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SUMMARY: A compound isolated from the acid soluble fract ion of intact leukemia 
L-1210 cel ls  and from hot water ext rac ts  of disrupted L-1210 cel ls ,  has been iden- 
tified as 3',  5 ' -cyc l ic  CMP by comparison with the authentic compound with respect  
to the following charac te r i s t i cs :  Rf values in eight solvent systems;  electrophoret ic  
mobility in three  buffers; uv spectra ,  mass  spectrum; acid hydrolysis  and t rea tment  
of the products with appropr ia te  enzymes; and effect on initiation of L-1210 cell  
growth. 

INTRODUCTION: Although the presence of 3',  5 ' -cyc l ic  AMP and 3', 5 ' -cyc l ic  GMP 

in living cel ls  has long been establ ished (1,2), the occurrence of ce l lu lar  3',  5 ' -  

cyclic CMP has not been repor ted .  We have now isolated cyclic CMP from the cold 

acid soluble fraction of intact leukemia L-1210 cel ls  and f rom hot water  ext rac ts  of 

disrupted L-1210 ce i l s .  The search for  this cyclic nucleotide was stimulated by the 

following observation (3) : Leukemia L-1210 cel ls ,  grown in vitro to s tat ionary 

phase and cooled for  I hr  at 4 ~ undergo a 2 h r  lag before they resume growth upon 

addition of 9 volumes of f resh (37 ~ medium; this lag is  abolished by cyclic CMP. 

In contrast ,  under the same experimental  conditions, cyclic AMP prolongs the lag 

up to 20 h r s ,  depending upon the concentration of cyclic AMP added. 

EXPERIMENTAL: 

Mater ia ls :  Eight week old female DBA/2 J mice,  weighing 18-20 g were 
obtained from the RPMI breeding colony. Cytidine 3' ,  5 ' -cyc l ic  monophosphoric acid 
("authentic cyclic CMP") and cytidine 2' ,  3 ' -cyc l ic  monophosphoric acid were pu r -  
chased from the Sigma Chemical Co.,  St. Louis, Mo.,  and were repurffied before 
use by chromatography in solvents A and B (see below). 

3 '-Ribonucleotide phosphohydrolase (E. C. No. 3 .1 .3 .6 ) ,  par t ia l ly  purif ied 
from rye g rass  (14 u/rag; 2 ' -nucleot idase activity 0.5%; 5 ' -nucleotidase activity 
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< 0.2%) and 5 ' - r i bonuc leo t ide  phosphohydro lase  (E.Co 3 . 1 . 3 . 5 )  p a r t i a l l y  pur i f i ed  
f r o m  Cro ta lus  adamanteus  venom (27.6 u /mg)  were  pu rchased  f rom Sigma.  C r y s -  
t a l l ine  bovine p a n c r e a t i c  r i bonuc l ea se  (Eo C. 2 . 7 . 7 . 1 6 ;  40 u /mg)  was pu rchased  
f rom Boehr inge r  Corp~ N e w Y o r k .  [ 2 - 1 4 C ] C M P  (27 m C i / m m o l e ) ,  [ 2 - 1 4 C ] C D P  
(24.9 m C i / m m o l e ,  and [ 2-14C ] CTP (22 m C i / m m o l e )  were  pu rchased  f rom Schwarz 
B i o r e s e a r c h o r  Schwarz /Mann .  2 ' - C M P ,  3 ' - C M P ,  CDP-chol ine ,  CDP-e thano l -  
amine  and C D P - g l y c e r o l  were  pu rchased  f rom S igma.  Ur id ine ,  cyt idine ,  CMP, 
CDP and CTP were  pu rchased  f r o m  P - L  B iochemica l s ,  Milwaukee,  W i s c .  

Al l  Whatman 3 MM p a p e r s  we re  p rewashed  be fore  use  with 1 N ace t i c  ac id  and 
d r i e d  in a i r .  To d e t e r m i n e  uv s p e c t r a  with an Aminco DW-2 r eco rd ing  s p e c t r o -  
pho tome te r ,  the compounds were  d i s so lved  in d i s t i l l e d ,  de ionized  wa te r ,  ad jus ted  
to pH 7.0 with ammonium hydroxide  and to pH 2 .0  with HC1. The pH was r e -  
checked fol lowing addi t ion of the unknown m a t e r i a l ,  o r  of the r e f e r e n c e  compounds .  

P a p e r  Chromatography:  The fol lowing ch ro ma tog ra ph i c  s y s t e m s  were  used for  
the s epa ra t i on  and ident i f ica t ion  of the ex t r ac t ed  m a t e r i a l :  

(A) E t h a n o l - l M  ammonium ace ta te  (7 : 3 v /v ;  pH 6.6);  (B) I sobutyr ic  ac id -2  N 
ammonium hydroxide  (66 : 34; v /v) ;  (C) n -Bu tano l -g l a c i a l  ace t i c  a c i d - w a t e r  (50 : 25 : 
25; v/v) ;  (D) I soamyl  a lcohol-5% aq.  Na2HPO 4 (1: 1, v/v);  (E) I sop ropano l - conc .  
NH4OH-H20 ) (7 : 1 : 2; v /v) ;  (F) I s o p r o p a n o l - c o n c .  Ntt4OH - 0 . 1 M  H3BO 3 (60 : 10 : 
30; v/v);  (G) Na2HPO 4 13.8 g into 900 ml H20,  ad jus t  pH to 6.8 with H3PO 4, 
add H20 to 1 1, add 600 g (NH4)2SO 4 and 20 ml  n -propanol ;  (H) Disso lve  c o m -  
pounds in 0 .1  ml of 0 .1  M b o r i c  ac id ,  apply  to c h r o m a t o g r a m ,  a i r  d ry  and develop 
in solvent  A.  All  s epa ra t ions  were  made by ascending  ch romatography  at  20~ for  
18 h r  on Whatman 3 MM p a p e r s .  

P a p e r  E l e c t r o p h o r e s i s :  The following buf fe r s  were  used fo r  the e l e c t r o p h o r e t i c  
c h a r a c t e r i z a t i o n  of the  ex t r ac t ed  m a t e r i a l :  

I) Na2HPO4-NaH2PO 4, 0.02M, pH7.8; 2) KH2PO4-NaOH , 0.15M, pH4.6; 
3) Boric acid-sodium borate (Na2B407 . 10H20 ) (0.62 g:7.63 g/l, adjust to pH 9.0 
with NaOH). Whatman 3 MM papers (15 x 49 cm) were used for all determinations 
in a water cooled Savant fiat plate high voltage electrophoresis unit. A potential of 
2500 V was applied for 60 minutes with buffers I and 2, 1500 V for 30 minutes with 
buffer 3. 

Iso la t ion  of the M a t e r i a l  f r om L-1210 Cel l s :  

a) I so la t ion  f rom the ac id  soluble  f rac t ion :  F i f ty  DBA/2J  mice  were  inocula ted  
i . p . ,  each  with 1 x 106 l eukemia  L-1210 c e l l s .  F ive  days  l a t e r ,  the  c e l l s  were  r e -  
moved f r o m  the i n t r a p e r i t o n e a l  cav i ty  i m m e d i a t e l y  upon s a c r i f i c e  of each  mouse ,  and 
the h a r v e s t  f r om each  group of ten mice  was p laced  into 200 ml  of ice  cold sa l ine  and 
was worked up at  once at  4 ~ as  fo l lows:  The ce l l  suspens ion  was cent r i fuged at  a p -  
p r o x i m a t e l y  1500 x g fo r  10 min  and,  a f t e r  decant ing the superna tan t  f luid,  the c e l l s  

were  r e suspended  in I0 ml of sa l ine  by gent ly  s t i r r i n g .  The suspens ions  obtained 

f rom the five ba tches  were  combined (50 ml) and r e c e n t r i f u g e d .  The ce l l  pe l l e t  was 
then e x t r a c t e d  with 50 ml  of i ce  cold 1N p e r c h l o r i c  ac id  fo r  15 min ,  and the e x t r a c t  
was n e u t r a l i z e d  wihh 2 N p o t a s s i u m  hydroxide  (in some  e x p e r i m e n t s  0~ N ac id  and 
1N KOH was used) .  P r e c i p i t a t e d  KCIO 4 was r emoved  by cent r i fugat ion ,  and the 
superna tan t  solut ion f r e e z e - d r i e d  ove rn igh t .  The r e s idue  was d i s so lved  in 20 mi  of 
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water  and l m l  al iquots were applied, in  na r row bands (0.2 x 40 cm), to twenty 
46 x 57 cm Whatman 3 MM papers .  After  ascending chromatography for 18 hours  
in  solvent A, a 2 x 40 cm band was cut f rom each paper ,  at the locat ion atwhich the 
authentic cyclic CMP m a r k e r  was located on each paper  ~ -- 0.42).  The bands 
were jointly eluted in  500 ml  of dis t i l led,  deionized water ,  pH 6.8,  and the eluate 
brought to d ryness  in vacuo at 30 ~ with a ro ta ry  evapora tor .  The ma te r i a l  thus ob-  
tained was dissolved in  a m in imum of water ,  and was applied in a na r row band to one 
sheet of Whatman 3 MM paper  and rechromatographed in solvent A. Sufficient 
ma te r i a l  was now p re sen t  at the locat ion cor responding  to the Rf of cyclic CMP so 
as to be vis ib le  under  UV l ight .  After elution with 50 ml of water ,  pH 7.0,  the 
ma te r i a l  was reehromatographed in solvent  B, and following elution with water ,  i ts  
identi ty was de te rmined  as descr ibed  in the Resu l t s .  

b) Isolat ion f rom hot water  ext rac ts  of d isrupted L-1210 ce l l s .  To e l imina te  
the poss ib i l i ty  that the isolated m a t e r i a l  i s  an ar t i fac t  of the acid extract ion procedure ,  
L-1210 cel ls  harves ted  f rom 100 mice were extracted with boi l ing water .  The cel ls  
were f i r s t  washed with sal ine,  f rozen  quickly at -70 ~ and the f rozen pel le t  was d i s -  
rupted by means  of a Hughes p r e s s .  The disrupted cel ls  were then extracted for  15 
min  by boi l ing with 1 l i t e r  of water ,  pH 6 .8 .  The pH did not change dur ing  the ex-  
t rac t ion .  The debr i s  was removed by centr i fugat ion,  and the supernatant  solution 
was brought  to d ryness  in a ro ta ry  evapora tor  at  room t e m p e r a t u r e .  The res idue 
was subjected to repeated chromatography,  as descr ibed  for  the acid soluble f rac t ion .  

Hydrolytic degradat ion of the isola ted mate r ia l :  An aliquot of the isolated 
ma te r i a l  (9.6 A277 nm uni ts ,  pH 2.0)  (4), was heated in 1 ml  of 1N HC1 for 2 h r  at  
100 ~ . The solution was cooled and brought to pH 7.0 with 1 N NaOH. To one 0.3 ml  
aliquot of the neut ra l ized  hydrolysate  was added 0 .1  ml  of a solution of 1 mg of 5 ' -  
r ibonucleot ide phosphohydrolase in  1 ml  of t r i s  buffer ,  pH 8 .5 ,  and 0 .1  ml  of 0 o l M  
MgCI2, and the mix ture  was incubated at 37 ~ for  1 h r  with gentle agi ta t ion.  To an -  
other  0.3 ml  aliquot of the neut ra l ized  hydrolysate  was added 0 .1  ml  of a solution of 
t r i s  buffer ,  pH 7.5,  containing 0.4 mg of 3 ' - r ibonuc leo t ide  phosphohydrolase,  and 
the mix ture  was incubated for  3 hours  at 37 ~ with gentle agi ta t ion.  

Following incubat ion,  the reac t ion  mix tu res  were i m m e r s e d  in a boi l ing water  
bath for 1 min .  and the i r  volume, as well as that of 0.3 ml  of an untreated solution,  
was reduced in vacuo to approximate ly  0 .1  ml .  The aliquots were  applied to a 
chromatography sheet,  which was developed in solvent  A, and the dry chromatogram 
was then photographed under  uv light (Fig. 2). 

Effect of RNA-ase  on the isolated ma te r i a l :  To 3 .1  A272 nm uni ts ,  pH 7.0,  of 
the ma te r i a l  isolated f rom L-1210 cells~in 0 .1  ml  of t r i s  buffer ,  pH 7 .1  was added 
0.2 ml of a solut ion of c rys ta l l ine  bovine pancrea t ic  r ibonuclease  (1 m g / m l  of t r i s  
buffer ,  pH 7 .1) .  Incubation with gentle shaking proceeded for  60rain at  37 ~ , af ter  

which the reac t ion  mix ture  was i m m e r s e d  into a boi l ing water  bath for 1 min .  The 
en t i re  mix ture  was then applied to paper ,  and was chromatographed in solvent  A. 
Equivalent  al iquots (based on uv absorbanee)  of authentic 3 ' ,  5 ' - cyc l i c  CM:P and 2 ' ,  
3 ' - cyc l i c  CMP were t rea ted  iden t ica l ly (5) .  

Mass  spec t romet ry  of the isolated compound: The isolated ma te r i a l ,  as well as 
authentic cyclic  CMP were subjected to m a s s  spec t romet ry  following the i r  convers ion  
to the t r ime thy l s i ly l  der iva t ives  (6) as follows: To 5.0 A272 nm units ,  pH 7.0 of 
each of the careful ly  dried compounds was added pyr id ine ,  N, O-Bis  ( t r imethylsi lyl)  
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Fig. I. UV spectra  of authentic 3 ' , 5 ' - c y c l i c  CMP at pH 7.0 (1) and pH 2~ (2), 
and of the isolated compound at cor responding pH's  (1 ' ,2 ' ) .  (3) is  the 
spect rum of 2 ' , 3 ' - c y c l i c  CMP at pH 7 .0 .  

t r i f luoroacetamide  (BSTFA), and t r imethy lcMoros i lane  (TMSC) (9 : 90 : 1, 0.25 ml) ,  
and the mix tu res  were heated,  in  sealed via ls ,  at 100 ~ for  3 h r .  To obtain medium 
resolut ion  spect ra  the solut ions were reduced in volume in vacuo to approximately 
0.05 ml  p r i o r  to the i r  int roduct ion into capi l lary  tubes .  One end of the tubes was 
then sealed,  and the r ema in ing  solvent  evaporated in vacuo at room t e m p e r a t u r e .  
The medium resolu t ion  spect ra  were obtained on a CEC 21-491 double focusing 
spec t romete r  with sample in t roduct ion by d i rec t  i n l e t .  Probe  t empera tu re  110 ~ 
source  t empera tu re  285 ~ ionizing energy 70 ev and acce lera t ing  voltage 1.2 kv.  

RESULTS AND DISCUSSION: F r o m  the acid soluble f rac t ion of intact  leukemia 

L-1210 cel ls  and f rom hot water  ex t rac ts  of d isrupted L-1210 ce l l s ,  harves ted  f rom 

the i .p~  cavi t ies  of DBA/2J mice  on days 5-7 af ter  inoculat ion,  a uv absorbing 

mate r i a l  was isolated,  which was identif ied as 3 ' ,  5 ' - cyc l ic  CMP on the bas i s  of the 

following c r i t e r i a :  

1) The ma te r i a l  had the same Rf values as authentic cyclic  CMP upon paper  

chromatography in  the eight solvent sys tems  l is ted in  the exper imenta l  sect ion,  and 

exhibited the same re la t ive  mobi l i t ies  as authentic cyclic CMP upon e lec t rophores i s  

in  the three  buffer sys tems l is ted in  that sect ion.  

2) The mate r i a l  has uv spect ra  (Fig. 1) which a re  essen t ia l ly  indis t inguishable  

from those of authentic cyclic  CMP ( /~ pH 7.0 
m a x  

= 272 nm,  ~ pH 2.0  = 2 7 7 n m ) .  
m a x  

3) Acid hydrolysis  of the isolated ma te r i a l  produced two uv absorbing  products 

(Fig. 2) which, in the solvents  B, C, F and H had the respec t ive  Rf values of 5 ' -  
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Fig.  2 o Paper  chromatographic  ana lys i s  of an acid hydrolysate  of the compound 
isolated f rom leukemia L-1210 cell ex t rac t s .  9.6 A277 nm units  (pH 2.0) of the 
ma te r i a l  were heated in 1 ml  of 1 N HC1 for  2 h r  at  100 o o Following neut ra l iza t ion  
with 1N NaOH, the hydroIysate was divided into th ree  p a r t s .  One was t rea ted with 
5 ' - r ibonucleot ide  phosphohydrolase,  another  with 3 ' - r ibonucleo t ide  phosphohydrolase 
and the thi rd  served as control .  Ascending chromatography of the three  reac t ion  
mix tures  was ca r r i ed  out on Whatman 3MM paper  at 20 ~ for 15 hr  in  solvent  H 
(see text).  

CMP, and 2 ' (3 ' ) -CMP.  The same re su l t  was obtained upon hydrolysis  of authentic 

cyclic CMP. To conf i rm the identity of the products ,  an aliquot of the hydrolysate  

was t rea ted for  I h r  at  37 ~ with snake venom 5 ' -nuc leo t idase .  Under  these con-  

dit ions (Fig. 2), the product  considered to be 5 ' -CMP disappeared,  and a new, uv 

absorbing ma te r i a l  was seen which, in all  four solvents ,  had l~f values corresponding 

to cyt idine.  Following i ts  elution f rom the paper ,  the identity of this compound was 

fur ther  conf i rmed by i ts  deaminat ion,  by a ce l l - f r ee  extract  of E .  coli B, to ur idine,  

the product being identified by chromatography in  solvents B and C. 

4) Unlike the phosphodiester  r ing  of 2 ' ,  3 ' - cyc l i c  CMP, which i s  opened by 
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t r ea tmen t  with RNAase (5), that of 3 ' ,  5 ' - cyc l ic  CMP was not hydrolysed by t r ea t -  

ment  with this  enzyme.  Thus,  af ter  incubation of 0.5 pmole of 2 ' , 3 ' - c y c l i c  CMP 

with eight units  of RNAase for 60 min  at 37 ~ , this nucleotide could no longer  be de-  

tected upon paper  chromatography.  Instead, a new product  was encountered which, 

in  the solvents B, F and H had the Rf values of (2 ' ) , 3 ' -CMP.  Under the same con-  

di t ions,  ne i ther  the m a t e r i a l  isolated f rom the ce l l s ,  (3.1 A272 nm units ,  pH 7.0) 

nor  authentic cyclic CMP underwent  any degradat ion detectable on the chromato-  

g r a m s .  

5) 

m e t r y .  

The identity of the compound isolated was also confirmed by mass  spect ro-  

Like authentic cyclic CMP, the isolated ma te r i a l ,  following convers ion  to 

the t r imethy l s i ly l  der ivat ive ,  gave a molecu la r  ion (M + ) of mass  521, corresponding 

to the p resence  of three  t r ime thy l s i ly l  funct ions .  The f ragmenta t ion  pa t te rn  of the 

isolated ma te r i a l  was essen t ia l ly  the same as that of authentic t r i s - t r i m e t h y l s i l y l  

cyclic CMP. 

6) We have observed that resumpt ion  of the growth of leukemia  L-1210 c e l l s ,  

grown to s ta t ionary  phase and cooled at 4 ~ for  1 h r ,  is  detectable within 30 minutes  

following the addition of cyclic CMP (at 10 -4 - 10 -8 M) to the cul ture  (3). In the 

absence of the cyclic nucleotide,  growth, as measu red  by cel l  count and total  prote in ,  

lags for  approx imate ly  2 h r s .  The growth s t imula tory  effect of the ma te r i a l  i so la ted  

f rom the L-1210 cel ls  i s  indis t inguishable  f rom that of authentic cyclic CMP~ Such 

a s t imulat ion of growth is  not effected by 2 ' , 3 ' - c y c l i c  CMP, 5 ' -CMP,  5 ' -CDP,  or 

5'-CTP o 

The amount of cyclic CMP obtained appears to be proportionate to the number of 

cells harvested. For instance, 0.94 pmole was obtained by acid (0.6N) extraction 

of the L-1210 cells harvested from 30 mice on day 5 after inoculation of 8 x 106 

cells; 3.53 #moles were extracted (1 N acid) from the cells harvested from 100 mice 

on day 7 after inoculation of I x 106 cells, and 5.72 pmoles were obtained from the 

657 



Vol. 58, No. 3, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

hot wa te r  ex t r ac t  of the ce l l s (55  ce,  64.3 g wet weight) co l lec ted  f rom 100 mice  on 

day 6 a f t e r  inocula t ion of 2 x 106 c e l l s .  P ropo r t i ona l  amounts  were  obtained in 

o the r  e x p e r i m e n t s .  

Whereas  the ident i ty  of the  i so l a t ed  m a t e r i a l  a s  3 ' ,  5 ' - c y c l i c  CMP a p p e a r s  to 

be f i r m l y  e s t ab l i shed  by these  s tud ies ,  the ques t ion  a r i s e s  whether  th is  cyc l ic  

nucleot ide ,  being p r e s e n t  in r e l a t i v e l y  low concen t ra t ions  in  the  cel l  e x t r a c t s ,  might  

be an a r t i f a c t .  Two f ac to r s  would suppor t  the view that  the i so la ted  compound i s  a 

p r o p e r  ce l l  cons t i tuent .  F i r s t ,  the fact  that  cyc l ic  CMP was i so la ted  f rom the ce l l s  

by two d i f fe ren t  ex t r ac t ion  p r o c e d u r e s ,  involving e i t he r  cold ac id  o r  boi l ing wa te r ,  

pH 6.8 ,  d imin i shes  the p o s s i b i l i t y  that  non -enzymat i c  cyc l i za t ion  of an unidentif ied 

p r e c u r s o r  o c c u r r e d  dur ing  workup.  Second, 3 ' - C M P ,  5 ' - C M P ,  5'-CDP, 5LCTP, 

CDP-chol ine  CDP ethanol a m i n e  and CDP g lyce ro l ,  which were  cons ide red  among 

some of the poss ib l e  compounds that  might  give r i s e ,  nonenzymat ica l ly ,  to the 

cycl ic  nucleot ide  a s  a r e s u l t  of the ex t r ac t ion  p r o c e d u r e s  used ,  r e m a i n e d  unchanged 

when kept  in boi l ing wa te r ,  pH 6.8 ,  o r  in cold 1N HC104 fo r  15 min .  Speci f ica l ly ,  

5 ~ C i  o f e a c h o f  [ 2 - 1 4 C ] C M P ,  [ 2 - 1 4 C ] C D P  and [ 2 - 1 4 C ] C T P ,  o r  0 . S m g e a c h  

of 3 ' - C M P  o r  of the nucleot ide  anhydr ides  were  d i s so lved  in a mix tu re  of 32 ml  of 

d i s t i l l ed  wa te r  and 15 ml  of sa l ine ,  co r r e spond ing  app rox ima te ly  to the amount  of 

i n t r a e e l l u l a r  wate r  and i n t e r c e l l u l a r  sa l ine  contained in a sa l ine  washed pe l l e t  of 

L-1210 c e l l s  h a r v e s t e d  f rom 100 m i c e .  The solut ion was then worked-up exac t ly  

a s  was the ce l l  p e l l e t .  Under  these  condi t ions no cyc l ic  CMP was de tec tab le  on the 

e h r o m a t o g r a m s  e i t h e r  by uv o r ,  in the c a s e  of the l abe led  compounds,  by l iquid 

sc in t i l l a t ion  s p e c t r o m e t r y .  

The in i t ia t ion  of ce l l  growth by cyc l ic  CMP, under  condi t ions where  cyc l i c  AMP 

ex tens ive ly  de lays  the onse t  of growth,  could be  cons t rued  to sugges t  that  cyc l i c  CMP 

may  p lay  a r e g u l a t o r y  ro le  in the ce l l  m e t a b o l i s m .  Such a sugges t ion  mus t  not, 

however ,  be i n t e r p r e t e d  as  d i r e c t  p roof  of the  phys i ca l  ex i s t ence  of cyc l ic  CMP in 
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the cell. Such proof will have to come from the identification of enzymes which 

catalyze the formation of the cyclic nucleotide from appropriate precursors ,  and 

from the isolation of the compound from cells by procedures other than the ones 

employed here.  These studies are in progress  in our laboratory.  
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