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Adenosine 5'-triphosphate (ATP) is the most useful phosphoryl
donor  in  enzyme-cata lyzed synthes is .4  The most  convenient
procedure for in situ regeneration of ATP from ADP uses
phosphoenolpyruvate (PEP) and pyruvate k inase (Scheme I ) .
Commerc ia l  PEP is  expens ive and must  usual ly  be synthes ized
chemical ly for use in large-scale synthesis. Here we describe a
practical procedure (the PGA method) that uses two inexpensive,
commercially available enzymes to generate PEP in situ from the
relat ively inexpensive o-(-)-3-phosphoglyceric acid (3-PGA)
(Scheme I ) . 6

Scheme I. Regeneration of ATP Using PEP,

Phosphoglycerate  mutaseT conver ts  3-PGA to  o- (+) -2-
phosphoglycer ic  ac id  (2-PGA):enolaseT then forms PEP.  Con-
sumpt ion of  PEP by convers ion of  ADP to  ATP.  cata lyzed by
pyruvate kinase,T drives the overal l  process.8'e

We have tested the PGA method by using the reactions shown
in Scheme l l .  CTP.  GTP,  and UTP are the nuc leos ide t r i -
phosphates nceded ior  the syntheses of  the most  common nu-
c leos ide phosphatc  sugars  used in  Le lo i r  pathway b iosyntheses
(react ions l - -1) . r ' )  D ihy 'droxvacetone phosphate ( react ion 5)  is
used in  react ions cata lyzed by a ldo lases, l l  and arab inose 5-
phosphate (reaction 6) is a precursor to 3-deoxy-D-manno-2-oc-
tulosonic acid 8-phosphate (KDO-8-P). '2 In al l  cases, procedures
based on 3-PGA were as effect ive as and more convenient than
procedures based on chemical ly synthesized PEP.5

The synthesis of CTP from CMP i l lustrates the PGA method'r3
A suspension of 173 g of 3-PGA (barium salt.  dihydrate, -957c.,,

46 I mmol) in -500 m L of water was st irred vigorously with - 600
mL o i  ion-exchange res in  (Dowex 50W-X8,  H+ form,  20-50
mesh) ior 30 min at room temperature. The resin was removed
by f i l t ra t ion and washed wi th  four  100-mL por t ions o f  water . ra
The combined, clear, pale-yel low f i l t rates were neutral ized with

sol id KOH and used direct ly in the next step.

CMP ( f ree ac id ,  T1 g,220 mmol) ,  ATP'Na2 '3HzO (1.33 g,2 .20

mmol) ,  MgCl , .6H20 ( ,51 g,250 mmol) ,  and t r ie thanolamine (1 .9

g,  l0  mmol)  rverc  added to  the so lu t ion o f  3-PGA,  and the pH

was adjusted to pH 7.6 with 5 N KOH. The solution (total volume

of I L) was degassed for 30 min with N2; 2-mercaptoethanol (0.25

mL,  3  mmol)  was added.  The enzymesl5 were then added,  and

(6) From US BiochemicalCorp.: PEP = $4800/mol; 3-PGA = $250/mol.
(7)  Phosphoglycerate mutase:  Ray,  W. J. ,  Jr . ;  Peck,  E'  J ' ,  J t .  ln  The

Enzymes,3rd ed. ;  Boyer,  P.  D. ,  Ed. ;  Academic:  New York,  1972; Vol .  VI '
Chapter 12.  Most  commercia l  preparat ions of  3-PGA contain 2 '3-di -
phosphoglyceric acid, an activator of phosphoglycerate mutase, Enolase:
Wold,  F.  Ib id.Yol .  V,  Chapter 18.  Pyruvate k inase:  Kayne. F.  J. lb id.Yol .
V I l l  A .  C h a p t e r  I  l .

(8)  The isolat ion of  PEP in 15-20Vo y ie ld f rom 3-PGA using enzyme
preparations from yeast has been reported: Ganti, T.; Csoka, A. Magy.,Kem.
Fo[y.  1975, 37,  33,s-6:  Chem. Abst .  1975, 8 3,  162155v.  Csoka,  A. ;  Gant i ,
T.  Hung. Tel jes 8,93l '  1974: Chem. Abstr .  1975, 82'  96491c'

(9) The thiee enzymes required are stable under the conditions usedT and
are inexpensive ($/ 1000 units): pyruvate kinase (0.3, Biozyme); enolase (4.75,

Sigma)l  phosphogtycerate mutase (4.00,  Sigma);  700 uni ts of  enzyme wi l l
convert I mol of reactants to products per day under assay conditions.

(10) Toone, E.  J. ;  Simon, E.  S. ;  Bednarski ,  M. D. ;  Whi tesides,  G. M.
Tetrahedron 1989. 4J. 5635.

(11) Bednarski .  M. D. ;Simon, E.  S. ;  Bischofberger,  N. ;  Fessner,  W.-D.;
Kim. M.-J. ;  Lees,  W.;  Sai to,  T. ;  Waldmann, H. ;  Whi tesides,  G. M. J.  Am.
C'hem. Soc. 1989. t I t ,62'7. Durrwachter, J. R.; Wong, C.-H' "/. Org' Chem.
1 9 8 8 ,  J J ,  4 1 7 5 .

(12) Bednarski ,  M. D. ;  Crans,  D.  C. ;  Dicosimo. R. ;  Simon, E.  S. ;  Stein,
P.  D. ;  Whi tesides,  G. M.;  Schneider,M. Tetrahedron Let t .1988,29'  427.

(13) CMP is avai lable f rom Miwon Foods Co.,  Ltd ' ,  Seoul ,  Korea
($200/kg)

(14) The resin was regenerated with HCI by following the procedure
recommended by the manufacturer.

@ 1989  Amer i can  Chemica l  Soc ie ty

x o H. .1
PO\-//\/.O-

a-roo 3
phosphoryfated phosohoalvcerctel

procluct muta'se 
- '  

, fE.c27.s .3  
l l

I
| , Enolase

o  \  /  o P  
E ' c ' 4 2 1 1 1  

x . O P
tt \  , /  |  ^- '  ' - l

)\v.o- )---o- -_ "o-nf
ll eyruvate kinase ll

pyr o E-.c.2.7.1.4o pep o ,-rco 
o

K _ 1 0 "

'PEP can be synthesized in a separate chemical  step or  generated as
shown from 3-PGA. P -  phosphatel  3-PGA = D-(-) -3-phospho-
glycer ic acid;  2-PGA = D-(+)-2-phosphoglycer ic acid;  ppp = phos-
phoenolpyruvate;  pyr  = pyruvate.
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Scheme I I .  React ions Tested by Using the 3-PGA
Regenerate ATP According to Scheme Io

CMP Adenylate klnase
E.C.2 .7 .4 .3

or

UMP

Guanylate kinase
E.C.2 .7 .4 .A

cDP Pyruvate kinase
E.C.2 .7 .1 .40

or ----+
P E P

UDP

Method To

CTP
202 mmol

or

UTP
17 mmol

8 9 2  I

Af ter  an addi t ion a l  24 h .  I  H N M R spect roscopv ind icated that
the react iOn was completc .  , \  to ta l  o l  130 mL of  3  N HCI  had
been consumed.

To iso la te  CTP,  - -  l -50-mL por t ions o f  the c lear .  pa le-ye l low
reaction mixture were transferred into l2 500-mL polypropylene
cent r i fuge tubes and 150 mt-  o f  abso lu te  e thanol  was added to
each tubc. .{  r .r ,hite precipitatc formed inrmediatel l , ' .  The tubes
werc coo led in  an icc  bath l i r r  l5  min and then cent r i fuged (4  .C.

100009,  l0  min) .  T 'he cornbrned,  s t icky pe l le ts  were d isso lved in
600  mL  o f  wa te r .  t he  resu l t i ng  so lu t i on  was  d i v i ded  among  s i x
2,50-nrL cent r i luge tubes.  and 100 mL of  absolu te  e thanol  was
added to each tube. The tubes rvere again cooled and centr i fuged.
Lyophi l iza t ion o1 '  thc  conrb ined pe l le ts  prov ided 14,5 g  o f  an
of f -whi te  powder  conta in ing 202 mmol  o f  CTP accord ing to  en-
zvn ra t i c  ana l vs i s i 6192 ' / ,  i i e l d l  90% pu r i t y  f o r  CTP .K3 ) . r7

The pr rmarr  ldvr rn tuge r . r f  the PGA method as a  route to  PEP
is  that  i t  rcqu i rcs  less t i rnc .  produces less organic  waste,  and is
more convcnrcnt than rhe chcmical s1'nthesis. l ts start ing materials
are commcrc ia l l l  ava i lab le .  I t  is ,  however .  more expens ive.  The
convenience outweighs the dif ference in cost for reactions carr ied
out on a scale ( I mol. The convenience of the PGA method, along
wi th  i ts  re l iancc on comntcrc ia l l l  ava i lab le  reagents .  recommends
i t  as  a  gene r i i l  t c chn ique  f o r  t he  rn  s i t u  r egene ra t i on  o f  ATP .

Acknow ledgmen t .  \ \ c  r hank  M .  J .  K im  (Ch ie f  o f  T rade
Sect ion,  Miwon I 'oods C.r . .  l - td . .  Seoul ,  Korea)  for  prov id ing us
w i t h  C M P  a n d  G M P .

( 1 5 )  A l l  e n z \ m c s  w e r c  t r o n r  S i g m a  a d e n l l a t e  k i n a s e  ( 1 0 0 0 0  u n i t s .  l y ' o -
phi l ized po*der f rom e hrcke n muscle) .  p\ruvare k inase ( ,5000 uni ts,  lyophi l ized
powder f rom rabbir  nruscle) .  enolase ( .1000 uni ts.  lyophi l ized powder l rom
)  eas t  ) .  and  phosphog l r  ce ra te  n ru rase  (  5000  un i t s .  suspens ion  in  ammon ium
sulfate from rabbit muscle). In this example, we used an excess of the enzymes
because their cost is low compared with the value of the product.

_- (l0l Keppler, D.ln Methods oJ'Enzymatic Analysis, 3rd ed.; Bergmeyer,
H .  U . ,  Be rgmeyer ,  J . ,  Grass l ,  M . .  Eds . ;VCH:  We inhe im,  l 98S :  Vo i  V I i .  o
, 1 4

+ J  - .

(17 )  The  wa te r  con ten t  (1  .14% )  was  de te rm ined  by  the  Kar l  F i scher  me-
thod.  Thin- laver chromatography Ipolv(ethylenimine)-cel lu lose,  e luant :  2.0
N HCooH i  I  0 N l - ic l .  I  :1.  vTvl  indicated that  ATp was present in addi t ion
to CTP; nei ther CMP nor CDP was detected.  Compar ison of  the iH and l rp
N-MR -spectra with those of authentic crp from Sigma indicated the presence
ol  - l% each of  , \TP. d ipvruvate.  - I -PGA. inorganic phosphate,  and ethanol .

( 1 )

Pyruvate kinase
E . C . 2 . 7 . 1 . N

cDP ________+ GTP
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Glycerol kinase
E.C. 2.7.1.30

Hexokinase
E.C.  2 .7 .1 .1

oAmount  re fers  to  quant i ty  iso la ted.  P = phosphate;  CTp = c \ r i -
dine 5'-tr iphosphate: UTP = uridine 5'-tr iphosphate; GTp = guanorin.
5'-tr iphosphate.

the solut ion was st irred at 22-24 oC under a posit ive pressure of
Nt .  Addi t ion o f  3  M HCI  us ing a pH s ta t  cont ro l led rhe pH at
1.5-7.8. After 48 h, consumption of HCI had ceased but rH NMR
spectroscopy indicated that the reaction was not complete. An
addit ional 32 g of 3-PGA (barium salt,  84 mmol) was converted
to the K* salt  as described and added to the reaction mixture.
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