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ABSTRACT 

The enzyme S-nucleotidase (5’.ribonucleotide phosphohydrolase, EC 3.1.3.5) catalyzes a critical reaction in intermediary metabo- 

lism, the phosphohydrolysis of nucleoside 5’.monophosphates to their corresponding nucleosides. We have evaluated solid-phase 

extraction on pre-packed anion-exchange cartridges as a chromatographic technique with which 5’-nucleotidase activity may be 

detected and quantified. Chromatographic conditions were established whereby substrate nucleotide was rapidly and completely 

separated from its corresponding nucleoside by solid-phase extraction. Both analytes were recovered quantitatively, without loss or 

degradation. This chromatographic system was integrated into a discontinuous radiochemical assay for 5’-nucleotidase which enabled 

both substrate utilization and product formation to be assessed simultaneously. Enzyme reaction samples could be analyzed directly for 

5’-nucleotidase activity without any pre-chromatography preparation. The high capacity of the solid-phase cartridges and the inability 

of 5’-nucleotidase to enter the packing bed during analyte elution facilitated termination of the enzyme reaction by applying the entire 

reaction mixture to the cartridge. Loaded cartridges could then be stored at 4°C prior to chromatography and subsequently batch- 

eluted. The excellent resolution between substrate and product in solid-phase extraction and the sensitivity of radioisotopic counting 

enabled detection/quantification of low tissue levels of 5’-nucleotidase in conjunction with ancillary assays for secondary enzyme 

reactions with the potential to elicit the artifactual loss of 5’-nucleotidase substrate/product when crude biological preparations are 

examined for 5’nucleotidase activity. Our results demonstrate that solid-phase extraction on anion-exchange cartridges with elution 

solvents of appropriate pH offers several unique advantages for 5’.nucleotidase determination. 

INTRODUCTION 

Dephosphorylation of nucleoside S-mono- 
phosphates in eukaryotic cells is regulated by the 
enzyme S-nucleotidase (S-ribonucleotide phos- 
phohydrolase, EC 3.1.3.5) [l]. At least three en- 
zyme subtypes have been described based upon 
their intracellular localization and enzymatic 
properties. The most active 5’-nucleotidase is a 
plasmalemmal ectoenzyme in plant [2] and ani- 
mal [3] cells which acts as an adenosine “trans- 
locase” by dephosphorylating cytoplasmic ade- 
nosine 5’-monophosphate (AMP) and liberating 
adenosine to the extracellular milieu. Two solu- 
ble 5’-nucleotidases of lesser activity have also 
been purified, one of which exhibits a preference 
for inosine 5’-monophosphate (IMP) [4-71. Both 
the substrates and the products of 5’-nucleotidase 
play important homeostatic roles in regulating 

tissue function and intermediary metabolism [8], 
and 5’-nucleotidase is a potential site of phar- 
macological intervention against tissue nucleo- 
tide depletion and cellular de-energization [9]. 
These considerations have made 5’-nucleotidase 
the subject of intense current research and place 
great importance on the detection and quantifica- 
tion of 5’-nucleotidase activity. 

The assays routinely used for 5’-nucleotidase 
monitor spectrophotometrically the formation of 
one of the enzyme products (inorganic phos- 
phate, nucleoside) [lo]. Such microchemical de- 
terminations are suitable for highly active, puri- 
fied enzyme, but are of limited, if any, use when 
assaying dilute preparations or crude biological 
samples. In these latter instances, detector sensi- 
tivity and discrimination are problematic, and tis- 
sue constituents can cause interference and high 
backgrounds. A recent study [ 1 l] has employed 
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high-performance liquid chromatography 
(HPLC) with ultraviolet detection in an attempt 
to overcome some of these analytical obstacles, 
but the procedure demands specialized equip- 
ment and has restricted appeal due to low sample 
capacity (i.e., a lo-min HPLC run per sample). 

An alternative approach to 5’-nucleotidase as- 
say involves radioisotopic monitoring of product 
formation from nucleoside 5’-monophosphate 
containing either 32P or a 3H- or i4C-labeled nu- 
cleoside moiety [ 10,121. Such radioisotopic assays 
are sensitive and facilitate quantification of 5’- 
nucleotidase activity regardless of enzyme purity, 
concentration, or the presence of tissue substanc- 
es whose spectral properties resemble those of the 
nucleoside product. However, they require ana- 
lytical separation of radiolabeled product from 
identically labeled substrate. This separation re- 
quirement has most often been addressed 
through paper [lo] or thin-layer [ 131 chromatog- 
raphy (TLC), although these approaches are 
cumbersome, time-consuming, of limited sample 
capacity, and demand pre-chromatography sam- 
ple preparation (c.g, deproteinization). Column 
chromatography on either neutral aluminum ox- 
ide [14] or Dowex anion-exchange resin [15,16] 
has been employed to isolate the nucleoside prod- 
uct of the 5’-nucleotidase reaction based on the 
fact that substrate nucleotide is anionic in alka- 
line solution, whereas the nucleoside product is 
uncharged. The column chromatographic tech- 
niques which have been described evidence the 
limitations of paper chromatography and TLC 
and have the additional disadvantage that quan- 
titative nucleoside elution can require large sol- 
vent volumes prohibitive to radiochemical analy- 
sis of the entire eluate, thereby restricting the sen- 
sitivity of the assay. 

These methodological considerations prompt- 
ed evaluation of solid-phase extraction with dis- 
posable, pre-packed anion-exchange cartridges 
to assay for 5’-nucleotidase. We report here in- 
tegration of solid-phase extraction into a dis- 
continuous radiochemical assay for 5’-nucleoti- 
dase. The resultant 5’-nucleotidase assay offers 
ease, rapidity, and high sample capacity without 
the need for pre-chromatography sample prep- 
aration. The assay advanced has the further ad- 
vantage of enabling simultaneous, facile moni- 

toring of both substrate utilization and product 
formation. The chromatographic properties of 
the solid-phase extraction system described and 
the sensitivity of radioisotopic counting allow de- 
tection and reliable quantification of low 5’-nu- 
cleotidase levels. The data exemplify how solid- 
phase extraction can be a valuable chromato- 
graphic aid to the analysis of intermediary me- 
tabolism. 

EXPERIMENTAL 

Mu teriuls und reagents 
[2.8,5-3H]Adenosine (50.3 Cijmmol, sp. act.) 

and [3H(G)]AMP (29.2 Ci/mmol, sp. act.) were 
from New England Nuclear (Boston, MA, USA). 
[8-14C]Inosine (57.0 mCi/mmol, sp. act.) and [S- 
14C IMP (56.0 mCi/mmol, sp. act.) were pur- l 
chased from Amersham (Arlington Heights, IL, 
USA). Ready-flow III liquid scintillation fluid 
was from Beckman (Fullerton, CA, USA). Aden- 
osine, AMP, inosine, IMP, imidazole, glycine, p- 
nitrophenylphosphate (PNPP), trichloroacetic 
acid (TCA), and 5’-nucleotidase (analytical prep- 
aration from snake venom; 320 U/mg of protein) 
were from Sigma (St. Louis, MO, IJSA). Cofor- 
mycin was purchased from Calbiochem (San 
Diego, CA, USA). Fluka (Buchs, Switzerland) 
was the source of analytical-grade H3P04, and 
HPLC-grade water was obtained from a Milli-Q- 
Plus reverse-osmosis system (Millipore, Bedford, 
MA, USA). Solvents for HPLC were from Bur- 
dick and Jackson (Muskegon, MI, USA), and 
trioctylamine was from Aldrich (Milwaukee, WI, 
USA). Sep-Pak Accell Plus QMA cartridges (pre- 
packed with 400 mg strong anion-exchanger; 0.7 
ml void volume) were from Waters Chromatog- 
raphy (Milford, MA, USA). A Beckman LS 9800 
liquid scintillation spectrometer was used to 
quantify sample radioactivity; the counting effi- 
ciencies were > 50% for 3H and > 80% for i4C. 

Tissue preparation 
Heart muscle from rabbit left ventricle was 

rapidly homogenized at 4°C with a Waring blen- 
dor in 55 mM potassium phosphate buffer. pH 
6.5, in the ratio 0.5 g tissue per ml buffer. After 
removal of debris by brief low-speed centrifuga- 
tion (500 .4. _ 5 min. 4°C). the myocardial homog- 
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enate was filtered through four-ply cloth gauze, 
and the filtrate was assayed immediately for pro- 
tein content and S-nucleotidase activity (below). 

Sep-Pak anion-exchange chromatography 
Samples in a volume of I 500 ~1 were loaded 

onto Sep-Pak Accell Plus QMA cartridges by us- 
ing a micropipette whose tip was placed at the 
upper surface of the packing bed. After adsorp- 
tion of the sample by gravity, syringes were se- 
quentially connected to each cartridge for elu- 
tion; the syringes contained various water-based 
solvent systems whose composition is detailed in 
the text, tables, and figures. The columns were 
eluted manually with a flow-rate of about 15 ml/ 
min at either ambient temperature (22°C) or 4°C. 

Evaluation qf resolution, cartridge capacity, and 
analyte recovery in solid-phase extraction 

For analysis of the utility of Accell Plus QMA 
cartridges to nucleoside and nucleotide chroma- 
tography, 500 mM stock solutions of adenosine. 
AMP, inosine, and IMP were prepared in 0.1 M 
glycine-NaOH buffer (pH 8.5) containing 10 
mM MgC12. These solutions also contained a 
trace amount of either [3H]adenosine (5 . lo5 
cpm; 10.0 pmol/ml), [3H]AMP (5 . lo5 cpm; 17.0 
pmol/ml), [14C]inosine (5 . 10’ cpm; 8.8 pmol/ 
ml), or [14C]IMP (5 . 10’ cpm; 9.0 pmol/ml), re- 
spectively. A known quantity of each nucleotide 
or nucleoside was loaded onto Sep-Pak Accell 
Plus QMA cartridges which had been pre-equili- 
brated with 10.0 ml of the glycine-NaOH buffer. 
The columns were eluted with the solvents spec- 
ified in the text, tables, and figures. Sample load 
was varied either by altering the volume of stock 
solution applied to the cartridge (within the 
range lo-500 ~1) or by diluting the stock solu- 
tions with glycine-NaOH buffer containing 
MgClz and loading a fixed volume (5 500 ~1) of 
each of the resulting solutions. The cartridge el- 
uates were collected, and aliquots (I 2.0 ml) were 
mixed with 10.0 ml Ready-flow scintillant and 
analyzed by liquid scintillation spectrometry. 
Replicate aliquots of each radioactive analyte so- 
lution chromatographed were counted in paral- 
lel. The resultant data enabled quantitative as- 
sessment of the behavior, resolution, and recov- 
ery of the nucleosides/nucleotides chromato- 

graphed and the capacity of the solid-phase ex- 
traction column for each analyte. Mixtures of 
adenosine plus AMP or inosine plus IMP con- 
taining either the respective radioactive nucleo- 
side or the respective radioactive nucleotide as 
internal standard were likewise chromato- 
graphed and analyzed to investigate potential nu- 
cleoside-nucleotide interactions during solid- 
phase extraction. 

Evaluation of the integrity of analytes subjected to 
solid-phase extraction 

HPLC was used to verify the molecular integ- 
rity of the nucleosides and nucleotides subjected 
to solid-phase extraction on Accell Plus QMA 
cartridges. To this intent, one volume of each car- 
tridge eluate to be analyzed by HPLC was diluted 
with nine volumes of 7.0 mM ammonium phos- 
phate, pH 3.8. The resulting mixture was injected 
into a 500~~1 stainless-steel sample loop and ana- 
lyzed by HPLC on a Partisil-SAX anion-ex- 
change column (Whatman, Maidstone, UK). 
The HPLC conditions, at ambient temperature, 
involved co-development of phosphate and pH 
gradients, as detailed in ref. 17. On-line spectro- 
photometric detection at 254 nm was used, and 
for samples containing radioactive internal stan- 
dard(s) the detector flow-through was collected 
in scintillation vials at 20-s intervals. Each HPLC 
eluate fraction (l.O-ml volume per fraction) was 
mixed with 10.0 ml of Ready-flow and counted 
for radioactivity. A mixture of radioactive stan- 
dards ([3H]adenosine, [3H]AMP, [‘4C]inosine, 
[14C]IMP; 500 cpm/pl each) was subjected to 
HPLC as a check on the column. The HPLC be- 
havior of these analytes was verified by chro- 
matographing each one separately and deterinin- 
ing its elution volume and retention time in com- 
parison to published values [ 171. 

Quantljication of non-specljic phosphomono- 
esterase ( “phosphatase”) activity 

Phosphatase (orthophosphoric-monoester 
phosphohydrolase; EC 3.1.3.1/2) activity was de- 
termined calorimetrically as the hydrolysis of 
PNPP under two different incubation conditions. 
The first assay was conducted under the condi- 
tions used to assay 5’-nucleotidase (below); the 
reaction mixture contained (final concentrations) 
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0.1 M glycineeNaOH buffer (pH 8.5) 10 mM 
MgC12,50 mM PNPP, and test sample. Phospha- 
tase activity was also determined with the stan- 
dard assay of Berry et al. [18] at pH 7.0. Both 
assays were conducted in the linear response 
range with respect to sample protein and time; 
spontaneous hydrolysis of PNPP in either assay 
was negligible. 

5’-Nucleotidase assay 
Incubation conditions for the assay of 5’-nu- 

cleotidase were modified from those detailed 
[IO, 151. The assay mixture contained (final con- 
centrations) 0.1 M glycine-NaOH buffer (pH 
8.5), 10 mM MgC12, 50 mM AMP, a trace 
amount (5 . lo5 cpm/ml; 17.0 pmol/ml) of 
[3H]AMP internal standard, and test sample (iso- 
lated enzyme, tissue homogenate). The reaction 
was initiated upon addition of test sample and 
was carried out by incubating the reaction mix- 
ture for 15 min at 37°C in a shaking water bath. 
The enzyme reaction was terminated either by 
plunging the sample into ice-water or by loading 
the reaction mixture onto an Accell Plus QMA 
cartridge which had been pre-equilibrated with 
10.0 ml of ice-cold 0.1 M glycine-NaOH buffer 
(pH 8.5) and placing the cartridge into a refriger- 
ator at 4°C. A 2-ml volume of Hz0 was passed 
through the loaded cartridge to elute the nucleo- 
side product of the reaction, after which 2.0 ml of 
30.0 mM H3P04 were passed through to elute the 
bound nucleotide substrate. Each 2.0-ml eluate 
was mixed with 10.0 ml of Ready-flow and ana- 
lyzed by liquid scintillation spectrometry. Sam- 
ples of the ongoing enzyme reaction were ana- 
lyzed by anion-exchange HPLC [ 171 with collec- 
tion and counting of the HPLC eluate for inde- 
pendent verification of the analyte recovery and 
identity observed with solid-phase extraction. 
The reaction “blank” consisted of the complete 
assay mixture without enzyme/tissue. 

Evaluation qf potential secondary deamination re- 
actions as influences upon analyte recovery in the 
assay of myocardial5’-nucleotidase 

Utilization of 5’-nucleotidase substrate (i.e., 
[3H]AMP) or product (i.e., [3H]adenosine) by 
secondary deamination reactions in cardiac ho- 
mogenate during the standard 5’-nucleotidase as- 

say (above) was evaluated by HPLC such that the 
AMP substrate and adenosine product of 5’-nu- 
cleotidase along with IMP and inosine could be 
resolved simultaneously. To this intent, a 5’-nu- 
cleotidase assay mixture containing (final con- 
centrations) 0.1 M glycine-NaOH buffer (pH 
8.5), 10 mM MgC12, 50 mM AMP, 17.0 pmol/ml 
[3H]AMP, and 8 mg/ml myocardial homogenate 
protein was incubated at 37°C. After 15 min, the 
assay mixture was divided into two portions. One 
portion was subjected to Sep-Pak anion-ex- 
change chromatography and radiochemical anal- 
ysis of the eluate fractions (above). The remain- 
der was extracted with TCA (final TCA concen- 
tration, 0.6 A@ and neutralized with trioctyl- 
amine [19]. The neutralized extract was then sub- 
jected to ion-pair reversed-phase HPLC on an 
Ultrasphere-XL ODS column (Beckman) in or- 
der to resolve simultaneously the major nucleo- 
tides, nucleosides, and bases in the extract, as de- 
tailed in ref. 20. After on-line spectrophotometric 
detection at 254 nm, the detector flow-through 
was collected in 150-~1 fractions, and each frac- 
tion was mixed with 10.0 ml of Ready-flow and 
counted for 3H label. Identities of the substances 
eluted from the HPLC column were established 
by their spectral properties, their coelution with 
internal standards, and enzymatic peak-shift 
techniques [2 11. 

Protein determination 
Protein was quantified with a dye-binding mi- 

croassay [22]. 

RESULTS AND DISCUSSION 

As a nucleoside 5’-monophosphate phospho- 
monoesterase, 5’-nucleotidase generates a nucle- 
oside (usually, adenosine or inosine) from the re- 
spective nucleotide (AMP or IMP) [l]. In alkaline 
solution, the nucleosides carry no net charge, 
whereas the nucleotides are anions. Consequent- 
ly, we initially investigated the ability of the re- 
cently introduced Sep-Pak Accell Plus QMA car- 
tridge to bind AMP or IMP and the conditions 
required for efficient anion-exchange and quanti- 
tative resolution of each nucleotide from its cor- 
responding nucleoside (Table I). Quantitative 
elution of 25 ,umol of adenosine in 0.5 ml of aque- 
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TABLE 1 

ELUTION AND RECOVERY OF ADENOSINE AND AMP 

FROM SEP-PAK ACCELL PLUS QMA CARTRIDGES 

A 500-,111 sample of either 50 mM adenosine or 50 mM AMP (i.e.. 

25 pmol analyte) in 0.1 M glycine-NaOH buffer (pH 8.5) con- 

taining 10 mM MgCl, and 5 lo5 cpm of the corresponding, 

3H-labeled internal standard was loaded onto a Sep-Pak car- 

tridge which had been pre-equilibrated with 10.0 ml of the gly- 

tine-NaOH buffer. The indicated volumes of each solvent were 

then passed through the cartridge, and the radioactivity in the 

eluate was quantified by liquid scintillation spectrometry. 

Eluent Volume Recovery” (mean f S.D., n >5) (X) 

(ml) 
Adenosine AMP 

Water 1.0 X6.4 i 1.1 

2.0 99.4 f 1.0 

10.0 99.5 f 0.6 

15 mM H,PO, 1 .O 83.2 f 2.2 

10.0 99.7 f 1.3 

30 mA4 H,PO, 1 .O 81.6 f 1.4 

2.0 99.2 f 2.0 

10.0 101.3 i 1.5 

0 

0 

<l.O 

45.8 f 1.8 

97.3 f 2.9 

60.8 f 6.5 

99.3 i 2.2 

98.3 f 3.7 

a Results signify analyte recovery as assessed by the recovery of 

radiolabeled internal standard with respect to the known quan- 

tity loaded onto the cartridge. Comparable results were ob- 

tained for inosine and IMP, and neither the elution profiles nor 

the recoveries were affected with sample volumes 2 500 ~1. 

ous solution at pH 8.5 from Accell Plus QMA 
cartridges pre-conditioned with 10.0 ml of 0.1 M 
glycine-NaOH could be accomplished with 2.0 
ml of water. A volume of water in excess of 2.0 ml 
was not required for quantitative adenosine elu- 
tion, yet volumes of water several-fold greater 
than the cartridge void volume did not disturb 
the excellent retention of AMP by the anion-ex- 
change packing. The elution profiles were unaf- 
fected by temperature over the range 422°C. 

Aqueous acid (HsP04) was tested as proton- 
ating solvent for elution of the bound AMP. Re- 
covery of AMP during solid-phase extraction 
was critically dependent on both the volume and 
the acidity of the eluent passed through the car- 
tridge (Table I). Although aqeuous H3P04 at less 
than 30.0 mM could elute the AMP, volumes sev- 
eral-fold in excess of the cartridge void volume 
were required, making these procedures unat- 
tractive for routine analytical use. A 2-ml volume 
of 30.0 mA4 H3P04 afforded quantitative AMP 

recovery in a sample volume small enough to be 
counted in its entirety for radioactivity. An iden- 
tical elution profile was obtained when inosine 
and IMP were subjected to solid-phase extraction 
(data not shown). It is worthy of note that aque- 
ous H3P04 solutions were capable of eluting nu- 
cleoside from the Accell Plus QMA cartridge 
(Table I) and that variation of sample loading 
volume (between 10 and 500 ~1) did not affect the 
chromatographic results (data not shown). 

The capacity of Accell Plus QMA cartridges to 
bind nucleoside S-monophosphate was investi- 
gated by loading various amounts of adenosine 
(5.0 pmol to 500 mmol) and AMP (8.5 pmol to 
500 mmol) (separately as well as in mixtures) on- 
to the cartridges and eluting them sequentially 
with 2.0 ml of water and 2.0 ml of 30.0 mM 
H3P04 to recover, first, the unbound nucleoside 
and then the bound nucleotide. The results (Ta- 
ble II) demonstrate that adenosine, over a wide 
range of concentrations well below and above 
those reported in assays for 5’-nucleotidase 
[6,7,9-12,14-161, could be eluted quantitatively 
with 2.0 ml of water. Likewise, < 100 mmol of 
AMP could be eluted quantitatively with 2.0 ml 
of 30.0 mM H3P04. But at AMP loads of 2 100 
mmol, a significant portion of the nucleotide did 
not bind to the column and emerged in the nucle- 
oside fraction with 2.0 ml of water. Identical re- 
sults were obtained for inosine and IMP (data 
not shown). Co-chromatography of adenosine 
and AMP in mixtures from 5 pmol adenosine-50 
mmol AMP to 500 mmol adenosineeO.8 pmol 
AMP did not alter the selective elution profile 
and quantitative recovery of these analytes as 
compared to when they were chromatographed 
individually (Table II and data not shown). Thus, 
there is no adverse nucleoside-nucleotide interac- 
tion during solid-phase extraction under the con- 
ditions employed. 

Investigation was next made to ascertain 
whether the integrity of the nucleoside and nucle- 
otide analytes was compromised during chroma- 
tography on Accell Plus QMA cartridges with se- 
quential water and H3P04 elutions. To this in- 
tent, cartridge eluates from applied samples con- 
taining nucleoside, nucleotide, or both were sub- 
jected to an anion-exchange HPLC procedure 
[17] having both ionic and pH gradients strong 
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TABLE II 

NUCLEOSIDE AND NUCLEOTIDE SAMPLE CAPACITIES OF SEP-PAK ACCELL PLUS QMA CARTRIDGES 

Each specified sample in 500 ~1 of 0.1 M glycine-NaOH buffer (pH 8.5) containing 10.0 mM MgCl, and 5 lo5 cpm of the correspond- 

ing 3H-labeled internal standard(s) was loaded onto a Sep-Pak cartridge which had been pre-equilibrated with 10.0 ml of the glycinee 

NaOH buffer prior to chromatography. Fraction 1 was first eluted in 2.0 ml of water; fraction 2 was then eluted in 2.0 ml of 30 mM 
H,PO,. 

Sample load Recovery” (mean f S.D.. n > 5) (%) 

Fraction I Fraction 2 

Adenosine 

5 pm01 97.9 * 4.8 0 
25 mmol 99.4 * 4.0 < 1.0 

50 mm01 94.1 + 6.0 0 

500 mmol 99.8 f 2.3 < I.0 

AMP 

8.5 pm01 0 98.7 + 3.3 

25 mmol 0 95.1 f 5.0 

50 mm01 0 99.3 f 2.2 

IO0 mm01 56.7 * 3.7 42.0 * 3.1 

Adenosine (5 pmol) + AMP (50 mmol) 98.7 f 3.2 99.6 * 3.3 

Adenosine (500 mmol) + AMP (X.5 pmol) 98.9 f 3.1 98.6 i- 2.6 

a Results signify analyte recovery as assessed by the recovery of the radiolabeled internal standards with respect to the known quantity 

loaded onto the cartridge. The identity of the eluted products was verified by HPLC Cc:/. Fig. I A). Comparable elution profiles were 

obtained for inosine and IMP. and neither the elution patterns nor the recoveries were affected with sample volumes < 500 ~1. 

enough to resolve not only nucleotides, but also 
their nucleoside and base moieties. The HPLC 
analyses (Fig. 1) demonstrated that neither the 
nucleosides nor their corresponding nucleoside 
5’-monophosphates were altered when subjected 
to solid-phase extraction and elution from Accell 
Plus QMA cartridges with water or 30.0 mM 
H3P04, respectively. These HPLC data also con- 
firmed the quantitative nature of the nucleoside 
and nucleotide recoveries suggested earlier by the 
discrete elution profiles of these analytes from the 
solid-phase extraction cartridges (Table II). It is 
particularly important to note that the nucleotide 
solutions subjected to solid-phase extraction con- 
tained internal standards radiolabeled at specific 
positions in the base substituent of the nucleoside 
moiety. Thus, any nucleotide degradation as a 
consequence of solid-phase extraction would be 
immediately and unambiguously detected as the 
appearance on HPLC of radiolabeled degrada- 
tion products. 

The chromatographic behavior of nucleosides 
and their corresponding nucleoside S-mono- 

phosphates on Accell Plus QMA cartridges (Ta- 
bles I and II) and the integrity of both analytes 
after elution (Fig. 1) encouraged investigation of 
the applicability of this solid-phase extraction 
methodology to detecting and quantifying 5’-nu- 
cleotidase activity. To this intent, a commercial 
preparation of 5’-nucleotidase essentially free of 
other phosphomonoesterases as purchased was 
used initially, for it enabled precise titration of 
nucleotide conversion to nucleoside over a wide 
range of enzyme activity, and standard incuba- 
tion conditions for the expression of this activity 
were known [ 10,151. As summarized in Fig. 2, 
solid-phase extraction allowed for quantitative 
analysis of the progress and kinetics of the 5’- 
nucleotidase reaction in a radioisotopic enzyme 
assay based on the conversion of [3H]AMP sub- 
strate to [jH]adenosine product. Both substrate 
utilization and product formation could be re- 
liably and simultaneously quantified by applying 
the entire enzyme reaction mixture directly onto 
the solid-phase extraction cartridge without the 
need for pre-chromatography sample prepara- 
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Fig. 1. Molecular integrity of adenosine, AMP, inosine. and IMP after solid-phase extraction. A mixture of 25 mmol adenosine and 25 

mmol AMP containing 3H-labeled internal standards (5 IO5 cpm each in 500 ~1) (A) and a mixture of 25 mmol inosine and 25 mmol 

IMP containing ‘Y-labeled internal standards (5 lo5 cpm each in 500 1’1) (B) were subjected to solid-phase extraction on Accell Plus 

QMA cartridges which had been pre-equilibrated with 10.0 ml of 0.1 A4 glycineeNaOH buffer, pH 8.5. Each cartridge was eluted 

sequentially with 2.0 ml of water and 2.0 ml of 30 mA4 H,PO,, as detailed in Experimental. A 500.nl aliquot of each resulting eluate was 

analyzed by anion-exchange HPLC [I71 for its nucleoside and nucleotide content. The HPLC column eluate was collected in 20-s 

intervals over a 60.min HPLC run and counted by liquid scintillation spectrometry. The HPLC elution profile of the material in each 

water (0) and H,PO, (c?) fraction from solid-phase extraction is plotted here against the total radioactivity associated with that 

fraction. The elution profiles given are representative of three independent experiments, and the recovery of each analyte was > 97% in 

all cases. Since no material emerged from the HPLC column after fraction 21, only the initial portion of the entire 180-fraction, 60-min 

HPLC run is shown here. 

tion. In contrast, the limited capacities of both 
TLC [13] and HPLC [l l] would restrict analysis 
to a portion of the reaction mixture only. Solid- 
phase extraction also obviated diluting the sam- 
ple, as would have occurred, for instance, by add- 
ing reagents necessary for calorimetric product 
(i.e., phosphate) determination [23,24]. Only if 
the enzyme reaction were carried out at a pH be- 
low 8.5 would a minimal volume of concentrated 
base need to be added to the reaction mixture 
prior to Sep-Pak loading for alkalinization of the 
sample. 

As demonstrated by the data in Fig. 3, 5’-nu- 
cleotidase could be quantified over a wide activ- 
ity range because of the excellent chromato- 
graphic resolution between substrate and prod- 
uct and the sensitivity of radioisotope counting. 

Under the standard assay conditions employed, 
as little as 5 nmol (i.e., 50 cpm) substrate loss 
and/or product formation could be quantified. 
This level of sensitivity is at least lo- to lOO-fold 
greater than presently attainable with micro- 
chemical analyses for inorganic phosphate 
[23,24] or nucleosides [25]. The sensitivity could 
be extended into the sub-nanomole range by in- 
creasing the specific radioactivity of the 
[3H]AMP substrate. Since the trace amount of 
[3H]AMP in the reaction mixture is negligible rel- 
ative to non-labeled substrate, augmenting the 
[3H]AMP content of the reaction in this manner 
would not affect subsequent solid-phase extrac- 
tion. 

An additional procedural benefit of using sol- 
id-phase extraction to analyze 5’-nucleotidase ac- 
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Frg. 2. Application of solid-phase extraction to 5’.nucleotidase determination. A reaction mtxture contaming 500 ~mol AMP. 5 U 

5’-nucleotidase, 5 IO5 cpm (17 pmol) [3H]AMP. and 10 mA4 MgCl, in 0.1 M glycine-NaOH buffer (pH 8.5) (15 ml final volume) was 

incubated at 37°C in a shaking water bath. At various times during the ongoing enzyme reaction. 500.~1 aliquots were removed and 

subjected to the solid-phase extraction procedure outlined in Table II to isolate any adenosine product formed and AMP substrate 

remaining. The eluates from solid-phase extraction were counted by liquid scintillation spectrometry, and the radioactivity in these 

eluates, along with the known specific radioactivity of the [3H]AMP in the enzyme reaction mixture. was used to calculate the mass 

amount of substrate consumed (0) and product formed (C) during the 5’-nucleotidase reaction over a 120.min incubation. Data 

representative of three independent enzyme reactions are plotted; each point is the average of three replicate aliquots whose individual 

values did not vary by more than 5%. The inset gives the progress of the 5’-nucleotidase reaction during the first 10 min of incubation. 

tivity stems from our observation that enzyme 
reaction samples loaded onto pre-equilibrated 
cartridges remained stable for at least 8 h at 4°C. 
This feature, along with the commercial avail- 
abilityofaninstrument for simultaneouselution of 
multiple Sep-Pak cartridges, can be used to make 
the 5’-nucleotidase assay proposed herein a 
“batch” procedure. Such rapid, multi-sample 
analysis is not possible with existing radiochem- 
ical 5’-nucleotidase assays: although several en- 
zyme reaction samples may be co-chromato- 
graphed on paper or thin layers to isolate prod- 
uct [ 10,131, these separation techniques are far 
more laborious and time-consuming than solid- 
phase extraction and are also very sensitive to 
sample load. The flexibility and facile nature of 
the solid-phase system using radiolabeled 5’-nu- 
cleotidase substrate do not, however, make it an 
“on-line” assay, since chromatographic separa- 

tion and analyte detection/quantification are not 
contemporaneous; others [26] have developed an 
on-line assay procedure for 5’-nucleotidase using 
HPLC and a fluorescent AMP analogue. 

The sensitivity of radioisotopic 5’-nucleotidase 
assay and the facile separation of substrate and 
product by solid-phase extraction methods de- 
scribed herein prompted analysis of 5’-nucleoti- 
dase activity in a biological sample matrix. Car- 
diac tissue was chosen, since heart muscle 5’-nu- 
cleotidase has been extensively studied [3,5,9,15]. 
Our results (Table III) demonstrate that low lev- 
els of 5’-nucleotidase could be reliably and repro- 
ducibly quantified in a crude myocardial homog- 
enate either as substrate consumption or product 
formation. The apparent 5’-nucleotidase activity 
in rabbit heart is comparable to that recently 
quantified in pigeon heart [27] with a radiochem- 
ical assay dependent upon anion-exchange chro- 
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Fig. 3. Utility of solid-phase extraction in the quantitative analy- 

sis of 5’.nucleotidase activity. Reaction mixtures containing 500 

pmol AMP, 5 IO5 cpm (17 pmol) [3H]AMP, IO mA4 MgCI,, and 

either 2.5 U (m, Cl), 25 U (A, A), or 75 U (0, 0) 5’.nucleoti- 

dase in 0.1 M glycine-NaOH buffer (pH 8.5) (20 ml final volume) 

were incubated at 37°C in a shaking water bath. At various times 

during the ongoing enzyme reactions. 500-4 aliquots were re- 

moved from each and subjected to the solid-phase extraction 

procedure outlined in Table II to isolate any adenosine product 

formed and AMP substrate remaining. The eluates from the sol 

id-phase extraction cartridges were counted by liquid scintilla- 

tion spectrometry, and calculation was made as to the mass 

amounts of substrate consumed (solid symbols) and product 

formed (open symbols) in the total reaction mixture as summa- 

rized in the legend to Fig. 2. Each data point is the average of 

three replicate aliquots whose individual values did not vary by 

more than 5%. The experiment shown is representative of three 

independent enzyme reactions. 

matography on Dowex columns, a more labo- 
rious and time-consuming procedure than the 
solid-phase extraction method detailed here. It 
should be noted, in line with the results of other 
investigators (c$ ref. lo), that spectrophotomet- 
ric and microchemical assays for product forma- 
tion yielded inconsistent and therefore unreliable 
results at these 5’-nucleotidase levels (data not 
shown). 

In crude biological samples such as myocardial 
homogenate, assessment of 5’-nucleotidase activ- 

215 

ity based upon the conversion of [3H]AMP to 
[3H]adenosine may be complicated by reactions 
of intermediary metabolism secondary to 5’-nu- 
cleotidase [28]. As outlined in Fig. 4, three sec- 
ondary reactions have been identified in cardiac 
tissue which have at least the potential to utilize 
directly either the [3H]AMP substrate or the 
[3H]adenosine product of 5’-nucleotidase and in 
so doing to interfere with the assessment of 5’- 
nucleotidase activity as either [3H]AMP loss or 
[3H]adenosine accumulation (cj: Table III) [29- 
3 11. Non-specific phosphomonoesterases (“phos- 
phatases”) share with 5’nucleotidase an ability 
to convert AMP and IMP into their correspond- 
ing nucleosides, although phosphatases do not 
display the high affinity and specificity for nucle- 
oside 5’-monophosphates as does 5’-nucleotidase 
[32-341. Cardiac AMP deaminase (5’-AMP nu- 
cleosidase; EC 3.5.4.6) and adenosine deaminase 
(adenosine aminohydrolase; EC 3.5.4.4) could al- 
so potentially affect the recoveries of [3H]AMP 
substrate and [3H]adenosine product of the pri- 
mary 5’-nucleotidase reaction by catalyzing, re- 
spectively, their deamination to [3H]IMP or 
[3H]adenosine [29-311. Consequently, the activity 
of each of these secondary reactions was deter- 
mined in cardiac homogenate under the standard 
incubation conditions detailed (Table III) for 5’- 
nucleotidase. 

Direct spectrophotometric assay of myocardial 
phosphatase with the high-affinity chromogenic 
substrate PNPP [35] revealed a tissue phospha- 
tase activity of 13.8 f 1.8 nmol PNPP con- 
sumed/min/mg cardiac protein (mean f SD.; n 
= 4) under the 5’-nucleotidase assay conditions 
detailed herein. A standard literature phospha- 
tase assay at pH 7.0 [ 181 gave a specific activity of 
11.9 f 1 .O nmol PNPP consumed/min/mg car- 
diac protein (mean -f S.D.; y1 = 4). These data 
demonstrate that the level of phosphatase activ- 
ity in cardiac homogenate could potentially con- 
stitute some 8% of the total apparent 5’-nucleo- 
tidase activity of k 180 nmol AMP consumed/ 
min/mg cardiac protein (Table III). Further- 
more, this percentage is a maximal figure, for 
non-specific phosphomonoesterases also act on 
soluble tissue constituents aside from the 
[3H]AMP provided as substrate in our 5’-nucleo- 
tidase assay system [32.34]. Thus, phosphatase 
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TABLE III 

QUANTlFICATION OF APPARENT 5’.NUCLEOTIDASE ACTIVITY IN MYOCARDIAL TISSUE 

Left-ventricular myocardium was homogenized in 55 mM potassium phosphate butler, pH 6.5, and clarilicd by low-speed centrifu- 

gation. The supernatant. after filtration through cheese cloth, was assayed for apparent 5’.nucleotidase activity at 37°C in a mixture 

containing (final concentrations) 0.1 M glycine-NaOH buffer (pH 8.5). 10 rn.W MgCl,. 50 mM AMP, and trace (S IO’ cpm: 17.0 

pmol/ml) [jH]AMP. Aliquots (500 ~1) of the 5’.nucleotidase reaction mixture were removed over a l5-mm reaction period and loaded 

onto Accell Plus QMA anion-exchange cartridges pre-equilibrated with 10.0 ml of 0.1 M glycine-NaOH buffer. pH 8.5. Solid-phase 

extraction was performed by sequential elution of the [3H]adenosine product with 2.0 ml of water and the unreacted [‘HIAMP substrate 

with 2.0 ml of 30 mA4 H,PO, (</I Fig. IA). The samples were counted for ‘H label, and the known specitic radioactivity of [“HIAMP 

was used to calculate the apparent 5’-nucleotidase activity as both substrate consumption and product formation. The sample without 

protein represents a reaction “blank” lacking myocardial tissue. 
-__ 

Tissue protein 

(mg) 

Apparent 5’-nucleotidase activity (mean f S.D., n = 4) 

nmol AMP consumed/min nmol adenosine formcd;min 

0 10.01 <O.Ol 

4 720 f 36 735 % 32 

8 1400 f 68 1382 f 73 

contribution to the apparent myocardial 5’-nu- 
cleotidase activity (Table III) may be considered 
slight, if not negligible. 

Deamination of [3H]AMP and/or [3H]adeno- 
sine during the incubation of cardiac homoge- 
nate with the [3H]AMP substrate for S-nucleoti- 
dase under the standard 5’-nucleotidase assay 
conditions was evaluated as [3H]IMP and [3H]- 
inosine formation, respectively (Fig. 4). An ion- 
pair HPLC procedure [20] was used to resolve 
simultaneously AMP, adenosine, IMP, inosine, 
and lower purines (such as hypoxanthine and 

[ 3H]AhlP 

AMP 
deaminase 

s- 
nudeotidase; 
phosphatase 

xanthine). Analysis of the 5’-nucleotidase reac- 
tion mixture by HPLC after a 15-min incubation 
of myocardial homogenate (8 mg tissue protein 
per ml) in the assay system detailed in Table III 
revealed that 0.9% of the total 3H label originally 
in AMP was present as IMP, 0.2% was present as 
inosine, 42% was present as adenosine, and 57% 
remained as AMP; no 3H-labeled lower purines 
were detected. Formation of [3H]IMP and 
[3H]inosine could be blocked by including cofor- 
mycin in the incubation mixture at a concentra- 
tion (250 pm sufficient to inhibit both AMP dea- 

s- 
nudmtidase; 
phosphatase 

deaminase 

Fig. 4. Metabolic reactions secondary to 5’-nucleotidase which could directly contribute to a loss of [3H]AMP substrate or [lH]adeno- 

sine product from the primary 5’-nucleotidase reaction in a non-homogeneous biological sample matrix, such as the myocardial 

homogenate used in Table III. These potential secondary reactions are catalyzed by non-specific phosphomonoesterases (“phospha- 

tases”),AMPdeaminase,andadenosinedeaminase.TheenzymaticdeaminationofAMPmay be prevented bymicromolarconcentrations 

ofcoformycin, and deamination of adenosine is blocked by nanomolar coformycin [3h]; coformycin does not inhibtt 5’-nucleotidase 1371 

or phosphatases (data not shown). 
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minase and adenosine deaminase [36] while not 
affecting S-nucleotidase [37] or phosphatases 
(data not shown). Consequently, the influence of 
enzymatically catalyzed deamination reactions in 
myocardium on the recovery of the [3H]AMP 
and [3H]adenosine analytes from the 5’-nucleoti- 
dase incubation is negligible. 

Our finding that secondary reactions (i.e., non- 
specific phosphomonoesterases, AMP deami- 
nase, adenosine deaminase) having the potential 
to utilize directly either the [3H]AMP substrate 
or the [jH]adenosine product of 5’-nucleotidase 
do not appreciably interfere with the assessment 
of 5’-nucleotidase activity in myocardial homog- 
enate as either [3H]AMP loss or [3H]adenosine 
accumulation cannot automatically be extended 
to other sample matrices. For instance, skeletal 
muscle displays a much greater capacity for 
AMP deamination than does cardiac muscle [38], 
and the activities of enzymes of adenine nucleo- 
tide catabolism in a given tissue may vary widely 
under pathological conditions [39] or with devel- 
opment [40]. Consequently, the importance of 
recognizing the potential influence of secondary 
reactions on the quantification of 5’-nucleotidase 
activity in a given heterogeneous sample matrix 
by the solid-phase extraction system detailed 
herein must be emphasized. The data presented 
for myocardial homogenate serve as a practical 
illustration of at least one experimental route for 
evaluating secondary reactions which might 
cause direct interference when crude biological 
preparations are assayed for 5’-nucleotidase as 
AMP loss and/or adenosine formation. 

In conclusion, a chromatographic system has 
been developed and characterized for quantita- 
tive nucleotide-nucleoside separation and recov- 
ery using solid-phase extraction on pre-packed 
Accell Plus QMA cartridges. The optimized sys- 
tem has been integrated into a radiochemical as- 
say for 5’-nucleotidase such that nucleotide sub- 
strate and nucleoside product can be separated 
and quantified with ease, economy of time and 
materials, excellent analyte recovery, and modest 
solvent volumes. Coupling of solid-phase extrac- 
tion to a radiochemical 5’-nucleotidase assay al- 
lowed reliable quantification of low enzyme levels 

in dilute or crude samples without pre-chroma- 
tography sample preparation (e.g., deproteiniza- 
tion) or elaborate post-chromatography work- 
up. The high capacity of solid-phase extraction 
for nucleosides and nucleoside 5’-monophos- 
phates and the relative insensitivity of the car- 
tridges to analyte load over a wide range (Table 
II) contrast sharply with other methods (e.g., pa- 
per chromatography and TLC) presently used to 
monitor 5’-nucleotidase activity radiochemically. 
The attractiveness of our solid-phase extraction 
system can perhaps best be appreciated from the 
considerable enhancement of sample throughput 
afforded: multiple 5’-nucleotidase determinations 
can be made within a few minutes in one chro- 
matographic step with no sample preparation 
prior to chromatography. By contrast, micro- 
chemical 5’-nucleotidase assays or radiochemical 
assays coupled to paper, thin-layer, or column 
chromatographic isolation of product may inher- 
ently require many hours and multiple cumber- 
some manipulations. The facility with which 
both nucleotide enzyme substrate and nucleoside 
product may be quantified is particularly advan- 
tageous when studying 5’-nucleotidase activity in 
heterogeneous biological samples, for the stoi- 
chiometric relationship between nucleotide con- 
sumption and nucleoside formation can readily 
be examined and may suggest potential compli- 
cations due to analyte transformation by second- 
ary reactions. The analytical advantages attained 
by coupling solid-phase extraction on pre-packed 
anion-exchange cartridges to the radiochemical 
analysis of 5’-nucleotidase activity invite further 
application of solid-phase extraction chromatog- 
raphy to the enzymological analysis of intermedi- 
ary metabolism. 
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