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Although it has clearly been shown by COHN and his collaboratorsls” (for reviews 
see refs. 3 and 4) over ten years ago that for preparative separations of nucleic acid 
derivatives ion-exchange column chromatography on polystyrene resins is the best 
method, no effective analytical ion-exchange technique was known until recently by 
which traces of nucleotides (0.05-1 ,ug) call be separated and identified. Partition 
paper chromatography (for reviews see refs. 5 and 6) and paper electrophoresis 
(for reviews see refs. 6 and 7) are also not applicable in case of such small amounts. 
Because these methods give less sharp resolutions than ion-exchange column chro- 
matography, they .cannot” be used to analyze very complex nucleotide mixtures in 
extracts from bacterial, plant and animal cells. 

As we could demonstrate* (for a review see ref. q), excellent and rapid separations 
of very small amounts of nucleic acid derivatives are obtained on ion-exchange thin 
layers. Chromatography on commercial cellulose ion-exchange papers gives more 
diffuse substance spots and hence poorer resolutionslo. 

During the past three years special finely powdered cellulose cation- and anion- 
exchange materials have been developed which can be used in thin-layer chro- 
matography. The following cellulose ion-exchangers for thin-layer chromatography 

* Supported by grants-in-aid from the U.S. Atomic Energy Commission, the U.S. Public 
Health Service, the National Science Foundation, and the Burroughs Wellcome Fund. This is 
Publication No. 1158 of the Cancer Commission of Harvard University. 

** The following abbreviations will be used: PEI-cellulose = a cellulose anion-exchange mate- 
rial obtained by impregnating chromatu~rapl~y cellulose with poly(ethyleneimine) ; ECTEOLA- 
cellulose = a cellulose anion-exchange material obtained by treating sodium cellulose with 
epichlorohydrin and triethanolamine; DEAE-cellulose = diethylaminoethyl-cellulose ; QA- 
cellulose = a cellulose anion-exchange material containing quaternary ammonium groups; 
I?-cellulose = cellulose phosphate; SE-cellulose = sulfoethyl-cellulose; CM-cellulose = carboxy- 
methyl-cellulose ; PP-cellulose = cellulose cation-exchange material containing polyphosphate. 
AMP, GMP, IMP, CMP, UMP = adenosine-, guanosine-, inosine-, cytidine-, and uridine-g’-mono- 
phosphates ; ADP, GDP, IDP, CDP, UDP = the corresponding diphosphates ; ATP, GTP, ITP, 
CTP; UTP = the corresponding triphosphates. The prefix d- indicates that the compound is a 
deoxyribonucleotide. TMP = thymidine monophosphate; TTP = ‘thymidine triphosphate. 
ADPG = adenosine diphosphate-glucose; GDPM = guanosine diphosphate-mannose ; CDPG. = 
cytidine diphosphate-glucose ; UDPG = uridine. diphosphate-glucose; UDPGA = uridine di- 
phosphate-gluduronic acid ; UDPAG = uridine diphosphate-N-acetyl-glucosamine. 

J. Chllomatog., 16 (1964) III--125 
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are at present commercially available : ECTEOLA-cellulose* * * * 9 * * *, DEAE-cel- 
lulose * s * * 9 * * * 3 5, PEI-cellulose** * * , and QA-cellulose § (anion-exchangers) ; I?- cel- 
lulose *,**,*** 

PP-cellulose* *: 
SE-cellulose* 9 9, and CM-cellulose”, **g ***, 9 (cation-exchangers). 

a strongly acid cation-exchanger which is obtained by treating cel- 
lulose anion-eschange materials of low capacity with a polyphosphate solutionll, 
is suitable for separating nucleic acid bases, nucleosides, and other cationic 
compounds. 

Ion-eschange thin-layer chromatography is more sensitive than partition paper 
chromatography, ion-exchange paper chromatography, paper electrophoresis, and 
partition thin-layer chromatography on unmodified cellulose layers. Amounts of 
0.1 lug or less of nucleic acid bases, nucleosides, and nucleotides can be detected 
by examining the ion-exchange thin-layer chromatograms under a suitable short- 
wave ultraviolet lamp15 in a dark room. 

Thin-layer chromatography of nucleotide coenzymes and of constituent nu- 
cleotides of nucleic acids can be carried out on layers of silica ge18g1a, unmodified 
cellulosels-16, ECTEOLA-cellulose*lD, DEAE-cellulose9~1~-f8, and PEI-celluloseO* 108 109 20. 
Also the separation on DEAE-Sephadex thin layers of a mixture of s’-AMP, ADP 
and ATP has been reported21. For reasons which have been mentioned elsewhereO, 
partition thin-layer chromatography of nucleotides on inorganic layers (silica gel, 
aluminum oxide) cannot be recommended. Layers of unmodified cellulose give 
sharper separations than chromatography paper I*. They can be used for the resolution 
of not too complex mixtures. Many solvents developed for paper chromatography 
of nucleic acid derivatives are suitable in cellulose thin-layer chromatographyD*13-1s. 

As we showed earlie+* 32, cellulose ion-eschange materials can be prepared by 
treating unmodified or modified celluloses with high-molecular-weight basic or acid 
compounds. Anion-exchange materials which give especially sharp separations in thin- 
layer chromatography9J0J0~20 are obtained”-3 by impregnation with poly(ethyleneimine) 
(molecular weight 30,000-40,000) which is fised substantively on cellulose fiber.+. 

The separation of a number of mono-0920 and oligonucleotides10s19 on PEI- 
cellulose thin-layers has been described previously. The present paper gives a detailed 
description of the behavior on PEI-cellulose layers of ribo- and deoxyribomono- 
nucleotides. The layers are prepared by suspending unmodified cellulose powder for 
thin-layer chromatography in a poly(ethyleneimine), hydrochloride solution and 
coating the suspension on glass plates in the usual manner 438. 

Materials 
MATERIALS AND METHODS 

ADPG was a kind gift of Prof. L. I?. LELOIR, Buenos Aires, to Prof. EI. M. KALCKAR, 
Boston. D-Arabinosyl CMP, D-arabinosyl CDP, and D-arabinosyl CTP were kindly 

* Serva-Entwiclrlungslabor, Meidelber~ (Germany). Agent in the U.S. A. : Gallard-Schlesinger 
kompany, Garden City, L.I., N.Y. 

** Macherey und Nagel, Diiren (Germany). Agent in the U.S._4. : CA. Brinkmann, Great Neck, 
L.I., N.Y. 

*** Brown Company, Berlin, N.H.; Schleicher and Schuell, Keens, N.H. 
I Whatman Thin-layer Chromedia (Reeve Angel, London, Great Britain. Agent in the U.S.A. : 

Scientifica, Clifton, N. J .) . 
§I Mineralight Models R 51 or UVS I 2 (Ultraviolet Products, San Gabriel, Calif.). 

!%I Layers prepared with commercial PEI-cellulose powders give separations that are different 
from those described in this paper. 

J. Clwomulog., 16 (1964) III-rag 
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-provided by Prof. S. S. COHEN, Philadelphia. The other nucleotides were commercial 
products obtained from Sigma Chemical Company, St. Louis, and from California 
Corporation for Biochemical Research, Los Angeles. 

A 50 “/p (w/v) solution of poly(ethyleneiminc) (free base) in water, manufactured 
by Badische’ Anilin- und Soda-Fabrik, Ludwigshafen, Germany, was obtained from 
the Chemirad Corporation, East Brunswick, N. J. All solvents were prepared from 
analytical reagent grade materials. 

Prqbaration of $Zates 

A dialyzed 1 y0 poly(ethyleneimine) hydrochloride solution is prepared from a IO y. 
poly(ethyleneimine) hydrochloride solution (pH about 6.0) as described earlierD. A 
suspension of unmodified cellulose powder for thin-layer chromatographyD (30 g) 
in the dialyzed solution (200 ml) is homogenized in an electric mixer for about 30 sec. 
Approximately 0.5 mm thick layers are then prepared on degreased glass plates 
(IO x 20 or 20 x 20 cm) by means of the Desaga-Brinkmann applicator model S II 
or by means of the Camag-Thomas apparatus, see ref. g. In case of narrow plates 
(5 x 20 or IO x 20 cm) the Serva applicator9 can be used. 

In order to avoid edge effects the plates should be separated from each other 
immediately after coating. They are allowed to dry overnight on a horizontal support 
at room temperature. The resulting layers are mechanically very stable so that one can 
write on them with pencil or ball-point. They have a capacity of approximately 
.I .5 mequiv. N per g cellulose. 

‘Layers of lower capacity ( < I mequiv. N per g cellulose) can be prepared without 
previous dialysis of the poly(ethyleneimine) solution in the following manner. 30 y0 
poly(ethyleneimine) solution (IO g) is diluted with distilled water (700 ml), brought 
to pH 6 with concentrated hydrochloric acid, and finally made up with distilled water 
to I 1. Cellulose powder MN 300 (30 g) is suspended in the poly(ethyleneimine) solution 
(200 ml). Subsequently the layers are prepared according to the procedure described 
above. These layers have a capacity of 0.7-0.8 mequiv. N per g cellulose. 

In order to obtain a straight solvent front dividing lines are scratched through 
the layer at a distance of 4-5 mm from the edges, and parallel lines are scratched into 
the bottom parts of the plates as described earlier 0. Each plate is given a preliminary 
ascending development with distilled water 0s20. The plates are then allowed to dry at 
room temperature for at least 12 h. Drying at elevated temperature is not advisable. 

If the plates are not used within a few days they should be stored in darkness in 
the cold (0-4~) where they can be kept for several months. Whereas poly(ethylene- 
imine) solutions are stable, suspensions of cellulose in poly(ethyleneimine) solutions 
and PEI-cellulose layers can be kept for only a limited period at room temperature. 

CkromatograjNiy 

The samples are applied on a starting line drawn with a soft pencil 3.0 cm from the 
lower edge of the plate. 0.002 iW solutions of sodium or lithium salts of nucleotides in 
distilled water were used throughout this investigation. After spotting all plates are 
exposed to a current of cold air for about 3 min. 

Ascending chromatography is carried ou ., + in closed tanks filled with solvent 
to a height of 0.7-1.0 cm. Chromatography in open vessels gives results which are 
only slightly different from those described in this paper. 

J. Cirromatog., 16 (19G4) III--I25 
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For the determination of &J values I ,~l of the stock solutions (2 mpmolcs) was 
spotted on layers impregnated with a dialyzed I o/o poly(ethyleneimine) solution, 
All chromatograms were developed up to a dividing line previously scratched through 
the layer 10.0 cm above the starting line. The elution was carried out perpendicular 
to the coating direction. The development time was 40-65 min depending on the 
composition of the solvent. Subsequently the plates were dried in a stream of hot 
air, The compounds were located by examining the plates in incident short-wave 
ultraviolet light and marked on the plate with a pencil. 

Recording the chromatog~ams by $?istogra#iy in incident ultraviolet Light 

In order to obtain permanent records the chromatograms can be photographed in 
incident ultraviolet light, cf. Fig. 3. This photograph was obtained in the following 
way. A Polaroid MP-3 Land Camera (Polaroid Corporation, Cambridge 38, Mass.) 
was erected vertically over the chromatogram at a distance of 40-50 cm. An ultra- 
violet filter (Kodak daylight filter for type F color films No. 85 C) was placed in front 
of, the lens (Rodenstock-Ysaron I :4.7, f = 127 mm). Two short-wave ultraviolet 
lamps (Mineralight Model No. R SI), mounted at a distance of about 20 cm from the 
plate, were used to give even illumination in an otherwise completely darkened room, 
The exposure was 3 set (lens openingf: 8 ; PolaPan 200 type 52 film). The conditions 
will of course depend on the properties of the ultraviolet lamps used. 

Removal of interfedng salts 

Although generally speaking ion-exchange chromatography is less sensitive than 
partition chromatogaphy to the presence of salts in the samples to be analyzed, a 
large excess of undesirable anions does interfere seriously with the separations on 
PEI-cellulose layers (see Figs. 5 and 6). Interfering salts are best removed by ad- 
sorption and subsequent elution of the nucleotides from activated charcoal (see e.g. 
refs. 24 and 25). A drawback of this technique is that recovery of nucleotides, especially 
in case of compounds containing guaninez6, is not quantitative. A further possibility 
is as follows. The samples are spotted in the usual ‘manner, and after drying in a 
stream of air the plates are laid in a ff at dish for about TO min with anhydrous reagent 
grade methanol (300-600 ml). Subsequently the layers are dried, and chromatog- 
raphy is carried out as described above. This treatment removes excess salts, whereas 
in general more than go o/O of the nucleotides remain on the points of origin (see 
Figs. 5 and 6). 

RESULTS AND DISCUSSION 

General behavior of mononnzbcleotides on PEI-ceZZulose layers 

In Figs. I and 2 the Rp values of various derivatives of adenine and uracil are plotted 
against the lithium chloride concentration of the solvent used for elution. RF values 
higher than 0.8 are not given because compounds migrating close to the solvent front 
have a tendency to form elongated spots so that exact RF values cannot be measured. 
As can be seen from Figs. 1: and 2, the migration rate of nucleotid.es depends on the 
electrolyte concentration of the solvent in a way characteristic for each compound, 

In general, the slope of the curves of pyrophosphoric acid diesters (I) (e.g., 
ADPG, TPN) is steeper than that of monoesters of phosphoric, pyrophosphoric, or 

J, Clrro~maEog., IG (r964) 111-125 
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Fig, I. Relationship between RF values of adenine compounds and LiCl concentration of the 
solvent. Chromatography on 0.5 mm thick PEI-cellulose layers as described in the text. 

M LiCl 

Fig. 2. Relationship between Rp values of uracil compounds and LiCl concentration of the solvent. 
0.5 mm thick PEI-cellulose layers. 

J. Chromalog., x6 (rgC4) III--I25 
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triphosphoric acid (e.g., AMP, ADP, ATP). In some cases (see Figs. I and 2) a crossing 
of monoester and dies&r curves can be noticed. 

0 0 

X_;-_O-;L-y 
Al-1 LIEI 

(*I 

The reproducibility of the Rr;l values is good if they are measured on plates ob- 
tained with a single poly(ethyleneimine) preparation. Slight variations (up to about 
& 0.05) are observed if different poly(ethyleneimine) preparations are compared. 
The spot pattern, however, remains the same in each case. 

In contrast to the nucleotides, Rp values of nucleic acid bases and nucleosides 
do not depend on ehe salt concentration of the solvent. This is correct for salt concen- 
trations up to about 2 M NaCl or LiCl, see the data given for adenosine in Fig. I. 
Uridine (not shown in Fig. 2) migrates with a Rn value of about 0.85 throughout the 
concentration range given in Fig. 2. At very high salt concentrations a decrease of the 
RF values of some bases and nucfeosides is observed. This is presumably a salting 
out phenomenon. 

Figs. I and 2 show that it is possible to separate basic (or neutral) substances 
from nucleotides (or other acid substances) by a preliminary development with 
distilled water. Under these conditions all nucleotides, with the exception of DPN 
(Fig. I), remain at the origin, whereas all water-soluble basic or neutral compounds 
migrate. The second development with electrolyte solutions for separating the 
nucleotides can be carried out in the direction of the first development or, preferably, 
perpendicular to it. 

In Tables I-IV are listed the RF data of a number of naturally occurring ribo- and 
dcoxyribomononucleotides. It is apparent from these data that, under a given set of 
eluting conditions, the behavior of each nucleotide is influenced by the base, the 
sugar, and the phosphate residue of the molecule. 

El&ion mder nez&aZ cdnditions 

At neutral pH (Table I and Figs. I and 2) the rate of migration decreases in the order: 
nucleotide sugars* (+ DPN) > monophosphates (+ TPN) > diphosphates > tri- 
phosphates containing the same base. Differences in net charge form the principal 
basis for this separation. 

The order of elution predicted by net charge considerations is, however, 
subject to modifications. For example, the great rate of migration of the sugar nu- 
clcotide group cannot be explained by net charge considerations alone, since both 
sugar nucleotides (e.g., UDPG) and nucleoside monophosphates (e.g., UMP) carry a 
net charge of -2 at neutral PH. Furthermore, although the bases carry no net 
positive charge at neutral pH3, the rate of migration in each group decreases in the 
order: uracil >. cytosine > hypoxanthine > adenine > guanine derivatives. 

Size, physical properties, and arrangement of nonionic substituents seem to in- 

* Oxidation of a nucleotide sugar (e.g., UDPG) to the corresponding uranic acid (UDPGA) 
results in a decreased migration rate, see also Fig. 3. 

J. C?wo~alog., I 6 (rgG4) I I I --f 25 
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fluence the strength of the bonds established between compound and adsorbent. For 
example, one has to assume that purine compounds are adsorbed to the impregnated 
cellulose ion-exchanger more strongly than pyrimidine compounds of the same structu- 
ral type, see also Fig. 3. Moreover, the net surface charge density on the molecule 
which is determined by the spatial arrangement of ionizable groups can be expected to 
be an important factor. 

Ehtion under acid cogaditions 

At pH 3.4 (Table II) the rate of migration decreases in the order: monophosphates 
(+ DPN) > nucleotide sugars (+ TPN) > diphosphates > triphosphates, and 

TABLE I 

Rp VALUES OF NUCLEOTIDES AT NEUTRAL pH 

Solvent : LiCl in wafer 

0.25 M 1.0 M r.6 M 

5’-AMP 0.11 0.52 
5’-IMP 

0.65 
0.13 0.59 

5’-GMP 
0.74 

0.06 0.40 0.51 
5’-CMP 0.15 0.64 
5’-UMP 

0075 
0.20 0.74 0.80 

ADP 0.00 0.26 0.54 
IDP 0.00 0.30 0.63 
GDP 0.00 0.17 0.45 
CDP 0.00 o-33 0.64 
UDP 0.00 0.41 0.71 

ATP 0.00 0.06 0.34 
ITP 0.00 0.09 0.39 
GTP 0.00 0.05 0.25 
CTP 0.00 0.11 0.41 
UTP 0.00 0.14 0.49 

cl-AMP 0.11 0.52 -_ 

cl-GMP 0.06 0.41 - 

cl-CMP 0.18 0.65 - 

TMP 0.261 0.74 - 

cl-ATP 
cl-GTP 
cl-CTP 

TTP 

0.00 

0.00 

0.00 

0.00 

- 
- 
- 
- 

0.35 
0.26 

0.43 
0.52 

DPN 0.64 0.80 > 0.80 
DPNI-I 0.20 0.71 - 

TPN 0.03 0.60 - 

TPNH 0.00 0.34 - 

ADPG 
GDPM 
CDPG 
UDPG 
UDPAG 
UDPGA 

0.22 

0.12 

0.27 

0.34 
0.44 
0.04 

o-77 

> ::z: 
> 0.80 
> 0.80 

> 0.80 
> 0.80 
> 0.80 
> 0.80 
> 0.80 

- 

- = not investigated. 

J. Chromatog., 16 (r964) I I I-I 25 
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T.4BLE IT. 

XP VALUES OF NUCLEOTIDES AT PI. 3.4 

C0tnfJ011nci 
Sohwt : forrrric acid-sodiitrtt fornrntc hrflzr pH 3.4 

0.5 111 1.0 nf 2.0 iIf 4 0 iv 

s/-AMP 
$-IMP 
5’-GMP 
s’-CMP 
s’-UMP 

ADP 
IDP 
GDP 
CDP 
UDP 

ATP 
ITP 
GTP 
CTP 
UTP 

DPN 
TPN 

ADPG 
GDPM 
CDPG 
UDPG 
UDPAG 
UDPGA 

o-65’- > 0.80 > 0.80 

0.40 0.60 0.73 
O.?S 0.45 0.57 
0*70& > 0.80 - 

0.51 0.72 > 0.80 

0.03 0.10 0.32 
0.00 0.04 0.14 
0.00 0.02 0.09 
0.0s 0.20 o-45 
0.02 0.07 0.24 

0.00 0.00 0.04 
0.00 0.00 0.02 
0.00 0.00 0.00 
0.00 0.02 0.05 
0.00 0.00 0.02 

0.6Sa > 0.80 > 0.80 
0.14 0.43 > 0.80 

0.30 0.57 > 0.80 
0.07 0.1s 0.51 
0.45 0.67 > 0.80 

0.17 o.3gb 0.77 
0.32 0.55” > o.so 
- 0.03 - 

> 0.80 
> 0.80 

0.65" 
- 

0.75” 
0.49 
0.34 

> 0.80 
0.60 

0.24 
0.11 

0.07 
0.29 
0.17 

- 
- 
- 
- 

- = not investigated. 
R Spot in second front. 
IJ Elongated spot. 

cytosine > adenine > uracil > hypoxanthine > guanine derivatives. At this pH 
the primary phosphoric acid groups are fully dissociated, and the secondary groups 
are totally undissociated. That monophosphates (q., UMP) precede nucleotide 
sugars (e.g., UDPG) under these conditions can be predicted from net charge con- 
siderations: because uracil carries no positive charge at pH 3.4, the net negative 
charges of UMP and UDPG are --I: and -2, respectively. However, the rather great 
differences between nucleotide sugars and nucleoside diphosphates (Table II) are 
not due to charge differences. The net charge of both UDPG and UDP is -2 at pH 3.4. 

Since the p& values of hypoxanthine, uracil, guanine, adenine, and cytosine are 
different?, the net charge on the individual nucleotides within each group is different. 
The order cytosine > adenine > guanine is predicted by net charge considerations. 
The relatively slow migration rates of hypoxanthine and ,guanine derivatives must, 
however, be explained by the greater attraction of the poly(ethyleneimine)-cellulose 
for these purines over, the pyrimidines. 

Good separations are obtained at pH 4.4 (Bp values not given). Acetic acid- 
sodium acetate buffers, with or without addition of lithrum chloride, can be used as 
solvents. In this pH region uracil derivatives precede adenine derivatives of the same 
type* 

J. Cltromatog., 16 (1964) II r-rzg 
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At pH z (Table III) the rate of migration with regard to the bases is cytosine > 
adenine > guanine > uracil > hypoxanthine derivatives of the same type. 

In general, smaller and sharper spots are obtained at acid pH values than under 
neutral or alkaline conditions. 1-3 N formic acid gives particularly sharp group 
separations. The addition of LiCl (Table III) increases the eluting power considerably, 

TABLE III 

RF VALUES OBNUCLEOTIDES ATpN: 2 

Solvent I = 1.0 iv HCOOH. 
Solvent 2 = a.0 N HCOOH-0.5 M LiCl (I : I). 

Solvent 3 = 2.0 N HCOOH-2.0 M UC1 (I: I). 

SOlVOIl 
Con,polrnd 

I 3 3 

- = not investigated. 
u. Spot in second iron& 
b ElongELtecl spot. 

The formation of so-called second fronts is sometimes observed in the chromatog 
raphy with acid solvents. These second fronts correspond to sudden pH changes 
within the layer, as can be detected by spraying the plates with suitable indicator 
solutions. 

Because they do not interfere seriously with the chromatography, equilibration 
of the layers with solvent prior to chromatography is seldom necessary. It must be 
mentioned, however, that anomalies of RF values can be observed sometimes if 
nucleotides migrate with, or close to, a second front. An example is the RF value of 
GMP determined after chromatography with HCOOH-LiCl mixtures, see Table III. 

J. Clrromalog., IG (1964) t 11-125 

5’-AMP > 0.80 > 0.80 > 0.80 
5’-IMP 0.19 0.53 
5’-GMP 

0.78 
0.41 0.508 0.72u 

5’-CMP > 0.80 > 0.80 > 0.80 
5’-UMP 0.20 0.64 > 0.80 

ADP *.’ 0.03 0.29 0.70 
IDP 0.00 0.08 0.55 
GDP 0.00 0.13 0.61 

CDI? 0.04 0.35 0.73 
UDP 0.00 0.11 0.60 

AT-P 
ITP 
GTP 
CTI? 
UTP 

0.00 
0.00 
0.00 
0.00 
0.00 

0.04 
0.02 
0.02 

0.04 
0.02 

0.33 
0.17 
0.24 
0.37 
0.20 

DPN > 0.80 > 0.80 > 0.80 
TPN 0.10 o*44a > 0.80 

ADPG o.og 0.51& > 0.80 
GDPM 0.01 0.34 0.73 
CDPG 0.13 0.60 > 0.80 
UDPG 0.01 0.27” > 0.80 
UDPAG 0.02 0.38” - 

UDPGA 0.00 0.09 0.66 
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Sefiaration of deoxyribo- an.d D-arabinosylnucleotz’des front ribonucleotides 

As shown in Table IV, deoxyribonucleotides can be separated from their ribonucleo- 
tide-analogues on PEI-cellulose layers by chromatography with solutions of LiCl in 
aqueous boric acid 30. Under the conditions indicated in Table IV some ribonucleotide 
spots appear slightly elongated. This might be due to a partial dissociation of the 
borate complexes formed by these compounds. 

TABLE IV 

fip VALUES OF NUCLEOTIDES IN THE PRESENCE OF BORIC ACID 

Solvent 1 = 2 y0 H,UO,--2 &I LiCl (3 : 1). 
Solvent 2 = 4 “/” M,BO,-4 M LiCl (4 : 3). 

Solvcllt 
Corllpolrrrd 

f ? 

:\MP 0.24 
cl-AhlP 0.42 

GMP 0.0s 
cl-GMP 0.30 

ChlP 0.28 
cl-ChIP 0.55 

UMP ‘0.37 
TMP 0.63 

ADP 0.04 

.4TP 
cl-ATP 

GTP 
cl-GTP 

CTI? 
d-a-r 
UT-P 
TTP 

- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

0.56 

0.33 
0.46 
0.17 

0.37 
0.36 
O.GI 

0.48 
0.70 

- = not investigated. 

Also D-arabinosyl CMP (II), n-arabinosyl CDP, and D-arabinosyl CTP are 
separated from their ribo- and deoxyribo-analogues with solvents containing boric 

acid. The rate of migration decreases in ‘the order deoxyribo- > D-arabinosyl- > ribo- 
nucleotides of the same structural type. 

J. Chromatog., 16 (1964) 111-125 
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As can be seen from Fig. I, a mixture of DPN, TPN, ADPG, AMP, ADP, and ATP 
cannot be resolved with one and the same solvent, since the adsorption affinities of 
these compounds for PEI-cellulose are too different. In such a case the chromatogram 
is developed with a series of solvents of increasing electrolyte concentrations. In 
Fig. 3 examples are given showing separations of adenine and uracil nucleotide mix- 
tures. The discontinuous, stepwise procedure used for elution comprised three trans- 
fers of the plate without intermediate drying from one tank to another tank con- 
taining a higher lithium chloride concentration. 

When compared with constant concentration elution, development with in- 
creasing concentrations gives sharper and more circular substance spots. 

Fig. 3. Separations of adcninc and uracil nucleotidcs on a 0.5 mm thick PEI-cellulose layer. The 
plate was developed (stepwise elution, see text) for I min with 0.1 M LiCl, for 5 min with 0.3 M 
LiCl, for I 5 min with o. 7 M LiCl, and for 25 min with I ,5 M LiCl. Development distance : 9.3 cm in 
46 min. Amounts applied: 5-10 rn,u moles of each compound. I = UTP; e = UDP; 3 = UDPGA; 
4 = 5’-UMP; 5 = UDPG; 6 = 1-5 together.; 7 
5’-AMP ; I I 

= S,r3 together; 8 = DPN; g = ADPG; IO = 
=TPN;Iz = ADP; 13 = ATP. Some impurities are visible, for example, ADPG con- 

tained a small amount of AMP, and ATP contained ADP and an unidentified compound (close to 
the start). Photographed by short-wave U.V. light. To increase the contrast, the plate was soaked in 
anhydrous methanolic 0.002 O/O fluorescein solution for ~l/e min and dried before photography. 

J. Clrromalog., 16 (x964) I I 1-125 
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The choice of the solvent depends on the composition of the mixture to be ana- 
lyzed: for example, if the mixture contains only nucleotide sugars and nuclcoside 
monophosphates, LiCl molarities between o. I and I .o are suitable. On the other hand, 
if a mixture of nucleoside di- and triphosphates is to be analyzed, the concentration 
range would be between 0.6-0.8 M for the first solvent and 1.7-2.0 JU for the last 
solvent. The number of “steps” sufficient in most cases is z-5. 

Inflztence of the fioZy(etFYylenehzine) concentration 

Fig. 4 shows that the chromatographic results depend on the poly(ethyleneimine) 
concentration of the solution used for preparing the plates. In general, lowering of the 
concentration results in larger, more elongated spots and in higher RF values. Whereas 
a 0.5 o/o (w/v) poly(ethyleneimine) solution gives good and for many purposes suffi- 
cient separations, the resolution becomes very poor if a 0.1: o/o solution is used (Fig. 4). 

I 

0 
AMP 

0 
ADP 

OATP 

0 
AMP 

0 
ADP 

0 
AT,P 

Fig. 4. Influence of poly(ethyleneimine) content (capacity), Chromatography with 1.0 Al LiCl. 
The layers (0.5 mm thick) were prepared with dialyzed I y. (I), 0.5 yO (II) and 0.1 y. (III) poly- 

(cthyleneimine) hydrochloride solutions. 

As mentioned in the section Preparatiout oj @ates, layers of a capacity < r 
mequiv. N per g cellulose can be prepared without previous dialysis of the poly- 
(ethyleneimine) solution. Good separations are obtained on these layers; spot size 
and RF values are similar to those observed with a 0.5 y., dialyzed solution (Fig. 4) 
if an undialyzed solution of the same concentration is used, see section Pq5aration of 
plates. IIowever, the poly(ethyleneimine) concentration should not exceed 0.7 % 
(undialyzed) and 1.5 y. (dialyzed), because otherwise it is difficult to remove low- 
molecular-weight impurities which are incorporated in the layer. 

Interference by salts 

An excess of salts or buffers in the samples to be analyzed can interfere seriously with 
the separations (Figs. 5 and 6). By the methanol treatment described above -(see 
section Removal of interferiq salts), excess electrolytes are removed. A separation 
of AMP, ADPS and ATP can be obtained even ‘if the sample contains a very large 
excess of sodium chloride (Fig. 5 b), As shown in Figs. 5 and 6, slightly higher RF 
values and more elongated spots are observed on plates treated with methanol. 

J. Cl~omrttog., 16 (1964) III--125 
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” Ei II @o 0 0 oAMP 

eo @ Q oADP 

0 0 0 0 oATP 
6600 1 900 1 18 0 

1800 90 
Molar excess of NaCl 

(b) 

@ . . . . &‘TP 

6600 1 900 1 16 0 
1800 90 

Molar excess of NaCl 

Fig. 5. Effect of interfering clcctrolytcs. Chromatography with I .o M LiCl on 0.5 mm thick PEI- 
cellulose layers. a = without methanol treatment ; b = with methanol treatment as described in 

the text. 

CONCLUSIONS 

In Table V the various methods for separating nucleotides are compared. When 
compared with paper chromatography6 and paper electrophoresis7 of nucleotides, the 
following advantages of ion-exchange thin-layer chromatography are evident : 

I, Thin-layer chromatogratihy is more sensitive than paper chromatography 
and paper electrophorcsis O. Especially in biochemical analysis, where often only 
traces of the compounds being studied are available, the more than tenfold decrease 
in the scale of analysis is a particularly important advantage. The sensitivity is 
further increased if the compounds are labeled and the detection is carried out by 
autoradiography or by scanning in a suitable instruments. 

a) :b) 

0 0 ‘a . ,AD P 

1700 I I 
I 

170 1.7 0 
850 17 850 17 

Molar excess of tris buffer pH 7.5 Molar excess of tris buffer pM 7.5 

Fig. 6. Effect of interfering electrolytes. Solvent: 0.3 M' LiCl. a = without methanol treatment; 
b = with methanol treatment as described in the text. 

J. Clrromatog., r6 (rg64) 111-125 
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COMPARISON BETWEEN DIFFERENT METHODS FOR SEPARATION OB NUCLEOTIDES 

h!!ctilorl Optittrlrm ntttounts WJe Tittrc reqlrircd Rcsolrrtiotr of cotthplcx 
nrixttrrcs= 

Paper IO--200 /.lg Partition 12 h-5 days Moderate 
chromatography per spot (ion-eschange) 

Paper 100-500 pg Ionophorcsis Several h Moderate 
electrophoresis per spot 

Column 50 pug-several Ion-exchange Several h-1 o days Very good 
chromatography hundred mg per 

column 

Thin-layer 0. a-30 #US 
chromatography per spot 

0 See the following paper?*. 

Ion-exchange 
(partition) 

Several min-3 h Very good 

a. Complex mixtures of nucleotides that cannot be resolved at all by the present 
techniques of paper chromatography and paper electrophoresis can be separated by 
anion-exchange thin-layer cl~ronlatograpl~y~s. 

3, The time required for separation is very short9 (Table V). 
4. Ion-exchange thin-layer chromatography can be carried out under milder 

conditions than paper chromatography and paper electrophoresis, sharp separations 
being obtained even at o” (ref. 9). There is thus scarcely any danger of decomposition 
of sensitive nucleotides. 

It should be kept in mind that the unequivocal identification of nucleotides is 
greatly facilitated by using anion-exchange thin-layer chromatography in con- 
junction with other methods which are based on different separation principles. 

A comparison with anion-exchange column chromatography on polystyrene 
resins (see refs. 1-4, 25, 29) shows: 

I. Both ion-exchange methods give nearly identical elution patterns at the same 
PH. The electrolyte concentrations required to obtain identical mobilities of individual 
compounds are, however, different. 

2. The thin-layer chromatographic procedure results in an at least equal sharp- 
ness of resolution. 

3. Thin-layer chromatography is less laborious than ion-exchange column chro- 
matography and is therefore especially suitable for micropreparative separations 
(amounts of up to 2 mg per substance on a 20 x 20 cm plate). The nucleotides can be 
eluted with electrolyte solutions after removing the substance zones from the glass 
plate@. As in column chromatography, activated charcoal is used to reclaim the 
nucleotides from the eluting electrolytes. 

4. In both methods a quantitative determination can be carried out by ultra- 
violet spectropliotometry O. A more detailed description of quantitative evaluation of 
the PEI-cellulose plates will be given in the near future. 

The most important advantages of thin-layer chromatography on PEI-cellulose 
are excellent sharpness of separation, good reproducibility, high sensitivity, andgreat 
speed. Furthermore, the regular behavior of the nucleotides facilitates the identifi- 
cation of unknown compounds. 

J. Clwomafog., I; (IgG4) III-125 
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The high resolving power of the impregnated cellulose anion-exchange material 
is, in our opinion, to be attributed to its (a) high capacity, (b) great density of 
functional groups along the poly(ethyleneimine) chain, and (c) lack of cross linkage 
resulting in a high rate of the ion-exchange process. 

SUMMARY 

naturally occurring mononucleotides can be separated and identi- A great number of 
fied by poly(ethyleneimine)-cellulose thin-layer chromatography. RF data for 33 
compounds are given, and the factors are discussed which influence the mobility 
under different elution conditions. The method is compared with other present tech- 
niques for separating nucleotides. 
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