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Saccharomyeces cerevisiae Mutants Altered in Vacuole
Function Are Defective in Copper Detoxification and
Iron-Responsive Gene Transcription
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The metal ions, Cu?*'* and Fe3*/2*, are essential co-factors for a wide variety of enzymatic reactions. However,
both metal ions are toxic when hyper-accumulated or maldistributed within cells due to their ability to generate
damaging free radicals or through the displacement of other physiological metal ions from metalloproteins.
Although copper transport into yeast cells is apparently independent of iron, the known dependence on Cu?* for
high affinity transport of Fe?" into yeast cells has established a physiological link between these two trace metal ions.
In this study we demonstrate that proteins encoded by genes previously demonstrated to play critical roles in vacuole
assembly or acidification, PEP3, PEP5 and VMAZ3, are also required for normal copper and iron metal ion
homeostasis. Yeast cells lacking a functional PEP3 or PEP5 gene are hypersensitive to copper and render the
normally iron-repressible FET3 gene, encoding a multi-copper Fe(ll) oxidase involved in Fe** transport, also
repressible by exogenous copper ions. The inability of these same vacuolar mutant strains to repress FET3 mRNA
levels in the presence of an iron-unresponsive allele of the AFT1 regulatory gene are consistent with alterations in the
intracellular distribution or redox states of Fe**/2* in the presence of elevated extracellular concentrations of copper
ions. Therefore, the yeast vacuole is an important organelle for maintaining the homeostatic convergence of the

essential yet toxic copper and iron ions. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

The redox active metal ions, Cu?*'* and Fe3*/2*,
play essential roles in the biochemistry of life
processes as co-factors for a wide variety of
enzymes such as Cu, Zn superoxide dismutase,
cytochrome oxidase and ribonucleotide reductase
(Karlin, 1993; Lippard and Berg, 1994; Linder and
Hazegh-Azam, 1996). This same redox active
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nature of copper and iron also renders these
metal ions highly toxic when present in abnormally
high intracellular concentrations or when mal-
distributed within organisms. Both Cu* and Fe?*
readily engage in Fenton chemistry to generate the
highly toxic superoxide radical, which leads to
damage to proteins, membranes and nucleic acids
(Halliwell and Gutteridge, 1988). The intrinsically
cytotoxic yet essential nature of both copper and
iron dictates that all organisms must regulate
metal ion reduction, uptake, distribution, seques-
tration and removal for normal homeostatic
control.

It is thought that the fundamental mechanisms
for metal ion homeostasis are conserved through-
out nature. The most detailed picture of copper
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and iron control mechanisms has emerged
from studies in prokaryotes and yeast (reviewed in
Askwith et al., 1995; Vulpe and Packman, 1995).
High affinity copper transport into yeast cells
involves a plasma membrane-associated Cu?*-
Fe®* reductase encoded by the FRE1 and FRE2
genes and two integral membrane proteins, Ctrlp
and Ctr3p (Dancis et al., 1992; Askwith et al.,
1994; Hassett and Kosman, 1995; De Silva et al.,
1995; Knight et al., 1996). Yeast cells transport
reduced Fe?* ions with high affinity via the plasma
membrane-associated Ftrl protein and a multi-
copper ferroxidase activity associated with the
Fet3 protein (Askwith et al., 1994; Stearman et al.,
1996). Since Fet3p activity is Cu®*-dependent,
depletion of copper ions through chelation,
mutations in both the CTR1 and CTR3 copper
transport genes, or inactivation of a putative
copper transporting ATPase encoded by the CCC2
gene, render cells partially or completely defective
in high affinity Fe?* uptake (Dancis et al., 1994;
Yuan et al., 1995). Therefore, although there is
currently no evidence for an essential role of iron
in copper transport in yeast, copper is inextricably
linked to the high affinity transport of iron.

An additional level of iron and copper control
in yeast is achieved through the transcriptional
regulation of genes encoding proteins required for
copper and iron homeostasis. Yeast cells respond
to high environmental copper ion levels by activat-
ing transcription of the CUP1 and CRS5 genes,
encoding  metal-sequestering  metallothionein
proteins, and the SOD1 gene, encoding Cu, Zn
superoxide dismutase, via the Acel Cu™-
metalloregulatory transcription factor (reviewed
in Zhu et al., 1995). In response to copper ion
starvation, expression of the FRE1, CTR1 and
CTR3 genes is induced, whereas the expression of
these genes is down-regulated as a consequence of
copper ion repletion via an incompletely character-
ized mechanism (Dancis et al., 1994; Hassett and
Kosman, 1995; Knight et al., 1996). Expression of
the FRE1, FRE2, FET3, FTR1 and CCC2 genes is
elevated by iron ion starvation and repressed by
iron ion repletion via the iron-responsive Aftl
protein (Yamaguchi-lwai et al., 1996). Therefore,
copper and iron ions specifically regulate the ex-
pression of genes which play critical roles in their
homeostasis.

The yeast vacuole is an acidic compartment
which contains hydrolytic enzymes and functions
in metabolite storage and in ion and pH homeo-
stasis (reviewed in Jones, 1984; Klionsky et al.,
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1990). Studies investigating the process of vacuole
assembly and vacuolar protein sorting have
identified six distinct classes of mutations which
give rise to partially functional or non-functional
vacuoles (classes A-F), distinguishable by a
number of criteria, including unique morphologi-
cal features, defects in vacuolar segregation to
developing buds, proper vacuole acidification and
mis-sorting of the soluble vacuolar protease
carboxypeptidase Y (CPY) (Jones, 1984; Klionsky
et al.,, 1990). The four known complementation
groups which comprise the class C mutants, pep3,
pep5, vpsl6 and vps33, exhibit a variety of pheno-
types. These include defects in sorting and trans-
port of vacuolar enzymes, most are temperature
sensitive for growth, and all exhibit gross defects in
vacuolar biogenesis (Banta et al., 1988; Preston
et al., 1991; Woolford et al., 1990; Raymond et al.,
1992). Strains harboring an inactivated VMA3
gene, which encodes the 16 kDa proteolipid sub-
unit of the vacuolar H*-ATPase, display charac-
teristics of the class D type of vacuolar protein
sorting mutants (Raymond et al., 1992). Previous
studies of the vacuolar H*-ATPase have shown
that assembly of this multi-subunit protein com-
plex is essential to maintain the acidic environment
of the vacuole; therefore, vma3A mutants possess
morphologically normal vacuoles but are deficient
in vacuolar acidification (Nelson and Nelson,
1990). In addition to this defect, vma3A mutants
are defective in respiration, display an increased
sensitivity to environmental pH, and exhibit a
slow growth phenotype on media containing high
copper ion concentrations (Eide et al., 1993).

In this work, we have initiated a genetic screen
for genes which play important roles in metal
detoxification and homeostasis in Saccharomyces
cerevisiae. We have isolated two genes that have
been previously isolated and identified as PEP3
and PEP5 and are known to play critical roles in
yeast vacuolar biogenesis. Studies of these two
class C mutants, pep3A and pep5A, and cells
harboring a vma3A mutation, demonstrate that all
three strains display copper ion sensitive growth
phenotypes and, surprisingly, exhibit copper-
dependent repression of a normally iron-
responsive gene. Furthermore, we have identified
distinct differences in metal ion homeostasis
defects between these two classes of vacuolar
mutants. The data described here demonstrate that
vacuolar function and integrity are important in
normal copper and iron metal ion homeostasis in
S. cerevisiae.

© 1997 John Wiley & Sons, Ltd.
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Table 1.

Strain Genotype Reference or Source

DTY1 MATa gal trpl-1 his4 ade8 CUP1R-10 Thiele, 1988

DTY7 MATa ura3-52 his6 leu2-3,-112 CUP1R-3 Thiele, 1988

DTY186 MATa pep3::LEU2 ura3-52 his6 leu2-3,-112 CUP1R-3 This work

DTY190 MATa vma3::LEU2 ura3-52 his6 leu2-3,-112 CUP1R-3 This work

SEY6210 MATa ura3-52 leu2-3,-112 his3-4200 trp1-4901 lys2-801 Banta et al., 1988
suc2-49 CUP1R

DTY213 MATa pep3::LEU2 ura3-52 leu2-3,-112 his3-4200 trp1-4901 lys2-801 This work
suc2-49 CUPI1R

DTY214 MATa pep5::LEU2 ura3-52 leu2-3,-112 his3-4200 trp1-4901 lys2-801 This work
suc2-49 CUP1R

DTY212 MATa fet3::HIS3 ura3-52 leu2-3,-112 his3-4200 trpl-4901 lys2-801 This work

suc2-49 CUP1R

MATERIALS AND METHODS

Strains and media

Escherichia coli strains XL1 blue, DH11S, and
GM119 were used in this study. The genotypes of
S. cerevisiae strains used in these studies are
described in Table 1. Strains DTY186, DTY187
and DTY190, isogenic to DTY7, were created by
transformation and homologous recombination to
disrupt either the PEP3, PEP5, or VMAS3 genes
(Sherman et al., 1986). Disruption of the PEP3
gene was accomplished by transforming DTY7
with an 8 kb Sacl/Sphl DNA fragment from
plasmid plA3 (described below), which contains
the disrupted PEP3 gene, and selecting for leucine
prototrophy. Similarly, PEP5 was disrupted in the
DTY7 background using a 4-8 kb DNA fragment
from plasmid pMMMA4A-L (described below),
which contains the disrupted PEP5 gene, and
selecting for leucine prototrophy. Yeast strains
were grown on standard rich (YPD) or synthetic
complete (SC) medium lacking selected amino
acids as described in the figure legends. Solid
media used to test metal resistance phenotypes
were prepared as described (Sherman et al., 1986).
Appropriate concentrations of metal ions or metal
ion chelators were added to liquid or solid media
from stock solutions using water as solvent. Spot-
ting of yeast cells to metal containing plates was
performed by dilution of logarithmic phase cul-
tures grown to ODggy=1:0-2:0, to a final ODgg, Of
0-3 into SC medium. Cell number was esti-
mated using standard calculations (Sherman et al.,
1986), serial dilution performed, and 10 ul of cell
suspension were spotted onto plates.

© 1997 John Wiley & Sons, Ltd.

Plasmids

Standard techniques for plasmid construction,
maintenance, and single-stranded DNA produc-
tion were used in this study (Ausubel et al., 1987).
Plasmids used for disruption of the PEP3 gene
were constructed as follows. A 5kb Sacl/Sspl
DNA fragment containing the entire PEP3 open
reading frame (ORF) and flanking sequence was
subcloned into the Sacl/Smal sites of pUC19
creating intermediate  plasmid pMMMB3N.
pMMM3N was linearized at a unique BamHlI site
located within the PEP3 ORF and a 2-8 kb Bglll
fragment containing the LEU2 gene was ligated
into this site, disrupting the PEP3 gene and result-
ing in plasmid plA3.

Plasmids for PEP5 disruption were created as
follows. Intermediate plasmid pMMMA4A was con-
structed by subcloning a 4-3 kb Kpnl/Hindlll frag-
ment encompassing the PEP5 ORF and flanking
sequences into the same sites of pBluescript SK+.
This plasmid was cleaved with Bcll after passage
through the dam and dcm methylation-deficient E.
coli strain GM119 and the 2:8 kb Bglll LEU2
fragment was used to replace a 2.5 kb Bcll DNA
fragment which contains 85% of the PEP5 ORF.
This plasmid was designated pMMMA4A-L. pT14,
a centromere-based plasmid containing the
AFT1-1"" mutant allele was obtained from
Andrew Dancis (Univ. of Pennsylvania) and was
previously described (Yamaguchi-lwai et al.,
1996). The YIpFET3 plasmid used to create the
fet3A strain was obtained from David Eide (Univ.
of Missouri) and was previously described
(Askwith et al., 1994).

YEAST VOL. 13: 1423-1435 (1997)
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Mutant isolation

A 100 ml culture of exponentially growing wild-
type cells (DTY1) was mutagenized with ethyl
methane sulfonate (EMS) to a point at which 28%
of the cells survived (Ausubel et al., 1987).
Approximately 5000 viable colonies from this
mutagenesis were grown on YPD agar medium for
3 days at 30°C and then replica plated to SC agar
plates in the absence of presence of 300 uM-CuSO,.
Colonies which grew on SC but not SC containing
300 pum-copper sulfate were identified and colony
purified for further analysis.

Vacuolar staining

Cultures were grown to log phase and 5 ul of a
10 mm solution of 5- (and-6)-carboxyfluorescein
diacetate was added (CFDA, Molecular Probes).
Cells were incubated at 30°C, 300 rpm for 30 min
to allow for the uptake of CFDA into vacuoles
(Roberts et al., 1991) and then pelleted and washed
with phosphate-buffered saline (pH=7-3) contain-
ing 0-05% aniline blue, a dye which specifically
stains the cell wall. Vacuolar fluorescence was
visualized under ultraviolet light fluorescence and
photographed with a Zeiss Axioskop microscope
at 1000 x magnification.

RNA blot analysis

Total RNA was prepared from exponentially
growing cells (ODgg,=1:0-2:0) under conditions
indicated in the appropriate figure legends. RNA
was loaded into each well of a 1% formaldehyde-
agarose gel and subjected to electrophoresis blot-
ted to Nytran membranes (Schleicher & Schuell,
Keene, NH) and probed as recommended by the
manufacturer with either CUP1, FET3, CTR1 or
ACT1 specific DNA fragments labeled with
[a**P]dATP by nick translation (Ausubel et al.,
1987). CUP1, FET3, and CTR1 mRNA species
were visualized by autoradiography of RNA blots
using Kodak Biomax X-ray film and phosphor-
imaging using a Molecular Dynamics Model SP
Phosphorimager. Blots were normalized for RNA
loading by washing and re-probing with an actin
MRNA specific probe followed by phosphorimag-
ing and quantitation using ImageQuaNT software
(Molecular Dynamics).

Atomic absorption spectroscopy

Cultures of isogenic wild-type, pep3A, pep5A,
and vma3A strains were grown to log phase
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(ODg5p=1:0-2:0) in SC medium. A 50 ml aliquot
from each culture was then incubated in the ab-
sence or presence of 100 um-CuSO, at 30°C for
1.5h. Five ml of each culture was removed for
protein determination using a modification of the
method of Lowry (Herbert et al., 1971) and cells
from 40 ml of the remaining culture were pelleted
at room temperature, 3000 rpm. Pellets were
washed two times with ice-cold 10 mm-EDTA and
resuspended in 1ml concentrated nitric acid
(Baker, Analytical Grade). Cell suspensions were
boiled until the liquid had evaporated and 1 ml of
0-5% nitric acid was added to each sample. The
resulting solution was analysed for copper and
iron content by flameless atomic absorption spec-
troscopy using a Perkin Elmer PEC 3000 spectro-
photometer. All experiments were conducted at
least five times.

RESULTS

Isolation of S. cerevisiae mutants defective in
copper ion homeostasis

To isolate mutants defective in copper ion
homeostasis in S. cerevisiae, the wild-type strain
DTY1 was subjected to mutagenesis with EMS
and surviving colonies were replica-plated from
YPD to SC agar containing a range of CuSO,
concentrations. Of approximately 5000 colonies
screened, six were identified which grew on YPD
or SC at 30°C, but which failed to grow on SC
agar containing 300 um-CuSO,. The parental
wild-type strain is capable of robust growth on
CuSO, concentrations exceeding 2 mm-CuSO,. In
addition to copper ion sensitivity, these strains
exhibited comparable sensitivity to Fe3*, zZn?*
and Cd?* (data not shown). Genetic analysis of
these isolates revealed the presence of two com-
plementation groups with single recessive nuclear
mutations unlinked to either the CUP1 or ACE1
genes. One strain representing each of the two
complementation groups was used as a recipient
for transformation by a centromere-based yeast
genomic library and two copper ion resistant
transformants were identified for each mutant. The
analysis of plasmids rescued from each copper ion
resistant transformant demonstrated that the
clones which complemented each mutant were
unique, but that for each mutant the clones con-
tained overlapping restriction fragments. Sub-
cloning and complementation analysis for copper
ion resistance, followed by sequence analysis,

© 1997 John Wiley & Sons, Ltd.
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Cells Vacuoles

DTY7

pep3 :: LEU2

pep5 :: LEU2

0 450 900 uMCuSQ,

Figure 1. Copper ion-sensitive mutants are defective for vacuolar biogenesis. (A) Wild-type, pep3A
and pep5A strains were incubated for 30 min in the presence of a pH-sensitive dye, CFDA, and
visualized at 1000 x magnification by fluorescence microscopy. Cell walls were stained with 0-05%
aniline blue in phosphate-buffered saline. (B) Isogenic strains of the relevant indicated genotype and
the parental wild-type strain DTY7, were streaked to SC plates containing a range of copper ion
concentrations. Agar plates containing 0, 450 and 900 um-CuSO, are shown. Plates were incubated
at 30°C for 3 days and photographed.

© 1997 John Wiley & Sons, Ltd. YEAST vOL. 13: 1423-1435 (1997)
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indicated that the complementing genes for the
two independent copper ion-sensitive mutants
correspond to PEP3 and PEP5, which encode
proteins previously demonstrated to play critical
roles in vacuolar biogenesis (Woolford et al., 1990;
Preston et al., 1991; Robinson et al., 1991).

For further investigations, isogenic pep3A and
pep5A deletion strains were constructed by
homologous recombination and the structure of
the inactivated chromosomal alleles verified.
Fluorescence microscopy using CFDA, a pH-
sensitive dye which fluoresces in acidified vacuoles,
demonstrated that the pep3A and pep5A deletion
strains exhibit the punctate vacuolar staining char-
acteristics of class C vacuolar mutants (Banta
et al., 1988, Raymond et al., 1992), while the
wild-type strain exhibited normal vacuolar mor-
phology (Figure 1A). Furthermore, the pep3A and
pep5A strains exhibited the same degree of copper
sensitivity as the original mutant isolates (Figure
1B). Previous work by Eide and colleagues has
demonstrated that a mutation in the VMAS3 gene,
encoding the 16 kDa subunit of the vacuolar H™-
ATPase, is important for copper ion detoxification
and respiration (Eide et al., 1993). Therefore, to
directly compare the role of the PEP3, PEP5 and
VMAZ3 gene products in copper homeostasis, a
vma3A mutant was also constructed in the DTY7
background. Although, as previously observed,
the vma3A mutant grew poorly on medium con-
taining CuSO, after a 3-day incubation, this strain
was able to grow on CuSO, concentrations identi-
cal to those of the wild-type parental strain after a
6- to 10-day incubation at 30°C (data not shown).
Taken together, these data demonstrate that
vacuolar function is essential for normal copper
ion detoxification in S. cerevisiae and that
mutants with defects in vacuole assembly display
greater copper ion sensitivity as compared to a
mutant with structurally normal vacuoles that are
defective in acidification.
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Metal ion accumulation and reduction in vacuolar
mutants

To investigate the nature of the copper ion
homeostatic defects in the isogenic vacuolar
mutant strains, total cell-associated copper ions
were quantitated by atomic absorption spectro-
scopy. No significant differences were observed in
copper ion accumulation between the wild-type
strain, DTY?7 and either of the three mutant strains
grown in SC medium in the absence of exogenous
copper ions (Figure 2A). Incubation of each of the
strains in the presence of 100 pmM-CuSO, for 1-5 h
(a sublethal copper ion concentration for all of the
vacuolar mutant strains) showed that the pep3A
and pep5A mutant strains had no significant differ-
ence in copper ion accumulation as compared to
the wild-type parental strain. In contrast, the
vma3A strain reproducibly accumulated three-
fold less copper ions than the wild-type strain
(Figure 2A).

Copper influences iron transport in yeast by
activating Fet3p multi-copper Fe(ll) oxidase ac-
tivity and via the de-repression of the FRE1/2
genes, encoding the Cu?*/Fe* reductase required
for high affinity Fe?* transport, as a consequence
of copper ion starvation (Askwith et al., 1994;
Dancis et al., 1994; Hassett and Kosman, 1995).
Therefore, to ascertain if the vacuolar mutants
have alterations in these aspects of iron regulation,
we measured total cell-associated iron and Fe**
reductase activity in untreated or copper ion-
treated wild-type and vacuolar mutant strains. The
data in Figure 2B show that there was a modest
stimulation of iron accumulation by exogenous
copper ions in all four strains, presumably due to
the activation of Fet3p or other copper-dependent
Fe(ll) oxidase activities. However, there were no
significant differences in total iron accumulation in
the vacuolar mutant strains as compared with the
wild-type strain. Furthermore, although the pep3A
and pep5A strains exhibited ferrireductase activity

Figure 2. Copper and iron ion accumulation and Fe** reductase activity in Saccharomyces cerevisiae wild-type and isogenic
pep3A, pep5A and vma3A strains. Wild-type (DTY?7), pep3A, pep5A and vma3A strains were grown to log phase (ODgg,=1-0-2-0)
in SC media and cultures were incubated at 30°C, 300 rpm for 15 h in the absence or presence of 100 umM-CuSO,, or Fe** chelator
bathophenanthroline sulfonate (BPS). An aliquot was removed for protein quantitation before the cultures were harvested. Cell
pellets were prepared as described in Materials and Methods and flameless atomic absorption spectrophotometry was used to
determine the copper ion concentrations of these cells. The copper ion concentration for each sample is presented as the mean and
standard deviation (indicated by bars) from at least three independent experiments. (B) Accumulation of iron ions in S. cerevisiae
wild-type and isogenic pep3A, pep5A and vma3A strains. (C) Ferrireductase activity was measured in wild-type, pep3A, pep5A and
vma3A mutants grown in the absence or presence of the indicated copper ion concentrations as described in Materials and
Methods.

© 1997 John Wiley & Sons, Ltd. YEAST vOL. 13: 1423-1435 (1997)
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Figure 3. Aberrant regulation of FET3 in vacuole biogenesis mutants. RNA was isolated and prepared from the
indicated wild-type (DTY?7) and vacuolar mutant strains (pep3A, pep5A and vma3A). Blots were probed with a FET3
mRNA specific probe and exposed to x-ray film and quantitated using a Molecular Dynamics phosphorimager. After
exposure and quantitation, blots were stripped using standard procedures and then re-probed with an actin specific
mRNA probe to normalize for total RNA loaded. Copper ion concentrations added to each culture (in um) are
indicated at the top. The mMRNAs of FET3 and ACT1 are indicated as FET3 and ACT1, respectively. The percentage
of FET3 mRNA in each lane, as compared to the wild-type strain with zero exogenous copper ions, is shown below each

lane of the autoradiogram.

levels that were similar to the wild-type strain both
in the absence and presence of CuSO,, vma3A cells
reproducibly displayed Fe®" reductase activity
that was two-fold higher than the wild-type, pep3A
and pep5A strains (Figure 2C). This is consistent
with the decrease in total copper ion accumulation
observed int he vma3A strain and suggests that the
vma3A mutation may render these cells partially
starved for copper. Furthermore, the iron starva-
tion phenotype previously found to be associated
with vma3A mutants (Eide et al., 1993) is also
likely to contribute significantly to the increased
reductase activity. Under iron starvation, gener-
ated by addition of an impermeable Fe?* chelator
bathophenanthroline sulfonate (BPS) in the
growth medium, the Fe®* reductase activities in all
four strains as expected are significantly increased.

Aberrant expression of FET3 in vacuole mutants

The data described above demonstrate that
pep3A, pep5A and vma3A mutants have altered
copper ion sensitivity but no significant increase in
iron or copper ion accumulation. To examine the
status of intracellular iron or copper ion distribu-
tion in the wild-type parental strain and vacuolar
mutants, we assessed copper- and iron-dependent
expression of the CUP1 and FET3 genes. CUP1
gene activation occurs via Cu*-activation of the
Acelp metalloregulatory transcription factor (Zhu

YEAST VOL. 13: 1423-1435 (1997)

et al., 1995). FET3 gene repression occurs in
response to iron via the binding of the Aftlp to a
regulatory sequence in the FET3 gene promoter
(Yamaguchi-lwai et al., 1996). These genes are
transcriptionally regulated by iron or copper ions,
respectively, in a highly metal ion specific manner.
Therefore, CUP1 gene activation and FET3 gene
repression are sensitive indicators of intracellular
copper and iron availability, respectively. We
observed no significant difference in the responses
of the wild-type, pep3A, pep5A or vma3A strains to
increasing concentrations of copper ions for the
induction of CUP1 mRNA levels (data not
shown). The analysis of FET3 mRNA levels in

UM CuSOy
500 1000

XX (XXX
T Mees<]s [ |

Figure 4. The fet3A strain is sensitive to elevated copper ion
concentrations. Isogenic wild-type (SEY6210, WT) and fet3A
strains were grown to logarithmic phase and cells were diluted
to an ODgg,=0-3. Serial dilutions were performed in SC
medium and 10 pl suspension containing either 30,000, 3000,
300 or 30 cells were spotted on agar plates containing the
indicated copper ion concentrations. The plates were incubated
at 30°C for 3 days and photographed.

© 1997 John Wiley & Sons, Ltd.



VACUOLAR INFLUENCE ON COPPER AND IRON HOMEOSTASIS

these strains, however, revealed a striking metal
ion-dependent regulatory defect. First, FET3
MRNA levels in the pep3A, pep5A and vma3A
strains were significantly lower than the isogenic
wild-type strain when cells were grown in SC
medium (Figure 3). Moreover, FET3 mRNA levels
were dramatically reduced upon incubation of the
cells in the presence of as little as 0-5 um-CuSO,,
resulting in only 3, 1 and 15% of the wild-type
basal levels in the pep3A, pep5A and vma3A strains
respectively. The severity of this response was
much more dramatic for the pep3A and pep5A
mutants than for vma3A. Therefore, strains har-
boring defects in vacuolar function render the
normally iron-responsive FET3 gene repressible by
very low concentrations of exogenous copper ions.
In contrast, FET3 mRNA levels in the wild-type
strain were only modestly reduced even in the
presence of 50 um-CuSO,. To ascertain if FET3
gene function confers protection from copper ion
toxicity, isogenic wild-type and fet3A strains were
compared for their ability to grow in the presence
of increasing concentrations of CuSO,. As shown
in Figure 4, fet3A mutants are more sensitive to
copper ions than the isogenic parental wild-type
strain, strongly suggesting that the copper ion-
dependent decrease in FET3 mRNA is, at least in
part, responsible for the copper ion sensitivity of
pep3A, pep5A and vma3A mutants.

Copper-repression of FET3 expression occurs
through the Aftlp iron sensor

The observations that pep3A and pep5A mutants
exhibit copper-dependent repression of FET3
MRNA levels, but no significant defect in iron or
copper accumulation, suggest that copper might
influence the intracellular distribution of iron in
cells defective for vacuolar function. To test this
model, we ascertained if the dramatic copper-
dependent repression of FET3 mRNA in the
pep3A and pep5A mutants depended upon a func-
tional gene encoding Aftlp, the iron-sensing tran-
scription factor important for the regulation of
FET3, FRE1, FRE2, CCC2 and other iron homeo-
static genes.

The data in Figure 5A show, as previously
demonstrated, that in a wild-type strain (AFT1)
FET3 mRNA levels are repressed by iron but not
copper ions. Under these growth conditions FET3
MRNA levels in the pep3A and pep5A mutants
were induced by the presence of the Fe** chelator
BPS, consistent with a partial iron starvation when
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cells are grown on YPD. As expected, the copper
ion chelator bathocuproinedisulfonic acid (BCS)
did not alter FET3 mRNA levels. However, in the
pep3A and pep5A strains, basal FET3 mRNA
levels were much lower than wild-type levels and
were repressed by either exogenous iron or copper
ions. Furthermore, FET3 mRNA levels are
induced in these mutant strains after treatment
with BPS but not BCS. In contrast, the same
strains transformed with a dominant allele of the
AFT1 gene, AFT1-1"°, in which a single amino
acid substitution renders Aftlp non-responsive to
iron (Yamaguchi-lwai et al., 1996), did not repress
FET3 mRNA levels in the presence of copper or
iron ions (Figure 5B).

These observations strongly suggest that the
copper ion sensitivity and copper ion-mediated
repression of FET3 mRNA levels in the pep3A and
pep5A mutants occur via copper exacerbation of
intracellular iron distribution defects. Cells har-
boring the AFT1-1'" allele display two phenotypes
consistent with this hypothesis. First, both wild-
type and the pep3A and pep5A mutant cells
displayed increased copper ion sensitivity when
the AFT1-1'P gene was present on a centromeric
plasmid, with the sensitivity being more severe in
the pepA mutants (Figure 6A). This may represent
a sensitivity to abnormal iron distribution that is
augmented as a consequence of added copper ions.
Second, in both the pep3A and pep5A mutants (but
not the wild-type strain) containing either the
wild-type AFT1 gene or the AFT1-1"F allele,
growth was severely inhibited when cells were
starved for iron, but growth was only modestly
inhibited when cells were starved for copper
(Figure 6B, BPS and BCS, respectively). This was
observed in response to a range of BPS or BCS
concentrations (data not shown).

DISCUSSION

Previous studies have clearly demonstrated that
yeast vacuoles play pivotal roles in a number of
cellular processes including protein processing,
amino acid and ion homeostasis, the storage of
metals, polyphosphates and other metabolites and
in cellular pH and osmoregulation (Jones, 1984;
Klionsky et al., 1990). The data in this manuscript
demonstrate that yeast cells harboring mutations
in genes important for either vacuolar structure or
acidification have clear defects in copper ion de-
toxification and metal ion-dependent gene expres-
sion. Furthermore, the consequences of mutations
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Figure 5. Copper ion regulation of FET3 mRNA requires a functional AFT1
gene. RNA was isolated from the wild-type (WT) pep3A and pep5A strains
transformed with the control plasmid YCp50 (A) or the dominant AFT1-1'°
mutant allele (B) grown under control conditions (0) or in the presence of CuSO,
(Cu), FeCl; (Fe), BPS (P) or BCS (C). Blots were probed with a FET3
mRNA-specific probe and after exposure and quantitation, blots were stripped
using standard procedures and then re-probed with an actin-specific mMRNA probe
to normalize for total RNA loaded. The mRNAs of FET3 and ACT1 are
indicated as FET3 and ACT1, respectively.

in the PEP3 or PEPS5 genes are distinct from those
observed for the VMA3 gene. With respect to
copper resistance, the pep3A and pep5A mutants
displayed CUP1 mRNA and protein levels that are
essentially indistinguishable in these strains as
compared to the isogenic wild-type parental strain.
Therefore, the copper ion-sensitive phenotype dis-
played by the pep3A and pep5A mutants is not a
consequence of a defect in CUP1 biosynthesis.
Although the intracellular location of the CUP1-
encoded metallothionein (MT) is thought to be
cytosolic in wild-type cells (Wright et al., 1987), we
cannot at this time rule out the possibility that the
intracellular localization of MT in the vacuolar
mutant strains is altered and contributes to the
copper-sensitive phenotype displayed by these
strains. Therefore, differences in the accumulation
of copper ions and the expression of the Cupl
metallothionein are unlikely to represent mech-
anisms for copper ion sensitivity. Since the Fet3
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protein is predicted to bind four copper ions per
polypeptide and has Cu?*-dependent oxidase
activity (Askwith et al., 1994; Yuan et al., 1995),
we tested whether Fet3p may also contribute to
copper ion resistance by disruption of the chromo-
somal FET3 gene. Indeed, cells bearing a fet3A
allele exhibited a shift in copper sensitivity from
wild-type levels that is comparable to that exhib-
ited by the pep3A and pep5A mutants. Consistent
with this observation, pep3A and pep5A cells re-
spond to submicromolar copper ion concen-
trations by almost completely repressing FET3
MRNA levels. Taken together, these two observa-
tions strongly suggest that the Fet3 multi-copper
oxidase provides one line of defence against copper
ion toxicity. It is interesting that in higher eukaryo-
tes, the Fet3p homologue ceruloplasmin has been
suggested to scavenge free radicals generated
through Fenton chemistry (Samokyszyn et al.,
1989; De Silva and Aust, 1992). Therefore, Fet3
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Figure 6. Expression of the AFT1-1'° allele in vacuolar mu-
tants generates a copper ion-sensitive phenotype and induces Fe
starvation. (A) Wild-type (WT), pep3A and pep5A cells trans-
formed with a control plasmid (YCp50) or a plasmid contain-
ing the AFT1-1'" allele were grown to logarithmic phase,
diluted and 10 pul containing approximately 3000 cells was
spotted to plates containing 0, 100, 200 and 300 um-CuSO,. (B)
10 ul of the same cell suspension used in (A) was spotted to
plates containing either 100 um-BCS (copper ion-limiting con-
ditions) or 100 um-BPS (iron and copper ion-limiting condi-
tions). Plates were incubated at 30°C for 3 days and
photographed.

might play a role in the protection from copper ion
toxicity both by binding and sequestering copper
ions and through serving as an anti-oxidant.
What might be the mechanisms by which pep3A
and pep5A mutants dramatically repress FET3
MRNA levels in response to copper? We observed
that pep3A or pep5A cells expressing a mutated
form of the FET3 regulatory protein Aftl, which
renders it non-responsive to copper, are also insen-
sitive to copper for FET3 repression. These results
suggest that in pep3A and pep5A strains, vacuolar
defects in iron homeostasis, either at the level of
intracellular distribution or iron redox states, are
worsened by elevations in copper ion concen-
trations. Alternatively, it is possible that in the
pep3A and pep5A mutants, a maldistribution of
copper ions might provide a mechanism for the
direct interference of iron sensing or transcrip-
tional activation by Aftlp by copper. A number of
investigations have suggested that yeast vacuoles
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serve to store intracellular iron (Kitamoto et al.,
1988; Raguzzi et al., 1988; Bode et al., 1995).
Furthermore, Eide and colleagues clearly demon-
strated that the gef2 mutant, allelic to vma3 and
cup5, is copper ion sensitive and defective in the
utilization of non-fermentable carbon sources and
oxygen consumption (Eide et al., 1993). This res-
piratory defect could be suppressed by the addition
of iron to the growth medium, suggesting that the
primary defect in vacuolar H*-ATPase mutants is
in iron homeostatic control mechanisms. Consist-
ent with this idea, it has recently been demon-
strated that pep5A mutants exhibit altered
intracellular iron distribution (Bode et al., 1995).
One possibility is that iron is mobilized from the
vacuole by a mechanism involving a Cu?*-
dependent ferroxidase similar to Fet3p and that in
the context of the abnormal vacuoles found in
pep3A and pep5A mutants, this machinery is
hyper-sensitive to added copper ions, resulting in
increased levels of Fe (I111). Interestingly, a search
of the yeast genome data base indicates the pres-
ence of an ORF on chromosome VI (YFL0141W)
encoding a protein with significant homology to
the Fet3p. Indeed, recent studies have demon-
strated that this ORF encodes a vacuolar protein
which participates in iron homeostasis (D. Eide,
personal communication).

The data presented in this work has demon-
strated that pep3A and pep5A mutants exhibit
defects in copper sensitivity and iron-responsive
gene regulation. Since pep3A and pep5A mutants
lack morphologically normal vacuoles and have a
number of other defects, but vma3A mutants have
normal vacuolar structure, vacuolar integrity may
be important for copper detoxification and only a
subset of copper homeostatic functions carried out
by the vacuole are defective in mutants with
altered vacuolar acidification. A number of studies
have also demonstrated that yeast vacuoles are
important for resistance to Ca®*, Cd**, zn®*
and other metal ions (Li et al., 1997; Klionsky
et al., 1990). Therefore, vacuolar function plays an
important role in the protection and homeostatic
control of both toxic and essential metal ions.
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