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1. Introduction

The importance of ATP as phosphory! donor,
engrgy source, and enzyme modifier in nemerous
reactions of cellular metabolism has been repeatedly
demonsirated. As o means of examining the individoal
enzymes in thess metabolic pathways, various analogues
of ATF have been profitably smployed [1—-83. Spectro-
scopie work has been done using derivatives that induce
an NMR signal [9] or that have an intrinsic flucrescence
16, 8]. The fluorescence properiies of #he 2-amino-
purine nucleoildes have been particularly well charas-
terized by Ward et al. {6].

We have been using the 2-aminopurine necleotides
10 good advantage for certain reactions in poiynucleo-
1ide metabolism and summised that they should be
equally uscful for studying enzymes in intermediary
metsbolism, We have therefore compared the substrate
propsrties of the 2-aminopurineg nucleotides to the
nstural adenine nucleotides using 2 repressntaiive
sampling of these enzymes.

2. Materizls and metheds

Acetate kinase {EC 2.7.2.1) from E. ¢oli, creatine
kinase (EC 2.7.3.2) from rabbit xouscle, glycerokinase
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Abbrevigtions:
Z-APMF, 2-aminopurinennelenside-3'-phosphate;
2-APDP, 2aminopurinenucleosié -5 diphosphate;
2-APTP, 2-amiropurinenucleaside-§ -triphosphate,
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({EC 2.7.1.30) from Candida mycoderras, hexokinase
{FC 2.7.1.1) from veast, myokinsse {B{ 2.7.4.3) from
rabbit muscle, 3-phosphoglycerate kinase (EC 2.7.2.3)
from yeast, pyruvate kinase {EC 2.7.1.40) from rabbit
muscle, and lactate dehydrogenase (EC 1.1.1.27) from
porcine muscle were purchased from Boghringer-
Manmnheim, as were the following mabstrates: phospho-
enolpyruvate, NADH, AMP, ADP, ATP, fructose-6-
phosphate, 3-phosphoglycerate, Creatine was purchased
frorr, Sohuchardi, and glhieose from Merck. Crystalline
phosphofruciokinase was a =ift of Dr. H.A. Lardy. The
preparation of 2-aminopurine nucleotides followsd
standard procedures [10—12]. Othes seapents were of
analyiical guatity or better.

Adenine and 2-aminopuring nucleotide concentra-
tions were determined spectrophotomettdeally in
nentral buffer nsing extinction coefficients of 15.4 mM—1
et a 259 am and 6.3 mM—2 em—? at 303 nm,
respectively.

The standazd reaction soluvimg Sonainzd in 1.0 mil,
triethanolamine-HCL, pH 8.0, (50 mM); MgCl, (10 mM);
KC1 {100 mM); phosphoenolpy:mvate {1 mM); NADH
(9.18 mM): lactate dehydrogenase {310 17). When pym-.
vate kinase was used as a coupling engyme, it was a.d_J
zt 10 1ml. Using the kingtic constantz determined fior
2-APDP in the pyrmvate kinage reaction and equations
dexived for the analysis of coupled assays [13], this
assay system resulted in Hnear initial rates in less than
12 sec. Otiher snbstrate concenirations were at lsast ten
imes Tneir Ieipecme Michaelis constinis. Following
temperature equilibration at 22°, the roaciions were
initiated with enzyme; 1ate measurements were made
with a Zeiss spectrophetometer by recording the decrease
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in absorption at 340 num on an X—Y recorder. Kinetic
constan!s were svaluated using the method of Wilkin-
son [14] which a1 least six to eight initial velocities for
each nucleotide examined.

3. Results and distassion

The apparent kinstic constanis for cach of the
enzymes lesied ate shown in table 1. The Michaelis
consiants may be directly compased for each reaction.
The maximal velocities have been normalized for more
ready comparison. The error in this treatment is not
large because the assays containing either the adening
or 2-amincpurine nucleotides were carried out using
the same reaclion solution and enzyme dilution within
a {ew hours of one another. In addition to the maximal
velogity, the ratios of F/X should be compared for an
enzyme in which wo different substrates ars reactive.
In Facit this ratio is a more valid indication of the
“apparent affinity™ of the enzyme for the two sub-
strates than is a simple comparison of the wo
Michzelis constants, This arises frorn the fact that in
the simple Micheelis eguation, r=VAMK+A), v=V at
saturating A concentration; and as A becomes yery
small ==V{K{A). Thus, in the first crder region of A
concentration, ¥{K is the correspongding first order
rate constant, As such, V/K is a measure of the steady-
siaie selectively of the enzyme for the substrate. To
Tarilitate comparison, we have normalized F/K for the
Z-arninopurine nucleotides by dividing rach value by
1he comresponding ¥/K determined when the adenine
nuelentide was enployed. The values thus obtaingd
have been entered in table 1 as relative F{X for each
enzyime tested.

Several of the entries in table 1 deserve special
mention. It is clear that pyruvate kinase is well suited
as a coupling enzyme for the conversion of 2-APDP to
the triphosphate. The maximal velocity using 2-APDP
was 89% that fonnd with ADP and, more importanily
for a coupling enzyme, the relative V/K war about 60%
thal determined for ADP. On-the other hand, the in-
detectable activily of 2-APTP in the hexokinase reac-
tion did no? allow vz 1o vse this a3 a coupling enzyme
for determining formation of the iriphosphate in other
reactions. In addilion, 2-APTP had only a small in-
hibitory effect (K; = 4 mM} in this reaction when ATP
concentration was varied. )
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The myokinase reaction was interesting in that
2-APTP functioned as o substrate when AMP was
present, but the complementary experiment in which
2-APMP and ATP were tested as the substrate pair did
not yvield a detectable reaction. This is, however, not
surprising becavse this enzyme is known to have a
higher specificity for the monophesphate than for the
triphosphate J15]. When 2-APMP was used as an in-
hibitor, the A; was in sxcess of 10 mM.

The major effect of 2-APTP substitution in the
phosphofructokinase reaction was a redoction in the
maeximnal velogity by one-half. The ratio V/K was com-
parable 1o that observed with ATP as substrate. Under
these assay conditions, we would not expeet to see an
inhibitory effect of 2-APTP at high concenirations as
has heen reported for ATP at pH 7 [15]. However,
Bloxham and Lardy have investigated this aspect of
the reaction and have found no inhibitory function by
Z-APTP [17].

The other enzymes tested showed varying degrees
of reactivity or selectivity when 2-APTP was substituted
Tor ATP. in general, i1 appears thai those enzymes with
a very high specificity for the adenune ring do not
areept the Z-aminopuring substitviion. Furthermore,
in the two cases for which ro activity was observed,
thers was also only a negligible inhibitory effect in-
dicating thai if the nuclestide is bound at all it is nsed
25 substrate, i.e,, there appeared to be no nonproductive
addizion 1o the snzyme tested.

It is to be expected that the 2-aminopuerine series of
adenine analops, as well as other recenily reporied
adenine derivatives |B], will be nseful in elucidating
the mechanisms of mdividua? engymes. The marked
fhiorescence of these compounds accompanied by an
absorption maximum wel removed from protein
absnrption recommend these analogues 1o many
physical sindies. In addition, the differences found in
the ntilization of the adeaing and 2-aminopurine nucleo-
tides will 3ield further information concerning the
specilicity of enzymes sindied. We have not used the
2-aminopurine derivatives as puanidine analogoes, but
on the basis of their structural similarity they may he
useful in reactions requiring GTP.

Bevond this, however, we would suggest that the
2-aminopurine derivatives should be helpful ir metabolic
studies where the function of oaly certain pathways
or portions of pathways is to be examined. The fact
that adenylate kinase does not phosphorylate 2-APMP
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Tablz 1
Comparison of XKinetic constants.
Enzyme Nusleotide Ka Kz.ap nl ¥ rel V/K
{md) {mM}

1. Pyruvate Xinase ADP 0.29 Wty & 8% 8.63
2a. Myokinase ATP 0.063 1.84 0.52 0.02
2b. Myokinase ADP .17 = 6.0 -

3. Phosphofructokinase ATP 0.043 4023 .48 0.87

4. Crealine kinass ATP .52 4.2 0.22 0.4

5. Hexokinase ATP 0.43 = .01 —

b. 3-Phosphoglyceratekinase ATP 0.43 4.1 1.1 0.12

7. Aceiate kinaze ATP 016 011 1.39 0.57

8. Glycerokinase ATP 0.034 1.76 1.448 304

Apparemt Michaelis constants were determinesd for the indicated adenine nucleoiide (K o) as well as for the correspongding Z-arsno-
porine mucleotids (K72_ap). Relative maximal volockties (tel. ¥} are expressed as a ratio of that observed nsing the 2-aminopusine
nucleotide divided by thal determined for the _espective adenine nucleetide. The atic ¥/X has been sSmilarly normalized (see
1ex1). The assay conditions and EL number Tor each enzyme is given in Materials and methods.

* For these fwn enzymes the rate of reaction with the Z-aminopuring analcgue was less than 1% of ike zaie observed employing

adenine nucleotides.

may help 1o esolve problems in intermediary metabolism

in which the wsually rapidly eguilibrating adenylate
kinase reaction leads to ambiguity of interpretation.
Similarly, if only ATP and not 2-AFPTP can be con-
verted to ADP using glucose-hexokinase, it may be
possible 1o study differential transport of these nucleo-
tides in mitochondria.
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