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SUMMARY 

A method has been described for the separation and estimation of the four 
major nucleotides of RNA (AMP, GMP, CMP, and UMP) and the four major nu- 
cleotidcs of DNA (dAMP, dGMP, dCMP, and TMP) by Dowcx-I anion-exchange 
chromatography. The alkaline hydrolysates of RNA and the enzyme hydrolysates 
of DNA can be used directly without any pretreatment. Each analysis is completed 
within Go-go min with the minimum of manipulation steps. Complete recovery is 
obtained with a wide range of nucleotidc concentrations (50-500 m,umolcs of each 
nuclcotidc), 

INTRODUCTION 

Analysis of base composition is an essential first step in the characterization 
and sequencing of nucleic acicls. For this purpose, the nucleic acids are generally 
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 
similar supports can be used to separate and identify micro-amounts of nucleic acid 
hydrolysates, but subsequent recovery of the separated nucleotides for quantitation 
woulcl 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 COHN AND VOLKIN~. These 
authors used buffers containing mixtures of formic acicl and ammonium formate to 
separate ribonucleotides on Dowex-I 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 introducecl in the original ion- 
exchange chromatography of nucleotides, using a variety of anion- and cation- 
exchange resins, step-wise or continuous graclient elutions, miniaturized. columns, 
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highly scnsitivc UV recording spectrophotomcters and lliglq~rcssure chromato- 
graph*-“, This work has resulted in the development of ingenious methods, some of I 
which fulfil certain special analytical needs wliilc others suffer from procedural com- 
plications or require cquipmcnt not readily available in many laboratories. In the 
present communication, we present a chromatograpliic technique for the separation 
and clctermination of the cigllt common nuclcoticles of DNA and RNA, rapidly and 
with tllc minimum of manipulation. 

ZIATERII\LS AND METHODS 

Dowcs-I 5-S (zoo-400 mesh, splleric;ll granules) was obtained from J, T. Baker 
Chemical Company, l~l~illipsl~urg, N. J., USA. The 2’(3’)-ril~onucleo+tidcs and 5’- 
cleosyril~onuclec~ticles were purchased from P-L Biochernicals, hlilwaukcc, Wise., 
U.S.A. DNasc I (pancreatic crystalline) ancl snake venom l~l~ospl~oclicsterase were 
from Worthington Biochemical Corporation, Freehold, N. J,, USA. Highly poly- 
merized yeast RNA was from Calbiochem, Los Angclcs. Calif., U.S.A. DNA from 
rat brain was prepared as describecl previouslyl”. 

Prctvcntw~rt of tlte rcsi~ 
The chloricle form of Dowes-1 S-Y was trcatcd as follows, prior to packing of 

the column. The resin was washed three times with IO volumes of water followed by 
two washings with IO volumes of z hd NaOI-I. Each time, the resin was allowed to 
settle for 30 min in the liquid and the unscttlecl particles wcrc discarcled by decan- 
tation. The resin was then taken up in a buclmcr funnel and washccl scvcral times 
with water until the p1-I of the liltrate was neutral. The resin was transferred to a 
halter and washed twice with IO volumes of z hl I-ICI, with clecantation each time 
to remove the finer particles as clcscribed above, The escess of acid was removed by 
washing the resin on a buchner funnel with water and the resin was then convcrtcd 
to the formate form by washing with I M soclium 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 removccl by thorough washing 
with water, 

The column consisted of a Pyrex glass tube of 90 mm height and G mm I.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 avoicl 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 Buckler peristaltic pump 
which was, in turn, conncctecl to a multichambcr gradient former (Technicon Auto- 
gracl), The first three chambers nearest to the outlet of the autogracl wcrc usecl for 
the eluting gradient. 

Adsorhtioa am? cladio~t of nacclcotidcs 
Synthetic nucleoticles as well as nucleotides derivccl from DNA and RNA were 
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used in these experiments. DNA (rat brain) was hydrolyzed to 5’deoxyribonucleotides 
by successive incubations with pancreatic cleoxyribonuclease I and snake venom 
phosphodiesterase according to MCCAILUM AND WALICER~~. RNA (yeast, highly 
polymerized) was hydrolyzed to a mixture of z’- and 3’-ribonucleotides by incubating 
with 0.3 M KOI-I at 37” for 18 1112. 

g’-Derivatives of the deoxyribonucleotides. dAMP, dGMP, clCMP, and TMF 
were clissolved in water ancl the pE1 of the solutions was adjusted to 7.0. The ribo- 
nucleotides, AMP, GMP, CMP, and UMP (all mixtures of z’- and 3’-phosphates) were 
clissolved in 0.3 n/r KOI-I. Tflc solutions were each made up to 0.5 mM. Appropriate 
volumes of the synthetic nucleotides or hyclrolysates of nucleic acicls were mixecl 
with 30 ml 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 deoxyribonucleoticles were fractionated as follows. Formic acid (0.15 Mj 
was passed through the column until dCMP was completely eluted. This required 
approx. 10-12 ml of the formic acid, Then the column was connected to the gradient 
former containing 40 ml of 0~15 M formic acid in the first chamber nearest 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 
agitation. Elution was carried out at the rate of I mI/min and the eluate was moni- 
tored contimlously at 257 rnp by means of an LKB Uvicord. I-ml fractions of the 
eluate were collected in separate tubes. 

The ribonucleotides were fractionated as follows. CMP was clutcd first by 
passing approx. 20-25 ml of 0.2 n/l formic acid. The column was then connectccl to 
the gradient former containing 40 ml of 0.2 M formic acid, 40 ml of 4,s M formic 
acicl and 40 ml of 2.5 116 formic acid, respectively in the first tlirec chambers nenrcst 
to the outlet, The rest of the protocol was iclcntical to that for the ribonucleotides. 

Dctcvrhration of rccovcry of lltc mtcleolhtes 
The fractions corresponding to each peak were pooled together. The optical 

density at 2Go m,u was cleterminecl either directly on the pooled fractions or after 
lyophilizing the eluate corresponding to each nucleotide and redissolving the residue 
in water or I M I-ICI. Since formic acid itself has considerable optical density in the 
UV region, the gradient was passed through the column without any adsorbecl 
nuclcotidc material and the fractions of formic acid corresponding in position to the 
nuclcotide peaks, were collected to serve as blanks. The O.D.s,, units of each nu- 
cleotide recovered from the column in the above manner were compared with the 
O.D.,oo units originally placed on the column. 

Oll~cv aazalyscs 
The individual nucleotides, before and after passage through the column, were 

scanned for UV absorption spectrum using an Unicam spectrophotometer. Any 
possible degradation or mutual contamination of the elutecl nucleotides was examined 
by paper electrophoresis using a Savant high-voltage electrophoresis apparatus, using 
ammonium formatc-formic acid buffer as the solvent system. 
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Fig. I. ScpiWt\tion 0f n misturc of 2’- nncl 3’-phosl~hatcs of nclcntwinc, yunnosinc, cyticlinc, and 
uriclinc by I)owcx-1 anion-cschnngo chromntojir:ll~lry. Tlic amount of cnch nuclcoticlc l~l;~cccl on 
tlw column was aclunl to o.~gpnolos. ln7mcclintcly nftcr nil nuclcotidcs wcrc clutccl, the column wils 
rcgcncri~tctl 1~ piLSYillg 4 IW formic ncid followvctl by wntcr until tlw cluatc was neutral, A gmdicnt 
of formic i~cicl’irlcntical to the Iirst was Ix~wccl thrflugh tlic column a scconcl time in or&r to obtain 
the changes in opticd clcnaity tluc to the graclicnt iLlOllC. ‘lb continuous lint rcprcscnts the optical 
clcnaity chnngcs in the prcscncc of nclclctl nuclcotirlcs nntl the Iwolccn lint rcprcscnts tlic opticrd 
tlcnsitp clinngcs in tho abscncc of ncltlccl nuclcoticlcs. 

Fig. 2. Scpnrntion of 11. mixtnrc of 5’-pliosldmtos of clcoxynclcnosinc, clcoxygunnosinc, clcoxycyti- 
dine, and thymiclinc by Dowcx-J anion-0Scllnrlgc cl~romi~togri~l~lly. ‘J.*hc cspcrimantd protocol 
was thu sitme as in Fig. 1. 

RIZSULTS 

Figs. I and z show the separation of the four common ribonucleotides (2’,3’- 
phosphates of aclcnosinc, guanosine, cytidine, and uridinc) and the four common 
deoxyribonucleotides (5’~clA&IP, 5’-clGi’W, 5’-clCRIP, and 5’-TIMP) on Dowes-I anion- 
exchange columns. Tllc absorption peaks were well separated and compact, except 
for a slight broadening of the UMP and ThIP peaks, Both z’- and 3’-nucleotides of 
each base eluted together, The above separation was made using mixtures of pure 
nucleotides. Similar results were obtainedusing an alkaline hydrolysate of RNA(KO1-I) 
and an enzymatic digest of DNA (DNase I and snake venom I~l~osI~llodiesterasc). 

The base lines of the CMP and clCMP 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 nucleoticle mixture was omitted from the column, The profiles of the 
absorption due to formic acid in the two gradients arc also shown in Figs. I and 2. 

Because of the varying optical density of the formic acid in the gradient, the 
recovery of the nucleotidc from the column was estimated either by removing the 
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formic acid from the eluates by Iyopllilization or by reading the O,D,zoo of the eluates 
against the corresponcling formic acid blanks. When the lyophilized fractions were 
redissolved in water or I M I-ICI and the optical density of this solution read at 
260 m,u, normal recovery values were obtained for tile first two peaks of each nu- 
clcotide misturc (CMP, AMP, dCi\iIP and dAMI>), but the recoveries of GivlP, UMP, 
clGMP and TMIP were 25-40O/~ Iligllcr than the input. We have not investigated the 
reasons for the abnormal recoveries obtained with the ribo- and cleosyribonuclcotides 
of guanine and uracil (thyminc), 

Lyophilization removes the formate ion only when it is in the form of acid or 
ammonium salt, which arc both volatile; non-volatile forniate, if present, is not. 
removed ancl hcncc could be expected to contribute to the optical clensity. It is also 
possible that, al the high acid concentrations at which these nucleotides arc clutecl, 
some non-volatile, UV absorbing material is introduced. However, paper electro- 
plioresis of any of the ribo- and clcoxyribonucleoticles rccoverecl from the column 
failed to indicate the presence of any UV absorbing spots other than those clue to 
the nucleoticles themselves. UV spectra of tlic original acicl-cluted nuclsoticles were 
also found to be identical. 

Normal recoveries of all nucleotides were found when the O.D,,,, of tllc eluatcs 
from the column were taken directly without lyophilization, using corresponding 
formic acid blanks obtainecl from the column. Equally good results were obtained 
by using the following simplifiecl proceclure. Tlic fractions corresponding to each 
peak were poolecl together and the solution was titrated against NaOI-I of known 
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lb Tlic v.71~~4 rcprcacnt the mcm of tlrrcc ncpnrntc clctcrminations. Tlic optical clcnuitics 
of tlw column cluntcs wow corrcctccl for tllc contribution of formic iwicl as clcscribocl in IWYULTS. 

normality in orcler to cleterrninc the conccntralion of formic acid present in the so- 
lution. TIE O.D.,oo of this so!ution was taken against sodium forrnatc solution of 
iclentical concentration. The rccovcry was calculatecl from this optical clensity and 
tlie total volume of the solution. 

TabIc I shows the recovcrics of the four ribonucleoticlcs obtainccl by the above 
procedure. The recoveries were in all cases arouncl 100%. Similar results were ob- 
tainccl using a mixture of cleosyril.x~nucleoticlcs. 

DlSCUSSION 

Dowex-r anion-exchange resin has been used by several workers for the scpa- 
ration of nucleotidcs, nucleosiclcs, ancl oligonucleotidcs derived from nucleic acids’-411:‘. 
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The modilications of the original method of COHN ANT-, VOIXIN~ 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 develol~ment of several sophisticatccl techniques and apparatus. Our 
objective was to find a simple and rapid proccdurc for the routine cletermination 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 z’,3’-isomeric phosphates of aclenosine and 
gunnosine, HURLBERT AND I~URI.ONG 1s have clescribecl procedures for the separation 
of 5’-ribonucleoticles am1 5’.deoxyribonucleoticles on Dowex-1 formatc columns, but 
again the method involves the step-wise elution of deo.xyribonuc~eotides and use of 
large volumes of eluants. 

The procedure that WC have presentecl in this communication has the following 
advantages: (a) the same column can be usecl for the separation of either the ribo- 
nucleotides or deoxyribonucleoticles using two different elution systems: (b) both the 
elution systems are composed of formic acid graclients and so the nucleotides can be 
recovered from the &rates, when necessary, by lyophilization; (c) nucleic acid 
hyclrolysates prepared according to the most common procedures, viz, by treatment 
of DNA with DNasc and snake venom phosphodiesterase and by treatment of RNA 
with 0.3 iI ROT-I can be clirectly used on the column without any pretrcatments; 
(d) the z’- 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 nucleoticles that can bc separatccl on the column 
can bc variccl over a wide range (50-500 m~moles of each nuclcoticle) with complctc 
quantitative recovery; (f) the column is small and simple to construct ancl each 
analysis can be completed within Go-go min, at room temperature and atmospheric 
pressure. It shoulcl be stressed, however, that the presence of consiclerablc proportions 
of methylatcd ancl other minor nucleoticles, 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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