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SUMMARY: A compound isolated from the cold acid soluble fraction and from 
hot water extracts of rat liver has been identified as 3’, 5’-cyclic UMP by compar- 
ison with the authentic compound with respect to the following characteristics: Rf 
values in nine solvent systems; electrophoretic mobility in three buffers; W spectra; 
nmr spectrum; acid and enzymatic hydrolysis; and effect on L-1210 cell growth 
in vitrc. -- 

INTRODUCTION: We have recently described the isolation of cytidine 3’, 5’-mono- 

phosphate (cyclic CMP) from the cold acid soluble fraction of intact leukemia 

L-1210 cells and from hot water extracts of disrupted L-1210 cells (1). We have 

also demonstrated the presence of cyclic CMP in normal rat liver, and have found 

from 50-200 times more cyclic CMP in regenerating than in normal liver (2). Sim- 

ilarly, we were able to demonstrate (by paper chromatography) the presence of 

cyclic CMP in 24 hr urine specimens from 5 patients with acute leukemia, but did 

not detect the cyclic nucleotide in 5 urine samples from normal subjects (3). We 

have also shown that cyclic CMP can initiate the growth of staged leukemia L-1210 

cells in vitro , and that it can overcome the 24 hr lag which ensues when cyclic 

AMP is added to the cells (4). 

During the chromatographic separation of cyclic CMP from the cold acid 

and the hot water extracts of rat liver, a second Wabsorbingmaterialwas encoun- 

tered which we have now identified as 3’, 5’-cyclic UMP. 
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EXPERIMENTAL: 

Materials: Male Sprague-Dawley rats, approximately 3 months old and 
weighing 150-200 g, were used for all experiments. Uridine 3’, 5’-cyclic monophos- 
phoric acid-Na salt and uridine 2’, 3’-cyclic monophosphoric acid were purchased 
from the Sigma Chemical Co., St. Louis, MO. and were purified before use by 
chromatography in the solvents B and I. 3’, 5’-cyclic UMP was also prepared by us 
by deamination of cyclic CMP (5) by reacting it at room temperature with sodium 
nitrite+in a solution of 25% aq. acetic acid, followed by purification through Dowex 
50-H . Cyclic UMP was obtained as the free acid,and a portion y f  the compound 
was converted to the sodium salt by passage through Dowex 50-Na . 3’-Ribonucleo- 
tide phosphohydrolase (E. C. No. 3.1.3.6), partially purified from rye grass (14 
u/mg; 2’-nucleotidase activity 0.5%; 5’-nucleotidase activity < 0.2%),and 5’-ribo- 
nucleotide phosphohydrolase (E. C. 3. 1.3.5) partially purified from Crotalus 
adamanteus venom (27.6 u/mg) were purchased from Sigma. Crystalline bovine 
pancreatic ribonuclease (E. C. 3.1.4.22; 40 u/mg) was purchased from Boehringer 
Corp., New York. Uracil, UMP, UDP and UTP were purchased from Sigma. 

UV Spectrophotometry: The UV spectra were recorded on a An&co DW-2 
spectrophotometer. Before assay, the compounds were dissolved in distilled de- 
ionized water at pH 7.0 or pH 11.0, as adjusted with 1N NaOH. 

Paper Chromatography: The following chromatographic systems were used 
for the separation and identification of the extracted material. 

(A) Ethanol-1M ammonium acetate (‘7:3 v/v; pH 6.6); (B) Isobutyric acid-2N 
ammonium hydroxide (66:34; v/v); (C) n-Butanol-glacial acetic acid-water (50:25: 
25; v/v); (D) Isoamyl alcohol-5% aq. Na2HP04 (l:l, v/v); (E) Isopropanol-cont. 
NH40H-H20) (7:1:2; v/v); (F) Isopropanol-cont. NH OH- 0.1 M H BO (6O:lO: 
30; v/v); (G) Na HPC 13.8 g into 900 ml Hz0 adjus 
Hz0 to 1 1, add &JO g &H 

0 pH to 6.8 w1 .tl? H %C , add 
) 

in 0.1 ml of O.lM boric aci 4c3 
SC4 and 20 ml n-propanol; (H) Dissolve c%m&unds 
, apply to chromatogram, air dry and develop in 

solvent A. (I)&Q?opanol-H20 (60:40, v/v). All separations were made by ascending 
chromatography at 20” C for 18 hr on Whatman 3 MM papers. 

Paper Electrophoresis: The following buffers were used for the electrophoretic 
characterization of the extracted material after its purification by paper chroma- 
tography : 

0.02 M, pH 7.8; 2) KH P04-NaOH, 0.015 M, pH 4.6; 
3) B’d,i?&~~~%%& (N2B407. 10 H20) (0.1% g: 7.63 g/l, adjust to pH 
9.0 with NaOH). Whatman 3 M papers (15 x 57 cm) were used for all determina- 
tions in a water cooled Savant flat plate high voltage electrophoresis unit. A poten- 
tial of 2500 V was applied for 60 minutes with buffer 1 and 1500 V for 30 minutes with 
buffers 2 and 3. 

Isolation of cyclic UMP from rat liver: 

a) Isolation from the acid soluble fraction. The method of Higgins and 
Anderson (6) was used to remove the median and left lateral lobes from rats anes- 
thesized with nembutal (30 mg/kg). Immediately upon excision, the tissues (250 - 
300 g) were cut into small sections and immersed into ice cold 1 N perchloric acid 
(volume = 3 x tissue weight) contained in a Waring blender. Homogenization was 
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carried out for 1 min, and the material was kept in the cold acid for an additional 
14 min, with occasional stirring. The homogenate was neutralized with 1 N KOH, 
and the resulting KC104 together with the tissue debris was removed by centrifuga- 
tion. The supernatant solution was reduced in vacua to the smallest possible volume -- 
which would allow the solutes to remain in solution, and was applied in narrow 
bands (0.2 x 40 cm) to 46 x 57 cm Whatman 3 MM papers. After ascending chroma- 
tography for 18 hr at 20” in solvent A, a band approximately 5 x 40 cm was cut 
from each paper at the location of the cyclic UMP marker (the band being removed 
extending approximately 1.5 cm above and below the marker). The bands were 
eluted jointly in 2000 ml of distilled deionized water, pH 6.8, and the eluate brought 
to dryness in vacua at 30” with a rotary evaporator. The material thus obtained -- 
was dissolved in a minimum of water, and was rechromatographed in solvent A, 
eluted, and rechromatographed twice in solvent B, followed by chromatography in 
solvent I (2 x). The material was eluted and was used for the various determina- 
tions of its identity. 

b) Isolation from hot water extracts of disrupted liver cells. To diminish 
the possibility that the isolated material is an artifact of the acid extraction proce- 
dure, rat livers (65-75 g samples) obtained under conditions identical to those 
described under (a), were frozen at -70” and disrupted by means of a Hughes 
press. The debris was then extracted for 10-15 min with 1500 ml of boiling water, 
pH 6.8. The pH did not change during the extraction. The debris was removed by 
centrifugation, and the supernatant solution was brought to dryness in a rotary 
evaporator at room temperature. The residue was subjected to repeated chroma- 
tography, as described for the acid soluble fraction. 

Hydrolytic degradation of the isolated material. An aliquot of the isolated ma- 
terial (7.3 A2 onm units, pH 7.0), was heated in 1 ml of 1 N HCl for 2 hr at 100” 
(5). The sol&on was cooled and brought to pH 7.0 with 1 N NaOH. To one 0.3 ml 
aliquot of the neutralized hydrolysate was added 0.1 ml of a solution of 1 mg of 5’- 
ribonucleotide phosphohydrolase in 1 ml of tris buffer, pH 8.5, and 0.1 ml of 0.1 M 
MgC12, and the mixture was incubated at 37” for 1 hr with gentle agitation. To an- 
other 0.3 ml aliquot of the neutralized hydrolysate was added 0.1 ml of a solution of 
tris-buffer, pH 7.5, containing 0.4 mg of 3’-ribonucleotide phosphohydrolase, and 
the mixture was incubated for 3 hr at 37” with gentle agitation. 

Following incubation, the reaction mixtures and the remaining untreated 0.3 
ml aliquot were immersed in a boiling water bath for 1 min and their volume was 
reduced in vacua to approximately 0.1 ml. -- The aliquots were applied to a chroma- 
tography sheet, which was developed in solvent H, and the dry chromatogram was 
then photographed under UV light (Fig. 2). 

Effect of RNAase on the isolated material. To 3.8 A 
the material isolated from liver, in 0.1 ml of tris buffer, 
of a solution of crystalline bovine pancreatic ribonuclease (1 mg/ml of tris buffer, 
pH 7.0). Incubation with gentle shaking proceeded for 60 min at 37” , after which 
the reaction vessel was immersed into a boiling water bath for 1 min. The entire 
mixture was applied to paper, chromatographed in solvent A, and the dry chromato- 
grams were photographed under UV light (Fig. 3). Equivalent aliquots (based on 
UV absorbance) of authentic 3*, 5’-cyclic UMP and 2’) 3’-cyclic UMP were treated 
identically (7). 
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Effect of the isolated material on the resumption of leukemia L-1210 cell growth. 
The techniques used to evaluate the delaying effect which cyclic UMP exerts on the 
resumptionof the growth of leukemia L-1210 cells grown to stationary phase and 
cooled at 4” for 1 hr, has been described previously (3). 

NMR Spectrometry . Approximately 100 pg of the isolated material and of 
authentic cyclic UMP were dissolved in 0.3 ml aliquots of D20 and dioxane was 
added as the internal standard. The spectra were obtained on a Varian Model XL- 
100 spectrometer operating in the FT mode. 

RESULTS: Following extensive chromatographic separation, a UV absorbing 

material was isolated from the cold acid soluble fraction as well as from boiling 

water extracts of normal rat liver, which was identified as 3’, 5’-cyclic UMP on 

the basis of the following criteria: 

1) The material had the same Rf values as authentic cyclic UMP upon paper 

chromatography in the nine solvent systems listed in the experimental section, and 

exhibited the same relative mobilities as authentic cyclic UMP upon electrophoresis 

in the three buffer systems listed in that section. 

2) The material has UV spectra (Fig. 1) which are essentially indistinguishable 

from those of authentic cyclic UMP ( \ 
pH 7.0 

= 261 nm, h 
pH 11.0 

= 260 nm). 
max max 

3) Acid hydrolysis of the isolated material produced two UV absorbing products 

(Fig. 2) which, in the solvents B, C, F and H had the respective Rf values of 5’- 

UMP, and 2’, (3’)-UMP. To confirm the identity of the products, an aliquot of the 

hydrolysate was treated for 1 hr at 37” with snake venom 5’-nucleotidase. Under 

these conditions (Fig. Z), the product considered to be 5’-UMP disappeared, and a 

new W absorbing material was seen, which, in all four solvents, had Rf values 

corresponding to uridine. Upon treatment with 3’-nucleotidase, part of the material 

considered to be 2’, (3’)-UMP was converted to uridine. The same result was ob- 

tained upon hydrolysis of authentic cyclic UMP. 

4) Unlike the phosphodiester ring of 2’,3’-cyclic UMP, which is opened by 
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220 230 240 250 260 270 280 290 220 230 240 250 260 270 280 290 

Fig. 1 UV spectra of authentic 3’, 5’-cyclic UMP at pH 7.0 (A) and pH 11.0 
(B) (upper curves), and of the isolated compound at corresponding pH’s 
(lower curves). (The spectra were separated for the sake of clarity, 
since they overlap closely in the 270-280 nm region. ) 

treatment with RNAase(7), that of 3’, 5’-cyclic UMP is not hydrolysed by treat- 

ment with this enzyme. Thus, after incubation of 0.5 pmole of 2’, 3’-cyclic UMP 

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

tected upon paper chromatography (Fig. 3). Instead, a new product was encountered 

which, in the solvents B, F and H had the Rf values of 21, (3’)-UMP. Under the same 

conditions, neither the material isolated from the cells-(3.5 A260nmunits, pH 7.0) 

nor authentic 3’, 5’-cyclic UMP underwent any degradation detectable on the chro- 

matograms (Fig. 3). 

5) The identity of the compound isolated was also confirmed by nmr spectro- 

metry. The spectrum of the isolated material was essentially the same as that 

of authentic cyclic UMP. 

6) We have observed (4) that when leukemia L-1210 cells are grown to station- 

ary phase and are then cooled at 4” for 1 hr, growth in the presence of fresh 

(37” ) medium resumes only after a lag of approximately 2 hr . Upon the addition 
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Fig. 2 Paper chromatographic analysis of an acid hydrolysate of the compound 
isolated from rat liver extracts. 7.3 A260nm units (pH 7.0) of the 
material were heated in 1 ml of 1 N HCl for 2 hr at 100” . Following 
neutralization with 1 N NaOH, the hydrolysate was divided into three 
parts. One was treated with 5’- ribonucleotide phosphohydrolase , 
another with 3’-ribonucleotide phosphohydrolase and the third served 
as control. Ascending chromatography of the three reaction mixtures 
was carried out on Whatman 3 MM paper at 20” for 15 hr in solvent H 
(see text). 
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ow-uw F-UYP S’-UMP AUflfmfk 
3’.!s* 

Cp4k- 
UYP 

Fig. 3 Lack of susceptibility of authentic 3’, 5’-cyclic UMP and of the isolated 
material to cleavage of the phosphodiester bond by RNAase. In contrast 
2’, 3’-cyclic UMP is acted upon by the enzyme. 

of 1 x 10e5M authentic cyclic UMP, the lag is extended by approximately 1.5 hr. The 

same prolongation of the lag period was produced by the equivalent concentration of 

isolated cyclic UMP. This additional delay is not effected by uracil, uridine, 2’, 3’- 

cyclic UMP, 5’-UMP, 5’-UDP, or 5’-UTP. 
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The amount of cyclic UMP isolated from the acid soluble and the hot water 

extract of normal rat liver ranged from approximately 3-6 nmole/g (wet weight). 

DISCUSSION : Whereas the identity of the isolated material as 3’, 5’-cyclic UMP 

appears firmly established by these studies, the question arises whether this com- 

pound is an artifact of the extraction procedure. The fact that the compound was iso- 

lated both from cold acid as well as from hot water extracts diminishes the possibility 

that the cyclic nucleotide was formed by non-enzymatic cyclization. We have also 

detected the presence of cyclic UMP in the urine of leukemic patients (3), the iso- 

lation of the compound from the urine involving only paper chromatographic separa- 

tion. Further, we have varied the sequence in which we employ the solvents for 

chromatography, using for instance, solvent I rather than solvent A for initial 

separation, without any apparent effect on the amount of cyclic UMP obtained. We 

have observed, however, that subsequent chromatography in solvent B is required 

before UV spectra exactly superimposable with those of authentic cyclic UMP are 

obtained, and before the Rf values in some of the solvents systems used for 

chromatographic identification of the material coincide accurately with the marker. 

Solvent B separates cyclic CMP from cyclic UMP and from two other components, 

one faster and one slower than the cyclic nucleotides, suggesting that the two cyclic 

nucleotides are bound to other cell components which may interfere with their 

ready detection by direct methods such as immunoassay (8). 

The possibility that cyclic UMP is derived from cyclic CMP during the isolation 

procedure is diminished by the fact that addition of 1 mg of cyclic CMP to cold 

1 N perchloric acid, followed by the chromatographic work-up outlined above, 

did not furnish any detectable cyclic UMP. Nevertheless, ultimate proof that the 

cyclic nucleotide is a bona fide cell constituent will have to await the identification -- 

of enzymes which catalyse the formation of cyclic UMP from appropriate precursors. 
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The fact that cyclic UMP like cyclic AMP (9) and cyclic GMP (10) delays the 

onset of the growth of staged L-1210 cells (4), whereas cyclic CMP initiates their pro- 

liferation, could imply that cyclic UMP, like cyclic AMP and cyclic GMP (ll-14), 

participates in the regulation of the cell cycle. 
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