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SUMMARY

1. Ku's were determined for nucleotides serving as substrates for yeast adenyl-
ate kinase (ATP:AMP phosphotransferase, EC 2.7.4.3), which included AMP, ADP,
ATP, ITP, GMP, and GTP. IMP could not serve as a substrate and ITP greatly in-
fluenced and increased the K, of AMP. The adenosine deoxyribose derivatives could
serve as substrates but at one thousandth the rate of the ribose homologs.

2. The specificity of yeast adenylate kinase was determined with respect to
the requirements for the ribose and purine moieties and the substituents on the purine
ring. Among the adenosine nucleotides, the decreasing order of specificity was deter-
mined as follows: ADP>AMP>ATP,

3. Several divalent cations were effective in potentiating the enzymic activity.
The order of decreasing effectiveness was Mg?+>Ca?+>Mn?t > Ba>".

4. Binding studies indicated that yeast adenylate kinase has two binding sites
with different binding specificities. Evidence is presented to show that the site binding
nucleotides uncomplexed with cation has the higher specificity.

5. Comparisons are made between yeast adenylate kinase and myokinase with
respect to similarities and differences.

INTRODUCTION

In a previous paper!, an ATP:AMP phosphotransferase (EC 2.7.4.3} from
baker’s yeast was purified and partially characterized. The present paper is a further
extension of the characterization of adenylate kinase from yeast.

Emphasis in this paper was the substrate specificity of the yeast enzyme, which
not only included the purine and pyrimidine nucleotides, but also the metal require-
ments and some binding studies with the adenosine nucleotides. The K, values of all
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of the nucleotides which served as substrate for yeast adenylate kinase were deter-
mined.

These studies showed that the adenylate kinase from yeast was specific for the
purine nucleotides since no pyrimidine nucleotide served as a substrate under any of
the conditions tested. Yeast adenylate kinase also possessed an almost absolute specifi-
city for ADP since no other nucleotide diphosphate tested could serve asasubstrate
at low enzyme concentrations. The deoxy derivatives of the adenosine nucleotides were
also studied with high concentrations of the enzyme and they were found to behave
similar to the ribose derivatives.

MATERIAL AND METHODS

The following materials were used in the experiments.

Enzymes. Yeast adenylate kinase was purified from baker’s yeast as described
by CHiu, Su aND RusseLLl. The following enzymes were obtained from the Sigma
Chemical Co. (St. Louis, Mo., U.S.A)): pyruvate kinase (EC 2.7.1.40), Type II;
lactate dehydrogenase (EC 1.1.1.27), Type II, crystalline; hexokinase (EC z.7.1.1),
crystalline; glucose-6-phosphate dehydrogenase (EC 1.1.1.49), Type V; and 5'-AMP
deaminase (EC 3.5.4.6).

Chemicals and materials. NADH and the nucleotide phosphate derivatives were
obtained from the Pabst Chemical Company (St. Louis, Mo., U.S.A.) as the sodium
salt, except for dADP which was obtained as the sodium salt from the Sigma Chemical
Co. DEAE-cellulose for the thin-layer chromatography was obtained from Bio-Rad
Laboratories (Richmond, Calif., U.S.A.) as Cellex D for thin-layer chromatography.
Sephadex G-25, medium was a product of Pharmacia (Uppsala, Sweden).

Measurement of the enzymic activity of adenylate kinase. Several methods for the
measurement of the activity of yeast adenylate kinase were employed. If not specified,
the measurement of the reverse and forward reactions were by the methods BUCHER
AND PFLEIDERER? and OLIVER®. Whenever the cation became the limiting factor (as
in studies of the cation specificity and the effects of magnesium ion concentrations),
then the method of NIKIFORUK AND CoLOWICK? was employed. This latter method
depended upon the measurement of the AMP formed in the case of the forward reac-
tion and the amount of AMP decreased in the case of the reverse reaction. In prac-
tice, 1.0-ml portions of reaction mixtures were removed at appropriate times, usually
I min, and the reactions were stopped by addition to 1.95 ml of 0.01 M sodium citrate
buffer and o.05 M EDTA at pH 6.5. The citrate-EDTA terminated reactions were
then measured for the content of AMP. The measurements of the initial rates of the
conversion of 5-AMP to 5'-IMP were initiated by the addition of 0.02 ml of 5'-AMP
deaminase (2000 units/ml) to the reaction-terminated mixtures or to AMP standard
solutions, which also contained the appropriate amount of yeast adenylate kinase.
This assay shall be referred to as the deaminase assay hereafter.

Since the measurement of the reactions of yeast adenylate kinase reported in
this paper required the use of two auxillary enzyme systems, the deaminase system
and the method of OLIVER® were compared with a thin-layer chromatographic method
which was independent of any additional enzyme system. For the purpose of compa-
rison, the K, value of ADP was determined using the three methods under compara-
ble reaction conditions. The thin-layer chromatographic method was that described
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by RANDERATH® using DEAE-cellulose plates and 0.02 M HCI to develop the plates
in 60 min. It was ascertained that the addition of 10 ul of reaction mixture to the plates
caused an immediate termination of the reaction. After development of the plates,
the nucleotide spots were located with an ultraviolet lamp, the spots were scraped off
of the plates with a scalpel and then quantitatively transferred to 1.5 ml of 0.1 M
HCL. The AMP, ADP and ATP so obtained were determined spectrophotometrically,
based upon the method of ViscHER AND CHARGAFFS. The results of the three K,
value determinations for ADP were as follows: the thin-layer chromatographic method
vielded value of 0.36 mM; the deaminase method yielded a value of 0.33 mM; and
method of OLIVER® yielded a value of 0.27 mM. The agreement among the three
methods was considered good.

The binding studies employed the method of HUMMEL aND DREYEK?, which
was analogous in principle to equilibrium dialysis. A 100 cm long *X 0.4 cm in dia-
meter column of Sephadex G-25 was equilibrated with 50 mM Tris and approximately
50 uM nucleotide at pH 8.0. Approximately 4 mg of yeast adenylate kinase in 1 ml
of the solution used to equilibrate the column was placed on column. The column was
then eluted with the equilibration solution. Fractions of about 1 ml were collected for
about 30 min. Each fraction was read at 260 myu and 280 my, and absorbance at 260
my, was plotted against the volume of the eluate. The total amount of nucleotide
bound to the enzyme was determined from the plot with a planimeter by measuring
the area falling below the base line of the eluting medium (see Fig. 2).

TABLE I
EFFECT OF DIVALENT CATIONS ON YEAST ADENYLATE KINASE ACTIVITY

All concentrations of the chloride salts were 0.1 mM. The rcaction rates were measured by the
adenylate deaminase assay method given in the text, which was unaffected by the salt concentra-
tion employed.

Divalent cation

Mg+ Ca?* Mn?t Ba*+

Relative reaction ratc 100 8o 60 15

RESULTS

Metal ion requirvements

Yeast adenylate kinase required a divalent metal for activity since incubation
of the enzyme with the substrates ATP plus AMP or ADP without a divalent metal
did not result in formation of any detectable quantities of products by paper or thin-
layer chromatographic techniques. As shown in Table I, the specificity of the divalent
cation required for the expression of enzyme activity was rather broad.

It was interesting to note that CaCl, catalyzed the yeast adenylate kinase reac-
tion. This observation was in contrast to myokinase where there appeared to be some
doubt about the utility of the calcium ion (see BoweEN aND KERWIN® and contrast
Noba?). It may also be noted that CaCl, expressed a greater relative activity than
did MnCl, with the adenylate kinase from yeust and that some activation with BaCl,
was observed (contrast Nopa?).
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Fig. 1. Effect of magnesium ion concentration on yeast adenylate kinase activity. For the forward
direction, indicated by closed circles (@—@), the concentration of ADP was r.o mM. For the
reverse reaction, indicated by open circles (O-—(), the concentration of ATP and AMP were
both o.5 mM. The reactions were carried out at 25° in 30 mM potassium phosphate buffer at
pH 7.8 for the forward reaction and pH 7.0 for the reverse reaction. The reaction rates were
determined by the thin-layer chromatographic method.

Effect of magnesium ion concentration

Fig. 1 shows that magnesium ion had no inhibitory effect on the yeast adenylate
kinase reaction. Moreover, the maximum enzymic activity was reached when the ratio
of the magnesium to total nucleotide was about two, both for the forward and the
reverse reactions. Noba® observed a sharp maximum activity with myokinase when
the ratio of magnesium ion to ATP was one in the reverse reaction and again when
the ratio of magnesium to ADP was one-half for the forward reaction with myokinase.
When the concentration of the magnesium exceeded the total nucleotide by a factor
of two or greater the initial velocities of the reaction were decreased to about one-half
of the maximum rate obtained®.

Substrate specificity

Yeast adenylate kinase appeared specific for the adenosine nucleotide deriva-
tives, but could react with the purine nucleotides of guanosine and inosine in certain
combinations with an appropriate adenosine nucleotide. Under no condition tested
could any of the nucleotides of cytidine or uridine serve as a substrate as determined
by paper chromatography analyses for products after prolonged incubations.

The only nucleotide diphosphate which could serve as a substrate was ADP.
A very low rate of activity was detected with dADP and measurable rates of activity
could be obtained by increasing the enzyme concentration about 1000 times greater
than that used for rate measurements using ADP.

Table IT gives the relative initial rates of reaction of all of the nucleotides that
could serve as substrates for yeast adenylate kinase. The forward reaction of the
enzyme at pH 7.0 was the basis for comparison. In addition, the K, values of all of
the nucleotides which underwent catalysis by yeast adenylate kinase are given also.
Several interesting features were revealed.

It can be seen that substitution of AMP by another purine mononucleotide
caused a greater decrease in the rate of the reverse reaction than a corresponding
substitution of another trinucleotide for ATP. This greater dependence on AMP for a
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TABLE I1

SUBSTRATE SPECIFICITY OF YEAST ADENYLATE KINASE: RELATIVE REACTION RATES AND A,
VALUEs AT pH 7

Assay conditions are given in the text.

Reaction Relative K, value
rate (M)
2 ADP — AMP + ATP 100 Kapp 2.7 1074
AMP + ATP-—> 2 ADP 214 Kamp 5.81077
Karp =+ 5.4+107%
AMP + dATP —» ADP 4 dADD 135 Kamp 1.7-107%
Kaarr = 4.0-1074
dAMP + ATP — ADY - dADD 40 Kgawy = 4.0 107t
Karp 1T.0-1074
AMP + GTP — ADP + GDP 22 Kamp = L.1-107%
Kgrp = 1.0-107%
GMP + ATP— ADY 4 GDP 19 Kgup — 4.0-1070
1\v,\Tp rr1o7?
AMP 4 1TP— ADP — 1DV 10 Kamp - 2.0-1073
Kiyp = 3.1-107%
dAMP 4 dATP — 2 dADP 0.53 Kgayp — 1.8-1071
]‘ydATP - G.1- 1075

2 dADP — dAMDP -+ dATT 0.13 Naape 2.0-1073

higher catalytic rate reached an extreme with the inosine nucleotides, since IMP
could not serve asasubstrate while ITP could. It may also be seen that the 2’-hydrox-
vl group of the ribose was needed for maximum activity since substitution by one
2’-deoxy derivative of the adenosine nucleotides resulted in a marked decrease of the
initial reaction rate. An even greater decrease in the initial reaction rates was observed
when the adenine moiety was substituted, as indicated by the greatly decreased rates
with the guanosine and inosine nucleotides.

With respect to the K, values given in Table 11, in general, it appeared that the
substitution of other mono- or trinucleotide for AMP and ATP, respectively, did not
effect the K,, value of the remaining adenosine nucleotide by a factor greater than
three, except in one notable instance. The substitution of ITP for ATP in the reverse
reaction caused an increase of 300-fold in the K, value of AMP compared to the Ky
when ATP was used. This was of particular interest since it was already mentioned
that IMP could not serve as a substrate.

It was also of interest that the K,, values of the dATP and dAMP were in the
same order of magnitude as the values obtained for ATP and AMP, even when both
substitutions were made simultaneously. On the other hand, the K, value of dADP
was greater than that of ADP by one order of magnitude.

Binding studies

The binding of the adenosine nucleotides to yeast adenylate kinase was studied
using the method of HuMMEL AND DREVER?. The results of these studies are shcwn
in Fig. 2. The nucleotide concentrations used for these studies were of the same order of
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Fig. 2. The figures given represent a composile of five separate experiments with the scales
proportionally adjusted to permit a direct comparison among them. The details are given in
Table ITI. The concentration of the nucleotides in the solutions used to equilibrate and elute the
columns were as follows: 50 uM ADP; 60 yuM ATP; and 53 uM AMP. Where indicated the con-
centration of magnesium chloride was 125 uM. The closed circles (@—@) correspond to ATP and
ADP without magnesium chloride. The open circles (O— Q) correspond to ATP plus magnesium
chloride. The crosses (X — X ) correspond to AMP with and without magnesium chloride.

magnitude as the K, values for AMP and ATP. Fig. 2z shows that the AMP, ADP and
ATP were not all bound by the enzyme to the same extent under similar conditions.
The presence of magnesium ion decreased the binding capacity of the enzyme for
ATP. On the other hand, AMP was not affected by the presence or absence of magne-

TABLE III

BINDING STUDIES OF ADENOSINE NUCLEOTIDES TO YEAST ADENYLATE KINASE
The concentration of the nucleotides in the solutions used to equilibrate and elute the Sephadex

G-25 columns were as follows: 50 uM ADP; 60 uM ATP; and 53 uM AMP. Where indicated, the
concentration of magnesium ion as the chloride was 125 yM. Other conditions are given in the text.

Nucleotide Nucleotide  Enzyme Moles of

bound (umoles) nucleotide
(umoles) e
Moles of
enzyme
ADP 0.162 0.069 2.3
ATP 0.197 0.085 2.3
ATP, Mg?+ o.102 0.085 1.2
AMP 0.022 0.069 0.3
AMP, Mg?+ o0.041 0.092 0.4
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sium ion and was bound to a considerably less extent than ATP under either condition.
The binding of ADP to the enzyme was examined only in the absence of magnesium
ion to avoid catalysis, and was the same as ATP under that condition.

Table I1T gives the quantitative details of the elution patterns shown n Fig. 2.
The molar concentration of yeast adenylate kinase was based upon a molecular weight
of 42 000 as determined by CHIv, St AND RussiLL!. The molar ratios of nucleotide
bound to enzyme would indicate that less than 1 mole of AMP was bound, 1 mole
of the magnesium-ATP complex was bound: and 2 moles of ADP and ATP in the
absence of magnresium ion were bound.

DISCUSSION

Differences between adenylate kinase from yeast and muscle were again as
evident 1 these studies as they were in those previoust. Among the outstanding
differences were substrate specificity, the specificity of the divalent cation required
for catalysis and the effect of the magnesium ions on the binding of the substrate.
Other differences have also been noted.

Adenylate kinase from rabbit muscle has shown a high degree of specificity for
the nucleotide diphosphate since only ADP and CDP were found to serve as substrates®.
Adenylate kinase from yeast, on the other hand, utilized only ADP as a substrate
and was inactive against all other nucleotide diphosphates under the usual conditions
for detecting catalysis. Activity of the enzyme with dADP could be detected, but it
was of the order of one-thousandth of that with ADP. The substitution of dAMP or
dATP for the corresponding ribose derivatives could catalyze the reaction with the
usual enzyme concentrations but with a diminished initial reaction rate. The specifi-
city of the yeast enzyme for the adenosine nucleotides was not absolute however. In
lieu of ATP, both GTP and I'TP could substitute in the reverse reaction. Of the mono-
nucleotides, only GMP was a permissible substitution for AMP in the reverse reaction.
The requirement of yeast adenylate kinase for a 6-aminopurine moiety did not appear
to be as rigid as that cited for myokinase?®.

Tt was interesting to note that the K, values of all the ribose nucleotides which
serve as substrates were within an order of magnitude of one another with one notable
exception. The substitution of ITP for ATP increased the Ky, of AMP by more than
two orders of magnitude, while a similar substitution by GTP caused about a 2-fold
increase in the K, value of AMP. Since it was IMP that could not serve as a substrate,
this engendered speculation about the structural requirements for substrate binding
in which the hypoxanthine moiety represented at best a poor fit at the active site
of the yeast enzyme. This was further supported by the fact that the substitution by
ITP caused the greatest decrease in reaction rate as result of a single substitution
for an adenosine nucleotide. The greatly diminished activity observed when both
nucleotides in the reaction were deoxy derivatives also indicates the 2’-hydroxyl
group of the has some importance in either the binding or the rate of catalysis. In
either case, the diminution of activity was greatest when dADP was substituted for
ADP.

From the above, the specificity of yeast adenylate kinase has evolved. In de-
creasing order, the specificity of the adenosine nucleotides was ADP>AMP = ATP.
The 2’-hydroxyl position of ribose appeared to be of less influence than the adenosine
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moiety and the absence of an amino group on the purine ring greatly diminished the
role of the purine nucleotide as a substrate.

The divalent cation requirements of yeast adenylate kinase were less restrictive
than those for myokinase. Calcium ion did not appear to be able to potentiate the
myokinase reaction®. Yeast adenylate kinase, to the contrary, not only utilized calcium
ion, but resulted in a greater activity than the manganese ion. In addition, the barium
ion was also able to potentiate catalysis, but at a greatly reduced rate. A pronounced
inhibition of the initial reaction rates of myokinase was noted when the magnesium
ion concentrations were in excess of the nucleotide concentrations?. Such inhibitory
effects were absent with the yeast enzyme since a 2o0-fold excess ratio of magnesium
ion to nucleotides ATP and ADP showed no significant decrease in the rate of cata-
lysis. Though not shown here, no inhibition by phosphate buffer was in evidence with
the yeast enzyme, while the same buffer caused about a 30%, decrease in reaction rate
of myokinase compared with Tris®.

Of particular interest is the comparison of the effect of magnesium on the bind
ing of the adenosine nucleotides to the enzymes. KuBy, MAHOWALD AND NoLTMANN
showed that about 2 moles of AMP, ADP, ATP and Mg-ATP were bound per mole
of myokinase. No effect of magnesium ion on the binding of the substrates was
observed. The binding of ATP to yeast adenylate kinase was, on the other hand,
profoundly affected by the presence of magnesium. The presence of magnesium ion
clearly decreased the ATP bound to yeast adenylate kinase by one-half. In the absence
of magnesium ion the amount of ATP and ADP bound was equal. AMP was bound to
the least extent and appeared to be unaffected by magnesium ion. A reasonable
postulation, in the light of these findings was that the two binding sites on the yeast
adenylate kinase have different specificities. The differences with respect to the bind-
ing characteristics would be envisioned as follows. In the absence of magnesium ions,
ATP and ADP may bind to two binding sites. In the presence of magnesium ions,
Mg-ATP and Mg-ADP are restricted to the one site for the metal complexed nucleo-
tides. Presumably then, the site that binds AMP and ADP as uncomplexed nucleotides
is the more specific. This interpretation is in agreement with that suggested by
Nopa?® 1% which was based on the effect of the substrates on the kinetics of myokinase.

The low extent of binding of AMP by yeast adenylate kinase is not under-
stood at this time, but there is other indirect evidence to indicate that the rela-
tionship between AMP and the enzyme is not so firm as that between ATP and
ADP. Recent studies in our laboratories with anti-serum made against yeast adenylate
kinase showed that ATP, Mg-ATP and ADP prevented inactivation of the enzyme
by the anti-serum to a much greater extent than AMP.

In conclusion, the contrast between the adenylate kinases from yeast and
muscle have been further established. Subtle variations in the specificity and the
behavior of the enzymes from the two sources serve to focus upon these contrasts,
with the hope that if the over-all reaction is the general theme, then the variations
will bring about a better understanding.

ACKNOWLEDGEMENTS

The authors are indebted to Dr. C. CH1vu for the yeast adenylate kinase prepara-

Biochim. Biophys. Acta, 132 (1967) 370-378



378 5. 8U, P, J. RUSSELL

tions used in these experiments and to Dr. ID. CARR for his criticism and discussions
of the work.
This work was supported by Grant GM 103050, National Institutes of Health

and Training Grant 2T1 GM 492.

REFERENCES

1 C.Crivu, S. St anp P, J. RussiLr, Biockim. Biophys. Acta, 132 (1967) 301.

2 T. BUCHER AND G. PFLEIDERER, in S. P. CoLowick aND N. O, KapLaN, Methods in I-nzvmol-
ogv, Vol. I, Academic Press, New York, 1955, p. 435.

3 1. T. OLIVER, Biochem. ., 61 (1955) 1106.

G. N1KIFORUK AND S. I°. CoLowIck, in S, P, Corowick aND N, O, Kaviax, Methods in

Enzymology, Vol. 11, Academic Press, New York, 1953, p. 4069.

K. RANDERATH, Nature, 194 (1962) 708.

E. ViscHER AND E. CHARGAFF, J. Biol. Chem., 170 (1048) 703.

J. P. HumMEL aND W. J. DREVER, Biochim. Biophys. Acta, 063 (1962) 530.

W. J. BoweN axp 1. . KerwiN, drch. Biochem. Biophvs., 49 (1954) 149.

1.. Nopa, J. Biol. Chem., 232 (1958) 237.

1.. Nopa, in P. D. BovEg, H. LLARDY anND K. MYRBACK, The IInzvmes, Vol. 6, Academic Press,

New York, 1962, p. 139.

11 S. A. Kuby, T. A. Manowarp aNDp E. A, NOLTMANN, Biockemistry, (1902) 743.

FS

S

OO X

1

Biochim. Biophys. Acta, 132 {1907) 370-378



