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Bidirectional transport of spermine in rat liver mitochondria
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Further study of the mitochondrial transport of spermine (Toninello et al. (1988) J. Biol. Chem. 263, 19407) shows that, after
loading rat liver mitochondria with ["Clspermine and [ Plphosphatc, thesc componcnts are released together into the
surrounding medium by adding mersalyl or N-cthylmalcimide. On later addition of dithioerythritol, both are recaptured, but if
acetate or nigericin are added instcad, only sperminc re-enters and there is continued export of phosphate. This bidirectional
transport of spermine in and out mitochondria is driven, respectively, by membrane potential and pH gradient at constant
protonmotive force. Results using [ Clspermine or [*2Plphosphate, in conjunction with the their unlabelled isomers and with or
without carbonyl cyanide /p-trifuloromethoxyphenylhydrazone (FCCP) present suggest that there is a continuous energy-depen-

dent cfflux-influx cycling of spermine and phosphate.

Introduction

In a previous paper [1] we showed that spermine can
be transported into the mitochondial matrix space at
significant rates, which increase sharply and non-ohmi-
cally with increasing membrane potential.

Some of the accumulated spermine could be metab-
olized and some could accumulate in the inner mito-
chondrial compartment (either as an insoluble salt or
immobilized on membranes by electrostatic attraction
or other absorptive forces). A third possibility is that
there could be spermine efflux into the surrounding
medium. The mechanism of such efflux would differ
from that of influx because of the unfavorable high
negative membrane potential. In this paper we add
further evidence to preliminary results [1,2] favouring
the latter mechanism, by showing clearly that accumu-
lated spermine is released from rat liver mitochondria
by an energy-dependent process. This efflux occurs
when, at constant protonmotive force, the membranc
potential is lowered and the ApH concurrently in-
creased. These necessary conditions are achieved by
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first loading mitochondria with spermine and P; [1].
then observing their subsequent release by blocking
further P, accumulation.

We have also shown that spermine and phosphate
are not necessarily co-transported, even though the
polyamine participates, like P;, in a continuous energy-
dissipating influx-efflux cycle.

Experimental procedures

Rat liver mitochondria were isolated in 025 M
sucrose and 5 mM Hepes (pH 7.4) by conventional
differential centrifugation, Mitochondrial protein was
assayed by a biuret method with bovine serum albumin
as standard. All mitochondrial preparations used
showed a respiratory control index ranging between
7-10 and a membrane potential (A¥), in the presence
of phosphate, of 180-190 mV.

Oxygen uptake was assayed polarographically using
a Clark electrode (Yellow Spring Instruments, OH) in
a water-jacket thermostated vessel, equipped with a
magnetic stirrer.

Measurements of AY and ApH were performed on
the same sample. A¥ was measured, in an open,
thermostatically-controlled and stirred vessel, by moni-
toring the distribution of the lipophilic cation tetraphe-
nilphosphonium (TPP*) across the mitochondrial
membrane with a selective electrode, prepared in our
laboratory according to published procedures [3,4].
Care was taken concerning concentration of TPP*



used, as previously indicated [1]. AY measured with
the TPP™ selective electrode was corrected, as pro-
posed by Jensen et al. [5]. ApH was calculated from
the distribution of ['*C]JDMO across the mitochondrial
membrane [6].

Mitochondrial matrix volume was similarly calcu-
lated from the distributions of either {*Clsucrose and
*H,0 [7] or of ["*Clsucrose and [*Hlglycerol [8].

Mitochondria (1 mg protein/ ml) were incubated at
20°C in a standard medium containing 200 mM su-
crose, 10 mM Hepes-Cl (pH 7.4), 5 mM succinate (as
the sodium salt) and 1.25 uM rotenone. Other addi-
tions or variations are indicated in the figure legends.

Uptake of ["*Clspermine and [**P)phosphate was
determined by a centrifugal filtration method, as previ-
ously described [1,9]. The [**PIP; used was first heated
in a boiling water bath for 3 h in 0.1 M HCI (to remove
polyphosphates).

Results

When mersalyl, a known inhibitor of the P-H*
transporter [10], is added to a mitochondrial suspen-
sion, previously loaded with [**Clspermine and [**P]P,,
there is a concurrent efflux of both ions. However, the
two rates are not the same, P, efflux occurring at a
faster rate than that of spermine (Fig. 1). Similar
results are obtained on replacing mersalyl with NEM
(not shown). If the mersalyl is now removed by adding
DTE [11], there is a rapid and synchronous reuptake of
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Fig. 1. Effect of mersalyl and DTE on spermine and P; movements
across the mitochondrial membrane. Rat liver mitochondria were
incubated in the standard medium containing 1 mM [**Clspermine
(50 wCi/mmol) and 1 mM [*PIP-sodium P, (50 pCi/mmol). Addi-
tions, 10 uM mersalyl at 25 min; 2 mM DTE at 40 min.
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Fig. 2. Effect of mersalyl and DTE on 4¥ and ApH of mitochon-

drial membrane. Rat liver mitochondria were incubated in the stan-

dard medium in the presence of 1 mM spermine, 1 mM P;, 2 oM

TPP*, 400 uM [MCIDMO (1 uCi/mmol), 5 mM {*Hlglycerol (100

uCi/mmoi). Additions. 10 M mersalyl at 25 min: 2 mM DTE at
40 min.

both spermine and P,. Both rates are higher than the
original uptake rates (Fig. 1).

Considerable changes in ApH and AY¥ accompany,
and may explain, these ion movements. Thus, after
adding mersalyl, A¥ falls sharply but ApH rises,
whereas later addition of DTE reverses these changes
(Fig. 2). The result is that the protonmotive force
(Apy+) is unchanged, establishing that mersalyl has
not induced non-specific uncoupling. This is also con-
firmed by the fact that when spermine uptake is in-
duced by acetate [1], mersalyl added afterwards does
not then induce efflux (not shown). Hence, at the
concentrations used mersalyl is not an uncoupler and
its effect is solely due to the inhibition of the P-H™
transporter.

The mitochondrial level of Ca®* is unaffected dur-
ing the movements of spermine and phosphate and
these movements are also unresponsive to the addition
of ruthenium red to inhibit Ca?* uptake (results not
shown).

DTE alone has no effect on spermine accumulation
(Fig. 3), suggesting that the observed increase in the
rate of spermine uptake, upon addition of mersaiyl,
and then its removal by DTE, may be due to a mer-
salyl-induced rearrangement of membrane SH groups.

Spermine released from mitochondria by the action
of mersalyl is also recaptured, though less efficiently,
on adding acetate (Fig. 4A), but the induced reuptake
is now no longer linked to that of P,, which continues
to be released throughout. This difference is readily
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explicable because, though acctate (like P;, but less
potently) can increase AW, its own transport is insensi-
tive to mersalyl. Similar results are obtained by substi-
tuting nigericin for acetate (Fig. 4B) but, in this case,
the spermine reuptake is small and transient, corre-
sponding to a similar transient increase in AY (Fig. 4B
inset).

We have followed the flux of spermine in mito-
chondria after achieving a steady state by the sequen-
tial use of unlabelled and labelled sperminc. By direct
incubation with ['*Clspermine in a P-containing
medium, a steady state is achieved after 40 min (Fig.
5Aa). If unlabelled spermine (at the same concentra-
tion) is used instead and then [*Clspermine is added
after this period, an exchange between the pools is
demonstrable, as shown by the appearance of consider-
able ["“Clspermine in the mitochondrial pellet (Fig.
5Ab). This spermine /['*Clspermine exchange is en-
erey-dependent because it is abolished by adding FCCP
(Fig. 5Ac). This technique has also been used to study
phosphate flux in the presence of unlabelled spermine
by using P, and [**P]P,.. The results (Fig. 5B) aiso
indicate a continuous energy-dependent uptake and
release of P,.

Discussion

Spermine enters the mitochondrial matrix driven by
the high AV achieved by P, uptake [1]. Conversely,

spermine increases the extent of P, accumulation [9]
remarkably. This reciprocity is attributable to their

[ta)
o
T

~
o

E‘C]Spermine in pellet (nmol x mg prot")

- : i i |

10 30 50
Time (min)
Fig. 3. Effect of D I'E on spermine uptake in the presence and in the
absence of mersalyl. Rat liver mitochondria were incubated in the
standard medium containing 1 mM ["‘C]spermine (50 uCi/mmol)
and 1 mM P;. 2 mM DTE is added at 25 min. When added 10 M
mersalyl at 15 min. ® @, in the absence of mersalyl; ®------ )
in the presence of mersalyl.
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Fig. 4. Spermine and P; movements in liver mitochondria driven by

A¥ variations. Spermine reuptake induced by acetate (A) and by

nigericin {B). Experimental conditions, as in Fig. 1 Additions, 10 uM

mersalyl at 20 min; 30 mM acetate at 35 min; 0.03 pg/mg nigericin
at 35 min.

opposite effects on AY¥, which is, respectively, in-
creased by P, and decreased by spermine. Accumulated
spermine is retained within the matrix space, as long as
AV remains above a certain critical value. A decrease
of 4¥, as that caused by uncouplers, produces an
immediate outflow of the spermine taken up [9]. How-
ever, as shown in the present paper, spermine can also
be released from energized mitochondria by inhibiting
the influx of P, by mersalyl, thus decreasing A¥ and,
concomitantly, increasing ApH, i.e., mantaining Ap ;-
unmodified (Fig. 2). Under this condition ApH, no
longer utilizable for P, influx, becomes available for
driving spermine efflux.

The process is reversible, since the released P; and
spermine are quickly, and synchronously, recaptured
on removing mersalyl with DTE. This reversibility also
shows that the membrane permeability properties re-
quired for the preservation of Auy+ have not been
substantially aitered by the successive addition and
removal of mersalyl.

The transports of spermine and P, are not obligato-
rily linked because, when acetate or nigericin are sub-



stituted for DTE, the reuptake of spermine is observed
although P, continues to escape (Fig. 4). This indicates
that spermine is not transported in symport with P; on
the same carrier and further confirms that P, promotes
spermine uptake by increasing mitochondrial A¥ as
acetate and nigericin do, though less efficiently (see
also Ref. 1).

Our postulated mechanism for P; efflux is its extru-
sion from the matrix space as an anion down a AV¥-
positive outside (see also Ref. 12). On the other hand
spermine efflux, like that of other cations [13] could
occur electroneutrally, by exchange with incoming pro-
tons. It is conceivable that, under physiological condi-
tions, the effluxes of P; and spermine utilize A¥ and
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Fig. 5. Spermine and P; cycling across the mitochondrial membrane.
Rat fiver mitochondria were incubated in the standard medium. (A)
®, 1 mM [*Clspermine (50 xCi/mmol) and 1 mM P, (curve a); &, !
mM spermine and 1 mM P,. At 40 min. ['*Clspermine carrier-free
(50 nCi/ml) was added (curve b); @, 1 mM spermine and 1 mM P;.
At 40 min 0.1 ug/mg protein FCCP and [*Clspermine carrier-free
(50 nCi/mil) were added (curve c). (B) e, 1 mM [**P]p, (50
uCi/mmol) and 1 mM spermine (curve a); a, 1 mM spermine and 1
mM P,. At 40 min [*PJP, carrier-free (50 nCi/ml) was added (curve
b). @, 1 mM spermine and 1 mM P;. At 40 min 0.1 ug/mg protein
FCCP and [*?P]P; carrier-free (50 nCi/ml) were added (curve ¢).
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Fig. 6. Suggested mechanism for spermine and P; flux in energized
rat liver mitochondria. The uptake of spermine and P, into the

mitochondrial matrix is driven by A¥ and ApH, respectively, whereas

their efflux into the cytosol is driven by ApH and AV, respectively.

Mersalyl, by blocking the P;” JH* cymporter, inhibits, indirectly,
spermine uptake and promotes spermine and P; efflux.

ApH, respectively, in an integrated process occurring
at constant Ag g+

The exchange between internal and external P, and
spermine (Fig. 5) implies a constant expenditure of
energy. The function of this energy-consuming ‘influx-
efflux’ cycle (see scheme of Fig. 6) could be that of
buffering the spermine concentraticn between mito-
chondrial matrix and cytosol in a way which is con-~
trolled by the equilibrium between AY¥ and ApH.

Calcium ions do not significantly interfere with this
cycle, since their mitochondrial concentration is unaf-
fected and the movements of either spermine or phos-
phate are insensitive to ruthenium red. Spermine
transport occurs at a much lower rate than that of
Ca?* but resembles it in that both ions are taken up
electrophoretically and both are released electroneu-
trally.

Since the synthesis of polyamines is known to be an
extra-mitochondrial process, the reversible transport of
spermine may be of physiological importance. An
intramitochondrial function is suggested by effects of
spermine on such mitochondrial enzymes as protein
phosphatase 2A from bovine kidney mitochondria [14]
and citrate synthase from porcine heart [15]. Polyamines
might also affect mitochondrial genoma, since seiective
depletion of mitochondrial DNA has been observed to
follow spermine depletion [16].
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