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Convenient Syntheses of Cytidine 5'-Triphosphate, Guanosine

5'-Tr iphosphate, and Uridine S'-Tr iphosphate and Their  Use in the

Preparat ion of  UDP-glucose, UDP-glucuronic Acid,  and GDP-mannose
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This paper compares enzymatic and chemical methods for the synthesis of cy'tidine 5'-triphosphate, guanosine
5'-triphosphate, and uridine 5'-triphosphate from the corresponding nucleoside monophosphates on scales of
- 10 g. These nucleoside triphosphates are important as intermediates in l,eloir pathwav biosl'ntheses of complex
carboh 'n 'dra tes;  the nuc leos ide monophosphates are readi lv  ava i la i r le  < 'onrmerc ia l l r ' .  The best  route to  CTP is
based on phosphi-rn' lat ion of C\{P using adenvlate kinase (FlC:.; .-1.: l) :  the ror.t te to (}TP involves phosphorylat ion
of  GI \ {P us ing guanl ' la te  k inase (EC 2. ; . .1 .81:chemica l  deani inat ion o l  ( 'T} )  tprepared enzvmat ica l lv  f rom CMP)
is the best synthesis of UTP. For the 10-200-mmol-scale reactions described in this paper. i t  is more convenient
to prepare phosphoenolpyruvate (PEP), used in the enz-vmatic preparations. from o-(-)-3-phosphoglyceric acid
(3-PGA) in the reaction mixture rather than to synthesize PEP in a separate chemical step. The in situ conversion
of 3-PGA to PEP requires the coupled action of phosphoglycerate mutase (EC 2.7.5.3) and enolase (EC 4.2.L.L1).
The enzyme-catalyzed syntheses of uridine 5'-diphosphoglucose (UDP-Glc), uridine 5'-diphosphoglucuronic acid
(UDP-GIcUA), and guanosine 5'-diphosphomannose (GDP-Man) illustrate the use of the nucleoside triphosphates.

Introduction
As part of a broad program3 to develop synthetic tech-

niques based on glycosyl transferases for the preparation
of glycoproteins, glycolipids, and proteoglycans.4 we wished
to develop convenient routes to cytidine 5'-triphosphate
(CTP),  guanosine 5 ' - t r iphosphate (GTP),  and ur id ine 5 ' -
triphosphate (UTP). Enzyme-calafyzed reactions of these
three compounds with monosaccharides are central reac-
tions in the biosynthesis of the nucleoside phosphate sugars
required by glycosyl transferases in mammalian biochem-
istry (CMP-NeuAc, GDP-Fuc, GDP-Man, UDP-Gal,
UDP-GalNAc, UDP-GIc, UDP-GIcNAc, UDP-GIcUA, and
UDP-Xyl) .3

An important issue in planning synthetic tactics con-
cerns the method of synthesizing the NTPs and nucleoside
phosphate sugars for use in enzyme-catalyzed reactions:
should they be synthesized independently and used as
stoichiometric reagents (in which case chemical, enzymatic
or fermentation syntheses would all, in principle, be ac-
ceptable) or should they be generated and used in situ (in
which case only enzymatic syntheses would be acceptable)?
We have decided initially to develop synthetic methods

(1) DuPont Fellow 1986-87.
(2) NATO Postdoctoral Fellow 1988-89 (administered by the

Deutscher Akademischer Austauschdienst).
(3) Toone, E. J.; Simon, E. S.; Bednarski, M. D.; Whitesides, G. M.

Tetrahedron 19E9, 45, 5365.
(4) Sharon, N. Complex Carbohydrates; Addison-Wesley: Reading,

MA. 19?5.

that generate the NTPs and nucleoside phosphate sugars
as stoichiometric reagents, rather than relying on their
generation in situ, for f ive reasons. First, this type of
approach is the most practical. Developing complex sys-
tems of coupled enzymes is diff icult. If the syntheses of
the NTPs and nucleoside phosphate sugars can be de-
veloped and optimized separately, the final systems are
simpler. Second, this approach has greater generality. If
convenient routes to all of the NTPs and nucleoside
phosphate sugars can be developed, these compounds are
then available for the full range of oligo- and poly-
saccharide syntheses. Third, this approach is the most
flexible. By conducting syntheses of these compounds
separately, it is possible to use whatever synthetic method
works best for each, without concern for the compatibility
of these methods. Fourth, separating syntheses of the
nucleoside phosphate sugars from the steps involving use
of these compounds in forming glycosidic bonds permits
the latter reactions to be conducted in a way that optimizes
the use of the glycosyl transferases (normally the most
difficult enzymes to obtain and use).3 Finally, this ap-
proach is more likely to be successful for the synthesis of
unnatural compounds, where analogues of the natural
reactants may have to be synthesized chemically.

CTP, GTP, and UTP are all available from commercial
sources, but their cost precludes their use in multigram-
scale reactions. We do not discuss in detail the synthesis
of adenosine 5'-triphosphate (ATP) here because it is
relatively inexpensive compared with other NTPs,5 and
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Tab le  I .  Sca le  and  Y ie lds  fo r  Enzymat i c  Syn thes is  o f  Nuc leos ide  T r iphospha tes

NTP enzymeo phosphoryl donorb 1lll,r.lr,t 
,,1 

)I'Pjlfj!.? reaction time (days)

I  l i  t l t j t

l l  t . j t

l l  r , r r i r

1 2  r f ) l  I
I ( )  ( ; 8 r

6  ( 9 2 )

0 .92 '
1 . 1 6 '
0.92,
e (91)

'Magnesium(ll) was present in all teactions unless noted otherwise. AdK = adenylate kinase (EC 2.?.4.3); GK = guanr.lare kinase (EC
2.7.4.8); NMPK = nucl€osidemonophosphate kinase (EC 2.7 .4.4). 6 3-PGA = D-(-)-3-phosphoglyceric acid; PEP = phosphoenolpl-ruvate.
'Product was not aBsayed.
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because it has already been synthesized enzymatically on
a 50-mmoi scale.6

Objective. Our objective in this work was to develop
convenient syntheses on - 10-g scale of CTP. CiT'I ' , and
UTP of suf'f icient purity for use in enzyme-catall 'zed re-
actions. Four strategies can be used to produce N'fPs: (l )
enzynatic svnthesis (using cell-free enzt'rnes). (2) chemical
s5trthesis, (ll) fermentation, and (4) isolation from natural
sources" We considered the latter two methods to be too
unfamiliar to be useful in classical synthetic organic
chemistry laboratories and did not investigate their merits.
We conclude that enzymatic methods provide the most
convenient routes to CTP and GTP. Chemical deamina-
tion of CTP (produced enzymatically) is the best route to
UTP.

Methods of Enzymatic Synthesis. Enzymatic con-
version of a NMP to a NTP requires two kinases: one for
NMP and one fbr NDP (eq 1). The synthesis of N'I 'Ps

NMP 
K iNASC 1 .  

NDP \ T P  { 1 i

frcim NDPs is straightforw'ard. Three kinases are available
that convert  a l l  tour of  the NDPs (ADP. CDP. GDP. and
UDP) to the corresponding NTPs: pyruvate kinase; (PK.
EC 2.7.1.40) uses phosphoenolpyruvate (PEP) as a phos-
phoryl donor, acetate kinase? (EC 2.7.2.1) uses acetyl
phosphate, ffi d nucleosidediphosphate kinase? (EC 2.7 .4.6)
uses ATP. We chose pyruvate kinase as kinase 2 because
PEP is more stable than acetyl phosphate and pyruvate
kinase is less expensive than nucleoside diphosphate ki-
nase.5

The preparation of NDPs from NMPs is more difficult
than the preparation of NTPs from NDPs. No one, stable,
inexpensive enzyme is known that converts all of the
NMPs to NDPs. We examined three commerciallv
available kinases: adenylate kinase8 (AdK, EC 2.7.4.3),
guanylate kinase? (GK, EC 2.7.4.8), and nucleosidemono-
phosphate kinase? (NMPK, EC 2.7.4.q. In vivo, adenyiate
kinase phosphorylates AMP and guanylate kinase7 phos-
phorylates GMP. Adenylate kinase also phosphorylates
CMP at synthetically useful rates.e,lo Two other specific

(5) Chenault, H. K.; Simon, E. S.; Whitesides, G. M.In Biatechnologl,
& Genetic Engineering Reuiews; Russell, G. E., Ed.; Intercept: Wim-
borne,  Dorset ,  1988; Vol .6,  Chapter 6.

(6)  Kim, M.-J. ;  Whi tesides,  G. M. Biotechnol ,  Bioeng. 1987, 16,  95.
(7) For leading references. see: Barman, T. E. Enzyme Handbook;

Springer: New York, 1969. Vol. I, p 412 (pyruvate kinase), 417 (uridyl
kinase), 428 (acetate kinase), 450 (nucleosidemonophosphate kinase), 452
(nucleosidediphosphate kinase), 454 (guanylate kinase).

(8)  Noda, L.  In The Enzymes: Boyer,  P.  D. ,  Ed. ;  Academic:  New
York, 1973. Vol. VIIIA, p 279.

(9) Simon, E. S.; Bednarski, M. D.; Whitesides, G. M. Tetrahedron
.Let l .  1988. 29.1123.

Scheme I .o Enzymat ic Synthesis of  Nucleoside
Tr iphosphates
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"( i)  Phosphoglycerate mutase (EC, 2.7.5.3); ( i i )  enolase (ECl
,t .2.L.11); ( i i i )  pyruvate kinase (EC 2.7.I.40); ( iv) adenylate kinase
{8C2.1.4.3, X = A, C, U), guanylate kinase (EC 2.?.4.8, X = G) or
nucleoside monophosphate kinase (EC 2.7.4.4, X = U). P - phos-
phate. Table I l ists scales and yields.

kina-ses. cvt idvl kinase (EC 2.7.4.14) and uridyl kinase7 (EC
: . ; .  1 . - i i l )  a i ' e  n r )1  t . ' ( ) n tmerc ia l  p rod t r c t s .  Nuc leos idemono-

1 r [1 i ; . 1v i 1 ;1 t r .  k i na .e  r r : e :  A ' l ' l )  t o  phospho rv la te  AMP,  CMP,
(  ; \ 1 1 ' .  . r r i t l  [  \ l l ' .

A :er iou> c l r i i r rback to  the use ot  N\ IPK is  i ts  ins tab i i i ty
and cost .  F  ur t l ie r rnore.  preparat ions o f  NMPK are not
homogeneous, and a mixture of kinases may actual ly be
present. Because adenylate kinase is the least expensive
and most stable of these three kinases, we tr ied to use i t
to phosphorylate UMP and GMP. We were able to con-
vert UMP to UDP using adenylate kinase, but not GMP
to GDP.

Many kinases use A'IP as a phosphorylating agent.
ATP usually is recvcled from ADP by using p,vruvate ki-
nase and PEPl2'r3 or acetate kinase and acetvl phosphate.la
A recent revie$ sunrrnar izes the relat ive meri ts of  these
two methods tr)  regenerate Al 'P in organic synthesis.5
PEP is more stable in solut t r )n than is acetyl  phosphate
and is thernrodvnanr i ra l lv a stronger phosphoryl  donor.s
Commercial  [ 'F l [ '  i . .  hos'ever.  too expensive ($a800/mol)
t ( )  use  in  re 'ac t ions , r l t  i i  p repara t ive  sca le  (>50 mmol  o f
PEP is reqtrirecl f irr the larger reactiorls described in this
paper) ,  so i l  must be svnthesized in a separate step. For
this work, we developed a convenient method (the PGA
method, Scheme I t l irr the enzymatic synthesis of PEP
from the relativeiv inexpensive o-(-)-3-phosphoglyceric
acid ( i l -PGA, $2501mol) .15

( I0)  Simon, E.  S. ;  Bednarski ,  M. D. ;  Whi tesides,  G. M. J.  Am. Chem.
S o c .  1 9 8 8 .  1 1 0 . 7 1 5 9 .

( i I ) Fia-'"nie, S. L.; Whitesides, G. M. Ap p l. Bioc he m. Biot e chnol., in
press.

(12) Whitesides,  G. M.;  Wong, C.
1985 ,24 ,61 i

(13) Hirschbein,  B.  L. ;  Mazenod,
Chem.  1982 ,  47 ,3765 .

(14) Crans,  D.  C. ;  Whi tesides,  G.

-H. Angeu:.  C'hem.,  Int .  Ed.  Engl .

F. P.; Whitesides, G. M. J. Org.

M. J.  Org.  Chem. 1983, 26,  3130.
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Scheme I I .o Chemical  Synthesis of  Nucleoside

Tr iphosphates Using the Carbonyldi imidazole Method

Simon et al.

Table l I .  Scale and Yields for Chernical Synthesis of

Nucleositle Triphosphates Using the Carbonyldiimidazole
Method
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" ( i )  Dowex  H+ ;  ( i i )  R tN  (R  =  CH3(CHz) i  o r  CH, t [ iH r ) , , ) .

MeOH/EIOH; ( i i i )  carbonyld i imidazole,  CH3CN,25 oC, I  da1' :  ( iv t

[CH3(CH2)3]3N+H4P2O?-,  CH3CN, 1 day;  (v)  NaClOa'  (CH3):CO.

Base = adenosine,  cyt id ine,  guanosine,  or  ur id ine.  Table I I  l is ts

scales and y ie lds.

Methods of Chemical Synthesis. A large repertoire
of chemical methods for the preparation of NTPs from
NMPs is available.l6-20 We chose to activate the NMPs
as nucleoside imidazolates2l-2a (using the carbonyldi-
imidazole method, Scheme II) because the reaction of
NMPs with 1,1 ' -carbonyldi imidazole occurs under rela-
t ivelv mi ld condi t ions compared with other methods and
does no t  requ i re  a  pur i f i ca t ion  s tep .  Other  methods  o f

chemical  svnthesis mav be equal lv sat isf 'actorr ' .

R e s u l t s  a n d  D i s c u s s i o n
Enzymatic Synthesis.  Table I  summarizes the scales

and vields for  enzl 'mat ic s) 'ntheses.
CTP. Adenylate Kinase/Pyruvate Kinase Method.

The AdK/PK method consistently produced -25-mmol

of CTP starting from 10 g of CMP, 2 equiv of PEP, and

a catalytic amount of ATP.e For larger scale reactions (200

mmol), we found it more convenient, albeit more expen-
sive,zs to generate PEP in situ using the PGA method than

to synthesize PEP in a separate chemical step.
The consumption of HCI during the course of the re-

action provided a convenient way to monitor the progress

of the reaction.26 Analysis by 31P NMR and lH NMR
spectroscopy also allowed the conversion of CMP to CTP

(15) Simon, E.  S. ;Grabowski ,  S. ;Whitesides,  G. M. J.  Am' Chem' Soc'

1 9 8 9 . 1 1 l . 8 9 2 0 .
( t '6)  Khorana, H.  G'  Some Recent Deuelopments in the Chemistry of

Phosphate Esters of  Bio logical  Interest iWi ley:  New York ' ,1961'
lt;t Michelson, A. M. The Chemistry of Nucleosides and Nucleotidesi

Academic:  New York,  1963.
(18 )  C la rk ,  V ,  M. ;  Hu tch inson ,  D .W. ;  K i rby ,  A .  J ' ;  War ren ,  S '  G '

.4,ngeu. Chem. 1984, 76,704.
I  19r Slcr t in,  L.  A.  Synthesis 1977,737.
{20) Schei t ,  K.  H.  Nucleot ide Analogues,  synthesis and Biological

Funct ion:  Wi ley:  New York,  1980.
(21 )  Cramer ,  F . ;S .h " l l e t ,  H . ;S taab ,  H .  A .  Chem.  Ber .  1961 ,  94 ,1612 '
(22) Schal ler ,  H, ;  Staab,  H'  A. ;  Cram er,F.  Chem. Ber '  1961, 94'  162l-
(23) Cramer,  F. ;  Neunhoeffer ,  H'  Chem' Ber.1962,95'  1664'
(24) Hoard,  D.  E. ;  Ott ,  D.  G. J.  Am' Chem' Soc.  1965, 87,1785'
(25) Estimated cost (based on research-scale quantities of reagents

from us Biochemical or Aldrich) for the chemical synthesisr:r of 1 mol

of PEP from 2 mol of pyruvate, 2 mol of bromine, and 1.9 mol of tri-

methyl phosphite, $44;-from 1 mol of 3-PGA ($250) using 5000 U each

of ohlsphoelycerate mutase, enolase, and pyruvate kinase, $295. In the
synthesis of Ctp described in this paper, the amounts of enzymes were

ntt optimized to minimize the cost; adenylate kinase.is the limiting

reagettt so one would not need twice as much of the other enzymes to

make 1 mol of PEP.
(26) The net change in charge of the species plese_n_t explains_the need

for Hct, ROPbrz- + 2CH2:e (oporz-)Cor- + 2H+ +

ROPO2OPO2OPO24- l2CH3C(O)CO2-. This expression is only approx-

imate because of the differeni values of pK" of the reactants and products

and because the reaction solutions usually are buffered'

ATP 4.1 (80)b
cTP 4.2 (?8)b

o After ion-exchange chromatography. Purity >9\To according

to analysis by tH and 3rF NMR spectroscopy'  bTr i -n-buty l -

ammonium sal t . 'Tr i -n-octy lammonium sal t '

to be foilowed (Figure 1, C and D). Simple precipitation

with ethanol (1:1, v/v) provides CTP (and the other NTPs)

of sufficient purity for use in enzyme-catalyzed synthesis.

Analysis by tP and 1H NMR spectroscopy indicated that
- li each of ATP, dipyruvate, 3-PGA, and ethanol were

also present (Figure 1). If pure material were required,

*uni. purif icati.. methods based on ion-exchange chro-

matogiaphv er ist  (1or examples.  see the part  of  the Ex-

per imenial  Sect i .n descr ib ing chemical  preparat ions of

nucleoside triphosphates). Preparati<-rn of ATP in a similar

manner using PEP generated in the reactioll mixture from

3-PGA was also successful"
A catalytic amount of'ATP or CTP was needed to ini-

tiate the ieaction catalyzed by adenylate kinase (Scheme

I). The subsequent reaction catalyzed by pyruvate kinase

forms 1 equiv of cTP and regenerates either triphosphate.
In the svnthesis of CTP, we used a catalytic amount of

A'IP rather than CTP because ATP is less expensive than

C'f P irrtd bet'ause the value <f h"^r.f K* with pyruvate ki-

i r i i se  l r r  A i ) I ' }  r -  1 .1  X  106.  pH 7 .5)  i s  g rea ter  than the
, - r r r r€s | ) r , t t t i i t t I  i ' t t l t te  1 r ' r  ( ' l ) t '  t  -  i . ' ]  x  10a.  pH 7  ' i t l ' 2 i  In

t r rac t i r . .e .  the  r ra ( ' i i l r r  i .  i l deec i  qL la l i ta t i ye l l ' f ' as te r  when

. \ ' l ' l )  ra ther  th r r t t  ( " l ' l )  i r l i t i a tes  the  reac t i< in '
' fw'r ,  

addi t i 'nal  .perat i .nal  detai ls are worth n<.r t ing.

First .  w,e did i lor  use the MEEC28 technique because, on

a l0-g scale, transport of the nucleoside phosphates across

the regenerated c.llulo.u acetate membrane proceeded at

an inconveniently slow rate. Second, in early experirnenLs,
we added bovine serum albumin (BSA, 1-10 mg/mL) to

stabilize the soluble enzymes,2e but, based on qualitative

observations, the presence of BSA is not necessary'
UTP. Nucleoside Monophosphate Kinase/Pyru-

vate Kinase Method. We made UTP using the

NMPK/PK method, but I\IMPK deactivated rapidlv'

others have noted the instabil ity oi NNIPK and have

increased its stabil ity by immobilizing the enzyme'30'31
The AdK/PK method yielded I.T'P in the presence of

Mgt* in 1-g scale experiments, but the rate of reaction was

too slow to be useful on a 10-g scale unless large amounts

of enzyme were u$ed. We tried replacing ye-'* with Mn2+

and mixtures of Mg'* and Mn2+ but we did not observe

a useful change in the rate of the reaction'
GTP. Guanylate Kinase/Pyruvate Kinase Method'

we made GTP using either PEP or S-PGA as the ultimate
phosphoryl donor using guanylate kinase. We used less

Mt'; (-o.s equiv) than in other experiments-because
Cnlp precipitated when more Mgt* was added' The major

impurity in ttre GTP produced enzymatically is GDP'

GTP is unstable,32 and we did observe decomposition of

(2?) Plowman, K. M.; Krall, A. R. Biochemistry 19-65,-4-',280.9'

i ie i  g"a"utski ,  M. D. ;Chenaul t ,  H.  K. ;  Simon, E'  S ' ;Whi tesides,  G'

M. J. Am. Chem. Soc. 1987, 109, 1283.
(29) Noda, L. ;  Kuby,  S.  A.  J.  Bio l .  Chem.I '957,226'  541'-

iSoi  S" ip,  J.  d. ;Fager,  S.  K. ;Grosz,  R. ;  Gavagan,J^.E. ;PiCosimo, R' ;

Anion, D.l. Enzymi Microb. T'echnol., submitted for publication'
(31jAug6, C. :  Gautheron,  C.  Tetrahedron Let t '  1988, 29,789'

itt i i l ;d"tath, K.; Randerath, E. J. Chromatogr' 1964, 16, 111 and

ref 25 therein.

CTP
UTP

0.59 (73) '
0.62 (76).
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FiEure l. Reaction progress as detemined by NMR spectroscopy for the-synlhesis of 0.2 mol of CTp from CMp and 3-pGA according
l|jil'^1!""lj^TL::"lvent-was.Dzo: the^largi peal at i.ez pp"iin rtre 'H i\MR .pecrra rsoo MHzr was d1e io ri6ir. rlr necoupted"'r NMrt.spectnim of product CTP afte_r_precipitation with EIOH/HrO {lrt. v-vr. iB) rH NMR spectrum of producr CTp ift".precipit"ation with EtOH/H2o (l:1, v/v), Most ofthe pyuvate, dipyruvaie. and t rier hr",,tu^in" uuit"ii""""ni iii fi'" ."""r,on .,"ture
Xil"-t!-,"5$;. {C) 

'H NMR spectrum (and expansioni of the reaition mixrure before precipitation oittf *iiir'eron. Most ofrheulvlr 8nd J'HUA ollglnallv present was converted to CTP and pyruvale (s.2.2 ppm,. Some diplruvate (s. 1.2 ppm and 2 d, -3 ppmialso formed. (D) rtLNMit;pectrum (and expansiont oi rilfi;ri";;i;;." atier tB h at 58% conversion of CMp to cTp.

GTP to GDP (accordin^g to analy-si: by 3IP NMR) during prepared from GMP to synthesize GDp-mannose (GDp-
workup. lurther purilication ofGTP before use in en- Man) in a reaction catalyzed by GDp-mannose pyro-
zyme-catalyzed synthesis is not necessary: we used GTP phosphorylase (GDP-Man ppase, pC Z.z.z.l3) isolated

q l- t

./
-/

-/

I

t t l
6.0 5.9 5.8

PPM

t r t l
E.1 8.0 7.9 7.8

PPM

1990 1837
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GTp * a-Man-t-o 
GDP-Man PPase' 

GDp-Man * 2p; (2)

f rom brewers'yeast (eq 2).33
An effort to replace guanylate kinase with the less ex-

pensive adenylate kinase was not successful. We observed
no production of GTP from GMP and ATP using the
AdK/PK/PEP system in the presence of either Mg2+ or
Mn2* .

Chemical Synthesis. Carbonyldiimid azole Method.
Following published procedures (Scheme II},2L-24 we pre-
pared ATP, CTP, UTP, and GTP from the corresponding
NMPs as tri-n-alkylammonium salts in quantit ies of I -5

S (-1-10 mmol,  -75E yield) af ter  ion-exchange chro-
matography3a on DEAE-cellulose (Table II). Chroma-
tography may not be necessary in certain applications: for
example, unpurified UTP (containing pyrophosphate salts
as the major contaminant) was used in the synthesis of
UDP-glucose (UDP-Glc) in the presence of a-n-glucose
1-phosphate (Glc-1-P), uridine-5'-diphosphoglucose pyro-
phosphorylase (tlDP-Glc PPase, EC 2.7.7.9), and inorganic
pyrophosphatase (PPase, EC 3.6.1.1) (eq 3).35 tJDP-Glc
dehydrogenase (UDP-Glc DH, EC L.1.L.22) catalyzed the
NAD+-dependent oxidation of UDP-Glc to UDP-gluc-
uronic acid (UDP-GIcUA);36 a coupled reaction recycled
NAD+ using pyruvate and r,-lactate dehydrogenase (LDH,
EC 1 .1 .1 .27)  (eq  4) .5

urp + cr-Gb 1 p UDP{) lc PPase, 
UDp-Glc I  ?p,  (3)

Simon et al.

NaNOr
CTP --;;- UTP (5)

A c O H ,  4 ' C

acetic acid converted CTP to UTP (eq 5).3?'38 We noted
some decomposition of UTP to UDP and UMP according
to analysis by thin-layer chromatography when the deam-
ination was performed at room temperature.

This method is more convenient than the enzymatic
synthesis of UTP from UMP. UTP obtained by this
deaminati<ln route was used to produce UDP-glucose using
UDP-Glc PPase (eq 3). The successful synthesis of
LIDP-GIc using UTP prepared by this procedure estab-
lishes that any NOr- carried through the purification does
not deactivate UDP-Glc PPase (or, we presume, other
enzynres l .

Recause Nl\{PIi is expensive and CTP easily obtained,
rve also exiinri ired the €nzr.'nlnfis deamination of CTP to
I l l 'p.;ts In nrode] sl 'stenrs. deamination of CMP to UMP
with adenosrne deaminase (Fl(l 3.5.4..{) or with 5'-adenylic
acid deamirrase ( I i ( l  :1.5.-1.6) rvas not successful .  We did
not tr1' to deaminate C'I 'P using these enzvmes.

Techniques for Monitor ing React ions.  Several
techniques are useful for monitoring the synthesis of
NTPs. Thin-layer chromatography on PEl-cellulose is ir
particulari ly convenient analytical method.sr'32 The
characteristic chemical shifts and coupling patterns in the
phosphorus and proton NMR spectra also allow quanti-
tatir. 'e analysis of the course of the reactions. Several
niethocls r is ing HI ' [ , ( '  have also t ieen descr ibed.6'31'40

Pur i f i ca t ion .  \1anv  re l )o r t ,q  descr ibe  the  pur i f i ca t ion
. t  - \ ' { ' 1 i  l r v  io r -+ . rch i rnge c 'h romatograph,v .3 { 'a l  We d id
n(, t  r r ( . lu;r t .  anrr ivt i . .  a l l r  I )ure ntater ia l  and simpl l '  precip-
i t t r ted the \ . i ' l ' .  l r . r 'aciding ethanol  (1:1.  r ' , , ' r ' )  fo lkrwing the
enzvrne-cataly'zed reactions. Plruvate and contaminating
inorganic and bufi'er salts do not precipitate to a significant
extent under these conditions.a2 The NTPs obtained in
this way can be used in enzyrne-catalyzed reactions without
further purification. If pure material is desired, this initial
precipitation step simplifies purification by ion-exchange
chromatography.

Manipulation of Enzymes. The intent of this study
was to develop methods to slmthesize the NTPs that could
be performed conveniently in organic chemistry labora-
tories. The enz.r,rmes were treated as off-the-shelf reagents
and were neither assayed nor immobilized (although all
of the enzymes used have been immobilized in other
work).:10'3r'+r We note that soluble enzymes can be re-
covered by ultrafi ltration.aa We did add an antioxidant
(2-mercaptoethanol or dithiothreitol) and performed the
reactions in an atmosphere of nitrogen because most of the
enzymes used have air-sensitive thiol groups. We prefered
to use enzymes obtained as lyophilized powders to avoid

(3?) Symons, R. H. In Methods in Enzymology; Grossman, L., Mol-
dave, K., Eds.; Academic: New York, 1974; Vol. XXIX, p 113.

(38) Kawaguchi, K.; Kawai, H.; Tochikura, T. In Methods in Carbo-
hydrate Chemistry; Whistler, R. L., BeMiller, J. N., Eds.;Academic: New
York,  1980. Vol .  I I I ,  p 261.

(39) Enzymatic deamination of cytidine to uridine using cytidine de-
aminase isolated from E. coli has been reported: Cohen, R. M.; Wol-
fenden, R.  J.  BioL.  Chem. 1971,246,7561.

(40) Leigh, C. P. H.; Cashion, P. G. 
"/. Chromatogr. 1980, 192, 490.

(41) Hurlbert, R. B. In Methods in Enzymology; Colowick, S. P.,
Kaplan, N. O., Eds.; Academic: New York, 1957; Vol. III, p ?8b.

(42) According to analysis by tH NMR spectroscopy, most of the
buffer salts do not precipitate. Precipitates do not form in solutions of
ethanol/water (1:1) at 4 oC containing 1 M KCI and 1 M MgCl2.

(43) Pol lak,  A. ;Blumenfeld,  H. ;  Wax, M.;Baughn, R.  L. ;Whitesides,
G. M. J. Am. Chem. Soc. 1980. 102. 6324.

(44) Kazlauskas, R. J.; Whitesides, G. M. J. Org. Chem.l98S, 50, 1069.

JDP-Glc f,i-]
-JF-Grc,

/ \
NAD*  NADH

l r
\ Los ,/

ladate - \ '

UDP€ |cUA i4

I

Yields of the NTPs were approximately the same when
either the tri-n-butylammonium salt or the tri-n-octyl-
ammonium salt of the NMPs were used. We used the
tri-n-butylammonium salts for larger scale reactions be-
cause thel' are less expensive to prepare than the tri-n-
oct .v lammonium sal ts.

Several  modif icat ions of  the publ ished procedures im-
proved the preparat ion of  NTPs using the carbonyldi-
imidazole method. The use of acetonitri le rather than
dimethylformamide as the solvent simplif ied the workup,
because acetonitri le is the more easilv removed by evap-
orat ion.  We found that only 4 molar equiv of  1,1,-
carbonyldiimidazole was required per equiv of NMp,
rather than the reported five;2a using fewer than 4 equiv
resulted in lower yields. Expensive, crystall ized tri-n-bu-
tylammonium py'rophosphate is not required: rve prepared
a 1 M solution of this reagent without using ion-exchange
chromatography simply by dissolving anhydrous pyro-
phosphoric acid and tri-n-butylamine in acetonitri le.

UTP. Deamination of CTP. Chemical deamination
of CTP to UTP at 4 oC using sodium nitrite in aqueous

(33) Munch-Peterson, A.In Methods in Enzymology; Colowick, S. p.,
Kaplan,  N.  O.,  Eds. ;  Academic:  New York,  1962; Voi .  V,  p 171.

(.34) Randerath, K. Thin-Layer Chromatography; Veilag Chemie:
Weinheim, 1968; Chapter 14. Randerath, K.; Randerath, E.Ii Methods
in p1zyryology;Grossman, L., Moldave, K., Eds.;Academic: New york,
1967; Vol. XIIA, p 323.

(35) Wong, C.-H; Haynie, S. L.;Whitesides, G. M. J. Org. Chem.1982,
47,54t6.

_ (96) Strominger, J. L.; Maxwell, E. S.; Axelrod, J.; Kalckar, H. M. J.
Bjol. Chem. 1957,224,79. The commercial preparation of UDF-Glc nH
(Sigma).is expensive ($12/U) and has low ipecific activity (0.02 U/mg
of protein).
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the precipitation of magnesium ammonium phosphate salts
that often occurs when suspensions in ammonium sulfate
are used.

Conclusion

Methods primarily based on enzymatic synthesis rather
than on chemical synthesis are most convenient for the
synthesis of CTP and GTP (eq 6 and eq 7).45 UTP is best

cMP +5 crP f"iL" urP (6)
PEP AcOH

GMP "^ ' GTP fll
PEP

synthesized from CMP by using a two-step procedure in-
volving both enzymatic and nonenzymatic steps (eq 6).
The most convenient preparation of PEP for these reac-
tions is that based on in situ conversion of 3-PGA. Simple
precipitation of the NTPs with ethanol yields material of
sufficient purity for use in enzyme-catalyzed synthesis. A
summary of the best method to make each NTP is thus:
CTP, adenylate k inase/PGA method; GTP. guan,vlate
kinase/PGA method: LITP, deaminat ion of  CTP w' i th
NaNO2/AcOH.

Exper imenta l  Sec t ion

Mater ia ls  and Methods.  Adenos ine deaminase r f ronr  c 'a l l
in test ina l  mucosa,  EC 3.5.4 .4) ,  adenl ' la te  k inase ( f rom ch icken
muscle, EC 2.7.4.3), 5'-adenylic acid deaminase (from Aspergillus
sp., EC 3.5.4.6), enolase (from bakers'yeast, EC 4.2.1.11), guanylate
kinase (from bovine brain, EC 2.7.4.8), inorganic pyrophosphatase
(from bakers' yeast, EC 3.6.1.1), nucleosidemonophosphate kinase
(from bovine liver EC 23.4.4), pyruvate kinase (from rabbit
muscle, EC 2.7.7.40), and uridine-5'-diphosphoglucose pyro-
phosphorylase (from bakers' yeast, EC 2.1 .7 .9\ were lyophilized
powders from Sigma. Alkal ine phosphatase (from Escherichia
co l i ,EC 3,1 .3 .1) ,  phosphoglycerate  mutase ( f rom rabbi t  musc le ,
EC 2.7.5.3), and L-lactate dehydrogenase (from rabbit muscle, EC
1.t. I .27\ were crystal l ine suspensions in solut ions of ammonium
sulfate from Sigma. GDP-mannose pyrophosphorl ' lase (EC
2.7.i.I3) was isolated from brewers' yeast (US Biochemical)s and
UDP-glucuronic pyrophosphorylase (EC 1.1.1.22)36 was isolated
from calf l iver acetone powder (Sigma). Commercial enzymes
were not assayed; the activities stated by the manufacturer are
reported here (1 unit (U) converts 1 pmol of substrate to products
per minute under assay conditions). Ion-exchange resin (Dowex
50W-X8, H+ form, 20-50 mesh, unless noted otherwise) was from
Bio-Rad. Chemicals and solvents were reagent grade and were
used without further purification, unless noted. Water was
dist i l led from glass in a Corning AG-1b st i l l .  CMP (free acid)
and GMP (sodium salt) were each obtained in l-kg quantity from
Miwon Foods Co., Ltd., Seoul, Korea. The sodium salt of AMP
was obtained in 1-kg quantity from Kyowa Hakko Kogyo Co., Ltd.,
Tokyo, Japan. D-(-)-3-Phosphoglyceric acid (3-PGA) was pur-
chased as the barium salt from either US Biochemical Co., ICN
Biochemicals, or Sigma. The potassium salt of PEP was syn-
thesized from pyruvic acid as described.l3 The lH and 31P NMR
spectra of the nucleoside tr iphosphates and nucleoside di-
phosphate sugars (UDP-Glc, UDP-GIcUA, GDP-Man) were in
accord with those of commercial samples; the products coeluted
with authentic compounds when analyzed by thin-layer chro-
matography. The yields of nucleoside triphosphates were de-
termined bv enzymatic assay.6 Reactions were conducted at room

(45) The estimated costs (based on research-scale quantities from US
Biochemical or Aldrich) of the phosphorylating reagents required to
convert 1 mol of a nucleoside monophosphate to the triphosphate ac-
cording to the methods presented are comparable: based on 2.5 mol of
3-PGA, $738 (see footnote 25); based on 4 mol of carbonyl diimidazole
($700) and 4 mol of pyrophosphoric acid ($64), $764. This comparison
does not account for costs of solvents and their disposal. In practice, if
economic factors rather than convenience were the most important con-
sideration, the phosphorylating reagents would be synthesized from
inexpensive precursors in each case.

temperature - ,,' ,'lir,::." "3: :::,.1 
'iil,'i111

solut ions of H(' l  tc 'ontained in a buret) by a peristalt ic pump
driven bv a pH c'ot.)troller maintained the pH of reaction mixtures
in the ranges slaterl .  I 'olvethylenimine-cel lulose plates for
thin-layer chronratogral;hv rvere from Aldrich.

Cyt id ine 5 ' -Tr iphosphate (AdK/PK/PGA Method) .  A
suspens ion <r f  lT j l  g  o f ' : l - l ) ( iA  (bar iLrm sa l t ,  d ihvdrate ,  -95To,

461 mmol) in 500 m[, of r ' , 'ater tvas visorotrslv st irred with -600

mL of  ion-exchange res in  (H*  f , r r t t t t  f t , r  j l ( )  min.  The res in  was
removed by filtration ancl rva.hed tiittr tintes rl'ith lfi1-ml portions
of water. The combined. clear. pale-r 'el low' t i l t rates were neu-
tral ized with sol id KOH and useci direct lv in the next step.

CMP ( f ree ac id ,  71.  g ,220 mmol i .  A ' l ' l ' ' \a : ' ; lH:O (L33 g '2 .20
mmol), MgCl2.6H2O (51 g, 250 mmol). t incl tr iethanolamine (1.9

g, 10 mmol) were added to the solutit.,tr ,i ;l-P( iA and the pH was
adjusted to pH 7.6 by addition of 5 NI KOH. The solution (total

vo lume of  1L)  was deaerated for  l l0  mi r l  rv i th  t l i t rogen;  2-
mercaptoethanol (0.25 mL, 3 mmol) wa-s added. Adenr.late kinase
(10000 U) ,  pyruvate k inase (5000 U) ,  eno lase { {o( t t l  t ' ) .  and
phosphoglycerate mutase (5000 U) were then added and the
solution was stirred under a positive pressure of nitrogen. Addition
of 3 M HCI maintained the pH at 7 .5-i  .8 during the course of
the reaction. After ,18 h, c'onsumption of HCI had ceased but
alalvsis bv rH N\l l t  spectroscopv indicated that the reaction \\ 'as
n() t  r 'onr l ) le1t , .  . . \ t t  r r t ld i t i ' )na i  l l  g  o t ' ;1 -P( iA (bar ium sa l t .8 '1  mmol)
\ \ ' i l : : t r r r e r l  n r t i r  l l l  11  11 .  o l  i ( , l l - ex ( ' h i t nge  res in  (H+  f t l rm t .  f i l t e red ,
i u r ( l  \ \ i r : h l r l .  r n r l  ' h ,  1 r l {  t  t he : r , l r t t i o l l  r i ' a s  ac l j us ted  t t ,  pH  7 .6
i :  i l t . - r  r : l r r i l  r l , ,  r , .  

' l ' h . -  - , , 1 r 1 [ i r i 1 1  , ' l  : ] - l ) ( ] A  u ' a s  c i e a e r a t e d  a n d
a d d e d  1 r , t h i - r r - . i (  l i ,  : l  : : . L l l  : l ' t ' t -  . ' \ l t t ' r . t i r r i n g  i i r r  a n  a d d i t i o n a l
l - 1  h . . u r . i i r . i .  i , r  H  \ \ l l t  - i i t ' t 1 r , , : { , ' l i \  : r l r l i r - a tec l  t ha t  t he  reac t i on
\ \ ' i r s  ( ' ( ) I n l ) l e t c -  . {  r i , l a l  , , 1  l  ' i r  I n l l . , , t . ; \ l  H (  

' ;  
ha r l  been  cons t tmed .

' I ' he  t o ta l  amoL ln t  o f  l l -P ( iA  rba r i r rm  sa l t ,  added  q ' as  2 ( t 5  g  {544
mmol) .

For  iso la t ion o f  CTP,  -  150-mL por t ions o f  the c lear .  pa le-
yel low reaction mixture were transferred into twelve 5lx)-ml,
polypropylene centrifuge tubes and 150 mL of absolute ethanol
was added to each tube. A white precipitate formed immediatelr"
The tubes were ccxrled in an ice bath for 15 min (final temperature
of the ethanol-water solut ions was 6 "C) and then centr i fuged
(,1 "(-'. 10000e. l0 min). The supernatants were decanted and the
combined, st ickv pel lets were dissolved in a total of 600 mL of
rvater. T'he result ing solut ion was divided equallv among six
250-mL centr i fuge tubes and 100 mL of absolute ethanol was
added to each tube. The tubes were cooled and centr i fuged as
above. Lyophil izat ion of the combined pel lets provicied 1-15 g of
an off-white powder containing 202 mmol ot 'CTP 9l% r ' ield
based on CMP; 90% pur i ty  for  CTP'K, i :  the \ \ i l te r  content
(7.14%) was determined by the Karl Fischer nreth,d 1'hin-layer
chromatography (po lyethy len imine-c 'e l l t t l , , .e .  t ' lL tant .34 2.0  M
HCOOH/2.0 M L iCl ,  1 :1 ,  v /v)  ind icated tha l  . \ - l 'P  w 'as present
in  addi t ion to  CTP;  ne i ther  C ' \ lP  l r i , f  (  I l l )  * 'e re  detected.
Analys is  by tH and 31P NMR spe( t r . : r ' r ' l ) \  i r rd icated that  - I%

each of ATP, dipyruvate,; l-PClA. in{)rgi irr i(  phrsphate. and ethanol
were present.

Guanos ine  S ' -T r i phospha te  (GK  PK  PGA Me thod ) .  A
suspens ion  o f  17  g  o1 ' ; t -P ( , . - \  r l i a r i r r n r  : i l l t .  d i hvd ra te '  - 95%,52

mmol)  in  100 ml ,  o1 \ \ r l te r  \ \ ' t l :  : t t r rec l  r r i th  -  100 mL of  ion-ex-
change res in  ( \a*  i , ) rn t )  l  , ;  - { i r  1 l i11 '1 .  \ I , rs t  o f  the mater ia l  d is -
so lved.  but  a  l i r r t ' .  - i l k r .  s  h i te  > t l : l )e t t : io t l  remained.  The res in
and susplensi(,n \ \ ' ( ' r( '  r( 'nr( \ ' ( ' r l  l t r  t l l t rat ion and washed twice with
, ir0-ml, port ions r i l  rr .r1t ' I  

- f  
he t t ,ntbined. clear f i l t rates were used

d i rec t l v  i n  t  he  ne \ l  >1e l )
GMP.Naz. : ' iH (  )  r  l { r  g .  l l  n rmr t l r .  ATP'Na2 '3H2O (250 mg,  0 .4

mmol) ,  MgCl . l . t iH (  )  r  l . i  g .  l . -1  mmol) ,  KCI  (1 .6  g ,  22 mmol) ,  and
50 mL of  a  0 . I  \1  ' r , lu t i ,n  , r f  Tr is  buf fer  (pH 7.6)  were added to
the solut ion ()1 1: l-1'}(;A. A * 'hite precipitate formed when mag-
nesium ions were added. but it did not interfere with the reaction.
l 'he pH ol the solrt t iot. t  was adjusted to pH 7.6 by addit ion of 5
M NaOH. the volume u'as adjusted to 300 mL with water, and

( -16) Keppler ,  D.  In Methods of  Enzymat ic Analysis,3rd ed' ;  Berg-
mever. H. LI.. Bergmeyer, J., Grassl, M., Eds.; VCH: Weinheim, 1985; Vol.
V I I .  p  432 .

(4?) The two-step addition is not required by the procedure but simply
reflects the fact that an insufficient amount of 3-PGA was added initially
because of inadequate washing of the ion-exchange resin.
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the solution was deaerated for 30 min with nitrogen. Guanylate
kinase (10 U), pyruvate kinase (1000 U), enolase (500 U), and
phosphoglycerate mutase (1000 U) were then added and the
solution was stirred under a positive pressure of nitrogen. Addition
of 1 M HCI maintained the pH aI7.5-7.7 during the course of
the reaction. After 3 days, 48.6 mL of HCI had been consumed
and analysis by' thin-layer chromatography (polyethylenimine-
cel lulose; eluant, 1.0 M LiCl/0.5 M (NH4)2SOa, 1:1, v/v) and 3rP

NMR spectroscopy indicated that the reaction was )95% com-
ple te .

For isolat ion of GTP, 350 mL of absolute ethanol was added
to the solution (350 mL). The resulting precipitate was collected
by centrifugation (100009, 10 min) and was dissolved in 300 mL
of water. Addit ional ethanol (300 mL) was added and the cen-
tr i fugation step was repeated. Lyophil izat ion of the pel let pro-
vided 1,2 g of a white powder containing 18 mmol of GTP (82%

vield) according to enzymatic analysis (88% puritv for GTP.Na.).
According to analysis by stp NMR spectroscopl ' .  some GDP
formed during workup.

Guanosine 5'-Triphosphate (GK/PK/PEP Method). The
execution of this reaction was similar to the previous one. Py'-
ruvate kinase (1000 U) and guanylate kinase (10 U) were added
to a solut ion of GMP.Na2.3H2O (10 g, 22 mmol), PEP (5.4 g, 26
mmol) ,  ATP.Na2.3H2O (130 mg,0.2  mmol) ,  MgCl2.6H2O (1.0  g ,
4 .9  mmol) ,  and KCI  (1 .64 g,  22 mmol)  in  300 mL of  a  0 .1  M
solut ion of Tris buffer (pH 7.5). After 1 day an addit ional 5.4
g of PEP was added and after 2 days more MgCl2.6H2O (1.0 g)
was added. After 3 days, 25.7 mL of HCI had been consumed
and anal-"-sis by 1H NMR spectroscopy indicated that the con-
version of GMP to GTP was complete.

Isolat ion of GTP bv precipitat ion with ethanol as described
above provided 12 g of a white powder containing 19 mmol of GTP
(86% I ' ie ld)  accord ing to  enzvmat ic  analvs is  (9 j l% pur i tv  f 'o r
G T P . \ a , t .

Guanos ine  5 ' -T r i phospha te  (AdK  PK  PEP \ I n - *  A t -
tempts) .  Adenr ' la te  k inase (  1( lX l  L-  t  and pvr t lvate  k inase r  I  t  r t  I  r

U )  we re  added  to  a  so iu t i on  o f  1 .0 ( )  g  o f  G l lP . \ a . . : lH -O  r J .1 l
mmo l ) ,  100  mg  o f  ATP .Na2 .3H2O (0 .2  mmo l ) ,  1 .1  g  o f  I )EP .K*
(5.2  mmol) ,  250 mg of  MnCl2.4H2O (1.3  mmol) ,  and 23 mg of
dithiothreitol in 50 mL of 0.1 M solution of Tris buffer (pH 7.7).
Analysis by thin-layer chromatography (polyethylenimine-cellu-
lose; eluant,34 2.0 M HCOOH-2.O M LiCl, 1:1, v/v) indicated no
conversion of GMP to GTP within 3 days.

Guanosine 5 ' -D iphosphate (AdK/ATP/Mn2+-Mg2* At -
tempts) .  A so lu t ion o f  100 mg of  GMP.Na2.3H2O (0.22 mmol) ,
100 mg of ATP.Na2.3H2O (0.17 mmol), 50 mg of MnCl2.4H2O (0.25
mmol) ,  50 mg of  \ IgCI2.6H20 (0 .25 mmol) ,  and 1 mg of  d i th io-
threitol in 15 rnl of a 0.1 \I  st i lut ion of Tris buffer (adjusted to
pH 8) was deaerated r i ' i th nitrogen and adenl ' late kinase (100 U)
was added. Anall 's is b1' thin-laver chromatography as in the
preceding experiment indicated no t 'ormation of GDP within 3
days.

Uridine 5'-Triphosphate (NMPK PK PGA Method). The
reaction was performed as described for GTP using the GK/
PK/PGA method.  The in i t ia l  so lu t ion conta ined Ul lP.Na2.
2.5H2O (1C.0 g ,  24 mmol) ,  3-PGA (19 g,  58 mmol .  , , f ' the bar ium
sa-lt rvas converted to the sodium form), ATP.Naz.l3H:O (1i0 mg.
0.2 .1  mmol) ,  MgCl2.6H2O (5.1  g ,25 mmol) ,  KCI  {1 .9  g .  25 mmol) .
Tr is -HCl  (3 .15 g,  20 mmol) ,  2-mercaptoethanol  (0 .1  rn l ) ,  nu-
cleosidemonophosphate kinase (8 U), pyruvate kinase (1000 L').
enolase (500 U), and phosphoglycerate mutase (1000 U) in a total
volume of 200 mL of water (pH 7.6). Addit ional nucleoside-
monophosphate kinase (8 U) was added after 5 da1's and after
6 day's additional pyruvate kinase (1000 U), enolase (500 U). and
phosphoglycerate mutase (1000 U) were added. After 8 davs, 29.i1
mL of 1 M HCI had been consumed and the reaction was stopped
even though i t  was not complete. Precipitat ion of UTP with
ethanol as described above provided 10.5 g of a white powder
containing 14 mmol of l,tTP (58% yield) according to enzymatic
analysis (73% purity for trTP.Nas).

Uridine 5'-Triphosphate (NMPK/PK/PEP Method). The
reaction was performed as described for GTP using the GK/
PK/PEP method. The reaction solut ion contained UMP.Na2.
2.5H2O (5.0 g, 12 mmol), PEP (6.0 g, 29 mmol), ATP.Na2.3H2O
(73 mg,0.12 mmol), MgClz.6H2C- (2.5 g, 12 mmol), dithiothreitol
(46 mg), nucleosidemonophosphate kinase (8 U), and pyruvate

Simon et al.

kinase (1000 U) in a total volume of 100 mL of 0.1 M solution
of Tris buffer (pH ?.6). After 24h,2I.4 mL of 1 M HCI had been
consumed and analysis by 3rP NMR indicated that the reaction
was complete. Precipitation of UTP with ethanol as described
above provided 6.3 g of a white powder containing 11 mmol of
IJ"IP (92% vield) according to enzymatic analysis (>95% purity
for UTP.Na.).

Uridine 5'-Triphosphate (AdK/PK/PGA Method). The
reaction was performed as described for GTP using the GK/
PK/PGA method. The init ial  solut ion contained UMP'Na2'
2.5H2O (10.0 g, 24 mmol), 3-PGA (19 g, 58 mmol, of the bariuin
salt was converted to the sodium form), ATP'Na2'3HrO (150 mg,
0.24 mmol), MgCl2.6H2O (5.1 g, 25 mmol), KCI (1.9 g, 25 mmol),
Tris-HCl (3.15 g, 20 mmol), dithiothreitol (100 mg), adenylate
kinase (10000 Ll), pyruvate kinase (1000 U), enolase (500 U), and
phosphoglvcerate mutase (1000 U) in a total volume of 200 mL
of water (pH ?.7). After 5 days, 36.0 mL of 1 M HCI had been
consumed. Precipitation of UTP with ethanol as described above
provided I 2 g r'1'a white powder containing 22 mmol of UTP (92%

i' ield. )9a'7c yrrtr i i l '  tor I  i ' l 'p.pu").
Adenosine 5'-Triphosphate (AdK/PK/PGA Method). The

reaction n'as performed as described for GTP using the GK/
PK/PGA methrd. The init ial  solut ion contained AMP'Na2'H2O
8.2 g,20 mmol) ,  3-PGA (16 g.  44 mmol ,  o f  the bar ium sa l t  was
converted to the sodium form), ATP.Na2.3H2O (100 mg, 0.17
mmol) ,  MgCl2.6H2O (4.0  g ,  20 mmol) ,  KCI  (1 .5  g ,  20 mmol) ,
Tris-HCl (4ff) mg), dithiothreitol (100 mg), adenylate kinase (1000

U), pyruvate kinase (1000 U), enolase (500 l l) ,  and phospho-
glycerate mutase (1000 U) in a total volume of 100 mL of water
(pH 7.7). After 1 day, 29.6 mL of 1 M HCI had been consumed.
Precipitation of ATP with ethanol as described above provided
9 g of a white powder containing 16 mmol of ATP (80% yield)
at ' t ' ' rd ing to  enzv lnat i t '  ana lvs is  (>95% pur i ty  for  ATP'Nas) .

( 'hemi t 'a l  S]n theses:  Genera l  Procedures.  Free Ac ids o f
\ucleosidc \ lonophosphates. Each ntrcleoside monophosphate
r i i . r , r j  i un t  - i l '  ,  I  l  l t l n t , i t  t va -  c i i s s , r l ved  i n  25  mL  r t f  wa te r  and
. t i r r t ,c l  r i ' i th  ' t t t l .  r , l  i ( ) t t -e \c 'hat tge res in  { l )os 'ex  50W-X8,  H*  form,
i r f  l r ) r ) n re -h r  1o r  I  h .  

- l ' he  
so l r . r t i on  was  decan ted  and  t he  res in

w'as n'ashed a t imes with 5(l-ml- port ions of water. Rotary
evaporation of'the combined aqueous solutions at reduced pressure
provided the free acids as amorphous powders.

Tr i -n  -buty lammonium Sal ts  o f  Nuc leos ide Mono-
phosphates. The free acid of a nucleoside monophosphate (1.0
mmol) was suspended in a mixture of 10 mL of MeOH and 10
mL of EIOH, tr i-n-butylamine (185 mg, 1.0 mmol) was added,
and the reaction mixture was refluxed until the solid dissolved
(,-1 h). The solut ion wAS cooled and evaporated. The residue
was dried by repeated addit ion and evaporation of 10 mL of
dioxane. The salt was obtained in quantitative vield after further
drying at -0.1 Torr over CaSOa.

Standard Solu t ion o f  Tr i -n  -buty lammonium Pyro-
phosphate. A suspension of anhydrous plnophosphoric acid (17.8
g, 0.10 mol) in 60 mL of acetonitrile in a 100-mL volumetric flask
was cooled in an ice bath and tri-n-butylamine (18.5 g,0.10 mmol)
was added. Once the sol id dissolved (-1 h), the solut ion was
allowed to warm to room temperature. Addition of acetonitrile
to a final volume of 100 mL provided a 1.0 M standard solution
of tr i-n-butylammonium pyrophosphate.

Preparation of Nucleoside Triphosphates. The following
reaction was performed under an atmosphere of argon. The
nucleoside monophosphate tri-n-butylammonium salt (1 mmol)
and carbonl'ldiimidazole (4 mmol) were placed in a flame-dried
flask sealed with a si l icone septum. Acetonitr i le (20 mL) was
added and the reaction mixture was stirred for 1 day. MeOH (3
mmol) was then added. After 30 min, an aliquot of the standard
py'rophosphate solution (4 mL, 4 mmol) was added. After 1 day,
the solvent was removed by rotary evaporation at reduced pressure
and the residue treated with 20 mL of MeOH. The result ing
precipitate was removed by filtration and washed with - 10 mL
of MeOH. The combined solut ions were concentrated to -25

mL and a saturated solution of NaClOa in acetone was added (-20
mL) followed by diethyl ether (5 mL). The resulting precipitate
contains the sodium salts of the nucleoside triphosphate and
pvrophosphoric acid. In the case of UTP, this mixture was used
directly in the s-v-nthesis of UDP-Glc. The nucleoside tr i-
phosphates were purified hy anion-exchange chromatography
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