BIOCHIMICA ET BIOPHYSICA ACTA

BB

23 =S
ELSEVIER Biochimica et Biophysica Acta 1325 (1997) 63-70

Effect of extracellular acidification on the activity of plasma membrane
ATPase and on the cytosolic and vacuolar pH of
Saccharomyces cerevisiae

Vanda Carmelo 2, Helena Santos , Isabel Sa-Correia ®*

& Laborat6rio de Engenharia Bioguimica / Centro de Engenharia Biolgica e Quimica, Instituto Superior Técnico, Av. Rovisco Pais,
1096 Lishoa Codex, Portugal
b Instituto de Tecnol ogia Quimica e Biol6gica, Universidade Nova de Lisboa, Rua da Quinta Grande 6, Apartado 127, 2780 Oeiras,
Portugal

Received 4 June 1996; revised 19 November 1996; accepted 2 December 1996

Abstract

The rapid in vivo activation of Saccharomyces cerevisiae plasma membrane H*-ATPase that has been attributed to
medium acidification from pH 6.5 to pH 3.5 is not caused by the low pH itself but is induced by the weak organic acid
(succinic) used as the acidulant. The activation induced by 50 mM succinic acid at pH 3.5 occurred in both the presence or
absence of glucose. Activation at pH 3.5 was also induced by acetic acid and it was maximal at 50 mM concentration. To
investigate the role of plasma membrane ATPase activation in pH homeostasis, the internal pH (cytosolic and vacuolar) of
yeast cells incubated in media at pH 6.5 or at pH 3.5, acidified either with HCl or acetic acid, were compared by using in
vivo # P-NMR. Despite plasma membrane ATPase activation by acetic acid, the decrease in cytosolic pH caused by external
acidification was much more important when the permeant acetic acid was used instead of HCl as the acidulant. The
supplementation of the incubation medium at pH 3.5 with glucose led to higher cytosolic pH values, consistent with the
observed in vivo activation of plasma membrane ATPase by glucose. At the external pH value of 6.5 the vacuole was
maintained at a mildly acidic pH (around 6) while the cytosol was at about neutral pH; however, when cytoplasmic pH
decreased due to externa acidification, vacuolar pH accompanied that decrease. Vacuolar pH reached 5.4-5.5 during
incubation with HCI and dropped sharply to values below 4.4 in cells incubated with acetic acid. These results indicate that
the vacuole also plays a role in homeostasis of the intracellular pH.
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1. Introduction

The proton translocating ATPase in the plasma

membrane of yeast creates the transmembrane elec-

* Corresponding author. Fax: +351 (1) 848 0072; e-mail: trochemical proton gradient and is also involved in
qisc@beta.ist.utl.pt. the regulation of intracellular pH by pumping protons
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out of the cells [1-4]. Like glucose [2], several
environmental stressors such as ethanol [5-7], oc-
tanoic acid [8,9], acid pH [3], deprivation of a nitro-
gen source [10] and supraoptimal temperatures [11]
stimulate, in vivo, the activity of this membrane
enzyme. This activation constitutes a response that
presumably helps the cell to counteract the dissipa
tion of the proton motive force across the plasma
membrane and /or the decrease of internal pH taking
place in cells exposed to liposoluble compounds,
external acidification or supraoptimal temperatures
[3,5-9,11-13]. The activation of plasma membrane
ATPase in cells grown in the presence of inhibitory
concentrations of ethanol, octanoic acid or at
supraoptimal temperatures cannot be ascribed to in-
creased synthesis of this membrane enzyme [6,9,11].
The most probable hypothesis is that ATPase activa
tion results from a post-translational modification of
PMA1 enzyme [6,9,11] as it was proposed for the
activation by glucose or nitrogen starvation [10,14—
17]. It is possible that ATPase activation is caused, at
least partiadly, by the alteration in the plasma mem-
brane lipid constituents of cells grown under in-
hibitory conditions as recently proposed for the de-
canoic acid-induced activation [18].

The rapid in vivo activation of yeast plasma mem-
brane ATPase, reported by Eraso and Gancedo [3], in
response to medium acidification from pH 6.5 to pH
3.5, was not confirmed by us when HCI was used as
the acidulant. However, activation was observed when
we used, like these authors, succinic acid as the
acidulant in the cells suspending buffer. These results
enabled us to compare the effects on ATPase activity
of low pH created by organic acids or strong acids.
The antimicrobial activity of short chain weak acids
at low pH relies not only on the high concentration of
protons around the cell but also on the anion trapping
which leads to additional acidification of the cytosol.

In the present work we compare the effects of
strong acids (HCl or H,SO,) and short chain weak
acids (succinic and acetic), in the activity of yeast
plasma membrane ATPase at an extracellular pH
value of 3.5. To investigate the role of plasma mem-
brane ATPase activity in pH homeostasis, the values
of internal pH (cytosolic and vacuolar) of yeast cells
exposed to low pH (3.5) created by HCl or acetic
acid, in the absence or presence of glucose, were
compared by using in vivo *P-NMR. This is a

powerful technique with the unique capability of
measuring pH of different intracellular compartments,
such as, the cytosol and the vacuole [20,21]. The role
of plasma membrane H*-ATPase and of the vacuole
in pH homeostasis is discussed based on the results
obtained.

2. Materials and methods
2.1. Srains

Saccharomyces cerevisiae YPH499 (Mat a, ade2-
101°""® |eu2-D1 his3-D200 ura3-52 trpl-D1 lys2-
8012™*") studied by Viegas et a. [9,11] and Monteiro
et al. [6] was used in this work.

2.2. Growth media and culture conditions

Cells were batch cultured at 30°C with orbital
agitation (150 rpm) in 250-ml Erlenmeyer flasks with
150 ml of liquid medium (pH 5.0) containing 30 g
|=! glucose, 6.7 g |! Yeast Nitrogen Base (w/0
amino acids) (Difco), 40 mg | ! L-adenine, 20 mg
|~ uracil and a mixture of amino acids [9]. Media
were inoculated with cells (initial Agy, = 0.2 + 0.02)
pregrown until mid-exponential phase ( Agyy = 1.6 +
0.1) in the same growth medium. Growth was moni-
tored by measuring culture A at 600 nm.

2.3. Assay of plasma membrane ATPase activity in
cells subjected to external acidification

Yeast cells were harvested at Agy, = 1.7 + 0.1 by
centrifugation, washed twice with distilled water and
resuspended at Ag,, = 40 (equivalent to 19 mg dry
biomass/ml) in 0.1 M Mes adjusted to pH 6.5 with
Tris (2.5 M) and incubated with agitation at 30°C for
30 min in order to reverse glucose-activation [2].
Cells were then washed, centrifuged and resuspended
a the same optical density in the following media,
supplemented or not with 0.1 M glucose: (1) 0.1 M
Mes adjusted to pH 6.5 with Tris; (2) 0.1 M Mes, 50
mM succinic acid adjusted to pH 3.5 with Tris; (3)
0.1 M Mes, 41 mM Tris adjusted to pH 3.5 with HCI
or H,S0,. Samples of 2 ml were taken at suitable
times during 30 min of incubation at 30°C in the
different media; after addition of Tris, EDTA and
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dithiothreitol to the final concentrations of 100, 5 and
2 mM, each sample was rapidly frozen at — 70°C and
kept at this temperature until used for the preparation
of total plasma membrane suspensions. In other ex-
periments, cells were incubated for only 10 min in
0.1 M Mes media, adjusted to pH 3.5 with Tris (2.5
M) and containing increasing concentrations of suc-
cinic acid, acetic acid or citric acid (range 25-100
mM), and 2-ml samples were taken and treated in a
similar way.

Total membrane or plasma membrane suspensions
for the assay of ATPase were obtained as described
by Viegas et al. [11] or Monteiro et al. [6], respec-
tively. Protein concentration in the membrane suspen-
sions was determined by the method of Bradford,
using bovine serum abumin fraction V (Sigma) as
standard. Plasma membrane ATPase was assayed as
described by Rosa and Sa-Correia [7] and the activity
expressed as nmol of Pi released per minute (mU) per
mg of membrane protein used in the assay.

2.4. Determination of cytosolic and vacuolar pH by
using in vivo *P-NMR in cells subjected to external
acidification

For the NMR experiments, yeast cells were grown
and harvested as described above for the ATPase
assays. Cells were washed twice, centrifuged and
resuspended in different media in order to obtain a
Agoo = 100. This high cell density was required due
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Fig. 1. Titration curves of S cerevisiae YPH499 cell free extracts
at 30°C. The chemical shifts of the ressonances due to the
terminal group of polyphosphate (®) and inorganic phosphate
(O) are plotted.
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Fig. 2. Effect of external acidification using succinic acid or HCI
on the plasma membrane ATPase activity of S cerevisiae
Y PH499. Cellswere harvested in the exponential phase of growth,
washed twice with water and incubated at 30°C with agitation for
30 min in 0.1 M Mes-Tris (pH 6.5) to eliminate glucose activa
tion and then resuspended at the same cell concentration and
incubated for further period of 30 min in: 0.1 M Mes-Tris (pH
6.5 (m); 0.1 M Mes-TrissHCI (pH 3.5) (hatched); 0.1 M Mes,
50 mM succinic acid-Tris (pH 3.5) (0O); supplemented (b) or not
(a) with 0.1 M of glucose. Results are representative of the many
experiments carried out.

to the intrinsic insensitivity of **P-NMR. Different
media with the following composition, supplemented
or not with glucose (0.1 M), were used: (1) 0.1 M
Mes adjusted to pH 6.5 with Tris; (2) 0.1 M Mes, 50
mM acetic acid adjusted to pH 3.5 with Tris; and (3)
0.1 M Mes, 41 mM Tris adjusted to pH 3.5 with HCI.
Acquisition of NMR spectra was started immediately
after cells resuspension. Spectra were acquired con-
secutively over about 15 min.

To follow the time course of the strong change in
intracellular pH upon addition of acetic acid at an
external pH of 3.5, cells were washed in 0.1 M Mes,
41 mM Tris adjusted to pH 3.5 with HCI, and
resuspended in the same medium. Following the ac-
quisition of the initial spectrum, 83 ml of glacial
acetic acid were added to the NMR tube and spectra
were acquired afterwards consecutively.
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Fig. 3. Effects of increasing concentrations of succinic acid (O),
or acetic acid () on the activity of plasma membrane ATPase
after 10 min incubation of yeast cellsin media0.1 M Mes-Tris at
pH 3.5 supplemented or not with these organic acids.

The cytosolic pH (pH ) and the vacuolar pH (pH )
of cell suspensions were measured by using **P-NMR.
$'P_NMR spectra were acquired at 202.46 MHz in a
Bruker AMX500 spectrometer in a 10-mm quadruple

nuclei probehead (3'P, **C, *°N, *H). The following
acquisition parameters were typically used: spectral
width 20 kHz; pulse width 18 us (corresponding to a
70° flip angle); data size 16K; repetition delay 0.6 s;
number of scans 128. Deuterium oxide (5% v /v) was
added to provide a lock signal. During the experi-
ments, cell suspensions were mixed by using asimple
gas-lift apparatus [22]. The temperature of the sample
was kept at 30°C. Chemical shifts were referenced
with respect to external 85% H;PO,. Calibration
curves of the chemical shifts of the peaks assigned to
inorganic phosphate and the terminal phosphate
groups in polyphosphate were prepared using concen-
trated cell-free extracts (Fig. 1). Since the pool of
inorganic phosphate in the vacuole was very small in
these cells, and in many cases difficult to detect in
the short acquisition times used here, the values of
vacuolar pH were obtained from the chemical shifts
of the resonance due to the terminal groups in
polyphosphate. A parallel between the behaviour of
the resonances due to vacuolar inorganic phosphate
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T
-10

T T T
-15 -20 -25

Fig. 4. *P-NMR spectra of yeast cells suspensions. Cells were washed and suspended in (a) 0.1 M Mes-50 mM acetic acid-Tris (pH 3.5);
(b) 0.1 M Mes-Tris-HCI (pH 3.5); (c) 0.1 M Mes-Tris (pH 6.5); (d) 0.1 M Mes-Tris (pH 6.5) supplemented with 100 mM glucose. For
each sample, a series of consecutive spectra were started immediately after cell resuspension. The second spectrum in each series is
shown. Acquisition time of each spectrum, 1.5 min. Temperature 30°C. Resonances assignment: P, cytosolic inorganic phosphate; P,
vacuolar inorganic phosphate; PME, phosphomonoesters; tP, terminal groups in polyphosphate; poly-P, inner groups in polyphosphate;
ATP, nucleoside triphosphates. The values of cytosolic and vacuolar pH values were determined from the chemical shifts of the
resonances P,. and tP, respectively, and by using suitable calibration curves (Fig. 1).
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and the terminal groups of polyphosphate as a func-
tion of pH has been previously reported for S. cere-
visiae cells[20,23]. Below pH 4.5 the resonances due
to the terminal groups in polyphosphate were no
longer detected in cell extracts probably due to pre-
cipitation of polyphosphate, and therefore pH values
lower than 4.5 could not be determined.

3. Resaults

3.1. Effects of external acidification on plasma mem-
brane activity using strong or organic acids as the
acidulant

In contrast with the conclusions of Eraso and
Gancedo [3], who reported that medium acidification
at pH 3.5 led to in vivo activation of the ATPase, we
found that medium acidification with HCI (or H,SO,)
caused some inactivation of the ATPase (Fig. 2a and
results not shown). A rapid in vivo ATPase activation
occurred however at pH 3.5 in the presence of 50
mM succinic acid, used by Eraso and Gancedo [3] to
acidify the incubation medium (Fig. 2a). With cells
where the plasma membrane ATPase was activated
by glucose at pH 6.5, a further level of activation
occurred in medium acidified at pH 3.5 by succinic
acid but not HCl (Fig. 2b). Therefore, both the
glucose-activated and the basal forms of the plasma
membrane ATPase can be activated by succinic acid
a low pH. Like succinic acid, acetic acid aso in-
duced the activation of plasma membrane ATPase at
pH 3.5 with 50 mM of each organic acid giving
optimal activation under the experimental conditions
used (Fig. 3). A similar activation was observed
when plasma membranes prepared as reported by
Monteiro et al. [6] were used instead of total mem-
branes to assay plasma membrane ATPase (results
not shown).

3.2. Effects of external acidification by acetic acid or
HCI in yeast cytosolic and vacuolar pH

In order to investigate the role of plasma mem-
brane ATPase activation on pH homeostasis, the
interna pH (cytosolic, pH, and vacuolar, pH,) of
yeast cells incubated in mediaat pH 6.5 or a pH 3.5,
acidified either with HCl or acetic acid (50 mM)
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Fig. 5. Effects on the values of cytosolic (a, ¢) or vacuolar (b, d)
pH determined by using in vivo **P-NMR of yeast cells incuba-
tion (30°C) in: 0.1 M Mes-Tris(pH 6.5) (a ), 0.1 M Mes-Tris-HCI
(pH 3.5) (a) or 0.1 M Mes-50 mM acetic acid-Tris (pH 3.5) (O)
(aand b) and in these same media supplemented with 100 mM
glucose (c and d). The values of vacuolar pH of cells incubated
with 50 mM acetic acid at pH 3.5, either in presence or absence
of glucose dropped below 4.4.

were compared by using in vivo *P-NMR. Fig. 4
represents examples of S cerevisiae in vivo **P-NMR
spectra obtained in the different medium conditions
examined.

Despite plasma membrane ATPase activation by
acetic acid, the reduction of pH_ by externa acidifi-
cation was much more important when acetic acid
was used instead of HCI as the acidulant (Fig. 5a and
c). However, pH_ of cells incubated in acid media
(pH 3.5) exhibited higher values as the result of
glucose supplementation (Fig. 5¢), consistent with the
in vivo activation of plasma membrane ATPase by
glucose (Fig. 2b). After 10 min of incubation in
glucose supplemented as compared with unsupple-
mented acid media, pH, decreased to 6.9 instead of
6.2 when HCI was the acidulant and to 5.5 instead of
5.2 when acetic acid was used (Fig. 5a and c).
Interestingly, as incubation with acetic acid at pH 3.5
proceeds, pH. dightly increased accompanying
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plasma membrane ATPase activation during incuba-
tion with acetic acid (Fig. 2, Fig. 5a, ¢; and results
not shown). On the contrary, during incubation with
HCI at pH 3.5, pH,, slightly decreased (Fig. 5a and c)
which was associated with some loss of ATPase
activity observed during cells incubation under these
conditions (Fig. 2). In unstressed cells the vacuole
was maintained at a mildly acid pH (around 6) while
the cytoplasm was at about neutral pH (Fig. 5).
However, when pH . decreased due to external acid-
ification pH, accompanied pH, decrease (Fig. 5).
The pH,, was therefore more acid in cells incubated
in acid medium without glucose as compared with
cells incubated in glucose supplemented medium.
Values of pH, reached 5.5 during incubation with
HCI and dropped down to values below 4.5 in cells
incubated with acetic acid (Fig. 5 and Fig. 6). In

order to attempt to follow the abrupt drop in internal
pH, NMR experiments were also carried out with
cells washed in acetic acid-free medium at pH 3.5,
and a pulse of acetic acid was provided directly to the
cell suspension in the NMR tube. Upon acetic acid
addition, the values of cytosolic and vacuolar pH
decreased from 6.5 and 5.7 to 5.2 and 4.7, respec-
tively in 40 s (Fig. 6). The value of vacuolar pH
continued to decrease further with time, at least up to
4 min of incubation with acid, accompanying the
dight increase of cytosolic pH (Fig. 6).

4. Discussion

Microbial growth and surviva are influenced both
by the external concentration of hydrogen ions H*

pH

80s

40s

T

-40s

T
ppm 0 -5 -10

T T T
-15 -20 -25

Fig. 6. In vivo *"P-NMR spectra of a yeast cells suspension at pH 3.5. Cells were suspended in medium containing 0.1 M Mes-Tris-HCI
(pH 3.5) and two spectra were acquired. A pulse of acetic acid (50 mM final concentration; final external pH 3.5) was provided at time
zero as indicated by the arrow; spectra acquisition finished at the times indicated. The considerable shifts of resonances P, and tP denote
strong acidification of the cytosol and vacuole, respectively, induced by addition of acetic acid. The corresponding pH values (cytosolic
pH (a), vacuolar pH (a)) are plotted in the inset. Acquisition time of each spectrum 40 s. Symbols as in Fig. 4.
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and, at low pH, by the type and concentration of the
acidifying acids [19]. Where the acidulant is a strong
acid, its antimicrobial effect relies on the acid con-
centration providing a high concentration of protons
around the cell. The antimicrobial activity of weak
acids at low pH uses the effects of the undissociated
acid that may reach up to 90% of the total concentra-
tion depending on pH and pKa. Undissociated forms
of many weak acids are liposoluble and can stimulate
the passive influx of H* into the cell by increasing
the permeability of the plasma membrane [13]. The
dissociation in the cytoplasm (with a pH near neutral-
ity) of the permeant acid form, leads to an additional
acidification of the cell interior. Since, in generd,
weak acids are largely ineffective at pH values above
5.5 at which they are present as the non-liposoluble
anionic form, it is frequently difficult to separate the
direct effect of the presence of the antimicrobial form
and the stress caused by the low pH vaue itsdlf,
when external medium is acidified below the pKa
value. The ability of the cells to grow or maintain
viability at high external hydrogen ion concentration
reflect their capacity to maintain control over their
internal pH by excluding hydrogen ions. Many of S
cerevisiae mutants with mutations in the essential
PMA1 gene cannot grow either at low pH or in the
presence of weak acids [24], suggesting that the lower
plasma membrane ATPase activity of the pmal mu-
tants reduced the ability to pump protons from the
cell. A correlation was also established between yeast
tolerance to ethanol and the activity of plasma mem-
brane ATPase of cells grown in the presence of this
toxic metabolite [5].

Results reported in the present work show that the
rapid in vivo activation of yeast plasma membrane
H*-ATPase that have been attributed to medium
acidification from pH 6.5 to 3.5 [3] is not caused by
low pH itself but isinduced by succinic acid that was
used as the acidulant. A similar activation was ob-
served when comparable concentrations of acetic acid
were added to the medium acidified to pH 3.5 and
maximal activation was observed at 50 mM for both
succinic and acetic acid. Above the optimum value,
the negative effect of the excessive acidification of
the cytosol, below around pH 5, counteracted ATPase
activation. Plasma membrane ATPase stability de-
crease sharply at pH below 5.5 [25]. Plasma mem-
brane ATPase activation that has been analysed in the

present work and that was reported, for the first time,
by Eraso and Gancedo [3], was induced by rapid
incubation of yeast cells in acid media with optimal
concentrations of succinic or acetic acids. Succinic
acid- and acetic acid-induced ATPase activationswere
rapid (10 min) and could hardly be attributed to the
adaptive modification of the lipid environment of
ATPase that is known to occur in yeast cells grown
under stress as suggested by Alexandre et a. [18].
Besides the stimulatory effect of succinic acid on the
basal form of ATPase previously observed by Eraso
and Gancedo [3], the glucose-activated-ATPase was
additionally activated by succinic acid as similarly
reported for octanoic acid-induced activation [8]. The
activation of ATPase by glucose is thought to result
from a post-trangational modification of the enzyme
involving the carboxyl terminus of PMA1 ATPase,
an autoinhibitory domain. Its effect on ATPase activ-
ity is counteracted by modification of the enzyme,
triggered by glucose metabolism, presumably through
phosphorylation—dephosphorylation [14—17]. The ac-
tivation produced by acidification of the external
medium (pH 3.5, with succinic acid) occurs by a
mechanism different from that of the activation pro-
duced by glucose and other fermentable substrates as
suggested by the different characteristics of these two
activation processes. Activation by glucose is a re-
versible process that occurs through changesin V.,
affinity for ATP, optimum pH and K; for orthovana-
date of the enzyme [2]. The activation by acidifica-
tion is aso due to change in the V,, but without
modification of optimum pH, the process being irre-
versible [3]. However, deletion analysis and site di-
rected mutagenesis have shown that the ATPase regu-
latory domain implicated in the activation by glucose
aso controls activation by acidification [10]. Al-
though the mechanism underlying plasma membrane
ATPase activation in cells exposed to external acid-
ification with short-chain-organic acid remains ob-
scure at the present time, it is likely that this is
triggered by a decrease in the intracellular pH [3,10].
Based on results obtained during the present work,
maximal ATPase activity is observed in cells where
the cytosolic pH decreases to values around 5-5.5. It
is noteworthy that ATPase activation in cells grown
or exposed to long-chain fatty acids, highly solublein
membrane phospholipid, such as octanoic or decanoic
acids [8,9,18], can hardly be mainly attributed to cell
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acidification. In fact, for the very low concentrations
which induce activation, no significant decrease of
internal pH was detected [8,26].

The vacuole is an acidic organelle that is involved
in the degradation of intracellular macromolecules, in
the compartmentalization of metabolites and ions and
in pH homeostasis [27]. The role of vacuole in home-
ostasis of intracellular pH was previously suggested
by the observation that some yeast mutants that lack
a normal vacuole are pH-sensitive [27]. Results ob-
tained in this present work also indicate that the
vacuole plays an additional role in homeostasis of the
intracellular pH. In fact, vacuolar pH was maintained
at mildly acid pH (around 6) when the cytoplasm was
a neutral pH in unstressed cells. However, when
yeast cells were incubated at acid pH (pH 3.5),
particularly when acetic acid was used as the acidu-
lant, the vacuolar pH became strongly acid accompa-
nying the decrease of the cytosolic pH. The pH and
electrical potential differences across the vacuolar
membrane may be regulated through the interactions
of membrane potential-dependent cation channel,
chloride transport systems and the vacuolar H™-
ATPase (for a review, see Ref. [27]). The observed
regulation of ApH across vacuolar membrane may
therefore be regulated by the modulation of the vac-
uolar membrane potential by the alteration of its ion
conductivity or by the activation of vacuolar H™-
ATPase. This last hypothesis is, at the present time,
under investigation.

Acknowledgements

This work was supported by FEDER and JNICT,
Portugal (STRIDE and PRAXIS XXI Programmes,
grants: STRDA/C/BIO/387/92 and
PRAXIS/2/2.1/B10/20/94) and a Ph.D. scholar-
ship (BD /2061 ,/92-IF) to V.C.

References

[1] Goffeau, A. and Slayman, C.W. (1981) Biochim. Biophys.
Acta 639, 197-223.

[2] Serrano, R. (1983) FEBS Lett. 156, 11-14.

[3] Eraso, P. and Gancedo, C. (1987) FEBS Lett. 224, 187—-192.

[4] Serrano, R. (1988) Biochim. Biophys. Acta 947, 1-28.

[5] Rosa, M.F. and Sa-Correia, |. (1992) Enzyme Microb. Tech-
nol. 14, 23-27.

[6] Monteiro, G., Supply, P., Goffeau, A. and Sa-Correia, |I.
(1994) Yeast 10, 1439-1446.

[7] Rosa, M.F. and Sa-Correia, 1. (1991) Appl. Environ. Micro-
biol. 57, 830—-835.

[8] Viegas, C.A. and Sa-Correig, 1. (1991) J. Gen. Microbiol.
137, 45-51.

[9] Viegas, C.A., Supply, P., Capieaux, E., Van Dyck, L.,
Goffeau, A. and SaCorreia, |. (1994) Biochim. Biophys.
Acta 1217, 74-80.

[10] Benito, B., Portillo, F. and Lagunas, R. (1992) FEBS Lett.
300, 271-274.

[11] Viegas, C.A., Sebastido, P.B., Nunes, A.G. and Sa-Correia,
I. (1995) Appl. Environ. Microbiol. 61, 1904—1909.

[12] Cartwright, C.P., Juroszek, J-R., Beavan, M.J, Ruby,
F.M.S., De Morais, S.M.F. and Rose, A.H. (1986) J. Gen.
Microbiol. 132, 369-377.

[13] SaCorreia, I., Sagueiro, SP., Viegas, C.AA. and Novais,
JM. (1989) Y east 5 (Special Conference Issue), S123—-S127.

[14] Portillo, F. and Serrano, R. (1989) Eur. J. Biochem. 186,
501-507.

[15] Eraso, P. and Portillo, F. (1994) J. Biol. Chem. 269, 10393—
10399.

[16] Portillo, F., Larrinoa, |.F. and Serrano, R. (1989) FEBS
Lett. 247, 381-385.

[17] Serrano, R. and Portillo, F. (1990) Biochim. Biophys. Acta
1018, 195-199.

[18] Alexandre, H., Mathieu, B. and Charpentier, C. (1996)
Microbiol. 142, 469—475.

[19] Brown, M.H. and Booth, I.R. (1991) in Food Preservatives
(Russel, N.J. and Gould, G.W., eds.), pp. 22—-43, Blackie
and Son, Glasgow and London.

[20] Loureiro-Dias, M.C. and Santos, H. (1990) Arch. Microbiol.
153, 384—-391.

[21] Santos, H., Fareleira, P., LeGall, J. and Xavier, A.V. (1994)
Methods Enzymol. 243, 543-558.

[22] Santos, H. and Turner, D.L. (1986) J. Magn. Reson. 68,
345-349.

[23] Nicolay, K., Scheffers, W.A., Bruinenberg, P.M. and
Kaptein, R. (1982) Arch. Microbiol. 133, 83-89.

[24] Mc Cusker, JH., Perlin, D.S. and Haber, JE. (1987) Mal.
Cell Biol. 7, 4082—-4088.

[25] Viegas, C.A. and Sa-Correia, I. (1995) Enzyme Microb.
Technol. 17, 826—831.

[26] Carmelo, V., Bogaerts, P. and Sa-Correia, 1. (1996) Arch.
Microbiol. 166, 315-320.

[27] Klionsky, D.J., Herman, P.K. and Emr, S.D. (1990) Micro-
biol. Rev. 54, 266—292.



