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Copper is an essential trace metal whose biological utility is
derived from its ability to cycle between oxidized Cu(II) and
reduced Cu(I). Ctr1 is a high affinity plasma membrane copper
permease, conserved from yeast to humans, that mediates the
physiological uptake of Cu(I) from the extracellular environ-
ment. In the baker’s yeast Saccharomyces cerevisiae, extracellu-
lar Cu(II) is reduced to Cu(I) via the action of the cell surface
metalloreductase Fre1, similar to the humangp91phox subunit of
theNADPHoxidase complex, which utilizes heme and flavins to
catalyze electron transfer. TheS. cerevisiaeCtr2protein is struc-
turally similar to Ctr1, localizes to the vacuole membrane, and
mobilizes vacuolar copper stores to the cytosol via amechanism
that is not well understood. Here we show that Ctr2-1, a mutant
formofCtr2 thatmislocalizes to theplasmamembrane, requires
the Fre1 plasma membrane metalloreductase for Cu(I) import.
The conserved methionine residues that are essential for Ctr1
function at the plasma membrane are also essential for Ctr2-1-
mediated Cu(I) uptake.We demonstrate that Fre6, amember of
the yeast Fre1 metalloreductase protein family, resides on the
vacuole membrane and functions in Ctr2-mediated vacuolar
copper export, and cells lacking Fre6 phenocopy the Cu-defi-
cient growth defect of ctr2� cells. Furthermore, both CTR2 and
FRE6 mRNA levels are regulated by iron availability. Taken
together these studies suggest that copper movement across
intracellularmembranes ismechanistically similar to that at the
plasmamembrane. This work provides amodel for communica-
tion between the extracellular Cu(I) uptake and the intracellular
Cu(I) mobilization machinery.

The trace element copper plays important roles in a range of
physiological functions that include transcriptional regulation,
energy generation, angiogenesis, neuropeptide maturation,
oxidative stress protection, pigmentation, connective tissue
biogenesis, and iron uptake and distribution (1–3). Although
the ability of copper to alternate between its oxidized (Cu(II))
and reduced (Cu(I)) forms is critical for its function as a redox
cofactor, this same property has the propensity to generate
damaging intracellular free radicals (4). Consequently, orga-

nisms must tightly regulate copper acquisition, utilization,
detoxification, and storage. It is notable that the inability to
import or utilize intracellular sources of copper in mammals
leads to cognitive and developmental defects, anemia, cardiac
hypertrophy, and other severe consequences (1, 5–7).
The canonical member of a high affinity copper transport

family of proteins, Ctr1, is localized to the plasma membrane
and structurally conserved in eukaryotic organisms from yeast
to humans (8–15). In Saccharomyces cerevisiae the structurally
related and functionally redundant Ctr1 and Ctr3 proteins
function in the movement of copper from the extracellular
environment across the plasma membrane to the cytosol (8, 9,
16, 17). After transport across the plasma membrane, intracel-
lular copper is carriedvia specific chaperoneproteins to copper-
dependent enzymes such as cytochrome c oxidase in the mito-
chondria, Cu,Zn-superoxide dismutase in the cytosol and
mitochondrial inter-membrane space, and the Fet3 multi-cop-
per ferroxidase in the secretory pathway that functions in a
complex with the Ftr1 permease in high affinity iron uptake at
the plasma membrane (18–21). Consequently, S. cerevisiae
cells lacking both Ctr1 and Ctr3 are respiratory-deficient, oxi-
dative stress-sensitive, and iron-starved.
Structural, biochemical, and genetic experiments support

the hypothesis that Ctr1 protein monomers consist of three
transmembrane domains, with each monomer assembling as a
homotrimer to form a copper-specific transport pore (9, 17, 22,
23). The precise mechanism by which Ctr1 transports Cu(I)
across the plasma membrane is not understood in detail, but
mutagenesis studies have demonstrated that a conserved
methionine residue approximately 20 amino acids preceding
the first transmembrane domain and the conservedmethionine
motif (MX3M) in the second transmembrane domain are essen-
tial for copper import by Ctr1 (22). Substitution of thesemethi-
onine residues in the yeast or humanCtr1 proteinwith serine or
alanine residues completely abrogates function, whereas sub-
stitutionwith other potential copper ligands such as cysteine or
histidine supports the copper uptake function of Ctr1 (22).
These and other experimental results suggest that these methi-
onine residues, conserved in all Ctr1 family members, may
coordinate to copper as essential components of the transport
process (22, 24).
Although extracellular copper is present in an oxidizing envi-

ronment that would favor an equilibrium towardCu(II), several
experimental observations suggest that Ctr1 mediates the
movement of Cu(I) across the plasma membrane. First, Ctr1-
mediated copper uptake in yeast and mammals is competed by
silver (Ag(I)), which is isoelectric to Cu(I) but not Cu(II) (25).
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Second, the essential Ctr1 methionine ligands that are con-
served in all Ctr1 family members exhibit a stronger preference
for coordination to Cu(I) than Cu(II) (22). Third, the reducing
agent ascorbate stimulates Ctr1-mediated copper uptake (26).
Moreover, yeast Ctr1 requires the action of plasma membrane
metalloreductases, encoded by the FRE1 and FRE2 genes, to
efficiently transport extracellular copper across the plasma
membrane (26, 27).
Previous studies suggest that, similar toCtr1, the S. cerevisiae

Ctr2 protein has three transmembrane domains, exists as a
homomultimer, and resides in the vacuolarmembrane where it
serves to mobilize vacuolar copper stores to cytosolic copper
chaperones (28, 29). Although Ctr2 requires the conserved
methionine residues in the amino terminus and second trans-
membrane domain for copper mobilization, it is has not been
established whether Ctr2 transports Cu(I) and, if so, whether
vacuolar coppermobilization involves ametalloreductase. Fur-
thermore, given that Ctr1 and Ctr2 function to import copper
and mobilize copper stores, respectively, the mechanisms by
which these two copper acquisition pathways communicate are
not understood. Here we report that a mutant of Ctr2, Ctr2-1,
that is mislocalized to the plasmamembrane and drives copper
uptake, requires a cell surface metalloreductase to functionally
replace Ctr1. In addition, the conserved methionine residues
critical for copper import by Ctr1 are essential for Ctr2-1 func-
tion at the plasma membrane. We identify Fre6 as a vacuolar
membrane-localized metalloreductase that functions in the
Ctr2-mediated vacuolar copper mobilization pathway. Fur-
thermore, we demonstrate that steady state CTR2 and FRE6
mRNA levels are increased in response to iron deficiency.
These studies support strong mechanistic similarities for Cu(I)
transport across intracellular membranes and the plasma
membrane andprovide amodel formechanisms throughwhich
cells signal a need for extracellular Cu(I) uptake versus Cu(I)
mobilization from intracellular stores.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—S. cerevisiae deletion strains
were constructed by integration of the His3MX6, TRP1, or
KanMX6 cassette (30) into the desired locus of MPY17 (MATa
ura3-52 his3�200 trp1-901 ctr1::ura3::Knr ctr3::TRP1),
BY4741 (MATa his3�1 leu2�0 met15�0 ura3�0), or SEY6210
(MAT� ura3-52 leu2-3,-112 his3�200 trp1�901 lys2-801
suc2�9) yeast strains.Wild-type andmutant alleles were ampli-
fied fromgenomicDNAbyPCR. Site-directedmutagenesis was
performed by the overlap extension method (31). The FRE6
open reading frame was subcloned into the p416ADH and
p416GPD yeast expression vectors, and the FRE7 open reading
frame was subcloned into the p416GPD vector. For the FRE6-
3HA, FRE6-GFP, and FRE7-GFP fusions, a NotI restriction
enzyme site was introduced in-frame immediately upstream of
the FRE6 stop codon in the p416ADH vector or the FRE7 stop
codon, and the triple hemagglutinin (3HA)3 or green fluores-

cent protein (GFP) open reading framewas inserted. The integ-
rity of the fusion between FRE6 or FRE7 and the epitope tags
was verified by DNA sequencing. Yeast strains were trans-
formed with plasmids using standard techniques and grown in
synthetic complete (SC) selective media at 30 °C.
Functional Complementation, Growth, and Enzyme Assays—

S. cerevisiae strains transformed with specific plasmids were
grown in selective media to exponential phase at 30 °C with
agitation. 10-Fold serial dilutions were spotted onto selective
glucose media, ethanol (2%) and glycerol (3%) media (YPEG),
and YPEG supplemented with copper sulfate (CuSO4) or fer-
rous ammonium sulfate containing 1.5% agar and incubated at
30 °C for 3–6 days. SC media was supplemented with 200 or
500 �M EDTA or 200 �M EDTA in addition to CuSO4 (10 �M),
ZnCl2 (100�M), ascorbate (10�M), or the Cu(I) chelator batho-
cuproine disulfonic acid (100 �M) for spot assays.
For reductase assays, the fre1�fre2� strain was transformed

with an empty vector, p416GPD-FRE6, or p416GPD-FRE7.
Cells were grown in selective media at 30 °C to exponential
phase, and reductase assays were performed (32). Cells were
pelleted by centrifugation and resuspended in reductase assay
buffer (50 mM citrate, pH 6.6, and 5% (w/v) glucose). Optical
density (A600) of the cells resuspended in reductase assay buffer
was measured for cell number normalization. Assays were ini-
tiated by the addition of 2-(4,5-dimethyl-2-thiazolyl)-3,5-di-
phenyl-2H-tetrazolium bromide (MTT) to a final concentra-
tion of 0.5 g/liter. After 1 h at 30 °C in the dark, the formazan
crystals formed by the reduction of MTT were dissolved in
acidified (0.04 M HCl) isopropanol, and the absorbance of the
supernatant at 595 nm was measured.
Fluorescence and Indirect Immunofluorescence Microscopy—

The fre6� strain was transformed with p416ADH-FRE6-GFP
and grown in selective media at 30 °C to exponential phase.
FM4–64 (Molecular Probes) was added to a final concentra-
tion of 20�M, and cells were incubated at 30 °C for 15min. Cells
were then collected, resuspended in freshmedia, and incubated
for an additional 45min before visualization. For localization of
FRE7-GFP, the rsp5-1 temperature-sensitive mutant strain and
corresponding isogenic wild-type strain were transformedwith
plasmids expressing FRE6-GFP and FRE7-GFP and grown in
selectivemedia at 30 °C to exponential phase. Twohours before
visualizing cells, each culture was split, with half remaining at
30 °C and the other half incubating at the nonpermissive tem-
perature of 37 °C. All cells were visualized with a Zeiss Axios-
kop upright wide field fluorescence microscope equipped with
a filter wheel. Indirect immunofluorescence was performed as
previously described (33). Polyclonal antibody against the
amino terminus of Ctr2 was generated by Bethyl Laboratories,
Inc. from the peptide sequence EGNAGHDHSDMHMGDGD-
DTC (amino acids 38–57) and affinity-purified. Affinity-puri-
fied antibody against the intracellular loop region of Ctr2 (pep-
tide sequence CVHKRQLSQRVLLPNRSLTK) was also
generated and purified by Bethyl Laboratories, Inc.
Vacuole Purification and Immunoblotting—Vacuoles were

isolated by Ficoll gradient fractionation as previously described
(29, 34). Whole cell extracts made by the Triton X-100/glass
bead mechanical extraction method (9), or samples from the
vacuole isolation were separated by 10% SDS-PAGE, trans-

3 The abbreviations used are: 3HA, triple hemagglutinin; GFP, green fluores-
cent protein; SC, synthetic complete; GPD, glyceraldehyde-3-phosphate
dehydrogenase; MTT, 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetra-
zolium bromide; YPEG, ethanol-glycerol media.
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ferred to nitrocellulose membranes, and probed with �-Ctr2,
�-HA (Berkeley Antibody Co., Inc.), �-Pma1 (Santa Cruz Bio-
technology), �-3-phosphoglycerate kinase, �-alkaline phos-
phatase, or �-carboxypeptidase Y antibodies (all fromMolecu-
lar Probes).
RNA Blotting—Cells from isogenic wild-type (CM3260),

aft1�, aft2�, and aft1�aft2� strains (35, 36) were grown in
SC containing 100 �M ferrous ammonium sulfate or 100 �M
iron(II) chelator bathophenanthroline disulfonic acid to expo-
nential phase. Total yeast RNAwas isolatedwith amodified hot
phenol method (37). PCR-amplified DNA fragments were gel
purified and radiolabeled with [32P]dCTP and used as hybrid-
ization probes. A probe to detect actin (ACT1) mRNAwas used
as a gel loading control.

RESULTS

Conserved Methionine Residues Are Essential for Ctr2-1
Function—Although S. cerevisiae Ctr1 and Ctr2 are integral
membrane proteins involved in copper transport, they share
less than 25% amino acid sequence identity overall, with highest
similarity occurring in the three transmembrane regions. How-
ever, both proteins possess a methionine residue �20 amino
acids upstream of the first transmembrane domain and a
MX3M motif in the second transmembrane domain that are
essential for normal copper transport function (22, 29). In pre-
vious work we described a mutant allele of CTR2, CTR2-1,
that expresses a protein which partially mislocalizes to the
plasma membrane and stimulates extracellular copper uptake
and accumulation (29). The Ctr2-1 protein contains a substitu-
tion of arginine for tryptophan within the amino terminus and
a 16-amino acid truncation at the carboxyl terminus. However,
the integrity of the methionine residues, conserved in all Ctr
family members identified to date, is maintained in Ctr2-1. We
used the Ctr2-1 allele to further test whether Ctr2 may trans-
port copper in a manner mechanistically similar to Ctr1. A
ctr1�ctr3� yeast strain cannot grow on a non-fermentable car-
bon source such as ethanol and glycerol (YPEG) due to a defec-
tive mitochondrial respiratory chain that results from the
inability of cytochrome c oxidase to obtain its copper cofactor
(22). The results shown in Fig. 1A demonstrate that whereas
expression of theCtr2-1 protein can suppress the growth defect
of ctr1�ctr3� cells on YPEG, growth on YPEG is abolished by
mutation of the amino-terminal methionine residues
(M59A,M61A) or mutation of both methionine residues in the
second transmembraneMX3M (M148L,M152L)motif. The addi-
tion of copper to themedia restored growth of all strains, indicat-
ing that the growth defect on YPEG is due to insufficient intracel-
lular copper levels and not a secondary mutation that inactivates
mitochondrial oxidative phosphorylation. Indirect immunoflu-
orescence microscopy of cells expressing the methionine
mutants of Ctr2-1 (M59A,M61A and M148L,M152L) with a
polyclonal antibody directed against a region of Ctr2 that is
conserved between the wild-type and mutant proteins shows
that mutation of the methionine residues does not alter local-
ization of the Ctr2-1 derivatives to the plasma membrane (Fig.
1B). Furthermore, immunoblot analysis of whole cell extracts
demonstrates that Ctr2-1 and the Ctr2-1 methionine mutant
proteins accumulate to similar steady state levels (Fig. 1C).

Ctr2-1 Activity in Copper Uptake Requires a Cell Surface
Metalloreductase—Ctr1 in yeast and mammals is a highly spe-
cific copper transporter with a strong preference for reduced
copper (Cu(I)) rather than oxidized copper (Cu(II))]. For Ctr1
to import Cu(I) from the oxidizing extracellular environment
that favors the existence of Cu(II), a cell surface flavocyto-
chromemetalloreductase, encoded by the FRE1 gene, has been
demonstrated to be required in vivo (26). Furthermore, both
CTR1 and FRE1 gene expression are coordinately activated in
response copper deficiency by the Mac1 transcription factor
(38–41).
As a secretory pathway compartment derived from the endo-

plasmic reticulum, the interior of the yeast vacuole is likely an
oxidizing environment, which would be predicted to favor the
accumulation of Cu(II). Our previous studies demonstrated
that Ctr2-1 stimulates extracellular 64Cu uptake and intracellu-
lar copper accumulation (29). Given that the integrity of the
conservedmethionine residues is critical for Ctr2-1 to suppress
the ctr1�ctr3� growth phenotype on YPEG, suggesting that

FIGURE 1. Conserved methionine residues are essential for Ctr2-1 func-
tion. A, ctr1�ctr3� cells were transformed with either an empty vector (vec-
tor), GPD-Ctr2-1 (Ctr2-1), or mutant forms of Ctr2-1 (M59A,M61A and
M148L,M152L) under control of the GPD promoter and spotted onto selective
glucose media (SC-ura) or YPEG with or without copper and incubated at
30 °C for 3– 6 days. B, polyclonal antibody directed against the amino termi-
nus of Ctr2, between the Trp3 Arg mutation of Ctr2-1 and the methionine
residues mutated in Ctr2-1 (M59A,M61A), was used to localize GPD-expressed
Ctr2, Ctr2-1, and the Ctr2-1 methionine mutants (M59A,M61A and
M148L,M152L) in fixed, spheroplasted ctr2� cells by indirect immunofluores-
cence. DIC, differential interference contrast. C, whole cell protein extracts
from ctr2� cells expressing GPD-Ctr2-1, -Ctr2-1 (M59A,M61A), -Ctr2-1
(M148L,M152L), or empty vector were used for immunoblot analysis with
�-Ctr2 and �-Pgk1 antibody. Pgk1 serves as a loading control.
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like Ctr1 Ctr2-1may transport Cu(I), we tested whether Ctr2-1
may also require cell surface metalloreductase activity to sub-
stitute for Ctr1 in copper import. As shown in Fig. 2, left panel,
deletion of the FRE1 gene precludes Ctr2-1 from suppressing
the loss of the Ctr1 plasma membrane copper importer for
growth on YPEG. Interestingly, fre2� has no effect on Ctr2-1
suppression under these conditions, and loss of both the Fre1
and Fre2 plasma membrane metalloreductases phenocopies
the fre1� phenotype. Supplementation of YPEG medium with
copper or the inoculation of all strains on glucosemedium (Fig.
2, center and right panels, respectively) allowed growth for all
strains tested. Because Ctr2-1 expression results in only partial
mislocalization of the protein to the plasma membrane, with
some protein remaining on the vacuole membrane, one possi-
ble explanation for suppression of the ctr1�ctr3� growth defect
on ethanol-glycerol medium is increased mobilization of cop-
per from the vacuole by the Ctr2-1 protein. This is unlikely,
given that overexpression of a wild-type Ctr2 protein from a
plasmidunder the control of the strong glyceraldehyde-3-phos-
phate dehydrogenase (GPD) promoter shows complete vacuo-
lar localization and does not permit growth on YPEG (29).
Taken together, these data suggest that Ctr2-1 suppression of
the Cu(I) uptake defect associated with ctr1�ctr3� strains
requires a cell surface metalloreductase, and this is consistent
with the plasma membrane pool of Ctr2-1 protein rather than
that localized to the vacuole, being responsible for suppression
of the ctr1�ctr3� phenotype.
Fre6 Metalloreductase Is Localized to the Vacuole—Our

studies reported here support the hypothesis that Ctr2-1 trans-
ports Cu(I) across the plasma membrane and suggests the pos-
sibility that Ctr2 may mobilize vacuolar luminal copper stores
as Cu(I). To date, the valence state and coordinating ligands of
vacuolar copper stores have not been elucidated. However, if
vacuolar copper is stored as Cu(II) and is mobilized to the
cytosol as Cu(I), in a manner similar to Cu(I) import by Ctr1
and Ctr2-1, this would suggest the involvement of a metal-
loreductase to function in concert with Ctr2. In S. cerevisiae, at
least six additional putative metalloreductases have been iden-
tified based on their sequence homology to Fre1 and Fre2 (42,
43). We identified two Fre family members as candidate metal-
loreductases that could function in Ctr2-mediated copper
mobilization from the lumen of the vacuole. One, designated
Fre6, has been preliminarily localized to the vacuole in a
genome-wide localization study of GFP fusion proteins (44).

The FRE6 gene has been shown to be transcriptionally activated
by iron deficiency and the Aft1/2 iron-sensing transcription
factors (42, 43). The other candidate vacuolar metalloreduc-
tase, designated Fre7, lacks published subcellular localization
information but is encoded by the FRE7 gene that is transcrip-
tionally activated by copper limitation via the Mac1 copper-
responsive transcription factor (39, 42, 43). Fre7 is the only gene
product of the Fre family identified to date that is up-regulated
exclusively by copper limitation and not by iron deficiency.
Given the Mac1-dependent regulation of the CTR1 and CTR3
copper importer genes and the FRE1metalloreductase gene, all
three of which are involved in copper movement across mem-
branes, the regulation of FRE7 by Mac1 strongly implicates a
role for FRE7 in copper homeostasis.
To identify whether either or both of these putative metal-

loreductases are involved in vacuolar copper homeostasis, we
first carried out experiments to localize the Fre6 and Fre7 pro-
teins via a combination of fluorescence microscopy and meas-
urement of cell surface reductase activity. In-frame transla-
tional fusions were constructed between the carboxyl termini
of the FRE6 or FRE7 coding sequences and the GFP open read-
ing frame. Interestingly, the Fre7-GFP fusion protein localized
to both the plasma membrane and a perinuclear compartment
consistent with the endoplasmic reticulum (Fig. 3A) as deter-
mined by 4,6-diamidino-2-phenylindole staining (data not
shown). Because the secretion of some plasma membrane pro-
tein-GFP fusions that are partially trapped in the endoplasmic
reticulum can be facilitated in mutants defective in the Rsp5
ubiquitin ligase (45), we also localized Fre7-GFP in an rsp5-1
temperature-sensitive mutant both at the permissive (30 °C)
and restrictive (37 °C) temperatures. Although Fre7-GFP local-
ized to both the endoplasmic reticulum and plasma membrane
at 30 °C, it was found almost exclusively at the plasma mem-
brane at 37 °C (Fig. 3A). These observations aswell as additional
data described herein suggest that the Fre7 protein is likely not
a vacuolar membrane protein and may instead be localized to
the plasmamembrane. In contrast to Fre7, the Fre6-GFP fusion
protein co-localized to the vacuolar membrane with the
lipophilic dye FM4–64, a known vacuolar marker, with no
detectable localization to the plasma membrane (Fig. 3B).
Moreover, consistent with vacuolar residency, Fre6-GFP local-
izationwas not altered in the rsp5-1mutant at the permissive or
restrictive temperature (data not shown).
The localization of Fre6-GFP to the vacuole suggests that

Fre6 could function together with Ctr2 in the mobilization of
vacuolar copper stores. To begin to understand Fre6 function,
isogenic ctr1�ctr3�ctr2� and ctr1�ctr3�fre6� strains were
constructed and compared for their growth on YPEG medium
supplemented with copper. As shown in Fig. 3C, whereas
ctr1�ctr3�ctr2� cells are unable to grow on YPEG without
added copper or with 15 �M copper, transformation of this strain
with a plasmid carrying wild-type CTR2 allowed growth on
medium containing 15 �M added copper. Furthermore, the
ctr1�ctr3�fre6� strainphenocopied the ctr1�ctr3�ctr2� strain in
this assay (Fig. 3C), and growthonYPEGcontaining 15�Mcopper
was restored via transformation with a plasmid expressing either
wild-type FRE6, the FRE6-GFP fusion gene used for fluorescence
microscopy (Fig. 3A), or a fusiongeneencodingFre6 fused to three

FIGURE 2. Ctr2-1 activity in copper uptake requires the cell surface met-
alloreductase Fre1. ctr1�ctr3� cells with endogenous expression of both
FRE1 and FRE2, only FRE2 (fre1�), only FRE1 (fre2�), or neither metalloreduc-
tase (fre1�fre2�) were transformed with Ctr2-1 under the control of the GPD
promoter and spotted onto selective glucose media (SC-ura) or YPEG with or
without copper. The wedge shape indicates decreasing cell culture density
from left to right.
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