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Possible Intermediates in the Biosynthesis of Deoxyribonucleotides. I. 
The Synthesis of Cytidine 2 ’-Phosphate 5 ’-Diphosphate 

BY J. P. H.  VERHEYDES AND J. C;. ~MOFFATT 
RECEIVED OCTOBER 18, 1963 

The synthesis of cytidine 2’-phosphate 5’-diphosphate ( I ) ,  a possible interiiiediate in the biosynthesis of 
deoxycytidine, is described. Phosphorylation of cytidine with polyphosphoric acid gave cytidine 2 ’ ( 3 ’ ) , 5 ‘ -  
diphosphate ( I X )  which was treated with either tnorpholine or p-anisidine in the presence of dicyclohexyl- 
carbodiitnide to  give cytidine 2’,3’-cyclic phosphate 5’-phosphorotnorpholidate (Va)  or j’-phosphoroanisidate 
(Vb!, respectively. These compounds were treated with orthophosphoric acid in pyridine~imethylforxnamide 
to give cytidine 2’,3’-cyclic phosphate 5’-diphosphate (VI) which was converted selectively into cytidine 2’- 
phosphate 5’-diphosphate ( I )  by treatnieiit with beef brain ribonucleoside 2’,3’-cyclic phosphodiesterase. h 
preparation of I labeled with C14 in the pyrimidine ring is also described. 

While the biosynthetic pathways leading to both the 
purine and pyrimidine ribonucleosides and ribonucleo- 
tides have been clearly defined,‘ the origin of the cor- 
responding deoxynucleotides has remained more ob- 
scure until recently. It was, however, possible to 
show that in the rat  isotopically labeled uridine and 
cytidine were incorporated into DNA as the cor- 
responding deoxynucleotides without fission of the 
glycosidic bond. More recent studies by Reichard, 
et ~ l . , ~  have greatly clarified this picture and i t  has 
been possible to demonstrate the direct deoxygenation 
of both purine and pyrimidine ribonucleotides to 2- 
deoxynucleotides by cell free preparations from 
E .  coli and from chick embryo. Similar systems have 
been demonstrated in mammalian cells. 

The striking observation was made by Reichard, 
et ~ l . , ~  that  the conversion of cytidine to 2-deoxy- 
cytidine occurred a t  the level of the 5’-diphosphate 
and still required adenosine j’-triphosphate (*%TP), 
magnesium ion, and reduced lipoic acid. Subsequently, 
i t  was shown3d tha t  the requirement for reduced lipoic 
acid may be replaced by a reduced pyridine nucleo- 
tide and a purified enzyme fraction. The cofactor 
requirements for .ATP and magnesium ion are remi- 
niscent of those necessary during many enzymatic 
phosphorylations,j and i t  was attractive to speculate 
upon the possible activation of the 2’-position of the 
ribose by phosphorylation to give cytidine 2I-phosphate 
5‘-diphosphate (I)  prior to reduction to the deoxy- 
nucleoside. The reduction step could then be looked 
upon as proceeding through either direct displacement 
of phosphate by the biological equivalent of hydride 
ion, or by elimination of phosphate accompanied by 
introduction of a l f , 2 ‘  or 2”,3’ double bond6 which is 
subsequently reduced. The latter mechanism appears 
less likely in view of the results of Thomson, et ~ l . , ? ~  
who demonstrated no loss of stable tritium from the 
ribose moiety during conversion of cytidine to deoxy- 
c ~ t i d i n e . ~  X further possibility involves elimination of 

(1) For comprehensive reviewq see f a )  J. X I  Buchanan and C. S. Hart-  
man,  Adsnn  E n a 3 m o i ,  21, 199 ( I % % ) :  (h) P. Keichard, i b i d . ,  21, 263 
( l Y  .59). 

( 2 )  (a) E Harnmarsten. P. Keichard, and E Saluite,  3. Bioi. Chem. ,  183, 
10R (:95U), (h)  I A.  Rose and B S Schweigart. i b i d . ,  202, 635 (lQA3). 

(3)  (a) P Iieichard. A. Baldesten, and I,. Kutberg, i b i d . ,  236, 1150 (1961); 
(b) P. Reichard, i b i d . ,  236, 2511 (1!J611, ( c )  P. Keichard, :bid , 237, 3513 
( t 9 6 2 ) ;  (d)  E.  C .  Moore and P. Reichard, ibirl , 238, PC2244 (1963); (e) 
A. I.arsson, A c t a  Chem. S c a n d . ,  17 ,  891 ( 1 Q f i 3 ) .  

(4) (a i  I.; C.  Moore and R B Hurlhert ,  Biochim. Aiophys.  Acta ,  66, 
fi5l ( l U f i 2 ) ;  (h) K .  hhrarns, I,. Libenson, and M.  Edmonds, B i o c h e m .  
Bioghys.  K r s  Commun  , 3, 272 ( 1 Q f i O j ;  ( c )  K .  Y Thomson, G. T. Scotto,  
and C .  B Brown, J .  B i d  C h e m . ,  237, :i.ilO 11962). 

(a)  I< Nordlie and H. I,ardy, “The  Enzymes,” Vol. 6 ,  .4cademic Press, 
S e w  York. N. V . ,  1962, p :3. 

( 6 )  Quite similar dehydration mechanisms obtain during the conversion 
of mevalonic acid S-pyrophosphate to  isopentenylpyrophosphate [ M  Llnd- 
berg. C. Yuan, A deWaard, and K Block, B i o c h e m i s t r y ,  1, 182 (1962)) 
and in the conversion of homoierine t o  val ine jhf, Flavin and C. Slaughter, 
. I .  Bioi. C h e m ,  236, 1112 (196b)l. 

( 7 )  T h e  conclusiveness of this experiment is diminished, however, by  

phosphate by participation of the cytosine ring oxygen 
leading to an 02,2‘-cyclonucleoside 5’-diphosphate 
(11) which is subsequently reduced. 
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The possibility of cyclonucleoside intermediates in 

deoxynucleoside biosynthesis has been considered 
previously8 but largely ignored in view of the metabolic 
inertness of 02,2’-cyclouridine itself. As pointed out 
by Pizer and Cohen,Rb however, this may only indicate 
a requirement for phosphorylation prior to cyclonucleo- 
side formation. A subsequent paper from this labora- 
tory will describe the synthesis of cyclouridine nucleo- 
tides suitable for testing this h y p o t h e ~ i s . ~  

The present paper describes the synthesis of cytidine 
2‘-phosphate 5‘-diphosphate (I) which has been tested 
by Dr.  Peter Reichard3‘ a t  Uppsala University, Upp- 
sala, Sweden, and was shown not to be an intermediate 
in the pathway from cytidine to deoxycytidine. The 
possibility still remains that  the activation of the 2’- 
hydroxyl group is through formation of a pyrophos- 
 hate,^^ or an adenosine phosphate derivative of cyti- 
dine 5’-diphosphate rather than of a simple orthophos- 
phate ester. Such structures provide a more formid- 
able synthetic challenge. 

The synthesis of cytidine 2’-phosphate 5’-diphos- 
phate (I) was accomplished by a route formally similar 
in design to that used for Coenzyme ;\lo and outlined 
in Chart I .  

Treatment of cytidine with a large excess of poly- 
phosphoric acid (P206-H3P04) a t  60’ for 21 hr . ,  essen- 
tially according to the procedure of Hall and Khorana, 
gave, after acidic hydrolysis of polyphosphates and 
ion exchange chromatography, a 65y0 yield of the 

the recent work of Simon, el al .  [ H  Simon, H D. Dorrer, and K .  H.  Ebert ,  
Z .  Y a t u r f o r s c h  , 18b, 360 (1963) 1 ,  who have ahown tha t  the conditions used 
by Thomson, el ai , 4 c  for the tritiation of ribose lead to  the introduction of 
93qC of the stabled tritium a t  C-4 and only 0 7 7 0  a t  C - 3 .  

(8) (a) P. Keichard, 3. Biol C h e m ,  234, 2719 (1959),  ( b )  1..  I .  Pizer 
and S .  S. Cohen, tb id  , 236, 2387 (1960); ( c )  S. S Cohen, H D. Barner, and 
J Lichtenstein, ibid , 236, 1448 (1961). 

(9) J. P .  H .  Verheyden and J G. Moffa t t ,  unpublished results. 
( I O )  J .  G. Moffatt  and H. G.  Khorana, 3. A m .  Chem. Soc., 83, 663 

(11) K .  H .  Hall and H. G. Khorana, ib id . ,  77, 1871 (1955). 
(1961) 
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mixed cytidine 2’(3’),5’-diphosphates (IV) which were 
isolated as their lithium salts. In view of the very 
rapid formation of monophosphates with this rea- 
gent,“.‘? i t  is surprising that  such a long reaction period 
should be necessary, but  examination of aliquots re- 
moved after shorter times revealed a rather slow con- 
version of the monophosphates to diphosphates, the 
yield being considerably lower after 6 or 10 hr. The 
product contained almost equal amounts of the 2’,5‘- 
and 3’,5’-diphosphate isomers as shown by incubation 
with a purified preparation of rye grass 3’-nucleoti- 
dase13,14 which degraded 557G of the mixture to cytidine 
5’-phosphate, the remainder being unaffected. In 
view of the observations of LValwick, et al.,15’ on the 
formation of phosphate esters of 02, 2’-cyclonucleosides 
(and of the arabinosyl nucleosides arising from their 
hydrolysis) during vigorous phosphorylation of nucleo- 
sides and nucleotides with polyphosphoric acid, we 
have carefully examined our product for such con- 
tamination. Following complete dephosphorylation 
of IV with E .  coli alkaline phosphatase,16 the resulting 
nucleoside was shown by paper chromatography in the 
system 2-propanol-ammonium hydroxide-0.1 .I1 boric 
acid (7 : 1 : 2) to consist of almost exclusively cytidine, 
with only the faintest trace (less than lye) of cytosine 
arabinoside” being detected. I t ,  therefore, appears 
that  under the present conditions cyclonucleoside for- 
mation is not a significant side reaction. 

(12) R.  W. Chambers, P. Shapiro, and V. Kurkov, J .  A m .  Chem. S o c . ,  82, 
970 (1960). 

(13) I,. Shuster and N. 0. Kaplan, “Methods in Enzymology,” Vol. 11, 
Academic Press, New York, X. Y., 195.5, p. ,551. 

(14) This preparation was kindly provided by  Dr R. J. Hilmoe of t h e  
National Insti tutes of Health, Bethesda, Md.  I t  showed less than  0.17’ 
activity toward adenosine 2’- and 5‘-monophosphate relative t o  t h a t  to- 
ward adenosine 3’-phosphate. 

(15) (a )  E. R. Walwick, W K .  Roberts, and C .  A .  Dekker, PYOC. Chem. 
Sor , 84 (1959), (b)  W. K.  Roberts, Ph .D.  Dissertation, University of Cali- 
fornia, 1860. We are very grateful to  Dr. C. A.  Dekker for allowing us 
to read this dissertation prior to  publication. 

(16) Obtained from Worthington Biochemical Corp..  Freehold, N .  J .  
(17) We are grateful to  Dr C .  A.  Dekker for a sample of cytosine arabino- 

side. 

While the isomeric cytidine 2’(3’),5’-diphosphates 
can be separated by ion exchange chrdmatography on 
Dowex-2 formate resin, 15b such a step was unnecessary 
and the mixed isomers were directly treated with di- 
cyclohexylcarbodiimide (DCC) and an amine in aqueous 
t-butyl alcohol. Both morpholine and p-anisidine 
were used as the amines in this reaction and each pre- 
sented somewhat different problems. The reaction with 
morpholine proved to be rather variable and under 
seemingly identical conditions gave cytidine 2’,3’- 
cyclic phosphate 5’-phosphoromorpholidate (Va) in 
yields varying from 50-1007G. The product could be 
isolated in pure form by ion exchange chromatography 
on Dowex-2 (HCOa-) resin, or, in the case of reactions 
that went nearly to completion, could be used directly 
without serious side effects. Unlike the correspond- 
ing adenosine compound,l0 Va was quite insoluble 
in pyridine both as its tributylammonium and 4- 
morpholine-N,N’-dicyclohexylcarboxamidinium salts. 
I t  was, however, soluble in dimethylformamide and in 
a 1 : 1 mixture of pyridine and dimethylformamide. 
On the other hand, reaction of IV with p-anisidine and 
DCC readily gave cytidine 2’,3’-cyclic phosphate 5’- 
phosphoroanisidate (Vb) uncontaminated by other 
products. This derivative was readily soluble in pyri- 
dine or in mixtures of pyridine-dimethylformamide, 
but was quite inert on attempted reaction with tri- 
butylammonium orthophosphate. Examination of the 
simpler model compound, cytidine 5’-phosphoroanisi- 
date, showed that  while this substance reacted slowly 
but completely with the pyridinium salts of ortho- 
phosphoric acid or its monoesters in pyridine1* or in 
dimethyl sulfoxide, it  was completely inert toward 
reaction with the corresponding tributylammonium 
salts even over reaction periods of a month or more. 
The nucleoside 3’-phosphoromorpholidates, however, 
react readily with both the pyridinium and tributyl- 
ammonium salts of orthophosphoric acid and its mono- 
esters.Ig In view of the more reliable synthesis of the 
phosphoroanisidate (Vb) and its greater solubility in 
suitable anhydrous solvents, we have used this deriva- 
tive in most of the syntheses reported in this paper. 
The structures of Va and Vb were confirmed by ele- 
mental analysis and by chemical and enzymatic deg- 
radations. Thus Vb was completely resistant to the 
action of E .  coli alkaline phosphatase under conditions 
which resulted in the complete dephosphorylation of 
cytidine 2’(3’)-phosphate, I t  was, however, hy- 
drolyzed a t  room temperature by 0.2 i V  sodium hy- 
droxide to cytidine 2’(3’)-phosphate 5’-phosphoro- 
anisidate (VIIb) which was then susceptible to de- 
phosphorylation by the phosphomonoesterase. The 
sole product of this last degradation was chroma- 
tographically and electrophoretically identical with an 
independently prepared sample of cytidine 5’-phos- 
phoroanisidate (VIIIb).  A similar pattern was ob- 
tained starting with Va + VIIa + VIIIa.  V was also 
a good substrate for the ribonucleoside 2’,3’-cyclic 
phosphodiesterase of Drummond, et al.,?” giving the 
2’-phosphate isomer of VII. Mild acidic hydrolysis 
of Va or Vb regenerated cytidine 2’(3’) ,5‘-diphosphates 
(IV) quantitatively. 

Since, as mentioned above, Vb failed to react with 
trialkylammonium orthophosphate, and since pyri- 
dinium phosphate is insoluble in pyridine, i t  was neces- 
sary to conduct the synthesis of cytidine 2’,3’-cyclic 

(18) J. G. Moffa t t  and H. G Khorana, J .  A m  C h ~ r n .  S o c  , 83 ,  649 (1961) 
(19) As pointed out previously,lB the reaction with the  triethylamine salt 

of monophenyl phosphate is markedly slower than tha t  with the pyridine 
salt. 

(20 ) ’G .  I. Drummond, PIT T. lyer,  and J Keith.  J Bioi. C h e m  2 3 1 ,  
3535 (1962) We are very grateful to  Dr Drummnnd for a generous gift of 
the purified enzyme. 
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phosphate 5’-diphosphate (VI) in a mixture of pyridine 
and dimethylformamide. An initially homogeneous 
solution of the anhydrous components in pyridine- 
dimethylformamide (3 : 2) slowly deposited an in- 
soluble gum during several days reaction a t  room 
temperature The products of the reaction were then 
separated by ion exchange chromatography on either 
Dowex 2 (HC03-) or DEA4E-cellulose (HCOa-) using a 
linear gradient of triethylammonium bicarbonate as 
eluent. The main product, which usually comprised 
about 50% of the total optical density, was isolated as 
its chromatographically homogeneous calcium salt and 
shown to be cytidine 2‘,3’-cyclic phosphate 5’-diphos- 
phate (VI) as follows. The compound had a typical 
cytidine spectrum (A,,, 280 mp a t  pH 2 )  and contained 
3.00 phosphorus atoms per cytidine of which 1.1 was 
labile to N HC1 a t  100’ for 8 min Mild acidic or 
alkaline hydrolysis resulted in opening of the cyclic 
phosphate structure to give a more negatively charged 
species (IX) which was approximately 50% degraded 
to cytidine 5‘-diphosphate (X) by rye grass 3’-nucleo 
tidase Reisolation of the portion undegraded by the 

n 

8:: 3’phoaphatase 
VI- (HO)Q-PO-POCI% bHw: - II 

OH, OP-(OH)1 

I 
OH Lo’$!’ 

HO ‘H‘ OH 

X 
+ I ,  the %’-phosphate 
isomer of I>; 

:<’-nucleotidase gave a compound shown to be resistant 
to the enzyme on retreatment and chromatographically 
identical with either IX or the pure isomer (I)  obtained 
in the next step. 

LYhile i t  was thus possible to obtain the desired com- 
pound I by chemical hydrolysis of the cyclic phosphate 
group in VI  followed by degradation of the undesired 
:<’-phosphate isomer of IX with the specific 3’-nucleo- 
tidase. i t  was more efficient to utilize the highly 
cpecific ribonucleoside 2’,3’-cyclic phosphodiester- 

ase obtained by Drumxnond, et froin beef 
brain. This enzyme has been shown by Drunllllond, 
and in the present work, to open ribonucleoside 2’,:3’- 
cyclic phosphates selectively to the ?’-phosphates i i i  
compounds bearing a wide variety of phosphorylated 
substituents a t  the 3’-position. Incubation of \’I 
with the enzyme resulted in a rapid hydrolysis, as 
shown by paper chromatography of aliquots, and the 
formation of one major and two minor products. These 
were clearly separated on a column of DEXE-cellulose 
in the bicarbonate form from which cytidine 2‘-phos- 
phate 5’-diphosphate (I) was isolated as its calcium 
or sodium salt in yields of iO-!l0% in several runs. 
The product was chromatographically and electro- 
phoretically pure under a variety of conditions and 
showed ratios of cytidine : total phosphorus : labile phos- 
phorus of 1.00:3.00:0.98 (expected I : :{ :  I ) .  The 
phosphomonoester group was shown to reside exclu- 
sively in the 2‘-position by enzymatic tests. Thus 
I was completely unaffected on incubation with 
purified rye grass :S’-nucleotidase14 under conditions 
which resulted in the expected conversion of one-half 
of a roughly equimolar mixture of cytidine 2’(;3’)- 
phosphate 3‘-diphosphate (IX) to cytidine 5’-diphos- 
phate (X).  .Us0 it was possible to selectively cleave 
the pyrophosphate bond in I by incubation with a 
large excess of purified snake venom phosphodiesterase2’ 
giving cytidine B’,o’-diphosphate. The latter com- 
pound, after purification by paper chromatography, 
was also shown to be completely resistant to the action 
of rye grass 3’-nucleotidase under conditions known 
ta degrade cytidine :3’,5’-diphosphate to cytidine 3‘- 
phosphate. The pyrophosphate bond in I was cleaved 
only very slowly by venom phosphodiesterase as would 
be expected from both the slow cleavage of adenosine 
3’-diphosphate compared to that of adenosine 5‘- 
triphosphate, and the inhibitory action of extra phos- 
phate groups on the 2’- or 3‘-position.22 Hence a 
lengthy incubation of I with a large amount of enzyme 
was necessary for complete reaction and under these 
conditions a small amount of a monophosphate, identi- 
fied as exclusively cytidine 3’-phosphate by paper 
chromatography in the presence of borate, arose. The 
homogeneity of this by-product is rather unusual in 
view of the largely random action of the nonspecific 
phosphatase present in venom.23 A similar release of 
a little cytidine 3’-phosphate also occurred on in- 
cubating cytidine 2’(:3’)  ,5‘-diphosphate under the same 
conditions. The above degradations clearly prove the 
structure of I as indicated. 

In order to provide a greater sensitivity in testing of 
this compound in the cytidine diphosphate reductase 
system, we have also prepared I bearing a C14 label in 
C-2 of the cytosine ring. Since a high specific activity 
was not necessary for this purpose, the synthesis was 
done so as to provide material of only 0.05 pc. per p- 
mole and the route was similar to that  described above 
using the unlabeled phosphoroanisidate. Some minor 
variations were used to accommodate the small scale 
synthesis and are outlined in the Experimental section. 

Finally, we might comment upon the structures of 
two compounds isolated from unsuccessful reactions 
during this work. During one attempt to prepare 
cytidine 2’,3’-cyclic phosphate 5’-phosphomorpholi- 
date (Va), we obtained, after a prolonged reaction 
period, a single ultraviolet-absorbing product which 
was more negatively charged than the desired Va and 

(21 )  This extremely active preparation from Crotalus ai inmui i l ras  venom 

(22)  Unpublished experiments by Dr.  W R Rnzzell. 
(23)  E Sulkowski, W. Bjork. and M.  Laskowski, J Bioi ( ‘ h e m ,  238, 

was kindly provided by Dr W. E. Kazzell of this  Institute. 

2477 (1963). 
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was chromatographically and electrophoretically iden- 
tical with the product (VIIa) of the alkaline hydroly- 
sis of Va. I ts  identity as cytidine 2’(3’)-phosphate 
5’-phosphoromorpholidate (VIIa) was confirmed as 
before by its inertness to ribonucleoside 2‘,3’-cyclic 
phosphodiesterase, and by its conversion by E .  coli 
alkaline phosphatase to cytidine 5’-phosphoromorpho- 
lidate (VIIIa) , This product apparently arose through 
hydrolysis of the cyclic phosphate structure in the de- 
sired Va, brought about through accumulation of the 
strongly basic by-product 4-morpho1ine-N,Nt-dicyclo- 
hexylcarboxamidine. The latter compound always 
arises as a by-product during the synthesis of phosphoro- 
morpholidates by this route, l8 and in shorter term 
reactions its base-catalyzed hydrolytic effect is counter- 
acted by rapid recyclization in the presence of excess 
carbodiimide. Presumably in this more lengthy re- 
action, the excess carbodiimide was all converted to 
amidine and simple hydrolysis occurred. The hy- 
drolysis of cytidine 2’,3’-cyclic phosphate in hot aque- 
ous t-butyl alcohol containing an excess of 4-mor- 
pholine-N,N’-dicyclohexylcarboxamidine was readily 
demonstrated in a separate experiment. 

In another experiment, the condensation of C14- 
labeled cytidine 2’,3’-cyclic phosphate 5’-phosphoro- 
anisidate (Vb) with pyridinium orthophosphate was 
attempted in dimethyl sulfoxide. 2 4  Ion exchange 
chromatography of the reaction mixture after 5 days 
a t  room temperature revealed, in addition to 24% 
unreacted phosphoroanisidate, a 59% yield of a chro- 
matographically homogeneous and more negatively 
charged product. This compound was isolated as its 
sodium salt and was shown to still contain only two 
phosphorus atoms (cytidine: total P = 1 : 1.95). I t  
was rapidly converted into cytidine 2’(3’) ,5’-diphos- 
phate by beef brain ribonucleoside 2’,3’-cyclic phos- 
phodiesterase and into cytidine %’,3‘-cyclic phosphate by 
E .  coli phosphatase. Its structure was therefore shown 
to be cytidine 2’,3’-cyclic phosphate 5’-phosphate (XI) .  

0 
II 

(HO)z-POCH2 

kf 
? ?  

OgP\OH 
X I  

Phosphoramidate condensations in dimethyl sulf; 
oxide are extremely sensitive to traces of moisture,2 
and i t  appears as if this reaction had not been rendered 
sufficiently anhydrous. A relatively successful con- 
densation of Va with tributylammonium phosphate in 
dimethyl sulfoxide is described in the Experimental 
section. Final proof for the structure of X I  came 
through its quantitative reconversion into the phos- 
phoroanisidate (Vb) on treatment with dicyclohexyl- 
carbodiimide and p-anisidine. 

Experimental 
General Methods.-Paper chromatography was conducted by 

the descending technique on sheets of Schleicher and Schuell No. 
589 Orange Ribbon paper using the following systems: Solvent 
I, ethanol-M ammonium acetate ( p H  7.5, 5 :2) ;  Solvent 11, n- 
propyl alcohol-ammonium hydroxide-water ( 6 : 3  : 1 ); Solvent 
111, isopropyl alcohol-ammonium hydroxide-water ( 7 :  1 :2 ) ;  
Solvent IV, saturated ammonium sulfate-isopropyl alcohol-M 
sodium acetate (80:2 :  18);  Solvent V, isobutyric acid-M 
ammonium hydroxide-0.1 lk’ tetrasodium ethylenediamine tetra- 

(24) The use of this solvent in extremely efficient syntheses of nucleoside 
S‘-triphosphates through condensation of nucleoside 5‘-phosphoromor- 
pholidates with tributylammonium pyrophosphate has been thoroughly 
studied in this laboratory ( J .  G. Moffatt, Can.  J .  Chem.,  to be published). 

acetate (100,60:1.6). The Rr values of most pertinent com- 
pounds in Solvents 1-111 are given in Table I .  Paper electro- 
phoresis was carried out a t  1000-1500 v.  on the same paper im- 
pregnated with 0.02 M sodium acetate buffer, p H  4.0, or with 
0.02 M phosphate buffer, p H  7.4. Phosphorus-containing com- 
pounds were visualized by use of the Hanes and Isherwood spray26 
followed by ultraviolet irradiation.16 Vicina! glycols were de- 
tected by the periodate-benzidine spray of Viscontini, et ~ 1 . ~ 7  

TABLE I 
Rf VALUES OF COMPOUNDS 

--Rr in solvent- 
Compound I 11 I11 

Cytidine 0 73 0 52 0 72 
Cytidine 2’(3’)-phosphate 37 
Cytidine 5‘-phosphate 30 
Cytidine 2’(3’),5‘-diphosphate 13 
Cytidine 2’,3’-cyclic phosphate 5’-phos- 

Cytidine 2‘,3’-cyclic phosphate 5’-phos- 

Cytidine 2’,3’-cyclic phosphate 5’-diphos- 

phoromorpholidate 57 

phoroanisidate 51 

phate 18 
Cytidine 2’-phosphate 5’-diphosphate 11 
Cytidine 2’( 3’)-phosphate 5’-phosphoro- 

morpholidate 35 
Cytidine 2’,3’-cyclic phosphate 5’-phosphate 22 
C, tidine 5’-phosphoroanisidate 69 

25 30 
17 20 
07 05 

39 56 

44 56 

11 10 
05 03 

21 24 
18 18 
59 72 

Phosphorus analyses were obtained by the method of King28 
and other elemental analyses were performed by Midwest Micro- 
lab, Inc., Indianapolis, Ind. Ultraviolet spectra were recorded 
on a Cary Model 15 spectrophotometer, and analytical optical 
densities on a Zeiss PMQ-I1 spectrophotometer. Measurements 
of Cl4 were made using a Nuclear Chicago gas flow counter with 
an efficiency of 21.4Y0. 

Enzyme Degradations. A.--E. coli alkaline phosphatase’e 
(specific activity 207 pmoles of thymidine 5’-phosphate cleaved/ 
hr./mg.) was made up to  a concentration of 100pg./ml. in 0.05 M 
T R I S  buffer, pH 9 [tris(hydroxymethyl)aminomethane] . 

B.-Beef brain ribonucleoside 2’,3‘-cyclic phosphodiesterasez0 
was made up to  a concentration of 5 mg./ml. in 0.005 M T R I S  
hydrochloride buffer, pH 7.5. Two pl .  of this preparation will 
hydrolyze 1.5 pmoles of cytidine 2’,3’-cyclic phosphate within 20 
min. at 30” and p H  7. A small amount (200 pg.) of egg albumin 
was added to  the incubation as a preservative in some experi- 
ments. 

C.-Rye grass 3 ‘ - n ~ c l e o t i d a s e ~ ~  was a solution capable of 
hydrolyzing 1.4 pmoles of adenosine 3’-phosphate/hr./pl. in 0.1 
M T R I S  buffer, pH 7.6. The activity towards adenosine 2‘- 
and 3’-phosphates was less than 0.1% of this. 

D.-Venom phosphodiesterase*’ was a highly purified prepara- 
tion free of 5’-nucleotidase and containing 8.1 mg. of protein/ml. 
The specific activity was 21 1 pmoles/min./ml. of p-nitrophenyl 
thymidine 5’-phosphate or 83 pnioles of adenosine 5‘-diphosphate/ 
hr./ml. in pH 9 T R I S  buffer. 

Cytidine 2’(3’),5’-Diphosphate (IV).-Cytidine (2.43 g., 10 
mmoles) was added to a mixture of phosphorus pentoxide (6.5 g. )  
and 85y0 orthophosphoric acid (8.5 g. )  and stored a t  60” for 21 
hr. under anhydrous conditions with occasional stirring. Water 
(100 ml.) then was added, and the mixture was heated to 100” 
for 20 min. After cooling in ice the pH was brought to 11 with 
4 N lithium hydroxide, and the resulting precipitate of Li3PO4 
was washed with several portions of 0.01 N lithium hydroxide. 
The combined filtrates were adjusted t o  pH i . 5  with Domex 50 
( H + )  resin and filtered. The filtrate was applied to a 3 X 13- 
cm. column of Dowex 2 (CI-) resin, and a little unreacted cyti- 
dine (3.47,) was washed through with water. Elution with 0.015 
N lithium chloride in 0.003 N HCI gave 5.9% mixed cytidine 
monophosphates. Cytidine 2’(3’),5’-diphosphate (657,) then 
was eluted with 0.03 N lithium chloride in 0.003 A‘ HCI, and 
finally a little cytidine 2’,3’,5’-triphosphate (3.27,) was removed 
with 0.2 N lithium chloride in 0.003 N HCI. The pooled diphos- 
phate peak was adjusted to pH 7.5 with lithium hydroxide and 
evaporated to  dryness. The white residue was freed from lithium 
chloride by repeated stirrings with methanol and addition of five 
volumes of acetone. The final precipitate was washed with ether 
and dried in wcuo giving the chromatographically homogeneous 
tetralithium salt of cytidine 2’(3‘),5’-diphosphate (2 .70 g., 
577,) as the trihydrate. 

(25) C.  A. Hanes and F. A .  Isherwood, Nature, 164, 1107 (1949). 
(26) R .  S. Bandurski and B .  Axelrod, J .  B i d  Chem., 195, 405 (1951) 
(27) M. Viscontini, D. Hoch, and P. Kaner, Helv .  Chrm. A c t o ,  5 8 ,  642 

(1955). 
(28) E. J. King, Biochcm. J . ,  26, 292 (1932). 
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Anal. Calcd. for CsHllLi4Na011P2.3H*0: P, 6.44; P: 
cytidine, 2.00. Found: P ,  6.57; P:cytidine,  2.04. 

Incubation of 1 pmole of this compound with 20 p l .  of rye 
grass 3’-nucleotidase and 5 pmoles of T R I S  buffer, p H  7.8,  in a 
total volume of 0.125 ml. for 1 hr.  gave 45y0 cytidine 2’,5’-di- 
phosphate and 55% cytidine 5’-phosphate. 

2-C1‘-Cytidine 2 ‘( 3’),5’-Diphosphate (IV).-2-C14-Cytidine (23 
mg., 95 pmoles, containing 9.3 pc. of C14) was phosphorylated as 
above in 0.2 ml. of polyphosphoric acid mixture. After acidic 
hydrolysis, the nucleotides were adsorbed on 2.0 g. of acid-washed 
Takeda charcoal.29 After thorough washing with water, the 
nucleotides were eluted with 50% ethanol containing 2% am- 
monium hydroxide (98% recovery of C14). -4fter evaporation of 
the solvent, the products were separated by preparative paper 
chromatography on four 20-cm. wide strips of Whatman 3MM 
paper. Development with n-butyl alcohol-acetic acid-water 
(5: 2 : 3 )  cleanly separated some residual orthophosphate from 
the nucleotides which were then rerun in Solvent V giving pure 
2-C‘I-cytidine 2’(3‘),5’-diphosphate (62 pmoles, 667,, 2.9 X 106 
c.p.m.) which was well separated from 2-C14-cytidine 5’-phos- 
phate (5(!;) and 2-C1‘-cytidine 2‘,3’,5’-triphosphate (21c0). 

Cytidine 2’,3’-Cyclic Phosphate 5’-Phosphoromorpholidate 
!Va).-TetraIitliiurn cytidine 2’(3’),5’-diphosphate (48 mg., 0.1 
tninole) was converted into its trieth>-lammonium salt with Dowex 
31 ( E t 3 S )  resin and evaporated to a volume of 2 ml. To this 
was added t-but>-l alcohol ( 2  ml . )  and morpholine (0.09 ml., 1 
mmole). This solution was refluxed gently while a solution of 
dicyclohexylcarbodiimide (206 mg., 1 mmole) in t-butyl alcohol 
( 3  i d . )  was added slowly over 1.5 hr .  Gentle reflux was main- 
tained for a further hour and then another 0.04 ml. of morpholine 
and 105 mg. of dicyclohexylcarbodiimide were added. After 1 
lir. under reflux the mixture was cooled, evaporated, and parti- 
tioned between water (10 ml.) and ether (10 ml.) with filtration 
of the insoluble dicyclohexylurea, The water layer was ex- 
tracted twice more with ether and evaporated to dryness. The 
glassy residue was dissolved in methanol f 1 ml.) and precipitated 
with ether (10 ml , ) .  hfter trituration with fresh ether, the 
hydrated 4-morpholine N,S’-dicyclohexylcarboxamidine salt of 
cytidine 2’,3’-cyclic phosphate 5’-phosphoromorpholidate was col- 
lected and dried in vacuo (100 tng., S lyc) .  Quantitative paper 
chromatographic examination in Solvent I showed the product to  
be 93% pure and contaminated by 1% cytidine 2’(3’),5’-diphos- 
phate, 474 cytidine 2‘(3‘)-phosphate 5‘-phosphoromorpholidate, 
and 2(:; cytidine 2‘,3’-cyclic phosphate 5’-phosphate. Such a 
preparation could b e  directly used for subsequent reactions. 

Ion Exchange Purification of Cytidine 2’,3’-Cyclic Phosphate 
5’-Phosphoromorpholidate .--A preparation similar to tha t  above 
from 0.2 mmole of cytidine 2’(3’),5’-diphosphate was purified by 
ion exchange chromatography on a 1.5 X 30-cm. column of 
DEhE-cellulose (HCOI-).  Elution was effected using a linear 
gradient of triethylamrnonium bicarbonate ( 2  I . )  with the salt 
varying from 0.005 ’lf to 0.12 I f .  One large peak appeared fol- 
lowed by  two extremely small ones. The main peak was evapo- 
rated to dryness and freed of residual salt by four evaporations 
with 20 ml,  portions of methanol. 4-Morpholine S,K’-dicyclo- 
hexylcarboxamidine (140 mg.) was added, and after three further 
evaporations with methanol the product was precipitated with 
ether. I t  was then washed twice with ether and dried in zucuo 
giving chromatographically pure cytidine 2’,3’-cyclic phosphate 
j’-pIiospliorornorpholidate as the trihydrate of the 4-morpholine 
S,  S’-dicyclohex!-lcarboxamidinium salt. 

.-lnal. Calcd. for C C ~ H ~ ~ K ~ O O ~ Z P ~ . ~ H ~ O :  c, 51.58; H ,  8.10; 
S,  12.80. Found: C ,  51.50; H ,  8.40; S,  12.99. 

The ammonium salt of \.a (1  pmole) was completely resistant 
to the action of E .  coli  alkaline phosphatase (50 M I . )  a t  p H  9 for 
5 hr .  After hydrolysis with 0.2 S sodium hydroxide a t  37” 
for 4 hr. ,  however, it  was rapidly and quantitatively degraded 
under the same enzymatic conditions to cytidine 5’-phosphoro- 
morpholidate. 

Cytidine 2’,3’-Cyclic Phosphate 5’-Phosphoroanisidate (Vb).- 
This compound was prepared from triethylammonium cytidine 
2’(3’),5‘-diphosphate30 exactly as above for the phosphoromor- 
pholidate (L’b), except that  morpholine was replaced by re- 
crystallized p-anisidine and the reaction was carried out under 
nitrogen. The chromatographically homogeneous N,N’-di- 
cyclnliexyl-N”-P-methnxyphenylguanidinium salts1 of Vb (175 

(29) This particular brand of carbon, obtained through the  kindness 
of Dr.  K .  Tanaka  of Takeda Chemical Industries, Osaka, Japan, has heen 
found to  be particularly valuable since virtually quantitative recoveries of 
nucleotides may be obtained upon subsequent elution. 

f30) I t  was neceqsary to  use a trialkylamine salt of the starting material 
in t rder  to  avoid the formation of N-phosphorylureas which arose if  weakly 
hasic p-anisidine ( p K  A 291 was the only amine present [hl. Smith,  J G 
Sioliatt ,  and H. G Khorana, J A m :  C h e m  SOC., 80,  6204 (195811. 

(31) On chromatography or electrophoresis. the ultraviolet absorbing 
Kuanidiue hase separates from :he nucleotide and has Rr 0.90 in Solvent I11 
and  0.90 i n  Solvent I .  

mg., 7 ? ~ 7 ~ )  was precipitated with peroxide-free ether and dried 
zn vacuo. 

Anal. Calcd. for CssH82r\’loOd’2.3H20: C, 55.89; H ,  7.37; 
N, 11.64. Found: C ,  55.66; H ,  7.36; N, 11.89. 

The ammonium salt of S’b was completely resistant towards 
E .  coli  alkaline phosphatase (as with T’a above) but  after alkaline 
hydrolysis was degraded completely to cytidine 5’-phosphoroanisi- 
date. 

In a separate experiment the product was purified from some 
minor impurities by ion exchange chromatography on a column 
of Dowex 2 ( H e o r - )  resin (1 X 10 am. for 0.4 mmole). Elution 
was effected with a linear gradient of triethylammonium bicar- 
bonate ( 2  1.) with the salt varying from 0.004 to  0.4 M .  
The main ultraviolet absorbing peak (eluted with 0.2 M salt) 
was evaporated to  dryness and freed from residual triethylam- 
monium bicarbonate by several evaporations with methanol, 
The final residue was dissolved in methanol (2  ml.)  and addition of 
ether (20 ml.) gave, after careful drying in z’acuo, anhydrous bis- 
(tr,ieJhylammonium)cytidine 2’,3‘-cyclic phosphate 5’-phosphoro- 
anisidate in chromatographically pure form. 

Anal. Calcd. for C I ~ H I ~ ? ; ~ O ~ O P Z . ~ E ~ , ~ ~ :  N, 12.13; P, 8.94. 
Found: S,  12.12; P ,  8.89. 

2-C1‘-Cytidine 2‘,3‘-Cyclic Phosphate 5’-Phosphoroanisidate 
(Vb).-In a reaction similar to tha t  above, 2-C14-cytidine 2’(3’),- 
5’-diphosphate (59 pmoles, 3.4 X lo6 c.p.m.) as the triethyl- 
amine salt was treated with p-anisidine (97 mg.) and  dicyclo- 
hexylcarbodiimide (170 mg.) in aqueous t-butyl alcohol. After 
evaporation and three extractions of a filtered, aqueous solution 
of the residue with ether, the aqueous phase contained chromato- 
graphically homogeneous Vb ( 3 . 3  X IO6 c.p.m., 97%) as its S,N’- 
dicyclohexyl-N”-p-methoxyphenylguanidinium salt .3 l  The prod- 
uct was lyophilized and used directly in the next step. 

2-C14-Cytidine 2‘,3’-Cyclic Phosphate 5’-Phosphate (XI).-% 
C14-Cytidine 2’,3’-cyclic phosphate 5‘-phosphoroanisidate (58 
pmoles, 3 .3  X lo6 c.p.m.) as its S,N’-dicyclohexyl-N”-p-meth- 
oxyphenylguanidinium salt was rendered anhydrous by three 
evaporations in vacuo with small amounts of dry pyridine and 
dissolved in anhydrous dimethyl sulfoxide.32 Pyridine (0.17 mi., 
2.3 mmoles) and anhydrous phosphoric acid33 (70 mg., 0.7 
mmole) were added, and the clear solution was stored a t  room 
temperature for 5 days. Water (50 ml.) and triethylamine 
(0.32 ml., 2.3 mmoles) were added, and the entire mixture was 
applied to the top of a column containing 50 ml. of DEAE- 
cellulose (HCOI-). After a thorough washing with water (500 
ml.), the column was eluted with a linear gradient of triethyl- 
ammonium bicarbonate (0.03 to  0.2 iM in a total volume of 4 I . ) .  
Three sharp peaks were eluted as follows: Peak I, a t  0.05 M 
bicarbonate, contained 14 pmoles of starting material, Vb; peak 
11, a t  0.08 M bicarbonate, contained 34 pmoles (597,) of 2-C14- 
cytidine 2’,3’-cyclic phosphate 5’-phosphate (XI) ;  peak 111, a t  
0.13,V bicarbonate, contained 10pmolesof 2-C14-cytidine-2’(3’),5’- 
diphosphate. Peak I1 was pooled, evaporated to dryness, and 
freed from residual triethylammonium bicarbonate by four 
evaporations with 10 ml. portions of methanol. The  residue was 
dissolved in methanol (1 ml.) and a M solution of sodium iodide 
in acetone (0.25 ml.) was added followed by pure acetone (20 
ml.). The resulting white precipitate was washed several times 
with fresh acetone and dried in vacuo giving the sodium salt of 2- 
C’ky t id ine  2‘,3 ’-cyclic phosphate 5’-phosphate. 

Anal. Calcd.: Total phosphorus per cytidine, 2.00. Found: 
1.95; labile phosphorus, 0%. 

Incubation of this compound (0.32 pmole) with E .  coli alkaline 
phosphatase (10 p l . )  and 10 pl .  of M T R I S  buffer, p H  8, for 2 hr.  
resulted in quantitative conversion to cytidine 2’,3‘-cyclic phos- 
phate as shown by chromatography in Solvent I .  Treatment of 
XI (0.3 pmole) with ribonucleoside 2’,3’-cyclic phosphodiesterase 
( 5  and 10 p l .  of M TRIS  buffer, p H  6.9, for 2 hr.  at 34’ re- 
sulted in complete conversion to cytidine 2’,5’-diphosphate 
(Solvent I ) .  

2-Clb-Cytidine 2’,3’-Cyclic Phosphate 5’-Phosphoranisidate 
(Vb) from XI.-Triethylammonium 2-C14-cytidine 2’ ,3 ‘-cyclic 
phosphate 5’-phosphate (XI,  46 Hmoles, 1.2 X lo6 c.p.m.) was 
dissolved in a gently refluxing mixture of t-butyl alcohol (1 ml.) ,  
water (1 ml.), and p-anisidine (65 mg.), and to it was added a 
solution of dicyclohexylcarbodiimide ( 115 mg.) in t-butyl alcohol 
( 2  ml.) over 1 hr.  The  mixture then was refluxed for another 
hour, and after evaporation of the solvent the residue was parti- 
tioned between water and ether. The aqueous layer contained 
only pure Vb as the N,N’-dicyclohexyl-N”-p-methoxyphenyl- 
guanidinium salt as judged by both ultraviolet examination31 
and autoradiography. The recovery was 1.1 X loe c.p.m. 
(92Yc). This material was lyophilized and used directly in sub- 
sequent condensations. 

A .  
From the Phosphoromorpho1idate.-Bis(triethy1ammonium)- 

Cytidine 2’,3’-Cyclic Phosphate 5’-Diphosphate (VI).  

(32) Distilled and dried over Molecular Sieve T y p e  4A from Liode Co. 
(33) Obtained from Fluka A.  G., Buchs, Switzerland. 
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cytidine 2’,3’-cyclic phosphate 5‘-phosphoromorpholidate (0.25 
ininole) was rendered anhydrous by three evaporations with a 
mixture of pyridine (3  ml.) and dimethylformamide ( 2  ml.).32 
Separately, orthophosphoric acid (0.75 mmole) was dried in the 
saixie way and the two tnaterials then were mixed and evaporated 
one further time. The final residue was dissolved in a mixture 
of diinethylformamide ( 3  ml.) and pyridine (4  ml . )  and shaken for 
18 hr.  a t  room temperature.31 The solvent was evaporated in  
W U ( U ( I ,  and an aqueous solution of the residue (adjusted to  p H  
7.5) wa.5 applied to the top of a 2.5 X 25-cm. column of Dowex 2 
(HC03-)  resin. After a thorough water wash, the products were 
eluted with a linear gradient of triethylammonium bicarbonate 
( 4  I .  total ranging from 0.05 to  0.35 M bicarbonate). Four ul- 
traviolet absorbing peaks resulted as follows: Peak I ( 2 3 q G )  was 
unreacted starting material; peak I1 (52Yc) was pure cytidine 
2’,3’-cvclic phosphate 5’-diphosphate ( V I ) ;  peak I11 ( 
cytidine 2’(3’)-phosphate 5’-diphosphate ( I X ) ;  peak I\‘ 
unidentified. Peaks I ,  11, and 111 were identified by paper 
chromatography and by mild acidic hydrolysis or enzyme deg- 
radation. Peak I1 was pooled and evaporated to dryness. 
After several evaporations with methanol (25 ml. each), the 
residue was dissolved in ethanol ( 5  ml.) and a M solution of cal- 
ciuni chluiide in ethanol (0.5 ml.) was added. The resulting 
calciuiti salt was collected by centrifugation and freed of chloride 
ion by washing with ethanol. I t  was then dried in zwua giving 
57 mg. of the chromatographically pure calcium salt of V I .  

.-1nal. Calcd.: Cytidine: total P:labile P, 1 . k 3 . 0 :  1.0. Found: 
1 .OO : 3 .00 : 1.13. 

On treatment with 0.1 N hydrochloric acid a t  room tempera- 
ture for 1 hr. or with 0.2 ,V sodium hydroxide a t  37” for 2 hr.,  
this compound was completely converted into cytidine 2’(3‘)- 
phosphate 5’-diphosphate which was chromatographically 
identical with the product of the action of the 2’,3’-cyclic phos- 
phodiesterase (see below). 

Incubation of the acid treated compound (1  pmole) with rye 
grass 3’-nucleotidase (20 p l . ) ,  pH i . 8  TRIS  buffer (10 pmoles), 
and water (50 p l . )  for 1 hr.  a t  37” gave an equimolar mixture of 
cytidine 2’-phosphate 5’-diphosphate ( I )  and cytidine 5’-diphos- 
phate ( X ) .  

Overnight treatment of 0.3 pmole of V I  with 10 p1. of E .  roli 
alkaline phosphatase resulted in complete conversion to cytidine 
2’,3’-cyclic phosphate. 
B. From the Phosphor0anisidate.--S ,S’-Dicyclohexyl-S’ ’ - p -  

methoxyphenylguanidinium cytidine 2’,3’-cyclic phosphate 5’- 
phosphoroanisidate (183 mg., 0.25 mmole) was treated for 10 
days with phosphoric acid (0.2 mmole) in pyridine-dimethyl- 
formamide exactly as above in A. Chromatography of the reac- 
tion mixture gave 30YC unreacted phosphoroanisidate and 40Yc 
cytidine 2‘,3’-cyclic phosphate 5’-diphosphate which was isolated 
as above. The resulting material was chromatographically pure 
and identical with tha t  obtained from the phosphoromorpholidate. 

From the Phosphorornorpholidate in Dimethyl Sulfoxide. 
-4-Morpholine-N,S’-dicyclohexylcarboxamidinium cytidine 
2’,3’-cyclic phosphate 5’-phosphoromorpholidate (70 pmoles) 
was dried by three evaporations with a mixture of pyridine-di- 
methylformamide (1 : 1) and then freed of residual pyridine by one 
evaporation with benzene. Separately bis( tributylammonium) 
orthophosphate (0.3 mmole) was dried by evaporation with 
pyridine and then benzene, and the two components rapidly were 
dissolved and rigorously mixed in anhydrous dimethyl sulf- 
oxide ( 2  ml.).32 After 3 days a t  room temperature, water (30 
ml). was added and the mixture was applied to a 2 X 20-cm. 
column of DEAE-cellulose (He(&-). Elution was effected by a 
linear gradient ( 2  I .  total) of triethylammonium bicarbonate 
(0.005 to 0.33 M ) .  Three well separated peaks resulted. Peak 
I (34 pmoles, 497,) was unreacted phosphoromorpholidate, peak 
I1 (10.5 pmoles, 1570) was cytidine 2’,3’-cyclic phosphate 5’- 
phosphate, and peak I11 (21 pmoles, 30%) was the desired prod- 
uct(\’I). Peak I11 was pooled and isolated as the sodium salt 

C. 

(34) A small precipitate initially separated and then redissolved within 
t h e  first 3 hr. 

(10 mg.) in the usual way. The product was chromatographi- 
cally, chemically, and enzymatically identical with tha t  obtained 
by methods A ,  E,  or D. 

D .  2-Cld-Cytidine 2’,3’-Cyclic Phosphate 5’-Diphosphate.- 
2-C14 labeled Vb 142 umoles. 1.1 X lo6 c.p.m., directlv obtained 
as above) was dried and reacted with phosphoric acid (6.5 mmole) 
in pyridine-dirnethylformamide as in B for 10 days. After evap- 
oration of the solvent, the mixture was separated by chrornatog- 
raphy on a 2 X 15-cm. column of DEAE-cellulose (HCOI-).  
Elution with 2 I. of a linear gradient (0.005 to 0.3 M) of 
triethylainmonium bicarbonate gave one main peak (53%, eluted 
with 0.18 M salt) and three well separated minor peaks. The 
pooled main peak was evaporated to  dryness, freed of residue bi- 
carbonate by four evaporations with methanol, and precipitated 
as the sodium salt with sodium iodide in acetone as described 
above for X I .  The resulting white sodium salt (17 mg.) was 
chromatographically pure both by ultraviolet absorption and C’‘ 
content. 

Cytidine 2’-Phosphate S’-Diphosphate (I).-Ammonium cyti- 
dine 2’,3’-cyclic phosphate 5’-diphosphate ([‘I, 82 pmoles) was 
obtained by passing the corresponding calcium salt through a 
small column containing 2 ml. of Dowex 50 (SH4+) resin. This 
solution was concentrated to  3 mi., and t o  i t  was added 0.5 M 
TRIS  acetate buffer ( p H  7, 2.5 ml.) ,  1% egg albumin (1 mi.), 
and the stock solution of ribonucleoside 2‘,3’-cyclic phosphodi- 
esterase (0.5 ml.). After incubation for 2.5 hr. a t  31” the solution 
was diluted to a volunie of 50 rnl. with water and passed through 
a 2 X 21-cm. column of DE.lE-cellulose (HC03-). After a 
thorough water wash (200 ml.), the products were eluted with a 
linear gradient (4 I . )  of triethylammonium bicarbonate (0.10 to  
0.40 M ) .  One major ultraviolet absorbing peak (58 pmoles, 
i152 a t  0.20 M salt) and two minor peaks (4 and 6Yc) were clearly 
separated. The major peak was pooled, evaporated, and freed of 
bicarbonate in the usual way. The residue was then dissolved 
in ethanol ( 5  nil.) and precipitated as the calcium salt by addition 
of M ethanolic calcium chloride (0.5 tnl.). After repeated wash- 
ings with ethanol, the calcium salt was dried in vucuo. 

Anal.  Calcd. for CsHllCal.jOl~P353.9H20: P ,  12.55; cyti- 
dine: total P:labile P, 1.0:3.0:  1.0. Found: P ,  12.36; cytidine: 
total P:labile P ,  1.00:3.00:0.98. 

After conversion to the ammonium salt, the following enzy- 
matic tests were done. Incubation of I (0.5 pmole) with rye 
grass 3’-nucleotidase (10 p l . )  and 0.2 M TRIS  buffer, pH 7.8 
(10 PI..),, for one hour a t  37” resulted in no observable reaction35 
(cf. similar treatment of acid treated VI.)  Incubation of I (1  
pmole) with venom phosphodiesterase (50 p l . )  and M TRIS  buf- 
fer, pH 9 (50 p l . ) ,  in water (0.2 ml.) a t  45’ for 50 hr.  in the pres- 
ence of thymol gave roughly 900% cytidine 2’,5’-diphosphate and 
l0Yc cytidine 5’-phosphate. The isolated cytidine 2’,5‘-diphos- 
phate was completely unchanged by subsequent incubation with 
rqe grass 3‘-nucleotidase as  above. 

2-Cld-Cytidine 2’-Phosphate 5’-Diphosphate.-The sodium 
salt of 2-Cl4--cytidine 2’,3’-cyclic phosphate 5’-diphosphate (15.5 
pmoles, 4.06 X lo5 c‘.p.m.) was dissolved in water (0.6 ml.) con- 
taining M TRIS  buffer, pH 6.9 (0.3 ml.), and ribonucleoside 
2’,3’-cyclic phosphodiesterase (0.15 ml . ) .  After incubation a t  
34’ for 1.5 hr.  the mixture was diluted with water (15 ml.) and 
chromatographed on a 1.5 X 30-cm. column of DEAE-cellulose 
(HCOs-) as before. The main peak, containing 13.9 prnoles 
(90%) of the total optical density and C14-counts was evaporated 
and isolated as its chromatographically homogeneous sodium 
salt (8 mg.). 

Anal. Calcd. for pentasodium salt.8H20: P ,  12.52; cytidine : 
total P:labile P ,  1.00:3.00: 1.00. Found: P, 1285; cytidine: total 
P:labile P, 1.00:3.04:0.99. Specific activity was 2.63 X 101 
c.p.m. per pmole (0.055 pc. per pmole). 

(35) Under these conditions, cytidine 3’,.5‘-diphosphate is completely de 
graded. Complete hydrolysis of adenosine 3’-phosphate results with 1 k l ,  

of enzyme under these conditions but  considerably more enzyme is re- 
quired for t h e  complete digestion of the polyphosphorylated compounds. 


