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Summary .  A  membrane-enc losed enzyme reac torconta in ing  adeny la te  k inase (E  C 2 .7 .4 .3 ,

rabbi t  muscle) and pyruvate k inase (E C 2.7.1.40) converts cyt id ine S'-mono-

phosphate (CMP) and phosphoenolpyruvate (PEP) to cyt id ine S'- t r iphosphate (CTP)

and pyruvate on a gram scale.

Cyt id ine 5 ' - t r iphosphate (CTP) is important in the synthesis of  complex biological  molecules.

CTP is a precursor for  ( inter al ia)  r ibonucleic acids,4 cyt id ine S'-diphosphochol ine (CDP-chol ine),5

and act ivated C-B and C-9 monosacchar ides such as cyt id ine 5 ' -monophospho-3-deoxy-D-manno-

2-oc tu losonate  (CMP-KDO)6 and cy t id ine  5 ' -monophospho-N-acety lneuramin ic  ac id  (CMP-

NANA).7 Al though CTP is commercial ly avai lable,  i ts  h igh cost ( -  $104/mol)  l imi ts the scope of  i ts

use In enzyme-catalyzed organic synthesis.  CTP has been made by fermentat ion8 and by chemical

syntheses;9 fermentat ion methods are,  however,  less convenient on a laboratory scale than is the

method presented here and chemical  routes cannot be used when CTP is to be regenerated in the

react ion mixture.  In th is let ter  we report  that  cyt id ine nucleot ides are accepted as substrates wi th

useful  rates by the commercial ly avai lable adenylate k inase from rabbi t  muscle (E.C. 2.7.4.3) and

that adenylate k inase can be used in conjunct ion wi th pyruvate k inase (E.C. 2.7.1.40) to produce

gram quant i t ies of  CTP from CMP and phosphoenolpyruvate (PEP).
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Adenylate k inase catalyzes the phosphate t ransfer react ions that equi l ibrate two molecules of
ADPwi th  one each o f  AMPandATP (K -  1 ) .10  tne  l i te ra tu re  repor ls tha tadeny la te  k inase is  h igh ly
spec i f i c  fo r  adenos ine  nuc leo t ides . l l  We have conf i rmed,  however ,  tha t  adeny la te  k inase w i l l  a lso
catalyze the equi l ibrat ion of  CDP, CMP and CTP.12 Pyruvate k inase, in turn,  catalyzes the highly
favored format ion of  CTP and pyruvate f rom CDP and PEP (K -  103 with adenosine nucleot ides).13
By coupl ing these two react ions together (Scheme l) ,  we are able to dr ive the format ion of  CTP from
CMP and a catalyt ic amount of  CTP (to in i t iate the adenylate k inase react ion).  Al though large
quant i t ies of  adenylate k inase are required to achieve useful  rates,  the enzyme has a high speci f ic
act iv i ty for  react ion wi th adenosine nucleot ides and an acceptable cost  even when used with
cy t id ine  nuc leo t ides . l4  In  add i t ion ,  immobi l i za t ion l2  o r  use  o f  the  MEEC techn ique l5  a l lows reuse
of  the  enzymes.  Nuc leos ide  phosphate  k inases l6  cou ld  a lso  be  used to  p roduce CTP,  bu t  we
found the system involv ing adenylate k inase to be more pract ical  and ef f ic ient .

Here we detai l  a procedure that generates CTP on a gram scale.  ln other work,  we have
used th is  method to  genera te  CTP on a  5-g  sca le ,  and used th is  mater ia l  w i thout  i so la t ion  to
synthesize CMP-NANA.7 lsolat ion and pur i f icat ion of  CTP prepared by th is procedure is
s t ra igh t fo rward :  add i t ion  o f  a  so lu t ion  conta in ing  ammonium and magnes ium ions l7  p rec ip i ta tes
inorgan ic  phosphate  f rom the  reac t ion  mix tu re ,  and the  add i t ion  o f  E tOH (1 :1 ,  v :v )  p rec ip i ta tes  CTP.
Addit ional  mater ia l  can be recovered using ion exchange chromatography. Exper imental
procedures for the product ion and isolat ion of  CTP on a gram scale appear below.

E x o e r i m e n t a l

C o n v e r s i o n  o f  C M p  t o  C T p .  p E p - K + 1 8  ( 0 . 5 6  g , B t  h  b y  e n z y m a t i c  a s s a y , 2 4  m m o l l  w a s
dissolved in 10 mL of  water and placed in a 50-mL plast ic centr i fuge tube. The pH was adjusted to
p H  B  w i t h  1 0  N  N a O H .  C M P  ( 1  g , 9 8 % , 2 . 4 m m o t ;  U S  B i o c h e m i c a t )  a n d  M g C t 2 . 6 H 2 O  ( 2 5 0  m g ,  1 . 2
mmol )  were  added fo l lowed by  1  mL o f  a  bas ic  so lu t ion lT  o f  MgC12.6HZO (1  3  [ ,4 )  and NH4CI  (3 .8
M)  to  p rec ip i ta te  any  res idua l  inorgan ic  phosphate .  The reac t ion  mix tu re  was cent r i fuged fo r  5  min
( lEC cent r i fuge,  se t t ing  6 ,2700 rpm) ,  the  supernatan t  was  decanted  in to  a  c lean tube,  the  vo lume
was ad jus ted  to  20  mL and 20  mg o f  CTP (0 .02  mmol ,  S igma)  was added The so lu t ron  was
degassed for 30 min wi th ni t rogen, 5 ; rL of  2-mercaptoethanol  was added, and the pH was adjusted
to  pH 7 .8 .  A  sec t ion  o f  d ia lys is  tub ing  (16  mm d iameter )  con ta in ing  0 .5  mL o f  a  so lu t ion  o f  adeny la te
k inase (approx imate ly  2 ,500 U o f  a  suspens ion  in  3 .2M (NHa)2S04,  S igma)  and 0 .5  mL o f  a
so lu t ion  conta in ing  pyruvate  k inase (approx imate ly  1 ,000 U o f  a  suspens ion  in  2 . i  M (NH+)ZSO4,

Sigma) in 2 rnL of  the react ion mixture was added. Addi t ion of  1 N HCI v ia a per istal t ic  pump dr iven
by  a  pH cont ro l le r  ma in ta ined the  pH near  pH 8 ;  1u  ru ru ln  and 31  P NMR spec t roscopy  mon i to red  the
progress  o f  the  reac t ion .  A  wh i te  p rec ip i ta te ,  p resumably  the  ammonium-magnes ium sa l t  o f  P ; ,
fo rmed dur ing  the  course  o f  the  reac t ion .  Add i t iona l  neut ra l i zed  PEP-K+ (0 .45  g ,  i  g  mmol )  was
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added at ter  2 days. After 4 days 1H NMR and 31P NMR spectroscopy indicated that the rat io of  CTp
to CMP was 95:5;  CDP was not detected.

lso la t ion  o f  CTP.  The enzyme-conta in ing  bag was removed and d ia lyzec j  aga ins t  15  mL o f
H20 th ree  t imes.  To  the  combined vo lume ( -  70  mL)  was added 1  mL o f  a  bas ic  so t i . i t ion lT  o t
MgC12 '6H20 (1  3  M)  and NH4CI  (3 .8  M)  as  above.  and the  reac t ion  mix tu re  was cent r ; fuged to
remove prec ip i ta ted  inorgan ic  phosphate .  Th is  s tep  was repeated  fc l lowed by  the  add i t ion  o f  70  rnL
of  E tOH to  p rec ip i ta te  CTP.  The so lu t ion  was cent r i fuged,  the  pe l le t  was  red isso l ' r , , :C ,n  wa ler  (25
mL)  and an  add l t iona l  25  mL o f  E tOH was added.  Fo l lo rv ing  cent r i fugat ion ,  the  pre i : ;p ; la te  rvas
dissolved n water and the pH of  the solut ion was acJjusted to cH I  wi th :  N NiaCl- l  Concentrat ion in
' r l rcrc y e Ced C.875 g of  a whi te sol id whose spectral  data matched that of  a ccmn-rei ' . ,at  sample
,S c^ 'a i  

'9  
Th is  mater ia l  was  conver ted  to  the  ammoniur r r  sa l t  (714 mg)  by  s t l r . r ing  i t  i ^ . , ,1h  io r i -

exc^arge res in  (Dowex 50W-XB,  NH4+ fo rm) .  lon  exchange chromatography  (AG-1X F jCO:- ,
e lua^ ' l  HCO3-NH4+;  o f  the  EtOH-conta in ing  supernatan t  fo l lowed by  neut ra l rza t ion  (w i th  Dowex
5 0 \ A / - X B  H + f o r m )  o f  t h e f r a c t i o n s c o n t a i n i n g C T P y i e l d e d a n a d d i t i o n a i  2 4 3 m g o f  C T p a s t h e
anrrnoni :m sal t .  Total  recovery 0.958 g (1 B mmol,  74%).
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