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Isolated intact rat liver mitochondria are capable of accumulating a great amount of
divalent cation, e.g. Caz*, Sr2*, and Mn2* in the presence of inorganic phosphate (Pi).
Phosphoenolpyruvate (PEP) does not affect divalent cation uptake and H* production
by rat liver mitochondria. However, PEP causes the eflux of Ca2* but not Sr2+ and
" Mn?* from mitochondria. The stimulation of Ca2* eflux by PEP from Ca?*—loaded .
rat liver /mitochondria is {associated with an enhanced respiratory rate and ATP
hydrolysis. These results suggest that (i) mitochondrial Ca2?* uptake and release exist
as two independent pathways, (ii) Sr2* and Mn2* do not share a similar pathway as
Ca?* efflux from mitochondria, (iii) the efflux of Ca2* from mitochondria is regulated

by intramitochondrial ATP level.

It is well known that uptake of Ca?*, Sr2+
and Mn?** by isolated intact mitochondria is
supported by respiration or ATP hydrolysis®®,
and is mediated by a ruthenium red and La’*—
sensitive carrier!”»>2%#),  The specificity of
divalent cation accumulation by mitochondria is
in a order of Ca? >Sr?*>Mn?*. The respiration-
linked uptake of Ca®** and ejection of H* is
influenced by the initial concentration of Ca?+
and Pi“%%")  uncoupling agents®“s'», oligomy-
cin‘® as well as adenine nucleotide translocase
inhibitors, i.e., atractyloside and bongkrekic
acidt%?, Recent studies of Chudapongse and
Haugaard®, Peng et al.'®» demonstrated that
PEP is yet another factor that can influence the
mitochondrial Ca** movement. Since transport
of Sr** and Mn?* across the mitochondrial
membrane is generally believed via a similar
mechanism as that of Ca?. It would seem
pertinent to investigate the effect of PEP on
Sr2* and Mn?* accumulation by rat liver mito-
chondria.

23

MATERIALS AND METHODS

Liver mitochondria were prepared from
adult male Sprague-Dawley rats in a medium
containing 0.25M Sucrose, 5mM Hepes (N-
2-hydroxyethylpiperazine-N’/-2-ethanesulfonic
acid) buffer pH 7.4, as previously described®.
After the final wash, mitochondria were su-
spended in a medium containing 0.2 mM Hepes
buffer pH 7.4 with 0.25M Sucrose. All of the
experiments were performed within two hours
after the harvest of mitochondia. Mitochondrial
protein was determined by the biuret method®%.
Oxygen consumption was determined polaro-
graphically with the Clark oxygen electrode®.
The ejection and uptake of H* during the in-
flux and efflux of Ca?¥, Sr?**, or Mn?** were
followed with a sensitive pH electrode®t),
Appropriate corrections were made for the
buffering capacity of the medium and suspened
mitochondria by addition of standardized HCI
or NaOH in each experiment. Divalent cation
uptake and efflux were followed with 4Ca?t,
8Sr2* and **Mn?* as previously described®®.
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Aliquo‘tls of the incubation mixture were with-
drawn at selected time intervals after the addi-
tion of #Ca2*, ®Sr2*, or *Mn?t and rapidly
filtered through a millipore filter®. The radio-
activity of #Ca?* of each sample was deter-
mined with a liquid scintillation spectrometer.
The radioactivity of ®Sr**t and :Mn?*, being
remittors, were counted in a Nuclear Chicago
Model 8725 gamma counter. Mitochondrial ATP
content was determined parallel to cation tras-
port studies. In all cases, the reaction mixture
were removed at the desginated time and was
centrifuged. A half milliliter of 20% trich-
loroacetic acid (TCA) was then added to the
supernatant and mitochondrial pellets, respec-
tively. The TCA extracts were then used to
determine the amount of mitochondrial ATP
content by the firefly luciferase reaction®®, All
reagents were analytical grade. PEP were ob-
tained from Sigma Chemical Co. *Ca®* and
s¢Mn2*+ were purchased from New England Nu-
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clear Co. and %8r** was obtained from Inter-
national Chemical and Nuclear Corp.

RESULTS

A typical example of oxygen and pH elec-
trode tracing of mitochondrial respiration and
H* movement is shown in the Fig. 1. The
addition of divalent cation stimulates mito-
chondrial respriation and causes HY ejection
from mitochondria. The stimulated respiration
and H* production ceased when divalent cation
uptake was complete. It is noted in the Fig. 1
that the rate of mitochondrial respiration and
H* ejection is in the order of Ca® >Sr**>Mn®**
(The number adjacent to each tracing represents
the rate of oxygen con sumption or H* ejection
after Ca?t, Sr®* or Mn®** was added). The
steady state amount of cation accumulation by
mitochondria is shown in the numbers included
in the parentheses, which is obtained by the
radioisotope determination as described in the
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Oxygen and pH electrode tracing showing the effect of Ca**, Sr** and Mn** on

mitochondrial oxygen consumption and H* movement. Incubation mixture contained
0.2mM Hepes Buffer, pH 7.4 Sucrose 100mM, KCl 100 mM, Glutamate (2.5mM),
Malate. (2.5 mM), Pyruvate (2.5mM), Inorganic phosphate (1 mM), M (mitochondria
50 mg protein), Ca**, Sr*+, and Mn** (400 n moles each) was added to the incubation
mixture as indicated in a final volume of 2.2ml at 30°C. The number anjacent to
each oxygen tracing repesents the rate of oxygen consumption by mitochondria (ng
atoms 0/mg/min). The number adjacent to each pH tracing represents the rate-of

H* ejection /mg/min.

The number included in the parentheses represents the

amount of divalent cation accumulated by mitochondria.
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Methods Section. Almost all added divalent
cation were accumulated by mitochondria at
indicated time after Ca?¥, Sr®** or Mn?** was
added. (396, 392 and 390 n moles out of 400n

moles added Ca?¥, Sr** and Mn?** were
PEP
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accumulated, respectively). Fig. 2 shows that
the addition of 1.0mM PEP does not affect
Ca?* induced mitochondrial respiration and H*
ejection. However, PEP enhenced a second
phase of respiratory stimulation and a H* up-

l-[+ uptake takes place
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Fig. 2. Oxygen and pH electrode tracing showing the effect of PEP on mitochondrial oxygen
consumption and H* movement. The experimental conditions were the same as
shown in the Fig. 1. PEP (1.0 mM) was added before the addition of Mitochondria
(M). The numbers adjecent to each tracing have the same indication as shown in
the Fig. 1. The numbers included in the parenthesis represent the steady state amount
of cation accumulation.
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take by mitochondria. In addition, accumulated
Ca®** was discharged from mitochondria after
PEP was added. Accumulated mitochondrial
Ca?* was decreased from 396 nmoles 60 nmoles
(Fig. 2A) Conversely, Fig. 2B and 2C shows
that PEP did not induce a second phase of
respiratory stimulation and H* uptake by mito-
chondria when Sr?* or Mn?** was added. Fur-
thermore, accumulated Sr?* or Mn?" was not
discharged from mitochondria by the addition
of PEP.

It has been noted that adenine nucleotides
may be required in maintaining accumulated
cation in mitochondria®®, The effect of PEP
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Fig. 3. Effect of PEP on endogenous mitochon-

drial ATP concentration in the present
of Ca2*, Srz*, or Mn2*. Experimental
conditions were the same as described
in the Fig. 2. Incubation mixture was
withdrawn and centrifuged. ~Samples
were taken 1, 2, 3, and 4 minutes after
the addition of divalent cation.  Tri-
chloroacetic acid (TCA) was added to
mitochondrial pellets and the supernatant
fraction, respertively. TCA extracts
were then used to determine ATP con-
centration in the mitochondrial pellets
is shown in this figure. No detectable
ATP was found in the supernatant frac-
tion.

on mitochondrial ATP content was thus studied.
Fig. 3 demonstrates that a decrease of ATP
concentration occurred when PEP was added in
the Ca%*-loaded mitochondria. Conversely,
PEP did not cause a reduction of ATP con-
centration when mitochondria was loaded with
Srz* or Mn?*. There was no detectable ATP
found in the external medium. Most of ATP
were found in the mitochondrial pellets sug-
gesting that ATP hydrolysis, not ATP-PEP ex-
change, occurred during the efflux of Ca** when
PEP was aded. This speculation was further
studied by the addition of oligomycin, an in-
hibitor of the mitochondrial ATPase. Fig. 4
shows that the addition of oligomycin after PEP
was added totally blocked ATP hydrolysis and
Ca®t efflux from mitochondria. Moreover, the
second phase of the respriatory stimulation and
H* uptake during the efflux of Ca®** as demon-
strated in the Fig. 2A were also prevented by
oligomycin (Oxygen and pH tracing figure was
not shown).

DISCUSSION

This study demonstrates that phosphoenol-
pyruvate (PEP) does not affect uptake of Cat,
Sr*+ or Mn?* by isolated rat liver mitochondria
but does induce Ca?* but not Sr** or Mn®**
efflux from mitochondria. These results suggest
that while uptake of Ca®t, Sr** and Mn** is
mediated through a ruthenium red sensitive
carrier®21:29) the-efflux of Sr** and Mn®** do
not share a similar pathway as Ca®* efflux from
mitochondria. Inasmuch as Ca?* uptake and
efflux by mitochondria have been implicated in
the control of cellular Ca** transport® as well
as carbohydrate metabolism(10>12:2%:28) this study
presents two important information. First of
all, Ca®* and Mg?* but not Sr2* and Mn** are
the major physiological divalent cation. It is
very likely that biological nature is arranged in
such a way that mitochondria do not possess an
efflux pathway for Sr** and Mn** since both
divalent cations do not play any physiological
role as Ca?+ does. Secondly, PEP is an import-
ant intermediate of glycolytic and gluconeogenic
pathways and is the only known physiological
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Fig. 4. Effect of oligomycin on PEP induced ATP hydrolysis and Ca*+ efflux by mito-
chondria: The experimental conditions were the same as described in the Fig. 2.
Oligomycin (4/pg) was added after the addition of PEP and mitochondria (M, 5/mg

protein).

Ca2* was then added to initiate the reaction. Both mitochondrial ATP

concentration and Ca**+ accumulation were determined 1, 2, 3, and 4 minutes after
the addition of Ca?*, «—-. with oligomycin, o—o without oligomycin.

metabolite to induce Ca?* efflux from mito-
chondria. Several physiological functions have
been proposed for the mitochondrial Ca%* trans-
port process. Mitochondia may play a role in
skeletal calcification»1®), in cardiac muscle
contration and relaxzation where sarcoplasmic
reticulum is poorly developed(™!®), and in re-
gulating cellular Ca%** concentration®-®), How-
ever, these physiological roles of mitochondria
are not proven at the present time, although the
ability of mitochondria to relax myofibrils has
been demonstrated®. The demonstration of
.Ca? efflux induced by PEP tempts to suggest
that PEP may play an important role in these
physiological functions in regulating cytosolic
Ca** concentration through efflux process.

The hydrolysis of ATP by mitochondria
during Ca?* efflux in the presence of PEP sup-
ports the hypothesis of the intramitochondrial
ATP/Pi ratio controlling the stability of accu-
mulated Ca?+*4®. The second phase of the mi-
tochondrial respriation in the presence of Cat*
after the addition of PEP is due to a continuous
phosphorylation of ADP immediately after ATP

is hydrolyzed. Accordingly, any metabolic
parameters that could decrease the intramito-
chondrial ATP content would stimulate efflux
of Ca?* by either a passive or a carrier-mediated
process. Recently, Shug and Shrago(®® have
shown that PEP can be accumulated by isolated
rat liver mitochondria by an atractylosidesensi-
tive carrier exchange with intramitochondrial
ATP. Their study appears to suggest that the
reduction of intramitochondrial ATP by PEP
through an exchange process could bring about
the Ca?* efflux. However, this study does not
find any detectable ATP in the external medium,
in stead, almost all of intramitochondrial ATP
were hydrolyzed as ADP and Pi during the efflux
of Ca**, Furthermore, olgomycin does not block
ATP-PEP exchange but does inhibit ATP hy-
drolysis by mitochondria. The inhibition of
PEP induced-second phase of the respriatory
stimulation, H* uptake and Ca?* efflux by oligo-
mycin strongly suggests that Ca?*t efflux is me-
diated and regulated through a Ca®**-specific
mitochondrial ATPase.



28

10.

11.

12.

13.

REFERENCES

BECKER, G.L. CuEN, C.H., GREENAWALT,
J.W. and A.L. LEHNINGER, (1974) Calcium
phosphate granules in the hepathancreas of the
blue crab Callinectes sapidus. J. Cell. Biol. 1:
316-326. i '
BorLE, A.B. (1973) Calcium metabolism at
the cellular level. * Federation Proceedings 32:
1944-1950.

BYGRAVE, F. L. (1967) The ionic environment
and metalolic cortrol. Nature 214: 667-671.
cararoLr, E., Rossi, C.S. aud A.L. LEHNI-
NGER (1965) Uptake of adenine nucleotides
by respiring mitochondria during active accu-
mulation of Ca** and phosphate. J. Biol. Chem.
240: 2254-2261.

CARAFOLL E. (1967) In vivo effect of uncoun-
pling agents on the incroporation of calcium
and strontium into mitochondria and other su-
beellular fractions of liver. J. Gen. Physiol. 50:
1849-1864.

CaRAFOLIL E., Tiozzo, R., Rossi, C.S. and
G. LucLI (1972) in “Role of membrances in
secretory processes”, (Bolis, L. Keynes, R.D,,
and Wilbrant, W., eds), pp. 175-181, North-
holland, Amsterdam.

CARAFOLL E. (1975) The role of mitochondrial
Cat*+ transport in myocardial function. Recent
Ady. Stud. Card, Struct., Metab. 5: 151-163.

CHANCE B. and G.R. WiLLIAMS (1955) Re-
spiratory enzymes in oxidative phosphorylation.
1. Kinetics of oxygen utilization. J. Biol. Chem.
217: 383-393.

CHUDAPONGES, P. and N. HAUGGARD (1973)
The effect of phosphoenolpyruvate on calcinm
transport by mitochondria. Biochim. Biophys.
Acta 307: 599-606.

FRIEDMANN, N. and H. RASMUSSEN (1970)
Calcium, mangnese and hepatic gluconeogenesis.
Biochim. Biophys. Acta 222: 41-52.

GEAR, A.R., Rossl, C.S. REYNAFARIJE, B. and
A.L. LEENINGER (1967) Acid-base exchanges
in mitochondria and suspending medium during
respiration-linked accumulation of bivalent ca-
tions. J. -Biol.. Chem.-242: 3403-3413.
KimMMICH, G.A. and H. RASMUSSEN (1969)
Regulation of pyruvate carboxylase activity by
calcium in intact rat liver mitochondria. J.
Biol. Chem. 244: 190-199.

LANGER, G. A. (1973) Heart excitation-contra-

ction coupling.” "Annu. Rey. Physiol.I35: 55-86. '

14.

15.

17.

18.

19.

20.

21.

22.

23.

24,

25.

.C. and C.L. WADKINS (1974)

C.F. PENG

LAYNE, E. (1957) Spectrophotometric and turs

bidimetric methods for measuring protein. In
Methods in Enzymdogy, Vol. 3, S.P. Colowick
and N. O. Kaplan Eds, pp. 447-454, New York;
Academic Press.

LEHNINGER, A.L., CararoLl, E. and.C.S.
Rossi (1967) In Advances in Enzymology
(Nord, F.F. ed), Vol. 29, pp. 259-320, Interscie-
nce, New York.

MATTHEWS, P.J.F. and H.A. LARDY (1970)
Bongkrekic acid an inbitor of the adenine nu-
cleotide translocase of mitochondria. J. Biol.
Chem. 245: 1319-1326.

MooORE, C.L. (1971) Specific inhibition of mi-
tochondrial Ca** transport by ruthenium red.
Biochem. Biophys. Res. Commun. 42: 298-305.
PENG C.F. PRICE, D.W., BHUVANESWARAN
Factors that
influence phosphoenolpyruvate-induced calcium
efflux from rat liver mitochondria. Biochem.
Biophys. Res. Commun. 56: 134-141.

PENG C.F., STrAUB, K.D., Kane IJ,
MurpHY, M.L. and Wapkins C.L. (1977)
Effects of adenine nucleptide translocase inhib-
tors on dinitrophenol-induced Ca?* efflux from
pig heart mitochondria. Biochim. Biophys. Acta.
462: 403-413.

RASMUSSEN, H., WALDORF, A., DZIEWIATA-
kowski, D.D. and H.F. DeLuca (1963) Ca**
exchange in isolated intestinal villi. Biochim.
Biophys. Acta. 15: 250-256.

REYAFARIE B. and A.L. LEHNINGER (1969)
High affinity and low affinity binding of Cat**
by rat liver mitochondria. J. Biol. Chem. 244:
584-593. )

ROOBOL, A. and G.A.O. ALLEYNE (1972) A
study of stabilization of gluconeogenic activity
in rat liver slices by calcium and manganese
jons. Biochem. J. 129: 231-239.

Rosst, C.S. and A.L. LEHNINGER (1964) Sti-
chiometry of respiratory stimulation, accumu-
lation of Ca** and phosphate, and oxidative
phosphorylation in rat liver mitochondria. J.
Biol. Chem. 239: 3971-3980.

RossI, C.S., VASTINGTON, F.D. and E. Ca-
RAFOLI, (1973) The effect of ruthenium red
on the uptake and release of Ca** by mito-
chondria. Biochem. Biophys. Res. Commun. 50:
846-852.

SHUG, A.L. and E. SHRAGO (1973) Inhibition
of phosphoenolpyuvate transport via the tricar-
boxylate and adenine mucleotide carrier systems

-



PEP EFFECTS ON DIVALENT CATION TRANSPORT 29

of rat liver mitochondria. Biochem. Biophys. dependence on respiration and phosphorylation.
Res. Commun. 53: 659-665. I. Biol. Chem. 237: 2670-2671.

26. STREHELER, B.L. (1963) In Methods of Enzy- 28. WiMHURST, J.M. and K.L. MANCHESTER
matice Analysis (Bergmeyer, H.U. ed). p. 559, (1970) Role of bivalent cations in the control
Academic Press, New York. of enzymes involved in gluconeognesis. FEBS

27. VASINGTON, F.D. and J.V. MURPHY (1962) Letters 10: 33-37.

Ca*+ uptake by rat kidney miochondria and its

TS A (Phosphoenoipyfuvate) W f e
T R TR

e O
KRBT

i BfE A BEET o BB (inorganic phosphate) (KU T HIENI R (uptake) KEMIERET »
4% ~ §EFIGE o PAEEPERMA (phosphoenolpyruvate) 7N EE R AR AR EAET HORED] 5 © R B EERRIAR
B e T (45 METIE IR o (BRNERE ) 4 SERNGRE T R HIRLAR BRI © G5 T R AR Bk
B o RrARERIS R S AR I I o FIRE ATP Bk o BTG QPG b ATPase Aot
#y » Oligomycin Pl o ZLLRERER (1)EARERET R B S RS B T R - ()S5BET
fHE B R BE R LY ATPase /5[ » KRRy ATP R S S R T IR B o ¥ S 2
EopERE e ISR T A A TR 0 PIIE Rl S5 etk - O BRULZ iR SLbHE - il
T PR R S T R B B o TORAES PSR B RORTAN e — PR AR RS SE HET I (E
SEAYEI e A RS E (physiological metabolites) o



