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INTRODUCTION

Ton-exchange chromatography is the method most frequently used for qua.ntitative
analysis of a mixture of nucleotides.

This method, introduced by ConN! in 1950, has been modified by numerous
authors2—%. Recently NILssON AND SJuNNESsSON? described a method of separating
nucleotides by means of chromatography on Ecteola-cellulose.

The analysis of a nucleotide mixture can also be cariied out successfully by
electrophoresis. This method, introduced by MARKHAM AND SMITHS, makes it pos-
sible to obtain good separation of the four mononucleotides occurring in ribonucleic
acid (RNA). TUrBA, PELZER AND ScHUSTER? described a method of separating nu-
cleotides by means of hlgh-voltage electrophoresis; KLOUWEN!0 applied it to the
separation of nucleotides extracted from tissues. Column electrophoresis!! has also
been employed.

All the methods mentioned above are used malnly for quantitative analysis of
small amounts of nucleotide mixtures. The purpose of our present research was to
develop a simple method of obtaining the four mononucleotides of RNA biosyn-
thetically labelled with radioactive carbon.

EXPERIMENTAL

The four mononucleotides were separated by means of continuous electrophoresis on
filter paper?-14, Electrophoresis was conducted on Whatman 3 MM filter paper in an
acid buffer solution at pH 3.5 (lithium acetate-acetic acid)%; the potential was 270V,
distributed over the whole sheet. The nucleotide mixture was applied continuously
to the filter paper by means of a suitable device. The progress of the separation was
checked with an ultraviolet lamp (Mineralight). The concentration of the nucleotides
in the different test tubes was determined spectrophotometrically (a spectropho-
tometer of the Hilger type) in acid medium (pH 2.0) in 1 cm quartz cells.

Verification of the method

A sample of pure yeast RNA (British Drug Houses, Ltd., London) hydrolysed by the
method of SCHMIDT AND TANNHAUSER!® was used to determine the optimum con-

* Head: Prof. Dr. J. OPIENSKA-BLAUTH.
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ditions for the separation of the four constituent mononucleotides. The RNA hy-
drolysate, acidified to pH 5.0, was introduced on to a column of suitably prepared
activated charcoal?’. The nucleotides were then eluted from the column with a
solution of ammonia in alcohol: After evaporation to dryness, the eluate was trans-
ferred in r ml o.x N HCI to the dispensing vessel, and continuous electrophoresrs
carried out. The separation of the individual nucleotides on filter paper is shown in
Fig. 1.
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Fig. 1. Dla.gram of the electropherogram of the four mononucleot1des A = AMP; C = CMP;
G = GMP; U = UMP.’

. The fractions collected in the test tubes were acidified to pH 2.0 and the ab-
sorption was determined for each of them at the following four wave lengths 250, 260,
275 and 280 myu. The ratios of the absorption coefficients thus obtained are given in
Table I, and were compared with those obtained by Corn?!® for pure nucleotides.

As can be seen from Table I, the absorption coefficient ratios calculated for the
nucleotides in the present experiment differed slightly from those calculated for
pure nucleotides. It was found that the buffer used in our experiments had a certain

TABLE 1
ABSORPTION COEFFICIENTS OF THE FOUR MONONUCLEOTIDES

Nuleotide 250/a60 275260 280/260
T 0.85 “ 0.43 0.22
AMP
E 0.92 0.43 0.25
T 0.45 2,00 2.10
CMP :
E 0.52 1.65 1.67
C T 0.96 0.69 0.67
GMP o
E 0.97 0.73 0.70
T 0.74 0.64 0.38
- UMP
S E 0.86 0.59 0.36

T = theoretical values; E = experimental values.
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TABLE II
ABSORPTION OF FILTER PAPER BACKGROUND
A : 250 mp 260 mu 275 my ’ 280 mp
" E X 100f1ml 7 41.3 34.2 20.2’ 17.8

degree of absorption in the ultraviolet part of the spectium. The absorption values
due to the filter paper alone were determmed for x ml of elua,te at the four wave
lengths and are listed in Table II.

Some absorption was found in the eluate from the ﬁlter paper alone the greatest'
absorption being in the region of 250 mu. This could account for the shght dev1a.t1on
of our absorption coefficients from the theoretical values.

For quantitative determination of the individual nucleotides we used the ex-
tinction value obtained at 260 mu less absorption of the background at this same
wave Iength Alternatively the  quantity of adenosine monophospha.te (AMP),
guanosine monophosphate (GMP) and uridine monophosphate (UMP) can be deter-
mined from the linear relationship between the difference in absorption:at 260 and
280 mu and concentration; this artifice eliminates the effect of the background ab-
sorption.

The value calculated in this way for cytidine-monophosphate (CMP) was lower
than the actual content of the nucleotide. We also determined the absorption curves
of the individual nucleotides using the formula for the atomic extinction coefficient?®.

The absorption curves obtained in the present experiment are shown in Fig. 2,
where it can be seen that the characteristics of the curves are similar to those ob-
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Fig. 2. Absorption curves of the fournucleotxdes separated by continuous electrophoresis. g—-0a
"AMP; x x CMP; A A GMP; © © UMP
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tained for pure nucleotides. This conﬁrms the efﬁcacy of the separatlon and the punty
of the nucleotides so obtained. ‘

In view of the practical character of the present method, it seemed expechent
to determine the losses resulting. from the technical operations, or connected with
the degree of separation of the different nucleotides on the filter paper. After applying
x.0 mg of nucleotide-P to the filter paper by the continuous method, 60 to 759, of
nucleotide-P can be obtained in the form of pure nucleotides. The extent of loss
depends; apart from other factors, on the degree of separation of the bands of AMP
and CMP. 1t can be seen from Fig. 1, that AMP and CMP occur close together on the
filter paper, so that a ‘‘tongue’ of the filter paper somet1mes furnishes a mixture of
both nucleotides.

-With the present method prov1ded that a suitable concentratlon of the mixture
is apphed to the filter paper, 6 to 10 umoles of each mononucleotlde can be obtalned
after 18 h electrophoresis. - T

S ejmmtwn of » nucleotzdcs bzosynt/zetwally labellad with 14C

Having. established the general principles of the method for separatlon we proceeded to
prepare 14C-labelled nucleotides by biosynthesis. The method used was based on that of
DOWNING:AND SCHWEIGERT2? AND MANTSAVINOS AND CANELLAKIS?! for the production
of desoxyribonucleotides. In our experiments E. coli was used, which when incubated
in the presence: of ‘NaHCQO,, incorporates 14C ‘into.the: nucleic acids. The. initial
radioactive compound was Cal4CQy,,. wh1ch ‘was- converted to sodlum blcarbon'mte
in‘the Van Slyke-Folch apparatus. .

500 uC of Ca*CO; was used for a s1ngle e*<per1ment The NaI—I“COa was added to
the incubation medium, simultaneously with a suspension of E. coli, which had been
passed through a synthetic medium in the presence of non-radioactive sodium bicar-
bonate. The synthetic incubation medium used in the labelling process contained
glucose, sodium citrate and radioactive sodium bicarbonate as sources of carbon.
Incubation was carried on for 18 h at 37° in an apparatus which prevented radio-
active carbon dioxide from escaping into the atmosphere. Under these conditions
intense multiplication of the bacterial cells takes place, and radioactive carbon is
incorporated into the cellular components. Growth was stopped by heating the
bacteria suspension to 50° and the culture was aerated at the same temperature in
order to remove the remaining carbon dioxide from the medium.

The bacterial mass was centi‘ifuged,‘washed twice with cold 0.9 %, NaCl, and
then lyophilized. The dry powder was extracted twice with anhydrous ethyl ether
at 0°, followed by two extractions with 0.6 M HCIO, at 0°, and then washed with
water. The sediment was extracted twice with boiling ethanol, and twice with a
mixture of methanol and chloroform. The powder was then subjected to alkaline
hydrolysis. The nucleoside-3'-monophosphates so obtained were purified on a column
of activated charcoal and then separated by means of continuous electrophoresis
according to the method already described.

The radioactivity of the different fractions was determined, during the successive
stages of the experiment. This was. done by counting a dried layer of the sample with
a Geiger-Mﬁller counter having a mica window (1.4 mg/cm?); the counter was placed
r0 mm from the sample. The concentration of RNA was determined by means of a
spectrophotometer, the -calculations ‘being carried with out the coefficients given by
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TsaN1EV22, . The distribution of the isotope label over the different stages of the
experiment is shown in Table III where it can be seen that the radioactivity of the
non-purified RNA preparation is much higher than that obtained after purification on
a charcoal column. The radioactivity of each of the isolated mononucleotides ap-
proaches that of RNA, the isotope label being distributed evenly over all the four
mononucleotides.

TABLE IIT
DISTBIBUTION OF RADIOTRACER IN THE RADIOACTIVE NUCLEOTID.ES OBTAINED BY BIOSYNTHESIS

Analysed compound -Quantity of analysed Activity Specific activity

compound in ng P C/minjug P C/minfumole
RNA non purified 828.0° 975 ) —_
RNA after purification 746.0 . 570 —
AMP 101.5 510 15,800
CMP 107.4 510 15,800
UMP 172.2 : 516 16,000
GMP 168.6 ‘ 480 14,600
Adenine 45.0 Ug —_ 14,700
Cyvtosine 63.0 Ug — 14,300
Uracil 52.0 ug _ © 15,200
- Guanine 41.8 ug —_ 14,300

In order to discover the position of the radioactive carbon in the nucleotides
obtained in the present expenment the pure prepa.ratlons were hydrolysed Purine
nucleotides were hydrolysed in x N HCI for 1 h at ro00° :

‘After vacuum drying at a low temperature, the hydrolysa.te residue was dlssolved
in water and applied to the filter paper. Pyrimidine nucleotides were hydrolysed in
60 % :HClIO, for 1 h:at 100°. The perchloric acid was removed by cold precipitation.
in' the form of KClO,. The pure hydrolysate was:condensed by lyophilization, and
then dissolved in a small quantity of water, and applled to the filter paper.

Descending chromatography was carried out in the isopropanol-HCI?? or in
butanol-ammonia® for 24 h. The ribose spots-on the chromatogram were localized
by the aniline test?$, or by the silver nitrate test?5. Spots of purine and pyrimidine
bases were observed in ultraviolet light, a ‘suitable filter being used in the lamp.
In addition, the rad10act1v1ty ‘was dcterrnmed by d1rect measurement on the
chromatograms. - :

The distribution of the 1sotope on the chromatograms is shown in I‘lg '3. The
whole of the activity was found to be in the purine base, whereas the activity in. the
spot where ribose is located on the chromatogram was. equal to that of the back-
ground. The purine and pyrimidine bases separated chromatographically from the
radioactive nucleotides were eluted from the chromatograms with o.x NV HCI..

The concentration of the individual bases in the eluates was determined spec-
trophotometrically, and their activity measured. The specific activities' found for
the individual bases are-listed in Table IIT; they hardly differ from"those of the
nucleotides from which the bases had been obtained. It can:be:concluded that the
radioactive carbon is only incorporated into the base part of the nucleotide. :

In the experiments’in ‘which 500 uC of sodium bicarbonate was added to every
700 ml of the incubation medium, the isolated nucleotides differed only slightly
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from one another in their specific activity. In one experiment, in which 600 uC
NaH1CO; was used, the: activity of the obtained nucleotides was proportionally
higher. Coe ' x o

Counts [min

Fig. 3. Distribution of the radiotracer in the hydrolysate of adenylic acid as revealed by paper
chromatography. S = starting point; R = ribose; A = adenine.

DISCUSSION

Unlike most methods mentioned -in the introduction, our method of separating
the four mononucleotides is characterized by great simplicity. MANTSAVINOS AND
CANELLAKIS, using chromatography on a column with Dowex 1, obtained from 400 mg
of lipid-free bacteria powder, 8 to 13 umoles of each of the desoxynucleotides of
DNA. Our method also makes it possible to obtain 6 to 1o umoles of each ribonucleo-
tide. Detailed analysis demonstrated that the nucleotides obtained by our method
were of high purity and the losses resulting from all operations connected with the
electrophoresis did not exceed 30 %. v _ Ce v . ' : o
~:The analysis of the activity of the individual fractions obtained in our studies on
MC-labelled nucleotides confirmed the fact that 14C is incorporated into various
chemical compounds. Both the fraction of acid-soluble compounds and the lipid
fraction of the culture of E. coli showed a high degree of activity. An equally high
activity was found in .a neutralized alkaline hydrolysate of bacterial RNA. After
purification of the hydiolysate on a charcoal column, the activity per ug of nucleotide-
P decreased considerably in comparison with the corresponding value in a.non-
purified ‘alkaline hydrolysate. On the other hand, the activity of the individual
nucleotides . did not’ differ from the activity of the sum of nucleotides contained
in-the RNA purified on a charcoal column. It is known from the work of TSANIEV
AND MARKOV?, and FLECK 'AND MUNRO2® that when biological material is subjected
to alkaline hydrolysis, not only nucleotides, but also preducts of protein .decompo-
sition, such as peptides and phosphopeptides pass into the hydrolysate.. A compar-
ison of the values, obtained in the present research, for the activity of RNA before
and 'after purification indicates the presence in the alkaline hydrolysate of non-
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nucleotide products of high activity. These findings might confirm the observation
that in the case of bacteria, 14CO, is also incorporated into amino acids. It was of

more interest to us to investigate to what degree the bases and the ribose ‘in the nu-
cleotides had been labelled. - :

Our experiments demonstrated that the whole of the radlotracer is 10cated in the

purine and pyrimidine bases as the bases obtained from nucleotides showed the same
specific activity as the nucleotides themselves.

In the majority of studies carried out with radioactive carbon, a flow counter is
used to measure the activity as it is a'better detection of soft f-rays; however, a
Geiger-Miiller counter with a mica window was used in the present experiments.
Thus the specific activity found by us for the individual nucleotides represents a
high degree of incorporation of isotope, as the efficiency of the counter is low for 14C
It would seem that the 14C-labelled nucleotides obtained in our experlments could
be used for mvest1ga.tmg the synthems of RNA

SUMMARY

The condltlons for sepa.ra.tmcr AMP, GMP, CMP and UMP by means of contmuous
electrophoresis on Whatman 3 MM filter paper in acid buffer at pH 3.5 are described.
‘The ribunucleotides of RN A obtained in this way were tested with regard to their purity.

Themethod can be used for the production of the four mononucleotides on a labora-
tory scale. Good results werée obtained for the production of nucleotides from biosyn-
thaticallylabzlleI RNA of E. coli grown on asyntheticmediumin the presence of ¥CO,.

The radioactive mononucleotides were found to be labelled in the purine and
pyrimidine bases only. The specific activity of the four mononucleotides was similar.
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