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Closure of the Yeast Mitochondria Unspecific Channel
(YMUC) Unmasks a Mg?t and Quinine Sensitive
K* Uptake Pathway in Saccharomyces cerevisiae
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The K* uptake pathways in yeast mitochondria are still undefined. Nonetheless; theeHliated
mitochondrial swelling observed in the absence of phosphatg) @10 in the presence of arespiratory
substrate has led to propose that largerdovements occur in yeast mitochondria. Thus, the uptake
of KT by isolated yeast mitochondria was evaluated. Two parallel experiments were conducted to
evaluate K transport; these were mitochondrial swelling and the uptake of the radioactisadlog
86Rp*. The opening of the yeast mitochondrial unspecific channel (YMUC) was regulated by different
PO, concentrations. The high protein concentrations used to me&&ireuptake resulted in a slight
stabilization of the transmembrane potential at 0.4 mM B@ not at 0 or 4 mM PQ At 4 mM PQy
swelling was inhibited while, in contrasttRb* uptake was still observed. The results suggest that
an energy-dependentkuptake mechanism was unmasked when the YMUC was closed. To further
analyze the properties of this'Kuptake system, the Mg and quinine sensitivity of both swelling
and®Rb* uptake were evaluated. Under the conditions where the unspecific pore was closed, K
transport sensitivity to Mg and quinine increased. In addition, wherfZmas added as an antiport
inhibitor, uptake of®Rb* increased. Itis suggested that in yeast mitochondria, thedtcentration is
highly regulated by the equilibrium of uptake and exit of this cation through two specific transporters.
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INTRODUCTION dependence on pH although it exhibits high sensitivity to
adenine nucleotides (Beawas al, 1993). The mitochon-
In the cell, K" is the most abundant cation, both drial and the plasma membraneg& channels are both
in the cytoplasm and within the mitochondrial matrix, closed by ATP or glybenclamide (Garlid, 1996) and prob-
where its concentration has been estimated at 140 mMably by ruthenium red (Kapiet al,, 1990). The exit of K
(for a review, see Brierlegt al, 1994). K- is perhaps is catalyzed through an antiport with protons, as predicted
the main mitochondrial osmoregulator, and the volume of by Mitchell (1961) and characterized by Brierley (1978).
the matrix is modified in response to the Knovements These two K transport systems control the concentra-
across the mitochondrial inner membrane. In mammalian tion of Kt within isolated mitochondria (Garlid, 1980). In
mitochondria, the uptake of Kwas first proposed to occur  turn, mitochondrial K has large effects on mitochondrial
through a 53 kDa uniporter (Diwaat al., 1988). More re- volume, thus regulating diverse processes, such as oxida-
cently, amitochondrial iKrp channel was identified which  tive phosphorylation and fatty acid catabolism (Halestrap,
is similar to the plasma membrane uptake system (Inoue 1989; Nichollset al, 1972). The release of Kis acti-
et al, 1991); the K uniport activity seems to have little  vated when mitochondrial Mg or nucleotides are de-
pleted, or when the pH is increased (Jeeglal, 1990).
I _ . It has been proposed that the recycling df Keeds to be
Biochemistry Department, Instlt‘uto Qe F|S|o_lagCeIuIar, UNAM, highly regulated in order to avoid the depletion of both
Apdo Postal 70-242, 04510 Mexico City, Mexico. . ) .
2To whom correspondence should be addressed; e-mail: suribe@ifisiol. the transmembrane potential and the pH gradient (Garlid,
unam.mx. 1988).
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Mitochondria are regarded as perfect osmometers
(Chappel and Crofts, 1966; Roucoet al, 1995).
The swelling method has been used to study many
mitochondrial transport systems including the /K™
antiporter (Beaviset al, 1993; Brierleyet al, 1994).
Using this method, several features of the mammalian
K*/H* antiporter have been defined (Garlid, 1988):
it is inhibited by Mg+ (Jung and Brierley, 1986), by
dicyclohexylcarbodiimide (DCCD) (Martiet al, 1986)
and by quinine (Brierley and Jung, 1988; Nakashima
and Garlid, 1982). In addition, it has been demonstrated
that quinine exhibits a partial inhibitory effect on the K
uniporter (Diwan, 1986).

The mitochondrial swelling method also allowed the
characterization of the KIH* antiporter in mitochondria
from Saccharomyces cerevisiaghich is similar to the
antiporter from mammalian mitochondria, except that in
yeast inhibition by Mg" is not detected and transport is
active at physiologic pH (Roucaet al, 1995; Welihinda
etal, 1993). In addition it was demonstrated that the yeast
K™ antiporter is sensitive to 2 or Ci#* (Manon and
Guérin 1992, 1995).

The use of electrophysiological techniques has re-
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mammalian K uniporter and which is Mg and quinine-
sensitive. The uptake 8fRb* detected under these con-
ditions did not lead to modification in the light scattering
properties of the mitochondrial suspension.

MATERIALS AND METHODS
Materials

All chemicals were of the best quality commer-
cially available. Mannitol, MES, KCI, RbCI, Mgg]|
Quinine, Mersalyl and FCCP, were from Sigma Chem-
icals (St. Louis, MO)8RbCl was acquired from NEN
Life Science Products, Inc. (Boston, MA). The yeast
Saccharomyces cerevisiagas a commercial baker’s
strain (La Azteca, S.A).

Isolation of Yeast Mitochondria

Yeast cells were incubated in a rich liquid medium
(De Kloettet al, 1961) under aeration (3 L/min) for 8 h
and starved overnight in distilled water under aeration.

vealed the existence of high-conductance, unspecific ionic After incubation, cells were harvested and suspended in

channels in the internal membrane of yeast mitochon-
dria (Ballarin and Sorgato, 1995, 1996). These unspe-

cold, isotonic, isolation medium containing 0.6 M man-
nitol, 0.1% bovine serum albumin, 5 mM MES, pH 6.8

cific channels have been characterized physiologically and (TEA). The suspension was mixed with an equal volume of

have been tentatively identified as the equivalent to the
permeability transition pore (PTP) from mammalian mito-
chondria (Zoratti and Szah1995). Both the PTP and the
yeast mitochondrial unspecific channel (YMUC) (Manon
et al, 1998) allow the passage of solutes with a MW of
1to 1.5 kDa (Jun@t al,, 1997; Zoratti and Szal1995).
However, while the PTP is opened by Pénd C&+ and
closed by cyclosporine (Bernarét al, 1994; Bernardi
and Petronilli, 1996), the YMUC is closed by RP@nd is
not affected by C& or cyclosporine (Jungt al,, 1997).

In yeast mitochondria, ATP induces the opening of the
YMUC and thus, the collapse of thaw when K* is
present and Pgs absent, suggesting that yeast mitochon-
dria accumulate Kwhen the YMUC is open (Manon and
Guérin, 1998).

Itwas decided to evaluate the correlation between os-
motic swelling and®Rb* uptake in order to better define
the K uptake mechanisms in yeast mitochondria. As de-
scribed in the literature (Manoet al, 1998), addition of
different concentrations of PQesulted in the closure of
the YMUC. In contrast, protein concentrations in the range
used in our experiments exhibited only mild effects on the
permeability status on mitochondria. Under the conditions
where the YMUC remained closed, a Kiptake system
was unmasked, which probably is the equivalent to the

glass beads (0.45 mm diameter) and disrupted in a Braun
cell homogenizer (Melsungen, Germany) and mitochon-
dria were isolated from the homogenate by differential
centrifugation as described before et al, 1977). The
concentration of mitochondrial protein was determined by
biuret (Gornalet al, 1949). In the experiments reported
here, 2uL/mL of 10% oxygen peroxide were added in
order to ensure the availability of oxygen throughout the
experiment.

Mitochondrial Swelling

The variations in mitochondrial volume were fol-
lowed by measuring the decrease in optical density at
a wavelength of 540 nm in an Aminco DW2000 spec-
trophotometer in split mode. The spectrophotometer was
equipped with a magnetic stirrer.

Transmembrane Potential

Safranine-O was used to measure the transmembrane
potential following the change in absorbance at 511—
533 nmin an DW2000 Aminco spectrophotometer in dual
mode (Akerman and Wikstrii, 1976).
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86Rbt* Transport RbCl

The uptake of rubidium was measured after = 03 ‘
preincubating mitochondria for 1 min in 0.6 M mannitol,
5 mM MES, pH 6.8 (TEA) plus the indicated concentra- = .02
tions of PQ, pH 6.8 (TEA), MgC}, quinine and ZnGl. A O.D. ¢
Then,®RbCl was added to the final concentration indi- 340nm L ., b
cated in each figure. After a second minute of incubation,  (0- u-)
20 mM ethanol was added and 1@D aliquots were taken
atthe indicated times. These samples were transferred to a
nitrocellulose filter (0.45 mm pore) previously humidified
and mounted on a high-vacuum Millipore multifilter. The
filters were then washed using a buffer containing 0.6 M
mannitol, 5 mM MES, 80 mM KCI, pH 6.8 (TEA) and
transferred to scintillation vials, then 5 mL of scintilla- 0 20 40 60
tion liquid were added and radioactivity was measured in L 1 1 ]
a Beckman LS6500 scintillation counter using the phos-
phate window.

Time (seconds)

Fig. 1. Rubidium-mediated swelling of yeast mitochondria — Reaction

mixture: 0.6 M mannitol, 0.5 mM MES; pH 6.8 (TEA), 20 mM ethanol,
RESULTS 2 uL/mL H207 (10%), mitochondria 3 mg protein/mL. Where indicated
concentrations used were (a) 20 mM RbCl, (b) 20 mM RbClI plus/6
. . - . FCCP, and (c) 0 RbCI. The arrow indicates rubidium addition. Swelling
Mitochondrial Permeability Regulation was determined spectrophotometrically at 550 nm, using an Aminco
by Inorganic Phosphate (PQ) DW2000 spectrophotometer in split mode. Final volume was 2 mL.

(Experiment was carried out at room temperature).

In the absence of inorganic phosphate, yeast mito-
chondria swellin the presence of KVeloursetal,, 1977). only partial (Fig. 2(B)). Transmembrane potential deple-
Under the conditions employed in this study, swelling tion was not due to lack of oxygen, because oxygen per-
was reevaluated, as a high concentration of mitochondria oxide was added in all experiments in sufficient quantity
(3 mg/mL) was used in all experiments; in agreement with to last throughout the experiment. This was evaluated by
the literature, in the absence of P@nd in the presence  oxymetry using a Clark electrode (Results not shown). At
of 20 mM KCI (Results not shown) or RbCI (Fig. 1) 4 mM PQ, the transmembrane potential was stable at all
optical density decreased, indicating mitochondrial the protein concentrations tested (Results not shown).
swelling because of ion fluxes through an open unspecific When increasing concentrations of P®ere added
pore (Castrajh et al, 1997; Manonet al,, 1998). This to the reaction mixture, the extent of mitochondrial
effect was energy-dependent, as indicated by the lack ofswelling in response to the addition of 20 mM RbCI
swelling in the presence of the uncoupling agent FCCP (Fig. 3) or KCI (Results not shown) decreased proportion-
(Fig. 1). ally; swelling was almost completely inhibited at 1.0 mM
In order to further evaluate a possible effect of pro- PGO. In this regard, different groups have reported that at

tein concentration on the opening state of the YMUC, 0.4 mM PQ, the YMUC remains open most of the time,
the transmembrane potential was measured in the preswhile at 4 mM PQ, the YMUC is closed (Manon and
ence of different P@Qconcentrations and increasing pro- Guérin, 1997).
tein (Fig. 2). In the absence of R(he transmembrane To further characterize the effect of POn K* up-
potential was depleted within 1 min at all the mitochon- take by yeast mitochondria, the uptaké@Rb* was eval-
drial concentrations tested, although an initial increase in uated in the absence of RQn the presence of 0.4 mM
the potential was observed which was higher as protein PQy, which is known to allow for K mediated swelling,
increased from 0.5 to 3 mg protein/mL (Fig. 2(A)). When and at 4 mM PQ, where no swelling is observed. At
the same experiment was performed at 0.4 mM, RO 0.4 mM PQ the YMUC is mostly opened, while at 4 mM
creasing protein resulted in a partial stabilization of the PO, the YMUC seems to be closed (Jumgal, 1997;
transmembrane potential. From 0.5 to 2.0 mg protein/mL, Velourset al., 1977). In the absence of R@o uptake of
the potential still decreased to minimal values after 40 s, 8Rbt could be detected (Fig. 4, trace a). In contrast, in
while at 3.0 mg protein/mL, depletion of the potential was the presence of 0.4 mM ROmitochondria accumulated
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Fig. 2. Effect of protein concentration on the mitochondrial transmem- 2 35 49 ?
brane potential — Experimental conditions were as in Fig. 1, except for 10 g‘:‘ ] A/
uM safranine-O and different concentrations of mitochondrial protein g
as follows: (a) 0.5 mg/mL, (b) 1 mg/mL, (c) 2 mg/mL, (d) 3 mg/mL. = 24
Final volume was 2 mL. Mitochondria (M) or 6M FCCP were added
where indicated. (A) 0 and (B) 0.4 mM RCPQy was added from either ; ®a
a 0.1 M or a 1 Mstock solution, pH 6.8 (TEA). 0 -~ - x
0.0 0.5 1.0 1.5 2.0 2.5
approximately 10 nmoles di®Rb* (mg protein)? in Time (min)

2 min (Fig. 4, trace b). At 4 mM Pg the initial rate
of uptake was similar to that observed at 0.4 mM4PO
however, at 4 mM PQ 8Rb" uptake slowed down after
30 s such that at 30 s, 5 nmofé&b* (mg protein)* were

Fig. 4. Effect of PQ, on the uptake ofSRb* by yeast mitochondria—
Experimental conditions were as in Fig. 1, except for the addition of
20 mM 88RbCl, 2 uL/mL H,0, (10%). Final volume was 1 mL. PO
concentrations were (a) 0, (b) 0.4 mM, and (c) 4 mM4R@s added

accumulated by mitochondria and only a small increase in rom either a 0.1 M solutionre 1 Mstock solution, pH 6.8 (TEA). Data
uptake was observed after 2 min of incubation (Fig. 4, trace are the means of six determinatichsstandard deviation.
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radioactive K analog®®Rb* i.e, there was no correlation 100
between both parameters. In addition, tiBb™ uptake
experiments indicated that there is an energy-dependent
system for K uptake, which may be studied in the pres-
ence of the P@concentrations known to close the YMUC.

801

60"
Regulation of Mitochondrial Permeability
by Mg?* and Quinine

In mammalian mitochondria, Mg and quinine have
been reported to inhibit the uptake of"KIn an effort
to further characterize the 'Kuptake system in yeast
mitochondria, the effects of Mg and quinine on the
Rb*-mediated swelling of yeast mitochondria were tested 0 r T Y
in the presence of 0.4 mM RQvhere an active K-or 0 2 4 6 8
Rb*-mediated swelling has been reported. It was observed Mg?* [mM]
that swelling was inhibited by increasing concentrations
of Mg?*, reaching 50% inhibition at 1 mM Mg and sta-
bilizing at a 70% inhibition at 2-8 mM Mg (Fig. 5(A)).
When mitochondrial swelling was determined in the pres-
ence of increasing quinine concentrations, swelling de-
creased linearly with quinine concentrations, reaching
55% inhibition at 0.5 mM quinine (Fig. 5(B)).

In orderto assessthe correlation between the swelling
experiments and monovalent cation uptake, the uptake of
86Rpt was measured at 0.4 and 4 mM Pénd in the
presence of increasing concentrations of“M@r qui-
nine (Fig. 6). In the presence of increasing concentra-
tions of Mg?*, the uptake ofSRb* decreased both in
the presence of 0.4 mM RQFig. 6(A), trace a) and
4 mM PQ, (Fig. 6(A), trace b). The maximal inhibition
was reached at both R@oncentrations at 2 mM Mg, al- 0 . . . . .
though the Mg+ mediated inhibition of uptake was higher 0.0 0.1 0.2 0.3 0.4 0.5
at4 mM PQ, reaching 1.62 nmolé$Rb* (mg protein) 1, Quinine [mM]
than at 0.4 mM P@Qwhere the uptake was 4.01 nmoles
#Rb" (mg protein) . Quinine also inhibited the uptake Fig. 5. Effect of Mg?t and Quinine on the Rbmediated swelling of
of 88Rb*, although, as expected from the swelling exper- yeast mitochondria—Reaction mixture used was the same as in Fig. 1, ex-
iments, the effects were lower than with R]tg In addi- cept that PQconcentration was 0.4 mM and either (A) different magne-
tion, the quinine-mediated inhibition 8RDT uptake was sium concentrations were added as indicated from a 1M Mgtk so-

. . . lution or (B) different quinine concentrations were added from a 50 mM
hlgher in the presence of 4 mM B((Flg. G(B)’ trace b) stock solution in dimethyl formamide. Data are expressed as percent-

than in th_e presence of 0.4 mM R(Fig. 6(B), trace a)_- ages of maximum swelling. Data are the means of four determinations
The maximal inhibition of®Rb* uptake was reached in  standard deviation.

the presence of 0.5 mM quinine and 4 mM Rp@here

uptake was 2.3 nmolé§Rbt (mg protein) . Thus, in

the experiments using increasing concentrations of differ- Effect of Zn?* on the Uptake of®Rb+

ent Mg?™ or quinine, the results obtained from the mito- by Yeast Mitochondria

chondrial swelling and th&Rb* uptake experiments did

correlate, indicating that both molecules inhibited the up- The rate of®®Rb* uptake by yeast mitochondria
take of monovalent cations by yeast mitochondria. In this was far from the equilibrium predicted by the Nerst
regard, the K uptake system from yeast mitochondria equation. This may be due to the slow rate of transport
would be similar to its mammalian counterpart. and/or to the establishment of an equilibrium where the
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Fig. 6. Effect of Mg?t or Quinine on the uptake d¥Rbt by yeast
mitochondria — Experimental conditions were as in Fig. 3 except that
(A) different magnesium concentrations were added as indicated from
a 1M MgCh stock solution and (B) different quinine concentrations
were added from a 50 mM stock solution in dimethyl formamideq PO
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Fig. 7. 85Rbt transport by yeast mitochondriaeffect of Zrt+ — Ex-
perimental conditions were as in Fig. 4. Except thaf Gncentration
was 4 mM. ZnC} was added from a 0.1 mM stock solution to a fi-
nal concentration of (a) 0 or (b) 0.5 mM. Data are the means of six
determinations: standard deviation.

cation uptake system is active under our experimental
conditions.

DISCUSSION

Two different K- uptake systems were detected
in yeast mitochondria. These were the yeast mitochon-
drial unespecific channel (YMUC) and a second pathway,
which was detectable under conditions where the YMUC
was closed. The second pathway is probably a uniporter
for K+ and RO, as the uptake of’Rbt was inhibited
after 30 s under the conditions where the YMUC was
closed and counter-ion movements were inhibited (Fig. 4,
trace c). Another evidence favoring an electrogenic uni-
port mechanism was the dependenc&®&b* transport

concentrations were (a) 0.4 mM or (b) 4 mM. Data are expressed as the on theA W, i.e. whenAW was depleted in the presence of

uptake of®Rbt after 2 min. Data are the means of six determinatiins
standard deviation.

antiporter is actively expellind®Rb*. To explore this
possibility, the uptake of®Rb* was measured in the
presence of 0.5 mM Z, which inhibits the antiporter
in yeast mitochondria (Manon and €, 1992, 1995)
(Fig. 7). In the presence of 4 mM RQthe addition
of 0.5 mM Zrf* resulted in an increase in the to-
tal amount of®Rb* uptake. Thus, the inhibition of
the antiporter resulted in displacement of the equilib-
rium of 8Rb™ movements in mitochondria allowing for

an uncoupler or because of the absence aof, R@uptake
of 8Rb* was observed. The swelling data did not always
correlate with th&°Rb* uptake results, i.e. at 4 mM RO
no swelling was detected while the uptaké@Rb* pro-
ceeded for the first 30 s and then reached a plateau. The
lack of swelling probably results from the specificity of
the8®Rb* uptake system which does not allow for counte-
rion movements and from its inhibition after 30 s; i.e. both
the PQ-mediated lack of swelling arffiRb* uptake inhi-
bition may be due to the impermeability of the membrane
to chloride once the YMUC is closed by 4 mM RO

Both Mg?* and quinine inhibited the uptake of mono-

enhanced uptake and suggesting that this monovalentvalent cations in yeast mitochondria. Rtgwas a better
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inhibitor than quinine. Thé°Rb" uptake sensitivity to
both Mg?™ and quinine increased when the YMUC was
closed, while it was enhanced byZnsuggesting that the
slow 8Rb* uptake was probably counteracted8Rb+
efflux through the antiporter (Villalobet al, 1981). It
was not possible to follow the uptake Rb* for longer
than 2 min because of the possibility of @epletion, even
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than the YMUC. At 4 mM PQ, 8%Rb" did not promote
swelling, probably due to the exit of Kthrough the re-
ported K*/H* antiporter (Jungt al., 1997), which would
be active in view of the high transmembrane potential de-
tected at this P@concentration.

Thus, in yeast, the Krecycling pathways seemto re-
semble mammalian mitochondria, in that they keep matrix

in the presence of added hydrogen peroxide. The highestk + at levels similar, or lower than those found in the cy-

86Rb* uptake was observed at the low Péncentration
(0.4 mM), where the YMUC seems to be mostly opened,

tosol (Brierleyet al,, 1994; Garlid, 1996). In mammalian
mitochondria, K enters the matrix through a uniport that

but does not seem to be as unspecific as in the absencepens when ATP is depleted and is energized by the trans-

of added PQ. The Mg and quinine sensitivity suggests
that the K" uptake system in yeast mitochondria is quali-
tatively similar to the mammalian uniporter (Beagisl,,
1993).

In mammalian mitochondria, PTP opening results in
AW depletion and C efflux; it has been suggested that
C&+ detoxyfication may be a physiological function of the
PTP in cells that are not programmed to die (Crompton
and Costi, 1990). In yeast mitochondria, the opening of
the YMUC also results in depletion of thew and ef-

membrane potential (Beaws al,, 1993). Once in the ma-
trix, KT is expelled to the cytoplasm throughout a/Kl*
uniport (Brierleyet al,, 1984, 1994). In yeast, the'fH™
antiporter has already been described (Jetngl., 1997,
Villalobo et al., 1981), while the uptake system described
here would serve an equivalent function to that of the
mammalian uniporter. When the YMUC was closed, the
uptake of®Rb* increased its sensitivity to the mammalian
K* uptake inhibitors, Mg" and quinine (Fig. 6).

Under our experimental conditions, the raté&tb*

flux of K™ and probably other cations. These results sug- uptake was slow, and thus it was not possible to reach equi-
gest a general physiological role for unspecific mitochon- librium before the transmembrane potential collapsed,
drial pores, which may be involved in cation detoxification once oxygen was depleted, even in the presence of oxy-
(Crompton and Costi, 1990). Furthermore, whether yeast gen peroxide. Nonetheless, addition of the antiporter in-

undergo a process resembling apoptosis or not, is still con-

troversial and ion detoxification would be a likely alter-
native as a putative function of mitochondrial unspecific
channels (Manoset al,, 1998).

In the absence of PQwhere the YMUC is open
andthe transmembrane potential is depletedniediated
swelling has been observed, (Cagirejét al, 1997;
Manon and Gafin, 1997). In the absence of R(no
86Rb* accumulation was observed, even though swelling
was present. Under these conditions, the YMUC was com-
pletely open, probably allowing for rapid permeation of
molecules, leaving only proteins inside the matrix and
evoking swelling as a result of oncotic pressure. Another
possibility, is thaB®Rbt was taken up leading to swelling,
but the filtration process involving washing filters with
cold R resulted in the exit of®Rb* through the open
YMUC.

In the presence of 0.4 mM R(Othe transmembrane
potential was lost partially only if K was added to the
reaction mixture, suggesting that the unspecific pore be-
came rather selective at this PE@ncentration. Under this
condition, both swelling anéfRb* uptake correlated. At
4 mM PQ, the data were still different, as no swelling
was detected, while the uptake®Rb* was only slightly
less than at 0.4 mM POAt 4 mM POy, the unspecific
channel is closed and thus the uptake of geemed to
be catalyzed by a different system, which was less active

hibitor Zr¢+ (Manon and Gefin, 1992, 1995) led to higher
uptake, suggesting that the uptakeé®@Rb* was counter
balanced by an active exit 8fRb* through the uniporter.

A %Rb* uptake system was observed in yeast mi-
tochondria under conditions where the unspecific pore is
closed. This may be the system used by mitochondria to
take up K- when in the presence of a high membrane
potential. This transporter resembles the mammalian uni-
porter in its energy dependence as well as in the sensitivity
to Mg?* and to quinine.
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