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Abstract The yeast Debaryomyces hansenii is considered
a marine organism. Sea water contains 0.6 M Na+ and
10 mM K+; these cations permeate into the cytoplasm of D.
hansenii where proteins and organelles have to adapt to
high salt concentrations. The effect of high concentrations
of monovalent and divalent cations on isolated mitochon-
dria from D. hansenii was explored. As in S. cerevisiae,
these mitochondria underwent a phosphate-sensitive per-
meability transition (PT) which was inhibited by Ca2+ or
Mg2+. However, D. hansenii mitochondria require higher
phosphate concentrations to inhibit PT. In regard to K+ and
Na+, and at variance with mitochondria from all other
sources known, these monovalent cations promoted closure
of the putative mitochondrial unspecific channel. This was
evidenced by the K+/Na+-promoted increase in: respiratory
control, transmembrane potential and synthesis of ATP. PT
was equally sensitive to either Na+ or K+. In the presence of
propyl-gallate PT was still observed while in the presence
of cyanide the alternative pathway was not active enough to

generate a ΔΨ due to a low AOX activity. In D. hansenii
mitochondria K+ and Na+ optimize oxidative phosphoryla-
tion, providing an explanation for the higher growth
efficiency in saline environments exhibited by this yeast.
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Introduction

Debaryomyces hansenii is normally found among the
microorganisms populating sea waters and other habitats
with low water activity where its halotolerance is an
advantage (Norkrans 1966; Norkrans and Kylin 1969).
This yeast has found diverse biotechnological applications
in recent years, such as production of dairy products and of
lytic enzymes of commercial interest (Breuer and Harms
2006). In cheese manufacturing, D. hansenii is a choice for
starter cultures as it catalyzes proteolysis and lipolysis
without fermenting sugars (Fadda et al. 2004). This yeast is
also attractive for study due to its ability to grow under
extreme conditions such as very low temperatures (Norkrans
1966), widely different pHs (Norkrans 1966; Hobot and
Jennings 1981) and high salt concentrations (Norkrans 1966,
Norkrans and Kylin 1969; Prista et al. 2005; Ramos 2006).
The genome of D. hansenii was reported by the génolevure
project (Sherman et al. 2004).

At least part of the halotolerance of D. hansenii may be
due to its potent monovalent cation transporters, present
both in the plasma membrane (Hobot and Jennings 1981;
Prista et al. 1997; Thomé-Ortiz et al. 1998) and in the
vacuole (Montiel and Ramos 2007). However, its proteins
and enzymes have to be resistant to salts, because in the
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presence of high (0.5–1.0 M) external NaCl the cytoplasmic
concentrations of monovalent cations (Na+ and K+) reach
the hundred mM range (Gónzalez-Hernández et al. 2004).
Given the choice, D. hansenii accumulates KCl instead of
NaCl (Norkrans and Kylin 1969; Thomé-Ortiz et al. 1998)
but both cations seem to have the same effects on D.
hansenii, e.g. the expression of NADP-glutamate dehydro-
genase and glutamine synthetase is modified by either Na+

or K+; this regulation has not been observed in Saccharo-
myces cerevisiae (Alba-Lois et al. 2004). The Na+/K+ effect
provides an explanation for the increase in biomass
obtained when D. hansenii is grown in the presence of
high salt concentrations (Prista et al. 1997) and fuels the
notion that D. hansenii is halophilic and not just osmoto-
lerant (Gónzalez-Hernández et al. 2004).

In the cytoplasm of D. hansenii, enzymes are not the
only structures exposed to high salts. Organelles also have
to deal with concentrations around 0.4 M NaCl/KCl (Neves
et al. 1997; González-Hernández et al. 2004). Thus, it
would be interesting to analyze the physiology and salt
adaptability of each organelle. To do this, we decided to
characterize the effect of high salt concentrations on the
isolated mitochondria from D. hansenii. We theorized that
the mitochondrial adaptation to high salt concentrations
would have to include strict regulation of cation perme-
ability; otherwise, an electrophoretic cycling of the mono-
valent cation across the inner mitochondrial membrane
would result in the depletion of the transmembrane
potential (ΔΨ) and in uncoupling (Garlid 1988). Indeed,
in mitochondria isolated from the yeast S. cerevisiae
addition of increasing concentrations of K+ or Na+ in the
presence of low phosphate results in depletion of the ΔΨ
and a decrease in the synthesis of ATP (Castrejón et al.
1997). By contrast, at high phosphate concentrations
monovalent cations do not affect the ΔΨ, and in these
conditions a Mg2+- and quinine-sensitive uptake of 86Rb+ is
observed (Castrejón et al. 2002).

The permeability transition (PT) occurs when a large
mitochondrial unspecific channel (MUC) opens in the inner
mitochondrial membrane allowing ions to flow freely into
and out from the matrix depleting chemical and electrical
gradients (Bernardi et al. 1994; Zoratti and Szabo 1995).
The most studied MUCs are those from mammalians and
from S. cerevisiae (Manon et al. 1998). The mammalian
MUC is open by Ca2+ in the presence of high phosphate
and is closed by ATP and the cyclophylin-D inhibitor
cyclosporine-A (Halestrap and Davidson 1990). In S.
cerevisiae mitochondria, both phosphate (Guérin et al.
1994) and Ca2+ (Pérez-Vázquez et al. 2003) prevent the
PT. Thus, it was of interest to determine whether Ca2+

opens or closes the D. hansenii MUC. The structure,
properties and regulating factors of the MUCs vary between
different species (Pavlovskaya et al. 2007; Brustovetsky et

al. 2002; Kusano et al. 2009). However, an organelle
normally exposed to high monovalent cation concentrations
should be able to block its own conductance to the salts
found in high concentrations.

The mitochondria from at least two salinity-adapted
yeast species, Endomyces magnusii and Yarrowia lip-
olytica, do not seem to undergo PT unless a high
concentration of Ca2+ plus the Ca2+ ionophore ETH129
are added (Deryabina et al. 2004; Kovaleva et al. 2009).

We characterized the PT in isolated mitochondria from
D. hansenii. We detected a MUC which exhibits a
sensitivity to Ca2+ and Mg2+ which was similar to the S.
cerevisiae channel. Also, the D. hansenii MUC was closed
by phosphate, although at higher concentrations than the S.
cerevisiae channel. In addition, we observed that this
channel was different to the MUCs from S. cerevisiae,
plants or mammalians, in that it was regulated by
monovalent cations, i.e. increasing concentrations of Na+

or K+ closed the D. hansenii mitochondrial channel. It is
becoming increasingly evident that the physiological role
and the control mechanisms of mitochondrial unspecific
channels may be different depending of the species under
study.

Materials and methods

Chemicals

All chemicals were reagent grade. Sorbitol, Trizma® base,
maleic acid, pyruvic acid, malic acid, NADH, NADP,
antifoam emulsion, ADP, safranine-O, hexokinase and
bovine serum albumin (BSA) type V were from Sigma
Chem Co. (St Louis, MO). Lyophilyzed glucose-6-
phosphate dehydrogenase was from Boerhinger-Manheim.

Yeast strains The yeast Debaryomyces hansenii strain
Y7426 (US Dept. of Agriculture) was used throughout this
work. The strain was maintained in Na-YPGal (1% yeast
extract, 2% bacto-peptone, 2% galactose, 1 M NaCl and 2%
bacto-agar) plate cultures.

Yeast growth media for mitochondrial isolation

Cells were grown as follows: three 100 mL pre-cultures
were prepared immersing a loophole of yeast into 100 mL
of Na-YPLac (1% yeast extract, 2% bacto-peptone, 2%
lactate, pH 5.5 adjusted with NaOH plus NaCl to reach a
final 0.6 M Na+ concentration). Antifoam emulsion 50µL/L
was added to the medium. Flasks were incubated for 36
hours under continuous agitation in an orbital shaker at
250 rpm in a constant-temperature room (30°C). Then,
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each 100 mL flask was used to inoculate 750 mL of fresh
medium. Incubation was continued for 24 h under the same
conditions. At a final optical density of 1.6–2.0, the culture
was in the mid to late logarithmic growth phase; the cells
were harvested at this stage, before they became resistant to
disruption.

Isolation of coupled mitochondria from Debaryomyces
hansenii

D. hansenii cells were collected and washed by centrifuga-
tion and suspended in distilled water. After a second
centrifugation, the cells were suspended in ice-cold isolating
medium containing 1 M sorbitol, 10 mM maleate, 0.2%
bovine serum albumin, pH 6.8 (Tris). The cells were poured
into a Bead-Beater 300 mL flask containing 70% v/v 0.5-mm-
diameter glass beads. The container was introduced in an ice-
jacketed chamber and cells were subjected to four 20 s pulses
at 2 min intervals. After homogenization, mitochondria were
isolated by differential centrifugation following a protocol
described for S. cerevisiae mitochondria (Peña et al. 1977).
The final mitochondrial pellet was resuspended in 500 μL
ice-cold isolation medium.

Some details on the isolation of mitochondria seem
pertinent as the procedure is slightly different to the usual
procedures (Uribe et al. 1985). Sorbitol was deionized
before use (Averet et al. 1998). Osmolarity was 1 OsM;
lower osmolarities resulted in uncoupled mitochondria. The
same osmolarity was used during all experiments. We did
not use zymolyase and/or lyticase to disrupt the membrane
due to the rapid inactivation of mitochondria that ensues
during the isolation procedure. Instead, we used a Bead-
Beater with a large amount (70% v/v) of glass beads. The
speed of the Bead-Beater was maintained at half maximum
by means of a rheostat, to avoid disruption and uncoupling
of mitochondria.

Protein quantification

The concentration of mitochondrial protein was determined
by the biuret method (Gornal et al. 1949). Optical
absorbance was determined at 540 nm in a Beckman DU-
50 spectrophotometer. Protein was determined using BSA
as a standard.

Oxygen consumption

The rate of oxygen consumption was measured in the
resting state (State IV) and in the phosphorylating state
(State III), using an YSI-5300 Oxygraph equipped with a
Clark-Type electrode (Yellow Springs Instruments Inc. OH)
interfaced to a chart recorder. The reaction vessel was a
water-jacketed chamber maintained at 30°C. Mitochondria,

0.5 mg protein·(mL)−1. The reaction mixture was 1 M
sorbitol, 10 mM maleate, pH 6.8 (Tris); 10 mM pyruvate-
malate was added as a substrate. Final volume was 1.5 mL.
The concentrations of phosphate (Pi) and K+ used are
indicated in the legends of each illustration. Stock solutions
were 2 M KCl or NaCl and 1 or 0.1 M phosphate buffer pH
6.8 (Tris).

Transmembrane potential (ΔΨ)

The transmembranal potential was determined using
safranine-O, following the absorbance changes at 511–
533 nm in a DW2000 Aminco spectrophotometer in dual-
wavelength mode (Akerman and Wikström 1976). We used
a final concentration of 0.5 mg protein/mL of mitochondria.
Yeast mitochondria were assayed in the respiration medium
plus 10 μM safranine-O. The concentrations of K+ and Pi
are indicated under each figure. Where indicated, the
uncoupler p-chloromethoxycarbonylcyanide phenylhydra-
zone (CCCP) was added to a final concentration of 5 μM.

ATP synthesis

An enzyme–coupled assay system containing 162.5 μg/mL
hexokinase, 2 U/mL glucose-6-phosphate dehydrogenase,
20 mM glucose, 1.4 mM NADP+, 200 μM MgCl2 and
10 mM pyruvate-malate, was used to measure the rate of ATP
synthesis. The reaction was started by adding 200 μM ADP.
The reduction of NADP+ was followed in a DW2C Aminco/
Olis spectrophotometer in dual mode at 340–390 nm (Cortés
et al. 2000). The NADPH extinction coefficient used was
6.22×103 (M·cm)−1. The lyophilized enzymes were sus-
pended prior to each experiment as follows: hexokinase was
suspended in water to 13 mg/mL and glucose-6-phosphate
dehydrogenase was suspended in a 5 mM citrate buffer pH 7
to a final concentration of 200 U/mL. Oligomycin (10 μg/mg
prot) was used to determine the basal ATP synthesis; which
was subtracted from the experimental data. The concentra-
tions of Pi are indicated in the legend to the figure.

Results and discussion

In D. hansenii mitochondria oxygen consumption
is coupled by phosphate and by monovalent cations

In all cases, the isolated mitochondria from D. hansenii
exhibited the same sensitivity to KCl or NaCl. Thus, we are
presenting mainly the results obtained with KCl. We chose
to show the K+ effect because in the presence of both
cations D. hansenii prefers to concentrate K+; faster and
with more affinity than Na+ (Thomé-Ortiz et al. 1998;
González-Hernández et al. 2004). The isolated mitochon-

J Bioenerg Biomembr (2010) 42:11–19 13



dria from D. hansenii exhibited a slow rate of oxygen
consumption both in state IV and in state III, suggesting that
the respiratory chain needed the presence of a monovalent
cation in order to work at full speed (Table 1). The role of K+

as an activator of the respiratory chain of mitochondria from
yeast (Uribe et al. 1991) and mammalians (Peña et al. 1964;
Gómez-Puyou et al. 1969; Gómez-Puyou and Tuena de
Gómez Puyou 1977) has been described. The respiratory
control (RC) is a measure of the ‘integrity’ of mitochondria
preparation and coupling efficiency between the respiratory
chain and the F1F0-ATP synthase (Nicholls and Ferguson
2001). In D. hansenii it was observed that at 0.4 mM Pi
mitochondria were uncoupled as evidenced by a RC of 1.0
(Table 1). Then, addition of different concentrations of K+

led to higher rates of oxygen consumption and to an
increased RC (Table 1) as follows: At 0 to 20 mM K+, RC
was 1.0. However, at 50 mM K+ RC was 1.33 and increased
to 1.73 at the maximum K+ concentration tested (75 mM)
(Table 1). When the phosphate concentration was raised to
4.0 mM, the rates of oxygen consumption were higher
(Table 1) and a RC of 1.27 was observed in the absence of
K+ (Table 1). Then, as different K+ concentrations were
added, the RC increased such that at 75 mM K+, RC=2.29
(Table 1). In the presence of 10 mM Pi, the rates of oxygen
consumption were similar to those obtained at 4 mM Pi
(Table 1) and the RC was 2.14 in the absence of K+, and
increased only slightly at the K+ concentrations tested
(Table 1), i.e. 10 mM Pi closed the channel without K+.
Even though Pi has the same coupling effect in D. hansenii
mitochondria as in those from S. cerevisiae (Manon and
Guérin 1997), the D. hansenii organelles need ten times
more Pi to close the unspecific channel. In isolated
mitochondria from S. cerevisiae (Gutiérrez-Aguilar et al.
2010) or mammalians (Leung and Halestrap 2008) the Pi site
has been located in the inner membrane and it has been
tentatively identified as the phosphate carrier.

In D. hansenii mitochondria, opening of a Pi/K+-sensitive
unspecific channel results in depletion of the
transmembrane potential (ΔΨ)

The oxygen consumption data suggested that there is a
MUC in D. hansenii. Another yeast species, S. cerevisiae
contains a MUC which is closed by 1–2 mM phosphate
(Manon and Guérin 1997). Thus, in order to further explore
the sensitivity of the putative MUC from D. hansenii
mitochondria to Pi, the electric transmembrane potential
(ΔΨ) was measured in the presence of 0.4, 4.0 and 10 mM
Pi (Fig. 1). At 0.4 mM Pi, the ΔΨ was low and unstable
(Fig. 1a, trace a). Then in the presence of 4.0 mM Pi the
ΔΨ became higher and gained stability (Fig. 1b, trace a)
and it reached a high, stable ΔΨ at 10 mM Pi (Fig. 1c,
trace a) or higher (Result not shown). These results
suggested that D. hansenii contain a permeability transi-
tion pore similar to that observed in S. cerevisiae
mitochondria, although the organelle from D. hansenii
requires a higher Pi concentration to close. The oxygen
consumption effects reported in Table 1 also suggested
that Pi and monovalent cations exhibit synergistic effects.
Thus, to further explore the monovalent cation effect, the
ΔΨ was measured at each of the Pi concentrations tested
and in the presence of increasing K+. At 0.4 mM Pi where
the ΔΨ was unstable, increasing concentrations of K+

resulted in higher, more stable ΔΨ, indicating that at the
low Pi concentrations the monovalent cation aided to seal
the unspecific channel (Fig. 1a, traces b to e). At 4 mM Pi,
the ΔΨ was low in the absence of K+ and increased with K+

concentrations. This result probably indicates that Pi was
able to partially close the channel, although K+ was still
needed to achieve full closure (Fig. 1b). At 10 mM Pi, the
highest concentration tested, MUC was completely closed
and the monovalent cation did not have further effects
(Fig. 1c).

Table 1 Effect of phosphate (Pi) and K+ on the rate of oxygen consumption and respiratory control of isolated mitochondria from Debaryomyces
hansenii

0.4 mM Pi 4.0 mM Pi 10.0 mM Pi

[K+] (mM) IV III RC IV III RC IV III RC

0 75±6 75.0±6 1.0 130±9 165±8 1.27 129±6 277±9 2.14

10 79±3 79.0±3 1.0 127 ± 10 191 ± 13 1.51 127±6 273 ± 14 2.16

20 79±3 79.0±3 1.0 128±8 220 ± 16 1.72 129±6 281 ± 12 2.18

50 127±3 168±5 1.33 122 ± 6 249±4 2.05 124±5 285±3 2.31

75 127±3 219 ± 1 1.73 114±9 261 ± 9 2.29 131 ± 7 293±5 2.24

The rates of oxygen consumption in resting state (IV) and phosphorylating state (III) are expressed in natgO2(min·mg prot)−1 . The respiratory
control (RC) is the III/IV quotient. Reaction mixture: 1 M sorbitol, 10 mM maleate, pH 6.8 (Tris). The subtrate was always 10 mM pyruvate-
malate. Three different phosphate (Pi) concentrations and five different KCl concentrations were used as indicated. State III was initiated by
adding 500µM ADP. Mitochondria 0.5 mg prot·(mL)−1 . Temp 30°C, final vol 1.5 mL. Data from 3 different experiments.
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The ΔΨ sensitivity to monovalent cations
does not discriminate between Na+ or K+

The possibility that K+ or Na+ exhibited different effects was
explored by measuring the ΔΨ in the presence of three
different cation concentrations and in the presence of 0.4 mM
Pi. In the absence of cations (Fig. 2 trace a), no increase in
ΔΨ was observed. In the presence of 18.75 mM Na+ (Fig. 2
trace b) or K+ (Fig. 2 trace c), a partial ΔΨ was observed.
Then, at 37.5 mM monovalent cation, the ΔΨ increased to a
higher extent regardless of whether the cation was Na+

(Fig. 2 trace d), K+ (Fig. 2 trace e), or a mixture of
18.75 mM Na+ plus 18.75 mM K+ (Fig. 2 trace f). At 75 mM
monovalent cation, a still higher ΔΨ was obtained, which
again was the same regardless of whether the cation was Na+

(Fig. 2 trace g), K+ (Fig. 2 trace h) or a mixture of 37.5 mM
Na+ plus 37.5 K+ (Fig. 2 trace i). Thus, the opening of the
MUC seemed to be equally sensitive to Na+ or to K+.

The mitochondrial permeability transition results
in decreased synthesis of ATP

In D. hansenii mitochondria, PT was triggered by lowering
Pi or K+ and resulted in lower CR and decreased ΔΨ,
leading us to propose that oxidative phosphorylation might
be optimized in the presence of increasing concentrations of
Pi and K+. When we tested the synthesis of ATP at three
different Pi concentrations and in the presence of different
concentrations of K+, we observed that the rate of synthesis

Fig. 1 Effect of K+ and phosphate on the transmembrane potential (ΔΨ)
of isolated mitochondria from D. hansenii. Reaction mixture as in Table 1
except 10µM safranine-O was added. Final vol. 2 mL; room temperature.
Pi concentrations were A 0.4 mM; B 4.0 mM and C 10.0 mM. K+

concentrations were: a, 0; b, 10 mM; c, 20 mM; d, 50 mM; e, 75 mM.
Where indicated, mitochondria (M) 0.5 mg prot (ml)−1 and CCCP
5 μM were added. Representative traces from three independent
experiments

Fig. 2 Effect of Na+ and K+ mixtures on the transmembrane
potential (ΔΨ) of isolated mitochondria from D. hansenii. Reaction
mixture as in Fig. 1. Final volume 2 mL; room temperature. 0.4 mM
Pi. Na+ and/or K+ concentrations were: a, 0; b, 18.75 mM Na+; c,
18.75 mM K+; d, 37.5 mM Na+;18.75 mM Na+ plus 18.75 mM K+;
e, f, 37.5 mM K+; g, 37.5 mM Na+ plus 37.5 mM K+; h, 75 mM Na+; i,
75 mM K+. Where indicated, mitochondria (M) 0.5 mg prot (ml)−1 and
CCCP 5 μM were added. Representative traces from three independent
experiments
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of ATP increased proportionally to Pi and/or K+, i.e. at
0.4 mM Pi a slow rate of ATP synthesis was observed
which increased as the K+ concentration was raised (Fig. 3).
At 4 mM Pi higher rates of ATP synthesis were obtained
and a slight optimization of this rate by K+ was still
observed (Fig 3). At the highest concentration of Pi tested,
a high rate of synthesis of ATP was observed which was not
further increased by the presence of different concentrations
of K+. Thus, the effect on the synthesis of ATP provide
further support to the notion that there is an unspecific
channel in D. hansenii mitochondria which is closed by
high concentrations of Pi and by intermediate concentra-
tions of monovalent cations.

The D. hansenii MUC is regulated by Ca2+ and by Mg2+

Divalent cations modulate the opening of the MUC
from different species. However, the effects are opposite
as in mammalians Ca2+ opens the MUC (Halestrap and
Davidson 1990) while in S. cerevisiae Ca2+ closes the
MUC (Pérez-Vázquez et al. 2003) probably acting at the
level of the porine (Gutiérrez-Aguilar et al. 2007). By
contrast, Mg2+ seems to close all known MUCs (Bernardi
1999; Kowaltowski et al. 1998; Pérez-Vázquez et al.
2003). Thus, we decided to characterize the effects of Ca2+

and Mg2+ on the ΔΨ in the presence of 0.4 mM Pi. In the
absence of cations (Fig. 4a trace a; Fig. 4b trace a), a low
ΔΨ was observed. In the presence of increasing Ca2+

concentrations, ΔΨ increased (Fig. 4a traces a-f); reaching
a maximum at 1 mM Ca+2. [Ca+2] above 1 mM did not
promote further changes in ΔΨ (data not shown). In regard

to Mg2+, 100 μM and 200 μM resulted in a partial increase
inΔΨ (Fig. 4b, traces a,b). AtMg2+ 500 μM and 1 mM,ΔΨ
was increased to a value near the maximum obtainable
(Fig. 4b, traces d,e). At and above 2 mMMg2+ the maximum
ΔΨ was obtained (Fig. 4b, traces f,g,h). These results suggest
that both divalent cations closed the MUC from D. hansenii,
but this closure was promoted at lower [Ca2+] than [Mg2+].

Selective inhibition of each oxidase and its effect on PT

In D. hansenii mitochondria there are two terminal
oxidases. In addition to cytochrome oxidase (COX), there

Fig. 3 Effect of K+ and phosphate on the rate of ATP synthesis
mediated by isolated mitochondria from D. hansenii. Experimental
conditions as in Table 1, 200µM ADP. In addition, an enzyme coupled
ATP assay system was included: 200 μM MgCl2, 20 mM glucose,
1.4 mM NADP+, hexokinase 162.5 μg/mL and glucose-6-phosphate
dehydrogenase 2 U/mL. Pi concentrations were: 0.4 mM (□), 4.0 mM
(■) and 10.0 mM (●). The reaction was initiated with 200 μM ADP.
Each point is the mean of four independent experiments ± SD

Fig. 4 Effect of divalent cations on the transmembrane potential
(ΔΨ) of isolated mitochondria from D. hansenii. Reaction mixture as
in Fig. 2, Pi concentration was 0.4 mM. A: Different Ca2+

concentrations were: a, 0; b, 100 μM Ca2+; c, 200 μM Ca2+; d,
500 μM Ca2+; e, 750 μM Ca2+; f, 1 mM Ca2+. B: Different Mg2+

concentrations were: a, 0; b, 100 μM Mg2+; c, 200 μM Mg2+; d,
500 μM Mg2+; e, 1 mM Mg2+; f, 2 mM Mg2+; g, 5 mM Mg2+; h,
10 mM Mg2+. Where indicated, mitochondria (M) 0.5 mg prot (ml)−1

and CCCP 5 μM. Representative traces from three independent
experiments
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is an alternative oxidase (AOX) (Veiga et al. 2003). The
presence of AOX allowed us to explore whether PT might
depend on whether electrons were accepted by COX or
AOX. Oxygen consumption experiments were conducted in
the presence of cyanide (to block COX) or propyl-gallate
(to block AOX) (Table 2). The rate of oxygen consumption
was measured in state IV and in state III. In the presence of
cyanide the rate of oxygen consumption was about one
third of the non-inhibited rate (shown in Table 1), although
increasing concentrations of K+ did promote an increase in
the rate of oxygen consumption both in state IV and state
III, such that the CR remained low (Table 2). This effect
suggests that under our conditions AOX expression was
low and thus the lack of proton pumping activity by the
blocked complexes III and IV failed to establish a high
protonmotive force. By contrast, when AOX was blocked,
the effect of K+ on the rate of oxygen consumption did lead
to an increase in RC (Table 1) to a similar extent as the
increase obtained in the absence of propyl-gallate (see
Table 1), indicating that in the absence of the (low) AOX
activity PT still occurred.

The possible physiological meaning of the unusual
sensitivity to monovalent cations observed in the D.
hansenii MUC

The monovalent cation-mediated prevention of opening of
the D. hansenii MUC has not been detected in mitochon-
dria from any other species studied so far. It had always
been considered that the permeability to these ions had to
be closely controlled in order to avoid a recycling of the
cation following a uniport mechanism for uptake and a H+

antiport mechanism for export that would result in
depletion of the electrical gradient and the consequent
mitochondrial uncoupling and loss of ATP synthesis (Garlid
1988; Castrejón et al. 1997). This monovalent cation-
mediated coupling makes sense when it is considered that

in situ, D. hansenii mitochondria are exposed to high K+ or
Na+ concentrations. It should be noted that the monovalent
cation-promoted increase in the efficiency of the oxidative
phosphorylation by D. hansenii mitochondria may explain,
at least partially the increase in the growth rate of the D.
hansenii cells when these are exposed to high concen-
trations of monovalent cations (González-Hernández et al.
2004; Sánchez et al. 2008).

As more mitochondria are isolated from different
species, it is becoming obvious that these organelles are
evolving together with the cell to adapt to the environment.
As a result, there are variations in the protein composition
of the organelle, e.g. the proteins in the respiratory chain
vary widely specially in species with branched respiratory
chains. It is noteworthy that the components of the
respiratory chain do not seem to vary at random, e.g., from
21 yeast species analyzed, 12 contain both an alternative
oxidase and complex I (Veiga et al. 2003), while there is
only one species, Pichia anomala, that contains an
alternative oxidase but no complex I (Nosek and Fukuhara
1994).

The effectors regulating the activity of the mitochondrial
unspecific channels from different species may vary widely.
In many cases, a given molecule has opposite effects in
MUCs from different species (Manon and Guérin 1998).
This could be an indication of the different functions the
MUC might have depending on the species. The mamma-
lian MUC, widely known as the permeability transition
pore (PTP) and the S. cerevisiae MUC (YMUC) are the
best characterized systems. Both channels have a molecule
cutoff size of 1.5 kDa (Zoratti and Szabó 1995; Jung et al.
1997) and some cations such as Mg2+ and alkylamines
close both MUCs (Chávez et al. 2000; Castrejón et al.
2002; Pérez-Vázquez et al. 2003). Here we demonstrated
that the D. hansenii MUC is also closed by Mg2+.
Differences in sensitivity for MUCs from different species
to cyclosporin A (CsA) have been reported (Tanveer et al.
1996; Jung et al. 1997). CsA is a potent PT inhibitor in
mammalian (Halestrap and Davidson 1990), potato (Fortes et
al. 2001) and wheat mitochondria (Pavlovskaya et al. 2007)
but has no effect on yeast (Jung et al. 1997) or brine shrimp
mitochondria (Menze et al. 2005). In the mammalian PTP, Pi
is needed for Ca2+-mediated opening, but it is also required
by CsA to inhibit opening (Halestrap and Davidson 1990). In
mitochondria from the yeast species S. cerevisiae (Velours et
al. 1977; Roucou et al. 1997) and D. hansenii (this work), Pi
always inhibits PT. Ca2+ opens the MUC in mammals
(Crompton et al. 1988; Bernardi et al. 1994), potato (Fortes
et al. 2001) and N. crassa (Brustovetsky et al. 2002) but it is
inhibitory in S. cerevisiae (Jung et al. 1997) and in D.
hansenii (this work). A Ca2+-porin interaction site has been
located both in S. cerevisiae (Gutiérrez-Aguilar et al. 2007)
and mammals (Israelson et al. 2007). The inability of Ca2+ to

Table 2 Effect of cyanide and propyl-gallate on the rate of oxygen
consumption and respiratory control of isolated mitochondria from
Debaryomyces hansenii

Cyanide Propyl Gallate

[K+] (mM) IV III RC IV III RC

0 18±0.7 19±0.8 1.02 145±9 162± 11 1.12

10 24.7±0.4 26.8± 1.2 1.08 151± 5 193± 10 1.27

20 25.5±0.3 26.8±0.3 1.05 136±3 203±4 1.50

50 28.6± 1.7 29.7± 2 1.04 144±5 221 ± 7 1.53

75 34±6 36±8 1.06 138±8 240± 13 1.73

Experimental conditions and data as in Table 1 except 100 μM
Cyanide or 25 μM propyl gallate were indicated. Data from 4–5
independent experiments.
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open the S. cerevisiae MUC might be explained if it is
considered that there is no specific carrier for Ca2+ in these
mitochondria and thus the Ca2+ uptake is slow (Uribe et al.
1992). Furthermore, addition of a Ca2+ ionophore to S.
cerevisiae mitochondria enables Ca2+ to induce PT (Jung et
al. 1997). It would be interesting to analyze the Ca2+

transport activity of the isolated mitochondria from D.
hansenii. Adding to the wide variability in the pattern of
PT in mitochondria from different species, recently it was
reported that the yeast species Yarrowia lipolytica (Deryabina
et al. 2004) and Endomyces magnusii (Kovaleva et al. 2009)
fail to undergo PT unless a high concentration of Ca2+ plus
the Ca2+ ionophore ETH129 are added. Remarkably, D.
hansenii and Y. lipolytica are closely related (Dujon et al.
2004), but the first undergoes PT while the second does so
only under very specific conditions (Kovaleva et al. 2009). A
comparison between the proteins that have been proposed to
constitute the channel might yield abundant information on
the mechanisms that lead to PT and on the control
mechanisms.
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