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High-performance liquid chromatography (HPLC ) 1s a powerful techruque 
for the separation and quantification of nucleotides and other high-energy 
phosphate-containing metabolites in tissues of several origins [l-lo]. Sepa- 
ration of nucleotides is carried out by both isocratic [ 1,6-8,11-131 and gradient 
[2-5,9,13,14] elution Isocratic analyses are rapid but not always reliable, as 
not all nucleotldes are separated because of hmitations m resolution. There- 
fore, samples with a complex composition are usually analysed by gradient 
elution The mtroduction of ion-pairmg reagents in the isocratic liquid chro- 
matography of nucleotldes was of significant importance [ 4,6,7,12], and very 
useful for rapid separations of metabolites in samples with a relatively simple 
composition. With ion-pair chromatography the separation of nucleotides can 
be controlled by varying several factors such as pH, ionic strength and the 
concentrations of ion-pair reagents or modifiers, although the exact mecha- 
nisms are still unclear [lo]. 

The extraction of nucleotides from different tissues can be carried out with 
either perchloric or trichloroacetic acid [l-9,11,12,15,16]. Perchloric acid is 
preferred, because the excess of acid can be removed as the potassmm salt after 
neutralization with potassium-contaming bases such as potassium carbonate 
or potassium hydroxide. 

In this study we found that the use of perchloric acid as an extraction solvent 
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for nucleotides also has a disadvantage, namely that perchlorate ions can affect 
the retention behaviour of nucleotides during ion-pair liquid chromatography. 

EXPERIMENTAL 

Chemrcalsb 
ATP, ADP, AMP, IMP, PC, NADH, NADP and the enzymes pyruvate ki- 

nase, lactate dehydrogenase, creature kinase, hexokinase and glucose-6-phos- 
phate dehydrogenase were obtained from Boehringer Mannheim (Mannheim, 
F R.G ) All other chemicals were obtained from BDH (Poole, U K.). Potas- 
sium perchlorate was prepared by ad&tion of eqmmolar amounts of potassium 
hydroxide to perchloric acid. The potassium perchlorate crystals were washed 
twice with water and freeze-dried overnight. 

Muscle samples 
Exercized and resting rat medial gastrocnemms muscles were freeze-clamped 

with a pair of tongs precooled in nitrogen The freeze-clamped muscles were 
pulverized with a mortar and pestle, while constantly adding liquid mtrogen 
m order to cool the muscle tissue, and subsequently freeze-dried overnight 
(Breda Scientific, Breda, The Netherlands) The freeze-dried muscle powder 
was stored at - 30’ C until extraction. 

Approximately 15 mg of freeze-dried muscle powder were mixed with 750 ~1 
of 5% (v/v) cold (4” C) perchlorlc acid using a tube mixer (Vortex, Etten- 
Leur, The Netherlands) After 15 mm the homogenate was centrifuged (O"C, 
18 000 g, 15 mm, MSE Mistral, Crawley, U.K.). The supernatant (525 ~1) was 
neutralized m two steps, first with 5 M potassium carbonate solution (70 ~1)) 
followed by neutralization to pH 6.5-7.0 with 5 M potassmm hydroxide solu- 
tion (70 ~1). pH Adjustments were made with 1 M hydrochloric acid Potas- 
sium perchlorate was removed by centrifugatlon after the samples had been 
frozen and thawed (10 000 g, 5 mm, Eppendorf, Hamburg, F.R.G. ). The neu- 
trahzed extract was stored at - 30’ C until the determination 

Hgh-performance lquld chromatography 
For the separation and quantification of metabohtes in standard solutions 

and samples, a Kratos (Ramsey, NJ, U.S.A.) HPLC system was used, com- 
posed of a Spectroflow 757 detector and a Spectroflow 400 pump. Metabohtes 
were detected at 212 nm, at which wavelength both phosphocreatine and nu- 
cleotides can be detected. 

bAbbrevlatlons AMP=adenosme-5’-monophosphate, ADP-adenosme-5’-dlphosphate, ATP 
= adenosme-5’ -tnphosphate, PC =phosphocreatme, IMP-mosme-5’ -monophosphate, NAD (P)H 
= mcotmamlde dmucleotlde (phosphate ) 
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Chromatograms were processed using a Shimadzu (Kyoto, Japan) RCSA 
integrator. Further calculations were made with an Apple IIe microcomputer. 

Elutlon was carried out under isocratic conditions, using ion-pair liquid 
chromatography and a high-speed reversed-phase 3-RP-18 column (Beckman, 
Fullerton, CA, U.S.A.; 70 mmX4.6 mm I.D.; particle size 3 pm) with a flow- 
rate of 1.5 ml/min. The eluent was 100 nN ammonium dihydrogenphosphate 
(pH 7.0) with 0.02% tetrabutylammonium hydroxide as ion-pair reagent and 
2% acetonitrde as modifier; pH adjustments were made with 3 M ammonia 
solution. All solutions were filtered through a 0.45-pm filter (Schleicher & 
Schiill, Dassel, F.R.G.) and degassed with helium just before use. Solutions 
were prepared freshly every day in order to avoid bacterial growth or other 
contamination. 

Standard so&tons 
For the calculation of the concentration of ATP, ADP, AMP, IMP and PC 

in samples, standard solutions of these components in the mobile phase were 
used. A stock solution was prepared in 100 aM ammonium dihydrogenphos- 
phate (pH 7.0) containing 1.0 m&f ATP, 0.25 mM ADP, 0.05 mA4 AMP, 0.083 
mM IMP and 3.0 mA4 PC. The relative concentrations of these compounds 
were similar to those present in muscle extracts. 

Calibration graphs were obtained by injection of dilute standard solutions, 
prepared by diluting the standard solution either lo-, 20-, 30-, 40-, 60-, 80-, 
160- or 240-fold with the mobile phase. Calibration data were plotted and hn- 
ear regression lines calculated using the least-squares method. 

The influence of potassium perchlorate on the chromatography of the above 
nucleotides and phosphocreatlne was studied with a lo-fold diluted stock so- 
lution saturated with 10 mg/ml potassium perchlorate. This standard was in- 
jected either undiluted or diluted 2- or 6-fold for analysis. In order to mvestl- 
gate the effect of pH on the chromatography of these standards, which were 
partially saturated with potassium perchlorate, the eluent was used at different 
pH values (5.5,6.25,6 7 and 7.0). 

Perchlorlc acrd extracts of muscle powder 
All muscle samples were analysed with an eluent of pH 7.0 and diluted lo- 

fold with the mobile phase just before injection. Mobile phase was used rather 
than other buffers in order to obtain better chromatograms Significant break- 
down of nucleotides occurred within 1 h after dilution of the samples in the 
mobile phase However, the original samples which were stored with ice-water 
coohng during the assay were stable during the period of analysis. 

Enzymattc determznatzon of ATP, ADP and PC 
In order to compare the results obtained with HPLC with another method 

as a reference, ATP, ADP and PC concentrations were also determined enzy- 
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matically according to Bergmeyer [ 171. Enzymatic reactions were coupled with 
NAD (P)H usage or formation and determined with a double-beam spectro- 
photometer (Shlmadzu UVl90). 

RESULTS 

Chromatography of standards 
Calibration graphs were obtained for PC, ATP, ADP, AMP and IMP. Least- 

squares regression lines for all metabolites had intercepts near zero with cor- 
relation coefficients higher than 0.999. A typical chromatogram of a standard 
solution is shown in Fig. lA, which shows that a good separation was obtained 
under the conditions used. Good reproducibility of the measurements of the 
high-energy phosphates in the standard solution was obtained, as shown in 
Table I. A higher reproducibility was obtained with peak height as the param- 
eter rather than the more commonly used peak area. 

Chromatography of muscle samples 
Typical chromatograms of a resting and an exercized muscle sample are 

shown m Fig. 1. The IMP and AMP concentrations were very low in the resting 
muscle sample. As a result, the reproducibility of these nucleotides in resting 
muscle samples is also low (Table I). The concentrations of PC, ATP and ADP 
obtained by HPLC were compared with those obtained by enzymatic deter- 
minations (Table II). Small dfferences were noted, predominantly for the 
exercized muscle samples, in which the PC and ATP concentrations were low. 
Whereas there was a difference of approximately 5% when peak height was 
used in the calculations, a difference of 20% was obtained when using peak 

TABLE I 

REPRODUCIBILITY OF MEASUREMENTS OF HIGH-ENERGY PHOSPHATES EX- 
PRESSED AS COEFFICIENTS OF VARIATION (% ) 

One standard solution and two muscle samples (one restmg and one exercised) were each injected 
ten times Quantlficatlon was based on peak-height (PH) and peak-area (PA) measurements 

Phosphate Standard Muscle samples 

PH PA Restmg Exerclzed 

PH PA PH PA 

PC 17 22 20 23 17 32 
IMP 24 56 17 5 19 7 21 63 
AMP 14 20 40 72 30 38 
ADP 17 24 22 22 17 19 
ATP 17 23 20 20 22 18 
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Fig 1 Separation of PC and nucleotldes by Ion-pair HPLC Typical chromatograms are shown 
for (do-fold diluted) standard solution (A), resting muscle (B) and exerclzed muscle (C) For 
elutlon condltlons, see Experimental 

TABLE II 

COMPARISON OF CONCENTRATIONS OF ATP, ADP AND PC IN RESTING AND EX- 
ERCIZED MUSCLES AS DETERMINED BY HPLC AND ENZYMATICALLY 

Method Concentration” (mean f S D ) &mol/g dry weight 1 

PC ATP ADP 

Restzng muscles (n ~8) 
HPLC 
Enzymatic 
HPLC/enzymatlc ( % ) 

1061f55 357-tl3 32f03 
1058f76 3661t16 30f03 
1006+34 974bf19 1061+97 

Exercased muscles (n =8) 
HPLC 281+56 258+28 40+07 
Enzymatic 303+72 276f29 38f07 
HPLC/enzymatlc (% ) 935b-1-66 934bf52 105ob+50 

All mu&s (n = 16) 
HPLC/enzymatlc (%) 971+62 954bf42 105 6’+75 

“HPLC concentrations are based on peak height 
*&gmficantly merent from 100% @ c 0 05, Student’s t-test) 
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area. The lower calculated ATP concentrations given by HPLC might be caused 
by peak broadening by perchlorate present in the muscle samples. 

Influence of perchlorate and pH on the separatwn of nucleotdes 
After about 150 injections of muscle samples, the pressure of the system rose 

to 30% above normal and the ATP peak was split mto two components These 
effects could be removed by regeneration of the analytical column by rinsing 
with 50 ml of water followed by 100 ml of acetonitrile. As these effects only 
occurred when several samples were injected, it was investigated whether per- 
chlorate present in the muscle samples could have caused these disturbances. 
As we increased the pH of the eluent to 7.0 in order to obtain a better separa- 
tion of the nucleotldes and PC, we also investigated whether a possible effect 
of perchlorate was pH-dependent. 

Typical examples of chromatograms of standard solutions saturated with 
perchlorate are shown m Fig. 2. With increasing perchlorate content the re- 
tention times of ATP and to a lesser extent those of ADP and AMP decreased, 
whereas those of PC and IMP remained unchanged (Table III) Table III also 
shows that the retention times increased with lower pH values of the eluent, 
as would be expected from the influence of pH on the interaction between the 
phosphate groups of the nucleotides and the tetrabutylammonium ions. The 
effects of perchlorate were also enhanced at lower pH values (Table III). Split- 
ting of the ATP peak into two components occurred at all pH values, but was 
more pronounced at lower pH. 

B A P B 

Fig 2 Influence of pH and perchlorate concentration on ion-pair HPLC Typical chromatograms 
are shown for a standard solution (A) and a perchlorate-saturated standard solution eluted at pH 
7 0 (B ) and pH 5 5 (C) The standard solutions were diluted 60-fold before mjectlon For elutlon 
condltlons, see Experlmental 
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TABLE III 

INFLUENCE OF pH ON THE RETENTION TIMES OF ATP, ADP, AMP, IMP AND PC AT 
DIFFERENT PERCHLORATE CONCENTRATIONS 

For elutlon condltlons, see Experlmental 

PH Perchlorate 
concentration 
(mg ml-‘) 

Retention time (mm) 

ATP ADP AMP IMP PC 

7 00 0 00 8 17 4 67 2 19 1 16 0 81 
166 800 4 64 2 18 1 16 0 81 
5 00 7 60 4 59 2 18 1 16 0 81 

10 00 6 93 4 45 2 15 1 16 0 80 

6 70 0 00 9 52 5 13 2 34 122 0 75 
166 8 87 5 10 231 1 19 0 75 
500 8 36 4 99 2 30 1 19 0 74 

10 00 7 72 4 92 2 29 1 19 0 74 

6 35 000 1168 5 68 2 63 135 0 81 

166 10 01 5 62 2 63 133 0 81 
5 00 9 34 5 58 2 63 134 0 81 

10 00 8 05 5 50 2 63 134 0 80 

5 50 0 00 ND” 8 45 3 86 1 72 104 
166 ND 8 45 3 86 173 105 
5 00 ND 8 40 3 81 173 103 

10 00 ND 8 36 3 77 171 103 

“N D = not detectable 

DISCUSSION 

The determination of nucleotides and other high-energy phosphates in 
perchloric acid extracts of muscle tissues is often achreved wrth isocratic Ion- 
pair HPLC. Chromatographic parameters such as pH, lonlc strength and the 
concentrations of ion-pan reagent and modifier have been optimized for sev- 
eral compositions of nucleotides in muscle tissues of different origins [l-16]. 
Perchloric acid is a preferred extractron solvent, because it has good extractron 
properties and can be removed as the potassium salt after neutrahzation. How- 
ever, despite its poor solubility, potassmm perchlorate IS soluble m water to a 
certain extent (10 mg/ml) and therefore some perchlorate will remain m the 
muscle extract. A knowledge of the influence of perchlorate on ion-pair liquid 
chromatography is very limited, and there are only a few indications in the 
literature about the negative effect of perchlorate on the quality of nucleotide 
separations. 

From our results, it can be concluded that perchlorate disturbs the chro- 
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matography of nucleotides in more than one way. First, the retention time of 
ATP and to a lesser extent those of ADP and AMP decreased in the presence 
of perchlorate in the standard solution This effect 1s greater at lower pH. Sec- 
ond, after several injections with perchlorate-containing solutions, the ATP 
peak split in two components. This effect was also more pronounced at lower 
pH. Moreover, this effect seemed to occur faster when the perchlorate concen- 
tration in the sample solution was higher. Tomlinson et al. [lo] described the 
ion-pairing properties of perchlorate with organic ammonium ions. Both te- 
trabutylammonium ions and adenosme-containing nucleotides have a high af- 
finity for perchlorate ions The changes in the retention times of ATP, ADP 
and AMP are therefore probably caused by the ion-pairmg capacity of per- 
chlorate. Splitting of the ATP peak occurred together with an increase in the 
pressure of the analytical column and seemed to be related to the amount of 
perchlorate injected into the column. Probably the analytical column was pro- 
gressively loaded with perchlorate, which was not removed during elution with 
the normal eluent This loading of perchlorate caused an mcrease in the pres- 
sure on the system to unacceptable levels and further analysis was impossible. 
Since at this stage the determination of nucleotides is impossible, the analyt- 
ical column has to be regenerated before further applications can take place 

The mechanism of interaction between perchlorate and the tetrabutylam- 
monium complexes of ATP and ADP is unclear. UV spectra of ATP m the 
eluent in the presence and absence of perchlorate were not sigmficantly dif- 
ferent However, it is likely that a number of tetrabutylammonium ions are 
involved in the mteractions. Moreover, such an interaction would be pH-de- 
pendent (Table III). Clearly, it is necessary to minimize the amount of per- 
chlorate in the muscle extracts that have to be analysed by chromatography. 
An excess of potassmm ions and precipitation of potassium perchlorate dl- 
rectly after freezing and thawing in a cooled centrifuge limit the amount of 
perchlorate left in muscle extracts If possible (depending on the detection 
limits and the amount of available muscle tissue ) , the muscle extracts should 
be diluted to decrease the perchlorate concentration further. By using a rela- 
tively high pH of the eluent (6.5-7 0), the contammation of the column pro- 
ceeds fairly slowly. It is further advisable that the column be regenerated reg- 
ularly to prevent a decrease in accuracy of the analyses Although we were not 
able to prevent the influence of perchlorate completely, we are able to obtain 
good analyses of muscle extracts by isocratic ion-pair liquid chromatography 
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