r ide.  ProceCures
for  the convers ion of  phosphor ic  ac id .  to  monoacety l  phosphate - :e

2 ) E t h o n o l
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n n f .  \ r F f .  . \ n + . i m i  z e d  !  n n n c t - h e ' l  c c e  r r q i  n c r  c w . l  c . t i  n c r  n r n n A d r r r F q ,  n h c l s -
J  v v  v y v l r r l r 4 v s t  l l v l r v v l l g ! 9 r r  t  u r ! I a 6  v 4 & o  v ! 1 1 6  y l v u v q u r e u ,  t / r r v u

nho r i o  po id  cnn  be  r t r ed i l \ r  conve r ted_  i _n to  t he  d " i l _ i t h i um Sa l t  o f
acety l  phosphate in  approx imate iy  50% y: -e l .d , ,  based on s tar t ing phos-
nhnni n eni rr I t  shoul_d. ul_t imately be possible to make large quanti-
t i es  o f  ace t y l  phospha te ,  ve ry  i nexpens i ve l y ,  us ing  t h i s  p rocedu re .

Wi th  an assured suppl1 '  o f  acety l  phosphate as s tar t ing mater -
i a r  a i r on * i ^n  has  been  f ccused .  on  impo r tan t  p rob lems  d -ea l i ng  w i t h9 V  W V r r V 4 V r

the two enzymes requi red for  the convers ion of  A l@ to  ATP.  A mat ter
of  cent ra l  concern in  cons ider ing potent ia l  cornmerc ia l -  app l - icat ions
o f  e n z v y n e s  i  s  t h c  q - p h - ' 1  - ' t r -  n r  t h c  F n z v m e  -  A n  e n z v m e  t h a t  c a . n  b ev l l v  j  v a !  - - +  U L I  v !  v l l v  v I I a J  l r r v  .  r u J  v r r ! J  r I I v

used -  f o r  ex tended  pe r -od . s  c f  t j - ne  i s  a  p rac t i ca l -  sub jec t  f o r  d .eve lop -
men ta l  wo rk ,  eve l  i :  l t , s  i n i t i a l  cos t  i s  h i gh .  An  enzyne  w i t h  a
shor t  l i fe+- i : :e  u : i le r  operat ing condi t ions is  less a t t rac t ive,  even
i f  A n n r e o i p h l - '  ^ { r r e  T % e  n r i n c i n a ' l  r . o n t r i h r r t o r  t o  t h er r  a ! ! J -  s U _ c - U r e l  _ g D )  E - L ^ U C I J , D I  V C  r  - L I I E  - t J I  t I I \ _ r _ r J c L _ L  \ - \ J r r U . L  r u l

inact ivat icn o f  rabb i t  musc l -e  myok inase is  autox id .a t ion o f  mercaptan
groupings in  the prote in .  The convers ion of  the su l f ld ry l  groups
o f  e v s t , e i  n e  t n  d i  e r r l  f i  r i c  s ' r  ̂ . ' - i  - - -  ^ - . t  q r r t r q c n r r p n f  l r r  t n  r . w s t . e i  n ev r  u e Y  D  u s ! I ] g  t / 9  u r r s r r ! s v  6 r  \ J U P - L I r E ; D  t  O , I . L L I  D u v D s Y u s l r U I J  t / \ . J  \ - J  D  U s f  r r s

su l - f on i c  ac id . ,  i s  we l l  known  (9 ) . In  the par t icu lar  case of  nryo-
kr 'noco * l r i c  au tox id .a t ion  can be  par t ia l l y  reversed.  by  aod i t ion  o f
appropriate red-ucing agents : d.ithiothreitol, d.ithioerythrytol and
R-ma-nenfnofhenol .  I f  the solut ion containing the enzJrme is keptY  4 r . v

r igorous ly  f ree of  o)q fgen,  and-  the ox id ,a t ion potent ia l  o f  the so lu-
t ion is  s tab i l ized-  by ad.d. i t ion o f  d i th io thre i to l ,  the enzyme reta ins
i  r c  on f  i r r i  r . '  f o r  weeks .  Su rp r i s i ng l y ,  t he  s tab i l - i t y  o f  myok inasee v v + Y r v J

immobi l ized.  on Sepharose is  much h igher  than that  o f  myok inase in
f ree so l -u t ion.  The immobi l ized.  enzyme has re ta ined,  i ts  act iv i ty
for  four  to  s ix  weeks,  even in  suspens ions f rom which o{ fgen has not
been exc lud.ed.  The or ig in  o f  the increased-  s tab i l i ty  o f  the immobi -
l i zoA  6nz1m6  re la t i ve  t o  t ha t  o f  t he  sa .me  enzyme  i n  f r ee  so lu t i onv r r  ! J  r r r u

i s  no t  c l ea r  a t  p resen t .  I f  gene ra l ,  t he  l a t t e r  phenomenon  shou ld
prove to  be of  enormous pract ica l -  inpor tance in  the commerc ia l  ap-
p l icat ions o f  immobi t ized.  enzymes.

We have successfu l ly  inmobi t ized,  both acetate  k inase and.  ad. -
enylate kinase on cyanogen bromid.e Sepharose and operated- a small
d.emonstrat ion reactor for the conversion of AI\4P and A-DP to ATP (f ig.
)+ ) .  The circulat ing solut ion f lows through the col lmn containing
acetate  k inase and-  ad.eny l -a te  k inase,  and subsequent ly  through a
co lumn conta in ing potato  apyrase immobi l - ized.  on Sepharose.  The po-
fq fn  r r \ l r rueo eo lumn conver ts  ATP to  ADP and.  AMP. The product  s t ream
emerg ing f ron the apyrase co lumn is  mixed.  wi th  a  so l -u t ion conta in ing
anef r r l  r rhncnha+,s  a : rC fed.  in to  the acetate  k inase and_ adeny la te  k in-
ase conta in ing co lumn.  Th is  co lumn has been operated.  for  a  number
of  hours ,  conver t ing a l l  o f  the input  AI IP to  ATP.  The to ta l  ac t iv i ty
of  the reactor  was suf f ic ient  to  generate  about  one gra.n  o f  ATP per
1 r ^ , , -  ^ " r + L ^ . , ? h  t h e  l o n g  t e r m  s t e h i - t i t w  o f  t h i s  r e a c t o r  h a s  n o t  b e e nr l v u l  .  n I  U r l V l r b r r  v l l v  ! v 1 1 6  v U J . . l l l  D  t / O . \ / I I I  l / e Y

stud. ied.  in  cont inuous operat ion,  the ATP regenerat ion co lumn re ta ined.
o n * i r r i * r r  f a -  S r e a . t e r  t h a n  S i X  W e e k S .e v v r v f  v J  r v r  6 1 9 s u u r  v t r q t t  €
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As part  of  an ef for t  to d.esign enzymatic reactors for  ATP re-
generation and. other problems that provid.e alternatives to the com-
mrrn l r r  r r ca r l  r i xed .  bed . ,  we  have  begun  work  on  a  reac to r  based .  on  ag g v u  r ! .

stirred- bed" of polyacrylamid-e bead.s containing both entrapped. enzymes
and .  sma l l  magne t i c  pa r t i c l - es  ( f i g .  5 ) .  These  bead .s ,  f - 10  m lc rons  i n
Ai  qma*ar  ^Ta s l f f i  e i  ent lv  smal_ l  that  d . i_ f fus ional  l imi ta t ions on the+  v +  v r l  v 4 J

rates of  react ion of  substrate solut ion wi th the enzJrmes are relat-
i r r o ' l r r  r r n i m n n r f a n t .  C o n v e n t i o n a l  f i l t r a t i o n  o f  t h e s e  p a r t i c l - e s  i s  a4 r r r r l } / v r
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s low and inef f ic ient  process.  However ,  they are very  read. i ly  sepa_
rated.  f rom so l_ut ion in  the nresrnco nf
/ r  n  r  r  \  , .  

r t * r , .1_on 
1n 

f le  r / reDsrr \ - ( ;  \J r  h igh magnet ic  f ie ld .  grad ientS
\ ru ' l -1)  '  More impor tant ly ,  nagnet ic  bead.s  o f fer  a  method_ of  d .ea l ing
with enz)rme systems in which two enzymes have drastical ly d. i f ferent
s tab i l i t ies  und-er  the operat ing cond. i t ions o f  the reactor .  r f  thesetwo enzJrmes were coimmobil ized. on a conrmon support,  i t  woul_d benecessary  to  d iscard the act iv i ty  o f  the ]onger  l - ived enzJrme whenthe shor ter  l ived enzyme had.  become inact i -ve.  rn  the s t i r red.  mag-net ic  bead '  reactor ,  th is  prob lem can be d-ea l t  w i th  by enc los ing thetwo enzJrmes in d-i f ferent bead,s, one magnetic and. one nonmagnetic.
when the act iv i ty  o f  one of  the two un ly*" ,  has d .ecreased.  to  a  use-less va l -ue o i t  is  then easy to  separate  the act ive and inact ive en-zymes by magnet ic  f i l t ra t ion.  The inact ive enzyme can be d iscard"ed.
and the act ive enzyme mixed.  wi th  a  new batch of  i ts  react ion par tner
anc added '  back to  the reactor .  The potent ia l  o f  magnet ic  separat ionsfor  deal - ing wi th  th is  and.  o ther  separat ion probrems in  appt ied.  en_z1 ' : t to lory  is  h igh and is  be ing act ive ly  exp lo i ted.

The centrar- conclusion from this work is that the en_
zymatic regeneration of ATp from Aiw and./or ADp using acetyr phos-
phate,  acetate  k inase and adeny la te  k inase is  an ent i re ly  pract ica l
propos i t ion '  Acety l  phosphate appears  to  be readi ly  ava i lab le ,  thetvo enzJrmes have good- stabi l- i ty unaer t tre operating condlt ions, and,the thermod'ynamics of the coupled- enzymatic reaction system areat t ract ive for  poss ib fe  use in  large scate reactors .  Of  the var1ousschemes that ha.ve heen nTr. '?this scheme,:il: ;:";"f:"il:;."i;:Jl,#3:i:"';f.l:'3::Hr!'ot",

v  e r e v + v

n a h r { l l n n  l . r ^ . ] - t r .rrd'r ' r \rr1qe! uoln A-DP and A-Vpr and because the phosphate source on which
i  +  r r ' l  #  r ' r a . { - ^ ' l  - -rrJ L{--LLrr'atrery relies appears to be the most economical-.
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