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The K+/H + exhange activi~ of the inner mitochondrial membrane was investigated in the yeast Saccharomyces cerevislae. 
Swelling experiments in potassium acetate indicated that the K+/H ~ exchange was active without any additional treatment after 
the mituchondria isolation, such as a Mg 2÷ depletinn. As in mammalian mitochondria, the activity of yeast mitochondria was 
stimulated by increasing pH and was inhibited by the amphiphilic amines quinine and propranolol and by the earboxyl reagent 
dicyclnhcxylcarbodiimidc, However, the activity was poorly inhibited by Mg ~+ and consequently was only sltghtty stimulated by 
the Mg""/H + exchanger A23187. On the other hand, Zn 2+ was very efficient for inhiviting the exchange and consequently the 
activity was strongly stimulated by the permeant metal-chelator o-phenanthroline, The [s'~RblRb + accumulation in mitoehondria 
and mitoplasts was only partially inhibited by quinine and proprenolol suggesting that part of the accumulation monitored under 
these conditions was due to cation leek through the inner membrane together with adsorption on the membrane. The 
DCL-'D-sensitive activity could be reconstituted from mitoehondria and from mitoplasts solubil[zed with Triton X-100; this 
activity, measured by [~Rb]Rb ~ accumulation, was quinine- and propranolol-scnsitive, A spcctrophotometric method, based on 
the eapacily of negatively charged proleoliposomes to swell, was then developed in order to continuously follow the reconstituted 
activity. 

1. lntrodu¢lion 

Since the first proposal of the existence of a K+/H + 
exchange through the inner mitochondrial membrane 
ill, this ~ystem has been intensively studied in rat-liver 
mitochondria essentially by the group of Oarlid [2-11]. 
It rouId be unambiguously differentiated from simple 
cation leaks since it promoted electroneutr~,l potassium 
¢fflux [3]. It was activated by Mg z+ depletion [2,5] that 
allowed the authors to propose a 'Mg z÷ carrier-brake' 
model foc its regulation [3]. However, other data re- 
ported by Bcmardi and Azzone [12] supported the 
view that the A23187-indueed K+/H ~ exchange activ- 
ity was regulated by the tra~sn, cmbranc potential, in- 
dependently on the extent tff Mg ~ ~ depletion. 

Cozn:slmnd~nc= to: $. Manvn, I.R.C.N./C.N.R.S., I tu~ Camille 
S.,qm-S~ns, F-33077 Bordeaux eede:~, France, 
Abbreviations: CCCP, m-carbo~.ylcyaaide p.eltlorophenylhydrazone; 
DCCD, dicyclohe~lcar bo.diimid¢. 

The K+/H ÷ exchange activity was inhibited by sev. 
eral amphiphiti¢ amines such as quinine and propra- 
aolol [4] and aLso by the hydrophobic tarbell-reagent 
dic':/cIohe~lcarbodiimide (DCCD), the effect of which 
was prevented by Mg 2÷ and quinine [6-8]. This last 
characteristics aLlowed the group of Garlid to purify a 
[l~C]DCCD.labeled protein of 82 kDa able to accumu- 
late K" and Rb + into prot¢oliposomes, following an 
electroneutral mode [9-11]. 

Little is known about this system in yeast mito- 
chondria despite the fact that the molecular approach 
could provide a good support for investigating its 
physiological regulation. It has been shown that yeast 
mitochondria largely swell when suspended in acetate 
salts [13-15] and that this welling was inhibited by 
quinine [15]. it is also Wdllknown that the coupling 
state of yeast milochondfia is strongly sensitive to the 
presence of cations (potassium and sodium) in the 
incubation medium [16]. Results reporled by Dabadie 
et al. [15] suggested that, in this organism, this ex- 
change was more active than in mammalian mite, 
chondria. 
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In this paper, we have investigated some character- 
istics of the K+/H + exchange of the inner membrane 
of yeast mitoehondria and have checked that most of 
the properties described in mammalian mitochondria 
con!d also he found in yeast mitochondria, with the 
major exception that the exchange was poorly Mg 2+- 
set~sitive. On the other hand, we have found a strong 
Zn 2+ sensitivity. We reconstituted the K+/H * ex- 
change activity into proteoliposomes after mito- 
ehondria or mitoplasts sotubilization with Triton X-1011, 
that brought a support for a further purification of the 
activity. This reconstituted activity, as the native one, 
was DCCD-, quinine- and propranoloi-sensitive. 

2, Materials and Methods 

Cells of the haploid strain AB1-4A/8 (mat a, his4) 
were grown at 28*(; in a 1% Yeast E~ract, 0.1% 
potassium dihydrogcnophosphate, 0,12% ammonium 
sulfate medium (pH 4.5) supplemented with 3% glyc- 
erol. Cells were harvested in the mid-exponential 
growth phase and mitoehondda were isolated from 
wheroplasts according to Gu6fin et al. [17]. Mito- 
ehondria were finally suspended at 40 mg/ml in a 0.6 
M mannitol, 2 mM Tris.EGTA, 10 mM Tris.maleate 
buffer (pH 6.8) (Buffer A). Protein content was mea- 
sured by the biurot method [18] in mitochondria and 
mitoplasts, and by the amido black method [19J it 
solubilizcd fractions and proteoliposomes using bovine 
serum albumin a'~ standard in both ca~es. Mitochondria 
could be frozen as small beads in Iiquid nitrogen and 
stored at -80°C without any significant atterat'~nns of 
the properties described below. 

Mitochondda swelling was fol]owed as the decrease 
of the absorbance of mitochondria suspen.qons at 578 
nm in 0.3 M potassium acetate or potassium chloride 
buffered with 10 mM Tfis-malcatc (pH 6.8, except 
when indicated). All the experiments were performed 
at room temperature, at a mitochondrial concentration 
of 1 mg/ml. The salt concentration of 0.3 M was 
chosen because it allowed a full reversibility of the 
swelling after suspending preswollen mitoehondria in a 
mannitol solution. This full reversibility was not ob- 
served when the salt concentration was decreased down 
to 0.2 M (not shown). 

Mg z" and K + conlents of freshty isolated mito- 
chondria were monitored by atomic absorption spec- 
troscopy after centrifugatioa of milochondria through 
silicon oil and precipitation of mitochondrial pro-'.eins 
by 0.3 M triehtnroacetie acid, 

Mitoplasts were prepared by digitonin-treatmer t of 
mitoehondria according to Velours et al. [20] and puri- 
fied on a 10 ml linear sucrose gradient (65-25% (w/v) 
adjusted at pH 6,8 with 10 mM Tris-maleate) submit- 
ted to a 105000 xg  centrifugation for 90 rain. 

[S6Rb]Rb+ accumulation in mhochondria and mito- 
plasts was monitored at room temperature by incubat- 
ing them in l ml of buffer A, in the presence of 
antimycin A (0.2 ,ug/mg) and otigomvcin (5 ,.:g/me) 
and 9 mM [~RbIRbCI (500-700 cpm/nmol). Tubes 
were then centrifuged for 3 rain at 17000 Xg and the 
pellets were dissolved in 02 ml formic acid before 
counting. 

So!ubilization of mitoplasts and reccas~tut[on of the 
exchange activity was performed 2~ follows. Mi:oplasts 
(10 mg/ml) were preineubated for 15 min at 4°C in the 
presence or in the absence of DCCD (50 p.g/mg 
proteins) (since DCCD was dissolved in methanol, con- 
trol tubes contained an equivalent volume of this sol- 
vent). Mitoplasts were then diluted to 2 mg/ml in a 5 
mM Tris-EDTA, 10 mM Hepes buffer, pH 7.2 {buffer 
B), and added with a 10% (w/v) Triton Xd00 solution 
prepared in buffer B (2.5 mg detergent/me protein). 
After a 40-rain incubation at 4=C, the pellet of insotubi- 
lized material was removed by a 35-rain centrifugation 
at 150000 x g. 

Phosphatidylcholine was obtained from crude soy. 
bean asoteetin (Sigma) according to Super et al. [21]. 
The phospholipid content was measured according to 
Gu~rin and Napias [22]. 

A mixture of 47 mg of phosphalidylcholin¢ and 0,5 
mg of beef heart cardiotipin {Sigma) was dessicatod 
under nitrogen and the,i evaporated overnight under 
vacuum to eliminate refiaining traces of organic sol- 
vents. The lipid mixture was then dispersed in 1 ml of 5 
mM Tris-EDTA, 120 mM Hepes, pH 7.4 (Buffer C) 
and submitted to a 3-5-rain sonication on ice (up to 
clarity of the suspension). 0.45 ml of liposomes (21,4 
mg of lip[ds) was added with various amounts (0.1 to 
0.25 me) of the proteie extract (or with the same 
volume of buffer B added with an equivalent amount 
of Triton X.100~ and the mixture was added to 300 mg 
el Bio-Beads SM 2 (Bio-Rad) pre-equilibrated for 2 h 
with 3 ml of a degazed mixture of buffers B and C 
(1:|), and gently stirred at room temperature for 2 h. 

K+/H + exchange activity was monitored with two 
different methods. {i) Accumulation of [~RblRb+: 
aliquots {about 2 mg lipids) of liposomes o~ protco- 
liposomes were added to 900 /sl buffer C. 9 mM 
[S~Rb]rubidium chloride (500-700 cpm/nmoI) were 
added. Assays were incubated for 3 min at room tem- 
perature and the accumulation was stopped by a 15-rain 
centrifugatlon a t 130000 ×g at 4°C. Supernatant was 
removed and the pellet wa~ di~sulved in 0.9. ml formic 
acid before counting. (ii) Under adequate osmotic con- 
ditbns~ the activity' .,:n,~ld he followed by monitoring 
the swelling of liposomes or protaolipos~mes by the 
decrease in optical density at 520 nm (see Results). 

The internal volume of liposomes was monitored by 
incubating liposomes or proten[iposomes with [-1H]i-i~O 
(45 000 cpm/p.i) and [~4C]mannitol (5000 epm//z[) for 



5 min before a l~;.min centrifugation at 130000 ×g. 
The radioactivity was then counted in both pellet and 
supernatant. 

3. Results and Discussion 

Swelling of mirochondria suspended in potassium acetate 
Mitochondria swelled spontaneously when sus- 

pended in a 0.3 M solution o f  potassium acetate 
buffered at pH 6.8 (Fig. ]A, trace a). This sweiling was 
not altered by antimyein A or oligomycin addition (not 
shown) evidencing its strictly non-energetic nature. It 
was biphasic, the swelling rate increasing afro,; ~ to 5 
min, depending on mitochondrial preparations. CICCP 
did not inhibit nor stimulate the rate of  this swelling 
(Fig. IA, trace b). 

As in mammalian mitoehondda, the swelling in 
potassium acetate was inhibited by preincubating mito- 
chondria in the presence of the tarbel l  reagent D C C D  
(Fig. IB). The amphiphi l ie amines quinine and propra- 
nolol also strongly inhibited the swelling (Fig. 2A). The 
dcxtrorotary stereoisomer of quinine, quinidine, inhib. 
ited the swelling of yeast mitochondria (Fig. 2A) but 
not that of  beef-heart mitochondria [15]. 

In mammalian mitochondria, the addit ion o f  the 
Mg2+/H + exchanger A23187 induced both a reduc- 
tion of the lap and a strong stimulation of the K+/H + 
exhange [6]. In yeast mitochondria, addition of A23187 
promoted only a slight reduction of the lag before 
,welling and practicaiiy t~o ot~mulation o! tP.e ~eiiine 
rate (Fig. IA, trace c). The matricial Mg z+ ccntcnt 
varied between 20 and 30 nmol per mg protein in 
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Fig. L Non.energetic swelling of mitochondria suspended in isoos. 
marie mlnlion.~ of potassium sails. Mitoehnndria (I mg/ml in A and 
B, 2 mg/ml in CI were suspended at room temperature in a 02 M 
pota~ium acetate, 10 mM Tris-malcalc butter (pH 6.8} (A, B) or 0.3 
M potassium chloride. 10 mM Ttis-maleate b.ffcr (pH 6.8)(C). Tha 
decrease in optic1 density was followed at ~?s nm, (A) Effect of 
ion~?~ores o.'~ the ~we[ting in potassium acelate, Trace a, no addi- 
tion; trace b, +CCCP 6 pM; trace c, A23187 1 pg/mg', trace d, 
+ o-phenanthroline 2 raM: fface ¢, milochondria treated wilh 50 pg 
DCCD/rng (see below)+ o-phenanthroline 2 raM. (B) Effect ol 
DCCD on the swelling in potassium acetate. Mileeh~i~d,;a were 
preincubated at 4% foc hall" an hour in a sma]] volume (50 pl) added 
with methanol (5 p.l) containing 0 (a), 5 (hi, 10 (c) or 50 (d) #g 
DCCD p,,r mg proteins. (C) Mitocho~dria were suspended in 0.3 M 
pm,~.,;.,:, :~lori~. T:~ce a, no addition', trace b, +CICCP 6 pM~ 
trace c, +triethyltitt i+tl pM: traL+¢ e, -i-vallnomyei'1 250 t~e,/mR, 
"1race d is a ;welling ill polassimn acetate measured on the same 

mitochondria preparation. 
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Fig, 2. Effect of the inhabiters on tit~ nlafi~nal swelling ,ate~ The maximal swelting rates were caiculamd from the derivatives oF the swelling 
CLtrvc.~ ob~.in~ ~,~ in FiR, .I, (A) ~ ;';',..¢ t of amphiphiilc amincs: quiuin,: (r~), qainidine (o) and propranolol ( & ). (B) Effect of divalent cations: ( ~ ) 

Mg 2" and(o)Zn ~*. 
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freshly ~solated mitochondria, not significantly differ- 
ent from the values obtained in rat-liver [12], and 
therefore cannot account for the difference in A23187 
sensitivity. It should als~ be noted that mito~hondria 
isolated with buffers without added EGTA did not 
exhibit significantly dif:erent eharacterlsties as com- 
pared to m;|ochondria isolated in the classical buffers 
added with EGTA (not shown). 

The effect of exogenous Mg -'~ was then assayed 
(Fig. 2B). Mg 2÷ inhibited swelling but the effective 
concentrations were about 50-fold higher than those 
rt:po,!ed in mammalian mitochondria [121. High Ca -'+ 
concentrations (up to 100 mM CaCI.,) had no effect tm 
swelling (not shown), which was different from reports 
on mammals [5], and was consistent with the assump- 
tion that yeast mitochondria fail to support any Ca -'+ 
transport pathway [14,23,24]. 

Since yeast milochondria also contain free Zn 2+ 
[25], we as.~yed the effect of this cation on the ex- 
change activity. Zn -'+ was found to strongly inhibk the 
exeh~.nge with a K~/,. of 0.2 to 0.3 mM iFig. 2B), clo.~ 
to the g~ ~'eporte6 for Mg'* in rat-liver mitochondria 
It2]. Uonsequentty, the effect of the permeant metal- 
chelator o-phenanthroline was assayed (Fig. IA, trace 
d): it strongly stimulated the swelling until a maximal 
rate and therefore had the same effect as that reporled 
for A23187 in mammalian mltoehondria. Opposite to 

1 ÷ t  ¢ the cxOgClIO¢l~. K / t t exchanger n~gericin (not shown), 
o-phenanthroline did not induce any swelling of mito- 
ehondria prelreated with DCCD (Fig. IA, trace e) that 
showed that the eh¢[alor had no ionophoric effect by 
itself. The effect that we observed cannot therefore be 
related to the uncoupling effect of (e-phenan- 
thro!ine).~-Cu z~' observed by Shinoara an0 "for'aria [26]. 

We have also investigated whether Zn:-" had the 
sam~ effect on rat liver mitochondria. After depletion 
of divalent cations by a pretreatment with A23187 and 
EDTA [2], we observed the same inhibitory effect of 
Zn z~ on the swelling in potassium acetate as for yeast 
mitochondria (not shown). 

A control of the electroneutral nature of the K ~ 
entry pathway involved in the swelling of mitochondria 
suspended in potassium acetate was made by compar- 
ing this swelling to that obtained in potassium chloride 
0.3 i'd (Fig. IC, trace a). Mitochondria swelled poorly 
when suspended in potassium chloride. This swelling 
was strongly stimulated by CCCP (Fig. Ic, trace b). It 
was insensitive to quinine, propranolol and DCCD {not 
shown). Interestingly, the addition of triethyltin (Fig. 
IC, tr~ee e) promoted a swelling, the profile of which 
was strictly the same as that obtained in potassium 
acetate (Fig, IC, trace d). According to Selwyn etal, 
[30], these results would indicate that yeast mito- 
ehondria support a poor ability tv swell by a mecha- 
nism of associated electrogenie transport'~, of K- and 
CI- and that the addition of triethyltin wonid a,low a 
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Fig, 3. Effe¢l of pH on the quinine.seasklve swelling in ~las.~ium 
acetate. Each point ¢urrespon~s to Ih¢ difference bel~,ecn the maxi- 
mal swelling rate in Ihe a~sence and in the presence of I mM 

quinine. 

swelling by a mechanism of associated eleetroneutral 
exchanges K+/H * (catalyzed by the exchanger) and 
CI-/OH- (catalyzed by tricthyttin). It should be noted 
dl~t, in the absence of triethyltin, the addition of 
valinomyein induced a large and rapid swelling (Fig. 
IC, trace e) showing that the ¢leetrogenie entry of CI- 
was nnt a limiting factor for the swelling in KCI. 

The effect of pH on the K+/H + exchange was 
investigated by plotting ihe maximal rate of swelling 
minus the rate of swelling in the presence of I mM 
quinine versus pH/Fig. 3). As for mammalian mito- 
ehondria, the quinine-sensitive .swelling was strongly 
stimulated by increasing pH. 

It should he noted that both the o-phenantbroIine 
treatment (Fig. l) and the high pH (not shown) made 
the lag before the rapid swelling phase disappear. This 
ressembled to the observations reported on rat liver 
mitochondria [2-5]. On this material, the lag was inter- 
preted as the time necessary to unmask the exchange 
activity (by cations depletion and/or increase of the 
matricial pH [9]); such an interpretation could also be 
proposed for yeast mitochondria, with the difference 
that, in isolated yeast mitochondria, removal of physio- 
logical mochanisms of inhibition of the exchange should 
be spontaneous. 

Accumulation of [~r'Rb]Rb * into miiochondria and mi. 
toplasts 

We measured the accumulation of the K + analog 
Rb * into mitochondria and mitoplasts, preliminary 
experiments showed that the characteristics of the 
swelling of mitochondria suspended in rubidium ac- 
etate were the same as in potassium acetate although 
less rapid (not shown). 

Non-energized mitochondria (+amimycin A and 
oligomycin) accumulated Rb * but only 37% of the 
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total accumulation was sensitive Io propranolol (Table 
I). A possibility was that most of the accumulation was 
due to contaminating vesicles; consequently, mito- 
chondria were purified on a sucrose gradient: the ratio 
of propranolol-sensidve accumulation was not in- 
creased (not shown). Similar results were obtained with 
mitoplasts showing that the inhibitor-insensitive accu- 
mulation was not due to contaminating vesicles nor to 
the intermcmbranc space. This phenomenon appeared 
to be very rapid since it occurred within i5 s (~c¢ Fig. 
4). 

The ra;.¢ of p~opranulol-scnsitivc Rb + accumuhUon 
in mitochondria appeared to correspond to the rate of 
swelling in potassium acetate since the maximal accu- 
mulation was reached after 7 to 10 rain {Fig. 4L 

In mitochondria, d~e accumulation of [s~'gh]Rb + 
that we measured could correspond to the sum of both 
a [~r'Rb]Rb+/H ÷ exchange and a [e6Rb]Rb+/K + ex- 
change since the matrix contained about 100 ninnies 
K + per mg protein (determined by atomic absorption 
spectroscopy). This observation could explain an ap- 
parent contradiction between swelling experiments and 
[S~Rb]Rb+ accumulation experiments, The fact that no 
lag was observed before to the beginning of propra- 
nolol-sensitivc accumulation could indicate that the 
[S~RbjKb+/K+ e~:ltange was spontaneous and did not 
need arty remoeal of a natural physiological mechanism 
of inhibition, opposite to the K+/H + (or Rb÷/H +) 
exchange monitored in swetling experiments. 

TABLE I 

/~Rb]Rb" arcam.l.~ioJ~ iu mit~chorMria uod mitoplnsrs 

Whole n:itochondria (0.5 mg/ml) ar mitoplasls (ll.28 mg/ml) were 
suspended at room temperature in a il.(~ M mannilo], 2 mM T~i~- 
EGTA, I).3e.[~ bovine ser,~m albumin, 10 mM Tris-maleale buffer (pH 
6,8) containing antlmycin A (~.2 ug/mg), o]igom~jcin (5 ~.g/mg) mid 
[a~RbJRbCI (g raM, 5gO-i~t cpm/omnl). After a S-rain incubation 
at room tampi:r,~hlre, tubes ~ r ¢  rapidly centrifuged at 170~× g. 
the supclnalt~nt wi~s removed and the pellet was dissolved in 0,2 ral 
formic acid before counting. Resohs presented in thf table were 
obtained on the same milochondria preparation (n ~ num|;~ of 
independent determinations; results are means+S.D.(. Similar re- 
sults were obtained with three dilfcrcnl milochondria prcparalions). 

[~'RblRb a¢cumuhtion 
(nmol Rb + per me) 

Mitochondriu 
Control I gO ±.30 (n = i i } 

+ proprano[ol I t ,M 120~ L5 (n = I 1) 
+quinine t mM 134± [[ ( ,  - 4 )  
+CCCP 4.aM 174± [5 0~ =4) 
+CCCP 4 pM +quinine I mM 92:LLg(n = 4) 

Milopla.'as 
Control (~:L 3 ( .=3 )  

+quinine 1 mM t i l e  6 ( . - 3 )  
+ L-'CCP 4 pM 177+ 5 Ut = 3) 
+CCCP'[ k:M+quiniae I mM 94.1: 6(rI~ 3) 

• I W ,  

ill. ~ - * " ~ " ~  

I 
Q I ~ tO 

1'tree (mia.ta) 
Fig. 4. Time-dependence of the [~Rb]Rb* aceumul;Uinn in mito- 
ch~mdria. Mitochondda (0.S me/m!) were suspended at room tem- 
perature in a 0.6 M mannitol, 2 mM £GTA, tL3r~[ bovine ~rum 
albumin, (0 mM Tris-mateate buffer (pH 6.8) added with antimycin 
A (0,2 ug/mg), oligomy¢in (.'5 p.g/mg) in Ibm abscnot: (O) er il] Ihc 
presence (it) tff prepranolol (I raM). At I = 0, 9 mM ["r'Rb]RbCI (2L~ 
cpm/nmol) were added and the ineuboli~n was slopped after the 
indicated time by a rapid centrifugatioo. The suparnalani was re- 
moved and the pellel was dissolved in 0.2 ml formic ae[d before 

counling. 

The fact that the accumulation of [~t'Rb]Rb* accu. 
mulation in whole mitochondria essentially involwd a 
[~Rh)Rb+/K + exchange was supported by the fact 
that CCCP had no clear effect'= on this accumulation 
(Table i), On the other hand, CC~P giguifice, ntly stim- 
ulated the accumulation in mitoplasts showing that, 
under these conditions, we essentially measured the 
activity of the [~6Rb]Rb*/H + exchange. 

However, although significant, the increase induced 
V CCCP on ["r'Rb]Rb ~ accumulation in mitoplasts is 

not very large, suggesting that a part of [~6Rb]Rb ÷ 
accumulation is due to electrophoretic pathway, prob- 
ably leaks. This hypothesis was supported by the fact 
that, in the presence of quinine, CCCP inhibited the 
residual [~°Rb]Rb+ accumulation (Table i). The re- 
maining [~'Rb]Rb ÷ value obtained in the presence of 
quinine and CCCP could probably account for the 
adsorp(ion of the cation on the membrane. 

The difference hetween mitochopdria and mito- 
plasts, as regards the effect of CCCP, could be due to 
tbo logs of mat,-icial K + during the centfifuga~ion 
through the sucrose gradient like for most of matricial 
metabolites and proteins, as it could be observed on 
SDS-PAGE (not shown). 

$o/ubih~ation and rerotlsrimtion of the exehmtge aaMty 
into proteoliposomes 

A method was developed to reeonstltute the activity 
from golubilizcd membrane proteins, in order to fur- 
thor follow the activity of purified fractions. 

In a first set of experiments, whole mitochondria 
were solubilized with different Triton X-I~ concentta. 
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Fig. 5. Swelling of liposomes and proteoliposomes in isoo~raotic solutions of potassium acetate. Liposon,~s and p;oteolipo~omes were suspended 
in a 60 mM pola~iam acetate s~lulion adjusted at pH 7.3 (A) or 6.5 (B) with Tris.HCI. The d¢CTcaS¢ in optical density was followed at 520 nm. 
In (A). the c~ncentratioa of liposomes and proteoliposomes was 3 mg lipids/ml, and this concentration was 1.6 mg/m[ in (B). in both cases, the 
lipid/protein ratio waS 140 (w/w). Traces a. proteoliposomas; traces b, liposon~s: traces c. Inoteoliposomes made wilh proleias sl~lt~bilized from 

mitoplasts prcinc~,bated with DCCD 410 gg/mg p~oteins): traces d. proleoliposomes + quinine 0.5 mM. Nigcricin was added at 25 ng/mL 

tions (not shown) which allowed to determine that the 
activity could be extracted with 2.5 mg Triton X- 
leo/rag protein, ][rJcreasing the Triton X-leo amount 
up to 5 mg/mg protein did not change t.he activity. 

Data in Table 2 report the results of [~RblRb + 
accumulation for two typical experiments: experiment 
1 was done with proteins extracted from whole mito- 
chondria and experiment 2 was done with proteins 
extracted from mitoplasts, in order to avoid any con- 

TABLE II 

Accumulation ~f [~eJ~b,l.P-h * in [iposomes and protcolit~osomcs 

Liposomes and ptoteoliposomes (2 mg lipids/ml) were suspended at 
room temperature in buffer C added wilh 9 mM [~SRb]rubidiom 
chloride (l~t30 ¢pm/umui) in the presence or in Ihc absence of i ram 
quinine. After a 3-rain incubation, Lulls ~vcr¢ centrifuged for 15 rain 
at 1300O0x 8, the ~pcmatant was eliminated and the pellet w~ 
dissolved in ~),2 mt formic acid before counting, In experiment I, the 
proteins were solubilizcd from mitoe.bondria. In experiment 2, they 
were obtained from mitoplasls, The indication '+DCCD' refers to 
the preineubation of mitechuad/ia or mitoplasls, ~fore the solubi- 
lization wilh Triton X-1O0. The valets are means of four determina- 
tions I+S.D.). Similar [oxalis were obtained for three independent 
sets of experiments for extracts from ~tochondria and two for 
extracts from mRoplasts. 

[~Rb]Rb accumulation 
tome] RU* per mglipids) 

liposomes proteoliposomes 

- DCCD ~ DCCD 

Experiment I 
Control 

+quinine 
Experiment 2 

Control 
+cLuioine 

1.6"/~00~ 0."/7 ~ fl, n~' 
O,82q-o.to 0,90 ~-0,02 

2.80+0.~]1 3,30~1.00 IA2::L0,27 
2.'/0+0,09 t,14 :t:C,7.3 L53+OA8 

tamination by DCCD-sensitive OU'Ler-membrane cations 
channel [27,28], 

In both cases, a large quinine-sensitive accumulation 
could be monitored in proteoliposomes made with 
proteins extracted from untreated mitochondria or mi- 
toplasts. When the proteins were solubilized from 
DCCD-treated mitochondfia or mitoplasts, the accu. 
mulation was about the same as in control proteo- 
liposomes in the presence of quinine, 

It should be noted that a large quinine-insensitive 
accumulation could be measured in liposomes: that 
could b:  due to their large volumes as compared to 
proteoliposomes (see below), and therefore should cor- 
respond to leaks, 

We developed another method for continuously fob 
lowing the acUvity speetrophotometrically, based on 
the recenL observation by Nikaido et al. [29] that the 
activity of a bacterial porin reconstituted into proteo- 
[iposomcs could be monitored by the swelling of the 
proteoliposomes induced by stachyose influx. 

In the experiments reported below, the solubilized 
proteins always originated from mitoplasts. These pro- 
teins represented about 40% of the mltoplast proteins 
and the lipid/protein ratio for the reconstitution was 
100 to 200 (w/w), 

A first control was performed in order to see whether 
the volumes of liposomus and proteoliposomcs changed 
or no! when suspended in Hopes or potassium acetate 
solutions (Table !11), The volume of liposumes sus- 
pended in a 57 mM potassium acetate buffer was about 
10% larger than when suspended in a 114 mM Hopes 
buffer, On the mher hand, the volume of proteo- 
liposomes suspended in 5"/mM potassium acetate was 
about 35% larger than when sus,~endcd in 114 mM 
Hopes. From these data, potassium acetate could be 
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TABLE lit 
Vo/ume~ of liposomes and pmteo~iposom~ before and after swotting 

Lipo~omes or proleoliposornes (235 mg lipids/ml) wet© suspended 
for 5 rain either in u Hopes 114 raM, mannilol a raM, pH 6,B buffer, 
either in a ~otasstam acetate ~ raM, mannital 6 raM, pH b.8 buffer 
added wilh [:~H]H20 (45~0 cpm/pl) and [*aC]manuilol iS000 
cpm/~l). Alter a ¢entrifugatian, the radioactivity was ~ounted ~th 
in the supemalant and the pellet. Values are means (+S.D.) of four 
independent determinations. 

Volume (141 per ms lipid) 
lil~.osoraes proteolipesemes 

Hepes buffer 1,44± 0.04 0.78::L0.19 
Potassium acet ate buffer t,SS=L,O.12 l.OS-I,O.26 

accumulated in protcolipesomes and this accumulation 
induced an increase of their volumes. 

At pH 7.3, proteoliposomes made with proteins 
extracted from mltoplasts preincobated in the absence 
of DCCD swelled rapidly and to a large extent (Fig, 
5A, trace a). A further addition of nigericin promoted 
an additional swelling. A control was obtained with 
protcoliposomes made with proteins extracted from 
mitoplasts pretreated with DCCD (Fig. 5A, trace c): 
these protcoIiposomes did not swell spontaneously but 
the addition of nigericin promoted a large swelling. It 
should be noted that [iposomes, suspended under the 
same conditions (Fig. 5A, trace b), exhibited a larger 
swelling than proteoliposomes made with DCCD. 
treated mitoplasts, which shoutd correspond to the 
reported above observation (Table II) that they were 
somewhat leaky. 

At such a pH, the inhibitory effect of quinine on 
proteoliposomes was not always reproducible (Fig. 5A, 
trace d). Consequently, we tried to find conditions 
under which the effect of quinine (and/or propranolol) 
can be clearly observed, 

Since the experiments reported by the group of 
Garlid on the reconstituted activity were performed at 
pH 8.2 [10], experiments were carried out at this last 
pH. Essentlaliy similar results were obtained at pH 8.2 
and %3 (not shown). 

On the other hand, decreasing the pH to 6.5 (Fig, 
5B) allowed to visualize a clear and reproducible in- 
hibRory effect of quinine (Fig. 5B, trace d) and of 
propranolo[ (not shmvn). 

From these data, it appeared that the DCCD-sensi- 
tire and quinine. (and propranolol-) sensitive K+/H + 
egtange activity could be reconstituted from a Triton 
X.I( 3 extract of yeast mitoplasts. 

Conclusion 

As mammalian mitocbondria, yeast mitochondria 
supported an active K÷/H + exchange, This system 

appeared to be more active than in mammalian mito- 
chondria sinc~ no additionnal treatment (such as Mg 2 + 
depletion or preineubation at basic pH) was necessary 
to evidence it. However, it needed a lag-time before to 
be activated suggesting that, as in mammalian mite. 
chondria, an intrinsic mechanism of inhibition existed, 
However, in yeast mitochondria, this mechanism 
seemed to he spontaneousiy removed. 

Although this exchange presented strong similarities 
with the system described in mammalian mitochondria 
(quinine., propranolol- and DCCD.sensitiviw and DH 
dependence), some differences appeared between both 
organisms: the K+/H " exchange of yeast mitochondria 
was quinidine-scnsitive and was poorly inhibited by 
exogenous Mg z+ and insensitive to Ca2 + ,  possibly 
because of a different permeability of the inner mem- 
brane to these cations as compared to mammalian 
mitoehondria. However, it was strongly inhibited by 
Zn 2+ (which '~'as also a K+/H ÷ exchange inhibitor in 
rat liver mitoehondria), Consequently, the swelling was 
poorly stimulated by the MgZ+/H + exchanger A23187, 
insen~iti,ze to the non.permeant chelators EOTA and 
EDTA, but strongly stimulated by the permeant chela- 
tor o-pbenanthrolln¢. 

A Triton X-100 extract from mltoehondria was able 
to induce a Rb ÷ accumulation in proteoliposomes. 
This accumulation was clearly DCCD- and quinine- 
sensittve~ The activity could also be followed by the 
swelling of proteoliposomes in potassium acetate, which 
was DCCD-, quin!ne- and propranolol-sensitive. These 
characteristics allowed us to conclude that the K+/H * 
exchange activity of the inner membrane of yeast mito- 
chondria could be soiubilized and reconstituted vdth 
essentia31y similar properties as the native activity. The 
purification of the protein involved in this K+/H + 
exchange is underway. 
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