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In Saccharomyces cerevisiae, the mitochondrial carrier family protein Pic2
imports copper into the matrix. Deletion of PIC2 causes defects in mitochon-
drial copper uptake and copper-dependent growth phenotypes owing to
decreased cytochrome c oxidase activity. However, copper import is not
completely eliminated in this mutant, so alternative transport systems
must exist. Deletion of MRS3, a component of the iron import machinery,
also causes a copper-dependent growth defect on non-fermentable carbon.
Deletion of both PIC2 and MRS3 led to a more severe respiratory growth
defect than either individual mutant. In addition, MRS3 expressed from a
high copy number vector was able to suppress the oxygen consumption
and copper uptake defects of a strain lacking PIC2. When expressed in
Lactococcus lactis, Mrs3 mediated copper and iron import. Finally, a PIC2
and MRS3 double mutant prevented the copper-dependent activation of a
heterologously expressed copper sensor in the mitochondrial intermem-
brane space. Taken together, these data support a role for the iron
transporter Mrs3 in copper import into the mitochondrial matrix.

1. Introduction

Copper is an essential trace element used in various pathways, including iron
acquisition, respiration and detoxification of reactive oxygen species. Because
of its potential toxicity, the import, localization and storage of copper is tightly
controlled. Cells use a combination of low-affinity and high-affinity transport sys-
tems to bring copper into the cytoplasm [1,2]. Inside the cell, protein and small
molecule chaperones sequester copper and deliver it to target enzymes. The cha-
perone Atx1 carries copper to the P-type ATPase Ccc2 in the trans-Golgi network
for incorporation into the multicopper oxidase Fet3, which is required for high
affinity iron uptake [3]. Copper is delivered to the Cu, Zn superoxide dismutase
(Sod1) by its chaperone Ccsl in the cytosol and in the mitochondrial intermem-
brane space (IMS) [4,5]. Currently, no protein or small molecule has been
unambiguously identified in recruitment of copper to mitochondria [6].

In addition to Sod1, mitochondrial copper is used by cytochrome ¢ oxidase
(CcO), the final enzyme complex in the electron transport chain [7]. The CcO com-
plex localizes to the inner membrane (IM), and copper cofactor insertion must be
tightly coordinated with its assembly; a series of chaperone proteins add copper as
the individual subunits are translated and inserted into the IM [8]. The soluble IMS
protein Cox17 delivers copper to the IM proteins Cox11 and Scol, which assemble
the Cug site in the Cox1 subunit and the Cuy site in the Cox2 subunit, respectively
[9-11]. Scol has an additional role in regulating cellular copper concentration and
mutations in SCO1 cause defects in both import and export of copper at the plasma
membrane [12,13]. While CcO is the major mitochondrial copper enzyme, the bulk
of mitochondprial copper is found in a labile pool [14—18]. The identity of the ligand
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(or ligands) for the labile copper pool remains unknown. Inves-
tigations with matrix-targeted copper-binding proteins and
matrix-targeted fluorescent sensors suggest that the labile
copper pool is present within the mitochondrial matrix
[14,18]. Copper is transported into the mitochondrial matrix
by the mitochondrial carrier family (MCF) protein Pic2 [19].
The phenotypes of a pic2A mutant and the phenotypes of
yeast cells expressing heterologous copper-binding proteins in
the matrix suggest that this matrix copper is redistributed to
the IMS for assembly into CcO and mitochondrial Sod1 [19,20].

The MCF proteins are involved in translocation of TCA inter-
mediates, nucleoside di- and triphosphates, and other substrates
across the mitochondrial IM [21]. MCF proteins have a basic
structure consisting of three pseudo-symmetric repeats of
approximately 100 amino acids that contain two transmembrane
(TM) helices connected by a loop with a short a-helix. The TM
helices contain a conserved PX(D/E)XX(R/K) motif that is a sig-
nature of all MCF proteins [22]. These motifs form salt bridges
important for the transition between the open and closed
states. Using a single binding-gated pore mechanism, the inter-
conversion between these states is required for transport [22].
Residues required for transport, therefore, have symmetry,
with any apparent asymmetric residues being responsible for
substrate binding and determining the requirement for counter
substrates, co-substrates and the directionality of transport
[22]. Identification of symmetric and asymmetric residues has
allowed for computational prediction of substrates without
knowledge of the protein structure [22].

Multiple MCF proteins are known to play a role in mito-
chondrial metal homeostasis. Importantly, we recently
demonstrated that Pic2 acts as a copper importer in yeast
[19]. Mrs3, Mrs4 and their metazoan homologues are respon-
sible for high-affinity iron transport across the IM [23].
Deletion of both MRS3 and MRS4 caused a severe growth
defect in yeast grown under iron-depleted conditions, whereas
mutation of metazoan mitoferrin was embryonic lethal owing
to severe anaemia [24,25]. In addition to Mrs3 and Mrs4 in
yeast, Rim2 was shown to mediate transport of nucleotide-
bound iron across the IM [26]. Still other MCF proteins, such
as Mtm1 and Ggcl, have been shown to have an indirect
effect on mitochondrial iron homeostasis [27-29]. The cases
of Mtm1 and Ggcl reveal that MCFs can indirectly modify
metal-related phenotypes in yeast, highlighting the need for
both phenotypic characterization and biochemical assessment.

Pic2 cannot be the only protein involved in mitochondrial
copper import as deletion of the PIC2 gene caused a respirat-
ory growth defect only under copper-limiting conditions [19].
Mitochondria from pic2A mutants still had 40-70% of wild-
type copper levels and could still import copper, though at
a lower capacity than those from wild-type cells [19]. Pic2
is homologous to the mitochondrial phosphate carriers ident-
ified in other eukaryotes [30], but in Saccharomyces cerevisiae
Mirl is the major phosphate carrier. In a comprehensive com-
putational analysis of the residues involved in substrate
binding and transport, Pic2, Mirl and the other phosphate
carriers from humans are a phylogenetically unique group
[22]. However, the authors note that they share similarity
with Mrs3 in two regions predicted to mediate substrate
binding [22], including one of the three histidine residues
that were recently shown to be involved in iron transport
[31]. Here, we have used phenotypic and biochemical
assays to show that the iron carrier Mrs3 is also involved in
the mitochondrial copper import pathway.

2. Material and methods

2.1. Yeast strains, culture conditions and standard
methods

Yeast strains used were BY4741 (MATa, leu2A, met15A, ura3A,
his3A) and isogenic kanMX4 mutant from Open Biosystems
(Huntsville, AL). Double mutants were constructed by homolo-
gous recombination of the URA3SMX cassette at the MRS3
locus. Cultures were grown in 1% yeast extract, 2% peptone
(YP) medium or in synthetic defined media with selective
amino acids excluded and with the appropriate carbon source
added. Bio101 yeast nitrogen base plus 0.1 mM ferrous sulfate
was used to give copper-deficient conditions. If required, extra-
cellular copper was depleted with bathocuproine sulfonate
(BCS) or silver was added as a mitochondrial copper competi-
tor. Exogenous copper was supplied as CuSO,. Growth
tests were performed at 30°C with 1 in 10 serial dilutions of
overnight pre-cultures grown in YP plus 1% glucose.

IM-hSOD1 was constructed by inserting the hSod1 open
reading frame (ORF) in-frame with the sequence encoding
the N-terminal 104 residues of Sco2 (YBR024W) that encode
a previously described mitochondrial targeting sequence
and a TM domain [20]. This construct was then integrated
in the yeast genome at the CCS1 locus to create ccs1A::IMh-
SOD1 (o, canlA:STE2pr-Sp_his5 lyplA his3A leu2A ura3A
met15A) [32]. Constructs were verified by dideoxynucleotide
sequencing prior to use.

2.2. Fractionation of mitochondrial copper pool

Preparation and fractionation of mitochondria was per-
formed as previously described [14]. To obtain the matrix
copper pool, cells were extracted in 100% methanol. Resulting
extracts were dried and resuspended in water. CuL was pre-
pared using Whatman DE52 anion exchange resin, which
was washed in 10 mM ammonium acetate (pH 8.0). Ligand
fractions were eluted using two bed volumes of 1M
ammonium acetate, pH 8.0. These were dried and washed
in water before being loaded onto a Sonoma C18 column
and separated by a 0-100% methanol gradient for 30 min
on a Shimadzu UFLC. Fractions were collected and analysed
for fluorescence using an excitation maximum of 220 nm and
emission maximum of 360 nm or an excitation maximum of
320 nm with an emission maximum of 400 nm (PerkinElmer
Life Sciences LS55 spectrofluorimeter) and for copper by
ICP-OES (PerkinElmer Life Sciences 9300-DV).

2.3. Expression of Mrs3 in Lactococcus lactis

Lactococcus lactis cells transformed with vector (pNZ8148)
alone or pNZ8148 (MoBiTec) carrying the PIC2 or MRS3
gene were grown overnight at 30°C in M17 medium with
0.5% glucose and 10 pgml~" chloramphenicol. Cells were
diluted into fresh medium at an ODggg of 0.1, grown to an
ODggp of 0.4 and induced using 1ng ml ! nisin for 5h or
overnight. To determine silver toxicity in L. lactis strains con-
taining vector, PIC2 or MRS3, cells were grown in a 96-well
plate containing M17 medium plus 1ngml™' nisin and
increasing concentrations of silver (0-250 puM). Iron chelation
was achieved by addition of 100 uM bathophenanthroline
disulfonate (BPS). Controls containing M17 without nisin or
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Figure 1. Copper-related growth phenotypes in pic2Amrs3A. (a) Serial
dilutions of BY4741 (wild-type; WT) and single MCF deletion strains grown
on rich medium with a non-fermentable carbon source (lactate—glycerol)
in the presence of the cell-impermeable copper chelator bathocuproine sul-
fonate (YPLG+BCS) or the same medium with supplemental silver at
100 M (YPLG+BCS—+Ag). (b) Oxygen consumption of whole WT, pic2A
or mrs3A cells grown in rich medium with glucose and 50 M silver
added. () Serial dilutions of double mutant strains indicated grown on
rich medium with a fermentable (glucose; YPD) or a non-fermentable
carbon source (lactate—glycerol) in the presence of the cell-impermeable
copper chelator BCS (YPLG+BCS) or in the presence of BCS and silver.

M17 plus silver without nisin were included. Optical density
at 600 nm was used to assess growth after 18 h at 30°C.

2.4, Copper uptake assay

Isolated mitochondria suspended in 0.6 M sorbitol were
incubated with CuL for 60-s intervals and removed from
solution by centrifugation. Uptake was measured by ICP-
OES as an increase in copper in mitochondrial pellets over
time. Copper uptake was assayed in L. lactis using a modified
method with whole cells resuspended in 2 uM coppersulfate
or 2 uM iron-sulfate salts in water. Cells were incubated
for different time points at room temperature, removed by
centrifugation, washed in water, and total metals were
measured by ICP-OES. Uptake was reported as the increase
in copper or iron over time. The rates of copper or iron
uptake were assessed in the linear portion of the uptake
curves, normally over the first 5-10 min [19].

2.5. Expression of recombinant proteins

The PIC2 and MRS3 ORFs were cloned into pHis parallel 1.
The fidelity of the construct was verified by dideoxynucleo-
tide sequencing prior to use. BL21 (DE3) cells were
transformed with the vector, and protein expression was
induced with isopropyl B-p-1-thiogalactopyranoside for 3 h.
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Figure 2. Suppression of pic2A by MRS3. (a) Serial dilutions of pic2A strains
transformed with episomal vector containing no insert (VEC), or PIC2 cloned
under the control of the endogenous promoter (PIC2), PIC2 under the control
of high expression ADHT promoter or MRS3 under the control of the endogen-
ous promoter grown on rich medium with a fermentable carbon source
(dextrose; YPD), non-fermentable carbon source (lactate—glycerol; YPLG),
non-fermentable carbon source in the presence of the cell-impermeable
copper chelator BCS (YPLG+BCS) or the same medium with supplemental
silver at 100 wM (YPLG+-BCS+Ag). (b) Oxygen consumption of whole
pic2 A cells with either empty vector, multi-copy vector with PIC2 under control
of the endogenous promoter or multi-copy vector with MRS3 under control of
the endogenous promoter. (¢) Mitochondria isolated from strains in (b) assayed
for cytochrome ¢ oxidase (CcO) activity normalized to total protein. (d) AgL
uptake into isolated mitochondria from (c) initial rates calculated from first
30-60 s of uptake at 10°C as described previously [19].

Inclusion bodies were isolated in a manner similar to that
described by Palmieri et al. [21]. Briefly, cells were resus-
pended in potassium phosphate buffer (140 mM NaCl,
2.7mM KCl, 8.3 mM K,HPO,4 1.8 mM KH,PO,), pH 7.5,
and disrupted by sonication. Insoluble material was collected
by centrifugation at 18 500g. Insoluble material was resus-
pended in potassium phosphate buffer, pH 7.5, and loaded
onto a stepwise 40%, 53%, 70% sucrose gradient. Samples
were centrifuged at 18 500¢ for 1h, and inclusion bodies
were isolated as a grey-coloured band at the interface
between the 53% and 70% layers. Presence of the protein of
interest was confirmed by immunoblot. To load protein into
liposomes, inclusion bodies were solubilized in 6 M urea
before overnight dialysis in egg-yolk phospholipids dis-
The dialysed
mixture was sonicated to generate the final proteoliposomes,
and protein concentration was determined by Bradford assay.

persed in potassium phosphate buffer.

2.6. Fluorescence anisotropy

CulL was diluted to give a fluorescence intensity of approxi-
mately 30 using an excitation at 320 nm and emissions at
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Figure 3. Total mitochondrial metals in pic24A, mrs34, mrs4A and
pic2Amrs3A. (a) Relative concentrations of Ca, Cu, Fe, Mn, P and Zn in mito-
chondria from pic2A, mrs3A and mrs4A cells grown in rich medium with a
fermentable carbon source (glucose) with 0.5 mM FeSO,. (b) Relative concen-
trations of Cu, Fe, Zn, P and Mn in mitochondria from pi2A (n = 24),
mrs3A (n=14) and pi2Amrs3A (n=6) cells grown in synthetic
medium with a fermentable carbon source (glucose) with added 0.5 mM
CuSO, and 0.5 mM FeSO,. Copper concentrations significantly decreased in
pi2Amrs3A compared with pic2A based on two-tailed t-test (p =
0.03). Metals were measured by ICP-OES and normalized on a per-sulfur
basis before being calculated as a fraction of those found in wild-type cells.

400 nm. MCF protein incorporated into liposomes, or mito-
chondrial membranes isolated by sonication were added in
1-5 pl increments. Protein concentrations were determined
by Bradford assay. Anisotropy was measured using a
PerkinElmer Life Sciences LS55 spectrofluorimeter.

2.7. Miscellaneous methods

The monoclonal mouse anti-human SOD1 was purchased
from Santa Cruz Biosciences. Secondary antibodies used
were Cy3-linked goat anti mouse from GeneScript. Superox-
ide dismutase (SOD1) activity was measured using a
xanthine oxidase linked assay kit (Sigma Life Science), and
absorbance was measured on a BioTek 96-well plate reader.

3. Results

3.1. Simultaneous deletion of PIC2 and MRS3 results in
copper-dependent growth defects

Pic2 was identified using a screen of single MCF gene deletions
grown on rich medium with a non-fermentable carbon source
in the presence of the cell-impermeable copper chelator BCS
and silver as a mitochondrial copper competitor [19]. Under
these conditions, the mrs3A mutant had a growth defect,
though it was milder than a pic2A mutant (figure 1a). Yeast
mutants with deletions in other MCF proteins, including the
nicotinamide adenine dinucleotide transporter (YEA6), the suc-
cinate—fumarate exchanger (SFC1) or the MRS3 paralogue
MRS4, which encodes another component of the iron import
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Figure 4. Mitochondrial copper uptake in WT, pi2 A, mrs3A and pi2Amrs3A.
Isolated mitochondria from parental, mrs34, pic2 A or pic2 Amrs3 A cells assayed
for in vitro uptake of the Cul as measured by an increase in copper over time.
Uptake is reported as the percentage of maximum uptake observed in wild-
type mitochondria. Representative data are shown of three repeated measure-
ments of uptake. Mitochondria were normalized for protein, and copper was
measured by ICP-OES and normalized on a per-sulfur basis.

machinery, did not show the same sensitivity to silver
(figure 1a). The mrs3A growth defect was reversed when silver
concentrations were decreased, and no defect was observed
on glucose at the same concentration of silver (not shown). In
addition, oxygen consumption was decreased in pic2A and
mrs3A cells compared with wild-type when cultured in rich
medium with glucose and 50 pM silver (figure 1b). To test for
synergistic phenotypes, we generated a pic2Amrs3A double
mutant. Simultaneous deletion of PIC2 and MRS3 resulted in
poor growth on copper-depleted rich medium with a non-
fermentable carbon source (figure 1c) and on synthetic
medium with a non-fermentable carbon source in the absence
of chelators (not shown). Deletion of MRS4 in the pic2A back-
ground did not cause an additional defect when compared
with pic2A alone under any conditions tested (figure 1c).

To test for the rescue of copper defects in the pic2A mutant
by MRS3, we transformed the deletion strain with a high copy
vector containing MRS3. Overexpression of MRS3 weakly sup-
pressed the growth defect of a pic2A mutant on non-
fermentable carbon sources but only in the absence of silver
(figure 2a). Consistent with the growth phenotype, pic2A
cells with vectors containing either PIC2 or multi-copy MRS3
grown in the absence of silver had increased oxygen consump-
tion (figure 2b). Mitochondria prepared from these cells had
increased cytochrome c oxidase activity (figure 2c) and were
able to support increased in vitro uptake of the copper ana-
logue silver (provided as isolated AgL) when compared with
pic2A mitochondria (figure 2d). These results suggest that
PIC2 and MRS3 are both capable of copper import to support
respiratory growth in yeast.

3.2. Deletion of PIC2 and MRS3 results in mitochondrial
copper deficiency

To investigate the effects of loss of PIC2 and MRS3 on
total mitochondrial copper, we isolated intact purified
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Figure 5. Expression of Mrs3 in Lactococcus lactis. (a) Uptake of copper or
iron by intact cells transformed with MRS3 or PI(2 incubated at room temp-
erature for 10 min with 2 uM CuSO, (n = 4) or 2 uM FeSO, (n = 4).
Uptake observed in cells expressing empty vector was subtracted and rate
increase per minute was calculated on a per 10° cell basis. Error bars rep-
resent standard deviation. (b) Western blot of L. /lactis transformed with
empty vector (Vec) or PIC2 or MRS3 probed with antibody specific to Pic2
and an identical gel with the same samples loaded stained with Coomassie
as a loading control.

mitochondria for analysis by ICP-OES. Mitochondria isolated
from pic2A, mrs3A and mrs4A cells grown in rich medium
supplemented with iron showed copper levels decreased to
0.3, 0.6, 0.7 as a fraction of wild-type, respectively (to calcu-
late fraction of wild-type, all values were divided by
average wild-type concentration, so that equal levels would
be 1 and a decrease is less than 1.0; figure 3a). To exaggerate
changes in mitochondprial copper levels, wild-type, pic2A and
mrs34, and pic2Amrs3A cells were grown in synthetic
medium supplemented with 0.5 mM CuSO,. Both pic2A and
mrs3A mitochondria accumulated copper to 0.45 and 0.8 as a
fraction of wild-type mitochondria, respectively (figure 3b).
The mrs3A mitochondria showed an iron defect, whereas
pic2ZA  mitochondria had a copper-specific defect. The
pic2 Amrs3 A double mutant accumulated only about 0.3 as a frac-
tion of wild-type copper and 0.6 as a fraction of wild-type
manganese, whereas other metals remained at or greater than
wild-type levels (figure 3b). As previously observed [19], all
mutants expanded the mitochondrial copper pool when
grown with added exogenous copper, but expansion was atte-
nuated relative to wild-type cells. Taken together, these results
suggest that both Pic2 and Mrs3 have overlapping functions
in maintaining mitochondrial copper pools and suggest the
existence of an additional transporter that maintains mitochon-
drial copper in the double deletion.

3.3. MRS3 can mediate copper uptake

To determine the role for Mrs3 in mitochondrial copper main-
tenance, intact mitochondria from pic2A, mrs3A and wild-type
cells were assayed for uptake of copper in the form of purified
CuL. Copper uptake was decreased in pic2A mitochondria,
whereas uptake into mrs3A mitochondria was not changed
relative to wild-type (figure 4). However, simultaneous
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Figure 6. Silver toxicity in Lactococcus lactis. (a) Optical density at 600 nm of
L. lactis carrying empty vector (filled square) and PIC2 (cross) grown for 12 h
in nisin to induce gene expression in the presence of increasing concen-
trations of silver. (b) Cell growth of L. lactis expressing MRS3 or empty
vector (VEC) grown in 120 M silver with nisin in standard medium
(M17) or in iron-depleted medium (M17-BPS).

deletion of both PIC2 and MRS3 resulted in a further decrease
of copper uptake relative to deletion of PIC2 alone (figure 4).
After uptake mitochondria were lysed by sonication and the
soluble and insoluble fractions separated by centrifugation,
more than 85% of the copper was released in the soluble frac-
tion suggesting that the majority of copper accumulation was
not due to binding to membranes (not shown) and performing
assays at 4°C inhibited uptake [19]. These data indicate that
simultaneous deletion of PIC2 and MRS3 causes a defect in
mitochondrial copper import.

To measure copper import in a heterologous system, MRS3
was expressed in the Gram-positive bacterium Lactococcus
lactis, which has been previously used to demonstrate function
of MCF proteins, including copper uptake by Pic2 [19,33].
Uptake of CuSO, was assayed in whole cells containing
vector plus MRS3 or cells containing empty vector. L. lactis
cells expressing Mrs3 increased total copper, provided as
CuSOy (figure 5a). Both Pic2 and Mrs3 are expressed at low
levelsin L. lactis (less than 1% of total protein based on previous
examples) [34] as they are not easily detectable by Coomassie
staining after SDS—PAGE of total cell extracts [34]. Pic2 was
detectable by immunoblot (figure 5b) [19], but no antibody
was available to detect the level of expression of Mrs3. How-
ever, cells expressing Mrs3 were capable of importing FeSO,,
which is consistent with the role of this protein in the iron
import pathway and suggests that functional Mrs3 protein
was expressed in L. lactis (figure 5a).

Silver acts as a toxic copper mimetic that can be imported by
copper carriers [19] and can be used to avoid obscuring of import
results by endogenous copper. Thus, we designed a silver toxicity
growth assay in L. lactis that was dependent on the expression of a
functional expression of a copper importer. We observed dose-
dependent silver toxicity in L. lactis when Pic2 expression was
induced with nisin (figure 6a). No toxicity was observed in cells
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Figure 7. Fluorescence emissions of Cul with 320 nm excitation. (a) Reverse phase purification of anionic, copper-containing soluble matrix contents. Cells were
grown overnight in SC (glucose) medium. Soluble contents were separated by anion exchange chromatography and loaded onto a (18 reverse phase column. CuL
was observed as the fluorescent peak (Ex320 Em400) that eluted at 14 minutes (approx. 35% methanol). (b) Change in relative fluorescence (ARF) in Cul fractions
titrated with sequential addition of Cu-acetonitrile. () CuL was prepared as in (a) from wild-type cells grown in SC medium with increasing CuSO,. The area of the
14-min ligand peak was quantified. Shown are the average intensities from three separate experiments. (d) Ligand was quantified from wild-type, pic2A, mrs3A
and mrs4A cells grown in YPD media with 0.5 mM FeS0,. Shown is the average of three separate experiments. Error bars represent standard deviation.

containing empty vector (figure 6a) or in PIC2-containing cells
after being dosed with 120 pM silver in the absence of the inducer
nisin (not shown), demonstrating that toxicity requires the
expression of Pic2. Using this assay, we found that expression
of Mrs3 did not induce silver toxicity even at 120 wM silver, indi-
cating the lack of silver import (figure 6b). Given the iron
transport function of Mrs3, we hypothesized that the iron concen-
tration in the medium may be sufficient to compete with silver for
import. Therefore, we assayed for silver toxicity under conditions
where iron availability was decreased by addition of an extra-
cellular chelator. Under iron-limiting conditions, silver was
toxic to cells containing MRS3 relative to those that contained
an empty vector (figure 6b). These results indicate that Mrs3 is
capable of transporting silver in L. lactis especially under iron-lim-
iting conditions and suggest that Mrs3 can function as a copper
importer.

3.4. Mrs3 can interact with the Cul complex

The CuL complex in the mitochondrial matrix can be extracted
in organic solvents, isolated with anion exchange resin, and
fractionated and quantified by reverse phase chromatography.
The final purified fraction has a fluorescent emission at 360 nm
when excited at 220 nm that is responsive to the addition or
removal of copper [20]. To analyse potential CuL-protein
interactions, we used fluorescence anisotropy (FA) which
measures the rotational diffusion of a molecule, so when the
reactant binds its partner the larger product has a lower
rotational diffusion coefficient and a higher FA. However, to
avoid interference from tryptophan residues in added proteins,
we scanned the excitation and emission profiles of the CuL to
find a unique emission that could be excited with minimal
interference. Purified Cul had a fluorescent emission at
400 nm upon excitation at 320 nm that could be detected as a

single peak by reverse phase chromatography (figure 7a). As
previously reported, fluorescence of the purified molecule
was quenched in a concentration-dependent manner upon
addition of Cu-—acetonitrile (figure 7b). Addition of KCN to
remove copper from the complex restored fluorescent emission.
Upon copper supplementation to the medium, this peak
increased (figure 7c), as did total mitochondrial copper (not
shown). We compared the accumulation of the CuL complex
in pic2A, mrs3A and mrs4A cells grown in rich medium with
supplemental iron and detected a defect similar to that of mito-
chondrial copper in the same mutants (figures 32 and 7d).

We used FA to assay interaction between the Pic2 and the
CuL complex. Pic2-containing liposomes were assayed for
CuL binding by FA using the excitation/emission (320/
400 nm) fluorescence characteristics of the CuL complex. Pic2
strongly enhanced anisotropy of the CuL, indicative of binding
(figure 8a). Similarly, recombinant Mrs3 showed an interaction
with CuL that was greater than liposomes alone (figure 8a). To
support the data from recombinant proteins and avoid the
requirement for refolding of Pic2 and Mrs3 in liposomes, we
tested the binding of the CuL to membrane fractions from mito-
chondria. Membranes were prepared from intact mitochondria
by sonication and centrifugation. The membrane fraction from
pic2A mitochondria showed weak interaction with the CuL,
whereas mitochondrial membranes isolated from pic2A expres-
sing PIC2 or pic2A with MRS3 overexpression showed an
enhanced interaction with the CuL as suggested by higher
FA (figure 8b). These results suggest that both Pic2 and Mrs3
can interact with the CuL complex.

3.5. Heterologous copper protein activity

To further demonstrate the role for Mrs3 in mitochondrial
copper availability, we used a strain of S. cerevisiae that encodes
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Figure 8. Anisotropy of CuL in presence of Pic2, Mrs3 and mitochondrial
membranes. (a) Fluorescence anisotropy (FA) of Cul (Ex320 Em400) with
addition of reconstituted Pic2 or Mrs3 in proteoliposomes prepared from
extracted egg-yolk lipids. Control FA of equal quantity of lipids without
protein added was subtracted from each point. (b) FA of CuL with mitochon-
drial membranes prepared by sonication of intact mitochondria followed by
centrifugation from pic2A yeast expressing empty vector (VEC), PIC2 or
MRS3. Protein concentrations were determined by Bradford assay, and
curves are fit with a hyperbola function.

an IM-tethered human Sod1, which acts as a mitochondrial
copper sensor [20]. Use of this strain allows for growth-based
assays of mrs3A using a phenotype that is not affected by its
role in iron transport. In S. cerevisiae, deletion of the gene encod-
ing the copper chaperone for Sod1 (CCS1) causes a loss of Sod1
activity resulting in a lysine auxotrophy [35,36]. The lysine aux-
otrophy of ccs1A can be reversed by expression of IM-tethered
human SOD1 (IM-hSod1), and activity of this enzyme is depen-
dent on available copper in the IMS (figure 9a) [20]. Because
copper used by IMS cuproenzymes originates from the matrix
pool, Sod1 activity and lysine prototrophy in the ccs1A::IM-
hSOD1 background can be used to probe availability of both
matrix and IMS copper. Deletion of PIC2 in this background
caused a 40-50% decrease IM-hSod1 activity when these cells
were grown in silver, but did not cause a lysine auxotrophy
[19]. The ccs1A::IM-hSOD1 copper-sensing strain was crossed
with the mrs3A single mutant to generate the mrs3Accs1A::IM-
hSOD1 and the pic2Amrs3A double mutant to generate a
pic2Amrs3Accs1A::IM-hSOD1 triple mutant. While the double
mutant mrs3Accs1A:IM-hSOD1 did not have any growth
defects, the triple mutant pic2Amrs3Accs1A:IM-hSOD1 failed
to grow on medium lacking lysine (figure 9a). The triple
mutant completely lacked Sod1 activity, indicating a deficiency
of available mitochondrial copper, whereas the mrs3 Accs1A::IM-
hSOD1 double mutant had a mild deficiency of hSod1 activity
(figure 9b). All strains expressed stable levels of IM-hSod1

(figure 9c). These results reveal that MRS3 affects availability
of copper in mitochondria.

4. Discussion

Copper, iron, manganese and zinc are all found in the mitochon-
drial matrix, yet understanding of the pathways by which they
cross the IM remains incomplete. MCF proteins transport a
large number of substrates, including metals, across the sealed
mitochondrial IM. The identity of the substrates has been
carefully and elegantly studied using multiple strategies, includ-
ing phenotypic characterization, metabolomic analysis and
import assays using MCF proteins heterologously expressed in
L. lactis or purified and reconstituted into liposomes [37].
These approaches not only have identified many of the primary
substrates for this family, but have also shown that a single MCF
protein can have multiple substrates and that paralogous MCF
proteins can have significantly different affinity for the same
substrate. Thus, it is possible that even when an MCF has a
defined substrate, it may be able to transport other substrates
with equal or even better affinity or maximal rates. This apparent
redundancy of some MCFs means that a single deletion may not
result in a strong phenotype and additional measures or
deletions are required to induce phenotypes.

We report that MRS3, which encodes a mitochondrial
inner-membrane iron transporter, is also involved in mitochon-
drial copper homeostasis. In vivo phenotypes reported here
support Mrs3 having partially overlapping function with the
copper transporter Pic2. Simultaneous deletion of PIC2 and
MRS3 exaggerates multiple copper-related phenotypes: (i) a
more severe copper-dependent respiratory defect; (ii) defects
in expansion of the mitochondrial copper pool; and (iii) failure
to activate a copper-sensing IM-tethered hSod1. The exagger-
ated defects associated with pic2Amrs3A suggest that these
two proteins function independently in the copper import
pathway. These observations are supported by the fact others
have reported copper uptake defects in mitochondrial
inner-membrane vesicles lacking Mrs3 and Mrs4 (18).

We suggest a model where Mrs3 acts as a required copper
importer in vivo under certain copper-limiting conditions or
in the absence of Pic2. Deletion of MRS3 alone does not
appear to dramatically affect the total mitochondrial copper
content or copper uptake in intact mitochondria, yet
Mrs3 expressed in L. lactis can mediate copper import. This
result may indicate that the steady-state assays of total
copper in mitochondria cannot capture a subtle change
associated with the loss of MRS3. Additionally, the purified
mitochondria used in these analyses are selected by the
centrifugation and density gradients and may not include
the total pool of mitochondria. Further studies are needed
to define the exact function of Mrs3 in the mitochon-
drial copper import pathway in yeast. Both Pic2 and Mrs3
have orthologues in multicellular eukaryotes (e.g. in
humans SLC25A3 for PIC2, and SLC25A37 and SLC25A28
for MRS3), and mutation of these genes causes diseases
associated with loss of transport of phosphate and iron
[25,30,38,39]. It remains to be investigated whether these
homologues have copper transport activity and how this
transport is involved in normal physiology.

This report is the first evidence of an interaction between
the CulL and Pic2 and Mrs3, which is consistent with the
model that the CuL is the substrate for both carriers.
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Transport of this ligated form of copper probably helps pre-
vent copper from negatively interacting with other
mitochondrial contents. For example, Foster ef al. [40] demon-
strated that copper, supplied in the presence of 2-(6-benzyl-2-
pyridyl) quinazoline (BPQ), accumulated at high levels in the
cell, including mitochondria, and disrupted Fe-S clusters.
Disruption of Fe-S synthesis by copper accumulation may
present a pressure to avoid excess or free copper in mitochon-
dria. Thus, if Cu were to accumulate independently of the
CuL complex, then this protection would be lost. Interest-
ingly, we found that Pic2 and Mrs3 were capable of
transporting ionic copper and silver as seen in the silver tox-
icity assay in L. lactis. Therefore, Pic2 or Mrs3 may be
associated with potential copper toxicity in mitochondria.
Sequence alignment of Pic2 and Mrs3 and the closely related
Mrs4 combined with structural modelling did not suggest
obvious conserved residues that would impart copper trans-
port by Mrs3 but not Mrs4. We plan to use the silver toxicity
assay to define the residues required for transport of copper
versus CuL and the differences between Mrs3 and Mrs4.

References

1. Hassett R, Dix DR, Eide DJ, Kosman DJ. 2000
The Fe(ll) permease Fetdp functions as a low

affinity copper transporter and supports normal
copper trafficking in Saccharomyces cerevisiae.

In conclusion, we report phenotypic and biochemical
evidence for the involvement of Mrs3 in mitochondrial
copper import. The results increase our understanding of
mitochondrial copper import and will lead to additional
studies to better understand the mechanisms of copper
import, the identity of copper-exporting carriers and connec-
tions between copper and iron homeostasis in mitochondria.

Authors” contributions. K.E.V. performed the experiments and analysed
the results for panels in figures 1, 3, 4, 7 and 9. P.A.C. performed
the experiments for panels in figures 1-9 and analysed the data for
all figures. JW., JJA.C., O.LW. and M.K.M. performed the exper-
iments in figures 1d, 2 and 9c. M.G. and W.M. performed the
experiments in figures 5 and 6. K.E.V. and P.A.C. wrote the manu-
script. All authors approved the final version of the manuscript.
Competing interests. We have no competing interest.

Funding. This work was supported by National Science Foundation
grant MCB 1158497 (P.A.C).

Acknowledgements. We acknowledge the undergraduate students who
contributed to the culturing of S. cerevisiae, purification of mitochon-
dria, and extraction and analysis of CuL presented in this report.

Biochem. J. 351, 477—484. (doi:10.1042/
bj3510477)

€72051 9 joig uadp  biobuiysigndfranos|edosqosi H


http://dx.doi.org/10.1042/bj3510477
http://dx.doi.org/10.1042/bj3510477

Dancis A, Haile D, Yuan DS, Klausner RD. 1994 The
Saccharomyces cerevisiae copper transport protein
(CtrTp). Biochemical characterization, regulation by
copper, and physiologic role in copper uptake.

J. Biol. Chem. 269, 25 66025 667.

Lin SJ, Pufahl RA, Dandis A, O'Halloran TV, Culotta VC.
1997 A role for the Saccharomyces cerevisiae ATXT gene
in copper trafficking and iron transport. J. Biol. Chem.
272, 9215-9220. (doi:10.1074/jbc.272.14.9215)
Sturtz LA, Diekert K, Jensen LT, Lill R, Culotta VC.
2001 A fraction of yeast Cu,Zn-superoxide dismutase
and its metallochaperone, (CS, localize to the
intermembrane space of mitochondria. A
physiological role for SOD1 in guarding against
mitochondrial oxidative damage. J. Biol. Chem. 276,
38 08438 089. (doi:10.1074/jbc.M105296200)

Rae TD, Schmidt PJ, Pufahl RA, Culotta VC,
O'Halloran TV. 1999 Undetectable intracellular free
copper: the requirement of a copper chaperone for
superoxide dismutase. Science 284, 805—808.
(doi:10.1126/science.284.5415.805)

Leary SC, Winge DR, Cobine PA. 2009 ‘Pulling the
plug’ on cellular copper: the role of mitochondria
in copper export. Biochim. Biophys. Acta 1793,
146—153. (doi:10.1016/j.bbamcr.2008.05.002)
Gennis R, Ferguson-Miller S. 1995 Structure of
cytochrome ¢ oxidase, energy generator of aerobic
life. Science 269, 1063 —1064. (doi:10.1126/science.
7652553)

Fontanesi F, Soto IC, Barrientos A. 2008 Cytochrome
¢ oxidase biogenesis: new levels of regulation.
IUBMB Life 60, 557 —568. (doi:10.1002/iub.86)
Horng YC, Cobine PA, Maxfield AB, Carr HS, Winge
DR. 2004 Specific copper transfer from the Cox17
metallochaperone to both Scol and Cox11 in the
assembly of yeast cytochrome ¢ oxidase. J. Biol.
Chem. 279, 35 33435 340. (doi:10.1074/jhc.
M404747200)

Nittis T, George GN, Winge DR. 2001 Yeast Scol, a
protein essential for cytochrome ¢ oxidase function
is a Cu(l)-binding protein. J. Biol. Chem. 276,

42 52042 526. (doi:10.1074/jbc.M107077200)

. Tzagoloff A, Capitanio N, Nobrega MP, Gatti D. 1990

Cytochrome oxidase assembly in yeast requires the
product of COX11, a homolog of the P. denitrificans
protein encoded by ORF3. EMBO J. 9, 2759—2764.
Hlynialuk CJ et al. 2015 The mitochondrial
metallochaperone SCOT Is required to sustain
expression of the high-affinity copper transporter
(TR1 and preserve copper homeostasis. Cell Rep. 10,
933-943. (doi:10.1016/j.celrep.2015.01.019)

Leary SC et al. 2007 The human cytochrome ¢
oxidase assembly factors SCO1 and SC02 have
regulatory roles in the maintenance of cellular
copper homeostasis. Cell Metab. 5, 9—20. (doi:10.
1016/j.cmet.2006.12.001)

Cobine PA, Ojeda LD, Rigby KM, Winge DR. 2004
Yeast contain a non-proteinaceous pool of copper
in the mitochondrial matrix. J. Biol. Chem. 279,
14 447 - 14 455. (doi:10.1074/jbc.M312693200)
Yang L, McRae R, Henary MM, Patel R, Lai B, Vogt
S, Fahri CJ. 2005 Imaging of the intracellular

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

topography of copper with a fluorescent sensor and
by synchrotron X-ray fluorescence microscopy. Proc.
Natl Acad. Sci. USA 102, 1117911 184. (doi:10.
1073/pnas.0406547102)

McCormick SP, Moore MJ, Lindahl PA. 2015
Detection of labile low-molecular-mass transition
metal complexes in mitochondria. Biochemistry 54,
3442-3453. (doi:10.1021/bi5015437)

Garber Morales J, Holmes-Hampton GP, Miao R, Guo
Y, Munck E, Lindahl PA. 2010 Biophysical
characterization of iron in mitochondria isolated
from respiring and fermenting yeast. Biochemistry
49, 5436—5444. (doi:10.1021/hi100558z)

Dodani SC, Leary SC, Cobine PA, Winge DR, Chang
(. 2011 A targetable fluorescent sensor reveals that
copper-deficient SCO1 and SC02 patient cells
prioritize mitochondrial copper homeostasis. J. Am.
Chem. Soc. 133, 8606—8616. (doi:10.1021/
ja2004158)

Vest KE, Leary SC, Winge DR, Cobine PA. 2013 Copper
import into the mitochondrial matrix in Saccharomyces
cerevisige is mediated by Pic2, a mitochondrial carrier
family protein. J. Biol. Chem. 288, 23 88423 892.
(d0i:10.1074/jbc. M113.470674)

Cobine PA, Pierrel F, Bestwick ML, Winge DR. 2006
Mitochondrial matrix copper complex used in
metallation of cytochrome oxidase and superoxide
dismutase. J. Biol. Chem. 281, 36 55236 559.
(doi:10.1074/jbc.M606839200)

Palmieri L, Runswick MJ, Fiermonte G, Walker JE,
Palmieri F. 2000 Yeast mitochondrial carriers:
bacterial expression, biochemical identification and
metabolic significance. J. Bioenerg. Biomembr. 32,
67—77. (doi:10.1023/A:1005564429242)

Robinson AJ, Overy C, Kunji ER. 2008 The
mechanism of transport by mitochondrial carriers
based on analysis of symmetry. Proc. Nat/ Acad. Si.
USA 105, 17 766—17 771. (doi:10.1073/pnas.
0809580105)

Froschauer EM, Schweyen RJ, Wiesenberger G. 2009 The
yeast mitochondrial carrier proteins Mrs3p/Mrsdp
mediate iron transport across the inner mitochondrial
membrane. Biochim. Biophys. Acta 1788, 1044—1050.
(d0i:10.1016/j.bbamem.2009.03.004)

Muhlenhoff U, Stadler JA, Richhardt N, Seubert A,
Eickhorst T, Schweyen RJ, Lill R, Wiesenberger G.
2003 A specific role of the yeast mitochondrial
carriers MRS3/4p in mitochondrial iron acquisition
under iron-limiting conditions. J. Biol. Chem. 278,
40 61240 620. (doi:10.1074/jbc.M307847200)
Shaw GC et al. 2006 Mitoferrin is essential for
erythroid iron assimilation. Nature 440, 96— 100.
(doi:10.1038/nature04512)

Froschauer EM, Rietzschel N, Hassler MR, Binder M,
Schweyen RJ, Lill R, Muhlenhoff U, Wiesenberger G.
2013 The mitochondrial carrier Rim2 co-imports
pyrimidine nucleotides and iron. Biochem. J. 455,
57-65. (doi:10.1042/BJ20130144)

Luk E, Carroll M, Baker M, Culotta VC. 2003
Manganese activation of superoxide dismutase 2 in
Saccharomyces cerevisiae requires MTM1, a member
of the mitochondrial carrier family. Proc. Nat/ Acad.

28.

29.

30.

3N

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sci. USA 100, 10 353—10 357. (doi:10.1073/pnas.
1632471100)

Gordon DM, Lyver ER, Lesuisse E, Dancis A, Pain D.
2006 GTP in the mitochondrial matrix plays a crucial
role in organellar iron homoeostasis. Biochem.

J. 400, 163—168. (doi:10.1042/BJ20060904)
Vozza A, Blanco E, Palmieri L, Palmieri F. 2004
Identification of the mitochondrial GTP/GDP
transporter in Saccharomyces cerevisiae. J. Biol.
Chem. 279, 20 850—20 857. (doi:10.1074/jbc.
M313610200)

Hamel P, Saint-Georges Y, de Pinto B, Lachacinski N,
Altamura N, Dujardin G. 2004 Redundancy in the
function of mitochondrial phosphate transport in
Saccharomyces cerevisiae and Arabidopsis thaliana.
Mol. Microbiol. 51, 307—-317. (doi:10.1046/.1365-
2958.2003.03810.x)

Brallolotto X, Pierrel F, Pelosi L. 2014 Three
conserved histidine residues contribute to
mitochondrial iron transport through mitoferrins.
Biochem. J. 460, 79—89. (doi:10.1042/Bj20140107)
Tong AH, Boone C. 2006 Synthetic genetic array
analysis in Saccharomyces cerevisiae. Methods Mol.
Biol. 313, 171-192.

Kunji ER, Slotboom DJ, Poolman B. 2003
Lactococcus lactis as host for overproduction of
functional membrane proteins. Biochim. Biophys.
Acta 1610, 97-108. (doi:10.1016/50005-
2736(02)00712-5)

Monne M, Chan KW, Slotboom DJ, Kunji ER. 2005
Functional expression of eukaryotic membrane
proteins in Lactococcus lactis. Protein Sci. 14,
3048-3056. (doi:10.1110/ps.051689905)

Gralla EB, Kosman DJ. 1992 Molecular genetics of
superoxide dismutases in yeasts and related fungi.
Adv. Genet. 30, 251-319. (doi:10.1016/50065-
2660(08)60322-3)

Jensen LT, Sanchez RJ, Srinivasan C, Valentine JS,
Culotta VC. 2004 Mutations in Saccharomyces
cerevisiae iron—sulfur cluster assembly genes and
oxidative stress relevant to Cu,Zn superoxide
dismutase. J. Biol. Chem. 279, 29 93829 943.
(doi:10.1074/jbc.M402795200)

Palmieri F. 2014 Mitochondrial transporters of the
SLC25 family and associated diseases: a review.

J. Inherit Metab. Dis. 37, 565—575. (d0i:10.1007/
510545-014-9708-5)

Mayr JA et al. 2007 Mitochondrial phosphate-carrier
deficiency: a novel disorder of oxidative
phosphorylation. Am. J. Hum. Genet. 80, 478—484.
(doi:10.1086/511788)

Kwong JQ, Davis J, Baines (P, Sargent MA, Karch J,
Wang X, Huang T, Molkentin JD. 2014 Genetic
deletion of the mitochondrial phosphate carrier
desensitizes the mitochondrial permeability
transition pore and causes cardiomyopathy. Cell
Death Differ. 21, 1209-1217. (doi:10.1038/cdd.
2014.36)

Foster AW et al. 2014 A chemical potentiator of
copper-accumulation used to investigate the iron-
regulons of Saccharomyces cerevisiae. Mol. Microbiol.
93, 317-330. (doi:10.1111/mmi.12661)

€72051 9 joig uadp  biobuiysigndfranos|edosqosi H


http://dx.doi.org/10.1074/jbc.272.14.9215
http://dx.doi.org/10.1074/jbc.M105296200
http://dx.doi.org/10.1126/science.284.5415.805
http://dx.doi.org/10.1016/j.bbamcr.2008.05.002
http://dx.doi.org/10.1126/science.7652553
http://dx.doi.org/10.1126/science.7652553
http://dx.doi.org/10.1002/iub.86
http://dx.doi.org/10.1074/jbc.M404747200
http://dx.doi.org/10.1074/jbc.M404747200
http://dx.doi.org/10.1074/jbc.M107077200
http://dx.doi.org/10.1016/j.celrep.2015.01.019
http://dx.doi.org/10.1016/j.cmet.2006.12.001
http://dx.doi.org/10.1016/j.cmet.2006.12.001
http://dx.doi.org/10.1074/jbc.M312693200
http://dx.doi.org/10.1073/pnas.0406547102
http://dx.doi.org/10.1073/pnas.0406547102
http://dx.doi.org/10.1021/bi5015437
http://dx.doi.org/10.1021/bi100558z
http://dx.doi.org/10.1021/ja2004158
http://dx.doi.org/10.1021/ja2004158
http://dx.doi.org/10.1074/jbc.M113.470674
http://dx.doi.org/10.1074/jbc.M606839200
http://dx.doi.org/10.1023/A:1005564429242
http://dx.doi.org/10.1073/pnas.0809580105
http://dx.doi.org/10.1073/pnas.0809580105
http://dx.doi.org/10.1016/j.bbamem.2009.03.004
http://dx.doi.org/10.1074/jbc.M307847200
http://dx.doi.org/10.1038/nature04512
http://dx.doi.org/10.1042/BJ20130144
http://dx.doi.org/10.1073/pnas.1632471100
http://dx.doi.org/10.1073/pnas.1632471100
http://dx.doi.org/10.1042/BJ20060904
http://dx.doi.org/10.1074/jbc.M313610200
http://dx.doi.org/10.1074/jbc.M313610200
http://dx.doi.org/10.1046/j.1365-2958.2003.03810.x
http://dx.doi.org/10.1046/j.1365-2958.2003.03810.x
http://dx.doi.org/10.1042/Bj20140107
http://dx.doi.org/10.1016/S0005-2736(02)00712-5
http://dx.doi.org/10.1016/S0005-2736(02)00712-5
http://dx.doi.org/10.1110/ps.051689905
http://dx.doi.org/10.1016/S0065-2660(08)60322-3
http://dx.doi.org/10.1016/S0065-2660(08)60322-3
http://dx.doi.org/10.1074/jbc.M402795200
http://dx.doi.org/10.1007/s10545-014-9708-5
http://dx.doi.org/10.1007/s10545-014-9708-5
http://dx.doi.org/10.1086/511788
http://dx.doi.org/10.1038/cdd.2014.36
http://dx.doi.org/10.1038/cdd.2014.36
http://dx.doi.org/10.1111/mmi.12661

	Overlap of copper and iron uptake systems in mitochondria in Saccharomyces cerevisiae
	Introduction
	Material and methods
	Yeast strains, culture conditions and standard methods
	Fractionation of mitochondrial copper pool
	Expression of Mrs3 in Lactococcus lactis
	Copper uptake assay
	Expression of recombinant proteins
	Fluorescence anisotropy
	Miscellaneous methods

	Results
	Simultaneous deletion of PIC2 and MRS3 results in copper-dependent growth defects
	Deletion of PIC2 and MRS3 results in mitochondrial copper deficiency
	MRS3 can mediate copper uptake
	Mrs3 can interact with the CuL complex
	Heterologous copper protein activity

	Discussion
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


