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Background: Copper must enter the mitochondrial matrix prior to assembly into cytochrome c oxidase.
Results: Pic2 transports mitochondrial copper ix vivo and in vitro.

Conclusion: Pic2 mediates copper import into the mitochondrial matrix.

Significance: We have identified the first mitochondrial copper importer.

Saccharomyces cerevisiae must import copper into the mito-
chondrial matrix for eventual assembly of cytochrome c oxidase.
This copper is bound to an anionic fluorescent molecule known
as the copper ligand (CuL). Here, we identify for the first time a
mitochondrial carrier family protein capable of importing cop-
per into the matrix. In vitro transport of the CuL into the mito-
chondrial matrix was saturable and temperature-dependent.
Strains with a deletion of PIC2 grew poorly on copper-deficient
non-fermentable medium supplemented with silver and under
respiratory conditions when challenged with a matrix-targeted
copper competitor. Mitochondria from pic2A cells had lower
total mitochondrial copper and exhibited a decreased capacity
for copper uptake. Heterologous expression of Pic2 in Lactococ-
cus lactis significantly enhanced CulL transport into these cells.
Therefore, we propose a novel role for Pic2 in copper import
into mitochondria.

Metals are essential nutrients that pose a management quan-
dary for cells. They must be directed to the correct proteins and
organelles through a maze of cellular components and oppor-
tunistic metal-binding sites (1). Failure to control their delivery
results in cellular stress, presumably due to inappropriate inter-
actions and oxidative damage. Cells have adopted a protein-
mediated delivery mechanism for copper within the cytosol. In
the budding yeast Saccharomyces cerevisiae, copper enters the
cell via specific (Ctrl) and nonspecific (e.g. Fet4) transporters
and is then trafficked to points of utilization by copper chaper-
one proteins (2). Copper is used as a cofactor in three major
enzymes: the multicopper oxidase Fet3 required for high affin-
ity iron uptake (3); Sodl, a Cu,Zn-superoxide dismutase
required for protection against oxidative stress and regulation
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of glucose signaling in yeast (4); and cytochrome ¢ oxidase
(CcO),” the terminal enzyme complex of the electron transport
chain (5). Atx1 is the copper chaperone responsible for deliver-
ing copper to the trans-Golgi vesicles via Ccc2, a P-type ATPase
(6), whereas Ccsl1 serves as the copper donor for Sod1 and acts
as a post-transfer modifying enzyme by facilitating the forma-
tion of an essential disulfide bond within the enzyme itself (7).
Although cytosolic copper trafficking has been well character-
ized, the pathway that delivers copper to mitochondria in yeast
and in other eukaryotes is completely unknown.

CcO is a multimeric protein complex that contains two cop-
per centers, a binuclear Cu, site and a heme a;-Cuy site. A
number of assembly factors act in concert to build both of these
sites. The soluble intermembrane space (IMS) protein Cox17
delivers copper to both Scol and Cox11, which are integral
inner membrane (IM) proteins that donate copper to the
assembling holoenzyme (8, 9). Additionally, the IMS protein
Cmcl has been implicated in the control of copper flow within
the IMS, potentially by directing copper to the Cox17-mediated
CcO assembly pathway (10).

Organellar fractionation experiments showed that >70% of
mitochondrial copper is present as a soluble anionic complex
contained within a matrix-localized bioavailable pool (11). This
complex has been defined as the copper ligand (CuL), and its
existence and localization have since been confirmed by x-ray
fluorescence imaging and copper chelation studies (12, 13).
Copper-dependent human SOD1 localized to this mitochon-
drial compartment is able to rescue a range of phenotypic
defects associated with SOD2 deletion, demonstrating the
accessibility of this pool (11). Expression of matrix-targeted
human SOD1 or yeast Crs5, a copper-binding metallothionein,
results in a specific loss of CcO activity that can be rescued by
addition of copper or decreased expression of the competing
cuproprotein (14). These observations led us to propose that

2 The abbreviations used are: CcO cytochrome c oxidase; IMS, intermembrane
space; IM, inner membrane; CuL, copper ligand; MCF, mitochondrial carrier
family; BCS, bathocuproinedisulfonic acid; AgL, silver ligand; ICP-OES,
inductively coupled plasma optical emission spectroscopy; hSOD1, human
SOD1.
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the matrix copper pool is redistributed to the IMS, where it is
made available to CcO. Although the exact structural identity
of the CuL is unknown, we have characterized many aspects of
its in vivo function. We propose that the ligand exists in a metal-
free form in the cytosol, where it binds copper and delivers it to
mitochondria, providing a non-proteinaceous trafficking sys-
tem for copper delivery to the organelle.

The IM is impermeable to most ions and molecules, so trans-
porters must exist that facilitate matrix import of the CuL com-
plex and its subsequent redistribution to the IMS. However,
transporters required for the movement of copper across the
IM have yet to be identified and remain a fundamental gap in
our understanding of the mechanisms that provide for the
assembly of CcO. Data from our previous studies suggest that
the CuL is the molecule that is transported into the matrix
and that this complex may resemble a metabolite or nucleotide.
Therefore, copper transport across the IM may proceed
through one or more of the mitochondrial carrier family (MCF)
proteins. These proteins transport diverse metabolic sub-
strates, such as oxaloacetate, citrate, GTP, and ATP, into and
out of the matrix (15).

MCEF proteins have been previously implicated in metal ion
homeostasis (16). High affinity iron uptake into mitochondria
of S. cerevisiae is disrupted by simultaneous deletion of MRS3
and MRS4 (17). Studies of the Mrs3/4 homologs in vertebrate
systems have demonstrated the conserved function of these
proteins (18 —22). Other members of this family have also been
associated with iron transport with varying levels of specificity
(23-26). Therefore, a precedent exists for the involvement of
multiple MCF proteins in modulating mitochondrial metal ion
homeostasis. Herein, we present evidence that the MCF protein
Pic2 transports copper across the mitochondrial IM, allowing
for its accumulation within the matrix.

EXPERIMENTAL PROCEDURES

Yeast Strains, Culture Conditions, and Standard Methods—
The yeast strains used in this study were BY4741 (MATa leu2A
metISA ura3A his3A) and the isogenic kanMX4-containing
mutant from Invitrogen. ccsIA:IMhSODI1 was created in the
Y7092 background (MATa canlA:STE2pr-Sp_his5 lypIA
his3A leu2A ura3A met15A) (27). All cultures were grown in YP
medium (1% yeast extract and 2% peptone) or synthetic defined
media (with selective amino acids excluded) with the appropri-
ate filter-sterilized carbon source added. Metal concentrations
were varied using BIO 101 yeast nitrogen base (Sunrise Science
Products) plus added 0.1 mwm ferrous chloride to give copper-
deficient conditions. If required, further copper chelation was
achieved by adding bathocuproinedisulfonic acid (BCS). Exog-
enous copper was provided by adding CuSO,. All of the growth
tests were performed at 30 °C with 1:10 serial dilutions of pre-
cultures grown under permissive conditions.

Vector Constructs—Matrix-targeted Crs5 was described pre-
viously (14). The PIC2/YER053C OREF plus 300 bp upstream (to
include the endogenous promoter) was cloned into pRS415.
The PIC2 ORF was also cloned into pNZ8148 (MoBiTec) under
the control of the nisin-inducible promoter. The fidelity of each
construct was verified by dideoxynucleotide sequencing prior
to use.

AUGUST 16, 2013 +VOLUME 288-NUMBER 33

Pic2 Transports Mitochondrial Copper

2 1.2 Intact
[0} é o
5
=] 0.8 ]
(G]
< ]
=
47 1
_5 0 Lysed
© - ol
o
- 0 N : :
0 500__ 1000 1500 2000
Time (sec)
c
[ORO)
T O
o s
=
£E
-
3
0 0 0.02 0.04
0 0.04 0.08 0.12
[Cul mM
C s
C
202
g2 10
=
EE
-
3 0.05

Intact MP CCCP 4°C

FIGURE 1. In vitro CuL uptake in purified mitochondria. A, intact mitochon-
dria were incubated with purified CuL and isolated by centrifugation, and
copper was measured by ICP-OES. Fraction of maximal uptake is plotted ver-
sus incubation time for an average of three independent experiments with
wild-type mitochondria. Error bars represent S.D. B, initial rates of uptake
across a range of CuL concentrations. Data are fit by a hyperbolic curve. The
inset shows the initial rate of uptake at 0-50 um CuL and is fitted by linear
regression. C, the initial rate of CuL uptake was measured by ICP-OES in intact
mitochondria, mitoplasts (MP) were prepared by hypotonic lysis, and mito-
chondria were incubated with the uncoupler carbonyl cyanide m-chlorophe-
nylhydrazone (CCCP) or were incubated at 4 °C. The means = S.D. are shown
for three independent experiments.

Isolation of the CuL and Silver Ligand (AgL) from Mito-
chondria—Intact mitochondria were prepared, and the result-
ant soluble contents were fractionated as described previously
(11). Anionic fractions for reverse phase chromatography were
prepared by adding DEAE resin (Whatman) in batch. The resin
was washed with 25 bed volumes of 20 mM ammonium acetate
(pH 8.0) and eluted with 5 volumes of 1 M ammonium acetate
(pH 8.0). The samples were loaded directly onto a Phenomenex
C,5 column. Unbound fractions were removed with 50 mm
ammonium acetate (pH 5.0) or with 0.1% trifluoroacetic acid to
isolate the apo-ligand. A 60-min gradient to 100% acetonitrile
was used, and 1-ml fractions were collected. The final fractions
were analyzed for copper by inductively coupled plasma optical
emission spectroscopy (ICP-OES; PerkinElmer Life Sciences
9300-DV system) and for fluorescence (PerkinElmer Life Sci-
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FIGURE 2. Silver accumulates in yeast mitochondria. A, the mineral element content of purified mitochondria from BY4741 yeast cultured in the absence or
presence of 185 um silver was quantified by ICP-OES and is expressed as a ratio (i.e. with silver/without silver). The means = S.D. of three independent cultures
and mitochondrial preparations are shown. B, CcO activity of purified mitochondria from A and oxygen consumption of whole cells cultured in YP/galactose
medium without or with 185 um silver. C, serial dilutions of BY4741 yeast grown in rich medium with a fermentable carbon source (YPD medium (YP medium
containing glucose)) or with a non-fermentable carbon source (YPLG medium (YP medium containing lactate and glycerol)) in the presence of the cell-
impermeable copper chelator BCS and increasing silver concentrations. The growth defect was reversed by addition of copper to the BCS- and silver-
supplemented plates. D, anion exchange fractionation of soluble contents from purified mitochondria isolated from cultures grown in 185 um silver. Copper

(M) and silver (4 ) were measured by ICP-OES. NH,-Ace, ammonium acetate.

ences LS55 fluorometer). Excitation and emission scans of cop-
per-containing fractions were performed at an excitation max-
imum of 220 nm and an emission maximum of 360 nm using
5-nm slit widths.

Pic2 Expression in Lactococcus lactis—L. lactis cells trans-
formed with vector (pNZ8148) alone or carrying the PIC2 gene
were grown overnight at 30 °C in M17 medium with 0.5% glu-
cose and 10 pg/ml chloramphenicol. Cells were diluted into
fresh medium at an A, of 0.1, grown to an A, of 0.4, and
induced using 1 ng/ml nisin for 5 h. Protein expression was
confirmed using SDS-PAGE, followed by SYPRO staining or
immunoblotting for Pic2.

Copper Uptake Assays—Isolated mitochondria suspended in
0.6 M sorbitol were incubated with the CuL for 30-s intervals
and removed from the solution by centrifugation. Uptake was
measured by ICP-OES as an increase in copper over time. Cop-
per uptake was assayed in L. lactis using a modified method in
which whole cells were resuspended in soluble matrix copper,
purified ligand, or copper salts in either water or potassium
phosphate buffer (pH 7.5). Cells were incubated for different
time points at room temperature, removed by centrifugation,
and washed with water, and total metals were measured by
ICP-OES. Uptake is reported as the increase in copper over
time.

Enzyme Assay—CcO and malate dehydrogenase activities
were measured as described previously (11) using a Shimadzu
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UV-2450 system. Superoxide dismutase (SOD1) activity was
measured using a xanthine oxidase-linked assay kit (Sigma).

Miscellaneous Methods—The anti-human SOD1 monoclo-
nal antibody was purchased from Santa Cruz Biotechnology.
Antisera for Cox2 (cytochrome c oxidase subunit 2) and porin
were purchased from Invitrogen. Antiserum for yeast Pic2 was
raised against a synthetic peptide consisting of the 20 N-termi-
nal residues (GenScript).

RESULTS

Copper Transport into Isolated Mitochondria—We assume
that the transported form of copper into mitochondria is the
CuL complex. To assess transport characteristics into yeast
mitochondria, we isolated the soluble matrix copper contents
using anion exchange resin and incubated purified intact mito-
chondria with variable concentrations of the stable CuL. com-
plex. Mitochondria were removed by centrifugation and then
assayed for their total copper content by ICP-OES. The CuL
was imported into mitochondria in a time-dependent manner
(Fig. 1A). The observed increase in copper content was not due
to membrane association, as lysis of mitochondria via sonica-
tion before assay prevented accumulation (Fig. 1A4), and lysis
after uptake released the copper into the soluble fraction (80 *
5% soluble). Increasing concentrations of the CuL complex sat-
urated the initial rate of copper uptake (Fig. 1B). Half-maximal
transport was observed at ~15 um CuL complex. Uptake was

VOLUME 288+NUMBER 33-AUGUST 16,2013



temperature-dependent, as incubation of mitochondria at 4 °C
prevented CuL accumulation, and identical initial rates were
obtained in mitoplasts lacking the outer membrane (Fig. 1C),
suggesting that the transport occurred at the IM. Addition of
the uncoupling ionophore carbonyl cyanide m-chlorophenyl-
hydrazone did not affect the initial rates of uptake (Fig. 1C).
Therefore, we conclude that the mitochondrial IM has a satu-
rable temperature-dependent copper transport system.

The AgL Complex Acts as a Competitor for Copper Uptake—
External chelators are often used to deplete the medium of cop-
per. However, we sought to find a competitor that could more
directly affect mitochondrial copper. Silver shares similar elec-
tronic properties with copper, and it is often used as a toxic
mimetic of copper in biological systems (28, 29). We therefore
isolated intact mitochondria from yeast grown in glucose-con-
taining medium with or without 185 um AgNO,. Mitochondria
from cells grown in the presence of silver accumulated 17 = 0.4
mmol of silver/mol of sulfur and contained 3.3 = 0.2 mmol of
copper/mol of sulfur, whereas mitochondria from untreated
cells contained 5.4 = 0.1 mmol of copper/mol of sulfur.
Although the mitochondrial copper content was reduced in
silver-treated cultures, the other mineral element concentra-
tions were comparable to those in the untreated cultures (Fig.
2A). The decrease in copper was associated with a decrease in
CcO activity and oxygen consumption (Fig. 2B). Separate cul-
tures were grown in medium containing either 150 um silver or
150 um copper. Under these identical conditions, silver accu-
mulated to ~5-fold higher concentrations in mitochondria
compared with copper (data not shown). Moreover, addition of
185 uM silver to rich medium containing a non-fermentable
carbon source limited the growth of wild-type cells (Fig. 2C).
Mitochondria from these silver-treated cells were fractionated
into soluble and insoluble components, and the soluble con-
tents were separated by anion exchange chromatography (Fig.
2D). The fractions containing the CuL also contained an ani-
onic silver complex (AgL).

Anionic Agl was used for in vitro uptake assays. Like the
Cul, the Agl. complex was imported into mitochondria in a
time- and concentration-dependent manner (Fig. 34). On the
basis of the in vivo observation that silver affected copper accu-
mulation in mitochondria, we attempted to mimic this in vitro.
The AgL complex was added to mitochondria in 10-fold excess
compared with the CuL, and the initial rate of uptake was mon-
itored. The excess AgL acted as a competitor, greatly decreasing
CuL uptake (Fig. 3B). Conversely, a 10-fold excess of the CuL
slowed uptake of the AgL into mitochondria (Fig. 3C).

Deletion of PIC2 Results in Copper-related Phenotypes—
Yeast lacking PIC2, which encodes a MCF protein, had a growth
defect on non-fermentable medium in the presence of the cell-
impermeable copper chelator BCS. This defect was exacerbated
by addition of silver to the medium and reversed upon addition
of copper (Fig. 44). The decrease in growth was accompanied
by a silver-dependent depletion of Cox2 protein in these mito-
chondria (Fig. 4B). The pic2A strain also showed a defect on
copper-limited synthetic medium with a non-fermentable car-
bon source without addition of silver (Fig. 54). In agreement
with the growth phenotype, we observed a 50% reduction in
CcO activity and oxygen consumption in the pic2A mutant (Fig.
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FIGURE 3. In vitro AgL uptake into purified mitochondria. A, intact mito-
chondria were incubated with purified AgL and isolated by centrifugation,
and silver was measured by ICP-OES. The initial rates of uptake are plotted
against a range of AgL concentrations. A hyperbolic curve is fitted. B, the
initial rate of CuL uptake at 10 um CuL was measured by ICP-OES in intact
mitochondria in the presence of 100 um AgL (n = 5). C, the initial rate of AgL
uptake with 10 um AgL was measured by ICP-OES in intact mitochondria in
the presence of 100 um CuL (n = 5).

5B). To exaggerate the growth defect in the pic2A strain, we
transformed the cells with a matrix-targeted copper metallo-
thionein (CRS5) that we have used previously to biochemically
deplete the bioavailable matrix copper pool (14). The pic2A
strain expressing matrix-targeted CRSS5 exhibited a greater growth
defect compared with the pic2A strain alone on copper-replete
non-fermentable medium, a defect that became more severe upon
depletion of available copper from the medium by addition of
increasing BCS concentrations (Fig. 5C).

To monitor mitochondrial copper homeostasis without con-
founding factors related to translation or the activity of other
chaperone proteins, we used the previously described copper/
IMS biomarker strain (14). In this biomarker strain, the gene for
the copper chaperone for Sod1l, CCSI, has been deleted, ren-
dering the yeast Sod1 inactive and causing a lysine auxotrophy.
An IM-tethered human SODI (IM-hSODI) is then stably
expressed and rescues the Sod1 deficit of the ccsIA strain in a
manner that is dependent on matrix copper being made avail-
able within the IMS. Although deletion of PIC2 did not change
the steady-state levels of IM-hSOD1 (Fig. 64), SOD1 activity in
BCS-supplemented medium was decreased to 39% of the
parental strain (Fig. 6B). Supplementation of the medium with
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FIGURE 4. Silver-related growth phenotypes of pic2A yeast strains. A,
serial dilutions of BY4741 and pic2A strains grown in rich medium with a
fermentable carbon source (YPD medium) or with a non-fermentable carbon
source (YPLG medium) in the presence of the cell-impermeable copper chelator
BCS and increasing silver concentrations. The growth defect was reversed by
addition of copper to the BCS- and silver-supplemented plates. B, Western blots
for Cox2 in mitochondria isolated from cells grown in rich medium with a fer-
mentable carbon source (upper panel) or in identical medium supplemented
with 150 um silver (lower panel). Porin served as an internal loading control.

silver progressively decreased the activity of IM-hSOD1 in
ccsIA mitochondria, and deletion of PIC2 exacerbated this
defect (Fig. 6C). These data strongly suggest that mitochondrial
copper required for the metallation of IMS cuproenzymes is a
limiting factor in pic2A cells.

Biochemical Characterization of pic2A Mitochondria—Mi-
tochondria isolated from pic2A cells grown in synthetic
medium were analyzed for total metals by ICP-OES and
showed a mild decrease in copper to 0.7-fold of the parental
strain (1.9 £ 0.2 mmol of copper/mol of sulfur in the parental
strain versus 1.2 = 0.2 mmol of copper/mol of sulfur in pic2A
mitochondria). To exaggerate this phenotypic effect, pic2A cells
were grown in synthetic medium with added 0.5 mm CuSO,, and
the mineral profile of the mitochondria was compared with that of
parental yeast cultured under the same conditions (Fig. 7A).
Although both strains had increased mitochondrial copper
under these conditions, the pic2A mitochondria accumulated
less copper compared with the parental strain (~0.4-fold).
There was no observable change in the content of phospho-
rus, iron, manganese, calcium, and magnesium, but we
observed an ~1.5-fold increase in zinc and potassium. These
data suggest a specific defect in copper uptake in pic2A mito-
chondria (Fig. 7A).

Intact mitochondria from pic2A cells were incubated with
purified Cul. complex and assayed for uptake. Initial rates of
CuL uptake were decreased in pic2A mitochondria relative to
those in parental cells (Fig. 7B). Moreover, pic2A mitochondria
showed lower maximal rates of uptake. This change in satura-
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ccsTA mitochondria. C, activity of SOD1 in isolated mitochondria from cells
grown in synthetic medium with a fermentable carbon source supplemented
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tion suggests a decreased capacity for CuL uptake in the pic2A
strain, consistent with the lower total copper accumulation.
This uptake defect was evident across a range of CuL concen-
trations (Fig. 7B). Because Pic2 has been previously identified as
a secondary phosphate carrier, mitochondria from pic2A cells
were assayed for phosphate uptake using an established swell-
ing assay (30). Consistent with previous observations, no defect
in phosphate uptake was detected in pic2A mitochondria (data
not shown).

Heterologous Expression of Pic2—To account for possible
indirect effects of other proteins contributing to the observed
defects in mitochondrial copper uptake, we cloned PIC2 into a
nisin-inducible vector for expression in the bacterium L. lactis.
MCEF proteins expressed in L. lactis are folded correctly in the
cytoplasmic membrane, and transport can be assayed directly
in whole cells (31). The presence of Pic2 in L. lactis induced
with nisin was confirmed by Western blotting using a Pic2-
specific antibody (Fig. 84). Expression of PIC2 enhanced CuL
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uptake into L. lactis compared with cells that carried the empty
vector (Fig. 8, B and C). Addition of a 10-fold excess of phos-
phate in the form of potassium phosphate buffer did not signif-
icantly inhibit copper uptake in the PIC2-expressing cells (data
not shown). PIC2 expression in L. lactis enhanced the cellular
uptake of CuSO, (Fig. 8D) and copper-acetonitrile (data not
shown) but did not enhance the uptake of iron presented as
FeSO, (data not shown).

DISCUSSION

Assembly of fully functional CcO depends on a non-pro-
teinaceous pool of labile copper in the mitochondrial matrix
(14). Here, we identified Pic2 as the first protein involved in
matrix copper import. Yeast cells lacking PIC2 have copper-
related growth defects and a deficit in total mitochondrial cop-
per content. Intact mitochondria from these cells show
decreased rates of Cul uptake in vitro, and heterologous
expression of Pic2 in L. lactis supports copper uptake. Taken
together, these data support a novel role for Pic2 in mitochon-
drial copper homeostasis in S. cerevisiae.

Total copper in the mitochondria of S. cerevisiae is ~50 and
200 M under fermentative and respiratory growth conditions,
respectively (32). Previously, we reported that matrix copper
content increases at least 6-fold in response to copper salt sup-
plementation in the medium (11). Therefore, the in vitro esti-
mation of 15 um for half-maximal transport of copper in wild-
type mitochondria is likely biologically relevant.

The data presented here suggest that Pic2 mediates CuL
import, and under normal physiologic conditions, we believe
the CuL to be the major substrate for uptake of the metal ion
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FIGURE 8. Pic2 expressed in L. lactis. A, Western blot analysis of L. lactis extracts from cells transformed with either empty vector (Vec) or PIC2 probed with
anti-Pic2 antibody after nisin induction. Sypro ruby-stained extracts are shown as loading controls. B, uptake of the CuL by intact cells transformed with an
empty vector (Vec) or PIC2 incubated at room temperature over time with 20 um CuL (n = 4). Error bars represent S.E. Data are fit by a hyperbolic curve. C, CuL
uptake in cells with either an empty vector or PIC2 incubated with 10 um CulL (n = 3). Error bars represent S.E. D, copper uptake in cells with either an empty

vector or PIC2 incubated with 10 um CuSO, (n = 3). Error bars represent S.E.

into the organelle. Apo-ligand appears to be underrepresented
in the matrix, suggesting that only the CuL complex is trans-
ported across the IM (14). We therefore use the CulL as the
source of copper in most of our assays, and this complex is
extremely stable under all conditions we have tested, including
boiling and organic extraction (14). However, we cannot
exclude the possibility that copper dissociates from the ligand
for its transport across the IM and rebinds the ligand upon
entry into the matrix.

MCEF proteins are predicted to contain three a-helices that
fold over into a tripartite structure with six membrane-span-
ning domains (33). Within these helices are conserved PX(D/
E)XX(R/K) motifs, which are proposed to narrow the pore of
the carrier and form salt bridges to lock it in a state that is closed
to the matrix (15, 33, 34). Substrate binding disrupts these salt
bridges and allows for translocation, changing the carrier from
an IMS-facing state to a matrix-facing state. Analysis of the
sequence of MCF proteins to identify the salt bridges formed
within these motifs has been used to predict whether particular
family members act as uniporters or strict exchangers (34). The
Pic2 salt bridge network in the IMS-facing conformation
appears to be stronger than it is in the matrix-facing conforma-
tion, consistent with the idea that Pic2 is capable of uniport
transport (34). According to the proposed mechanism, it is the
greater relative strength of the IMS salt bridge network that
drives the protein to revert back to this original conformation
after substrate translocation (34). Further experiments with
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isolated Pic2 will be required to assess the residues required for
CulL transport and the exact mechanism of transport.

The phenotypes observed here are most consistent with Pic2
acting as an importer of the CuL, supporting the steady-state
level of the CuL in the matrix that is required to activate subse-
quent transport by an exporter. The expression of matrix-tar-
geted copper competitors does not affect the total levels of cop-
per but does decrease the available Cul, and this induces
respiratory defects (14). It is assumed that these competitor
copper-binding proteins are able to out-compete the ligand
complex for copper binding in the matrix. In pic24, this phe-
notype is exaggerated, presumably because decreased CuL
import shifts the equilibrium in favor of the competitor pro-
tein(s) whose expression remains constant. To date, we cannot
exclude the possibility that Pic2 is capable of bidirectional trans-
port. Analysis of mitochondria from MCF deletion mutants grown
under copper-supplemented conditions did not reveal an obvious
candidate that significantly overaccumulated copper (data not
shown). Therefore, any potential mechanism by which copper
import and export may be linked remains unknown.

Defects in transport of ionic copper and iron were previously
observed in submitochondrial particles prepared from mutants
of the high affinity iron transporters Mrs3 and Mrs4 (16). Sim-
ilarly, we observed that Pic2 in L. lactis can transport CuSO,.
Although free copper should not be encountered in the IMS
under normal physiologic conditions, this result could explain
previous observations of copper accumulation in mitochondria

VOLUME 288+NUMBER 33-AUGUST 16,2013



from cells with compromised copper homeostasis. Deletion of
ACEI, a copper-regulated transcription factor, in yeast pre-
vents the increase in metallothionein expression normally seen
in response to copper supplementation. In this mutant, mito-
chondrial copper is expanded more dramatically than it is in the
parental strain with active Acel (11). This increase in copper
not only expands the soluble matrix pool but also leads to the
accumulation of an insoluble fraction within this mitochondrial
compartment, the identity of which has not been investigated.
Similarly, mitochondria isolated from a rat model of Wilson
disease show accumulation of large quantities of insoluble cop-
per that leads to severe membrane damage (35). It is possible
that once copper is no longer bound to the Cul, it can react
indiscriminately with various mitochondrial components.

Pic2 has been previously implicated in phosphate transport
in yeast, as multicopy PIC2 could reverse a mirl Apic2A growth
defect on a non-fermentable carbon source and rescue phos-
phate transport in mirlApic2A mitochondria as assayed by
mitochondrial swelling (30, 36). PIC2 has also been identified as
a high copy suppressor of the mitochondrial K*/H™ exchanger
mutant (mdm38A) of yeast (37). The authors concluded that
PIC2 suppressed the defect via rescue of proton-motive force
rather that K* transport. Interestingly, MRS3 has also been
implicated in transport of ionic copper and also acts as a sup-
pressor of the K™ /H™ exchanger mutant (37). Whether the role
of Pic2 in phosphate and potassium transport has any effect on
copper, or vice versa, remains to be investigated.

The cumulative in vivo and in vitro data argue that Pic2 is a
major component of the mitochondrial copper homeostasis
machinery. This initial discovery provides a straightforward
genetic strategy whereby this null strain can be used to identify
additional transporters involved in organellar copper handling.
It may also prove to be a useful tool in defining the pathways
involved in synthesis of the ligand that binds copper, as a pic2A
strain should be sensitized to modest changes in total CuL
content.
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