
 

1  

The mammalian phosphate carrier SLC25A3 is a mitochondrial copper transporter 
required for cytochrome c oxidase biogenesis  
 
Aren Boulet1,*, Katherine E. Vest2,*, Margaret K. Maynard2, Micah G. Gammon2, Antoinette C. 
Russell2, Alexander T. Mathews2, Shelbie E. Cole2, Xinyu Zhu2, Casey B. Phillips2, Jennifer Q. 
Kwong3, Sheel C. Dodani4, Scot C. Leary1 and Paul A. Cobine2,† 
 
1. Department of Biochemistry, University of Saskatchewan, Saskatoon, Canada.  
2. Department of Biological Sciences, Auburn University, Auburn, Alabama, USA. 
3. Department of Pediatrics, Emory University, Atlanta, Georgia, USA. 
4. Department of Chemistry and Biochemistry, University of Texas at Dallas, Dallas, Texas, 
USA.  
 
* Co-first authors 
† Corresponding author 
 
Running Title: SLC25A3 is a copper transporter 
 
Address correspondence to PAC: Department of Biological Sciences, 101 Rouse Life Sciences, 
Auburn University, Auburn, Alabama, USA 36849 Phone: +1 344 844 1661 
paul.cobine@auburn.edu  
 
Keywords: Copper, cytochrome c oxidase, mitochondria  

 

ABSTRACT 
Copper is required for the activity of 
cytochrome c oxidase (COX), the terminal 
electron-accepting complex of the 
mitochondrial respiratory chain. The likely 
source of copper used for COX biogenesis is a 
labile pool found in the mitochondrial matrix. 
In mammals, the proteins that transport copper 
across the inner mitochondrial membrane 
remain unknown. We previously reported that 
the mitochondrial carrier family protein Pic2 
in budding yeast is a copper importer. The 
closest Pic2 orthologue in mammalian cells is 
the mitochondrial phosphate carrier 
SLC25A3. Here, to investigate whether 
SLC25A3 also transports copper, we 
manipulated its expression in several murine 
and human cell lines. SLC25A3 knockdown or 
deletion consistently resulted in an isolated 
COX deficiency in these cells, and copper 

addition to the culture medium suppressed 
these biochemical defects. Consistent with a 
conserved role for SLC25A3 in copper 
transport, its heterologous expression in yeast 
complemented copper-specific defects 
observed upon deletion of PIC2. Additionally, 
assays in Lactococcus lactis and in 
reconstituted liposomes directly demonstrated 
that SLC25A3 functions as a copper 
transporter. Taken together, these data indicate 
that SLC25A3 can transport copper both in 
vitro and in vivo. 
 
INTRODUCTION  

Mitochondrial dysfunction contributes 
to the pathogenesis of heart failure, 
neurodegenerative disorders, myopathies and 
diabetes (1). Mitochondria are dynamic, 
double membrane bound organelles with a 
semi-permeable outer membrane that allows
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exchange of metabolites between the cytosol 
and the intermembrane space (IMS). In 
contrast, the inner membrane (IM) that 
separates the IMS and the matrix is tightly 
sealed. Thus, numerous transporters are 
required to provide the matrix with a diverse 
range of substrates that are necessary to 
support metabolism, the biogenesis of iron-
sulfur clusters, and the assembly of the 
electron transport chain (ETC) required for 
oxidative phosphorylation (2).  

Cytochrome c oxidase (COX) is the 
terminal electron accepting complex of the 
ETC. Mammalian COX contains 14 major 
subunits, two of which bind 3 redox centers 
required for electron transfer (3). The catalytic 
core consists of the mitochondrially-encoded 
subunits COX1, COX2 and COX3. COX2 
binds the binuclear CuA site required for 
accepting electrons from cytochrome c. These 
electrons are then transferred to the cofactors 
of COX1, first to heme a and then to the heme 
a3-CuB site where oxygen is bound. COX 
biogenesis requires >25 accessory proteins 
known as COX assembly factors (1). The 
overwhelming majority of ETC defects that 
underlie mitochondrial dysfunction and 
human disease are caused by pathogenic 
mutations in accessory factors (1). At least 9 
of these factors facilitate the insertion of the 
copper cofactors that are essential for the 
catalytic competence of the COX holoenzyme 
(4). In yeast, it has been demonstrated that the 
copper used for COX assembly comes from 
the matrix, and this matrix copper pool is 
conserved in mammals (5,6). However, how 
copper traverses the tightly sealed IM for its 
storage in the matrix, and how copper is 
mobilized from the matrix to the IMS where it 
is then used by these COX assembly factors 
remain major unanswered mechanistic 
questions.  

Biogenesis of the COX complex 
occurs in a modular pathway with different 
assembly proteins exchanging into relatively 
transient complexes to promote the 

incorporation of structural subunits or cofactor 
insertion. Because the copper and heme 
cofactors in COX1 are largely buried within 
the core structure of the enzyme, their early 
insertion is a necessity. COX1 translation and 
insertion into the IM is mediated by a suite of 
specific translational activators and 
chaperones that form a complex known as 
MITRAC (7). Once COX1 is inserted into the 
IM, SURF1 adds the heme cofactor (8) and 
COX11 facilitates the formation of the CuB 
site (9,10). The copper-binding cysteinyl 
sulfurs of COX11 are reduced via an 
interaction with COX19 (11), and the copper 
required for CuB site maturation is then 
donated to COX11 by COX17 (9). Like 
COX1, specific factors promote the translation 
and membrane insertion of COX2. After 
membrane insertion, COX2 is bound by a 
complex composed of COX20, SCO1, SCO2 
and COA6, which facilitates the maturation of 
its binuclear CuA site (12-14). CuA site 
formation requires that copper is transferred 
from COX17 to SCO1, which subsequently 
catalyzes its insertion into COX2 (9). SCO2 
appears to be essential for this latter copper 
transfer step because it acts as an 
oxidoreductase on the cysteinyl thiolates of 
COX2 (15,16). 

 Copper recruitment to the 
mitochondrion is independent of the presence 
and activity of COX (17). In yeast, 
biochemical depletion of the matrix copper 
pool results in a COX defect, suggesting that 
this pool is redistributed to the IMS for 
maturation of the holoenzyme (5). The 
mitochondrial carrier family (MCF) protein 
Pic2 acts as an importer of copper into the 
matrix (18). The human genome encodes for 
more than 50 MCF proteins that are involved 
in translocation of substrates across the IM, 
including various TCA intermediates and 
nucleoside di- and triphosphates for energy 
metabolism (19). MCF proteins have a basic 
structure consisting of three repeats of 
approximately 100-amino acids that contain 
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two transmembrane (TM) helices connected 
by a loop with a short α-helix. The TM helices 
contain a conserved PX(D/E)XX(R/K) motif 
that is a signature of all MCF proteins (20) 
and allows for the formation of salt bridges 
that are thought to determine the requirement 
for counter substrates, co-substrates and the 
directionality of transport (20).  In general, 
MCF function has been conserved between 
yeast and mammals. The closest homolog of 
Pic2 in mammals is SLC25A3 (49% identity, 
65% similarity with Pic2). SLC25A3 is an 
established phosphate carrier in mammals but 
in yeast Mir1 (41% identity, 61% similarity to 
SLC25A3; 40% identity, 59% similarity to 
Pic2) instead of Pic2 is the major phosphate 
transporter (21,22).  

Mammals have two isoforms of 
SLC25A3 as a result of alternative splicing of 
exon 3. The two isoforms differ by 13 amino 
acids between residues 54 and 80. Each 
isoform is expressed in a cell-type specific 
manner, with heart and skeletal muscle 
expressing SLC25A3-A and all other tissues 
expressing SLC25A3-B (23). SLC25A3-B has 
an approximately three fold higher rate of 
phosphate transport than SLC25A3-A in 
liposomes after purification from E. coli (23). 
Patients with mutations in the third exon that 
are specific to the a-isoform of SLC25A3 
present with multi-system disorders 
characterized by muscle hypotonia, lactic 
acidosis and hypertrophic cardiomyopathy 
(24,25). In this report, we use cell culture 
systems and in vitro transport studies to 
demonstrate a role for SLC25A3 in 
mitochondrial copper transport, and to 
establish that this transport function directly 
impinges upon copper delivery to COX during 
holoenzyme assembly.  
 
RESULTS 
SLC25A3 depletion in human and mouse cells 
causes a COX deficiency that is suppressed by 
copper supplementation 

To investigate the role of SLC25A3 in 
mitochondrial copper distribution, we focused 
on the copper requirement for COX assembly 
in multiple mammalian cell types. We 
observed a COX deficiency in HEK293 cells 
in which siRNA knockdown reduced 
SLC25A3 abundance to approximately 25% 
of that in cells treated with a scrambled 
siRNA control (Fig. 1A, B). Although this 
was the only cell type in which we were 
reliably able to detect endogenous SLC25A3 
levels with commercially available antibodies, 
application of various SLC25A3 siRNA oligos 
consistently produced a COX deficiency in 
multiple cell types. Knockdown of SLC25A3 
in wild-type human fibroblasts resulted in a 
COX deficiency that was rescued by 
supplementing the culture medium with 
copper bound to an ionophore (CuATSM) that 
freely crosses biological membranes, but was 
not rescued by supplementation with 
phosphate (Fig. 1C). Addition of supplemental 
copper increased whole cell copper levels 
approximately 6 fold while supplementation 
with phosphate increased the cellular 
phosphorous content by approximately 50-
fold as assessed by inductively coupled 
plasma optical emission spectroscopy (ICP-
OES) (data not shown). Because HEK293 
cells and human fibroblasts express the 
SLC25A3-B isoform, we performed the same 
siRNA knockdown experiment in the murine 
cardiac muscle cell line HL-1, which 
predominantly expresses the SLC25A3-A 
isoform, and once again observed a COX 
deficiency (21±3% of control COX, n=3). 
Finally, we used the C2C12 skeletal muscle 
cell line and found that treatment with an 
Slc25a3-A specific siRNA also resulted in a 
significant COX deficiency in myoblasts, 
which express both the A- and B-isoforms 
(26) (37±3% of control COX, n=3), and in 
differentiated myotubes which exclusively 
express the A-isoform (26) (43±4% of control 
COX, n=3). Taken together, these data 
suggest that SLC25A3-A and SLC25A3-B are 
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required for COX assembly in human and 
murine cells. 

 
Deletion of Slc25a3 in mouse embryonic 
fibroblasts results in COX and copper 
homeostasis defects  

To confirm that the loss of SLC25A3 
affects mitochondrial copper handling, we 
immortalized primary mouse embryonic 
fibroblasts (MEFs) in which the first and 
second exons of Slc25a3 are floxed (27), then 
isolated and amplified mock- (Slc25a3FLOX) 
and Cre-treated (Slc25a3-/-) clonal lines. 
Immunoblot analysis showed decreased levels 
of COX subunits 1 and 4 and reduced COX 
activity in the Slc25a3-/- relative to the 
isogenic Slc25a3FLOX MEFs (Fig. 2A). The 
COX deficiency was rescued by by retroviral 
expression of a Slc25a3-B cDNA (Fig. 2B) or 
by supplementing the media with copper (Fig. 
2B).  

Previous studies of pathogenic mutations 
in SCO1 and SCO2 revealed that perturbing 
the function of either mitochondrial protein 
can also affect the stability and localization of 
other proteins crucial to copper homeostasis 
and, by extension, total cellular copper levels 
(28). We therefore assessed the steady-state 
levels of copper homeostasis proteins in this 
mutant background. Slc25a3-/- cells had 
reduced levels of the cytosolic copper enzyme 
SOD1 and its chaperone CCS, which were 
restored by retroviral expression of a Slc25a3-
B cDNA (Fig. 2C). Consistent with the 
decreased levels of CCS and SOD1, SOD 
activity was reduced by ~60% in these cells 
(Fig. 2D). The observed decrease in activity 
was not due to loss of SOD2 as cyanide-
resistant SOD activity (~15% of total 
attributed to SOD2, data not shown) was equal 
in both Slc25a3 backgrounds. In contrast to 
SOD1 and CCS we did not detect a change in 
the abundance of the copper exporter ATP7A, 
the high affinity copper importer CTR1, or the 
COX assembly protein SCO1 (Fig. 3A). 
However measurement of the total metal 

content of Slc25a3-/- MEFs cells showed a 
statistically significant decrease in total copper 
(-26% of control, p=0.005, n=3) and calcium 
(-37% of control, p=0.01, n=3) (Fig. 3B). 
These data indicate that, in MEFs, loss of 
SLC25A3 total cellular copper homeostasis.  

To directly demonstrate that loss of 
SLC25A3 affects mitochondrial copper levels, 
we quantified the exchangeable copper in the 
matrix with mitochondrially targeted copper 
sensor1 (Mito-CS1) (29), and found that 
matrix copper was reduced by 65% in 
Slc25a3-/- MEFs (Fig. 3C). Consistent with 
previous investigations (27), mitochondrial 
membrane potential as assessed by JC-1 
staining was unchanged in the Slc25a3-/- 
MEFs (Fig. 3C). The reduced signal of Mito-
CS1 was not a function of reduced organelle 
content as TOM40 levels (Fig. 2C, 3A) and 
the total MitoTracker green signal (data not 
shown) were equivalent in Slc25a3-/- and 
Slc25a3FLOX MEFs. Taken together, these data 
support a role for SLC25A3 in COX assembly 
and the maintenance of the mitochondrial 
copper pool. 
 
Heterologous expression of SLC25A3 in yeast 
and L. lactis facilitates copper transport  

The MCF protein Pic2 is a mitochondrial 
copper transporter in budding yeast (18). To 
test for the copper transport function of 
SLC25A3 in yeast, we expressed the human 
SLC25A3-A cDNA under the control of the 
constitutive ADH1 promoter in a pic2∆ 
background. SLC25A3-A restored 
mitochondrial copper uptake in isolated  
mitochondria (Fig. 4A) and rescued the COX 
defect in these cells under copper limitation 
(Fig. 4B). These data suggest that SLC25A3 
can function as a copper transporter, 
particularly since pic2∆ yeast do not exhibit 
any phosphate defects and increased 
phosphate levels do not suppress the copper 
defects in this mutant (18). 

MCF proteins are known to insert into the 
cytoplasmic membrane of L. lactis (30). 
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Expression of human SLC25A3-A in L. lactis 
resulted in the time-dependent uptake of 
copper, as assessed by ICP-OES (Fig. 5A, B). 
As an additional assessment of copper 
transport, we used silver in place of copper as 
silver more is toxic to L. lactis and is widely 
used to demonstrate copper transport. In this 
assay, expression of a functional copper 
transporter increases the silver sensitivity of L. 
lactis (18,31). Silver was more toxic to L. 
lactis expressing human SLC25A3-A when 
compared to L. lactis harboring an empty 
expression vector, as indicated by lack of 
growth at 24 hours in silver-containing 
medium (Fig. 5C). To confirm that SLC25A3-
A expressed in this system could also function 
as a phosphate transporter we used arsenate as 
a toxic mimetic of phosphate. Cells expressing 
SLC25A3-A were unable to grow in 
increasing arsenate when compared to cells 
expressing empty vector (Fig. 5D). Finally we 
tested the growth of L. lactis expressing 
SLC25A3-A, SLC25A3-B or the empty vector 
in the concentration of silver or arsenate that 
inhibited growth by at least 50% in SLC25A3-
A (Fig. 5C, D) and observed a significant 
growth defect for both isoforms of the 
transporter (Fig. 5E, F).  
 
SLC25A3 purified from E. coli transports 
copper when reconstituted into liposomes 

To directly test copper transport by human 
SLC25A3-A and SLC25A3-B, we expressed 
each cDNA with a His6-tag in E. coli, purified 
the protein from inclusion bodies and 
reconstituted it into liposomes, a method that 
has been used extensively to assess MCF 
substrate transport and specificity (23,32-36). 
Reconstituted SLC25A3-A (Fig. 6A) and 
SLC25A3-B (Fig. 6B) both transport copper 
into liposomes without internal counter 
substrates, suggesting they act as 
unidirectional copper transporters. The kinetic 
parameters for both reconstituted proteins 
suggest an apparent transport affinity of 15 
µM and a specific activity of 25 mmol 

Cu/min/g under our standard conditions in the 
absence of internal substrates (Fig 6A, B). 
SLC25A3 proteins did not appear to transport 
other metals that were tested (Ca, Zn, Mg, Fe) 
and none of these metals affected copper 
transport when added externally at a 10-fold 
molar excess (Fig. 6C). However, the initial 
rate of copper transport was inhibited by the 
addition of a ten-fold excess of arsenate to the 
uptake assay in SLC25A3-A (Fig. 6D) and 
SLC25A3-B (Fig. 6E). To test if SLC25A3 
can interact with the fluorescent anionic 
copper complex found in the mitochondrial 
matrix we used fluorescence anisotropy. We 
observed a stabilization of the rotational time 
of the ligand with increasing concentration of 
human SLC25A3-A that is suggestive of an 
interaction (Fig. 6F). Taken, together these 
data show that SLC25A3 is capable of 
transporting copper in the absence of 
additional accessory factors.  
 
DISCUSSION 

Copper delivery and insertion into 
COX during its assembly occurs in the IMS, 
and requires at least nine copper-binding 
assembly factors (1). However, we have a 
limited understanding of how copper is 
recruited and delivered to these ancillary 
proteins. In this report, we demonstrate an 
unexpected role for SLC25A3 in 
mitochondrial copper transport. SLC25A3 is a 
phosphate transporter and our findings raise 
the possibility that phosphate levels could 
control copper availability or transport. 
However, three independent observations 
support a direct role for SLC25A3 as a 
mitochondrial copper importer. First, purified 
and reconstituted SLC25A3 is able to 
transport copper into proteoliposomes, and its 
expression in a heterologous system facilitates 
copper uptake. Second, copper 
supplementation suppresses the COX 
deficiency phenotype in Slc25a3-/- cells. And 
third, depletion or deletion of Slc25a3 
decreases total mitochondrial copper levels. 
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Therefore, we  suggest that while secondary 
effects of phosphate on copper homeostasis 
may contribute to the COX defect, this 
phenotype is primarily due to loss of the 
copper transport function of SLC25A3. How 
this transporter can mediate the transport of 
both phosphate and copper ions (or the 
chelated form of copper that is found in the 
matrix of yeast and mammalian cells (5,17)) 
remains to be established through mutagenesis 
studies. One likely possibility is that 
SLC25A3 transports copper ions that are 
chelated in anionic complexes (e.g. copper 
chloride in vitro, or in the anionic copper 
complex observed in vivo (5)). Significant 
precedent exists in the literature for the 
transport of metal-anion complexes in 
eukaryotic systems including transport of 
copper into a number of epithelial cells via 
anion transporters (37,38). We previously 
reported an interaction between the copper 
chelate found in the mitochondrial matrix and 
Pic2 from yeast (31) and observe a similar 
interaction here with recombinant human 
SLC25A3-A using fluorescence anisotropy. 
Therefore, we speculate that this anionic 
copper chelate is the main source of copper 
transported by SLC25A3 in vivo.  

Patients with mutations in the exon 3a 
isoform of SLC25A3 present with multi-
system disorders characterized by muscle 
hypotonia, lactic acidosis and hypertrophic 
cardiomyopathy (24,25). These patients show 
phenotypes consistent with decreased ATP 
production from limiting phosphate 
availability. In the initial case report by Mayr 
et al. (24), ETC enzyme activity was measured 
and considered to be normal. However, the 
data presented suggest that loss of SLC25A3 in 
muscle results in a mild, isolated COX 
deficiency, because the enzyme activity in the 
patient was lower than even the lowest 
reference control “(patient value with range 
for controls in parentheses): for COX, 81 (90–
281) (24)”. It may be that high copper levels 
present at birth make it possible to partially 

compensate for loss of SLC25A3 function by 
redistributing copper to the peripheral tissues, 
thereby allowing for the partial rescue of COX 
activity. Such a scenario would be 
reminescent of the compensation observed in 
the myocardium of the heart-specific knockout 
of Ctr1 (39-41). There is no information 
regarding the copper status of SLC25A3 
patients and additional experiments will be 
required to address this possibility. 

The fact that the loss of an importer of 
copper correlates with a decrease in COX 
activity suggests that matrix copper is used as 
a source of copper for the maturation of the 
CuA and CuB sites of the holoenzyme (5). 
While we have genetically and biochemically 
manipulated the matrix copper pool in S. 
cerevisiae to affect COX activity, this is the 
first demonstration of a genetic manipulation 
in mammalian cells that affects matrix copper 
levels and impacts COX activity. Thus, the 
pathway of copper import into the matrix prior 
to redistribution to the IMS for COX assembly 
in yeast appears to be conserved in 
mammalian cells. The phenotypes observed in 
L. lactis expressing either the A or B isoform 
of SLC25A3 upon exposure to both silver and 
arsenate suggest that the transporter is 
working as an importer. However, it remains 
possible that these transporters can also export 
matrix copper and that our current assays lack 
the necessary components either in small 
molecules or interacting protein partners to 
stimulate this activity. SLC25A3 has been 
identified in multiple complexes in the IM 
including the ATP synthasomes and 
respirasomes (42-44). The physical 
association of the respiratory chain complexes 
with other MCFs, most notably ANT1, is 
known to significantly affect both nucleotide 
transport rates and oxidative phosphorylation 
(44). Therefore, further work is needed to 
elucidate the other components of this 
pathway involving SLC25A3, including the 
identity of possible metabolic products that 
could serve as modulators of transport and 
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other transporters required to redistribute 
copper to the IMS. 

Mitochondria generate and transduce a 
signal that can regulate the activity of the 
copper import and export machinery and 
therefore cellular copper concentrations 
(28,45,46). The integrity of this signaling 
pathway is compromised by mutations in 
SCO1 and SCO2 (28,45,46). SCO1 and SCO2 
patients present with clinically heterogeneous 
forms of fatal disease that affect liver, heart or 
brain function (47-54). Affected tissues in 
SCO patients are both COX and copper 
deficient, and both deficiencies appear to be 
key components of the underlying tissue-
specificity of disease (46,55). While the levels 
of SCO1 are unchanged in the Slc25a3-/- 
MEFs, the redox state of the copper-binding 
CxxxC motif of this protein in the absence of 
SLC25A3 is unknown and this is an important 
component of the mitochondrial signal that 
controls cellular copper homeostasis. 
However, it should be noted that the deletion 
of Slc25a3 in MEFs results in a modest 
decrease in total copper when compared to the 
SCO cell lines. Here the the decrease in 
cellular copper is accompanied by a decrease 
in calcium content. The connection between 
these changes is not obvious; however, 
SLC25A3 has been implicated in indirectly 
regulating the mitochondrial permeability 
transition pore in response to calcium and 
SLC25A3 mutants are desensitized to 
mitochondrial calcium overload (27).  

Strikingly, manipulation of SLC25A3 
causes a significant decrease in the activity of 
whole cell SOD1. The observed decrease in 
total cellular copper is not expected to be 
sufficient to explain the reduction in  SOD1 
activity. While we did not examine the levels 
of SOD1 in the IMS the total decrease in its 
abundance far exceeds the amount of protein 
found in this compartment. We have 
previously observed a decrease in SOD1 
activity in multiple models with SCO 
mutations (28,46,55). However, in these 

models the cellular copper content along with 
CCS abundance are both dramatically 
reduced, giving rise to the loss of SOD1 
activity. CCS levels are normally elevated 
under copper deficiency as we observed here 
upon deletion of Ctr1 (56). These data 
collectively suggest a novel role for the 
mitochondrial copper handling machinery in 
regulating or controlling cytosolic copper 
levels or bioavailability. In yeast, cytosolic 
SOD1 is known to transmit signals from 
oxygen and glucose to repress respiration via 
an interaction with the yeast homolog of 
casein kinase 1-g (57). The interaction 
between these two proteins promotes the 
stability of the kinase and requires the activity 
of SOD1 to convert superoxide to hydrogen 
peroxide (57). In the absence of SOD1 
respiration rates increase. The interaction 
between SOD1 and casein kinase 1-g is also 
observed in mammalian cells (57). Therefore, 
under mitochondrial copper deficiency this 
mechanism could be designed to alter 
respiration rates, which raises the intriguing 
possibility that mitochondrial copper status is 
functionally coupled to glucose metabolism 
through SOD1.  

The identification of SLC25A3 as a 
copper importer is a fundamental advance in 
our basic understanding of copper 
homeostasis. It adds yet another piece to the 
complicated COX assembly process that is 
implicated and disrupted in numerous 
metabolic diseases.  
 

EXPERIMENTAL PROCEDURES 

Cell culture conditions 

HEK293 cells maintained in high 
glucose DMEM containing sodium pyruvate, 
50µg/ml uridine and 15% fetal bovine serum 
at 37oC at an atmosphere of 5% CO2 were 
treated with siRNA for SLC25A3 (Human 
Silencer Select #s10429, Human Stealth RNAi 
#hss107924 from Thermo Fisher Scientific) or 
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negative control (Stealth RNAi negative 
control #452001, Thermo Fisher Scientific). 
All oligos were transfected into cells at 60-
80% confluence using the RNAi Max protocol 
at 8 nM final concentration (Thermo Fisher 
Scientific) and allowed to grow for 36-48 
hours at 37oC at an atmosphere of 5% CO2. 
HL-1 cells were maintained in Claycombs 
medium (58) at 37oC at an atmosphere of 5% 
CO2 and were treated with siRNA as 
described above. Mouse C2C12 cells were 
maintained in high glucose DMEM containing 
sodium pyruvate, 50 µg/ml uridine and 10% 
fetal bovine serum at 37oC at an atmosphere 
of 5% CO2. RNA silencing was performed as 
above using a mouse siRNA (Mouse Silencer 
select #s71565 from Thermo Fisher 
Scientific). C2C12 myoblasts were 
differentiated into myotubes by switching the 
cells to serum-free medium. Differentiation 
was assessed by visual inspection of the 
culture over time and siRNAs were re-applied 
every 48 hours.    

MEFs were isolated from 
Slc25a3FLOX/FLOX embryos and immortalized 
by retroviral transduction with telomerase and 
the E7 gene of the human papillomavirus  
(59,60). Recombinant Cre recombinase was 
purified from E. coli, and it or buffer alone 
were added to Slc25a3FLOX/FLOX MEFs to 
generate Slc25a3-/-  or Slc25a3FLOX/FLOX 
alleles, respectively (61). Clonal 
Slc25a3FLOX/FLOX and Slc25a3-/- MEF lines 
were then isolated and maintained in high 
glucose DMEM containing sodium pyruvate, 
50µg/ml uridine, 0.1mM mercaptoethanol and 
15% fetal bovine serum at 37oC at an 
atmosphere of 5% CO2. Mouse Slc25a3-b 
cDNA was amplified from RNA and cloned 
into a Gateway-modified retroviral expression 
vector (62). The fidelity of this construct was 
confirmed by sequencing and retrovirus was 
produced with the Phoenix Amphotrophic 
packaging cell line (63) and used to transduce 
MEFs.  

ATSM was synthesized as described in 
(64). Briefly, 5g of 4-methyl-3-
thiosemicarbazide was added to 100mL of 
ethanol (100mL) heated to 60°C, followed by 
the addition of 2 mL of diacetyl (2,3-
butadione). ATSM was precipitated with 
addition of concentrated sulfuric acid then 
collected by filtration and washed with 
methanol. CuATSM was made by dissolving 
4g ATSM in 100 mL of methanol, followed 
by the drop-wise addition of copper chloride 
dissolved in water and stirring of the mixture 
for 30 min. CuATSM was precipitated by 
adding water, the product was collected via 
filtration and washed with methanol and 
water. CuATSM was diluted in DMSO 
(0.75g/15mL) then added to the culture 
medium at 50 µM final concentration. 
Phosphate was supplemented into the medium 
at a concentration of 50 mM. 

Yeast strains 

The yeast strain used was BY4741 
pic2∆ (MATa, leu2∆, met15∆, ura3∆, his3∆, 
PIC2::KANMX). Cultures were grown in 1% 
yeast extract, 2% peptone with 1% glucose 
medium at 30 °C for 24-36 hours. Preparation 
and fractionation of mitochondria was 
performed as previously described (17). The 
mitochondrial copper uptake rate was obtained 
by incubation of isolated mitochondria with 
copper for 0-4 minutes at room temperature, 
centrifugation and then acid digestion 
followed by ICP-OES (PerkinElmer Life 
Sciences 7300-DV) as described previously 
(18). 

Expression of recombinant proteins 

SLC25A3-A and SLC25A3-B human 
cDNAs were purchased from Life Technology 
then amplified by PCR for sub-cloning into 
the E. coli expression vector pHis parallel 1. 
The fidelity of the construct was verified by 
sequencing. BL21(DE3) E. coli was 
transformed with the vector and after isolation 
of single colonies with inducible protein 
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expression, 1 liter cultures were grown to an 
optical density at 600nm of 0.6-0.8 and 
protein expression was induced with isopropyl 
β-D-1-thiogalactopyranoside for 2 hours. 
Inclusion bodies were isolated in a manner 
similar to that described by Palmieri (19). 
Briefly, cells were resuspended in potassium 
phosphate buffer (140 mM NaCl, 2.7 mM 
KCl, 8.3 mM K2HPO4, 1.8 mM KH2PO4, pH 
7.5), and disrupted by sonication. Insoluble 
material was collected by centrifugation at 
18,500 g. Insoluble material was resuspended 
in potassium phosphate buffer, pH 7.5, and 
loaded onto a stepwise 40%, 53%, 70% 
sucrose gradient. Samples were centrifuged at 
18,500 g for one hour and inclusion bodies 
were isolated as a gray colored band at the 
interface between the 53% and 70% layers. 
Presence of the protein of interest was 
confirmed by immunoblot and Coomassie 
staining. To load protein into liposomes, 
inclusion bodies were solubilized in 6 M urea 
or 1% sarkosyl then mixed with egg yolk 
phospholipids purified by the Folch extraction 
method, and dialyzed overnight in 25 mM 
Tris-HCl buffer, pH 7.2. The dialyzed mixture 
was sonicated (in the presence of 1 mM 
PhenGreen) then purified by loading the 
vesicles in 35% sucrose under 20% sucrose 
and centrifuging at 18,500 g for 60 minutes. 
The final proteoliposomes were isolated from 
the top of the sucrose layer and diluted into 25 
mM Tris-HCl buffer, pH 7.2 and the protein 
concentration was determined by the Bradford 
assay. Equal protein concentrations were 
diluted in 25 mM Tris-HCl, pH 7.2, and 
loaded into a 96-well plate. A copper 
ascorbate stock solution created from 10mM 
copper sulfate solution and 10 mM ascorbate 
then the stock solution was diluted in 25 mM 
Tris-HCl, pH 7.2 buffer at concentrations 
ranging from 0-5 mM to yield working 
solutions for uptake assays. Assays were 
started by delivering copper-ascorbate with a 
multichannel pipette and monitoring the 
decrease in fluorescence over time in a 

Cytation 3 plate reader (BioTek). All reactions 
contained trace amounts of chloride and 
sulfate present from the initial preparation of 
buffers and reagents. Initial rates of copper 
uptake were calculated over the linear portion 
of the curve. Copper uptake is expressed as 
change in PhenGreen flourescnce per min per 
milligram of protein. Arsenate competition 
studies were performed by making the copper-
ascrobate stock solution with arsenate added 
at 10-fold excess of copper.  

Expression and uptake in Lactococcus lactis 

L. lactis cells transformed with vector 
(pNZ8148) alone or pNZ8148 (MoBiTec) 
carrying the human SLC25A3-A or SLC25A3-
B gene were grown overnight at 30˚C in M17 
medium with 0.5% glucose and 10 µg/mL 
chloramphenicol. Cells were diluted into fresh 
medium at an OD600 of 0.1, grown to an OD600 
of 0.4, and induced using 1 ng/mL nisin for 
five hours or overnight. Copper uptake was 
assayed in L. lactis using whole cells 
resuspended in 2 µM copper-sulfate salts 
dissolved 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 
over time. To determine silver toxicity in L. 
lactis strains containing vector, or human 
SLC25A3-A or human SLC25A3-B, cells 
were grown in a 96-well plate containing M17 
medium plus 1 ng/mL nisin and increasing 
concentrations of silver (0-250 µM) or 
arsenate (0-2.5mM)(31). Controls containing 
M17 without nisin or M17 plus silver or 
arsenate without nisin were included. Optical 
density at 600 nm was used to assess growth 
after 24 hours. Percent growth was quantified 
by comparing to the optical density of the 
same genotype in nisin alone. 

Elemental analysis 

Samples were digested in 40% nitric 
acid by boiling for 1 hour in capped, acid 
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washed tubes, diluted in ultra-pure, metal free 
water and analyzed by ICP-OES (Perkin 
Elmer, Optima 7300DV) versus acid washed 
blanks. Concentrations were determined from 
a standard curve constructed with serial 
dilutions of two commercially available mixed 
metal standards (Optima). Blanks of nitric 
acid with and without “metal-spikes” were 
analyzed to ensure reproducibility. 

Immunoblot and activity assays 

This study used monoclonal antibodies 
raised against GAPDH, COX1 and COX4 
subunits of COX (Abcam), and polyclonal 
antisera raised against SOD1 (Enzo), CTR1 
(custom order Genscript, 
VSIRYNSMPVPGPNGTILC), CCS (Joe 
Prohaska, University of Minnesota), ATP7A 
(Mick Petris, University of Missouri), SCO1 
(in house, KLH coupled peptide 
CEKMIEVVEEIDSIPSLPNLT) and 
SLC25A3 (Invitrogen and Abcam). COX 
activity was determined by monitoring the 
decrease in absorbance at 550 nm of 
chemically reduced cytochrome c in the 
presence of cell or mitochondrial extracts (65). 
Superoxide dismutase (SOD) activity was 
measured using a xanthine oxidase linked 
assay kit (Sigma Life Science) and absorbance 
was measured on a Cytation 3 plate reader 
(BioTek). All activities were normalized to 
protein concentration then converted to 
percentage of maximum control value. 

Fluorescence measurements 

Mito-CS1 was synthesized as 
described (29). Reactivity with copper was 
measured by titrating the freshly diluted probe 
with copper. DAPI, Mitotracker green, JC-1 
and Phen Green SK were purchased from Life 
Technologies. Cells were harvested from the 
plate with addition of trypsin for 15 minutes. 
Equal numbers of cells were loaded with dyes 
by incubation for 15 minutes at 37oC then 
washed by centrifugation with Dulbecco’s 
PBS (Corning) then read at appropriate 

wavelengths in 96 well plate format using a 
Cytation 3 plate reader (BioTek). 

Fluorescence anisotropy was 
performed using mitochondrial anionic copper 
complex (CuL) isolated from yeast and 
recombinant SLC25A3-A reconstsituted into 
liposomes (31). Equal amounts of control 
liposome without protein were assayed and 
subtracted from each point to account for 
increase viscosity. CuL was isolated as 
described previously (5,17,31) and then 
diluted to give a fluorescence intensity of ~30 
using an excitation at 320 nm and monitioring 
emission at 400 nm. SLC25A3 protein 
incorporated into liposomes was added in 1-5 
µL increments. Protein concentrations were 
determined by Bradford assay. Anisotropy 
was measured using a PerkinElmer Life 
Sciences LS55 spectrofluorimeter. 

Data analysis  

All results are presented as mean with errors 
bars of standard error of the mean. P-values 
<0.05 were considered significant as assessed 
by Student’s t-test. * indicates P<0.05, ** 
indicates P<0.01, *** indicates P<0.001, **** 
indicates P<0.0001. Curve fitting for 
calculation of half maximal transport (K1/2) 
and Vmax was done using Kaleida Graph 
Michealis-Menton curve fitting of 
concentration versus uptake and/or values 
from linear regression on a Lineweaver-Burk 
plot. Conversion of relative fluorescence to 
copper concentration in vesicle was calculated 
by using titration of PhenGreen in the same 
buffer conditions at the time of analysis in the 
absence of vesicles.  
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FIGURE LEGENDS 
 
Figure 1: A) Immunoblot analysis of SLC25A3 in HEK293 cells treated with negative control 
siRNA (-) or SLC25A3 siRNA (+). B) Cytochrome c oxidase (COX) activity in HEK293 cells 
treated with negative control siRNA (Control) or SLC25A3 siRNA (n=10, **** P<0.0001 based 
on Student’s t-test). C) COX activity in control human fibroblasts treated with SLC25A3 siRNA 
(+)(n=4) or negative control siRNA (-) (n=5) grown in basal media or media supplemented with 
either 50 µM CuATSM (n=4-5) or 50 mM phosphate (n=3). ** p<0.01 based on Student’s t-test. 
All data are expressed as a percentage of activity in negative control cells grown in basal 
medium.  

Figure 2: A) Immunoblot analysis of COX subunit abundance in immortalized Slc25a3 MEFs 
treated with buffer alone (flox) or Cre recombinase (KO). GAPDH served as an internal loading 
control. flox-1, flox-2, KO-1 and KO-2 denote independent clonal isolates whose genotype was 
confirmed by PCR analysis (data not shown).  B) COX activity in Slc25a3-/- MEFs alone (n=8) 
or transduced with an Slc25a3-B cDNA (Slc25a3-B) (n=6) cultured in standard medium (NA) or 
Slc25a3-/- MEFs in standard media supplemented with 50 µM CuATSM (n=4) **** P<0.0001 
based on Student’s t-test. All data is expressed as a percentage of matched Slc25a3FLOX MEFs. 
C) Immunoblot analysis of copper homeostasis and control proteins in Slc25a3FLOX (flox-1) and 
Slc25a3-/- (KO-1) cells alone (NA) or transduced with retrovirus containing Slc25a3-B cDNA. 
D) Total SOD activity in Slc25a3FLOX (flox) and Slc25a3-/- (KO) MEFs (n=6, **** P<0.0001 
based on Student’s t-test). Cyanide resistant activity was also measured and was not significantly 
different in flox versus KO MEFs (data not shown).  

Figure 3 A) Immunoblot analysis of copper related proteins and controls in Slc25a3FLOX (flox-1, 
flox-2) and Slc25a3-/- (KO-1, KO-2) MEFs. Floxed MEFs treated with scrambled (Scr) or CCS 
siRNA as well as Ctr1+/+ and Ctr1-/- MEFs were used as controls and to validate antibody 
specificity. The double asterick (**) on the immunoblot indicates the mature, glycosylated CTR1 
while the single asterick (*) is the cleaved form of the protein. B) ICP-OES analysis of metal 
content of Slc25a3-/- MEFs expressed as percentage of Slc25a3FLOX MEFs. Changes in both 
copper (n=4, ** P<0.001 based on Student’s t-test) and calcium (n=4, * P<0.05 based on 
Student’s t-test) were statistically significant. All other elements are n=4, P>0.05 based on 
Student’s t-test. C) Whole cell fluorescence of Slc25a3-/- MEFs (KO) as a percentage of 
Slc25a3FLOX loaded with the copper dependent dye Mito-CS1 (n=4, ** P<0.01 based on 
Student’s t-test) or the mitochondrial membrane potential dependent dye JC-1 (n=6, P>0.05 
based on Student’s t-test) expressed as a percentage of matched Slc25a3FLOX MEFs.  

Figure 4: A) ICP-OES analysis of copper uptake into mitochondria isolated from pic2Δ yeast 
expressing empty vector (Vec) (n=3) or PIC2 (n=3, ** P<0.01 based on Student’s t-test) or 
human SLC25A3-A. (n=3, ** P<0.01 based on Student’s t-test). B) COX activity in mitochondria 
isolated from pic2Δ yeast expressing empty vector (Vec) (n=6) or PIC2 (n=5, ** P<0.01 based 
on Student’s t-test) or human SLC25A3-A (n=3, ** P<0.01 based on Student’s t-test).  

Figure 5: A) Copper uptake over time in L. lactis expressing human SLC25A3-A monitored by 
ICP-OES. Uptake or association with L. lactis expressing an empty vector is subtracted at each 
time point. B) Initial rate of copper uptake by L. lactis harboring an empty vector (Vec) (n=4) or 
vector containing the human SLC25A3-A cDNA (n=4, ** P<0.01 based on Student’s t-test). C) 
Growth of L. lactis expressing human SLC25A3-A (grey line, grey circles) or empty vector 
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(black square, black line) in media with increasing silver concentrations. Each data point 
represents the average of 4 independent cultures (n=4, * p<0.05 based on Student’s t-test relative 
to empty vector at each silver concentration). D) Growth of L. lactis expressing human 
SLC25A3-A (grey line, grey circles) or empty vector (black square, black line) in media with 
increasing arsenate concentrations. Each data point represents the average of 4 independent 
cultures (n=4, * p<0.05 based on Student’s t-test relative to empty vector at each arsenate 
concentration). E) Growth of cells expressing empty vector (Vec) (n=4) or vector containing the 
cDNA from human SLC25A3-A (n=4, **** P<0.0001 based on Student’s t-test) or human 
SLC25A3-B (n=4, (**** P<0.0001 based on Student’s t-test) in the presence of 100 µM silver. F) 
L. lactis growth represented as in E) in the presence of 1.6 mM arsenate (n=4-5, **** P<0.0001 
based on Student’s t-test). 

Figure 6: Copper uptake into proteoliposomes reconstituted with purified A) human SLC25A3-A 
(K1/2: 15 ±3 µM, Vmax: 25 ±0.8 mmol/g/min) and control vesicles (without reconstituted protein) 
or B) human SLC25A3-B (K1/2: 11 ±2 µM, Vmax: 30 ±1.1 mmol/g/min) (n=6, average with 
standard deviation as error bars and apparent kinetics taken from curve fitting). C) Initial rate of 
uptake of copper, zinc, calcium, magnesium and iron expressed as a percentage of rate with 
copper alone (open bars) by SLC25A3-A. Initial rate of uptake of copper in the presence of ten-
fold excess of zinc, calcium, magnesium and iron expressed as a percentage of rate of copper 
alone (black bars). D) Rate of copper uptake into proteoliposomes containing human SLC25A3-
A or E) human SLC25A3-B in the presence of ten-fold excess of arsenate (n=4-5, *** P<0.001 
based on Student’s t-test). F) Fluorescence anisotropy of the mitochondrial anionic copper 
complex isolated from yeast and recombinant human SLC25A3-A in liposomes. Equal amounts 
of control liposome without protein were assayed and subtracted from each point.  
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