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SUMMARY 

Nucleosides, nucleoside monophosphates (5’~, 3’- and 2’4somers) and cyclic 
nucleotides (2’-+3’- and 3’+5’-) were separated by ion-pair reversed-phase high-per- 
formance liquid chromatography on a Radial-Pak C1s column (5 p particle size). 
In this way, isomer+-sequence oligonucleotides, such as CpU and UPC, CpA and 
ApC, UpG and GpU and GpA and ApG, may easily be separated. By decreasing 
the amount of counter-ion, larger molecules may be chromatographed with shorter 
retention times. This technique may be useful in the identification and quantitation 
of enzyme reactions of nucleic acid catabolism and in the analysis of specific cleavages 
of oligonucleotides used as substrates by different endonucleases. 

INTRODUCTION 

High-performance liquid chromatography (HPLC) has been widely applied to 
the separation of nucleobases, nucleosides and nucleotides. The two most commonly 
employed separation techniques involve either ion-exchange1-s or reversed-phase 
chromatography@-14. 

In reverseed-phase HPLC, compounds are retained on columns according to 
their hydrophobicity. This mode of chromatography has been used for the separation 
of oligodeoxyribonucleotides from their phosphorylated derivatives’ 5~16 and for the 
separation of sequence-isomeric pyrimidine oligodeoxyribonucleotides’ ‘. Larger 
molecules have also been resolved by reversed-phase HPLC1*J9. In this technique, 
the addition to the mobile phase of an ion-pairing agent with a hydrophobic moiety 
that could adsorb on to the stationary phase and an ionic group that could pair with 
the negatively charged nucleotide resulted in the greater retention of nucleotides on 
reversed-phase columns20*2 l. Ion-pair chromatography combines the advantages of 
reversed-phase and ion-exchange chromatography. It has been applied to the sepa- 
ration of ribonucleoside mono-, di- and triphosphates22-26, of oligonucleotides27 and 
of nucleic acids2*,29. 

We report here an ion-pair reversed-phase HPLC method that can separate 
bases, nucleosides, nucleotides (S-, 3’- and 2’4somers) and cyclic nucleotides (2’+3’- 
and 3’+5’-). Using the same programme, isomer+-sequence oligonucleotides such as 
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CpU and UPC, CpA and ApC, UpG and GpU and GpA and ApG may be easily 
separated. By decreasing the amount of counter-ion, larger molecules may be chro- 
matographed with shorter retention times. 

This technique may be suitable for the study of enzyme reactions of nucleic 
acid catabolism. It can be also useful in the analysis of specific cleavages of oligo- 
nucleotides by different endonucleases. 

EXPERIMENTAL 

Chemicals 
All nucleobases, nucleosides, nucleotides, oligonucleotides and polynucleotides 

were obtained from Sigma (St. Louis, MO, U.S.A.) and PL-Biochemicals (Milwau- 
kee, WI, U.S.A.).Tetrabutylammonium phosphate (Pit A reagent) used for ion pair- 
ing was purchased from Waters Assoc. (Milford, MA, U.S.A.). The water used for 
the bulfer was purified in a Mill&Q system to give a resistivity of 18 &IQ/cm (Milli- 
pore, Bedford, MA, U.S.A.). Acetonitrile was of HPLC grade (Carlo Erba, Milan, 
Italy). 

4 6 12 16 20 24 28 32 36 40 44 Tlmefmin) 

Fig. 1. Elution profile of a test mixture of 5’-, 3’-, 2’-mono-, 5’-di- and 5’-triphophates, as detected at 254 
nm; 0.05 a.u.f.s. (separation conditions are described under Experimental). Retention times in minutes are 
as follows: (1) 5’-CMP, 5.62; (2) 5’-UMP, 8.41; (3) 5’-GMP, 10.87; (4) 2’-CMP, 13.60, (5) 3’-CMP, 14.76; 
(6) S-AMP, 16.54; (7) CDP, 17.68; (8) 3’-GMP, 18.16; (9) 3’-UMP, 18.66; (10) 2’-UMP, 19.13; (11) UDP, 
21.06; (12) GDP, 21.84; (13) 2’-GMP, 22.19; (14) 3’-AMP. 23.88; (15) 2’- AMP, 26.97; (16) ADP, 27.64; 
(17) Cl-P, 30.59; (18) GTP, 33.02; (19) UTP. 33.78; (20) ATP, 37.19. 
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Znstrumentation 
HPLC was performed on a Waters Assoc. instrument, equipped with two sol- 

vent delivery systems (Model M45 and Model 6OOOA), a Model 720 solvent pro- 
grammer, a Model 440 UV-absorbance detector operating at 254 and 280 mn, a 
Model U6K sample injector and a Model 730 integrator. 

The analytical reversed-phase column used was a Radial-Pak Cis (100 x 8 
mm I.D., 5 pm particle size) in a Waters Assoc. radial compression module (RCM- 
100). 

Chromatographic conditions 
A gradient elution system was used, consisting of two mobile phases. Mobile 

phase A was 0.02 mol/l monopotassium phosphate buffer (pH 6.5), containing 5 mM 
Pit A reagent. Mobile phase B was a I:1 (v/v) mixture of mobile phase A and ace- 
tonitrile. Before use, the phosphate buffer and acetonitrile were filtered through a 
Millipore membrane filter [Type HA for phosphate buffer (pore size 0.45 pm) and 
type FH for acetonitrile (pore size 0.5 pm)]. 

Elutions were first performed with mobile phase A (isocratic conditions). After 

Fig. 2. Elution profile of a test mixture of bases, nucleosides and cyclic nucleotides, as detected at 254 
nm; 0.05 a.u.f.s. (separation conditions are described under Experimental,). Retention times in minutes 
are as follows: (1) cytosine, 1.83; (2) uracil, 2.33; (3) hypoxanthine, 3.u); (4) xanthine, 3.95; (5) &dine, 
4.36; (6) 2’+3’-cCMP, 7.54; (7) 2’+3’-cUMP, 9.12; (8) adenosine, 11.45; (9) 2’+3’-cGMP, 15.16 (10) 
3’+5’cCMP, 15.42; (11) 3’+5’-cUMP, 18.28; (12) 3’+5’-cGMP, 19.90; (13) 2’+3’-cAMP, 21.08; (14) 
3’+5’-cAMP. 24.70. 



284 B. ALLINQUANT, C. MUSENGER, E. SCHULLER 

3 min, a linear gradient (solvent programme No. 6) was started from the initial 
conditions, leading in 45 min to the final conditions, consisting of eluent A-eluent 
B (1:l). At this time, automatic resetting to the initial conditions occurred, followed 
by a waiting time of 15 min before the next injection. The solvent flow-rate was kept 
constant at 2.0 ml/mm. 

RESULTS AND DISCUSSION 

Chromatography 
Fig. 1 illustrates a typical analysis of a standard mixture containing S-, 3’-, 

2’-mono-, S-di- and 5’-triphosphates. Cytidine nucleotides, particularly 5’-CMP, 
which is slightly negatively charged, eluted first and adenine nucleotides last. With 
the exception of adenine nucleotides, the order of retention times of the nucleotides 
follows the predicted order for an anion-exchange columnl+. Strong retention of 
adenine nucleotides is probably the result of hydrophobic interaction with the sta- 
tionary reversed phase. Fig. 2 shows the separation of bases, nucleosides, 2’+3’- 
cyclic and 3’+5’-Cyclic nucleotides. 2’ +3’-Cyclic nucleotides were eluted before their 
3’ + 5’-cyclic isomers. 

Using the same programme, di- and trinucleotides may be easily resolved in 
30 min. Dinucleotide 3’+5’-monophosphates such as CpU and UPC, CpA and ApC, 
UpG and GpU and GpA and ApG may be easily separated (Fig. 3). Their order of 

4 6 12 16 20 24 28 32 36 Ttme (min) 

Fig. 3. Chromatogram of oligonuckotides, as detected at 254 nm; 0.05 a.u.f.s. Retention times in minutes 
are as follows: (1) CpC, 13.08; (2) CPU, 15.6; (3) UpC, 16.25; (4) GpC, 17.72; (5) UpG, 18,14, (6) CpA, 
18.76; (7) GpU, 20.30; (8) ApC, 21.56; (9) GpA, 22.04, (10) ApG, 23.12; (11) ApU, 23.66, (12) ApA, 
25.48; (13) GpApC, 23.65; (14) ApUpG, 29.90. Conditions as described under Experimental. 
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retention times follows the predicted order for the S-nucleotides. The nature of the 
second nucleotide determines secondly the order of elution. 

The gradient conditions used give the best separation with reasonable retention 
times and with a very slight baseline drift. By increasing the gradient slope with a 
shorter time programme, the chromatographic separation may be altered and over- 
lapping occurs. 

The mono-, di- and trinucleotides can be quantitated with a detection limit of 
20 pmol, the response of the UV detector at 254 nm being linear from 20 to 1500 
pmoles by measurement of the peak heights or the peak areas. For the mononucleo- 
side triphosphates the detection limit is 50 pmoles, the response of the detector being 
linear from 50 to 1500 pmole by measurement of the peak areas. The relative standard 
deviation of the peak areas for ten successive injections of 1 nmole is 0.6%. 

Fig. 4 shows that the retention times of the different compounds depend 
strongly on the amount of tetrabutylammonium in the concentration range studied 
(0.2-5 mM). 
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Fig. 4. Relationship between the retention times and the logarithm of the counter-ion concentrations 
(mM) of the mobile phases. 
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All chromatograms were obtained under the same gradient conditions as de- 
scribed under Experimental. From 0.2 to 1 mM, inhibitors of protein synthesis found 
in interferon-treated cells (trimer S&phosphate pppA2pSA2’pSA and tetramer 
pppAz’pSA2’pSA2’ps’A) may be chromatographed in our system. Similarly, Wag- 
ner et aLJo observed that the concentration of the counter-ion determines the reten- 
tion times of amines in ion-pair reversed-phase HPLC. Without any counter-ion and 
with the same pH of the mobile phase, polynucleotides may be separated according 
to their hydrophobicity, similarly to the method described by Garcia and Liautardlg 
(Fig. 5). 

4 8 12 16 20 24 Time (min 1 

Fig. 5. Chromatogram of oligo- and polynucleotides. Chromatographic conditions are as described, ex- 
cept no counter-ion was added. Peaks: (1) pppA2’~5’A2’~5’A; (2) pppA2’pS’A2’p5’AZ’p5’A; (3) Poly(U); 
(4) Poly(A-U); (5) Poly(A). 

After use, the column is washed with water-acetonitrile (l:l, v/v) for 45 min 
at a flow-rate of 2.0 ml/min. Methanol is never used for washing. The Radial-Pak 
cartridges are known to have shorter lifetimes than steel columns. Under these chro- 
matographic conditions, the lifetime of the column is about 130 runs. 

APPLICATIONS 

This chromatographic separation may be applied to the study of nucleic acid 
catabolism. 
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Study of enzymes of nucleic acid catabolism 
Different types of enzymes may be involved, as follows. 
2’+3’-cyclic phosphodiesterase. This enzyme (E.C. 3.1.4.37), which catalyses 

the hydrolysis of several 2’-+3’-cyclic nucleoside monophosphates to their respective 
2’-nucleoside monophosphates, has a very high activity in the central nervous system, 
particularly in myelin3 1-34. 

5’- and 2’-nucleotidases. Although not specific for myelin, 5’-nucleotidase is a 
myelin-associated enzyme3 s, increasing during development36. Recently, a 2’-nucleo- 
tidase has been found in mammalian brain3’. 

(2’,5’)-Oligoisoadenylate synthetase. This enzyme synthesizes a series of 
(2’,5’)-linked oligoadenylates from ATP in the presence of double-stranded RNA. 
The level of this enzyme is elevated lo- to lOOO-fold on interferon treatment of various 
cells in tissue cultures38. The activity of this enzyme may be monitored by using our 
programme without any counter ion (Fig. 5). 

By using our HPLC technique, the increase in enzymatic products may be 
followed and quantified in parallel with a decrease in substrate (Figs. 6 and 7). 

1 
4 6 12 16 20 24 28 Time (min) 

Fig. 6. Product and substrate of 2’+3’-cyclic phosphodiesterase from rat brain. Enzyme reaction was 
carried out with 20 ~1 of 30 @ 2’+3’-cAMP in a total volume of 130 $. After 1 h at 37’C, reaction was 
stopped by heating for 2 min at 1WC and then chilling. After centrifugation. 50 fi, diluted l:lOO, was 
injected. Chromatographic conditions as described under Experimental. Peaks: (1) 2’+3’-CAMP; (2) 2’- 
AMP. 
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4 8 12 16 20 Time (man) 
Fig. 7. Product and substrate of S-nucleotidase enzyme reaction as described36. After 1 h at 37’C, the 
reaction was stopped by heating. Chromatographic conditions as described under Experimental. Peaks: 
(1) adenosine; (2) 5’-AMP. 

Analysis of speciJic cleavages of oligonucleotides used as substrates by d@Yerent endo- 
nucleases 

Most ribonucleases (which act as endonucleases) in human cerebrospinal fluid 
split ribonucleic acids after pyrimidine sequences and particularly after cytidylic res- 
idues, producing oligonucleotides ending in a 2’ +3’-cyclic phosphate, as demonstrat- 
ed in Figs. 8 and 9. In this way, such products may be purified. Their length may be 
determined as already described by Crowther et aLz7. When each of the substrates 
CpA, CpC, CpG and CpU was incubated with the same enzyme for a longer time, 
only CpA was cleaved, suggesting that such endonucleases preferentially cleave be- 
tween cytidylic and adenylic residues (Fig. 10). 

CONCLUSION 

With this reversed-phase system, oligonucleotides of various lengths may be 
separated by varying the counter-ion concentrations. Without any counter ion, poly- 
nucleotides may be eluted. With a 5 mM concentration of counter ion, maximal 
resolutions of isomeric nucleotides occurred with reasonable retention times. 
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4 6 12 16 20 24 26 32 36 40 44 Time(mtn) 

Fig. 8. Oligonucleotides produced by cerebrospinal fluid ribomtclease activity with a poly(C) substrate 
(cc. 650 nucleotides). Enzyme reaction was carried out with 15 nl of cerebrospinal fluid, I5 gl of 9 mol/ml 
poly(C) under the conditions described in ref. 39. After 30 min at 37”C, reaction was stopped by heating. 
Chromatographic conditions as described under Experimental. Each peak represents oligocytidylates 
(C 10 nucleotides) ended by a 2’+3’-cyclic phosphate. Elution of larger oligocytidylates is performed by 
decreasing counter-ion concentrations. Without any counter-ion (conditions as in Fig. 5) poly(C) eluted 
at 17.58 min. 

4 6 12 16 20 24 26 32 36 40 44 46Time(m!n) 

Fig. 9. Oligonucleotides produced in Fig. 8 after action of 0.1 N HC104 for 5 min. The supernatant 
injected in Fig. 8 was treated with 0. I N HC104 to split terminal 2 -3’~cyclic phosphate in 2’-phosphate- 
and 3’-phosphate-isomers. In this way, each component in Fig. 8 yields two peaks. 
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c 
4 6 12 16 20 24 

Fig. 10. Product and substrate of cerebrospinal fluid ribonuclease activity on CpA after 16 h at 37’C. 
Cbromatograpbic conditions as described under Experimental. Peaks: (1) 2’-3’-cyclic CMP; (2) adeno- 
sine; (3) residual substrate CPA. 
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