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ABSTRACT
A procedure is described for the two-dimensional separation

of the 4 major and 16 modified nucleoside-(5') monophosphates on
anion-exchange thin layers of polyethyleneimine- (PEI-)cellulose.
The method, which is simple and less time-consuming than existing
partition chromatographic methods, may be used for the identifi-
cation of 5'-termini of RNA and RNA fragments.

For the separation of ribonucleoside-(5') monophosphates,

obtained by nuclease Sl digestion of oligoribonucleotides (see
the preceding paperl ), a PEI-cellulose thin-layer procedure has

been developed, which is the subject of the present paper.

MATERIALS
The monophosphates, pA, pC, pU, pG, pI, and pCm, and the

diphosphates, ppAm and ppUm, were purchased from Sigma Chemical

Co. or P-L Biochemicals. Monophosphates of other nucleosides

were prepared by a combination of chemical and enzymic methods

from RNase T1, A or U2 fragments of tRNALu (yeast), tRNALeG
(yeast) and tRNAPhe (human placenta) as described in Methods.

For the sources of alkaline phosphomonoesterase, snake venom

phosphodiesterase, nuclease SI, polynucleotide kinase, (3H)NaBH4,
(y -32P)ATP, and PEI-cellulose thin-layer sheets, see the pre-

ceding paperl. Cellulose sheets were from E. Merck (EM Labora-
tories # 5502). Other chemicals used were of analytical reagent

grade. Button-type permanent Alnico magnets (1/2" x 3/8") were

from General Hardware Manufacturing Co., Inc., New York.
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METHODS
Preparation of nucleoside-(5') monophosphates. The mono-

phosphates, pAm, pUm, and (32P)pGm, were prepared from ppAm,

ppUm, and Gm-A-A-Y-A-yp, respectively2. 5'-Monophosphates of
most modified nucleosides were prepared in 32P-labeled form.

pT, pm5C, pmlG, and py were prepared from T-y-C-Gp, m5C-A-A-Gp,
mlG-C-V-C-U-Gp, and Y-U-U-Ap3, respectively; pD and pac4C, from

D-C-D-A-A-Gp and C-ac4C-Gp4, respectively; pmlA, pm7G, pmJG,
and pm2G, from mlA-U-C-C-C-Gp, m7G-(D,U)-C-m5C-C-U-Gp, m2G-Vp,
and A-m G-Cp , respectively.

The monophosphates, pT, pm5C, pm1G, py, pD, pmlA, pm7G, and

pmJG, were obtained by subjecting the corresponding oligonucleo-

tide to 5'-terminal labeling by the (y -32P)ATP/polynucleotide
kinase reaction6'7, followed by digestion with nuclease S18.
The reaction mixture contained 0.02 - 0.05 mM oligonucleotide,
0.12 mM (y -32P)ATP (3 - 5 Ci/mmole), 15 mM Tris-HCl (pH 8.0),
5 mM dithiothreitol, 10 mM MgC12, and 0.14 U/pl polynucleotide

kinase in a total volume of 15 p1. The incubation was carried

out at 380 for 30 min. The labeled terminus was released as

nucleoside-(5') monophosphate by incubating the kinase reaction

mixture with nuclease S1 (60 U/pl), sodium acetate, pH 4.5
(60 mMi), LiCl (0.15 M), and ZnC12 (0.1 mM). After 20 - 50 min

at 380, the samples were applied to a PEI-cellulose thin-layer
sheet and developed with acetic acid/formic acid or Tris-HCl
using conditions similar to those described under Chromatography
(see below). The monophosphate spots were located by auto-

radiography and eluted with 4 M pyridinium formate (pH 4.0) or

2 M LiCl and purified by passing the eluates through phospho-
cellulose9. 50,000 - 500,000 cpm of each monophosphate was

isolated in this way to serve as a marker compound.
The monophosphates, pac4C and pm2G, were prepared by con-

verting the trinucleotides, C-ac4C-Gp and A-m2G-Cp (0.05 - 0.1
mM), to the corresponding (3H)-labeled oligonucleotide-(3') di-

alcohols, C-ac4C-G'-T and A-m2G-C'-T, as follows: (1) dephospho-
rylation with alkaline phosphomonoesterase (0.2 pg/pl), (2) oxi-

dation with NaIO4 (1 mM); and (3) reduction with (3H)NaBH4 (about
5 mM). C-ac4C-G'-T and A-m2G-C'-T were then digested with snake

venom phosphodiesterase (0.25 pg/pl) in the presence of 20 mM

bicine (pH 8.0), 10 mM MgC12, and 0.05 pg/pl alkaline phospha-
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tase at 500 for 6 - 7 hrs to yield ac4C-G'-T and m2G-C'-T, re-

spectively. This reaction appears to be due to endonuclease ac-

tivity present in snake venom phosphodiesterase preparations.

The dinucleotide derivatives appear to be resistant to this

endonucleolytic activity. (32P)pac4C and (32P)pm2G were pre-

pared from these derivatives by treatment with (y -32P)ATP/poly-
nucleotide kinase, followed by digestion with nuclease Sl as

described above.

The monophosphate, pm6A, was prepared by incubation of

(32P)pmlA (130,000 cpm) in 30 mM bicine (pH 9.5) at 500 for 5

hrs.

Chromatography. Separations were carried out on PEI-cellu-
lose thin layers that had been prepared in the laboratory. For

two-dimensional mapping of nucleoside monophosphates, about

1,000 - 2,000 cpm of each labeled compound (pmlA, pm6A, pm5C,
pac4C, pGm, pmlG, pm2G, pmJG, pm7G, pD, pT, and pT) and 10 - 20

nmole of unlabeled compounds (pA, pC, pU, pG, pI, pAm, pCm, and

pUm), in a volume of 12 l1, was applied in 3-pl portions to the

layer at 2.5 cm each from the left-hand and the bottom edge.
Before chromatography, the sheet was soaked in 200 ml of metha-
nol for 10 min and dried in a stream of cool air. Development
was in stepwise fashion (without intermediate drying) with (1)
water to the origin, (2) 0.25 N acetic acid to 9 cm, and (3)
0.8 N formic acid to 4 cm on a Whatman # 1 wick attached at 17

cm from the origin (first dimension). The sheet was dried

thoroughly (10 - 15 min with cool air, then 5 min with warm air),
soaked in a solution of 600 mg of tris(hydroxymethyl)amino-
methane in 500 ml of methanol for 10 min, dried with cool air,

and finally soaked in 500 ml of methanol for 10 min. The Tris/
methanol treatment serves to adjust the pH of the layer so as

to obviate the formation of pH fronts during development in the

second dimension10. For the second dimension, chromatography
was with (1) water to the origin and (2) 0.22 M Tris-HCl, pH

8.0, to 5 cm on a Whatman # 1 wick. Spots were located by ex-

amination under a short-wave ultraviolet lamp and by autoradi-

ography.

The location of each individual compound on the map rela-

tive to the major compounds was determined by cochromatography
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with a mixture of nonradioactive pA, pC, pU, and pG (10 - 20

nmole each). All compounds are resolved in this system except

pU and pV, which may, however, be readily resolved on cellulose
layers (see below). Using the same chromatographic conditions,

a similar separation of monophosphates was achieved on commer-

cial PEI-cellulose sheets but the spots were more diffuse than

on "homemade" sheets, resulting in incomplete resolution of

some compounds, for example the pm2G/pGm pair.

For separating pU and py, the area containing these com-

pounds was cut from the chromatogram and soaked in methanol.

The 2 compounds were then transferred by direct contact to a

cellulose thin-layer sheet using magnets to hold the PEI-cellu-

lose cut-out in contact with the cellulose layer . To transfer

the monophosphates quantitatively to the cellulose sheet, the

chromatogram was first developed with 2 N ammonia to 2.5 cm

above the origin. Magnets and cut-out were removed and the

layer dried thoroughly. The sheet was then developed with

acetonitrile/t-amyl alcohol/4 N ammonia (5 : 1 : 5, by vol.) to

4 - 5 cm on a Whatman # 1 wick attached at about 17 cm from the

origin.

RESULTS AND DISCUSSION
An autoradiogram of a nucleotide fingerprint is shown in

Fig. 1. The location of the nonradioactive compounds chromato-

graphed has been indicated by drawing. Relative RF values are

compiled in Table 1. The combination of the two solvent systems
thus affords an excellent resolution of major and modified nu-

cleoside-(5') monophosphates, except that py partially overlaps

pU. Following contact transfer of the pU/py area to a cellulose

thin layer (see Methods), these 2 compounds are readily resolved

by chromatography with acetonitrile/t-amyl alcohol/4 N ammonia

(5 : 1 : 5). Relative RF values are 0.91 for py and 1.0 for pU.

This solvent also separates pT and pUm from pU (relative RF
values, 1.10 for pT and 1.26 for pUm).

As expected, compounds carrying a positively charged base

moiety (pmlA, pm7G) migrate very fast on the anion-exchange thin

layer (see Fig. 1). For the separation of pm7G from pCm and of
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Fig. 1

Two-dimensional separation of a model mixture of nonradioactive
and (32P)-labeled nucleoside-(5') monophosphates on a PEI-cellu-
lose thin layer. Development with acetic acid/formic acid in
the first dimension (bottom to top) and Tris-HCl, pH 8, in the
second dimension (left to right). For details of the procedure,
consult text.

pm5C from pC, 0.25 N acetic acid was found to be optimal. The

spot of pm6A is somewhat diffuse under these conditions but pm6A
gives a sharp spot in 0.4 - 0.6 N acetic acid (not shown). In

general, optimal separation of derivatives of pA and pC is being
achieved by development with a low concentration of acetic acid

while pG and pU derivatives best separate at low concentrations

of Tris-HCl, pH 8 (0.2 - 0.3 M).
The triangle drawn through the positions of the major nu-

cleotides (Fig. 1) may be used for reference purposes to locate

the modified derivatives.
The procedure described in the present communication enables

one to resolve complex mixtures of nucleoside monophosphates.
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Table 1

Relative RF values (RpC a 1.0) of modified nucleoside-(5') mono-
phosphates in 2 solvent systems.

Since the total development time is only 4 - 5 hrs the procedure
is less time-consuming than existing partition chromatographic
procedures for two-dimensional separation of nucleoside mono-

phosphates on thin layers or paper 214. Also, since the pre-

sent ion-exchange method does not entail the use of strongly

acidic or basic solvents it should be suitable for the analysis
of labile RNA constituents.

The separation procedure presented has been applied to the

identification of 5'-terminal positions of oligonucleotides (see

the preceding paperl); it may also be useful in base composition
studies on (32P)-labeled RNA.
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Stepwise development in
Compound 0.25 N acetic acid and 0.22 MI Tris-HCl, pH 8

0.8 N formic acid

PMIA 1.21 1.63
pm7G 1.17 1.21

pCm 1.08 1.16
pm5C 1.07 0.94

pC 1.00 1.00
pAm 0.90 1.01
pm6A 0.75 0.93

pA 0.68 0.80
pm3G 0.43 0.68
pmlG 0.41 0.86
pm2G 0.36 0.55

pGm 0.34 0.63
pG 0.29 0.47
pUm 0.27 1.23
pD 0.24 1.38
pT 0.23 1.20
pU 0.22 1.10

py 0.19 1.08
pI 0.17 0.55
pac4C 0.14 0.94
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ABBREVIATIONS

Abbreviations used are as recommended (1970) by the IUPAC-
IUB Commission on Biochemical Nomenclature (see Biochim. Biophys.
Acta 247, 1 (1971) or J. Mol. Biol. 55, 299 (1971)). Additional
abbreviations: PEI-cellulose, anion-exchange cellulose material
obtained by treating cellulose with polyethyleneiminel5;
C-ac4C-G'-T, A-m2G-C '-T, etc4, (3H)-labeled oligonucleotide-(3')
dialcohols derived from C-ac C-G, A-m2G-C, etc.; bicine, N,N-bis-
(2-hydroxyethyl)glycine; Y, wybutosinel6, the fluorescent nucleo-
side from tRNAPne of Saccharomyces cerevisiae17,18.

REFERENCES
1 Gupta, R. C., Randerath, E., and Randerath, K. (1976) Nucl.

Acids Res.
2 Gupta, R. C., Randerath, K., and Randerath, E. (1976) Anal.

Biochem., in press.
3 Randerath, K., Chia, L.S.Y., Gupta, R. C., Randerath, E.,

Hawkins, E. R., Brum, C. K., and Chang, S. H. (1975) Biochem.
Biophys. Res. Comm. 63, 157-163.

4 Chang, S. H., Kuo, S., Hawkins, E. R., and Miller, N. R. (1973)
Biochem. Biophys. Res. Comm. 51, 951-955.

5 Roe, B. A., Anandaraj, M.P.J.S., Chia L.S.Y., Randerath, E.,
Gupta, R. C., and Randerath, K. (1975) Biochem. Biophys. Res.
Comm. 66, 1097-1105.

6 Richardson, C. C. (1971) in Procedures in Nucl. Acid Res.
(Cantoni, G. L., and Davies, D. R., eds.), Vol. 2, pp. 815-
828, Harper and Row, New York.

7 Simsek, M., Ziegenmeyer, J., Heckman, J., and RajBhandary,
U. L. (1973) Proc. Natl. Acad. Sci. USA 70, 1041-1045.

8 Ando, T. (1966) Biochim. Biophys. Acta 114, 158-168.
9 Randerath, E., and Randerath, K. (1967) J. Chromatog. 31,

485-499.
10 Randerath, K., and Randerath, E. (1965) Anal. Biochem. 13,

575-579.
11 Randerath, K., Randerath, E., Chia, L.S.Y., Gupta, R. C.,

and Sivarajan, M. (1974) Nucl. Acids Res. 1, 1121-1141.
12 Nishimura, S. (1972) in Progr. Nucl. Acid Res. Mol. Biol.

(Davidson, J. N., andCxohn, W. E., eds.), Vol. 12, pp. 49-85,
Academic Press, New York.

13 Nishimura, S., Harada, F., Narushima, U., and Seno, T. (1967)
Biochim. Biophys. Acta 142, 133-148.

14 Feldmann, H., and Falter, H. (1971) Eur. J. Biochem. 18, 573
-581.

15 Randerath, K. (1962) Biochim. Biophys. Acta 61, 852-854.
16 Trivial name as proposed recently by W. E. Cohn and D. B.

Dunn, cf. Hall, R. H., and Dunn, D. B. (1975) in Handbook
of Biochemistry and Molecular Biology (Fasman,-F. D., ed.)
3rd ed., Nucleic Acids, Vol. 1, pp. 216-250, CRC Press,
Cleveland.

17 RajBhandary, U. L., Faulkner, R. D., and Stuart, A. (1968) J.
Biol. Chem. 243, 575-583.

18 Nakanishi, K., Furutachi, N., Funamizu, M., Grunberger, D.,
and Weinstein, I. B. (1970) J. Am. Chem. Soc. 92, 7617-7619.

2921


