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A B S T R A C T  

Methods for the assay of  nucleotides, nucleosides and nucleobases in biological samples in health and disease are reviewed, with 
emphasis  on reversed-phase and ion-pair reversed-phase techniques for their determination. Modes of  extraction from biological 
samples are discussed with respect of  the determination of in vivo concentrations. Advantages and limitations of  ion-pair reversed-phase 
chromatography are discussed with examples from biochemistry and clinical chemistry. The capacity of  the high-performance capillary 
electrophoresis is compared with that  of  ion-pair reversed-phase chromatography.  
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1. INTRODUCTION 

The investigation of purine metabolism started 
with the measurement of urate. The availability 
of analytical-reagent grade ion-exchange resins 
opened up the application of liquid column chro- 
matography to nucleotide analysis. Currently 
anion-exchange, reversed-phase, ion pair [1] and 
zwitterion reversed-phase [2] methods are avail- 
able for the separation of nucleotides. More re- 
cently the separation efficiency has been substan- 
tially increased by using capillary zone electro- 
phoresis (CZE). High-performance liquid chro- 
matography (HPLC) is the method of choice for 
the determination of nucleotides. 

Ion-pair reversed-phase liquid chromatogra- 
phy (IP-RPC) is a well established method for the 
separation of ionized organic compounds and in- 
organic ions. It allows the control of the retention 
of an ionic solute by modification of the concen- 
tration of the organic modifier, the ion-pair re- 
agent, the counter ion and the pH of the eluent. 
Different model mechanisms of IP-RPC have 
been used to explain the retention and separation 
of polar compounds. With respect to nucleotide 
analysis, IP-RPC offers the possibility of the sep- 
aration of polar and apolar compounds within 
one run and therefore represents a tool for the 

investigation of nucleotide metabolism in cells 
and tissues. 

1.1. Nucleotides in metabolism 

Nucleotides participate in most biochemical 
processes as activated precursors for DNA and 
RNA synthesis, as intermediate products in 
many biosyntheses (e.g., CDP-diacylglycerine, S- 
adenosylmethionine), ATP as a ubiquitous 
source of energy in the cells, GTP and its partici- 
pation in the movement of macromolecules, the 
translocation of newly formed peptides at ribo- 
somes and the activation of signal coupling pro- 
teins. Adenine nucleotides represent elements of 
the coenzymes NAD, FAD and CoA. Cyclic nu- 
cleotides such as cAMP mediate the action of 
hormones. ATP modifies the activity of several 
enzymes by covalent modification (e.g., adenyla- 
tion of glutamine synthetase) and the inhibitors 
of nucleotide biosynthesis act as cancerostats 
(methotrexate folate analogues) or antiviral sub- 
stances (e.g., reverse transcription is inhibited by 
azidothymidine) [3]. 

Fig. 1 outlines the nucleotide pathways with 
their interrelationships and the regulatory action 
of the enzymes. Ribonucleosides and bases are 
freely exchanged across the cell wall. This rapid 
exchange with the surrounding medium affects 
the determination of intracellular concentrations. 
The turnover in the nucleotide pool is high, and 
therefore changes in the nucleotide pool occur 
very rapidly. Dissected tissue has to be frozen im- 
mediately (to inactivate the enzymes in order to 
obtain in vivo concentrations). Owing to its role 
in energy metabolism of the cells, ATP is quanti- 
tatively the most important compound. In exper- 
iments on the energy depletion of cells [4,5], ATP 
is rapidly degraded to hypoxanthine. Owing to 
the compartmentation of the nucleotide pool [6] 
inside the cells (e.g., mitochondria), fractionation 
of these compartments has to be performed first 
if nucleotide levels are to be determined. Not all 
of these compounds (of,  Fig. 1) are to be found 
in each cell type, e.g., dGTP and dATP are not 
detectable in erythrocytes. 
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Fig. 1. Pathways of  purine metabol ism and possible interconversions between the different nucleotide metabolites (including negative 

feedback control  on the enzymes of  the purine de novo synthesis). Nucleosides and nucleobases are freely exchanged across the cell wall. 

[ = Ribose-P-pyrophosphokinase;  2 = transketolase; 3 = de novo purine synthesis; 4 = IMP dehydrogenase; 5 = G M P  synthase: 6 = 

adenylosuccinate synthase; 7 = adenylosuccinate lyase; 8 = G M P  deaminase; 9 - A M P  deaminase; 10, 11, 12, 13 = 5'-nucleotidase; 

14 = adenosine kinase; 16 = adenosine deaminase; 18, 19, 20 = purine nucleoside phosphorylase;  21 - adenine phosphor ibosyl t rans-  

ferase; 22, 24 = hypoxanthine  guanine phosphoribosyl t ransferase;  2 5 -  guanine deaminase; 26 = xanthine oxidase; 28 = adenylate 

kinase; 29, 31, 33, 35 = nucleoside diphosphate  kinase; 32 - guanylate kinase; 30, 34 = ribonucleoside diphosphate  reductase. 

(Modified after ref. 5.) 

HPLC determinations of nucleotides have 
been applied to the investigation of errors in nu- 
cleotide metabolism (e.g., severe immunodefi- 
ciency) and of energy metabolism, in oncology 
and in studies of antitumour metabolites, haema- 
tology (e.g., blood preservation), studies of en- 
zyme activities and monitoring of ischaemic 
damage. 

1.2. Structural properties o f  nucleobases, nucleo- 
sides and nucleotides 

The influence of the apolar purine and polar 
groups on the separation process have been wide- 
ly investigated [7]. Depending on the purpose, 
one has to decide whether to choose reversed- 
phase separation (mainly for the determination 
of  nucleosides and nucleobases), anion-exchange 
separation (for nucleotides based on interaction 
with the phosphate group) or IP-RPC for the 
separation of nucleobases, nucleosides and nucle- 
otides within one run. Fig. 2 shows the structures 

of hypoxanthine, adenosine and guanosine 
monophosphate and a UV spectrum of ATP as 
an example. 

The pK values of the nucleobases are outside 
the operating range of silica (pH 2-7), except for 
adenine (4.15), and therefore the influence of pH 
variations on the separation is minimal. The nu- 
cleotides are charged in this operating range of 
silica columns owing  to their phosphate ester 
linkages. The nucleobases have a strong chromo- 
phore absorbing between 240 and 270 nm (cf, 
UV spectrum for ATP in Fig. 2). Spectra of other 
nucleic acid compounds have been published [8]. 
The ratio of  the absorbances at 254 and 280 nm is 
usually used for the identification of a substance. 
In samples originating from biological fluids, 
peak identification could be performed by using a 
photodiode-array detector [9,10]. For the exact 
validation of the peak assignment, the enzymatic 
peak shift method is to be preferred (involving 
reaction of the fractionated peak with a pure en- 
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Fig. 2. Structures of  hypoxanthine,  adenosine and G M P  and UV spectrum of ATP. 

350 

zyme, e.g., 5'-nucleotidase, and reanalysis by 
HPLC). 

The electrochemical activity of nucleotides 
[11,12] is highest in the pH range 7-9 [13] and 
therefore restricts the use of this detection princi- 
ple at the common chromatographic methods. In 
addition to UV detection, fluorescence methods 
have been applied to the detection of, e.g., S-ade- 
nosylmethionine [14], fluorouracil [15], thiogua- 
nine [16] and compounds after pre- or post- 
column derivatization [17-20]. At the low nano- 
gram level, purine derivatives are detectable by 
application of mass spectrometry (MS), but this 
approach is limited mainly by the large amount 
of buffer ions in the eluent [21-23]. For most ap- 
plications UV detection is the method of choice 
in HPLC. Fluorescence detection after derivati- 
zation could enhance the detection limit in capil- 
lary electrophoresis (CE). Fluorescence detection 
is also advantageous for monitoring nucleobases 
[17-201. 

2. M E T H O D S  FOR THE D E T E R M I N A T I O N  OF N U C L E O -  

TIDES 1N CELLS A N D  TISSUES 

Enzyme assay, bioluminescence, 31p nuclear 

magnetic resonance spectroscopy (NMR), 
HPLC, high-performance capillary electrophore- 
sis (HPCE) and gas chromatography (GC) can be 
applied to the determination of nucleotides. 31p 
NMR yields signals representing the sum of all 
nucleotides with similar chemical shifts. It has a 
great potential for the in vivo monitoring of rela- 
tive changes in nucleotide pools. HPCE [24-26] 
and capillary GC [27] also allow the separation of 
nucleotides, nucleosides and nucleobases. 

2.1. Nucleotide determination by H P L C  

For the determination of nucleosides and nu- 
cleobases in extracts from cells or biological 
fluids, separation on reversed-phase materials 
with methanol as organic modifier is the method 
of choice [28-34]. In connection with column- 
switching techniques or solid-phase extraction, 
this offers the opportunity of direct sample in- 
jection of, e.g., plasma or urine and of monitor- 
ing certain nucleosides or nucleobases as a func- 
tion of disease status. 
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Purine nucleotides and their derivatives can be 
determined by stepwise gradient elution on re- 
versed-phase columns [35-37]. The resolution of  
these separations is limited owing to the poor in- 
teraction of nucleotides with apolar octadecylsi- 
lane resins. Ribo- and deoxyribonucleotides are 
well retained on strong and weak anion-exchange 
materials [38-43] and on reversed-phase materi- 
als with an ion-pair reagent added [44-51]. 

The separation on anion exchangers is strictly 
controlled by the pH of the eluent (charge of the 
exchanger). A disadvantage of  anion-exchange 
separations is the use of highly concentrated 
eluent buffers; care has to be taken with the puri- 
fication of phosphates to diminish the increase in 
baseline rise from UV-absorbing impurities and 
to ensure the necessary washing cycles for pro- 
longation of the column lifetime. 

single run (especially important for limited sam- 
ple volumes). The reproducibility and the inter- 
column performance are good. Compared with 
anion-exchange separations the equilibration 
time is much shorter (except for the long initial 
equilibration time for a new column). 

Different phosphate buffers at concentrations 
between 10 and 100 mmol/1 may be used (prefer- 
ence is given to lower ionic strengths). Different 
tetrabutylammonium ions (phosphates or sul- 
phates) could be used (concentration between 2 
and 10 mmol/1). C18 columns from different man- 
ufacturers are suitable. IP-RPC could also be 
performed with microbore columns. In this in- 
stance (flow-rate below 0.3 ml/min) C8 columns 
have to be used, otherwise overloading with ion- 
pair reagent followed by desorption could occur. 
Acetonitrile is used as an organic modifier. 

2.2. Ion-pair reversed-phase methods 3. EXTRACTION METHODS 

Ion-pair reagents have been applied for the en- 
hancement of solvent extraction. Ion-pair re- 
agents are widely used for the separation of polar 
compounds such as certain pharmaceuticals, 
amino acids, proteins and nucleic acids and for 
chiral separations of polar compounds. 

The charge of  the nucleotides permits a good 
interaction with cationic ion-pair reagents (e.g., 
tetrabutylammonium phosphate). The butyl 
groups interact with the octadecyl groups of the 
column, leading to good retention. The elution 
order of nucleotides follows the number of charg- 
es (nucleotide monophosphates first, triphos- 
phates last). The use of tetrabutyl ions is to be 
preferred to tetraethyl ions because of the pro- 
longed retention of  tetrabutyl groups [1]. The 
eluent buffer concentration should not be in- 
creased above ca. 100 m M  owing to the competi- 
tion for the ion-pair reagent [52]. Improvements 
in separations of nucleotides by IP-RPC could be 
achieved by varying the pH of the eluent within 
the limitations given by the use of  silica-based 
columns (range of  pH stability) [48]. 

IP-RPC is now the method of  choice for the 
separation of nucleotides and their derivatives 
within one run. It offers a high resolution in a 

In addition to improving the resolution of 
chromatographic separations, extraction influ- 
ences the accuracy of the nucleotide values deter- 
mined (especially in cells or tissues with a high 
turnover). Cells or organelles have to be de- 
stroyed first and the metabolism of nucleotides 
has to be blocked immediately by inactivation of 
the enzymes. 

The homogenization or sonication and protein 
denaturation steps should be combined and 
shortened. It is in these steps that the largest loss- 
es in the total levels of nucleotides occur (e.g., 
conversion of nucleotide triphosphates to nucleo- 
tide monophosphates or hypoxanthine; inclusion 
of  nucleotides in the protein precipitate). 

The determination of the recovery is the most 
time-consuming process in the validation of con- 
centration determination (the method of  choice is 
the determination of  recovery after radiolabelling 
of  the nucleotide pool). 

3.1. Cells and tissues 

Extraction of  nucleotides from cells or tissues 
can be performed with perchloric acid (PCA), tri- 
chloroacetic acid (TCA) or trifluoroacetic acid 
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(TFA) [8,42]. The supernatant after precipitation 
is neutralized with Freon when using TCA [53] or 
diethyl ether [54]; for PCA extracts potassium hy- 
droxide or potassium carbonate-triethanolamine 
is used for neutralization. Problems that arise in 
the extraction process are the occurrence of 
peaks from the buffer salts and the irreversible 
loss of nucleotides with the perchlorate precip- 
itate after neutralization. The recoveries have to 
be determined for each buffer system used (values 
for PCA and TCA extraction have been pub- 
lished [55,56]). Acid extractions are not suitable 
for the determination of reduced pyridine nucleo- 
tides and must be replaced by alkaline extraction 
[36,55-58]. Sample preparation from tissues 
should preferentially use the freeze-clamp tech- 
nique, followed by destruction of the cells by ho- 
mogenization or sonication. In addition to the 
neutralization of the samples, the degradation of  
the nucleotides during the sample preparation 
has to be taken into account [59,60]. The determi- 
nation of reference values for nucleosides and nu- 
cleobases in cells is therefore dependent on the 
rapid stopping of enzyme activities that metabo- 
lize nucleotides. 

3.2. Biological fluids 

Samples from biological fluids such as plasma 
or cerebrospinal fluid could be directly applied to 
HPLC analysis after solid-phase extraction (e.g., 
on octadecylsilica columns for the removal of 
proteins from the sample; this process can be au- 
tomated by column switching [61-63]). 

Sample preparation for nucleoside and base 
determination should preferably be carried out 
using column extraction (Sep-Pak cartridge) or a 
micropartition filtration system (centrifugation 
through a deproteinization membrane) with re- 
spect to low concentration ranges and achieving 
optimum recoveries. 

4. ION-PAIR REVERSED-PHASE CHROMATOGRAPHY: 

SEPARATION MECHANISMS AND APPLICATIONS 

4.1. Retention mechanism 

Ion-pair chromatography could be explained 
by the retention of charged or ionizable mole- 
cules as ion pairs on reversed-phase columns. The 

existence of a dynamic ion exchanger where the 
counter-ion moieties are bound adsorptively to 
the reversed-phase material has also been dis- 
cussed [64]. Hydrophobic interactions with the 
reversed phase are decreased by increasing the 
amount of organic modifier, and the dielectric 
constant of the medium is decreased [65]. 

The following models for the description of the 
retention mechanism by IP-RPC have been de- 
veloped: dynamic exchanger model; dynamic 
complex exchange model; ion-pair formation; 
and non-stoichiometric model [65,66] 

For the common IP-RPC separation a mixed 
mode of ion-pair formation and dynamic ex- 
change is likely to operate with gradient elution. 
The dynamic complex exchange model [67] de- 
scribes the mechanism of the retention of nucleo- 
tides in the best way. This includes the primary 
layer of adsorbed ions on the reversed-phase sur- 
face by hydrophobic interaction and the attrac- 
tion of oppositely charged ions. The effects on 
neutral samples could not be explained by this 
model. The ion distribution is influenced by polar 
or non-polar interactions depending on the salt 
concentration. 

The resolution in IP-RPC is influenced directly 
by the degree of end-capping due to the interac- 
tion between residual silanol groups and amines 
[66]. The resolution could be increased by in- 
creasing the column length [68]. Preference is giv- 
en to 250 mm x 4.6 mm I.D. columns. Run times 
between 40 and 55 min are possible with analyt- 
ical columns of 250 mm length and a 5-/~m parti- 
cle size, allowing the separation of nucleobases, 
nucleosides and nucleotides in a single run. The 
application of IP-RPC to microbore columns is 
difficult owing to the occurrence of sorption and 
desorption processes. 

Details of the applied methods are given in the 
captions of the figures. 

4.2. Applications in biochemistry (nucleotide de- 
termination in cells: red blood cells', Ehrlich ascites 
tumour cells', hepatoeytes) 

TCA and PCA extraction is the method of 
choice for the preparation of samples from cells. 
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Fig.  4. Chromatogram of  an acidic extract of  red blood cells. 
Ion-pair reversed-phase separation on a Supelcosil Cj  8 D B  col- 
umn. Chromatographic conditions as in Fig.  3. 

Depending on the stage of  metabolic complexity, 
the most appropriate separation method has to 
be used (e.g., difference in the metabolite pattern 
of  different cell stages of  red blood cells during 
maturation, which is accompanied by the loss of  
organelles and energy-requiring processes and 
the switch from aerobic to anaerobic ATP pro- 
duction and the existence of  the de novo synthesis 
of  purine nucleotides). These maturation-depen- 
dent differences in the enzyme pattern lead to the 
interruption of  the de novo synthesis. The extracts 
of  erythrocytes yield a simplified peak pattern 
compared with reticulocytes (Figs. 3 and 4) [69- 
71]. Determination of  nucleotide concentrations 
in different stages during the maturation process 
necessitates the enrichment of  a particular stage. 
For this enrichment process the recovery values 
have to be calculated separately. 

During proliferation of  turnout cells (e.g., cul- 
tivated hepatoma cells and Ehrlich ascites tu- 
mour cells), differences in nucleotide concentra- 
tions could also be determined by IP-RPC 
[72,73]. In addition to the gradient separation of  
nucleotides as shown in Fig. 5. for an extract of  
Ehrlich ascites tumour cells (with the separation 
of  nucleobases, nucleosides and nucleotides in a 
single run), isocratic separations within 20 min 
have been used in the determination ofnucleotide 

] 

t~ 

7f3 ti 

0 10 ZO 30 mm ~0 

Fig. 5. Chromatogram of an extract of Ehrlich ascites tumour 
cells obtained by gradient IP -RPC on a Supelcosi] C~s column 

(250 mm × 4.6 mm I.D.) at a flow-rate 1.3 m]/min. Buffers A 

and B as in Fig.  3; 12 -min  concave gradient to 8 0 % B ,  25 min at 
8 0 % B  2 0 %  A ,  2- ra in  linear gradient to 1 0 0 %  A.  Peaks :  1 = 

hypoxanthine; 2 - x a n t h i n e ;  3 = inos ine ;  4 = g u a n o s i n e ;  5 = 

adenine; 6 = a d e n o s i n e ;  7 = I M P ;  8 = G M P ;  9 = U M P :  10 = 

A M P ;  11 = G D P ;  12 = U D P :  13 = A D P ;  14 = G T P ;  15 = 

U T P ;  16 = A T P .  
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ceils. Isocrat ic  separa t ion  on a N o v a  Pak C l s  car t r idge  (100 m m  

x 8 m m  I.D.)  (Waters)  at  a f low-rate o f  2.5 m l / m i n  wi th  10 m M  

N H 4 H 2 P O 4 - 2  m M  t e r t . - b u t y l a m m o n i u m  p h o s p h a t e - 1 5 %  ace- 

tonitrile. Peaks: 1 = IMP;  2 = A M P ;  3 = G D P ;  4 = U D P ;  5 = 

ADP;  6 = G T P ;  7 = U T P ;  8 = ATP.  

concentrations. For example, separations were 
performed at 2.5 ml/min on a Waters Radial Pak 
cartridge (Fig. 6). Other isocratic IP-RPC have 
been described [51,74]. 

j 

I I I I 

10 20 30 40 mio 

Fig. 7. C h r o m a t o g r a m  of  an ext rac t  o f  hepa tocytes  after  re- 

oxygenat ion .  C h r o m a t o g r a p h i c  condi t ions  as in Fig. 5, except 

for the use of  a C 18SiI-X-5 co lumn  (250 m m  x 4.6 m m  I .D.)  and  

a 25 m m x  4.6 m m  I .D.  gua rd  c o l u m n  at  a f low-rate of  1.3 

m l / m i n  and  an  equi l ibra t ion t ime of  15 rain. Peaks: 1 = uracil; 2 

= hypoxanth ine ;  8 = guanosine;  10 = adenosine;  11 = 1MP; 13 

= G M P ;  14 = U M P ;  15 = A M P ;  16 = G D P ;  17 = U D P ;  18 = 

A D P ;  19 = G T P ;  20 = U T P ;  21 = ATP.  

4.3. Ion-pair reversed-phase chromatography ./'or 
the determination of nucleotides during ischaemia 

The nucleotides in cells subjected to ischaemia 
undergo a very rapid breakdown which is mon- 
itored by HPLC analysis of extracts of these cells 
(e.g., hepatocytes, Fig. 7 [55]). After reoxygena- 
tion of these cells, regeneration of the nucleotide 
pool occurs depending on the previous time of 
anoxia [75]. 

The same methods could be applied for mon- 
itoring of changes during the ischaemia of tissues 
(e.g., rat small intestine, Fig. 8 [76]). The tissue 
samples have to be prepared using liquid nitro- 
gen-cooled tongs, stored in liquid nitrogen until 
extraction and then homogenized in PCA with 
subsequent neutralization. For this extraction 
procedure the recoveries have to be determined 
with respect to the time of the overall extraction 
process. In addition to IP-RPC, anion-exchange 
separation could also be applied in nucleotide de- 
terminations [77], but it is impossible to deter- 
mine nucleosides and nucleobases in the same 
run. Therefore, the preferred method for tissue 
analysis during ischaemia (where the sample vol- 
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b lO ZO 3; CO rain 

Fig. 8. C h r o m a t o g r a m  of  an extract  of  rat  small  intestine. Chro-  

m a t o g r a p h i c  condi t ions  as in Fig. 5, except for the use of  a 

C~sSiI-X-5 co lumn  (250 m m x  4.6 m m  I .D.)  at a f low-rate of  1.3 

ml /min .  Peaks: 1 = uracil; 2 = hypoxanth ine ;  3 = uridine; 4 = 

xanthine;  5 = oxypurinol ;  7 = uric acid; 8 = inosine; 9 = 

guanosine;  10 = adenine:  11 - adenosine:  12 = N A D ;  13 = 

IMP;  14 = G M P ;  15 = U M P ;  16 = A M P ;  17 = G D P ;  18 = 

U D P :  19 = A D P ;  20 = G T P ;  21 = UTP;  22 = ATP.  
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ume is limited) is IP-RPC. The drastic alterations 
in the metabolism of cells and tissues that occur 
during ischaemia-reoxygenation (e.g., myocar- 
dial infarction and intestinal inflammation) are 
monitored in samples of these cells by IP-RPC 
and allow investigations of the sequence of deg- 
radation processes in nucleotide metabolism (de- 
crease in nucleoside triphosphates and increase in 
nucleoside monophosphates, followed by accu- 
mulation of nucleosides and nucleobases). 

4.4. Determination of  reference values for disease 
markers (hypoxia and tumour markers, drug mon- 
itoring) 

0 t 20 30 milt 

Fig. 9. Hypoxanthine (peak 2) accumulation in rat small intes- 
tine after ischaemia. Chromatographic  conditions as in Fig. 8. 

In clinical chemistry, HPLC can be used for 
the analysis of hypoxia [7] and tumour markers 
[33,78-80]. Hypoxanthine, xanthine and uridine 
determined in extracts from body fluids can pro- 
vide information about ATP depletion in cells or 
organs [7]. Fig. 9 demonstrates the accumulation 
of hypoxanthine in a sample of rat small intestine 
after ischaemia. Extracts of  cerebrospinal fluid, 
amniotic fluid, urine and plasma are mainly ana- 
lysed by reversed-phase methods to determine 
the accumulation of  these hypoxia markers. IP- 
RPC methods are applied if some particular drug 
metabolites after drug therapy have to be deter- 
mined [81]. 

The determination of nucleosides in urine, se- 
rum and plasma shows noticeable differences be- 
tween healthy subjects and individuals with vari- 
ous types of  cancer (elevation of guanosine and 
inosine levels, presence of N 2, NZ-dimethylgua - 
nosine and increased concentrations of  N2-meth - 
ylguanosine and 1-methylinosine in the serum of 
patients with breast and lung cancer and lympho- 
cytic leukaemia). 1-Methylguanosine and 
methylinosine become elevated in the urine of pa- 
tients with lung, colon, breast and other types of 
cancer. Reversed-phase HPLC analysis may yield 
some hints about the existence of cancer [78,79]. 
It has been reported that patients with malignant 
diseases showed consistent elevations of  modified 
nucleosides and these were highest in patients 
with more advanced disease, demonstrating the 
potential value of modified nucleosides as cancer 
biomarkers [82]. 

The exact measurement of  drug and metabolite 
concentrations is necessary during the applica- 
tion of antileukaemic and antiviral drugs in order 
to minimize the damage to other cells and to esti- 
mate the metabolic conversion [5,49,63,83-87]. 
IP-RPC has been used for the investigation of  
disorders of  nucleotide metabolism [11,86,88]. 

5. H I G H - P E R F O R M A N C E  C A P I L L A R Y  ELECTROPHO-  

RETIC SEPARATION OF N U C L E O T I D E S  

The resolution of  nucleotides, nucleosides and 
nucleobases by IP-RPC has been increased by the 
use of HPCE. HPCE allows very rapid separa- 
tions of nucleobases (within 7 min [24]) and bet- 
ter resolved separations of  nucleosides (within 35 
rain [24]), which were obtained with a buffer sys- 
tem containing sodium tetraborate and sodium 
dodecyl sulphate. An example of the separation 
of  nucleotide mono- and diphosphates is given in 
Fig. 10. Recently, concentrations of  purine com- 
pounds in serum from newborns determined by 
HPCE were published [89]. 

HPCE seems to be a promising approach for 
the investigation of  nucleotide metabolism. With 
respect to analysis time, HPCE could become su- 
perior to IP-RPC. At present the main disadvan- 
tage is the higher detection limit of HPCE, which 
necessitates a preconcentration step to allow the 
concentration of  a large sample amount to a 
smaller volume. The need for maintenance of  col- 
umns in HPLC could be diminished when using 
fused-silica capillary columns in HPCE. 
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6, C O N C L U S I O N  

The IP-RPC determination of nucleotides and 
their derivatives has the advantage over other 
HPLC methods that ionized and non-ionized 
compounds with their divergent properties can 
be resolved within a single run, and therefore the 
determination of bases and nucleotides in one 
sample is possible (especially with a limited sam- 
ple volume). 

The disadvantages are mainly related to the di- 
minished lifetime of the columns used (irrevers- 

ible adsorption of the ion-pairing molecule on the 
column [90]) and the long equilibration times 
necessary when starting IP-RPC gradient separa- 
tions on a new column. 

HPCE provides better resolution [24-26], but 
is limited by the need for a preconcentration step 
(to lower the detection limit) and the use of two 
electrophoretic separation conditions for the po- 
lar nucleotides and the apolar nucleobases and 
nucleosides. Future developments in the optical 
detection unit of HPCE systems should over- 
come the first disadvantage. 
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Fig. 10. Electropherogram obtained on an unlreated fused-silica column (75 crn x 75 t~m I.D.) with 3-(cyclohexylamino)-I-propancsul-  
phonic acid (CAPS) buffer at pH 10.5, I 5kV.  Peaks: I = A M P : 2  = d A M P ; 3  = C M P ; 4  = dCMP; 5 = d T M P : 6  = G M P ; 7  = 

d G M P  + UMP;  8 = dADP: 9 = ADP: 10 = dGDP:  11 = CDP: 12 = GDP;  I3 = dCDP: 14 = dTDP; 15 = UDP.  



A. Werner / J. Chromatogr. 618 (1993) 3-14 13 

REFERENCES 

1 P. A. Perrone and P. R. Brown, J. Chromatogr., 317 (1984) 

301. 
2 J. H. Knox and J. Jurand, J. Chromatogr., 203 (1981) 85. 

3 G. B. Elion, Science, 244 (1989) 41. 
4 F. Bontemps, G. van den Berghe and H. G. Hers, J. Clin. 

Invest., 77 (1986) 824. 
5 R. A. Harkness, J. Chromatogr., 429 (1988) 255. 
6 J. D. Moyer and J. F. Henderson, CRC Crit. Rev. Biochem., 

19 (t985) 45. 
7 P. R. Brown and E. Grushka, Anal. Chem., 52 (1980) 1210. 
8 D. Perrett, in C. K. Lim (Editor), HPLC of Small Molecules 

- -  a Practical Approach, IRL Press, Oxford, 1986, p. 221. 
9 T. Kojima, T. Nishina, M. Kitamura, N. Kamatani and K. 

Nishioka, Clin. Chem., 33 (1987) 2052. 
10 W. Li, J. Wang and O. Shen, Sepu, 5 (1987) 144. 
11 D. P. Malliaros, M. J. de Benedetto, P. M. Guy, P. Tougas 

and E. G. Jahngen, Anal. Biochem., 169 (1988) 121. 
12 Y. Nakahara, A. Shiraishi, M. Hirano, T. Matsumoto, T. 

Kuroki, Y. Tatebayashi, T. Tsutsumi, K. Nishiyama, H. Oo- 

boshi, K. Nakamura, H. Yao, M. Waki and H. Uchimura, 
Anal. Biochem., 180 (1989) 38. 

13 D. Perrett, Biochem. Soc. Trans., 13 (1985) t067. 
14 J. Wagner, Y. Hirth, N. Clavierie and C. Danzin, Syrup. Biol. 

Hung., 34 (1986) 85. 
15 M. Iwamoto, S. Yoshida and S. Hirose, J. Chromatogr., 310 

(1984) 151. 
16 B. M. Herbert, S. Drake and J. A. Nelson, J. Liq. Chroma- 

togr., 5 (1982) 2095. 
17 R. A. Fenton and J. G. Dobson, Circ. Res., 60 (1987) 177. 
18 P. Siegel, H. Kitagawa and M. H. Maguire, Anal. Biochem., 

171 (1988) 124. 
I9 H. C. Michaelis, H. Foth and G. F. Kahl, J. Chromatogr., 

416 (1987) 176. 
20 J. A. Secrist, J. R. Barrio, N. J. Leonard and G. Weber, 

Biochemistry, 11 (1972) 3499. 
21 H. N. Cong, R. Valencia, T. Becue and O. Bertaux, J. Chro- 

matogr., 407 (1987) 349. 
22 F. C. Alderweiveldt, E. L. Esmans and P. Gebocs, Nucleo- 

sides Nucleotides, 4 (1985) 135. 
23 Q. M. Weng, W. M. Hammargren, D. Slowikowski, K. M. 

Schram, K. M. Borysko, E. L. Wotring and L. B. Townsend, 

Anal.Biochem., 178 (1989) 102. 
24 A. S. Cohen, S. Terabe, J. A. Smith and B. L. Karger, Anal. 

Chem., 59 (1987) 102I. 
25 K. H. Row, W. H. Griest and M. P. Maskarinec, J. Chroma- 

togr., 409 (1987) 193. 
26 M. Ng, T. F. Blaschke, A. A. Arias and R. N. Zare, Anal. 

Chem., 64 (199.2) 1682. 
27 W. G. Stillwell, H. X. Xu, J. A. Adkins, J. S. Wishnok and S. 

R. Tannenbaum, Chem. Res. Toxicol., 2 (1989) 94. 
28 Z. J. Yao, Y. J. Guo and T. Zhou, J. Chromatogr., 2 (1987) 

89. 

29 G. A. Walther, J. W. Phillis and M. H. O'Reagan, J. Pharm. 
Pharmacol., 40 (1988) 140. 

30 K. Nakano, K. Shindo, T. Yasaka and H. Yamamoto, J. 

Chromatogr., 332 (1985) 127. 
31 M. H. Maguire, F. A, Westermeyer and C. R. Kin, J. Chro- 

matogr., 380 (1986) 55. 
32 A. Rizzi and H. R. M. Lang, J. Chromatogr., 331 (1985) 33. 
33 G. S. Morris and H. A. Simmonds, J. Chromatogr., 344 

(1985) 101. 
34 R. P. Agarwal, P. P. Major and D. W. Kufe, J. Chromatogr., 

231 (1982) 118. 
35 D. G. Hollis, S. M. Humphrey, M. A. Morrison and R. N. 

Seelye, Anal. Lett., 17 (1984) 2047. 
36 V. Stocchi, L. Cucchiarini, M. Magnani, L. Chiarantini, P. 

Palma and G. Crescentini, Anal. Biochem., 146 (1985) 118. 

37 A. Werner, W. Siems, H. Schmidt, !. Rapoport, G. Gerber, 
R. T. Toguzov, Y. V. Tikhonov and A. M. Pimenov, J. Chro- 
matogr., 421 (1987) 257. 

38 S. C. Cho, J. Chromatogr., 377 (1986) 356. 
39 A. Ericson, F. Niklasson and C. H. de Verdier, Clin. Chim. 

Acta, 127 (1983) 47. 
40 F. Arezzo, Anal. Bioehem., 160 (1987) 57. 
41 H. N. Jayaram, K. Pillwein and G. Weber, Nucleosides Nu- 

cleotides, 5 (1986) 503. 
42 P. K. Dutta and G. A. O'Donovan, J. Chromatogr., 385 

(1987) 119. 
43 H. R. M. Lang and A. Rizzi, J. Chromatogr., 385 (1986) 119. 
44 A. Werner, W. Siems, G. Gerber, H. Schmidt, S. Gruner and 

H. Becker, Chromatographia, 25 (1988) 237. 
45 D. R. Webster, G. D. Boston and D. M. Paton, J. Liq. Chro- 

matogr., 8 (1985) 603. 
46 A. M. Pimenov, Y. V. Tikhonov and P. T. Toguzov, J. Liq. 

Chromatogr., 9 (1986) 1003. 
47 T. Kremmer, H. Boldizsar and L. Holczinger, J. Chroma- 

togr., 415 (1987) 53. 
48 D. O. Mack, V. L. Reed and L. D. Smith, J. Liq. Chroma- 

togr., 8 (1985) 591. 
49 H. J. Breter and H. Mertes, Biochim. Biophys. Acta, 1033 

(1990) 124. 

50 V. Stocchi, L. Cucchiarini, F. Canestrari, M. P. Piacentini 
and G. Forniani, Anal. Biochem., 167 (1987) 181. 

5I J. L. S. Au, M. H. Su and M. G. Wientjes, J. Chromatogr., 
423 (1987) 308. 

52 A. Sokolowski, J. Chromatogr., 389 (1987) 1. 
53 R. A. Hartwick, D. van Haverbeke, M. Mikeoy and P. R. 

Brown, J. Liq. Chromatogr., 2 (1979) 725. 
54 R. J. Simmonds and R. A. Harkness, J. Chromatogr., 226 

(1981) 369. 

55 A. Werner, W. Schneider, W. Siems, T. Grune and C. Schrei- 
ter, Chromatographia, 27 (1989) 639. 

56 K. K. Tekhanat and I. H. Fox, Clin. Chem., 34 (1988) 925. 
57 T. F. Kalhorn, K. E. Thummel, S. D. Nelson and J. T. Slat- 

tery, Anal. Biochem., 151 (1985) 343. 
58 G. Leoncini, E. Buzz, M. Maresca, M. Mazzci and A. Balbi, 

Anal. Biochem., 165 (1987) 279. 



14 A. Werner / 3.. Chromatogr. 618 (1993) 3 14 

59 A. Werner, W. Siems and G. Gerber, Cell Biochem. Funct., 6 

(19881 251. 
60 R. A. Harkness,  S. B. Coade, R. J. Simmonds and S. Duffy, 

Placenta, 6 (1985) 190. 
61 K. S. Boos, B. Wilmers, E. Schlimme and R. Sauerbrey, 3". 

Chromatogr., 456 (1988) 93. 
62 G. Werner, V. Schneider and J. Emmert,  J. Chromatogr., 525 

(1990) 265, 
63 M. E. Carpem D. G. Poplack, P. A. Pizzo and F. M. Balls, 3". 

Chromatogr., 526 (1990) 69. 
64 M. E. Del Rey and L. E. Vero-Avila, J. Liq. Chromatogr., 10 

(1987) 2911. 
65 W. R. Melander and C. G. Horvath,  in M. T. W. Hearn 

(Editor), Ion-Pair Chromatography. Theory and Biological 
and Pharmaceutical Applications, Marcel Dekker, New York, 

1985, p. 26. 
66 A. K6rner  and P. Surmann,  Ionenpaarchromatographie, The- 

orie und Forschung, Band 93, Chemie Band 4, Roderer, Re- 

gensburg, 1989, p. I0. 
67 B. A. Bidlingmeier, J. Chromatogr. Sci., 18 (1980) 525. 
68 V. Svoboda and J. Vockova, J. Chromatogr., 353 (1986) 139. 
69 G. Sachs, W. Siems, T. Grune, G. Schmidt, G. Gerber and K. 

Z611ner, Biomed. Biochim. Acta, 49 (1990) S 123. 
70 B. A. Lowy, J. L. Cook and I. M. London,  J. Biol. Chem., 

236 (1961) 1442. 
71 G. G. Johnson,  A. L. Raunage,  J. W. Littlefield and H. H. 

Kazazian, Biochemistry, 21 (1982) 960. 
72 G. Weber, E. Olah, J. E. Denton, M. S. Lui, E. Takeda, D. T. 

Tzeng and J. Ban, Adv. Enzyme Regul., I9 (1981) 87. 
73 W. Siems, H. Schmidt, A. Werner,  I. Uerlings, H. David and 

G. Gerber, Cell Mol. Biol., 35 (1989) 255. 
74 J. Kehr and M. Chavko,  J. Chromatogr., 345 (1985) 267. 
75 W. Schneider, T. Grune,  W. Siems, A. Werner and G. Ger- 

ber, Biomed. Biochim. Acta, 48 (1989) $40. 
76 A. Werner, W. Siems, J. Kowalewski and G. Gerber, J. Chro- 

matogr., 491 (1989) 77. 

77 D. Perrett, A. Watson and D. Rolston, in K. Mikanagi, N. 
Nishioka and W. N. Kelley (Editors), Purine and Pvrimidine 
Metabolism in Man V1, Plenum Presss, New York, 1989, p. 

469. 
78 E. Schlimme, K. S. Boos, B. Wilmers and H. J. Gent, in E. 

Cimino, R. Birkmayer, J. Klavins, R. Pimentel and S. Salva- 
tore (Editors), Human Tumor Markers, Walter de Gruyter, 
Berlin, 1987, p. 503. 

79 S. Tamura ,  H. Fujioka, T. Nakano,  T. Hada and K. Higashi- 
no, Cancer Res., 47 (1987) 6158. 

80 H. Topp, G. Sander, G. Heller-Schoch and G. Schoch, Anal. 
Biochem., 161 (1987)49. 

81 J . A . C .  Bierman, H. Lingeman, H. J. E. M. Reeuwijk, E. A. 

de Bruijn, U. R. Tjaden and J. van der GreeE J. Pharm. 
Biomed. Anal., 7 (1989) 611. 

82 E. P. Mitchell, L. Evans, P. Schultz, R. Madsen,  J. W. Yar- 

bro, C. W. Gehrke and K. Kuo, J. Chromatogr., 58I (1992) 
31. 

83 A. M. Rus tum and N. E. Hoffman, J. Chromatogr., 426 
(1988) 121. 

84 S. Azeemuddin,  Z. M. Israili and F. M. Bharmal, J. Chroma- 
togr., 430 (1988) 1011. 

85 S. Zimm and J. M. Strong, Anal. Biochem., 160 (1987) I. 

86 A. Hesse, A. Thon,  A. Classen and H. Birwe, Chromato- 
graphia, 25 (I988) 205. 

87 G. Molema, R. W.Jansen, J. Visser and D. K. F. Meijer, J. 
Chromatogr., 579 (1992) 107. 

88 H. A. Simmonds,  L. D. Fairbanks, G. S. Morris, D. R. Web- 
ster and E. H. Harley, Clin. Chim. Acta, 171 (1988) 197. 

89 T. Grune, G. A. Ross, H. Schmidt, W. Siems and D. Perrett, 

J. Chromatogr., 636 (1993) 105. 
90 P. A. Perrone and P. R. Brown, in M. T. W. Hearn (Editor), 

Ion-Pair Chromatography, Marcel Dekker, New York, 1985, 

p. 259. 


