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Initial velocity measurements of [ HJADP and [ HJATP uptake have been made with mitochondria isolated
from Morris hepatomas of differing growth rates, and factors known to influence the rates of nucleotide
exchange have been examined in an effort to determine whether the elevated rates of aerobic glycolysis in
these tumors can be attributed to altered carrier activity. These studies included the determination of the
apparent kinetic constants for nucleotide uptake as a function of the mitochondrial energy state and the
dependence of transport rates on temperature. Also included in these studies were measurements of the
mitochondrial levels of endogenous inhibitors, divalent cations and internal adenine nucleotides. Results
obtained showed that with mitochondria isolated from the various tumor lines, the apparent kinetic constants
for nucleotide uptake are different from those of control rat or regenerating liver mitochondria; the apparent
V,.ax Values for both ADP and ATP uptake are significantly lower. Furthermore, under conditions of a
high-energy state, the X, and V¥, values for ATP uptake are greater than the K, and V,,_, value for ADP
uptake but that under uncoupled conditions, the opposite is observed. Comparison of the levels of
mitochondrial Ca?*, Mg2*, long-chain acyl-CoA ester and adenine nucleotide from the various mitochondria
showed that important differences exist between liver and hepatoma mitochondria in the levels of Ca’*,
long-chain acyl-CoA ester and AMP. Mitochondrial Ca?* levels are elevated 3—5-fold in all tumor lines, and
for Morris 7777 hepatoma (a rapidly growing tumor) by a remarkable 70-fold; whereas the levels of acyl-CoA
ester and AMP are significantly lower in the more rapidly growing tumors. Arrhenius plots for nucleotide
uptake in mitochondria from liver and hepatoma are characterized as being biphasic, having similar activation
energies above and below the break point temperature (28-38 and 616 kcal /mol, respectively). However,
the transition temperature for mitochondria from the various hepatomas is uniformly 4-5°C lower than
mitochondria from control liver. The latter difference may reflect a variation in membrane composition, most
probably lipid components. It is concluded that the presence of elevated levels of Ca’>* and lower levels of
AMP in hepatoma mitochondria and difference of membrane compositions may play an important role in
limiting adenine nucleotide transport activity in vivo and that the impaired carrier activity may contribute to
higher rates of aerobic glycolysis observed in these tumors.

Introduction

Abbreviations CCCP, carbonyl cyamde m-chlorophenylhy- Recently, much effort has been devoted to-
drazone, Hepes, N-2-hydroxyethylpiperazine-N’-2-ethane- wards defining the physiological role of
sulfonic acid mutochondrial adenine nucleotide transport and
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the factors which can influence the net exchange
thereby possibly controling cellular energy
metabolism. It is now known that there are at least
four important parameters which can influence
rates of nucleotide exchange' (a) the mitochondnal
energy state [1,2]; (b) the levels of endogenous
inhibitors (e.g., long-chain acyl-CoA esters) [3,4];
(c) the size of the internal exchangeable adenine
nucleotide pool [1]; and (d) the chemical activity
of the internal pool [5,6]. In addition, 1t 1s also
known that the nucleotide carrier catalyzes the
one-four-one exchange of extrarmtochondrial ADP
and ATP, respectively, for intramitochondnal ADP
and ATP [7.,8] and 1s exclusively responsible for
the exchange of ademine nucleotides across the
mner mutochondrial membranes The latter ob-
servation 1s particularly important, since a shift in
metabolic competition 1n favor of glycolysis could
occur if the rate at which cytosolic ADP was made
available to mitochondna for phosphorylation was
reduced to the extent that the rate of mitochondrial
ATP synthesis was limited

The observation that many different tumor cells
exhibit elevated rates of aerobic glycolysis raises
the possibility that this phenomenon may be con-
tributed to by an alteration in the rates of nucleo-
tide exchange. In the present study we have ex-
amined this possibility by measuring transport
rates 1n a series of hepatomas whose growth rates
correlate with rates of aerobic glycolysis [9-11].
Previously, we have shown that the rate of ADP
uptake 1n hepatoma mitochondna 1s 1nversely cor-
related to the hepatoma growth rate and the tumor
size [12]. Aiming to understand the characteristics
of the nucleotide transport in these tumor
mutochondna, we paid attention to the factors that
are known to influence their rates; these include
energetic states of the mitochondrial membrane,
levels of mitochondnal divalent cations, tempera-
ture dependence and internal mitochondnal
nucleotide levels. Some parts of the prehminary
results have been presented [13,14).

Materials and Methods

Materials

Coenzyme A, NAD, ATP, ADP, NADH,
NADP, acetyl phosphate, carboxyatractyloside,
oligomycin, phosphoenolpyruvate, CCCP, bovine
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serum albumin (fraction V), pyruvate kinase (rab-
bit liver), yeast hexokinase, glucose-6-phosphate
dehydrogenase ( Leuconostoc mesenteroides), lactate
dehydrogenase (rabbit muscle), myokinase, citrate
synthetase (pigeon muscle) and malate dehydro-
genase (bovine heart) were obtamned from Sigma
Chemical Co, St. Lowss, MO. [2,8->*HJADP (26.4
Ci/mmol) and [2-*HJATP (16 Ci/mmol) were
purchased from New England Nuclear and
Amersham, respectively. Male Sprague-Dawley
rats (250-350 g) were from Tacomc Farms, Ger-
mantown, NY. Male Buffalo strain rats weighing
140-150 g were obtained from Simonsen Labora-
tory, Gilroy, CA, and shipped to Dr. H.P Morris,
Howard University, Washington, DC. where Mor-
s 7777, 7800, 7794-A and 16 cell lines were
transplanted into the hind legs and the animals
subsequently transferred to our laboratory. The
hepatoma cell lines chosen were a fast-growing,
poorly differentiated tumor (hepatoma 7777,
growth rate of 12-20 days), two well differentiated
tumors with intermediate growth rates (hepatoma
7800, 3-5 weeks, and 7794 A, 4-6 weeks) and a
slow-growing, highly differentiated tumor
(hepatoma 16, 4-6 months). All other reagents
used were of highest purity grade commercially
available

Methods

Adenine nucleotide transport assay. Mitochondri-
al uptake of radioactive ATP and ADP was moni-
tored using the carboxyatractyloside stop method
[15,16] as follows. In a final volume of 0.95 ml,
0.5-1.0 mg of mitochondna was preincubated for
5-10 min at 2°C 1n a medium containing 116 mM
KCl, 21 mM Trs-HCI (pH 7.4) at 2°C, 1.05 mM
EDTA, 13 mM sucrose, 0 53 mM Hepes and 2.0
pg ohigomycin. The assay was started by adding
graded amounts (50 pul) of radioactive ADP or
ATP into reaction tubes under constant vortex-
mixing. In these experiments, radioactive nucleo-
tide was added by using a series of Hamilton
syringes contamned 1n an apparatus designed to
allow simultaneous addition of substrate or mnhibi-
tor. After 12 s the reaction was stopped by inject-
g 50 ul of 200 pM carboxyatractyloside (using
another series of syringes) and the mitochondria
were centrifuged at 12000 X g for 4 mmn 1n a
Beckman microfuge. The supernate was aspirated
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and the mitochondrial pellet washed with 1 ml of
KCl medium (110 mM KCIl, 20 mM Tns-HCI (pH
7.4), 1.0 mM EDTA) contamming 10 uM
carboxyatractyloside and centrifuged as before.
The pellet was dissolved in 0.2 ml of 2% SDS,
transferred to a scintillation vial containing 3.0 ml
of counting fluid and counted by hquid scintilla-
tion. Corrections for nonspecific counts trapped
by mitochondna in the adherent fluid and
sucrose-permeable space were made by subtracting
values obtained 1n which carboxyatractyloside was
added before the labeled nucleotide. Under these
conditions, the first-order rate constant for
nucleotide uptake remained unchanged during the
first 15-20 s of the assay. The reproducibility of
duplicate sets of assays was +5% S.E. All other
additions to the assay medium are described 1n the
figure legends.

The apparent kinetic constants were calculated
from linear portions of the curve by the direct
Iinear-plot method of Eisenthal and Cornish-
Bowden [17].

Determination of long-chain acyl-CoA esters.
Long-chain acyl-CoA esters were extracted from
10-15 mg of mitochondna by adding 2 parts of
5% (w/v) perchloric acad to 3 parts of
mitochondnal suspension. The denatured protein
and precipitated acyl-CoA esters were pelleted by
centrifugation and the supernatant was saved for
subsequent adenine nucleotide analysis. The pre-
cipitated esters were dissolved in 0.5 ml of 20 mM
Tris-HC] (pH 7.4), and hydrolyzed by adjusting
the pH to 12.5-13.0 with 1.0 M KOH. After a 20
min mcubation at room temperature, the solution
was neutralized with 5% perchloric acid and the
CoA levels were determined by the cycling cata-
lytic assay procedure of Michal and Bergmeyer
[18]).

Determunation of mutochondrial adenine nucleo-
tides Mitochondrial AMP, ADP and ATP levels
were measured by enzymatic analysis of neutral-
1zed perchloric acid extracts obtained from 10-15
mg of mitochondria AMP and ADP levels in the
neutrahized extracts were measured by the method
of Jaworet et al. [19] while ATP levels were mea-
sured by the procedure of Lamprecht and
Trauschold [20]

Isolation of mitochondria Rat liver mitochondna
were 1solated from male Sprague-Dawley rats by

the method of Johnson and Lardy [21] in 0.25 M
sucrose, 10 mM Hepes, ]| mM EDTA, pH 7.4.
Hepatoma mitochondria were 1solated using the
procedure of Kaschnitz et al. [22] from tumors
weighing less than 2 g for rat hepatomas in the
presence of 1% serum albumin. The choice of
using this size of tumor was to obtamn
mitochondrial preparations of good respiratory
control ratio and appeared to have intact double
membranes as examined by electron microscope
[23]. Preparations with respiratory control ratio
values of lower than 2.5 (using succinate as sub-
strate as 1n Ref. 24) were not used for the present
studies. Regenerating livers were obtained from
rats 48 h after partial hepatectomies, involving
removal of about 70% of the liver (left and median
lobes). The procedure of Higgins and Anderson
[25] was followed The endogenous contents of
Mg2* and Ca®* in mmtochondria were measured
by atomic absorption using samples dissolved 1n 3
ml of 2% SDS. Standard curves of 0-2 ppm Mg?*
and 0-10 ppm Ca?* were run for each set of
determuinations 1n the presence of 0.25 M sucrose
and 0.5% SDS for nternal corrections Other de-
talled procedures are described in the figure
legends

Results

Effect of the mitochondrial energy state on kinetics
of ADP and ATP uptake

Experimental results shown 1n Tables I and II
characterize the effects of the mitochondnal en-
ergy state on the apparent kinetic constants of
ADP and ATP uptake. These values were obtained
from measurements of transport activity 1n
mitochondria isolated from small tumors in the
presence of albumuin and assayed with and without
added respiratory substrate, and uncouphing agent.
The basic design of these experiments involves
deterrumng the 1mtial velocity for nucleotide up-
take under the indicated experimental conditions.
Assays performed in the absence of added sub-
strate or uncoupling agent are referred to as a
‘low-energy state’ or control for comparison with
assays performed 1n the presence of an uncouphng
agent or oxidizable substrate, the latter 1s referred
to as a ‘high energy state’

ADP uptake. Results in Table I show that under
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TABLE 1

APPARENT KINETIC CONSTANTS OF ADP UPTAKE IN RAT LIVER AND MORRIS HEPATOMA MITOCHONDRIA
EFFECTS OF MITOCHONDRIAL ENERGY STATE

Mitochondria were 1solated from liver and tumors weighing 0 5-2 0 g 1n a sucrose medium, as described 1n Materials and Methods, 1n
the presence of 1% albumun Initial rates of ADP uptake were measured as described 1n the text Final concentrations of labeled ADP
added to the assay medium were 1,2 5, 5, 10 and 20 uM for assays measured in the absence of uncoupler and 2 5, 5, 10, 20 and 40 pM
for assays measured in the presence of uncoupler Assays performed under conditions of a high-energy state were made by including 5
mM succinate in the preincubation medium For each determination, assays were run in duphicate The apparent V., and K values
were calculated from linear portions of double-reciprocal plots containing a munimum of four data points at higher substrate
concentrations as described before The V, ,, values and K, are means +SE expressed in nmol/mg per min and in pM,
respectively The numbers in parentheses are numbers of determinations

Mitochondnal Low-energy state +2uM CCCP High-energy state
source
Vmax Km Vl'l’IﬂX Km Vmax Km

Regenerating iver  66+11 (3) 142443 (3) 49408 (3) 86+22(3) 30+04(2) 67410 ()
Rat hiver 55+06 (4) 80+19(4) 43410 (8) 116+30(8) 19403 (3) 58+12(3)
Hepatoma 16 21+02(5) 57407 (5) 27+06(4) 103427 (4) 16403 (2) 27+07(2)
Hepatoma 7800 32406 (9 42408 (4) 384104 103+30(4) 22405(2) 20403 (2)
Hepatoma 7794A 25+05(3) 69+28(3) 39402 (3) 92+12(3) 19402 (3) 42+10(3)
Hepatoma 7777 18408 (3) 26107 (3) 22404 (B) 57+12(8) 21+03(3) 22+03(3)

conditions of a low-energy state (control), trans-
port activity in mutochondna isolated from the

tumor by about 10-15% (results not shown) while
having little effect of the apparent K value, so

different tumor lines 1s quite simular and has only
about 50% the activity of control or regenerating
liver The apparent K, values also tended to be
lower 1in hepatoma mutochondna with the lowest
values seen 1n the more rapidly growing tumors.
Including 1 mg of serum albumin n the assay
medium increased the ¥V, value m liver and

TABLE II

that transport activity in tumor still remained only
less than 50% of normal. This effect of albumin
may 1nvolved retarding a leakage of endogenous
nucleotides from mutochondria as well as removing
endogenous inhibitors. Lower transport activity 1n
hepatoma mutochondria was also observed under
uncoupled conditions In addition, similar to con-

APPARENT KINETIC CONSTANTS OF ATP UPTAKE IN RAT LIVER AND MORRIS HEPATOMA MITOCHONDRIA
EFFECTS OF MITOCHONDRIAL ENERGY STATE

Mitochondna were 1solated from liver and hepatomas weighing 0 5-2 0 g and assayed as described 1n Maternials and Methods Final
concentrations of labeled ATP added to the assay medium were 5, 10, 20, 40 and 80 uM for assays measured 1n the absence of
uncoupler and 2 5, 5, 10, 20, 40 pM for those in the presence of uncoupler and 30, 50, 90, 180 and 350 uM for assays measured 1n the
presence of succinate The apparent V,,,, and K, values were calculated as described in Table I

Mitochondnal Low-energy state +2uM CCCP High-energy state
source

Vmax Km Vmax Km Vmax Kl'l'l
Regenerating liver 41+05(3) 585+ 57(3) 25+0203) 195+78 (3) 64402 (3) 1046+122 (3)
Rat hver 43103 (6) 4951116 (6) 224034 125+26(4) 591084 1150+ 105 (4)
Hepatoma 16 25408 (2) 420+ 82(2) 18+02(2) 95+15(Q?) 36£03(2) 952+ 85(2)
Hepatoma 7800 20+£05(3) 255+£115(3) 17402 (3) 121422 (3) 300D 1230 (1)
Hepatoma 7794A 19+04(2) 3501101 (2) 17+£02(2) 123+18(2) 26 (1) 1650 (1)
Hepatoma 7777 16+06(2) 450x 09(2) 16103 (4) 58+08 (4) 40102 (2) 1055+202 (2)
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trol liver, uncoupling of tumor mitochondria had a
marked effect on the K value for ADP uptake,
increasing it almost 2-fold. This effect of uncou-
pling agent is 1n agreement with previous results of
Vignais et al. [2,26] who suggested that it may
mvolve energy-dependent conformational changes
1in the carrier. The observation that higher trans-
port rates are achieved by including albumin in
the 1solation medium compared to only adding 1t
to the assay medium indicates that agents are
present 1n homogenates of tumors which act to
lower transport activity and that albumin can re-
verse their effects.

A companson of the kinetic constants for
mutochondria 1solated 1n the presence of albumin
and assayed with uncoupler versus with added
respiratory substrate (succinate) shows that a tran-
sition to a high-energy state lowers both the K
and V,_,, values for ADP uptake. In addition, a
comparison of liver and hepatoma mitochondria
under these conditions shows that the V_,, and
K, values are lower 1n the tumor mitochondra.

ATP uptake. The values for the apparent kinetic
constants obtained from measurements of ATP
uptake under the same conditions as ADP uptake
are shown in Table II. Overall the same general
pattern observed for ADP uptake was observed
for ATP uptake, e, both ¥V, ,, and K values
were lower in tumor mitochondria than normal
liver mitochondria and that there was no apparent
correlation between values of the kinetic constants
and tumor growth rate. Specifically, 1t was ob-
served that similar to results obtained for ADP

TABLE III

transport, the rates of ATP uptake measured un-
der conditions of a lower energy state are lower 1n
tumor mutochondna than control liver and that
this difference could not be corrected by including
albumun 1n the assay medium. Results in Table II
ndicate that under conditions of both a high-en-
ergy and uncoupled state, the differences between
the values of the kinetic constants for normal and
tumor mitochondria were less than the difference
when this ATP uptake was under conditions of a
low-energy state.

In summary, a transition from a high-energy
state to an uncoupled state results in an increase 1n
both the X, and V,,, values for ADP uptake
whereas the opposite effect 1s true for ATP uptake.
A comparison of the kinetic constants of ADP and
ATP uptake under a high-energy state shows that
for both normal and hepatoma mutochondria K,
(ADP) < < K (ATP) and V,, (ADP) <
Vaax(ATP) In the uncoupled state the reverse
was, 1n general, observed, 1e, ¥, (ADP)>2 V, ..
(ATP). These observations are significant, since
they demonstrate that the mutochondrial energy
state 1n mitochondria from hepatoma, as well as
from liver, 1s an mmportant factor in influencing
rates of nucleotide exchange.

Adenine nucleotide levels in hepatoma mutochondria

The levels of adenine nucleotides 1n
mitochondrnia isolated from small tumors are shown
in Table III The most notable difference between
normal and tumor mitochondna 1s the low levels
of AMP 1n hepatomas 7777 and 7800 In the case

MITOCHONDRIAL ADENINE NUCLEOTIDE LEVELS IN SMALL TUMORS

Mitochondrial AMP, ADP and ATP levels were measured by enzymatic analysts, as descnibed in Matenals and Methods, of
neutrahzed perchloric acid extracts obtained from 10-15 mg mitochondna (low-energy state) isolated 1n the presence of 1% albumin
from liver and tumors weighing 0 5-20g Data shown are the mean values +S E Values are expressed in nmol/mg protein E,

exchangeable pool, T, total nucleotide pool

Tumor line AMP ADP ATP E T

MH 7777 19+02(12)2 25+03(13) 17402 (13) 43+04(13) 63+05(12)°
MH 7800 23+06(3)* 53+11(3) 10+03(3) 63+14(3) 86+08(3)
MH 7794A 30(DH 32(1) 32(DH 64(1) 94 (1)

MH 16 77+£12(3) 31£10(3) 12404 (3) 43409 (3) 120+20(3)
Rat liver 58+£06(3) 32403 (3) 13+03(3) 45404 (3) 103405 (3)

* Significantly different from rat liver at P < 002
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Mg?*, Ca?* AND LONG-CHAIN ACYL-CoA ESTER LEVELS IN SMALL TUMORS

Mitochondnal Mg?*, Ca?* and long-chain acyl-CoA ester levels were measured by atomic absorption and enzymatic analysis,
respectively, as described in Matenals and Methods In the case of Mg?* and Ca®* determinations, mitochondria (low-energy state)
used 1n these studies were 1solated in the presence of 1% albumin For acyl-CoA analysis, albumin was omitted from the 1solation
medium Data shown are the mean values + SE Numbers in parentheses represent the number of determinations BW 7756 1s a
mouse tumor in C57LJ mice obtained from Jackson Laboratory, ME, 1t 1s included for comparison with rat hepatomas Values are

expressed 1n nmol/mg protein

Tumor line Mg?* Ca?* Acyl-CoA
BW 7756 197+18 (3) 234 + 44 (3) 014+002 (3)
MH 7777 208+12(11) 322 132 (10) 027004 (5)
MH 7800 279409 (2) 154 + 18 (2) 0354005 (2)
MH 7794A 255 (1) 146 (1) 045 (1)

Rat hver 251422 (4 466+ 073 (4) 0724005 (2)

of the 7777 tumor, the AMP levels are reduced to
the extent that the total pool size 1s sigmficantly
lower than control. Interestingly though, the ex-
changeable pool size was preserved, seemingly at
the expense of AMP. Ebol et al. [27] have ob-
served a similar situation 1n mitochondria 1solated
from Morns hepatoma 3924-A, another rapidly
growing tumor. The authors found although the
levels of ADP + ATP are simular in tumor com-
pared to hver, AMP levels were less than 20% of
normal. These findings may be significant, since
they indicate that much of the potential reserve
capacity for higher transport activity in tumor
mitochondria 1s absent. That 1s, tumor
mitochondria with seemungly normal transport
rates but which have low AMP levels will be
unable to increase appreciably their exchangeable
pool s1ze (by conversion of AMP to ADP or ATP)
and therefore could not meet increased metabolic
demand if the occasion arose At present, 1t 1s not
certain whether this condition represents a general
feature of all rapidly growing Morris hepatomas
although the finding that the total pool size in
hepatoma 7800 was also lower than in control
hiver, again due to low levels of AMP, would seem
to support this suggestion.

The important parameter with regards to trans-
port activity 1s the levels of ADP+ ATP The
results presented 1in Table III demonstrate that for
all tumor lines these levels differ only slightly from
those 1n control hiver. It 1s important to bear in
mind that the nucleotide levels reported here were

determined from mitochondria isolated with ad-
ded albumin. In the absence of added albumin,
leakage of nucleotides from tumor mitochondria
can and does occur. When transport rates mea-
sured under conditions of a low-energy state were
determuned with mitochondna isolated in the ab-
sence of added albumun, lower rates were observed
[12,14). This fact may well be due to a lower level
of nucleotides 1n these mitochondna.

Mg?*, Ca’* and long-chain acyl-CoA levels in
hepatoma mitochondria

The levels of divalent cations and long-chain
acyl-CoA esters are shown in Table IV. In all
tumor lines Mg?* levels were essentially identical
with those 1n control hiver. In marked contrast to
these findings, Ca?* levels in tumor mitochondria
were significantly higher than those in control liver
and for hepatoma 7777, by a remarkable 70-fold.
These levels of Ca?* agree well with the report by
LaNoue et al. [28], although Ca’* levels m the
present study were 3-fold higher for the 7777
tumor. The accumulation of Ca?* by mitochondria
can lead to inhibition of nucleotide exchange owing
to a reduction 1n the levels of free nucleotides by
chelation with Ca?* [27].

Results in Table IV also show that the levels of
long-chain acyl-CoA are lower in tumor
mitochondna with the lowest values seen in the
more rapidly growing tumors. These observations
are consistent with previous reports by Halperin et
al. [29] and Sul et al. [30] who showed that acyl-
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CoA ester levels are reduced 1in tumor tissue, as
well as in the mitochondrial fraction [30], and may
indicate that the extent to which these agents can
influence transport rates 1n vivo is impaired.

Temperature dependence of ADP and ATP trans-
port in hepatoma mutochondria

The Arrhenius plots 1n Fig. 1 1llustrate the tem-
perature dependence of ADP and ATP uptake 1n
the mutochondria from various hepatomas and
control liver. In these studies efforts were made to

BW 7756

MH 7777

stabilize mitochondna against the damaging ef-
fects of elevated temperature by including 200 uM
dibucaine 1n the assay medium to inhibit phos-
pholipase activity [31] As can be seen in the
figure, 1n all cases a break in the plot was observed
for both ADP and ATP uptake. For hepatoma
mitochondria the break-point temperature aver-
aged 9.6°C, varying between 8 1 and 10.2°C com-
pared to a range of 135-140°C for liver
mitochondna. These findings are 1n contrast to the
recent report by Sul et al. [30] who observed no

MH 7800

_
76 -
[|5.4
—~ 84 10.2°C
E 33.0 \ ADP
o 92 | | | ]
£
% MH 7794 A MH |6 RAT LIVER
2 L1210 14.8
c76f 563 o .. | 7° L 14.0°C
: i | 9.77 351 |
3 84 326 ] 9.3 °C \M\ ATP 13.5°C 36.5
i ATP ] 36.6 aop | ATP
ADP
92 ] | | | 1 | ] ] ] { | |
33 34 35 36 37 33 34 35 36 37 33 34 35 36 3.7
1/T x 103

Fig 1 Arrhenius plots for ADP and ATP uptake 1n mitochondna isolated from liver and small hepatomas Velocity of ADP and ATP
uptake was measured 1n a KCL medium, as described in Matenals and Methods, 1n the presence of 2 ug oligomycin, 5 mM succinate
and 200 pM dibucaine (added to stabilize mitochondria at higher temperatures) After a 5 mun preincubation at the indicated
temperature, the reaction was started by adding, 1n a final concentration, 20 uM [*HJADP or 350 uM [*HJATP (spec act = 3000
cpm/nmol) At 0°C the reaction was allowed to run for 22 s and assay times were decreased by 4 s for each 3°C nise 1n temperatures

until the reaction time was reduced to 2 s at which point the same reaction time was used for higher temperatures Arabic numerals
shown 1n the figure without units indicate the activation energies in kcal /mol The break-point temperature (in °C) and the best-fit
line by two-line linear regression are also shown Mitochondria used in these studies were 1solated in 2 medium contaiming 1%
albumin BW 7756 1s a mouse tumor 1in C57LJ muce obtained from Jackson Laboratory, ME, 1t 1s included for comparison with rat

hepatomas



break 1n the Arrhenus plot for ATP uptake 1n
mitochondna from Morns hepatoma 5123C. The
reasons for the apparent discrepancy 1n results are
not immediately clear but the fact that their mea-
surements were performed at times far removed
from 1mitial velocity may be significant. In a previ-
ous report, Klingenberg [32] indicated that the
break-point temperature for nucleotide uptake in
hiver mitochondna was 18°C Recently, this figure
has been revised downward to 14°C [33] in good
agreement with the results reported here Also
shown 1n the figure 1s that the activation energies
for ADP and ATP uptake are sitmlar in normal
and tumor mitochondria, varying between 6 and
16, and 28 and 38 kcal/mol, respectively, above
and below the break point. These values corre-
spond well with previously reported values for
liver mitochondna [32].

Normally, a discontinuity in the Arrhenius plot
mvolving membrane-bound enzymes 1s suggestive
of a phase transition of the membrane hipids Since
the break-point temperature in the various tumor
mitochondria was uniformly 4-5°C lower than in
liver mitochondna, these findings may be indica-
tive of an altered membrane lipid composition In
recent years, several groups have examned this
1ssue and have shown that the mitochondnal lipid
composition in Morns hepatomas differs substan-
tially from that of liver mitochondna [34-36]. This
was evidenced by vanations in the fatty acid com-
position (high oleic acid levels [34,35]), acyl
specificity in the group-1 position of phospholi-
pids (a large proportion of unsaturated instead of
saturated fatty acids was found to be present [34])
and the relative proportion as well as total amount
of the phospholipids [34-36]. Cholesterol was also
shown to be elevated in tumor mitochondna
[37,38]. Thus, 1t seems reasonable to suggest that
the lower break-point temperatures mm tumor
mitochondna may result from a difference in the
composition of membrane hpids and 1n particular
from the higher proportion of unsaturated fatty
acids.

Discussion
Effects of the mutochondrial energy state on the

kinetics of nucleotide uptake
In this report we have examined the effects of
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the mutochondnal energy state and other parame-
ters on the kinetics of ADP and ATP uptake 1n an
effort to determine whether the higher rates of
aerobic glycolysis in tumor may result from altered
carrier activity. In these studies 1t was shown that
for -all tumor lines the effect of energization or
deenergization of mutochondria on transport rates
was similar qualitatively to that in control liver for
the uptake of both ADP and ATP and that the
values for the apparent V_,, mn tumor, to a large
extent, were lower than those 1n liver. Specifically,
1t was observed that with respect to an uncoupled
state, energization of mitochondna increased the
V,..x and, especially, the K_ values for ATP up-
take while for ADP uptake the reverse was true.
The observation that the V,,, value for ATP
uptake was increased 1s a new finding and may be
of physiological significance with respect to the
competition between cytosolic ADP and ATP for
entrance mto the mitochondnia when 1t 1s consid-
ered that under the same experimental conditions
the V,_,, value for ADP uptake was 2-3-fold
lower. This finding 1s important, since it indicates
that the presence of saturating cytosolic levels of
ADP would not necessarily guarantee V,,,, as has
been assumed [39], due to competition by free
cytosolic ATP whose levels are of the order of its
K, value [40]. Thus, when considering the degree
of competition between the mitochondnal and gly-
colytic enzymes for phosphorylation of cytosolic
ADP, the cytosolic ATP levels may be important,
since as their levels increase ATP could act as a
feedback inhibitor of mitochondrial ATP synthesis
by preventing the uptake of ADP into
mitochondna

Earlier results in our laboratory [4] showed that
albumun activated transport rates in mitochondna
by 1increasing the V,_,  for nucleotide uptake and
that this effect was accompamied by a removal
endogenous long-chain acyl-CoA esters [41]. Since
several groups have provided good evidence that
these agents are competitive inhubitors for nucleo-
tide exchange [42-44], a lugher level of acyl-CoA
esters was expected for the observed low rates of
nucleotide transport. However, in contrast, the
present study showed that long-chain acyl-CoA
level was lower 1n tumor than in control rat hiver
mutochondna. This observation may be related to
a 10-fold lower fatty acid-binding protein content
1n Morris hepatoma [45]
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port and the levels of mitochondrial ademine nucleo-
tides and droalent cations in hepatoma nutochondria

The present study showed that tumor
mitochondnia exhubit a break pomt in the
Arrhenus plot for the uptake of both ADP and
ATP with a transition temperature in tumor uni-
formly 4-5°C lower than 1n liver, in contrast to
the report by Sul et al. [30], who observed no
break point for ATP uptake in mitochondnia from
Morris hepatoma 5123 C. As indicated earlier, the
reasons for the apparent discrepancy 1n results are
not immediately clear but the fact that their mea-
surements were performed at times far removed
from mitial velocity may be sigmificant. Further-
more, in the present study efforts were made to
stabilize mutochondria against the damaging ef-
fects of elevated temperature by including 200 pM
dibucaine 1n the assay medium to inhibit phos-
pholipase activity [31]. It was also shown that the
activation energies above and below the transition
point were similar in normal and tumor
mitochondria, varying between 6 and 16 and 28
and 38 kcal /mol, respectively.

The observed differences 1n the levels of adenine
nucleotides and Ca’* in hepatoma mitochondria
may be sufficient to explain the low nucleotide
transport activity in the mitochondra. In our view,
the high Ca’* level in tumor mutochondra re-
ported here and by others [27,28] may induce
compartmentation of nucleotides due to 1ts higher
affimity for ATP than ADP [46]. One compart-
ment, consisting primarilly of ATP, would only
slowly undergo exchange whereas the other com-
partment, composed primarily of ADP, would un-
dergo more rapid exchange, since 1t known that
the nucleotide carner will only transport free
nucleotides and not metal complexes [47-49].

The observations that high levels of Ca’* in
mitochondria as the cause of low nucleotide up-
take and preferentially lower rates of ATP efflux
[27,50] may have important consequences with
regard to the abihity of these mitochondna to
synthesize extramtochondnal ATP. The newly
synthesized ATP molecule, selectively complexed
with Ca?* 1n the matrix, would not be available
for transport and effectively could result in futile
cycling of ADP It would follow, therefore, that
since the oxidative phosphorylation of cytosolic

ADP 1s cnitically dependent on the rates of ATP
export, the presence of high levels of matrix Ca®*
in tumor mitochondria, in situ, could interfere
with this reaction and thus augment rates of aerobic
glycolysis.

A second factor which may be mmportant 1n
determining whether transport rates in tumor
mitochondria affect rates of aerobic glycolysis deals
with the concept that the ‘potential reserve capac-
1ity’ of tumor mitochondria to exhibit higher rates
of transport may be reduced due to the low level
of AMP found in the more rapidly growing tumors
(hepatomas 7777, 3924-A [27] and perhaps 7800).
This concept refers to the evidence that the rates
of nucleotide exchange 1n mitochondria are largely
dependent on the size of the internal exchangeable
pool [51]. Thus, metabolic states which arise and
lead to a vanation in the pool size, through in-
terconversion with intramitochondrial AMP, would
likely influence transport rates Consequently,
tumor mitochondna which have reduced levels of
AMP will be unable to increase appreciably the
size of their exchangeable pool and the abulity to
increase transport rates will be imited The poten-
tial impact this condition could have on rates of
aerobic glycolysis would depend on the degree to
which nucleotide transport, as a function of the
exchangeable pool size, limuts the overall rate of
ATP synthesis. This 1ssue 1s a matter of con-
troversy and additional studies are needed to de-
ternune whether transport limits this reaction.
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