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Abstract

Copper-induced metallothionein (MT) synthesiSiaccharomyces cerevisia@s investigated in order to associate
this exclusively with C&t in vivo, when cultured in nutrient medium containing other heavy metal ions. Expression
of the CUP1 promoterlacZ fusion gene was inhibited by all heavy metal ions tested, especiafly &add Mré*.

By adding Cd* and Mr#+ at 10 M concentration, the8-galactosidase activity decreased by about 80% and
50% of the maximum induction observed with 1 mM CuSe@spectively. Furthermore, cell growth was markedly
inhibited by combinations of 1 mM-Ctr and 1.M-Cd?*. Therefore, the yea8. cerevisiagould not rely on

MT synthesis as one of the copper-resistance mechanisms, when grown #f @ @itonment. In contrast, the
presence of Mfit in the nutrient medium showed alleviation rather than growth inhibition by high concentrations
of Cl?t. The recovery from growth inhibition by M was due to decreased €uaccumulation. Inhibitory
concentrations of Cd", Nit and Zrf+ on expression of th€UP1p/lacZ fusion gene were at least one order
of magnitude higher than that of €d and Mr?t. These results are discussed in relation td'Cumansport and
Cu-induced MT synthesis in the copper-resistance mechanism of theSyezstvisiae

Introduction tor (Maclp) (Graden & Winge 1997; Yamaguchi-lwai
etal 1997; Jensen & Winge 1998), which functions as
Organisms are constantly exposed to changes in en-a repressor of th€TR1gene encoding a high affinity
vironmental factors such as nutrition, osmotic pres- Cu?t transporter (Dancist al. 1994a, b). At the same
sure, metal ions and so on. Under these conditions, time, the copper-dependent degradation of &fCu
cells have evolved homeostatic control mechanisms transporter (Ctrip) occurs (Oet al. 1996). Cd* en-
to grow and develop optimally. Copper is a vital di- try into the yeast cells is, thereby, decreased. However,
valent cation in living organisms, functioning as a when C@* ions further increase in the environment,
cofactor of numerous enzymes such as Cu/Zn super-these ions are accumulated in excess through a low
oxide dismutase, cytochrome c oxidase, and laccaseaffinity transport system (Yat al. 1996).
(Ochiai 1983; Collins & Dobson 1997), but it is also In the yeastS. cerevisiagresistance to Cif is
toxic in excess. The yeaS§taccharomyces cerevisiae associated with the production of a metal-binding pro-
has developed a number of homeostatic regulations totein (metallothionein) (Welclet al. 1983; Buttet al.
overcome such changes in its external environment. 1984; Eckeeet al. 1986), mineralization (Ashidet al.
With the increasing of Ct concentrations in the ex-  1963; Kikuchi 1965; Yiet al. 1996) and sequestration
ternal environment, the Cti uptake system in the to the vacuoles (Eidet al. 1993; Ramsay & Gadd
yeastS. cerevisiaés repressed by a transcription fac-
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1997; Szczypkaet al. 1997), leading to a reduction
in the cytoplasmic concentration of free copper ion.
One of the major copper detoxification mechanisms
in yeastS. cerevisiaavas the Cu-induced synthesis
of metallothionein (MT) that led to decreased bind-
ing of excess free-copper ions in the cytosol (Welch
et al. 1983; Buttet al. 1984). This small Cu-MT was
well characterized as a unigue cysteine-rich protein
having about 30% total amino acids and binding to
metals such as Ctt, Zr?t, Cc?t other than C&t,

in vitro (Hartman & Weser 1985; Winget al. 1985;
Inouheet al. 1989). Furthermore, expression of the
metallothionein geneQUPY) in response to CuSQO
or AgNOs was mediated by a trans-acting regulatory
protein (Acelp) (Furst & Hamer 1988; Thiele 1988;
Welchet al. 1989; Butler & Thiele 1991), which was
also a small MT-like protein. Therefore, many metals
readily form a complex with Acelp vitro as well

as with MT because of being a cysteine-rich protein
(Furstet al. 1988; Szcypka & Thiele 1989; Dameron
et al. 1993).

In the natural environment, organisms face a vari-
ety of conditions containing several ions rather than a
single metal. C&t has been reported to interact with
other metals at proteins (Wing al. 1985; Dameron
et al. 1993), but these experiments were perforrimed
vitro with purified components, and the interactions
have not been convincingly linked to a toxic effect.
The detoxification of C#t mediated by MT in the
yeastS. cerevisiaén coexistence with other metal ions
also has not been elucidatadvivo. The purpose of
this study was to ascertain in a combination of€u
and other metals whether the Cu-induced MT synthe-
sis in the yeasB. cerevisiaés associated exclusively
with the copper iorin vivo and whether the cells are
able to grow in a combination of large amounts of
Cu?t and other heavy metal ions.

Materials and methods

Culture

Saccharomyces cerevisiastrain  XTY-14 (MATa,
ura3-52 his6, LEU2::YipCL, CAD2CUPY) involv-

ing an integratedCUP1 promoterfacZ fusion gene
and strain X2180-1BN]ATa, SUC2, mal, mel, gal2,
CUPYT) were used. Strain XTY-14 was isolated from
segregants of tetrad spores of a cross between XTT-
1d (MATa, CAD2 described previously (Tohoyama
et al. 1990) and DTY-22 MATa, ura3-52 his6,

LEUZ2:YipCL CUPY). Strain DTY-22 was donated
from Dr. D.H. Hamer. Cells were cultured at <30

in a nutrient medium of the following composition
(g171): glucose 20, yeast extract (Difco) 4.0, polypep-
tone (Wako Pure Chem.) 5.0, KRO; 5.0, MgSQ

- TH20O 2.0. The heavy metals tested were all of the
sulfate form. These metal solutions were sterilized
separately and added to the culture medium before cell
inoculation.

Measurement of growth

Following preculture at 30for 48 h, cells were inoc-
ulated into the nutrient medium (20 ml, in 100-ml Er-
lenmeyer flasks) and incubated af 2 a reciprocat-

ing shaker. Growth was measured using spectropho-
tometric measurement at Qg nm Culture samples
were also centrifuged for 5 min (3000 rev/min),
washed twice with distilled water and dried at'36r

2 days to determine the dry weight.

B-Galactosidase assay

One ml of yeast cell cultures was grown in nutrient
medium and harvested when the cell densities reached
about 1.0 at Oyo nm The cells were washed in Z
buffer (Miller 1972), resuspended in 1 ml of Z buffer,
and permeabilized with 2 drops of chloroform and 1
drop of 0.1% SDS. R-galactosidase assays were done
as described in Miller (1972) using 100 of the
permeabilized cellsg-galactosidase activity was ex-
pressed as units where one ugitLl000x OD42¢o/CVt

with ODg429 being the absorbance at 420 nm, C; the
density of the cell suspension at 600 nm, V; the volume
of the cell suspension (ml) and t; the total incubation
time of the assay. All assays were carried out triplicate.

Measurement of metal content

Washed cells (about 20 mg dry weight of cells) were
digested by adding 0.5 ml 6N HNQOn boiling water

for 20 min. After this acid extraction, the samples were
diluted to 5 ml with distilled water, then mixed and
centrifuged to remove any undigested material. The
copper content in these extracts was measured with
an atomic absorption spectrophotometer (Hitachi 207,
Japan).

Purification of metallothionein

The yeast Cu-MT was purified according to a mod-
ification of the method described previously (Inouhe
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et al. 1989). The copper-resistant ye&tcerevisiae  Results

strain X2180-1B was grown in 1.0 mM Cu-containing

medium at 30 for 48 h. The cells were harvested, Effects of some heavy metal ions on expression of
washed with distilled water by centrifugation and then yeast CUP1 promoter/lacZ fusion gene
resuspended in 20 mM Tris/HCI (pH 8.0). After cell
disruption by a Braun’s homogenizer &t,@he ho-
mogenates were centrifuged at 809Cor 20 min.
The supernatant was treated at° #r 5 min and
then placed immediately on ice for 30 min. The heat-
denatured materials were removed by centrifugation ) - . .
at 15,000¢ for 30 min. Subsequently, the sample was examine whe_ther any transmo_n metal cations interfere
applied to a Sephadex G-50 column (2300 mm) with the Cu-induced expression of tl@JP1p/lacZ

and eluted with 750 ml of 20 mM Tris/HCI (pH 8.0) Lustiog _gelng in&;%yeas.tc_er.evisae((:jglls wgtrr(]e inc{:h
at flow rate 0.5 ml/min. The copper-inclusive frac- atedin 1.9 m u-containing medium with anotner

tion was collected, loaded on a DEAE-Sephadex A-50 cation for 1 h. Theg-galactosidase activity was dras-
column (13x 130’ mm) and eluted with 500 ml of tically decreased in the proportion to the increased

. " 2+
20 mM Tris/HCI (pH 8.0) containing a linear gra- _concgntratmns Of(fd' The afjdltloq of 1G:M Cd .
dient of 20-500 mM NaCl. Following dialysis of inhibited about 80% of the induction observed with

the copper-fraction, the sample was lyophilized. The 1ﬁm'\f dcghs% (Eig;re ldb)' Furth.erm??:lélzl\ﬁr‘r Aals;
crude MT was further purified by rechromatography ? ectedthe uItIE ucﬁ tre]:?(pressmnto i ptsc that
using a Sephadex G-50 column. The purified MT usion gene, athough this was not greater than tha

sample was detected as a single protein band at 15%observed in the presence of €d(Figure 1c). In the

In a 1-h induction with CuSQ expression ofg-
galactosidase from the yea@BUP1p/lacZ fusion gene

in strain XTY-14 is shown in Figure 1a. An increase in
B-galactosidase activity was related to the concentra-
tions of Cit and was maximal at 1 mM CuSOTo

SDS-PAGE presence of Mfi™ at 10.M, the -galactosidase ac-
' tivity was approximately 50% of that observed with
Preparation of antibody no added MA". Compared to C& or Mn?*, the

inhibitory effect of Zrft, Cc?t and NPt ions on
To obtain the antibody for Cu-MT, rabbits were Cu-induced expression @UP1p/lacZ gene is rela-
primed intradermally with purified yeast MT (about tively low. The 8-galactosidase activity was decreased
1 mg) emulsified in Freund’s incomplete adjuvant. approximately 60% by Gd (Figure 1d) and ZA
After three weeks, rabbits were boosted with sub- (Figure 1e) at 10uM and by N&+ (Figure 1f) at
cutaneous injections of the same immunogen mixed 1 M, respectively. The reduceg-galactosidase ac-
with Freund’s incomplete adjuvant. After rabbits were tivity in combinations of Cé&" and these three kinds of
bled, sera involved in MT-antibody were harvested by metal ions appears to decrease the entry of copper into

centrifugation and stored at80°. the cells (Linet al. 1993) or lower the interaction of
o metals in the Cu-induced expression processes of the
Measurement of metallotionein CUPIp/lacZ gene by at least one order of magnitude

: ; 2+
Cells were grown in 20 ml nutrient medium with &u higher concentrations than the &dor Mn** does.

+ Cd?+ (or Mn?*) for 16 h at 30. Metallothionein
was extracted from yeast cells as described previously
(Tohoyamaet al. 1990). Washed cells were resus-
pended in 20 mM Tris/HCI (pH 7.5) buffer at a cell whether cells are capable of growing in combi-
density at Olgeo nm = 10-20. One ml of cell sus-  nation of C#+ and Cd* in culture medium was
pension was treated in a small sealed test tube at 75 tested, involving a reduced Cu-induced expression of
for 20 min. Following the hot-buffer extraction, the  CcuP1pAacz fusion gene. Figure 2 shows the growth
samples were rapidly cooled in ice cold water and yield in Cu-containing medium with or without cad-
then centrifuged by 10,009 for 1 min. Metalloth-  mjum. Growth was inhibited only 10% by &t and
ionein in hot-buffer extractable fraction was measured ci2+ at 1.04M and 1.0 mM, respectively. However,
by ELISA. in combination with 0.3uM Cd?t and 1.0 mM Cé&*,

growth inhibition was 77%.

Figure 3 shows the relative MT content of cells
which grew in combinations of Gtr and Cd* at var-

Cadmium inhibits growth and MT accumulation in
the presence of copper
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Fig. 1. Effect of metal ions on expression 6UPIp/LacZ fusion gene inS. cerevisaestrain XTY-14. The cells were incubated for 1 h in
nutrient medium with various amounts of Cu$@) or 1 mM C#+ plus other metal salts in sulfate fora; Cdt (b), + Mn2* (c), + Co?t+

(d), + Zn?t (e) and+ Ni2t (f). The cells permeabilized with chloroform and SDS as described in Materials and methods were used for assay
of B-galactosidase activity. Values were normalized to the cell density and the incubation time. Mean values from triplicate determinations with
standard deviation are shown where these exceed the dimensions of the symbols.

ious concentrations. The MT content as well as the decrease in MT content by &t was observed in
expression ofCUP1p/lacZ fusion gene as shown in  lower Cu-containing medium. The facts obtained from
Figure 1b was related to the increasing concentrationsthe results of Figures 1b and 3 suggested that the
of Ci?*. In 0.5 mM and 1.0 mM Cu-containingmedia, reduced growth in combinations of €uand Cd*

the MT content was gradually decreased with increas- was caused by decreased Cu-induced expression of the
ing Ct at various concentrations. When €dwas CUP1gene, leading to a decrease in the accumulation
added to the nutrient medium at 1M, the MT of MT.

content of cells cultured in the presence of 0.5 mM

and 1.0 mM Cé&* was 60% and 40% of each con-

trol of Cd-free medium, respectively. No significant
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Fig. 2. Effect of combination of C&* and C&+ on the growth of.
cerevisiaestrain XTY-14. The cells were grown in nutrient medium
with CU?t and/or Cd* for 16 h. Shown are the mean values of two
experiments.
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Fig. 3. Effect of combination of C&" and C&t on MT accu-
mulation of S. cerevisiaestrain XTY-14. The MT contents were
measured in cells obtained from the experiment described in Fig-
ure 2. Data were expressed as % of the MT content obtained with
1 mM Cu-cultured cells and were the mean values of two different
experiments.

311

0D 600

O.1L’ T T T T T

0 0.001 0.01 0.1 1 10
MnSO, concentration (mM)

100

BN o SO

Fig. 4. Effect of combination of C&™ and Mr?* on the growth
of S. cerevisiaestrain XTY-14. The cells were grown in nutrient
medium with C@t and/or Mt for 16 h. Shown are the mean
values of two experiments.

Manganese inhibits MT accumulation but does not
inhibit growth in the presence of copper

The addition of small amounts of Mh as well as
Cd?* repressed the expression of B&P1p/lacZ fu-
sion gene by Cit (Figure 1b). We examined whether
MnZ* inhibited the growth through a mechanism in-
volving the decreased Cu-induced expression of the
CUPIp/lacZ fusion gene as well as &4 did. Fig-
ure 4 shows the effect of MnSOon growth in a
Cu-containing medium. The growth yield was about
30, 80 and 90% with the addition of 1.0, 2.0 and
3.0 mM CuSQ in comparison with its yield in Cu-
free medium as shown in Figure 2, although the yeast
maintained 3 copies of theUP1gene encoding MT.
However, its growth inhibition by Ctt was almost
alleviated by adding MnSpto the medium. The
minimal effective concentration of M for com-
plete recovery from growth inhibition was 0.01 and
3.0 mM in 2.0 and 3.0 mM Cu-containing medium,
respectively.

Figure 5 shows the effect of M on Cu-induced
MT synthesis. The cellular MT content is related to
the concentrations of Gt in the culture medium and
was maximal at 1 mM CuS©Obased on the results
shown in Figures 3 and 4. The MT content was 90
and 71% in 2.0 and 3.0 mM Cu-containing media ob-
tained at 1.0 mM C#I", respectively. The MT content
decreased to 32% with the combination of 0.01 mM
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Fig. 5. Effect of combination of C&™ and Mr#+ on MT accumula-

tion of S. cerevisiastrain XTY-14. The MT contents were measured
in cells obtained from the experiment described in Figure 4. Data are
expressed as% of the MT content obtained with 1 mM Cu-cultured
cells and are the mean values of two different experiments.
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Fig. 6. Effect of Mr2t on copper accumulation d@. cerevisiae
strain XTY-14. The cells were grown in 1.0 mM Cu-medium with

or without Mrét for 24 h. Values are means of three different
experiments with standard deviations shown in the figure.

Mn?* and 1.0 mM Cé*. A further increase in Mfi"
in the incubation medium gradually led to a decrease

Effect of manganese on copper accumulation

By adding Mrtt, the Cu-induced MT synthesis by
the S. cerevisiaestrain XTY-14 was decreased but
growth inhibition by C&*+, however, was recovered
as shown in (Figures 4 and 5). Therefore, the ef-
fect of Mr?* on copper accumulation was examined.
Figure 6 shows the copper content of cells grown in
1.0 mM Cu-containing medium with or without M.
The copper content was 23.8 nmol/mg dry weight
of cells grown for 24 h in 1.0 mM Cu-containing
medium. When MA" was added at 0.01 mM to the
1.0 mM Cu-containing medium, the copper content
was at or below 20% of that of the Mh-free control.
With prolonged culture from 24 h to 48 h, the cell
yield and copper content increased from 0.67 mg to
0.95 mg dry weight per ml of culture and 23.8 nmol
to 24.8 nmol/mg dry weight of cells, respectively.
Furthermore, the culture in 1.0 mM Cu-containing
medium with Mrf* tended to show a growth yield
similar to that of the control and also showed a slight
increase in copper content (data not shown).

Discussion

The data presented in this study demonstrate that Cu-
induced expression of thEUP1p/lacZ fusion gene
was inhibited by adding low concentrations of &d

or Mn?*, accompanied by lower accumulation of MT.
Coexistence of C&t in the Cu-medium also led to a
toxic effect on the growth, but not with M.

The increased metal sensitivity due to the combi-
nation of C¢+ and Cd* appears to be caused not by
increased incorporation (or uptake) of &uor C*
but from interaction at the transcriptional level of Cu-
induced MT synthesis, although it was reported that
ACE1l-mediated expression &fUP1p/lacZ was spe-
cific for CU2™ and that the addition of 20M Cd?*

did not inhibit the observed induction with M
CWwt (Thorvaldseret al. 1993). It was well-known
that Acelp, which acts as a transcription factor in the
CUP1 gene, also has high affinity for 4 in vitro,

in Cu-induced MT synthesis. The degree of decreased Put the Ace1p-Cd complexfails to bind at the UAS ex-

MT content due to MAt, however, was lower in a
3.0 mM Cu-containing medium than in a 1.0 mM
Cu-containing medium. The result may indicate non-
specific increased penetration of copper into the cells
according to the increased &uconcentrations in the
medium.

isting upstream sequence of lB&JP1gene (Dameron

et al. 1993). Thus, C#" salts are unable to induce
expression of the MT genes. Furthermore, rapid metal
exchange occurs between Zn- or Cd-Acelp andi Cu
donorsin vitro (Dameroret al. 1993). Therefore, even

in vivo, inhibition of Cu-induced MT synthesis by
Cd®t appears to occur via interaction with Acelp.



Moreover, it has been reported that the uptake dfCu
by yeastS. cerevisiaeompeted with that of Cd (Yu
et al. 1996) and that Cu-MT is not directly involved in
CU?* uptake in yeast (Lin & Kosman 1990). Further
studies on the transcriptional level for Cu-induced MT
synthesis are needed in the presence 6fCd vivo.

As another possibility, growth inhibition by the in-
creased accumulation of €d uptake by Cé&" was
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taining the same metal concentration at 48I, but
surface binding was not reduced (Gadd and Mowll
1985). In S. cerevisiag however, the copper up-
take system through a high affinity copper transporter
(Ctrlp) was specific; uptake was not competitive with
that of Mr?t, Co?t, Ni%t or Zr?t (Danciset al.
1994b). Moreover, expression of tiJP1placZ fu-
sion gene was not induced in tBAR1gene deletion

expected. However, because effective concentrationstrain, even at high concentrations of copper in the

of Cd?* that inhibited Cu-induced MT synthesis was
only 1.0uM in 1.0 mM Cu-medium, it is unlikely that
the cells accumulated a large amount of€esides,
the yeass. cerevisiaXTY-14 used in this experiment

medium (Danciset al. 1994a). These facts were in-
consistent with the reduced accumulation ofCiy
Mn2t also observed in this experiment. As shown
in Figure 5, however, the extent of decreased cop-

was a Cd-resistant phenotype carrying a functionally per content of the cells grown in Cu-medium with

unknownCAD2 gene and is able to proliferate with-
out any growth inhibition in the presence of 10
CdSQ (Tohoyameet al. 1990).

Within a few years, much information has been
reported for C& homeostasis in yea&§ cerevisiae
where the concentration of intracellular free copper
was strictly limited by a copper chaperone or traffick-
ing in the nutritional level of C&I" (Pufahlet al. 1997;
Valentine & Gralla 1997; Yuaet al. 1997; Casareno
et al. 1998; Srinivasaret al. 1998; Raeet al. 1999)

MnZ* also seems too sufficient to relieve growth inhi-
bition by Cl*. This evidence suggests the decreasing
penetration of C&" into the cells.

Inhibition of Cu-induced expression of the
CUPIp/lacZ fusion gene by cations tested other than
Cd?* is unlikely to be a direct interaction with the
processes of MT-synthesis, because relatively high
concentrations of the cation are required. Probably, the
reduced Cu-induced expression of @dP1p/laczZfu-
sion gene by C#®", Ni2* or Zré* appears to be due to

or copper-scavenging and/or sequestering systems in-insufficient concentration of Gt entering the yeast

volved in metallothionein (Welclet al. 1983; Ecker
et al. 1986), vacuoles (Ramsay & Gadd 1997; Sz-
cypkaet al.1997) or copper sulfide mineralization (Yu
et al. 1996) at an excess level of &€u Especially,
metallothionein is thought to play a central role in
the protection against Gt toxicity (Butt et al. 1984;
Eckeret al.1986; Yuet al. 1996). Cu-MT is also stable
in the yeast cells (Weset al. 1986; Felixet al. 1989;
Penaet al. 1998). Therefore, this suggests that a pro-
found growth inhibition by the combination of large
amounts of C&™ and Cd+ appears to be responsible

for the reduced MT synthesis as a result of decreased

CUP1 gene expression by €4, allowing increased
free copper ion in the cytosol to inhibit intracellular
metabolisms.

In contrast, although the presence of#rin yeast

cultures led to a decrease in Cu-induced expression

of the CUP1p/lacZ fusion gene and intracellular MT
accumulation, C# toxicity is reversed rather than
increased. Because the accumulation ofCwas
markedly decreased by adding Rinto the medium

(Figure 6), a possible mechanism for this recovery

from the growth inhibition appears to be competition
of both the metal ions. In yeast-like cells #lre-
obacidium pullulansthe intracellular C&' influx was
reduced about 80% by M under conditions con-

cells as well as is the case with K1

References

Ashida J, Higashi N, Kikuchi N.1963 An electronmicroscopic
study on copper precipitation by copper-resistant yeast cells.
Protoplasmab7, 27-32.

Butler G, Thiele DJ. 199.ACE2 an activator of yeast metalloth-
ionein expression which is homologous3$wVI5 Mol Cell Biol
11,476-485.

Butt TR, Sternberg EJ, Gorman JA, Clark P, Hamer D, Rosenberg
M, Crooke ST. 1984 Copper metallothionein of yeast, structure
of the gene, and regulation of expressiémoc Natl Acad Sci.
USAB81, 3332-3336.

Casareno RLB, Waggoner D, Gitlin JD. 1998 The copper chaperone
CCsSdirectly interacts with copper/zinc superoxide dismutdse.
Biol Chem273, 23625-23628.

Collins PJ, Dobson ADW. 1997 Regulation of laccase gene tran-
scription in Trametes versicolorAppl Environ Microbiol 63,
3444-3450.

Dameron CT, George GN, Arnord P, Santhanagopalan V, Winge
DR. 1993 Distinct metal binding configurations ACE1 Bio-
chemistry32, 7294-7301.

Dancis A, Haile D, Yuan S, Klausner RD. 1994a TBaccha-
romyces cerevisiagopper transport protein (Ctrlp) Biol Chem
269, 25660—-25667.

Dancis A, Yuan S, Haile D, Askwith C, Eide D, Moehle C, Kaplan
J, Klausner RD. 1994b Molecular characterization of a copper
transport protein ir8. cerevisiaeAn unexpected role for copper
in iron transportCell 76, 393—-402.



314

Ecker DJ, Butt TR, Sternberg EJ, Neeper MP, Debouck C, Gorman
JA, Crooke ST. 1986 Yeast metallothionein function in metal ion
detoxification.J Biol Chem261, 16895-16900.

Eide DJ, Bridgham JT, Zhao Z, Mattoon JR. 1993 The vacuolar
Ht-ATPase ofSaccharomyces cerevisiae required for effi-
cient copper detoxification, mitochondrial function, and iron
metabolismMol Gen GeneR41, 447-456.

Felix K, Hartmann H-J, Weser U. 1989 Cu(l)-thionein release from
copper-loaded yeast celBiol Metals2, 50-54.

Furst P, Hu S, Hackett R, Hamer D. 1988 Copper activates metal-
lothionein gene transcription by altering the conformation of a
specific DNA binding proteinCell 55, 705-717.

Gadd GM, Mowll JL. 1985 Copper uptake by yeast-like cells,
hyphae, and chlamydospores Afireobasidium pullulansExp
Mycol 9, 230-240.

Graden JA, Winge DR. 1997 Copper-mediated repression of the
activation domain in the yeast Maclp transcription fadiyoc
Natl Acad Sci USA4, 5550-5555.

Hartmann H-J, Weser U. 1985 Cobalt-(cysteigytetrahedra in
yeast cobalt(ll)-thionein.Biochim Biophys Res Commit32,
277-283.

Inouhe M, Hiyama M, Tohoyama H, Joho M, Murayama T. 1989
Cadmium-binding protein in a cadmium-resistant strairsat-
charomyces cerevisiaBiochim Biophys Act@93 51-55.

Jensen LT, Winge DR. 1998 Identification of a copper-induced in-
tramolecular interaction in the transcription factor Macl from
Saccharomyces cerevisigeMBO J17, 5400-5408.

Kikuchi N. 1965 Studies on the pathway of sulfide production in a
copper-adapted yeaftlant Cell Physiol, 195-210.

Lin C-M, Crawford BF, Kosman DJ. 1993 Distribution 8fCu
in Saccharomyces cerevisiag@netic analyses of partitioningl
Gen Microbiol139,1617-1626.

Lin C, Kosman DJ. 1990 Copper uptake in wild type and cop-
per metallothionein-deficienBaccharomyces cerevisiag Biol
Chem265, 9194-9200.

Miller JH. 1972 Assay of-galactosidase. In: Experiments in Mole-
cular Genetics, Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory; 325-355.

Ochiai E. 1983 Copper and the biological evolutiBioSystem46,
81-86.

Ooi CE, Rabinovich E, Dancis A, Bonifacino JS, Klausner RD.
1996 Copper-dependent degradation of$laecharomyces cere-

of a copper chaperone for superoxide dismut&mence284,
805-808.

Ramsay LM, Gadd GM. 1997 Mutants 8&ccharomyces cerevisiae
defective in vacuolar function confirm a role for the vacuole in
toxic metal ion detoxificationFEMS Microbiol Lett152, 293—
298.

Srinivasan CS, Posewitz MC, George GN, Winge DR. 1998 Char-
acterization of the copper chaperoB@ex 17of Saccharomyces
cerevisiae Biochemistry37, 7572—7577.

Szcypka MS, Thiele DJ. 1989 A cysteine-rich nuclear protein acti-
vates yeast metallothionein gene transcriptigiol Cell Biol 9,
421-429.

Szcypka MS, Zhu Z, Silar P, Thiele DJ. 198&ccharomyces cere-
visiaemutants altered in vacuole function are defective in copper
detoxification and iron-responsive gene transcriptiéeast13,
1423-1435.

Thiele DJ. 1988ACE1regulates expression of tif&accharomyces
cerevisiaemetallothionein geneMol Cell Biol 8, 2745-2752.

Thorvaldsen JL, Sewell AK, McCowen CL, Winge DR. 1993
Regulation of metallothionein genes by tA€E1 and AMT1
transcription factors) Biol Chem268, 12512-12518.

Tohoyama H, Inouhe M, Joho M, Murayama T. 1990 Resistance
to cadmium is under the control of tl@AD2 gene in the yeast
Saccharomyces cerevisigeurr Genetl8, 181-185.

Valentine JS, Gralla EB. 1997 Delivering copper inside yeast and
human cellsScience278 817-818.

Weser U, Mutter W, Hartmann H-J. 1986 The role of Cu(l)-thiolate
clusters during the proteolysis of Cu-thioneFEBS Lett197,
258-262.

Welch J, Fogel S, Cathala g, Karin M. 1983 Industrial yeasts display
tandem gene iteration at tJP1region.Mol Cell Biol 3, 1353—
1361.

Welch J, Fogel S, Buchmann C, Karin M. 1989 TG&P2 gene
product regulates the expression of B8P1 gene coding for
yeast metallothioneirEMBO J8, 255-260.

Winge DR, Nielson KB, Gray WR, Hamer DH. 1985 Yeast metal-
lothionein.J Biol Chem260, 14464—14470.

Yamaguchi-lwai Y, Serpe M, Haile D, Yang W, Kosman DJ, Klaus-
ner RD, Dancis A. 1997 Homeostatic regulation of copper up-
take in yeast via direct binding of MAC1 protein to upstream
regulatory sequences ¢fRE1and CTR1 J Biol Chem272
17711-17718.

visiaeplasma membrane copper transporter Ctrlp in the apparent Yu W, Farrell RA, Stillman DJ, Winge DR. 1996 Ildentification of

absence of endocytosEMBO J15, 3515-3523.

Pena MMO, Koch KA, Thiele DJ. 1998 Dynamic regulation of cop-
per uptake and detoxification genesSaccharomyces cerevisiae
Mol Cell Biol 18, 2514-2523.

Pufahl RA, Singer CP, Peariso KL, Lin S-J, Schmidt PJ, Fahrni
CJ, Culotta VC, Penner-Hhn JE, O’'Halloran TV. 1997 Metal ion
chaperone function of the soluble Cu(l) recepfdkl Science
278 853-856.

Rae TD, Schmidt PJ, Pufahl RA, Culotta VC, O’Halloran TV.
1999 Undetectable intracellular free copper: The requirement

SLFlas a new copper homeostasis gene involved in copper sul-
fide mineralization inSaccharomyces cerevisiagol Cell Biol
16, 2464-2472.

Yuan DS, Dancis A, Klausner RD. 1997 Restriction of copper
export in Saccharomyces cerevisidge a late Golgi or post-
Golgi compartment in the secretory pathwdyBiol Chem272,
25787-25793.



