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1. Introduction

Antiport systems which catalyze exchange of
protons and monovalent cations have proven to be
ubiquitous in bacteria [1—7] and mitochondria
[8—10]. Mitchell [11] first proposed that exchange
of protons for monovalent cations was involved in
regulation of ApH between the mitochondrial matrix
and cytosol. Cations such as Na* increased the rate of
decay of proton gradients established by electrogenic
proton translocation through the electron transport
chain, suggesting the existence of a Na*/H" antiporter
[8]. Similar conclusions were reached for both rat
liver and bovine heart mitochondria by observing
the passive swelling of mitochondria in the presence
of various cations [10,12,13]. Using that technique,
it was established that bovine heart mitochondria
exchange protons for a variety of monovalent cations,
including Na* and Li* [10]. However, that method is
not suitable for competition experiments, so it was
not possible to determine whether separate anti-
porters exist for each cation, whether there are fami-
lies of antiporters, as has been found in bacteria [2],
or whether a single system was responsible for the
observations. Uptake of Na* and K into submito-
chondrial particles was measured directly from rat
liver using ion-specific electrodes [9,10]. Again,
neither the number nor specificities of monovalent
cation antiporters was determined.

The energy-dependent uptake of the lipophilic
weak base quinacrine was used as a measure of the
ApH in submitochondrial particles of rat liver [14].
Formation of a pH gradient results in the quenching
of the fluorescence of quinacrine, which provides a
convenient assay for that component of the proton-
motive force. Since exchange of protons for cations
decreases the steady-state ApH, examination of the
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effects of cations on the quenching of quinacrine
fluorescence has allowed for elucidation of the
properties of the antiporters of Escherichia coli
[2,15—18], Bacillus alcalophilus [6], and the ther-
mophilic bacillus PS3 [7]. Here we have used this
technique with submitochondrial particles from rat
liver, demonstrating that there is a single Na*/H"
antiporter with a selectivity of Li* > Na*. The anti-
porter catalyzed electroneutral cation/proton
exchange.

2. Materials and methods

Rat liver submitochondrial particles were prepared
asin [19]. The submitochondrial particles were sus-
pended to 5 mg membrane protein/ml in a solution
containing 10 mM Tris—HCI, 140 mM choline chlo-
ride, 0.5 mM dithiothreitol, and 10% (v/v) glycerol
(pH 7.5), diluted with an equal volume of glycerol
and stored at —20°C until use.

The ApH was estimated from the energy-depen-
dent quenching of quinacrine fluorescence, as in [2].
The assay medium consisted of 10 mM Tris—HCl,
140 mM choline chloride and 1 uM quinacrine
(pH 8.0) in 2 ml final vol. In the experiments
described in table 1, choline chloride was replaced
by mixtures of various potassium salts, as described
in the table. Submitochondrial particles and the
choline salt of ATP were added at 0.03 mg membrane
protein/ml and 1 mM, respectively. Choline ATP was
prepared from disodium ATP using an ion exchange
resin. Quenching was initiated by addition of MgSQ,
to 5 mM, which activated the H'-translocating
ATPase (FyF,). Relative fluorescence was measured
with a Hitachi Spectrofluorometer, with excitation
at 420 nm and emission at 500 nm. Protein was
measured by the method in [20].
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Table 1
Effect of permeant anions of Li*/H* and Na*/H" exchange
Substrate Buffer® Initial rate of cation/H* exchange % Control
(% fluorescence increase/min)

Licl Choline-C1 429 100

(2.5 mM) KC1 511 119
KNO, 410 96
KSCN 350 82

NaCl Choline-Cl 120 100

(50 mM) KC1 45 38 (100)
KNO, 45 38 (100)
KSCN 54 45 (120)

2 The buffers consisted of 10 mM Tris—HCI (pH 8.0) containing 1 uM quinacrine—
HC1, and the appropriate salt mixtures as follows: 140 mM choline chloride;
140 mM KCI; 100 mM KNO, plus 40 mM KC}; or 50 mM KSCN plus 90 mM

KC1

3. Results

The energy-dependent quenching of the fluores-
cence of quinacrine by submitochondrial particles
[14] and everted membrane vesicles from bacteria
[2] has been related to the formation of a ApH, acid
interior. The final level of fluorescence quenching
reflects a steady-state between active proton uptake
and secondary proton extrusion. Addition of sub-
strates of cation/proton antiporters would be
expected to perturb that steady state by increasing
the rate of proton efflux in exchange for cation. As
shown in fig.1, addition of ATP to submitochondrial
particles has no effect on the quenching of quinacrine
fluorescence until MgSO, is added, at which time rapid
loss of fluorescence is observed. Subsequent addition
of the FyF; inhibitor N N'-dicyclohexylcarbodiimide
reverses the fluorescence quenching. These results
shows that Mg®*-dependent hydrolysis of ATP by the
N,N'dicyclohexylcarbodiimide-sensitive FoF, pro-
duces a proton gradient, acid interior.

After a steady-state proton gradient is attained,
addition of either NaCl or LiCl produced reversal of
fluorescence quenching, suggesting that the steady-
state proton gradient was decreased by addition of
those salts (fig.1). Since the assays were performed in
140 mM choline chloride, the effect is most likely
caused by the cations Na* or Li*. In support of this,
neither KCl nor RbCl reversed the quenching at
50 mM. The steady-state proton gradient was the
same in the presence of LiCl whether LiCl was added
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prior to formation of the proton gradient (fig.1B)

or subsequent to active proton uptake (fig.1A). The
same was true for the effect of NaCl (fig.1C,D). If
LiCl were added before NaCl, the latter had no effect
on the proton gradient (fig.1A,B). Similarly, prior to
addition of NaCl prevented reversal of fluorescence
by LiCl (fig.1C,D). These results demonstrate that
the effects of Li* and Na* are not additive but, rather,
are competitive. ATP hydrolysis by the FyF, was
unaffected by 100 mM NaCl or 20 mM LiCl (not
shown). In addition, essentially the same results were
obtained using 5 mM Tris—succinate as the source of
energy to establish a proton gradient (not shown).
The most reasonable explanation for these results

is that there is a cation/proton antiporter which
accepts either Na* or Li" as substrates. The lack of
effect of K* or Rb™ suggest that the antiporter is
specific for Na* and Li". Since the reactions occur

in 140 mM choline chloride, the cation choline is
probably not a substrate.

When the initial rate of fluorescence increase was
measured as a function of NaCl or LiCl concentra-
tion, hyperbolic curves similar to saturation curves
were observed (fig.2). Such treatments have been
used to estimate the affinities of bacterial antiporters
for substrates [2,6,15—18]. With submitochondrial
particles, the antiporters exhibited much higher
affinity for Li" than for Na*, which app. K, 1.0 and
26.5 mM, respectively. The app. V., was 3-fold
greater with Li" than Na*. The app. V', value was
variable from one assay to another, but the 3-fold
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Fig.1. Li*/H* and Na*/H" antiporter activity in submitochondrial particles. Activity was estimated from the reversal of the quench-
ing of quinacrine fluorescence, as in section 2. At the time indicated concentrated solutions were added to give the following final
concentrations: 5 mM MgSO,; 2.5 mM LiCl; 50 mM NaCl; 0.1 mM N N'dicyclohexylcarbodiimide. (B) LiCl was added to 2.5 mM
prior to addition of MgSO,. (D) NaCl was added to 50 mM prior to addition of MgSO,. At the positions indicated by (2), the
chart speed was increased 8-fold to that indicated in the figure. Each assay contained 0.06 mg submitochondrial particle protein.

difference between the values for Li* and Na* was
found consistently. The cause of the variability is

[LiC1] mM not known, but the same phenomenon was observed
2 4 6 8 10 for the Na*/H" antiporter of E. coli [15].
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Fig.2. Concentration dependence of Na*/H" and Li*/H*
exchange. Activity was assayed as in section 2 using 0.06 mg
submitochondrial particle protein/assay. The initial rate in
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units of percentage increase in fluorescence/min was calcu-
lated from the initial increase in fluorescence following addi-
tion of varying amounts of NaCl or LiCl. The app. K, and

V max values were calculated from reciprocal plots of the
data.
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as an increase in the steady-state ApH. In both sub-
mitochondrial particles and everted bacterial mem-
brane vesicles, the Ay component of the proton-
motive force is positive interior. Thus permeant
anions would be accumulated in response to the Ay.
Ay would decrease until a steady-state accumulation
of anion were attained. At high concentration of

anion. This produces a depolarization which, although '

transient, should last the length of the assay. Since
proton uptake via the FoF, is restricted through a
mass action effect by Ay, depolarization stimulates
proton uptake; thus, ApH increases, When the con-
ditions are such that the amount of fluorescence
quenching is the same in the presence and absence

of permeant anion, it is assumed that ApH is constant
but that Ay is near zero in the presence of anion.
Thus, the effect of cation on ApH can be examined
in the presence and absence of Ay. With everted
membrane vesicles from bacteria ApH was adjusted
to a constant value with NH,Cl or K" in the presence
of nigericin [15]. With submitochondrial particles
fluorescence quenching was much greater in the
presence of permeant anion, but the level of fluores-
cence spontaneously increased after a few minutes.
In the experiments summarized in table 1, NaCl or
LiCl were added to each assay when the same amount
of fluorescence quenching was attained. Different
baseline values were observed in the presence of chlo-
ride, nitrate or thiocyanate, but when those values
were subtracted from the initial rate of fluorescence
increase produced by addition of NaCl or LiCl, no
difference in the rate of cation/proton exchange

was observed (table 1). Substitution of potassium
salts for choline salts was without effect on Li*/H"
exchange, although a 50—60% decrease in Na'/H"
exchange was noted. It is not clear whether this
reflects a low affinity of the antiporter for K'.

4. Discussion

Mitchell [11] first suggested that cation/proton
antiport systems may be involved in mitochondrial
energy metabolism. Na*/H" and K*/H" antiporters in
rat liver mitochondria were subsequently demon-
strated [8,12]. These systems have been studied in
rat liver mitochondria and bovine heart mitochondria
and submitochondrial particles in several laboratories
[8—13]. A number of techniques have been used,
including measurements of passive swelling of mito-

42

FEBS LETTERS

August 1980

chondria {8—10] and of cation uptake using ion-
specific electrodes [9,13]. We have studied analogous
systems in E. coli by measurement of the effect of
cations on the energy-linked quenching of quin-
acrine fluorescence [2,15—18]. Quenching of quin-
acrine fluorescence has been used in submitochon-
drial particles [14] and everted bacterial membrane
vesicles [2,6,7] to estimate the ApH component

of the protonmotive force. Since perturbation

of the steady state ApH by cations has been cor-

related with the activity of bacterial cation/proton

antiporters [2,15—18), it seemed logical to extend
the studies of such antiporters in mitochondria with
the tools successfully used in bacterial systems.

The methods used here have several advantages over

those used in previous studies of mitochondrial anti-

porters:

(i) The assay is simple and extremely sensitive.

(i) It allows measurement of antiporter activity
under conditions of constant ApH, which, as
discussed below, is important for determination
of electroneutrality.

Studies based on passive swelling of mitochondria
have suggested that cation/proton exchange occurs
with a number of monovalent cations, including Na*
and Li* [10]. The data do not distinguish between a
common system for all monovalent cations or sepa-
rate systems for each. These results, however, show
that Na" and Li" are fully competitive with each
other, and that there is only single system kinetically
for the two cations. Moreover, the antiporter has
considerably greater affinity for Li* than for Na*;
likewise, the maximal velocity is greater with Li* than
Na*. Considering the importance of lithium in clinical
medicine, this observation may not be insignificant.

In most discussions of the Na*/H" antiporter it
has been assumed without direct evidence that the
porter catalyzes a neutral one-for-one exchange.
This assumption is based in part on analogy with
nigericin, which does catalyze electroneutral
exchange. However, our results with the similar
Na‘/H" antiporter of E. coli suggest that the porter
catalyzed electrogenic exchange where H":Na" > 1
[15]. The results with rat liver and bovine heart
mitochondria in [8—13] are consistent with either
stoichiometry. Permeant anions stimulated Na*
uptake by submitochondrial particles [9,13] but
that does not necessarily indicate a stimulation of
cation/proton exchange, especially in light of the
observation that the same anions stimulated respira-
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tion [13]. The stimulation of uptake may have been
due to an increase in ApH as a result of the stimula-
tion of H' uptake catalyzed by the electron transport
chain. By measuring cation/proton exchange in the
presence and absence of Ay at constant ApH

(table 1), we demonstrated that membrane depolari-
zation, which under these conditions should have
reduced the magnitude of the protonmotive force,
did not decrease Na"/H" or Li"/H" exchange. The
mitochondrial Na*/H" antiporter must, therefore,
catalyze electroneutral exchange.

The Na'/H" antiporters of bacteria such as E. coli
[15] and Halobacterium halobium [14] are electro-
genic. The function of those systems appears to be
conversion of the electrochemical proton gradient
into an electrochemical sodium gradient, which is
utilized for Na*/solute symports [4,21]. The K'/H"
antiporter of E. coli, on the other hand, catalyzes
electroneutral exchange of protons for most mono-
valent cations, including Na* and Li* [17]. We have
postulated that the function of this system is regula-
tion of intracellular pH by exchange of intracellular
K' for external H* [17,18]. We were unable to
observe K*/H" exchange in submitochondrial par-
ticles, but this activity is negligible in rat liver mito-
chondria [13]. We would postulate that the Na'/H"
antiporter of mitochondria plays a role similar to
the K*/H" system of E. coli, namely preventing elec-
trogenic proton pumping from creating a large pH
differential between cytosol and matrix. The neces-
sity for such exchange in regulation of ApH was
first recognized in [11]. Perhaps this is a general
phenomenon: electrogenic antiporters may function
as transformers, switching one type of current into
another, while the function of electroneutral anti-
porters may be related to regulatory phenomena.
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