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SUMMARY

Adenylate kinase (ATP:AMP phosphotransferase, EC
2.7.4.3) activity was measured in rat liver and in a series of
Morris hepatomas. The adenylate kinase activity was 128
umts/g tissue in a group of highly differentiated hepatomas, 65
umts/g in well-differentiated hepatomas, and 16 umts/g in a
group of poorly differentiated hepatomas. Rat liver adenylate
kinase activity was 148 units/g. It increased to 287 units/g
upon fasting and decreased to 92 units/g upon refeeding of a
glucose diet. However, adenylate kinase activity in highly,
well-, and poorly-differentiated hepatomas did not respond
significantly to dietary alterations in the host animals.

Four electrophoretically distinct forms of adenylate kinase
were found in supernatants from rat liver and hepatomas. The
four isozymes have isoelectric points at pH's 5 .9 (I), 7.0 (II),
7.6 (III), and 8.2 (IV) and were found in all tumors examined.
The activities of Isozymes I, III, and IV were reasonably
constant in liver and hepatomas, but the activity of Isozyme
III decreased from 121 units/g in normal liver to 14 umts/g in
the poorly differentiated Novikoff hepatoma. Isozyme III was
the major adenylate kinase isozyme in rat liver. It increased to
220 units/g in the liver of fasted rats and decreased to 80
units/g in the liver of refed rats. Isozyme III is the predom
inant form of adenylate kinase which, in liver, is susceptible to
dietary regulation, and the form which, in the tumors,
decreases with decreasing differentiation.

INTRODUCTION

We reported recently (1) that adenylate kinase (ATP:AMP
phosphotransferase, EC 2.7.43) is present in the soluble
portion of rat liver cytoplasm and is regulated by diet and
insulin. Since the adenine nucleotides are either substrates or
powerful modulators of key regulatory enzymes, the
functional importance of this kinase, which catalyzes the
equilibrium among ATP, ADP, and AMP, can hardly be
overestimated. As part of a continuing study on enzyme
alterations in neoplasia, measurements have been made by us
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on the degree of retention or deletion of key enzymes involved
in normal liver function (2, 3, 7, 14â€”16). The ademne
nucleotides are involved in many hepatic functions. such as
glucose uptake and glycolysis; fatty acid activation, break
down, and syntheses; glycogenesis and glycogenolysis; gluco
neogenesis; and oxidative phosphorylation. In the light of the
variable and as yet unpredictable degree of loss of these
functions in hepatic tumors, it was desirable to examine the
nature and activity levels of adenylate kinase in a series of rat
liver tumors. Described in this report are the presence of
multiple forms of this enzyme in rat liver cytosol, their
activity levels in liver under various dietary and hormonal
conditions, some of their kinetic properties, and the estima
tion of their activities in hepatic tumors varying widely in
growth rate and degree of differentiation. A preliminary report
of this work has been made (4).

MATERIALS AND METHODS

Animals. Normal male rats (without tumors) were of a
pathogen-free (CFN) strain, purchased from Carworth Farms,
Inc., New City, N. Y. They were, unless otherwise indicated,
maintained on a commercial stock diet and were used for
experiments when they were about 2 to 3 months old and
weighed 180 to 240 g. All tumors except the Novikoff
hepatoma were transplanted in Bethesda and the animals were
shipped to Philadelphia, where they were maintained on the
stock diet until the tumors were sufficiently large for
dissection and assay, usually about 1 to 2 cm in diameter. In
the Philadelphia laboratories the Novikoff tumors were trans
planted into female Sprague-Dawley rats, purchased from
Holtzman Laboratories, Madison, Wis., and maintained on a
stock diet. The origin and properties of the transplantable
tumors used in this study have been described previously (9,
10). The tumors were examined histologically by Dr. David
Meranze of the Fels Research Institute.

Reagents and Materials. All biochemical reagents were
purchased from Fisher Scientific Co., Fairlawn, N. J., J. T.
Baker Chemical Co., Phillipsberg, N. J.; and Calbiochem., Los
Angeles, Calif. Coupling enzymes and substrates were obtained
from Sigma Chemical Co., St. Louis, Mo., P-L Biochemicals,
Inc., Milwaukee, Win., Worthington Biochemical Corp.,
Freehold, N. J., and Boehringer-Mannheim Corp., Mannheim,
Germany. Electrofocusing equipment and reagents were
purchased from LKB Instruments, Inc., Rockville, Md. The
special high glucose diet was prepared as described previously (6).
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Tissue Preparation for Enzymatic Assay. The rats were
decapitated by guillotine and exsanguinated, and the liver or
tumor was quickly dissected and placed in cold 0.025 M
sucrose solution. After this tissue had cooled for several
minutes, necrotic tissue, if any, was separated from the tumor
tissue, and the tumor or liver was homogenized in a glass
coaxial homogenizer with a motor-driven Teflon pestle in 6
volumes of a 0.025 M sucrose solution containing 1 mM
L-cysteine, and with 10 to 12 plunges of the pestle.3 The
homogenate was centrifuged for 1 hr at 2Â°at 100,000 X g in a
Spinco Model L centrifuge. Portions of the cytosol thus
obtained were used for the assay of adenylate kinase activity
and protein, or for application to an electrofocusing column.
Protein was assayed by the method of Lowry et a!. (8).

Electrofocusing. Isoelectric focusing was carried out ac
cording to the method described in the LKB Instruments
Instruction Manual with certain modifications. These included
the use of phosphoric acid as the anode solution at the bottom
of the column and ethylenediamine as the cathode solution at
the top of the column. A column of 440-ml capacity was used
in most of the studies, although the results were the same
when a 110-mi capacity column was used. An upper limit of
30 to 40 mg protein in S to 6 ml cytosol was placed on the
larger column, which contained a pH range of 3 to 10. The
current was turned on and maintained at 10 ma until the
synthetic ainpholytes and proteins had migrated as indicated
by a drop in the current. The current was then maintained at 2
ma for 48 hr. Then 150 fractions of 3 ml each were collected
from the bottom of the column, and each fraction was assayed
for adenylate kinase activity and protein content.

Enzyme Assay. Adenylate kinase was assayed spectrophoto
metrically at 25Â°in cuvets of 1-cm light path in a Beckman
DU spectrophotometer equipped with a Gilford multiple
absorbance recorder. The reaction was monitored in both
directions. -In the forward direction, ADP formation was
coupled with phosphoenolpyruvate, pyruvate kinase, and
lactate dehydrogenase; and NADH oxidation was measured at
340 mp. The assay system contained 100 mM triethanolamine
HC1 buffer, pH 7.5; 130 mM KG; 3.2 mM MgSO4 ; 3 mM ATP;
0.38 mM NADH; 0.68 mM phosphoenolpyruvate; 30 units
lactate dehydrogenase; and 30 units pyruvate kinase in a total
volume of 3 ml. After the absorbance was stabilized, the
reaction was started by adding 1.0 mM AMP. Adenylate kinase
activity also can be estimated in the reverse direction by
coupling AlP formation with glucose, hexokinase, and glucose
6-phosphate dehydrogenase and following NADP@ reduction
at 340 rn.t. The assay system contained 100 mM trietha
nolamine-HC1buffer, pH 7.5; 130 mM KC1;6.2 mM MgSO4;
1.7 mM glucose; 0.4 mM NADP1; 30 units hexokinase, and 25
units glucose 6-phosphate dehydrogenase in a total volume of
3 ml. The reaction was started by adding 2.6 mM ADP. In
either direction, conditions of the spectrophotometric assay
permitted linear velocities with time up to 5 ruin and

3When liver or tumor tissue is homogenizedin isotonic sucrosea large
proportion of the enzyme is loosely bound to the particular fraction.
Extraction is facilitated by using hypotonic sucrose for homogenizing.

proportionality to enzyme concentration. A unit is defined as
@.imolesNADP@reduced or NADH oxidized per mm at 25Â°.All
data reported in this study were obtained by measuring ADP
formation.

RESULTS

Adenylate Kinase Activity in Rat Liver and Tumors. Total
adenylate kinase activities in liver cytosol of normal
carbohydrate-fed rats and in a series of rat liver tumors are
given in Table 1. For convenience in presentation, the tumors
are divided into 3 groups according to histological evaluation
as being highly, well, and poorly differentiated. The highly
differentiated tumors retain many morphological character
istics of normal liver parenchyma and grow very slowly. The
well-differentiated tumors deviate somewhat in histological
pattern and grow somewhat more rapidly. The poorly
differentiated tumors deviate markedly histologically and grow
very rapidly. The criteria for these designations have been
described by Morris (9â€”12)and by Nowell et al. (13).

Relation to Degree of Differenfialion. Three slow-growing,
highly differentiated tumors were studied; one of these,
9618A, was studied in both the 3rd and 4th generations. The
adenylate kinase activities were all high at 128 units/g tissue,
and were only slightly below that of normal rat liver at 148
units/g. In 6 well-differentiated tumors, ranging in transplant
generation times between 2.5 and 4.5 months, the mean
activity of 65 Â±7 units/g tissue, was about one-half that of
liver. In the 7 fast-growing, poorly differentiated tumors,
ranging in-transplant generation time from 0.03 to 2 months,
the mean activity was only 16 Â±6 units/g.

The sharp decline of activity in relation to degree of
differentiation is emphasized by the 8-fold range in activity
among the tumors studied, without any overlap among the 3
groups of tumors. The range of activity on a per mg protein
basis was not quite as great, because the poorly differentiated
tumors have a lower content in the cytosol, but there was still
no overlap among the 3 categories of hepatomas.

Response of Tumor Adenylate Kinase to Nutritional Alter
ations. As shown previously (1), adenylate kinase activity in
rat liver cytosol increased markedly in fasting and decreased
on refeeding a high-glucosediet. It was therefore of interest to
compare these nutritional alterations in livers and hepatomas.
As shown in Chart 1 and in Table 2, lAne 1, the activity in
liver approximately doubled after a 48-hr fast, and dropped
3-fold 16 hr after feeding of a high-glucose diet. In contrast,
there were no significant changes in the tumors with diet. In
the highly and well-differentiated tumors, there was no change
upon fasting or refeeding of glucose. An increase in adenylate
kinase activity of borderline significance (p 0.05) occurred in
the poorly differentiated tumors on fasting, but there was no
decrease after glucose refeeding. It is evident, therefore, that
the tumor adenylate kinase activity is not affected by fasting
and refeeding with a high-glucosediet.

Adenylate Kinase Isozymes in Liver and Tumors. By
isoelectric focusing, 4 electrophoretically distinct forms of
adenylate kinase have been found in rat liver and hepatoma
supernatants. With a column of 440-mi capacity and collection
of 3-nil fractions, the 1st form came off in a broad band
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TissueTransplant generationGrowth
rate

(mo.)Enzymatic

activityUnits/g

tissueUnits/mgproteinNormal

rat liver148 Â±92.1 Â±0.4Highly

differentiatedtumors9618A46135Â±101.8Â±0.48999461

17Â±111 .6Â±0.59618A36138Â±81.9Â±0.47787118108Â±91.6

Â±0.4Mean129

Â±91 .8 Â±0.4Well-differentiatedtumors963374.590Â±80.9

Â±0.3779322466
Â±70.7 Â±0.242A2569Â±70.7

Â±0.239A24.556
Â±60.6Â±0.35123A772.552Â±60.5Â±0.35123D722.572Â±50.8Â±0.4Mean65Â±70.8Â±0.3Poorly

differentiatedtumors7777441.519Â±50.4

Â±0.23924A2570.811
Â±50.3Â±0.23683F2400.510Â±40.2

Â±0.2Novikoff
hepatoma7060.326 Â±90.5 Â±0.3Novikoffascites7100.319

Â±70.3Â±0.247B81.611Â±40.2Â±0.152â€”51.717Â±50.2Â±0.2Mean16Â±60.3Â±0.2

c'riss, Litwack, Morris, and Weinhouse

Table 1

Adenylate kinaseactivity in normal rat liverand tumors
Values are given in @zmolesNADH oxidized/mm under the assay conditions described in the text. Each
value is the mean of assays on 8 to 16 tumors Â±S.E. The growth rate is the mean transplantation time,
that is, the time in months between inoculations and growth to a size of approximately 1 to 2 cm
diameter.

between Fractions 75 and 90; the 2nd appeared as a sharper
band between 90 and 105; the 3rd was a rather narrow,
compact band between 105 and 113; and the 4th band was
small and came off as an inflection beyond Fraction 1 13 . The
respective isoelectric points are pH's 5 .9, 7.0, 7 .6, and 8.2 for
Isozymes I, II, III, and N. The elution patterns for these
isozymes in liver and 3 hepatomas are displayed in Chart 2.
The curves are strikingly similar, except for a sharp decrease in
Isozyme III with decreasing differentiation. These data
indicate that the adenylate kinase isozymes found in liver and
3 hepatomas have the same respective isoelectric points and
that the changes in total adenylate kinase activity with tumor
differentiation, shown in Table 1, are due specifically to
changes in Isozymes III.

Under the conditions used for electrofocusing, the adenylate
kinase isozymes were quite stable and 90 to 100% of enzyme
placed on the column could be recovered. Therefore, electro
focusing can be used successfully for separation and quanti
tative estimation of their activities. Such data for the 4 tumors
are listed in Table 3A. In the 4 representative tissues shown in
this table, Isozymes I, II, and IV remained reasonably

constant, whereas Isozyme III dropped from 121 units/g in
liver to 41 units/g in the Novikoff hepatoma.

Response of Adenylate Kinase Isozymes to Nutritional
Alterations. Changes in liver adenylate kinase activity upon
changes in diet are reflected in the patterns of the isozymes
(Table 3B). Isozymes II and III increased upon 48 hr fasting
and decreased upon refeeding of a high-glucose diet for 16 hr.
However, Isozyme III accounted for 100 units of the 120-unit
increase observed upon fasting and also accounted for 140
units of the 170-unit decrease observed upon refeeding. Thus,
it would appear that adenylate kinase III is the major isozyme
regulated by fasting and refeeding of a high-glucose diet.

DISCUSSION

These results extend and amplify some of our previous
studies in demonstrating that adenylate kinase, like other
enzymes associated with specific hepatic function, decrease in
activity with loss of tissue differentiation. They furthermore
provide additional information on alterations in isozyme
patterns associated with liver neoplasia. Previous studies of
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TissueTransplant generationGrowth
rate

(mo.)Enzymatic

activityFedFastedRefed

glucoseNormalratliver

Highly differentiated
tumors
9618
77875 116 8151Â±10

109Â±12
131Â±14287Â±10

95Â±13
103Â±1192Â±11

88Â±13
98Â±12Mean123Â±1298Â±1292Â±13Well-differentiated

tumors
7793
9633
5123A
5123D22

7
77
724

4.5
2.5
2.571Â±9

79Â±10
58Â±9
59Â±1178Â±7

82Â±9
60Â±8
61Â±777Â±8

81Â±10
70Â±10

60Â±11Mean69Â±1073Â±873Â±10Poorly

differentiated
tumors
7777
3924A
3683F
Novikoffhepatoma44

257
240
7091.5

0.8
0.5
0.324Â±7

10Â±5
12Â±6
29 Â±953Â±9

16Â±4
16Â±6
46 Â±1151Â±9

17Â±5
18Â±7
44Â±10Mean20Â±638Â±737Â±8

120

24

ATP:AMFPhosphotransferase Isozymes

Fasting Refed

300

32 40 48 8

80

Time(hr

40

16 14 48

Chart 1. Time course of the nutritional response of adenylate kinase activity in rat liver. Enzymatic activity is gwen in @mo1esNADH
oxidized/min/g, wet weight, of tissue. Each value is the mean of assayson 6 to 8 liversÂ±S.E.

Table 2

Nutritional responseofadenylate kinase In normalrat liverand tumors
Enzymatic activity is given in pmoles NADH oxidized/min/g tissue, wet weight. Each value is the mean

of assayson 6 to 8 tissues Â±S.E. The growth rate is the sameas Table 1.
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Adenylate kinase isozyme activity in the liverand tumors from normal,fasted, and glucose-refedratsisozyme
activity is given in j@molesNADH oxidized/min/g tissue, pmoles NADH oxidized/min/gtissue,wet

weight. Each value is the mean of assays on 2 to 5 tissues Â±S.E. In A, the tumor growth rate isthesame
as in Table 1. In B, rats were fasted 48 hr and refed a high-glucose diet for 16hr.Tumor

Isozymeactivity
growth

Transplant rateTotalTissue
generation (mo.) I II III IVactivityA.Normalratliver

5Â±2 28Â±4 121Â±9 2Â±1156Â±129618A
4 4 3Â±2 25Â±5 105Â±8 1Â±1l34Â±jO9633
7 4.5 3Â±2 28Â±3 45Â±7 2Â±178Â±8Novikoff

(709â€”711) 0.3 2Â±2 26Â±3 14Â±4 2Â±145Â±6B.

â€œFastedâ€•liver 4Â±1 50Â±5 220 Â±10 3Â±1 275Â±11â€œRefedâ€•liver
2Â±1 23Â±3 80Â±8 1Â±1 105Â±10

c:riss,Litwack,Morris,and Weinhouse

hepatic function is not yet clear. Further clarification will have
to await more complete purification and determination of
kinetic properties, including specificity towards nucleotides
other than those of adenine. Such studies are now under way.
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