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SUMMARY
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major nucleotides of RNA (AMP, GMP, CMP, and UMP) and the four major nu-
cleotides of DNA (dAMP, dGMP, dCMP, and TMP) by Dowex-1 anion-exchange
chromatography. The alkaline hydrolysates of RNA and the enzyme hydrolysates
of DNA can be used d]rectly without any prctrcatment Each 'm'tlysls is completed
wnmn UU—()U mm wnn tne rmrurnum OI m'mlpulauon btepb. bompleu, I'E(.OV(‘I'y is
obtained with a wide range of nucleotide concentrations (50-500 mumoles of each
nucleotide).

INTRODUCTION
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and sequencing of nucleic amds. For this purpose, the nucleic acids are genctally
hydrolyzed into monomeric units by enzymatic or chemical means and the monomers
are then separated and estimated using one of many available techniques based on
paper or column chromatography. Chromatography and electrophoresis on paper or
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hydrolysates, but subsequent recovery of the separated nucleotides for quantitation
would require time-consuming elution procedures. Column chromatography avoids
some of these problems and ion-exchange resins have become particularly popular
after the initial successful use of these materials by CounN AND VoLkin?, These
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separate ribonucleotides on Dowex-1 formate columns. In spite of the obvious ad-
vantages of using such a volatile eluant in the recovery of nucleotides from the eluting
medium, the method suffers from the necessity of using large volumes of eluant and
a long elution time.

In recent years, several modifications have been iutm
exchange chromatography of nucleotides, using a variety of anion- and ca tlon-

cxchamze resins, step-wise or continuous gradient elutlons, miniaturized columns,
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highly sensitive UV recording spectrophotometers and high-pressure chromato-
graphy?-?, This work has resulted in the development of ingenious methods, some of
which fulfil certain special analytical needs while others suffer from procedural com-
plications or require equipment not readily available in many laboratories. In the
present communication, we present a chromatographic technique for the separation
and determination of the eight common nucleotides of DNA and RNA, rapidly and
with the minimum of manipulation.

MATERIALS AND METHODS

Materials

Dowex-1 X-8 (200-400 mesh, spherical granules) was obtained from J. T, Baker
Chemical Company, Phillipsburg, N.J., U.S.A. The 2’(3')-ribonucleotides and §'-
deoxyribonucleotides were purchased from P-L Biochemicals, Milwaukee, Wisc.,
U.S.A. DNase 1 (pancreatic crystalline) and snake venom phosphodiesterase were
from Worthington Biochemical Corporation, Freehold, N.J., U.S.A. Highly poly-
merized yeast RNA was from Calbiochem, Los Angeles, Calif,, U.S.A. DNA from
rat brain was prepared as described previously®,

DPretreatment of the resin

The chloride form of Dowex-1 X-8 was treated as follows, prior to packing of
the column. The resin was washed three times with 10 volumes of water followed by
two washings with 10 volumes of 2 M NaOH. LEach time, the resin was allowed to
settle for 30 min in the liquid and the unsettled particles were discarded by decan-
tation. The resin was then taken up in a buchner funnel and washed several times
with water until the pH of the filtrate was neutral. The resin was transferred to a
beaker and washed twice with 10 volumes of 2 M HC], with decantation cach time
to remove the finer particles as described above. The excess of acid was removed by
washing the resin on a buchner funnel with water and the resin was then converted
to the formate form by washing with 1 M sodium formate, The formate treatment
was continued until the washings gave no precipitate with acidified silver nitrate
solution. The excess of sodium formate in the resin was removed by thorough washing
with water.

Preparation of the column

The column consisted of a Pyrex glass tube of go mm height and 6 mm 1.D.
The resin was mixed with water to make a thin slurry which was poured into the
column in small batches by means of a pasteur pipette, taking care to avoid trapping
of air bubbles. The height of the resin bed was 6 cm, with a bed volume of approx.
1.7 ml. The resin was supported on a flat, thin piece of glass wool placed at the outlet
of the column. The top of the column was connected to a Buchler peristaltic pump
which was, in turn, connected to a multichamber gradient former (Technicon Auto-
grad), The first three chambers nearest to the outlet of the autograd were used for
the eluting gradient.

Adsorption and clution of nucleotides
Synthetic nucleotides as well as nucleotides derived from DNA and RNA were
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used in these experiments. DNA (rat brain) was hydrolyzed to 5'-deoxyr

by successive incubations with pancreatic deoxyribonuclease 1 and sn’mke venom
phosphodiesterase according to McCALLUM AND WALKER!. RNA (yeast, highly
polymerized) was hydrolyzed to a mixture of 2'- and 3’-ribonucleotides by incubating
with 0.3 M KOH at 37° for 18 h?2,
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were dissolved in water and the pH of the solutions was ad]usted to 7.0. The ribo-
nucleotides, AMP, GMP, CMP, and UMP (all mixtures of 2’- and 3’-phosphates) were
dissolved in 0.3 M KOH. The solutions were each made up to 0.5 mM. Appropriate
volumes of the synthetic nucleotides or hydrolysates of nucleic acids were mixed

.
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with 3oml of 0.1 M ammonium formate, The mixture was passed through the

Dowex-1 column and the column was washed with 20-25 ml of distilled water.

The deoxyribonucleotides were fractionated as follows. IFormic acid (o.15 M)
was passed through the column until ACMP was completely eluted. This required
'1pprox. 10-12 ml of the formic acid. Then the column was connected to the gradient
former CGi‘il.Ei.ii‘lii‘lg 40 mi of 0.15 M formic acid in the first chiamiber neavest to the
outlet, 40 ml of 4 M formic acid in the second chamber and 40 ml of 2 M formic acid
in the third chamber. The interconnecting passages between the chambers were
opened and the contents of each chamber mixed continuously by light mechanical
'tgitation. Elution was carried out at the rate of 1 mI/min and the eluate was moni-
tored continuously at 257 mu by means of an LKB Uvicord, 1-ml fractions of the
eluate were collected in separate tubes.

The ribonucleotides were fractionated as follows, CMP was cluted first by
passing approx. 20-25 ml of 0.2 M formic acid. The column was then connected to
the gradient former containing 40 ml of 0.2 M formic acid, 40 ml of 4.5 M formic
acid and 40 mi of 2.5 A formic acid, respectively in the first three chambers nearest
to the outlet. The rest of the protocol was identical to that for the ribonucleotides.

Detevmination of recovery of the nucleotides

The fractions corresponding to each peak were pooled together. The optical
density at 260 myu was determined ecither directly on the pooled fractions or after
1yophili7ing the eluate corresponding to each nucleotide and redissolving the residue
in water or 1 M HCI, Since formic acid itself has considerable optical density in the

UV region, the gradient was passed through the column without any adsorbed
nucleotide material and the fractions of formic acid corresponding in position to the
nucleotide peaks, were collected to serve as blanks. The O.D.g, units of each nu-
cleotide recovered from the column in the above manner were compared with the

Other analyses
The individual nucleotides, before and after passage through the column, were
scanned for UV absorption spectrum using an Unicam spectrophotometer. Any

pncni‘-\'n 'IQg'"d‘utlQﬂ or mutual contamination of the elutad nucleotides was examined
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by paper electrophoresis using a Savant high-voltage electrophoresis apparatus, using
ammonium formate—formic acid buffer as the solvent system.



340 M. R. V. MURTHY, P. K. RANJEKAR

AMP 4GNP

dCMpP

Gmp

Optical density (257 my)
Optical density (257 myu}

0 20 40 60 80
Effluent volume (mi)

20 I %
Effluent volume (ml)
Fig. 1. Separation of a mixture of 2’- and 3’-phosphates of adenosine, guanosine, cyticdine, and
uridine by Dowex-1 anion-exchange chromatography. The amount of each nucleotide placed on
the column was equal to 0,25 #moles, Lmmediately after all nucleotides were cluted, the column was
regenerated by passing 4 M formic acid followed by water until the cluate was neutral, A gradient
of formic acid identical to the first was passed through the column a second time in order to obtain
the changes in optical density due to the gradient alone, The continuous line represents the optical
density changes in the presence of added nucleotides and the broken line represents the optical
density changes in the absence of added nucleotides,

IFig, 2. Separation of & mixture of §’-phosphates of deoxyadenosine, deoxyguanosine, deoxycyti-
dine, and thymidine by Dowex-1 anion-exchange chromatography. The experimental protocol
was the same as in Fig, 1.

RESULTS

Figs. 1 and 2 show the separation of the four common ribonucleotides (2’,3'-
phosphates of adenosine, guanosine, cytidine, and uridine) and the four common
deoxyribonucleotides (5°-dAMP, 5°-dGMP, 5'-dCMP, and 5°-TMP) on Dowex-1 anion-
exchange columns. The absorption peaks were well separated and compact, except
for a slight broadening of the UMP and TMP peaks., Both 2’- and 3’-nucleotides of
ecach base eluted together. The above separation was made using mixtures of pure
nucleotides, Similar results were obtained using an alkaline hydrolysate of RNA(KOH)
and an enzymatic digest of DNA (DNase 1 and snake venom phosphodiesterase).

The base lines of the CMP and dCMP peaks were close to zero optical density,
but the base lines of other peaks remained at a high level. This was due to the fact
that formic acid used in the elution gradient had a high UV absorption. The contri-
bution of formic acid to the optical density of each peak was measured by passing
the gradient through the column under conditions identical to the normal procedure
except that the nucleotide mixture was omitted from the column. The profiles of the
absorption due to formic acid in the two gradients are also shown in Figs. 1 and 2.

Because of the varying optical density of the formic acid in the gradient, the
recovery of the nucleotide from the column was estimated either by removing the
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formic acid from the eluates by lvophilization or by reading the O,D.y40 of the eluates
against the corresponding formic acid blanks. When the lyophilized fractions were
redissolved in water or 1 M HCI and the optical density of this solution read at
260 my, normal recovery values were obtained for the first two peaks of each nu-
cleotide mixture (CMP, AMP, dCMP and dAMP), but the recoveries of GMP, UMP,
dGMP and TMP were 25-40%, higher than the input. We have not investigated the
reasons for the abnormal recoveries obtained with the ribo- and deoxyribonucleotides
of guanine and uracil (thymine).

Lyophilization removes the formate ion only when it is in the form of acid or
ammonium salt, which arc both volatile; non-volatile formate, if present, is not
removed and hence could be expected to contribute to the optical density. It is also
possible that, at the high acid concentrations at which these nucleotides are cluted,
some non-volatile, UV absorbing material is introduced. However, paper eclectro-
phoresis of any of the ribo- and deoxyribonucleotides recovered from the column
failed to indicate the presence of any UV absorbing spots other than those due to
the nucleotides themselves. UV spectra of the original acid-eluted nuclgotulcs were
also found to be identical.

Normal recoveries of all nucleotides were found when the O.D,yq, of the eluates
from the column were taken directly without lyophilization, using corresponding
formic acid blanks obtained from the column. Iiqually good results were obtained
by using the following simplified procedure. The fractions corresponding to each
peak were pooled together and the solution was titrated against NaOH of known

TABLE I

RECOVERY OIF ADDED RIBONUCLEOTIDES AVTER DOWEX-1I ANJON-EXCIIANGE CIIROMATOGRAPNIY

Nuch-u!zdc Added to nolumn h’rcowrcd from columu
(0, D at 26ompu)n (O D, at "6om/l)“

AMP 1.64 & 0,006 1.61 4: o.01

GMI? 3.5t 40,17 349 i4: 015

cMP 2,70 :k 0.09 288 1. o012

uMI? 2.23 :k o.12 2,22 4 010

» The values represent the mean of three separate determinations. The optxcul densities
of the column cluates were corrected for the contribution of formic acid as described in RESULTS,

normality in order to determine the concentration of formic acid present in the so-
lution. The O.D.y of this solution was taken against sodium formate solution of
identical concentration. The recovery was calculated from this optical density and
the total volume of the solution.

Table I shows the recoveries of the four ribonucleotides obtained by the above
procedure. The recoveries were in all cases around 1009%,. Similar results were ob-
tained using a mixture of deoxyribonucleotides,

DISCUSSION

Dowex-1 anion-exchange resin has been used by several workers for the sepa-
ration of nucleotides, nucleosides, and oligonucleotides derived from nucleic acidst-4,1%,
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The modifications of the original method of CoHN AND VoOLKIN! have been aimed
among others at reducing the time of analysis, simplifying the various steps in the
procedure, separating the minor nucleotides present in nucleic acids, scaling down
the amount of nucleotide material to micro- and ultramicro-levels, etc. This has
resulted in the development of several sophisticated techniques and apparatus. Our
objective was to find a simple and rapid procedure for the routine determination of
the base. composition of DNA and RNA for a wide range of availability of these
nucleic acids. The method of KaTz AND CoMB? permits such a determination, but it
is applicable only to RNA nucleotides and it involves such operations as step-wise
elution and use of two different columns. Lukasova et al.® avoid this problem by
using a single column and elution with a gradient of chloride ions. However, this
method results in a separation of the 2’,3'-isomeric phosphates of adenosine and
guanosine, HURLBERT AND IFURLONG!? have described procedures for the separation
of 5'-ribonucleotides and 5’-deoxyribonucleotides on Dowex-1 formate columns, but
again the method involves the step-wise elution of deoxyribonucleotides and use of
large volumes of eluants.

The procedure that we have presented in this communication has the following
advantages: (a) the same column can be used for the separation of either the ribo-
nucleotides or deoxyribonucleotides using two different elution systems; (b) both the
elution systems are composed of formic acid gradients and so the nucleotides can be
recovered from the cluates, when necessary, by lyophilization; (c) nucleic acid
hydrolysates prepared according to the most common procedures, viz. by treatment
of DNA with DNase and snake venom phosphodiesterase and by treatment of RNA
with 0.3 M KOH can be directly used on the column without any pretreatments;
(d) the 2’- and 3’-nucleotide isomers produced by alkaline hydrolysis of RNA are not
separated on the column, so that each purine and pyrimidine base is represented by
a single peak; (e) the amounts of nucleotides that can be separated on the column
can be varied over a wide range (50-500 mumoles of each nucleotide) with complete
quantitative recovery; (f) the column is small and simple to construct and each
analysis can be completed within 60-go min, at room temperature and atmospheric
pressure. It should be stressed, however, that the presence of considerable proportions
of methylated and other minor nucleotides, such as in the case of transfer RNAs,
would give variable higher values for the major nucleotides since they would be
distributed in the four peaks of the chromatogram,
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