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A specific effect of Cu2' eliciting selective changes in the permeability of intact Saccharomyces cerevisiae cells
is described. When 100 ,uM CuCl2 was added to a cell suspension in a buffer of low ionic strength, the
permeability barrier of the plasma membranes of the cells was lost within 2 min at 25°C. The release of amino
acids was partial, and the composition of the amino acids released was different from that of those retained in
the cells. Mostly glutamate was released, but arginine was mainly retained in the cells. Cellular K+ was
released rapidly after CuCI2 addition, but 30% of the total K+ was retained in the cells. These and other
observations suggested that Cu21 caused selective lesions of the permeability barrier of the plasma membrane
but did not affect the permeability of the vacuolar membrane. These selective changes were not induced by the
other divalent cations tested. A novel and simple method for differential extraction of vacuolar and cytosolic
amino acid pools by Cu2+ treatment was established. When Ca2+ was added to Cu2+-treated cells, a large
amount of Ca2+ was sequestered into vacuoles, with formation of an inclusion of a Ca2 -polyphosphate
complex in the vacuoles. Cu2+-treated cells also showed enhanced uptake of basic amino acids and
S-adenosylmethionine. The transport of these substrates showed saturable kinetics with low affinities, reflecting
the vacuolar transport process in situ. With Cu2+ treatment, selective leakage of K+ from the cytosolic
compartment appears to create a large concentration gradient of K+ across the vacuolar membrane and
generates an inside-negative membrane potential, which may provide a driving force of uptake of positively
charged substances into vacuoles. Cu2+ treatment provides a useful in situ method for investigating the
mechanisms of differential solute pool formation and specific transport phenomena across the vacuolar
membrane.

Some heavy metal cations, especially Hg2" and Cu2", are
known to be toxic to the cell. Passow and Rothstein (13)
reported that in yeast cells, Hg2+ causes loss of cellular K+
with an all-or-none response and that Cu2+ induces partial
leakage of K+ from the cells. Of interest is the effect of
Cu2+, which is toxic at high concentrations but is essential at
lower concentrations for various oxidase reactions and is
accumulated by a specific, energy-dependent transport sys-
tem (15). The primary sites for the toxic effects of Hg2+ and
Cu2+ seem to be on the membranes, but the specific targets
of these two most toxic ions have not yet been elucidated
biochemically.

In this paper, we report evidence that Cu2+ causes a
selective change in the permeability barriers of membranes
of yeast cells. At low concentrations, Cu2+ causes a loss of
the barrier function for ions and metabolites of the plasma
membrane but not of the vacuolar membrane.

Vacuoles are important in maintaining the ionic and os-
motic environments of the cytoplasm in fungi and plant cells.
In vitro studies using purified vacuolar membrane vesicles
revealed that the vacuolar membrane has an H+-translo-
cating ATPase (7, 19) and facilitates active transport of Ca2+
(11) and amino acids by a mechanism of substrate/nH+
antiport (10, 16, 17). By virtue of the selective toxic effect of
Cu2+ on the plasma membrane, in situ vacuolar functions
can be examined in Cu2+-treated cells.

This paper describes the nature of changes induced by
Cu2+ in the permeability barrier of the yeast plasma mem-
brane and the properties of the in situ vacuolar functions that
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could be elicited in selectively permeabilized cells by appro-
priate treatment with Cu2+.

MATERIALS AND METHODS

Strains and culture conditions. The haploid strain of Sac-
charomyces cerevisiae, X2180-1A, from the Yeast Genetic
Stock Center, Berkeley, Calif., mainly was used. Various
regulatory mutants of phosphatases [YAT647 pho8l(Con),
YAT655 pho8O, W764-C pho85] were generous gifts from A.
Toh-e, Hiroshima University, Japan. Cells were grown in
YEPD medium containing 1% yeast extract (Difco Labora-
tories, Detroit, Mich.), 2% polypeptone (Daigo-eiyo, Sai-
tama, Japan), and 2% glucose or YNBD medium containing
0.67% yeast nitrogen base (Difco) and 2% glucose (with
amino acids when indicated) at 30°C with shaking.

Chemicals. 14C-labeled compounds and 45CaC12 were pur-
chased from Amersham Corp., Arlington Heights, Ill. Their
specific activities (mCi/mmol) were as follows: [U-
14C]arginine, 336; [U-14C]lysine, 330; [U-14C]glutamate, 285;
S-adenosyl-L-carboxy-[14C]methionine, 59.5; tetra[U-14C]
phenylphosphonium bromide, 31.4; and 45CaC12, 608. Gra-
micidin S, cycloheximide, carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), poly-L-lysine, and cytochrome c
were obtained from Sigma Chemical Co., St. Louis, Mo.
DEAE-dextran was obtained from Pharmacia Fine Chemi-
cals, Piscataway, N.J. The other chemicals used were com-
mercial products of analytical grade.
Standard procedure for differential extractions of cytosolic

and vacuolar amino acid pools. Cells (3 x 108) were harvested
and washed twice with distilled water. They were then
suspended in 1.5 ml of 2.5 mM potassium phosphate buffer
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(pH 6.0) containing 0.6 M sorbitol, 10 mM glucose, and 0.2
mM CuCl2. After incubation for 10 min at 30°C, 1.0 ml of the
cell suspension was filtered on a membrane filter (pore size,
0.45 ptm; Sartorius) and washed four times with 0.5 ml of the
solution described above but without glucose or CuCl2. The
filtrates were combined (3.0 ml) and used as the cytosolic
extract. The cells retained on the filter were suspended in 3.0
ml of distilled water and boiled for 15 min. The suspension
was centrifuged for 3 min at 5,000 rpm, and the supernatant
was collected as the vacuolar extract.

Assays of Ca2+ and amino acid uptakes by intact cells.
Exponentially growing cells were harvested, washed twice
with distilled water, and suspended in buffer A (10 mM MES
[morpholinoethanesulfonic acid]-Tris [pH 6.4], 2 mM MgCl2,
25 mM KCI) or in distilled water at a cell density of 1.5 x
108/ml. At zero time, 1.0 ,ICi of 45CaCl2 or "4C-labeled amino
acid per ml was added and incubation at 30°C was started.
Samples (100 pAl) were withdrawn and diluted with 3 ml of
ice-cold buffer A. The mixture was promptly filtered with a
membrane filter. The cells on the filter were washed three
times with 5 ml of buffer A, and the radioactivity was
measured in a toluene base scintillator in an LS-9000 liquid
scintillation counter (Beckman Instruments, Inc., Fullerton,
Calif.).

Assays of Ca2+, amino acid, and tetraphenylphosphonium
ion (TPP+) uptakes by Cu2+-treated cells. Exponentially
growing cells were harvested, washed twice with distilled
water, and suspended in buffer B (20 mM MES-Tris [pH
6.0], 0.6 M sorbitol) at a cell density of 1.5 x 108/ml. Cells
were treated with 100 jiM CuCl2 for 15 min, washed with the
same buffer, and resuspended at a cell density of 1.5 x
109/ml in this buffer on ice. Immediately before the assay,
the cell suspension was diluted 10-fold with the same buffer
and labeled substrate was added. For measurement of Ca2+
or amino acid uptake, samples (100 ,ul) were withdrawn,
diluted with 3 ml of ice-cold buffer B, promptly collected on
a membrane filter, and washed three times with 5 ml of buffer
B. TPP+ was assayed by the method of de la Penia et al. (2)
by using a glass fiber filter (GF/C; Whatman, Inc., Clifton,
N.J.).
Other analytical procedures. The potassium content of

cells was determined by using a 370 atomic absorption
spectrophotometer (The Perkin-Elmer Corp., Norwalk,
Conn.). Amounts of amino acids were measured by a nin-
hydrin method (23). The composition of amino acids in cell
extracts was analyzed with a Hitachi 835 amino acid ana-
lyzer. The K+ concentrations of sample solutions were
recorded with a K+ ion electrode F2312K (Radiometer,
Copenhagen, Denmark). Protein content was determined by
the method ofLowry et al. (8), with bovine serum albumin as
a standard.

RESULTS

Morphological changes induced by Cu2+ treatment. S.
cerevisiae X2180-1A cells suspended in buffer A were incu-
bated at 25°C with 30 ,uM CuCl2. Within 10 min, distinct
morphological changes of almost all the cells were detectable
by light microscopy. The cytosol of each cell became refrac-
tive, and the central vacuole in each cell became swollen and
more clearly visible. The cells then began to shrink. The
packed cell volume, determined in a hematocrit tube, de-
creased during incubation for 30 min to 77% of that of
untreated cells.

Consistent with these observations, the turbidity of the
cell suspension increased with Cu2+ treatment. When the
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FIG. 1. Release of nucleotides induced by CU2+ treatment. (a)

Washed cells were suspended in distilled water at 1.5 x 10' cells per
ml. To samples of cell suspension, 100 ,uM CUCl2 (O) or 0.1 mg of
DEAE-dextran per ml (A) was added. At the indicated times, 2-ml
samples were withdrawn and filtered on a membrane filter and the
A260 of the filtrates was measured. (b) Cells were suspended in buffer
A instead of distilled water and treated with 100.2M CUCI2 or 0.1 mg
of DEAE-dextran per ml. Symbol:i, control.

cell suspension in distilled water was incubated with 30cllM
CulTo2 the optical density increased sigmoidally after a lag of
1 min and reached a plateau in 3 min. The rate and extent of
increase in the optical density depended on the CuCf2
concentration, and the plateau level of increase observed
with more than 30 mlM CUCy2 was 25t more than the initial
value. When a cell suspension in buffer A was treated
similarly, the same extent of turbidity increase was ob-
served, but the lag time was longer and about three times
more CuCl2 (100 ,uM) was required (data not shown). In
general, cells suspended in distilled water were more sensi-
tive to Cu2+ than cells suspended in buffer A and showed
about 20% of the turbidity change even with 1 ,uM CuCl2.
Among the other divalent cations tested, only Hg2+ elic-

ited slow and gradual turbidity changes. Zn2+ had no effect.
LaCl3 was a potent inhibitor of the effect of Cu2+ on cell
shape and turbidity (data not shown).

Release of ions and metabolites from cells. Cu2+ treatment
appeared to cause loss of the barrier function of the plasma
membrane, because it resulted in significant leakage of
low-molecular-weight substances from the cells. DEAE-
dextran is known to permeabilize the yeast plasma mem-
brane (6), but with wild-type cells, treatment with 0.1 mg of
DEAE-dextran per ml caused only slow leakage of nucleo-
tides and required longer incubation than with 100 ,uM
CuCl2. Moreover, DEAE-dextran had no effect on cells in
buffer A (Fig. lb). For unknown reasons, total A260 release
from the cells on treatment with 100 ,uM CuCl2 was 1.8 times
higher in buffer A than in distilled water (Fig. la).
Upon incubation with 100 I'M CuC12, the time course of

leakage of amino acids from the cells was similar to that of
nucleotides (Fig. 1). However, leakage of amino acids was
never complete, and 50 to 70% of the amino acids always
remained in Cu2+-treated cells. Furthermore, the composi-
tions of amino acids in the supernatant and that in the cells
were entirely different: arginine mainly remained in the cells,
while glutamate was almost completely released from the
cells. Since arginine is a vacuolar constituent while gluta-
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FIG. 2. Release of K+ induced by Cu2+ treatment. (a) K+ release
from cells was monitored with a K+ selective electrode at 25°C.
Cells suspended in distilled water at 1.5 x 108/ml were treated with
100 F±M ZnCl2 or 100 p,M CuC12. Arrow, Time of CuC12 addition. (b)
Extent of K+ release by Cu2+ or gramicidin S treatment. Cells
suspended in 10 mM MES-Tris (pH 6.0)-0.6 M sorbitol (buffer B) at
a density of 1.5 x 108 cells per ml were treated with a final
concentration of 100 ,uM CuC12 (0) or 10 ,ug of gramicidin S (0) per
ml at 30°C. At the indicated times, 1-ml samples were withdrawn
and immediately filtered on a membrane filter. The filter was washed
twice with 3 ml of buffer B, and then the cells on the filter were
suspended in 3 ml of distilled water. The cell suspensions were
diluted appropriately with distilled water, and their K+ contents
were measured in an atomic absorption spectrophotometer.

mate is present only in the cytoplasm (21, 22), these findings
strongly suggested that Cu2+ treatment did not affect the
barrier function of the vacuoles.
The leakage of K+ from Cu2+-treated cells was measured

directly with a K+-specific electrode (Fig. 2a). K+ was
released immediately after the addition of 100 ,uM CuCl2,
and it was the earliest detectable event, but again, K+
release was not complete. ZnC12 (100 ,uM) had no effect on
K+ release. Gramicidin S (10 ,ug/ml) caused prompt and
complete loss of cellular K+, but about 30% of the total K+
remained in the cells after treatment with 100 I'M CuCl2
(Fig. 2b). No protein or nucleic acids were detected in the
supernatant after incubation with 100 ,uM CuCl2 even after
30 min.

All these results indicated that Cu2+ causes loss of the
barrier function of the plasma membrane but not of the
intracellular organelle membranes or, at least, the vacuolar
membrane.
Mode of action of Cu2+ on yeast cells. The morphological

and turbidity changes were associated with leakages of ions
and metabolites and were induced specifically by Cu2+.
Other divalent cations tested, such as Zn2+, Co2+, Ni2+,
Mn2+, Fe2+, and Sn2+ had no effects, although Hg2+ caused
a slow increase of turbidity with no leakage of amino acids or
nucleotides. The presence of an isotonic concentration of
sorbitol or mannitol did not influence either reaction much,
but the presence of monovalent cations, especially K+,
slowed down the whole process. The turbidity increase and
nucleotide release showed similar pH dependence: the ef-
fects of Cu2+ were most rapid and had the shortest lag period
at pH 6.0, and neither reaction proceeded at low tempera-
tures (0 to 4°C). In the presence of 250 mM KCl, no turbidity
change was observed even with 1 mM CuCl2. The change in
turbidity was also not observed with the presence of the
protonophore uncouplers carbonyl cyanide m-chlorophenyl-

hydrazone (0.1 mM) and 2,4-dinitrophenol (0.2 mM). These
results suggested that the specific lesion induced by Cu2+
requires an energized state of target cells or a membrane
potential imposed across the plasma membrane.
LaCl3 (10 ,uM) protected the cells from the effect of Cu2+

(data not shown), and when LaCl3 was added during the
turbidity change, it promptly blocked further increase in
turbidity. These facts suggested that for induction of turbid-
ity change, Cu2+ must be taken up by cells via an energy-
dependent transport system which is probably sensitive to
LaCl3 and that loss of the barrier function of the plasma
membrane occurs when the concentration of Cu2+ within the
cells reaches some critical value. The prompt cessation of
turbidity increase on addition of LaCl3 suggested that this
change took place in each single cell instantaneously and in
an all-or-none manner.

Differential determination of the vacuolar and cytosolic
amino acid pools. All the results described above strongly
suggest that Cu2+ treatment provides a novel method for
determination of cytosolic and vacuolar constituents. For
selective extractions of the two pools, it was essential to
determine the conditions in which the plasma membrane was
permeabilized completely while the vacuolar membrane
remained intact. By changing various parameters, standard
conditions were established. For this purpose, we used
mainly cells grown in YNBD medium supplemented with 10
mM arginine; arginine and glutamate were used as markers
of vacuolar and cytosolic amino acids, respectively. The
parameters were as follows. (i) Temperature. The turbidity
change and release of amino acids did not proceed at low
temperatures (0 to 4°C), so the temperature was set at 30°C.
(ii) pH and buffer system. The action of Cu2+ on yeast cells
was pH dependent; the stability of the vacuolar membrane
also depended on the pH value. The effects of Cu2+ treat-
ment did not depend on the buffer system. Besides, several
buffers which chelate Cu2+ were of no use. Since MES-Tris
buffer disturbs the ninhydrin reaction of amino acid analysis,
potassium phosphate was chosen. The rate of amino acid
liberation from the cytosolic pool was fastest at pH 6.0 and
reached a plateau after incubation for 10 min at 30°C. Under
these conditions, as much as 90% of the total glutamate was
extracted with less than 6% of the total arginine. At lower or
higher pH values, the amounts of glutamate and total amino
acids extracted in the cytosolic fraction were reduced. With
10 or 2.5 mM potassium phosphate (pH 6.0), cytosolic pools
of almost the same composition were obtained, but a longer
incubation period was required with the former. In distilled
water alone, the cytosolic extract contained a significant
amount of arginine, probably due to some lesion of the
vacuolar membranes. The presence of 0.6 M sorbitol stabi-
lized the steady level of the extraction. Therefore, we chose
2.5 mM potassium phosphate buffer (pH 6.0)-0.6 M sorbitol
as the standard extraction medium. (iii) Time course of
extraction. Figure 3 shows the time course of extractions of
the cytosolic and vacuolar pools with the standard extraction
medium containing 0.2 mM CuCl2. When cells were grown in
YNBD medium supplemented with 10 mM arginine, the
vacuolar amino acid pool, including arginine, was greatly
increased. About 30% of the total amino acids were recov-
ered as a cytosolic pool fraction after 10 min of incubation
(Fig. 3). Differential extraction of both amino acid pools was
achieved, as judged from the time courses of extraction of
glutamate, aspartate, and arginine. (iv) Effect of Cu2+ con-
centration. Under the standard conditions with extraction
for 10 min at 30°C, 0.2 mM CuCl2 was sufficient for separa-
tion of the two pools of cells grown in YNBD medium, while
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FIG. 3. Time courses of release of amino acids with Cu2"
treatment. X2180-1A cells grown in YEPD medium (A) or YNBD
medium supplemented with 10 mM arginine (B) were treated with
0.2 mM CuCl2 for the indicated times, and released amino acids
were analyzed with an amino acid analyzer. Releases of total amino
acids (0), aspartate (X), glutamate (A), and arginine (0) are shown
as percentages of those in the total cellular pool.

0.1 mM CuCl2 was sufficient when cells were grown in
YEPD medium (Fig. 4). (v) Effect of glucose. Cells in the
stationary phase of growth seemed to acquire resistance to
Cu2+ treatment, and the addition of 10 mM glucose was
effective for quantitative separation of the pools. No change
in extraction efficiency or amino acid distribution in the two
pools of cells in the logarithmic phase was observed with the
addition of 10 mM glucose. Therefore, 10 mM glucose was
routinely included in the standard extraction medium to
assure wide applicability of the methods.
Under the standard conditions described in Materials and

Methods, Cu2+ treatment caused selective loss of the per-
meability barrier of the plasma membrane of almost all the
cells (>98%), as judged by neutral red staining of the cells.
Ca2' accumulation induced by Cu21 treatment. The vacuo-

lar membrane has a specific Ca2+/H+ antiport system, and
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FIG. 4. Effect of Cu2+ concentration on differential extraction.

X2180-1A cells grown in YNBD medium supplemented with 10 mM
arginine were treated with CuCl2 at the indicated concentrations for
10 min.
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FIG. 5. Ca2+ uptake induced by Cu2+ treatment. Cells (1.0 ml,
1.5 x 108/ml in 10 mM MES-Tris [pH 6.4]) were treated with various
concentrations of CuCl2 or 100 ,uM HgCl2 in the presence of 1 ,uCi
of 45CaC12 (20 mCi/mmol). Uptake of Ca24 was measured as
described in Materials and Methods. The final concentration of
CuCl2 added was 3 (0), 10 (A), 30 (0), 100 (D), or 300 (A) ,uM. The
final concentration of HgCl2 added was 100 F.M (V).

vacuoles may function as a regulatory pool for Ca24 in yeast
cells (11). We examined the effect of Cu2+ treatment on
induction of Ca2+ uptake. Large amounts of Ca2+ were
sequestered in the cells, with the amount depending on the
amount of Cu2+ added. With 100 ,uM CuCl2, Ca2+ seques-
tration started after a short lag period but was followed by
slow leakage of sequestered Ca2+ from the cells during
further incubation (Fig. 5). Light microscopic examination
showed that cells treated with 30 ,uM CuCl2 had one swollen
central vacuole per cell, while cells treated with 30 ,uM
CuCl2 in the presence of 0.5 mM CaCl2 had an inclusion
within the central vacuole (data not shown). This inclusion
may have been a Ca24 polyphosphate complex for the
following reasons. (i) Polyphosphates are known to be
localized exclusively in the vacuoles of yeast cells (20). (ii)
Structures exactly the same as Ca2+ inclusions were formed
in vitro by mixing polyphosphates (average chain length,
>15) and CaCl2 solution. (iii) Much larger Ca24 inclusions
were seen in the vacuoles of mutant strains (pho8O, pho8l,
and pho85 strains) that contained larger amounts of poly-
phosphates. (iv) After phosphate starvation, the formation of
Ca2+ inclusions in these cells became negligible (data not
shown).

Effect of Cu2+ on amino acid uptake. We next examined
the effect of Cu2+ on vacuolar amino acid uptake activities in
Cu2+-treated cells. The uptake of arginine increased greatly
2 min after the addition of CuCl2 (Fig. 6). In contrast, uptake
of glutamate stopped and accumulated glutamate leaked out
completely in 10 min. These results were interpreted to mean
that the arginine taken up by intact cells becomes located
mainly in the vacuoles while the glutamate taken up stays in
the cytosol and that, therefore, the addition of Cu2+ selec-
tively impairs the barrier function of the plasma membrane
but not that of the vacuolar membrane.
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treated cells showed saturable kinetics: the K, values for
a _0 bCa2", arginine, and SAM were determined to be 0.1, 0.7,
,oS /̂and 0.5 mM, respectively. These values were quite different0~*

2 P _ / from the K, values of transport by intact cells, which were 10
2 o C ,uM for arginine (5) and 3.3 ,uM for SAM (9) but similar to

E 1CUCI2 those of the amino acid/H+ antiport systems of the vacuolar
c membrane, which were 0.1 mM for Ca2" and 0.6 mM for

arginine (16). The uptake of Ca2" and arginine by Cu2+-
treated cells was insensitive to the protonophore uncouplers

1 , : y \ SF6847, CCCP, and 2,4-dinitrophenol. Valinomycin slightly
CUC12 0.1 stimulated Ca2+ uptake.

100-iM I' E Mechanisms of uptake of Ca2+ and basic amino acids
X/\ induced by Cu2+ treatment. After Cu2+ treatment, cytosolic

K+ was rapidly released but vacuolar K+ remained rather
.-o stable, possibly resulting in the formation of a large concen-

0 10 20 0 10 20 tration gradient of K+ across the vacuolar membrane and
causing the formation of a diffusion potential of K+ (inside

Time (min ) negative). To investigate this possibility, we examined the
G. 6. Effect of Cu2+ on arginine and glutamate uptake by uptake of the membrane permeable cation TPP+ by Cu2+-
t cells. Cells suspended in buffer A supplemented with 10 ,ug of treated cells. TPP+ uptake was greatly enhanced by Cu2+
)heximide per ml were mixed with 1.0 ,Ci of ['4C]arginine (10 treatment, and the enhanced uptake activity was reduced in
mmol) (a) or [14C]glutamate (10 mCi/mmol) (b) per ml. Samples the presence of KCI (data not shown). This large membrane
withdrawn and filtered. At 10 min, 0.7 ml of each reaction potential indicated by the accumulation ratio (170 mV; inside

are was transferred to a tube and 100 ,uM CUC12 was added. negative) may be part of the driving force of in situ vacuolar
,ols: 0, control; 0, CUC12, added.

transport activities for Ca2, arginine, lysine, and SAM in
Cu2'-treated cells. The pH dependence of the vacuolar

ie Ca2+ transport activity of cells pretreated with 100 activities of histidine and arginine uptake in situ was studied
CuCl2 was enhanced even after the cells were washed, by using 25 mM MES-Tris buffer. Histidine uptake activity
pugh their steady level of uptake was about half that by was maximal at pH values below 6.0, while arginine uptake
,treated with Cu2+ in the presence of Ca2` (data not activity was high at pH values above 6.6 (data not shown).
vn). The uptake activities of arginine, lysine, histidine, Efflux of the [14Clarginine accumulated in Cu2+-treated cells
S-adenosylmethionine (SAM) were also enhanced after was observed when KCl was added to the reaction mixture
- treatment, especially when assayed with high concen- (Fig. 7a). Moreover, the K+ content in Cu2+-treated cells
rns of substrates (data not shown). These uptake reac- decreased when Ca2+ or arginine was added to the reaction
were temperature dependent, and no accumulation was mixture, but the addition of leucine had no effect on the
rved at 0°C. Furthermore, these reactions by Cu2+- content of K+ (Fig. 7b). These results suggested that a K+
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FIG. 7. Efflux of [14C]arginine from Cu2+-treated cells induced by KCl (a) and efflux of K+ from Cu2+-treated cells induced by CaC12 or
arginine (b). (a) Cu2+-treated cells (1.5 x 108/ml) in buffer B were prepared. [14C]arginine was added, and the uptake reaction was measured.
At 6 min, 0.3 M KCI (O), 0.1 M KCI (A), or 0.1 M KCI (0) was introduced and ['4C]arginine efflux from the cells was measured. (b) To
Cu2+-treated cells resuspended in the original volume of buffer B, 1 mM CaCl2 (0), arginine (A), or leucine (0) was added. At the indicated
times, 1-ml samples were withdrawn and promptly filtered and the filters were washed twice with 3 ml of buffer B. Cells on the filter were
resuspended in 3 ml of distilled water, and the K+ contents of the suspensions were determined by atomic absorption spectroscopy.
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channel or a cation-exchange transport system in the vacuo-

lar membrane, whose functions are dependent on and regu-

lated by a membrane potential, may have an essential role in
vacuolar pool formation.

DISCUSSION

This paper reports evidence that Cu2" has a specific action
on yeast cells. At low concentrations, Cu2+ makes the
plasma membrane permeable and causes the selective re-

lease of ions and low-molecular-weight substances from the
cytosolic compartment. This selective event, or Cu2+
method, is a simple and reliable method for separating the
cytosolic and vacuolar pools of ions and metabolites.
Passow and Rothstein (13) demonstrated that Hg2+ caused

leakages of K+ and anions from yeast cells. We examined
this effect and found that Hg2+ did not induce either rapid
turbidity increase or leakage of metabolites. Moreover,
Hg2+ inhibited the rapid release of nucleotides from Cu2+-
treated cells. Gramicidin S induced complete loss of cellular
K+ but with no change in turbidity. Thus, the integrity of the
vacuolar membrane during selective modification of the
plasma membrane barrier by Cu2+ may be important in
inducing turbidity change.
We also examined the effects of various cell surface-acting

reagents (24) in the specific release of low-molecular-weight
substances from the cytosolic compartment and in the mod-
ification of Ca2+ uptake activity. Cytochrome c, DEAE-
dextran, and polylysine required restricted conditions to
release amino acids from the cytosol and did not work on

stationary-phase cells. DEAE-dextran enhanced Ca2+ up-

take activity but in more restricted conditions. For instance,
DEAE-dextran had no effect on the activity in the solution
containing salts such as Mg2+ or K+ and had no effect on

stationary-phase cells. The effect of nystatin was partial. In
contrast with these chemicals, Cu2+ appeared to exert a

selective effect on the plasma membrane barrier in a buffer
containing salts. To determine the cytosolic pool, K+ in the
extraction buffer must minimize a redistribution of amino
acids into vacuoles. Therefore, Cu2+ treatment provides a

reliable and widely applicable method of differential extrac-
tion of ion and metabolite pools of yeast cells.
The mechanism of resistance to copper has been studied

extensively, and copper metallothionein has been shown to
be essential in the detoxification of Cu2+ (1, 4). The present
work was done mainly with a haploid strain of S. cerevisiae,
X2180-1A. This strain has a copper resistance marker,
CUP]. We have done experiments similar to those described
in the text, using various unrelated yeast strains, and have
found that all these strains showed essentially similar re-

sponses to Cu2+. It should be mentioned that X2180-1A cells
grown in YEPD medium supplemented with 0.5 mM CuCl2
acquired resistance to the standard Cu2+ treatment used in
this study. Consequently, we concluded that the CUP] gene

itself does not play an important role in exhibiting the effect
but that overproduction of metallothionein may raise the
threshold Cu2+ concentration required for lesion of the
plasma membrane barrier.
From the following results we concluded that Cu2+ caused

the selective permeability loss of the yeast plasma mem-

brane. (i) In Cu2+-treated cells, the transport systems for
Ca2+ and arginine in the vacuolar membrane functioned as
normally as standard vacuolar membrane vesicles in vitro
(10, 11), whereas the active glutamate transport system in
the plasma membrane was inhibited (Fig. 6). (ii) The extent
of in situ sequestration of Ca2+ and arginine by vacuoles in

Cu2+-treated cells depended on and were affected by the
concentration of KCI (Fig. 7), suggesting that the K+ chan-
nel in the vacuolar membrane (20a) remained normal and
regulated vacuolar transport functions. K+ is the most
abundant cation in most cells and is believed to play an
essential role in maintenance of an ionic or osmotic environ-
ment in the cytoplasm. By microprobe analysis, Roomnans
and Seveus (14) demonstrated an even distribution of K+
across the vacuolar membrane. Okorokov et al. (12) re-
ported a stable pool of 470 mM K+ in vacuoles, which
establishes an eightfold concentration gradient across the
vacuolar membrane. In the present paper, we showed that
perturbation of the cytosolic K+ content induced by Cu2+
treatment, although this was unphysiological, created a large
inside-negative membrane potential across the vacuolar
membrane. Schwencke and De Robichon-Szulmajster (18)
found that SAM uptake by isolated intact vacuoles did not
require any energy supply and was insensitive to azide or
2,4-dinitrophenol. These properties and kinetic parameters
obtained for SAM transport in vitro resemble those of SAM
transport in Cu2+-treated cells. Their observations can be
interpreted by supposing that when the intact vacuoles were
suspended in HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid) buffer containing 0.8 M sorbitol, an
inside-negative membrane potential across the vacuolar
membrane could easily be formed, as in Cu2+-treated cells,
and that the membrane potential imposed via a K+ channel
(20a) may drive active SAM uptake against a concentration
gradient. Similar phenomena of Ca2+ uptake by DEAE-
dextran treated cells were reported by Eilam et al. (3).
Cu2+-treated cells provide a simple and useful system for in
situ studies on intracellular compartmentation of solutes and
the active transport phenomena associated with intact va-
cuoles.
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