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Abstract. SubjectingSaccharomyces cerevisiaells to  1991). Both systems are relatively nonspecific and low-
a hypotonic downshift by transferring cells from YPD affinity. The primary function of the general divalent
medium containing 0.8 sorbitol to YPD medium with-  cation transporter may be to mediate Minflux into the
out sorbitol induces a transient rapid influx of Cand  cell, however, other divalent cations are also transported
other divalent cations into the cell. For cells grown in into the cell when present in the growth medium at rela-
YPD at 37°C, this hypotonic downshift increases’Ca tively high concentrations (0.01-10Mp The order of
accumulation 6.7-fold. Hypotonic downshift-induced affinity for general divalent cation transport (from great-
Ca* accumulation and steady-state?Caccumulation  est to least) is Mg, C&?*, Zn?*, Mn?*, Ni?*, C&" and
in isotonic YPD medium are differentially affected by SP*. At low concentrations (<lum), essential metals
dodecylamine and Mg. The C&™-influx pathway re- are transported into the cell by specific, high-affinity
sponsible for hypotonic-induced €ainflux may ac- transport systems (Mt Supek et al., 1996; Cii: Dan-
count for about 10-35% of Gaaccumulation by cells cis et al., 1994; Yuan et al., 1995; Zh Zhao & Eide,
growing in YPD. C&" influx is not required for cells to  1996; F&": Askwith et al., 1994; Stearman et al., 1996).
survive a hypotonic downshift. Hypotonic downshift Kung and coworkers, using a patch clamp, observed
greatly reduces the ability &. cerevisiagells to survive a 40 pS mechanosensitive channel that carrie$" Ca
a 5-min exposure to 10mCd** suggesting that mutants across theS. cerevisiaglasma membrane (Gustin et al.,
resistant to acute G exposure may help identify genes 1986; Saimi et al., 1988; Gustin, 1991). This was the
required for hypotonic downshift-induced divalent cation only plasma membrane channel observed to mediate
influx. Ca* influx, although the channel had low ion selectivity.
Application of pressure equivalent to that generated by a
3-mOsm gradient across the membrane is sufficient to
Mechanosensitive channel — Cadmium — Zinc — Do- activate the channel (Saimi et al., 1988). B_atiza, SchL_JIz
decylamine — Osmotic downshift — Hypotonic down- gnd Masson (1996) r_neasqred a hypo_tomc dovynsh|ft-
shift induced rise in cytosolic Gain S. cerevisiaeells using
AEQUORIN as a reporter.

Cc&" influx into cells may be part of a signaling
Introduction pathway initiated by increased membrane tension arising
from changes in the osmolarity of the medium or from
cell wall remodeling during growth (Kamada et al.,

The mechanisms by which €aenterS. cerevisiaeells . )
are not well understood. Two transport systems that me;ggs), The purpose of this study was to characterize the

diate divalent cation influx int&. cerevisiaeells have properties of C& influx induced by a hypotonic down-

been described: the “general divalent cation trans_shift and to address its role in regulating cellulafCa

porter” (Rothstein et al., 1958; Fuhrman & Rothstein,
1968; Borst-Pauwels, 1988) and the mechanosensitiv®aterials and Methods
channel (Gustin et al., 1986; Saimi et al., 1988; Gustin,
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_ Saccharomyces cerevisiaells (strain CuH3= Mata ura3-52 his4-
Correspondence toT. Beeler 619 were grown according to standard procedures (Sherman, Fink &
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Hicks, 1986) in YPD (1% yeast extract, 2% Bactopeptone, 2% dex- 16
trose) medium. YPD + 0.8 M sorbitol was prepared by diluting an
autoclaved 2x YPD solution with an autoclaved f.6orbitol solution. ‘g ) sl
MEASUREMENT OF *®Ca* ACCUMULATION BY S. é g s}
CEREVISIAECELLS UPON OsSMOTIC DOWNSHIFT N b
< O
Cells were resuspended or diluted (final concentratic® o 107 cells/ oz 4
ml) into the C&*-uptake media (which varied according to the experi- g
ment as described in the figure legends) containing 1 @C2ml 0 1 1 1
45Ce?*. At various times, 1-ml aliquots of the cells were Millipore 0 100 200 300
filtered. The filters were washed four times with 5-ml of ice-cold 20 Seconds
mm MgSQ,, and dried. The cell-associatéiCa?* was determined by
scintillation counting. 16 B P 10
E E 12 gg" 5 1
MEASUREMENT OF DIVALENT CATIONS BY THE ?‘ = §§
INDICATOR ARSENAZOII s ¥ 0 .
oo 8T ° oé%rbim:)(lgn 10
S. cerevisiaeells were grown in YPD + 0.8 sorbitol at 37°C to an N 3
ODsggonm Of @bout 1. The cells were washed twice by centrifugation 8 E
with 0.1m KCI, 10 mv HEPES (pH 7.0), 0.75 mn MgSO, containing £
0.8 ™ sorbitol and resuspended in the same solution to ag,ER of

50. Cells were diluted 50-fold into the KCI solution containing 100
arsenazo lll and 7pm of either C&*, SP*, Zn?*, Mn?*, or CE* with

0 100 200 300
or without 0.8Mm sorbitol. The arsenazo lll:divalent cation difference Seconds

absorbance was measured using an AMINCO DW500 dual wavelength . ) o

spectrophotometer with the wavelength pair set to either 685 nm—66(9- 1. Effect of osmotic gradient Gé uptake byS. cerevisiaeells.

nm (C&"), 700 nm-649 nm (&#), 567 nm—613 nm (Z#), 578 nm— (A) S. cerevisiaecells were grown in YPD at 37°C with\{,¥) and

611 nm (M?"), or 576 nm—603 nm (Cd). A calibration curve for without O,®) O.8M sorl_:ntol to an ORygnmOf apout 1. The cells were

each divalent cation was produced by titrating arsenazo Il with thecollected by centrifugation and resuspended in YPD at 26°C containing

appropriate divalent cation. 1 uCi #5C&* with (O,¥) and without @,V) 0.8 m sorbitol. Cell-
associated C4 was determined at the indicated times as described in
Materials and Methods.B) Same asA, except cells were grown at

Results 26°C instead of 37°C. Insert: Cells were grown at 26°C in YPD + 0.8
M sorbitol. C&* accumulation was measured upon transfer to YPD
containing the indicated sorbitol concentration.

HyYPOTONIC DOWNSHIFT INDUCES CALCIUM INFLUX INTO
S. CEREVISIAECELLS shift in the presence of 10 mMEGTA, a divalent cation
chelator, or 10 m CacCl, indicating that neither de-
During growth in 0.8v sorbitol, S. cerevisiagells in-  creased nor increased €anflux influences the ability
crease their intracellular osmolarity by inducing glycerol of cells to survive the hypotonic downshift in YPD me-
synthesis (Varela et al., 1992; Larsonn et al., 1993; Al-dium.
bertyn et al., 1994). Shifting cells grown in YPD con- Hypertonic upshift initiated by addition of 0.8
taining 0.8m sorbitol into YPD medium lacking sorbitol  sorbitol to cells in YPD decreases the cellulaCac-
(hypotonic downshift) is expected to increase membraneumulation rate by 45% as compared with cells main-
tension caused by water influx into the cells. Subjectingtained in YPD (Fig. 1).
S. cerevisiaecells to this hypotonic downshift induces Kovac (1985) has demonstrated that the rate 6f Ca
rapid C&* influx (6 nmol mg* min™) (Fig. 1A). The  accumulation byS. cerevisiaecells in YPD is propor-
Ca* concentration of YPD medium is about 0.3um tional to the C&" concentration in the range of 0.04 to
(Dunn, Gable & Beeler, 1994). Hypotonic downshift- 0.8 mu. The C&"* uptake rate is also proportional to the
induced C&" influx (measured at 26°C) for cells grown C&* concentration in the range of 1 to 50wnfFig. 2).
at 26°C is more transient than for cells grown at 37°ClIn contrast, hypotonic downshift-induced Tainflux
(Fig. 1B vs.1A). The rate of C& entry depends on the saturates at about 10MmC&™" (Fig. 2). Since C&' ac-
magnitude of the osmotic gradient (FigB insert). Hy-  cumulation byS. cerevisiaeells is dependent on vacu-
potonic downshift-induced G&influx is not observed in  olar sequestration of cytosolic €ainto a nonexchange-
the absence of glucose suggesting that this process able pool (Dunn et al., 1994), it is not known whether the
either energy-dependent or regulated by glucose. Nsaturation of C& accumulation is due to saturation of
loss of cell viability is observed upon hypotonic down- the plasma membrane or vacuolar transport systems.
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Fig. 2. Effect of C&" concentration on the rate of €ainflux. S.
cerevisiaecells were grown in YPD with¢,O) or without (@) 0.8m
sorbitol at 37°C to an ORy,,0f about 1. The cells were collected by
centrifugation and resuspended in YPD medium withG/ml 4°C&*
and the indicated G4 concentration with@) or without (V,®) 0.8 M
sorbitol. The C&" concentration of YPD without G4 supplementation
is about 0.3 mi. After a 1-min incubation, 1-ml aliquots were Millipore
filtered. The filters were washed four times with 5 ml of ice-cold 20 m
MgSQ,, and dried. The cell-associatéiCa?* was determined by scin-
tillation counting.

HypPoTONIC DOWNSHIFT-INDUCED CATION INFLUX HAS
Low IoN SELECTIVITY; HYPOTONIC DOWNSHIFT IN THE
PrRESENCE OFCADMIUM RESULTS IN INCREASED
CabMIUM TOXICITY

Hypotonic downshift-induced divalent cation influx has
low selectivity. A transient influx of $f, Zn®*, Mn?*
and Cd" as well as C#' is induced by hypotonic down-
shift (Fig. 3). ?°Na" influx was also stimulated by os-
motic downshift in a manner similar to that of €4data
not showi.

The large increase in Glinflux induced by hypo-
tonic downshift greatly increases €dtoxicity. Hypo-
tonic-induced C&" influx increased C#' toxicity about
tenfold (Fig. ). In the absence of a hypotonic down-
shift, half of the cells survived a 10-min exposure to 30
mm Cd?*. With a hypotonic downshift, only 2-m Cd?*
was required to kil half the cells. Enhancement oftd
toxicity by hypotonic downshift is blocked by 50nm
C&”* (Fig. 4A), and 25um dodecylamine (Fig. B). As
shown below, dodecylamine is an inhibitior of hypo-
tonic-induced C#&' influx. The apparent dependency of
Cd?" toxicity on hypotonic downshift-induced EHin-

flux suggests that isolation of mutants that are resistant t

acute exposure to high €t concentrations might be
useful in identifying genes required for hypotonic-
induced divalent cation influx.

ALKYLAMINES BLocK HYPOTONIC DOWNSHIFT-INDUCED
CATION INFLUX

The properties of hypotonic downshift-induced?Cin-
flux were compared to those of €ainflux by cells
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Fig. 3. Effect of an osmotic downshift on influx of ¢§ SP*, Zr?*,
Mn?*and Cd". S. cerevisiaeells were grown in YPD + 0.8 sorbitol

at 37°C to an Olgyo,,,0f @about 1. The cells were washed, concentrated
to an OQyponmOf 50, and diluted 50-fold into a KCI solution containing
arsenazo lll and the indicated divalent cation with (right) or without
(left) 0.8 m sorbitol. Divalent cation accumulation was measured by
monitoring the arsenazo lll:divalent cation difference absorbance as
described in Materials and Methods.

maintained in constant osmolarity. Gadolinium (1)
applied from the cytoplasmic side blocked the mechano-
sensitive channel (Gustin et al., 1988). Gadolinium (10—
100 uM) had no significant effect on cellular €aaccu-
mulation in YPD with or without a hypotonic downshift
(data not showhindicating that the mechanosensitive
channel may not mediate hypotonic downshift-induced
Ca*influx. However, it is also possible that gadolinium
does not block the mechanosensitive channel from the
extracellular side, or that the channels are less accessible
in intact yeast due to the cell wall. Gadolinium at con-
centrations greater than 0.1mmprecipitated in YPD.
Batiza, Schulz & Masson (1996) recently measured in-
creased cytosolic G& upon hypotonic shock using an
AEQUORIN calcium reporter system. In their studies,
10 mv gadolinium was used to block the hypotonic
ghock-induced C4 signal.

A variety of amphipathic cations were tested for
their ability to block hypotonic downshift-induced €a
accumulation. The most effective blockers were found
to be primary alkylamines (Fig.A. Alkylamines with
10 to 15 carbons block 75% of the hypotonic downshift-
induced C4" influx and 25% of C&" accumulation in
YPD without a hypotonic downshift (Fig.B. Under
the assay conditions, the alkylamines did not affect
cell viability. These results are consistent with 25 to
35% of the C&" transport in the absence of an osmotic
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Fig. 4. Effect of osmotic downshift on Cd toxicity. PanelA. S. cer-
evisiaecells were grown in YPD containing 0M8 sorbitol at 37°C to  Fig. 5. Inhibition of C&* accumulation by alkylaminesAJ Inhibition
an ODypo,m Of about 1. The cells were diluted to %Ml in YPD of Ca?* accumulation as a function of alkyl chain leng.cerevisiae
containing the indicated G8concentration with©) or without (V,l)  cells were grown in YPD containing 0.8 sorbitol at 37°C to an
0.8 M sorbitol. In one series, the dilution media also contained 0 m QDy,,,,,0f about 1. The cells were washed twice by centrifugation and
Ca* (W). After a 5-min incubation at 37°C, 1Qd aliquots were plated  resuspended in KCI solution to an @, of 50. To measure G4
onto YPD + 10 nm CaCl, agar plates to determine number of viable uptake, cells were diluted 50-fold into KCI solution containing 1 m
cells. ) Cells were grown as in pand, collected by centrifugation  C&* + 45C&* (1 wCi/ml) + the indicated alkylamine (2pm). After a
and resuspended to an @jgof 0.9 in YPD () or YPD containing B) 5-min incubation, 1-ml aliquots were filtered and processed for deter-
10 mv CdCl, (C) 25 pm dodecylamine, orf§) 10 nm CdCh, 25 um mination of cellular C&" accumulation (Materials and MethodsR) (
dodecylamine. After a 10-min incubation at 37°C, the cells were di- Inhibition of C&* accumulation as a function of the dodecylamine
luted 10,000-fold and 10Q aliquots were plated onto YPD/sorbitol  concentration. Cells were grown in YPD witk (O) or without (@) 0.8
agar plates to determine the number of viable cells. M sorbitol at 37°C to an ORy,m Of about 1. The cells were washed
twice by centrifugation and resuspended in KCI solution witf) énd
without (V,®) 0.8 m sorbitol, and C&" uptake was measured at the
downshift being mediated by the same transport sysindicated dodecylamine concentration as describedl. in
tem that mediates hypotonic downshift-induced Qa-
flux.
hypotonic downshift-induced G influx and C&" in-
flux in the absence of osmotic change similarly. By con-
trast M¢f*, Ni%*, and Mrf* have little influence on the
hypotonic downshift-induced accumulation.
Surprisingly, Cd* and Zrf* increase hypotonic
Numerous divalent cations have been shown to inhibitdownshift-induced C& accumulation 6- and 3-fold re-
Ca’* accumulation bySaccharomyces cerevisigBorst-  spectively while decreasing €aaccumulation in iso-
Pauwels, 1981). The effect of these divalent cations ononic conditions (Fig. 6). The enhancement ofCac-
C&* accumulation by cells maintained at constant oscumulation could be due to inhibition of &aefflux
molality was compared to their effect on hypotonic across the plasma membrane or to increaséd @fux.
downshift-induced C& accumulation. All divalent cat- Cd?* influx induced by a hypotonic downshift in the
ions tested (C¥, Zn**, Mg?*, SP*, C&®*, Mn**, Ni**,  presence of 1-m Cd* transiently (about 6 min.) in-
B&?*) decreased C4 accumulation by cells under iso- creases C& accumulation by cells even after restoring
tonic conditions. The effect of divalent cations on hy- high osmolarity (Fig. 7). The effect of ¢d on C&*
potonic downshift-induced C& accumulation is more uptake is apparently reversible, and the rate at which
complex (Fig. 6). St and B&" appear to affect both normal C&" accumulation is restored after the hyper-

EFFecT oF DIVALENT CATIONS ON HYPOTONIC
DOWNSHIFT-INDUCED C&* ACCUMULATION
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Fig. 6. Effect of divalent cations on G&
accumulation. Cells were grown in YPD with
(O,V) or without (@) 0.8 m sorbitol at 37°C to
an ODygo,m Of about 1. Cells were washed and
resuspended in KCI solution containing 2%
glucose with ©,V) or without (@) 0.8 m sorbitol
to an OQyug,m Of 50. To measure G4 uptake,
cells were diluted 50-fold into KCI solution with
(O) or without (@,V) 0.8 m sorbitol containing 1
mm Ca* + 45Ca* (1 wCi/ml) and the indicated
concentration of divalent cation. After 5 min,
cell-associated ¢4 was measured as described in
Materials and Methods.
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40 y o — T 3 terations of extracellular osmolarity. In this study, we
v characterized the effect of rapid osmotic downshift on
the influx of C&* and other divalent cations into cells.
Cells growing in isotonic medium may also undergo
increases in membrane tension similar to those generatec
by a hypotonic downshift. In generd@®, cerevisiaeells
have a higher concentration of solutes inside than outside
the cell. As a consequence water flows into the cell by
osmosis increasing internal pressure. The cell wall pre-
0 1 1 L L vents swelling and lysis of the cells by this high intra-
6 2 4 6 8 10 cellular pressure. During cell growth, new cell wall and
Minutes plasma membrane is deposited in specific growth regions
Fig. 7. Increased C4 accumulation caused by €dinflux during (the bud tip inS. cerevisiak !Expansmp of the .Ce" V\.Ia”
osmotic downshift. Cells were grown in YPD + Qv8sorbitol at 37°C, must b_e regulated to allow mcre_ase In Ce"_ size without
washed and concentrated in KCl solution to 50@R.{ml. Cellswere ~ Cell lysis. The effect of hypotonic downshift on mem-
diluted 50-fold into KCI solution + 2% glucose containing either 1@ m brane tension may mimic the localized effects of in-
CdCl (O), 10 mm CdCL, 0.8wm sorbitol @), or 1 mu CdCL, (V). After  creased membrane tension caused by cell wall expansior
a 5-min incubation, the cells were centrifuged in a microfuge andgngd remodeling. Therefore, the divalent cation influx in-

resuspended in 0 KCI, 0.8 sorbitol, 0.2v glucose, 10 m HEPES ; ; ; _
(pH 7.0). At the indicated time, 1 mCaCl, + 1 uCi/ml “°C&®* was duced by hypotonic downshift may reflect what is oc

added, the samples were incubated for 1 min and cell-associatéd calurng Iocally at the bUFj t!p. .

was determined (Materials and Methods). Hypotonic downshift increases €aaccumulation
6.5-fold. This increased permeability is not specific for
Ca&*; hypotonic downshift-induced 3F, Zn?*, Mn?* and

tonic downshift likely reflects the rate of Etseques- C#* influx is also observed. The mechanism of in-

+2 .
Ca ~ Accumulation

tration in the cell. creased divalent cation influx is not known. One possi-
bility is that a mechanosensitive channel is activated by
DISCUSSION increased membrane tension. Indeed patch clamp stud

ies do indicate that the plasma membrane contains a
S. cerevisiaecells exhibit normal growth over a wide mechanosensitive channel with low ion specificity (Gus-
range of osmolarity by regulating the intracellular osmo-tin et al., 1988; Saimi et al., 1988; Gustin, 1991). An-
larity, transporters in the plasma membrane, and cell walbther possibility is that increased membrane tension in-
synthesis (Klis, 1994; Thevelein, 1994). Cells tolerateduces transient leaks in the plasma membrane. These
rapid changes in the extracellular osmolarity. Shiftingleaks would be rapidly repaired since no cell death was
cells from high to low osmotic medium is expected to observed following a hypotonic downshift and within 5
increase intracellular pressure due to the influx of watemin after the hypotonic downshift, the €aaccumula-
into the cell. Cells are likely to have mechanisms totion rate returns to normal levels.
monitor changes in the membrane tension caused by al- Dodecylamine inhibits hypotonic-downshift induced
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Ca* influx. If Ca®* influx is mediated by a specific glucan synthetase which catalyzes synthesis of the main
protein or protein complex, then dodecylamine may bindstructural component of the cell wall (Mazur et al.,
to this protein to block C4 influx. Alternatively, dode- 1995). C&" might therefore be regarded as a major SOS
cylamine may inhibit divalent influx into the cell by signal for the cell to respond the consequences of in-
binding to the plasma membrane and changing its surcreased membrane tension.

face charge or other physical properties. Dodecylamine

does not inhibit C& accumulation by the vacuole (the This study was supported by grants from the National Institutes of
main intracellular C&' storage site) indicating that it acts Health (GM51891 and GM46495) and the Uniformed Services Uni-
on the plasma membrane to block cellulaftaccumu-  Vversity of the Health Sciences (C071CW and CO71DC).

lation.

Dodecylamine (2fuM) blocks 75% of the hypotonic
downshift-induced C influx but only 25% of the C&"
influx into cells growing in YPD. While 10 m Mg®*is  Albertyn, J., Hohmann, S., Thevelein, J.M., Prior, B.A. 1994, GPDL,
a poor inhibitor of hypotonic downshift-induced €a which encodes glycerol-3-phosphate dehydrogenase, is essential
accumulation, it blocks 90% of &4 accumulation by _for growth _und_er osmotic stress Rr_accharomyges cerevisiamd
exponentially growing cells. These observations suggest ItZti)\(/\[l);eshjgn (I;seﬁfggﬁteldﬁyl?: 2‘32;105m°'a”ty glycerol response
Fhat about 10-35% OT the Cainflux into cells grovying AskF\)Nith, C.%.Eide.z, D., Van I.-Io, A Bernard, P.S., Li, L., Davis-Kaplan,
in YPD may be mediated by the same mechanism that s sipe, p.M., Kaplan, J. 1994. THET3 gene ofS. cerevisiae
mediates hypotonic downshift-induced®anflux. This encodes a multicopper oxidase required for ferrous iron uptake.
Ca* influx may be spatially and temporally localized,  Cell 76:403-410
for example concentrated at sites of active cell growth Batiza, A.F., Schulz, T., Masson, P.H. 1996. Yeast respond to hypo-
In the apical growth of fungal hyphae, both proton and tonic shock with a calcium pulsé. Biol. Chem27l:?3357—23362
ca* gradients may be established from the growth tipBertI, A., Gradmann, D., Slayman, C.L. 1992. Calcium and voltage-

. . dependent ion channels in Saccharomyces cere\R$ides. Trans.
along the hyphal axis (Harold, 1994). These gradients R.pSoc. B338:63-72 Y

may be generated by €aand proton influx induced by Borst-Pauwels, G.W.F.H. 1988. lon transport in ye&tchim. Bio-

References

increases in membrane tension at the hyphal apex. phys. Actab50:88—127
Identification of proteins that mediate hypotonic Cunningham, K.W., Fink, G.R. 1994. Calcineurin dependent growth
downshift-induced C& influx would be facilitated by control in S. cerevisiaemutants lackingPMC1, a homolog of

the identification of genes required for hypotonic- _ P/asma membrane €aATPase.). Cell Biol. 124:371-363
Cunningham, K.W., Fink, G.R. 1996. Calcineurin inhibN& X1

!n.duced cation |nﬂqx. The 10-f(.)|d Increase in Tdox- dependent HCa&* exchange and induces €aATPases in yeast.
icity observed during hypotonic downshift suggests a o1 cell Biol. 16:2226-2237

possible protocol for the enrichment of mutants defectivepancis, A., Yuan, D.S., Haile, D., Askwith, C., Eide, D, Moehle, C..
in hypotonic downshift-induced cation fluxes. Mutant  Kaplan, J., Klausner, R.D. 1994. Molecular characterization of a
cells that are more resistant to an acute exposure to high copper transport protein if. cerevisiaean unexpected role for
Cd?* during a hypotonic downshift might identify pro-  ¢opper in iron transporCell 76:393-402 _

teins that mediate Gd influx. Davenport, K.R., Sohaskey, M., Kamada, Y., Levin, D.E., Gustin 1995.

. . . . . A second osmosensing signal transduction pathway in yeast. Hy-

. The phy_smloglcal f_unCtlon of mcreas?d ion flux dur- potonic shock activatesg tthCH protein kinasz-regulgted{:ell in- ’
ing hypotonic downshift or cell growth is not known. tegrity pathway.). Biol. Chem370:30157-30161
High or low C&" concentrations do not appear to affect punn, T., Gable, K., Beeler, T. 1994. Regulation of Cellula?Cay
the ability of cells to survive a hypotonic downshift. Ra-  Yeast Vacuoles]. Biol. Chem269:7273-7278
pid ion fluxes may limit membrane damage induced byFuhrmann, G.F., Rothstein, A. 1968. The transport of'ze€c?" and
membrane tension and expansion by decreasing the os- Ni*" into yeast cellsBiochim. Biophys. Actd63:325-330
motic gradient across the plasma membrane. By increaé;_uszt:sns,.g/(l).(():. 1991. Single-channel mechanosensitive curr8otence
Ing ion p_ermeablllty,_the efflux of ions f_rom the cell Gustin, M.C., Zhou, X-L., Martinac, B., Kung, C. 1988. A mechano-
could rapidly reduce intracellular osmolarity. sensitive ion channel in the yeast plasma membr&wence

Ca* influx initiates signalling pathways that acti- 242:762-765
vate cell wall synthesis and ion transport systems>*Ca Haro, R., Garciadeblas, B., Rodriguez-Navarro, A. 1992. A novel P-
induces the expression of P-type ATPases that are re- type ATPase from yeast involved in sodium transpBEBS Lett.
quired to prevent accumulation of toxic levels of Mn 291:189-191
C&" and N& (Haro, Garciadeblas & Rodrigues-Navarro Harold, F.M. 1994. lonic and elgctrical Qimensions of hyp.hal growth.
1992; Cunningham & Fink, 1994, 1996; Lapinskas, et In: The Mycota | Growth Differentiation and Sexuality. J.G.L.

% . . Wessels and F. Meinhardt, Springer-Verlag, Berlin Heidelberg
al., 1995)' C&" activates K channels in the plasma Kamada, Y., Jung, U.S., Piotrowski, J., Levin, D.E. 1995. The protein

membrane which could act to repolarlze the p;asma kinase C-activated MAP kinase pathway3dccharomyces cerevi-
membrane (Bertl, Gradmann & Slayman, 1992).“Ca siaemediates a novel aspect of the heat shock resp@eees &

also induces expression BKS2which encodes a 1,B- Dev. 9:1559-1571



T. Beeler et al.: Hypotonic Downshift-induced €adnflux in Yeast 83

Klis, F.S. 1994. Review: Cell wall assembly in Yea¥east10:851— Sherman, F., Fink, G.R., Hicks, J.B. 1986. Methods in Yeast Genetics.

869 Cold Spring Harbor Lab. Press, Plainview, NY
Kovac, L. 1985. Calcium an8accharomyces cerevisiae. Biochim. Bio- Stearman, R., Yuan, D.S., Yamaguchi-lwai, Y., Klausner, R.D., Dan-
phys. Acta840:317-323 cis, A. 1996. A permease-oxidase complex involved in high-affinity

Lapinskas, P.J., Cunningham, K.W., Liu, F., Fink, G.R., Culotta, V.C. iron uptake in yeastScience271:1552—-1557
1995. Mutations irPMR1suppress oxidative damage in yeast cells Supek, F., Supekova, L., Nelson, H., Nelson, N. 1996. A yeast man-

lacking superoxide dismutasklol. Cell Biol. 15:1382-1388 ganese transporter related to the macrophage protein involved in
Larsonn, K., Ansell, R., Eriksson, P., Adler, L. 1993. A gene encoding  conferring resistance to mycobacter®oc. Natl. Acad. Sci. USA

snglycerol 3-phosphate dehydrogenase (NARomplements an 93:5105-5110

osmosensitive mutant ddaccharomyces cerevisiae. Mol. Micro- Thevelein, J.M. 1994. Signal transduction in yeagtast10:1753—

biol. 10:1101-1111 1790

Mazur, P., Morin, N., Baginsky, W., El-Sherbeini, M., Clemas, J.A., Varela, J.C.S., van Beekvelt, C., Planta, R.J., Mager, W.H. 1992. Os-
Neilsen, J., Foor, F. 1995. Differential expression and function of = mostress-induced changes in gene expresdibm. Microbiol.

two homologous subunits of yeast 133-glucan synthaseMol. 6:2183-2190
Cell Biol. 15:5671-5681 Yuan, D.S., Stearman, R., Dancis, A., Dunn, T., Beeler, T., Klausner,
Rothstein, A., Hayes, A.D., Jennings, D.H., Hooper, D.C. 1958. The R.D. 1995. The Menkes/Wilson disease gene homologue in yeast
active transport of Mg and Mrf* into the yeast cell). Gen Phys- provides copper to a ceruloplasmin-like oxidase required for iron
iol. 41:585-594 uptake.Proc. Natl. Acad. Sci. USA2:2632-2636
Saimi, Y., Martinac, B., Gustin, M.C., Culberston, M.R., Adler, J., Zhao, H., Eide, D. 1996. The yeadRT1gene encodes the zinc trans-
Kung, C. 1988. lon channels in Paramecium, yeast@actharo- porter of a high-affinity uptake system induced by zinc limitaiton.

myces cerevisiae. TIBE3:304-309 Proc. Natl. Acad. Sci. USA3:2454-2458



