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Abstract

Ferredoxins (FDXs) are evolutionarily conserved iron-sulfur (Fe-S) proteins that function as electron
transfer proteins in diverse metabolic pathways. Mammalian mitochondria contain two ferredoxins,
FDX1 and FDX2, which share a high degree of structural similarity but exhibit different functionalities. Pre-
vious studies have established the unique role of FDX2 in the biogenesis of Fe-S clusters; however, FDX1
seems to have multiple targets in vivo, some of which are only recently emerging. Using CRISPR-Cas9-
based loss-of-function studies in rat cardiomyocyte cell line, we demonstrate an essential requirement of
FDX1 in mitochondrial respiration and energy production. We attribute reduced mitochondrial respiration
to a specific decrease in the abundance and assembly of cytochrome c oxidase (CcO), a mitochondrial
heme-copper oxidase and the terminal enzyme of the mitochondrial respiratory chain. FDX1 knockout
cells have reduced levels of copper and heme a/a3, factors that are essential for the maturation of the
CcO enzyme complex. Copper supplementation failed to rescue CcO biogenesis, but overexpression
of heme a synthase, COX15, partially rescued COX1 abundance in FDX1 knockout cells. This finding
links FDX1 function to heme a biosynthesis, and places it upstream of COX15 in CcO biogenesis like
its ancestral yeast homolog. Taken together, our work has identified FDX1 as a critical CcO biogenesis
factor in mammalian cells.

� 2023 Elsevier Ltd. All rights reserved.
Introduction

Ferredoxins (FDXs) are evolutionarily conserved
iron-sulfur (Fe–S) cluster containing proteins that
act as reducing agents by transferring electrons to
multiple target proteins involved in diverse
biological processes.1 Mammalian mitochondria
contain two FDXs - FDX1 and FDX2 - that share
43% protein sequence identity and are very similar
in structure.1–3 Both FDXs receive electrons from
reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) via FDX reductase (FDXR).1 While
there is a consensus regarding the source of elec-
trons for FDXs, the identity of in vivo targets of
td. All rights reserved.
FDX1 has been contentious.3–7 FDX1, also known
as adrenodoxin, has been shown to transfer elec-
trons to mitochondrial cytochrome P450 enzymes
involved in the metabolism of steroid hormones, bile
acids, and vitamins A and D.1,2 More recently, it was
reported that FDX1 donates electrons to kick-start a
radical chain reaction in the lipoylation process, a
mitochondrial lipid-based post-translational modifi-
cation seen on two tricarboxylic acid (TCA) cycle
enzymes.3,6 FDX1 has also been implicated in the
biogenesis of Fe-S cluster-containing proteins,4,5

though this aspect of FDX1 function is not sup-
ported by recent studies.3,6 In contrast to the
promiscuous nature of FDX1, FDX2 has been
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shown to specifically donate electrons to the Fe-S
biogenesis machinery in mitochondria.2,4

Unlike mammalian mitochondria, yeast
Saccharomyces cerevisiae mitochondria possess
only one FDX homolog, the Yeast Adrenodoxin
Homolog 1 (Yah1).1 The protein sequences of
FDX1 and FDX2 are approximately 50% identical
to Yah1, and like its mammalian homologs, Yah1
receives electrons from the Adrenodoxin Reduc-
tase Homolog (Arh1).7,8 Thus, Yah1 is expected
to possess the functionality of both mammalian
ferredoxins. Indeed, Yah1 is involved in the early
step of Fe–S biogenesis and lipoylation.3,7–9 Addi-
tionally, Yah1 has also been shown to be required
for coenzyme Q (COQ)10,11 and heme a biosynthe-
sis in yeast.12,13 Thus, Yah1 is essential for the
function and formation of the yeast mitochondrial
respiratory chain (MRC) because COQ is a critical
lipophilic electron carrier of the MRC,14 and heme
a is an essential cofactor of cytochrome c oxidase
(CcO), a heme-copper oxidase that is the terminal
enzyme of the MRC.15

Recently, we reported that FDX1 can catalyze the
reduction of copper bound to copper-transporting
drugs, thereby releasing it into mitochondria and
making it bioavailable to CcO, which contains two
copper centers in its active site.16 Additionally, we
found that FDX1 can also reduce copper in vitro.16

Together, these findings suggested that FDX1
may also play a role in mitochondrial copper deliv-
ery to CcO, prompting us to further investigate the
in vivo role of FDX1. To this end, we engineered
an FDX1 knockout H9c2 rat cardiomyocyte cell line,
and a follow-up biochemical, bioenergetics, and
genetic characterization of this cell line uncovered
a direct role of FDX1 in heme a/a3 biosynthesis
and an indirect role in cellular copper homeostasis.
Our findings are consistent with the recently pub-
lished studies on human FDX1 and previously
reported function of the yeast homolog of FDX1 in
CcO biogenesis.3,12

Results

Loss of FDX1 results in reduced mitochondrial
respiration

To determine the role of FDX1 in mitochondrial
bioenergetics, we constructed CRISPR-Cas9-
based knockouts of FDX1 in the rat H9c2 cardiac
cell line using two different sgRNAs targeting
FDX1. FDX1 knockouts were validated in two
independent clones (Fdx1-/-_1 and Fdx1-/-_2) by
demonstrating a complete loss of FDX1 protein
via SDS-PAGE/immunoblotting (Figure 1(A)). To
check if FDX1 is required for mitochondrial energy
production, we utilized a growth-based nutrient-
sensitized assay where wild-type (WT) and Fdx1-/-

cells were grown in glucose or galactose-
containing cell culture media. Replacing glucose
with galactose forces cells to generate ATP
exclusively from glutamine, shifting into a
2

metabolic state where the bulk of cellular energy
comes from the mitochondrial oxidative
phosphorylation (OXPHOS).17 In a glucose-
containing medium, where a significant fraction of
ATP is derived from glycolysis, both WT and
Fdx1-/- cells showed similar rates of cell proliferation
(Figure 1(B)). However, when the cell culture media
was switched from glucose to galactose, the Fdx1-/-

cells showed a severely reduced rate of cell prolifer-
ation as compared to WT cells (Figure 1(C)). More-
over, the Fdx1-/- cells started losing viability in
galactose containing media after day 4 (Figure 1
(D)), suggesting that FDX1 is essential for mito-
chondrial bioenergetics. To confirm this observa-
tion, we measured the oxygen consumption rate
(OCR) of these cells and found that Fdx1-/- cells
showed a pronounced reduction in the basal and
maximal OCR (Figure 1(E)). Together, these data
suggest that FDX1 is essential for mitochondrial
respiration and energy production.

FDX1 is required for cytochrome c oxidase
biogenesis

To unravel the biochemical basis of reduced
respiration in Fdx1-/- cells, we performed an SDS-
PAGE immunoblot analysis of subunits of five
OXPHOS complexes. We observed a specific
reduction in OXPHOS complex IV (CIV) subunits,
COX1 and COX4 (Figure 2(A)), suggesting that
FDX1 plays a role in the biogenesis of CIV, also
known as cytochrome c oxidase (CcO).18 To get a
more comprehensive picture of the abundance of
fully assembled OXPHOS complexes in Fdx1-/-

mitochondria, we performed Blue native polyacry-
lamide gel electrophoresis (BN-PAGE) followed by
immunoblot analysis, which revealed that loss of
FDX1 did not lead to a defect in the assembly of
CI (I and I + III2), CII, or CIII (III2 and I + III2) contain-
ing complexes and supercomplexes, however, the
higher order CIV-containing supercomplexes were
reduced in Fdx1-/- cells (Figure 2(B)). Probing the
membrane with a CIV-specific antibody (COX1),
showed a pronounced decrease in the abundance
of CIV-containing complexes and supercomplexes
(Figure 2(B)). Taken together, these results point
to a specific role of FDX1 in CcO biogenesis.
Since the abundance of Fe-S-containing subunits

of OXPHOS complex II and III, SDHB and
UQCRSF1, were unchanged in Fdx1-/- cells
(Figure 2(A)), we questioned the requirement of
FDX1 in Fe-S cluster biogenesis. To further probe
the role of FDX1 in Fe-S cluster biogenesis, we
measured the steady-state levels of mitochondrial
aconitase (ACO2) and lipoyl synthase (LIAS), two
other Fe-S-containing proteins, and found that
their levels were not decreased (Figure 3(A)).
Next, we checked the functionality Fe-S proteins
by measuring mitochondrial aconitase enzyme
activity and found it to be decreased by
approximately 60% in Fdx1-/- cells compared to
the WT cells (Figure 3(B)). These findings suggest



Figure 1. FDX1 is required for mitochondrial respiration. (A) Western blot-based detection of FDX1 in
mitochondria isolated from wild-type (WT) cells transduced with either empty vector or sgRNAs targeting Fdx1.
Fdx1-/--1 and Fdx1-/--2 represent two independent clones. ATP5A was used as a loading control. (B & C) Indicated
cells were cultured in the high-glucose media in a 6-well plate. After 24 h, the media was replaced with fresh glucose
(B) or galactose (C)-containing media (indicated by arrows), and cell numbers were counted and plotted over time.
Data are expressed as mean ± SD, n = 3. (D) Representative images showing loss of viability in Fdx1-/- cells as
compared to WT cells in galactose-containing media after 4 days of incubation (n = 3) Scale bar:100 mM (E) The
oxygen consumption rate (OCR) was measured in WT and Fdx1-/- cells in high-glucose media. Oligomycin, CCCP,
and antimycin A were used to measure adenosine triphosphate (ATP)-coupled respiration, maximum respiratory
capacity, and mitochondria-specific respiration. Data are shown as mean ± SEM, n = 3.

Figure 2. Loss of FDX1 decreases cytochrome c oxidase abundance. (A) Cell lysates fromWT and Fdx1-/- cells
grown in high glucose media were analyzed by SDS-PAGE immunoblotting of the indicated subunits of the OXPHOS
complexes. (B) BN-PAGE/immunoblot analysis of digitonin-solubilized mitochondria of WT and Fdx1-/- cells grown in
a high glucose growth medium to detect the abundance of OXPHOS complexes and supercomplexes using the
indicated antibodies. The stoichiometry and molecular weights of the complexes and supercomplexes (SC)
comprising CI + CIII + CIV are indicated. Data in panels A and B are representative of three independent experiments.
*indicates complex IV containing complexes and supercomplexes that are reduced in abundance in Fdx1-/- cells.
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Figure 3. Loss of FDX1 results in reduced mito-
chondrial aconitase activity. (A) Cell lysates from WT
and Fdx1-/- were analyzed by SDS-PAGE immunoblot-
ting for ACO2 and LIAS, two mitochondrial Fe-S cluster-
containing proteins. ATP5A and ACTB were used as
loading controls. (B) Aconitase activity measured in
mitochondrial lysates of WT and Fdx1-/- cells. The
enzymatic activity is normalized to citrate synthase
(CS) and expressed relative to WT cells.
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that Fdx1 could indirectly impact the activity of Fe-S
proteins.
Loss of FDX1 leads to decreased cellular
copper levels

CcO is the only OXPHOS complex that contains
copper (Cu) as a cofactor.18 A disruption in Cu deliv-
ery to the Cu-containing subunits of CcO, COX1,
and COX2 disrupts its assembly and activity, which
results in reduced mitochondrial respiration.16 Cu
delivery to CcO requires the mobilization of the
mitochondrial Cu pool, a process that is not fully
understood.18 Based on our recent study showing
that FDX1 can reduce Cu(II) to Cu(I) in vitro16 and
our observation that loss of FDX1 results in a speci-
fic decrease in CcO (Figure 2), we reasoned that
FDX1 could promote CcO biogenesis by facilitating
themobilization of Cu from themitochondrial matrix.
To directly test the role of FDX1 in cellular Cu home-
ostasis, we measured cellular and mitochondrial Cu
levels in WT and Fdx1-/- cells by inductively coupled
plasma–mass spectrometry (ICP-MS). We found a
specific decrease in intracellular Cu levels in
Fdx1-/- cells compared to WT cells without any sig-
nificant changes in iron or zinc levels (Figure 4(A-
C)). To check how the loss of FDX1 affects mito-
chondrial metal levels, we quantified the levels of
Cu, Fe, and Zn in isolated mitochondria from WT
and Fdx1-/- cells. Consistent with the reduced cellu-
lar Cu levels, we observed a decrease in mitochon-
drial Cu levels (Figure 4(D)). We also noted a small
but significant perturbation in mitochondrial Fe and
Zn levels that were not apparent in the whole cells
(Figure 4(E and F)). To independently confirm the
decrease in cellular Cu levels, we measured the
abundance of the cytosolic Cu metallochaperone
4

for SOD1 (CCS) protein, the levels of which inver-
sely correlate with the cytosolic Cu levels.19 Loss
of FDX1 significantly increased the abundance of
CCS (Figure 4(G and H)). To check if the decrease
in Cu levels in Fdx1-/- cells is the primary cause of
CcO deficiency, we treated Fdx1-/- with Cu iono-
phore Cu-ATSM (diacetylbis(N4-
methylthiosemicarbazonato) copper (II)), which we
have previously shown to rescue Cu deficiency in
mammalian cells.16 As expected, Cu-ATSM treat-
ment reduced the abundance of CCS in both WT
and Fdx1�/� cells (Figure 4(I)). However, this treat-
ment did not rescue COX1 levels in Fdx1-/- cells
(Figure 4(I)), suggesting that reduced CcO levels
are not due to decreased cellular Cu levels.
FDX1 likely plays a role in heme a biosynthesis

In addition to Cu, CcO is also unique in that it is
the only OXPHOS complex that contains heme a/
heme a3 as essential cofactors.15 The yeast homo-
log of FDX1, Yah1, has been reported to play a crit-
ical role in the formation of heme a by heme a
synthase, Cox15.12,13 Based on this information,
we reasoned that FDX1 may promote CcO biogen-
esis by facilitating heme a biosynthesis. To check if
heme a/a3 is decreased in Fdx1-/- cells, we deter-
mined the heme-pyridine redox difference spectra
of mitochondrial lysates from WT and Fdx1-/- cells.
We observed a striking decrease in heme a/a3
absorption spectra without alteration in heme b/c
in Fdx1-/- cells (Figure 5(A)). Reduced levels of
heme a are typically associated with the accumula-
tion of its precursor, heme o.20 To test if the accu-
mulated heme o can be converted to heme a, and
rescue COX1 levels, we overexpressed COX15 in
Fdx1-/- cells and observed a partial rescue of
COX1, implicating FDX1 in heme o to heme a con-
version analogous to its yeast counterpart (Fig-
ure 5(B-D)). Next, we tested if FDX1 or FDX2
have overlapping functions in this process by over-
expressing these proteins in Fdx1-/- cells and found
that FDX1 but not FDX2 can rescue the COX1 and
COX4 levels (Figure 5(E and F)). To confirm if the
rescue in COX1 levels translates to increased
CcO activity, we measured OCR in COX15,
FDX1, and FDX2 overexpressing Fdx1-/- cells. As
expected, complementation of Fdx1-/- cells with
FDX1 completely rescued the OCR to WT levels,
suggesting a complete rescue of CcO activity (Fig-
ure 5(G)). In contrast, FDX2 overexpression did
not rescue OCR in Fdx1-/- cells (Figure 5(G)). Inter-
estingly, COX15 overexpression did not rescue
OCR of Fdx1-/- cells, suggesting the partial recovery
of COX1 protein levels in Fdx1-/- cells is not suffi-
cient for restoring CcO activity (Figure 5(B and
G)). Therefore, we probed for COX4, another sub-
unit of CcO, in COX15 overexpressing Fdx1-/- cells
and found that it was not rescued (5H).



Figure 4. Loss of FDX1 leads to cellular copper deficiency and perturbations in mitochondrial metal
homeostasis: (A-F) Cellular and mitochondrial copper (A, D), iron (B, E), and zinc (C, F) content in the WT and
Fdx1-/- cells were measured by ICP-MS. Data are expressed as mean ± SD; (n = 3). (G) SDS–PAGE/immunoblot
analysis of CCS protein levels in WT and Fdx1-/- cells. ACTB was used as a loading control. (H) Quantification of CCS
levels in panel (G). (I) Immunoblot analysis of COX1 and CCS protein levels in the WT and Fdx1-/- cells treated with or
without 1 or 5 nM of Cu-ATSM for 48 h. ATP5A and ACTB were used as loading controls.
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Discussion

Cytochrome c oxidase (CcO) is a multimeric
enzyme that contains Cu and heme groups as
essential cofactors that are required for its stability
and activity. Biogenesis of a multi-subunit, multi-
cofactor containing CcO is an extremely complex
process requiring more than 30 assembly factors
that are involved in diverse processes, including
Cu transport and heme a/a3 biosynthesis.21,22

Despite significant progress in our understanding
of CcO biogenesis, many gaps in our knowledge
still remain. For example, we do not know the bio-
5

chemical function of many of the known CcO
assembly factors, and on a more basic level, it is
not clear whether all CcO assembly factors have
been identified.21,22 In this study, we identify FDX1
as a mammalian CcO assembly factor.
Our findings showing reduced oxygen

consumption, decreased abundance of CcO,
reduced levels of heme a/a3, and COX15-based
partial rescue of COX1 in FDX1 null cells support
the role of FDX1 in CcO biogenesis via heme a/a3
biosynthesis (Figures 1, 2, and 5). Our results are
in line with multiple studies in yeast system. First,
in Schizosaccharomyces pombe, heme a



Figure 5. FDX1 is required for heme a biosynthesis: (A) Heme-pyridine redox difference spectra of mitochondria
from WT and Fdx1-/- cells. (B) Immunoblot analysis of COX1 protein levels in the WT and Fdx1-/- cells overexpressing
COX15. ATP5A was used as a loading control. (C) Quantification of relative COX1 levels in (B), (n = 3). (D) Relative
COX15 expression in indicated cells transduced with or without lentivirus harboring COX15 overexpression (OE)
plasmid. Data are expressed as mean ± SD; (n = 3) (E) Immunoblot analysis of COX1 and COX4 protein levels in the
WT and Fdx1-/- cells overexpressing FDX1 or FDX2. ATP5A was used as a loading control. (F) FDX2 expression in
indicated cells transduced with or without lentivirus harboring FDX2 overexpression (OE) plasmid. Data are
expressed as mean ± SD; (n = 3). (G) The oxygen consumption rate (OCR) was measured in the indicated cells types
in high-glucose media. Oligomycin, CCCP, and antimycin A were used to measure adenosine triphosphate (ATP)-
coupled respiration, maximum respiratory capacity, and mitochondria-specific respiration. Data are shown as
mean ± SEM, n = 3. (H) Immunoblot analysis of COX4 protein levels in the WT and Fdx1-/- cells overexpressing
COX15. ATP5A was used as a loading control. Data in panels A, B, E, and H are representative of three independent
experiments.
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synthase COX15, is fused to YAH1, the yeast gene
for mitochondrial ferredoxin, and this fusion protein
rescues both cox15 and yah1 null mutants of
Saccharomyces cerevisiae.12 Second, Yah1 was
6

shown to function in conjunction with Cox15 in con-
verting heme o to heme a/a3.13 Third, rescue of res-
piratory growth of yeast yah1 mutant by
heterologous expression of human FDX1 and
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COX15.3 Additionally, siRNA-based knockdown of
FDX1 in human lymphoblast K562 cells has been
shown to result in reduced heme levels.5 Despite
these evidence, we cannot rule out the possibility
that the decrease in heme a/a3 is a consequence
rather than a cause of reduced CcO biogenesis in
FDX1 null cells. Thus, it is possible that FDX1 pro-
motes CcO biogenesis via yet to be discovered
function.
FDX1 deletion led to a mild Cu deficiency in cells

(Figure 4(A)), which could also contribute to the
CcO biogenesis defect because Cu is required for
the stability of Cu-containing subunits of CcO.16

However, supplementing cells with Cu ionophore
failed to rescue COX1 (Figure 4(I)), suggesting that
decreased cellular Cu is a consequence of the CcO
assembly defect and not a cause. Consistent with
this idea, previous studies have shown that CcO
assembly defects in human cell lines andmouse tis-
sue trigger a mitochondrial signaling pathway that
induces cellular Cu deficiency.23,24

Recent studies on FDX1 have uncovered its
unexpected role in the biosynthesis of lipoyl
cofactor, which is required for the lipoylation of
mitochondrial dehydrogenases.3,6,25,26 Whether
CcO biogenesis is regulated by lipoylation-related
metabolic processes remains to be determined.
However, it is well known that lipoylated dehydroge-
nases of mitochondria, pyruvate dehydrogenase
and a-ketoglutarate dehydrogenase, are required
for generating reducing equivalents in the form of
NADH, which is the primary source of electrons
for the mitochondrial respiratory chain. Therefore,
the loss of FDX1 could diminishmitochondrial respi-
ration via reduced generation of NADH. In this man-
ner, FDX1 could contribute to mitochondrial
respiration via multiple means – NADH generation
and CcO biogenesis.
Another possible means by which loss of FDX1

could reduce mitochondrial respiration is via its
previously determined role in Fe-S cluster
biogenesis.4,5 This is because many subunits of
the OXPHOS complex I, II, and III are Fe-S-
containing proteins. Although we did not observe
any reduction in the abundance of these Fe-S
cluster-containing proteins (Figure 2), we did
observe the reduced activity of ACO2, an Fe-S con-
taining protein of the TCA cycle (Figure 3). This
reduction in ACO2 activity could be due to the
known sensitivity of this enzyme to increased oxida-
tive stress, which is expected in mitochondria with
increased Fe levels (Figure 4(E)). A reduced aconi-
tase activity along with increased mitochondrial Fe
content also suggests a possible role of FDX1 in
Fe-S cluster biogenesis.5 However, we did not
observe any decrease in the steady state levels of
Fe-S proteins – results consistent with recently pub-
lished studies on FDX1 knockout human cell
lines.3,6 In summary, our study has uncovered yet
another function of FDX1, a highly promiscuous
7

mitochondrial reductase, in mammalian CcO
biogenesis.
Materials and Methods

Mammalian cell culture. The rat H9c2 cells were
cultured in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM) media supplemented with 10%
fetal bovine serum (FBS) (Sigma), 1 mM sodium
pyruvate, and Pen/Strep (Life Technologies). Cells
were cultured in 5% CO2 at 37 �C.
Construction of FDX1 knockout and

overexpression cell lines. CRISPR/Cas9-based
Fdx1 knockouts were generated as described
previously.16 For stable overexpression, pGenLenti
plasmids expressing full-length COX15 (Accession
No.: NM_001033699.4), FDX1 (NM_017126.1),
and FDX2 (NM_001108002.1), were purchased
from GenScript. Lentivirus was generated and
transduced in the respective cells as described pre-
viously.16 The transduced cells were selected for
stable expression of the transgene in the
puromycin-containing medium.
Cell proliferation assay. Cells were seeded at a

density of 5 � 105 cells/well in 6 well plates. After
16 h, growth media was replaced with fresh
growth media containing either high glucose or
10 mM galactose and incubated at 37 �C in 5%
CO2 incubator. Cells were trypsinized and counted
at the indicated time points using hemocytometer.
Oxygen consumption rate measurements.

Oxygen consumption rate (OCR) measurements
were carried out as previously described16 with
minor modifications. Briefly, cells were seeded in
XF24-well cell culture microplates (Agilent Tech-
nologies) at 20,000 cells/well in 250 ml of growth
media in high glucose DMEM growth media supple-
mented with 10% FBS and incubated at 37 �C in a
5% CO2 incubator for � 20 h. Before measure-
ments, 525 ml of the pre-warmed growth medium
was added to each well, and cells were further incu-
bated at 37 �C for 30 min in a non-CO2 incubator.
OCR measurements were carried out in intact cells
using Seahorse XF24 extracellular flux analyzer
(Agilent Technologies). Mix, wait, and measure tim-
ings were set to 2, 2, and 2 min, respectively. For
the mitochondrial stress test, oligomycin, carbonyl
cyanide 3-cholorophenylhydrazone (CCCP), and
antimycin A were sequentially injected to achieve
final concentrations of 0.5, 20, and 1 mM,
respectively.
Mitochondria isolation. Mitochondria were

isolated using the Mitochondria Isolation Kit from
Abcam (ab110170) using the manufacturer’s
instructions. Protein concentrations were
determined by BCA assay (Pierce BCA Protein
Assay).
Heme-pyridine redox difference spectra. The

absorption spectra were determined from SDS-
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solubilized mitochondrial lysates of WT and Fdx1-/-

according to the method of Berry and Trumpower.27

SDS-PAGE / BN-PAGE Immunoblotting.
Sodium dodecyl sulfate (SDS)/PAGE and BN-
PAGE were performed to separate denatured and
native protein complexes, respectively. Cells
grown in high glucose DMEM growth media were
harvested at 90–95% confluency and washed with
phosphate-buffered saline (PBS). For SDS/PAGE
sample preparation, whole-cell protein was
extracted in RIPA lysis buffer (Boston
BioProducts) supplemented with 1x protease
inhibitor cocktail (cOmplete Mini EDTA-free;
Roche Diagnostics) by incubating cells for 30 min
on ice and subsequent centrifugation at
14,000 � g for 15 min at 4 �C. Clear supernatants
were collected in a fresh tube, and protein
concentrations were determined by bicinchoninic
acid assay (Pierce BCA Protein Assay). Proteins
were separated in 10 or 12% NuPAGE Bis-Tris
gel (Thermo Fisher Scientific) followed by transfer
onto polyvinylidene fluoride (PVDF) membranes
using a Trans-Blot SD semidry transfer cell (Bio-
Rad). For BN-PAGE, mitochondria isolated from
cells grown in high glucose DMEM growth media
were solubilized in a buffer containing 1% digitonin
(Thermo Fisher Scientific) at 9 g/g of digitonin to
protein ratio, followed by incubation at 4 �C for
15 min and centrifugation at 20,000 � g for
30 min. The clear supernatants were collected,
and 1 ml of 50 � G-250 sample additive was
added. Twenty micrograms of protein were loaded
on 3–12% native PAGE Bis-Tris gel (Thermo
Fisher Scientific) and transferred to a PVDF
membrane using a Mini-PROTEAN Tetra cell (Bio-
Rad). Following transfer, the membranes were
probed with the following primary antibodies:
FDX1, 1:500 (12592–1-AP; Proteintech);
NDUFB8, 1:2,500 (ab110242; Abcam); SDHB,
1:1,000 (ab14714; Abcam); UQCRFS1, 1:2,500
(ab14746; Abcam); COX1, 1:1000 (ab14705;
Abcam); COX4, 1:2,500 (ab14744; Abcam);
ATP5A, 1:2,500 (ab14748; Abcam); CCS, 1:1,000
(sc-55561; Santacruz), and ACTB,1:20,000
(A2228, Sigma). Anti-mouse or anti-rabbit
secondary antibodies (1:5,000) were added and
incubated for 1 h at room temperature. Blots were
developed using Clarity Western ECL or Clarity
Max ECL (Bio-Rad Laboratories).
ICP-MS. Cellular and mitochondrial metal levels

were measured by inductively coupled plasma
mass spectrometry (ICP-MS) using a Perkin
Elmer, NexION 300D instrument. Briefly, cells or
mitochondria were harvested and washed with
0.9% NaCl or 300 mM mannitol containing 100 lM
EDTA, followed by two more washes to remove
EDTA. Cell or mitochondrial pellets were weighed
and digested with 40% (w/v) nitric acid (Trace
SELECT; Sigma) at 90 �C for 18 h, followed by
4 h digestion with 0.75% H2O2 (Sigma Supelco).
The samples were then diluted in ultrapure water
8

to 3–5 ml before being injected into the instrument
for analysis. Standard curves were generated by
serially diluting a premixed standard solution
(VWR� ARISTAR� Multi-Element ICP-MS
Reference Standards, BDH82026-108) ranging
from 1-256 ppb.
RNA isolation and quantitative real-time PCR

analysis. RNA was extracted from a 90%
confluent 10 cm dish using the RNeasy mini kit
(QIAGEN) according to the manufacturer’s
instructions. One microgram of total RNA was
used as starting material for cDNA synthesis using
SuperScript IV VILO Master Mix with ezDNase
Enzyme (Thermo Fisher Scientific). Quantitative
real-time PCR was performed on CFX96TM Real-
Time PCR (Bio-Rad) instrument in a 96-well plate.
20 ll of PCR reactions were prepared with
2 � mastermix and 20 � Taqman gene
expression assay (Cox15: Rn04418844_m1;
Fdx2: Rn01486642_g1; Actb: Rn00667869_m1,
Thermo Fisher Scientific). The mRNA levels were
normalized to Actb expression levels.
Aconitase/citrate synthase activity assay:

Aconitase activity assay was performed using
isolated mitochondria as previously described28

with minor modifications. Briefly, fifty micrograms
of dodecylmaltoside solubilized mitochondria
were resuspended in 150 ml of aconitase buffer
(50 mM Tris-HCl pH 8.0, 50 mM NaCl containing
20 mM isocitric acid) in a clear bottom 96-well
plate (Falcon) and increase in absorbance at
235 nm was followed for 10 minutes. The rate of
reaction was calculated from the slope of the lin-
ear part of the kinetic curve. As controls, activity
was also measured in pure buffer or mitochondrial
samples resuspended in aconitase buffer without
isocitric acid. Citrate synthase activity was mea-
sured as previously described.29 Twenty mg of
dodecylmaltoside solubilized mitochondria were
resuspended in 100 ml of 50 mM Tris-HCl pH
8.0, 50 mM NaCl, and 200 mM of 5,5-dithiobis-(2-
nitrobenzoic acid), in a clear bottom 96-well plate
(Falcon). Fifty microliters of acetyl-CoA (2 mM)
were added to this solution. After 5 min of incuba-
tion, the reaction was started by adding 50 ml of
oxaloacetate (2 mM), and the turnover of acetyl-
CoA was monitored by observing the absorbance
at 412 nm for 10 min. The rate of reaction was cal-
culated from the slope of the linear part of the
kinetic curve. Aconitase activity was normalized
to citrate synthase activity and displayed as a per-
centage of WT activity.
Statistical analysis and software used:
Statistical analysis was performed using

GraphPad Prism 9.4 software using a two-tailed
unpaired Student’s t-test on data obtained from
three or more independent experiments.
GraphPad Prism was also used to generate
graphs. ImageJ was used to analyze western blot
data, and final figures were prepared using Adobe
Illustrator.
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