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ABSTRACT: Iron—sulfur cluster (ISC) assembly occurs in both mitochondria and
cytosol. Mitochondria are thought to export a low-molecular-mass (LMM) iron and/or
sulfur species which is used as a substrate for cytosolic ISC assembly. This species,
called X—S or (Fe—S),,, has not been directly detected. Here, an assay was developed F
in which mitochondria were isolated from >’Fe-enriched cells and incubated in various
buffers. Thereafter, mitochondria were separated from the supernatant, and both
fractions were investigated by ICP-MS-detected size exclusion liquid chromatography.
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Aqueous .Fe in ‘gl:e buffer declined upon exposure to intact .Fe—enrlched Fast and Slow LMM or HMM
mitochondria. Some >*Fe was probably surface-absorbed but some was incorporated LMM species S7Fe species
into mitochondrial iron-containing proteins when mitochondria were activated for ISC *Fe+ ke
biosynthesis. When activated, mitochondria exported/released two LMM nonproteina-
ceous iron complexes. One species, which comigrated with an Fe-ATP complex, Gytosolic
S7Fe-proteins

developed faster than the other Fe species, which also comigrated with phosphorus.

Both were enriched in **Fe and *Fe, suggesting that the added **Fe entered a pre-existing pool of *’Fe, which was also the source of
the exported species. When **Fe-loaded *’Fe-enriched mitochondria were mixed with isolated cytosol and activated, multiple
cytosolic proteins became enriched with Fe. No incorporation was observed when *Fe was added directly to the cytosol in the
absence of mitochondria. This suggests that a different Fe source in mitochondria, the one enriched mainly with S7Fe, was used to
export a species that was ultimately incorporated into cytosolic proteins. Iron from buffer was imported into mitochondria fastest,
followed by mitochondrial ISC assembly, LMM iron export, and cytosolic ISC assembly.

Bl INTRODUCTION The cysteine-derived sulfurs on Nfsl becomes the bridging
sulfide ions in ISCs. Assembled [Fe,S,] clusters are transferred
to GrxS5, a monothiol glutaredoxin in mitochondria. Some
Grx5-bound clusters are transferred to a complex composed of
Isal/Isa2/IbaS7 proteins which assembles [Fe,S,] clusters.' "
Once assembled, [Fe,S,] and [Fe,S,] clusters are installed into
at least 19 mitochondrial apo-proteins.'

ISC assembly in the cytosol involves the Cytosolic Iron—
sulfur Assembly system a.k.a. the CIA. This system assembles
[Fe,S,] clusters and installs them into approximately 19
cytosolic and 10 nuclear apo-proteins.'”"® The source of Fe
and S used in this process is uncertain. The best-supported
hypothesis regarding the sulfur substrate, proposed by Lill and

Iron—sulfur clusters (ISCs) are found in many metalloproteins
that engage in a wide variety of cellular functions. In
eukaryotes, these clusters are biosynthesized in both
mitochondria and cytosol. Curiously, mitochondrial ISC
assembly is independent of the cytosolic assembly process,
whereas cytosolic ISC assembly depends on the mitochon-
dria.'~® The molecular-level mechanism giving rise to this
asymmetry has been investigated for over 2 decades but is only
partially understood.

In Saccharomyces cerevisiae, mitochondrial ISC assembly
begins with the import of cytosolic Fe'" ions through Mrs3/4,
high-affinity transporters on the inner membrane.*”® (The
nomenclature for S. cerevisiae proteins is used.) Once imported,
these ions comprise a low-molecular-mass (LMM) pool of iron Received: December 16, 2022
in the mitochondrial matrix.”® Tron from this pool is likely Published: June 20, 2023
used as a substrate for ISC (and heme) biosynthesis. Cysteine
desulfurase (Nfsl) extracts sulfur from cysteine in a large
protein complex that serves as the site of [Fe,S,] biosynthesis.”

Iron then binds Isul/2, scaffold proteins for ISC biosynthesis.
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co-workers nearly 25 years ago, is that a LMM species named
X—S is synthesized by the mitochondrial ISC assembly
machinery and exported into the cytosol for use by the
CIA." The source of iron was not specified; it might be
associated with X—S, or it might originate from cytosolic Fell
perhaps associated with the labile iron pool (Figure 1).
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Figure 1. Overview of the procedures used (top) and the commonly
assumed iron trafficking pathway in yeast involving X—S and or (Fe—
S)ine (bottom). Top: For iron loading, freshly isolated mitochondria
were resuspended in BF buffer for various time points and then
centrifuged into the supernatant and pellet fractions. Supernatants
were analyzed by LC-ICP-MS. Pellets were converted into SMEs
which were separated by filtering into retentate and FTS fractions. In
other experiments, loaded mitochondria were incubated in various
buffers, separated into the supernatant and pellet, and then analyzed
similarly. In a third type of experiment, the mitochondria were
incubated in buffers containing isolated cytosol. Supernatants from
experiments involving cytosol buffers were separated into retentate
and FTS fractions. Bottom: cytosolic iron is thought to enter the
mitochondria, be processed by the ISC assembly machinery, and then
be exported as X—S/(Fe—S);, through Atm]l for incorporation into
cytosolic ISC proteins via the CIA. A less likely scenario is that
cytosolic iron is used directly for cytosolic ISC assembly without
mitochondrial involvement.

X—S is thought to be exported through Atml, an inner
membrane ABC half-transporter that couples the hydrolysis of
ATP to the transport of a LMM species across the
membrane.'”'® Glutathione (GSH) and the IMS protein
Ervl are also involved.'®'” Atm1 is a homodimer with two
transmembrane domains and two ATP binding domains facing
the matrix.'"®"” The presence of a binding site that

accommodates GSH suggests that Atm1 binds and transports
GSH or a related sulfur species such as the oxidized form of
glutathione, disulfide GSSG.*® Balk and co-workers used
Atm]l-incorporated membrane vesicles to show that Atml
exports GSSG and trisulfide (GS-S°-SG) but not GSH.”" Lill
has argued that there is no need for cells to export GSSG from
the mitochondria since they contain a mitochondrial
glutathione reductase which could reduce any GSSG that
formed. Moreover, GSSG is likely synthesized in the cytosol."®
Balk suggested that X—S may be GS-S°-SG, with the bridging
sulfane serving as the substrate for the CIA.

Using an in vitro **S-radioactive assay, Pain and co-workers
have demonstrated that intact isolated mitochondria, when
treated with an activation cocktail composed of cysteine,
NADH, NADPH, ATP, and GTP, export a LMM sulfur-
containing species called S, that is used in cytosolic tRNA
thiolation.”””** Whether S,, is identical to X—S$ is uncertain.
Sine passes through a 3 kDa cut-off filter, suggesting a low-mass
species, and chromatograms of chloroform-extracted S;,-
containing solutions exhibit S-based peaks with apparent
masses between 700 and 1100 Da. Biosynthesis of S;;; requires
functional Nfs1 and Isul/2 (but not Ssql) and export requires
Atml. Pandey et al. (2018) concluded that S, serves as a
substrate for thiolation reactions that incorporate sulfur into
cytosolic tRNA molecules.”****

Cowan and co-workers have proposed that X—S is a [Fe,S, ]
cluster coordinated by four glutathione ligands and have
synthesized a hydrolytically stable {[Fe,S,](GS),}*” cluster.
Moreover, Atml-empregnated proteoliposomes reportedly
transport this cluster across a membrane in an ATP-dependent
fashion, and the ATPase activity of Atml is stimulated by
{[Fe,S,1(GS),}>~***" A recent cryo-electron microscopy
structure of an Atml homologue has unresolved “cargo”
bound, with dimensions consistent with an [Fe,S,](GS),
cluster.”® Lill has expressed doubts that a {[Fe,S,](GS),}*"
cluster can be sufficiently stabilized in aqueous aerobic
environments and has cautioned about interpreting the
stimulation of ATPase activity by the synthetic cluster because
GSH, which alone stimulates the activity, might have
dissociated from the cluster.”

Nevertheless, Cowan’s proposal is attractive because it also
explains how X—S might communicate the status of
mitochondrial ISC assembly activity to gene—expression
activities in the nucleus. Transcription factors Aftl and Aft2
control the expression of ~20 genes known as the iron
regulon.”” When these proteins bind [Fe,S,] clusters, they
migrate out of the nucleus and into the cytosol, deactivating
the iron regulon. According to this scenario, the WT levels of
exported X—S suppress (through Aftl/2 migration) the
activation of these genes, whereas low levels activate them.
This explains why Atm1-deficient cells, unable to export X—S,
are iron-dysregulated.”

Pandey et al. presented evidence that Atm1 also exports an
iron- and sulfur-containing LMM species which they named
(Fe=S);”" Using an 3°S-based assay that includes Fe'!
ascorbate in the activation cocktail, they found that
mitochondrial Fe and S are installed into cytosol-bound apo-
ferredoxin (Yahl). By utilizing the mutations of specific
proteins involved in mitochondrial ISC biosynthesis, they
found that all such proteins are required for (Fe—S),,, export.
In contrast, S, export requires that the ISC assembly pathway
operates only to the step at which Nfsl acts. Both species are
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exported at higher levels in the presence of an acceptor protein
or tRNA.

In Pandey’s assay, isolated mitochondria are incubated in
solutions containing (a) isolated cytosol (or buffer); (b) [**S]-
cysteine; (c) activation nucleotides ATP, GTP, and NADH;
(d) Fe" ascorbate; and (e) a truncated form of Yahl (apo-
ANG60) which accepts assembled [Fe,S,] ISCs in the cytosol.
After incubating for 30 min at 30 °C, the suspension is spun by
centrifugation, separating mitochondria from the supernatant.
The supernatants are subjected to native PAGE, and bands
enriched in *S are detected by autoradiography. Using WT
mitochondria, **S is incorporated into tRNAs, apo-AN60
Yahl, and apo-aconitase, a mitochondrial [Fe,S,] protein. **S
is not incorporated into these targets when mitochondria are
excluded in the assay.

Here, we modified the Pandey assay and used an anaerobic
refrigerated liquid chromatography system with an on-line
ICP-MS to detect two LMM iron species that were exported or
released from the mitochondria. We also detected import of a
LMM iron complex into the mitochondria, installation of iron
from the imported complex into mitochondrial proteins, and
installation of mitochondrial iron into cytosolic proteins.

B EXPERIMENTAL SECTION

Metal Stock Solutions. Solutions were prepared using high-
purity water (HPW) from a Teflon sub-boiling still (Savillex). The
>*Fe metal powder was dissolved in concentrated trace-metal-grade
(TMG) nitric acid (see Table SI for the source of all reagents). In
earlier preparations, >*Fe'' ascorbate was generated by adding sodium
ascorbate to the acidic iron stock until pH = S. In later preparations, a
20-fold molar excess of the ascorbate relative to iron was added. The
resulting >*Fel! ascorbate solutions were stored in a glovebox
(MBraun Labmaster 130) at ~4 °C and <10 ppm O, as monitored
by a Teledyne model 3110 meter. *'Fe citrate was prepared by
dissolving *"Fe,05 in concentrated TMG HCI, diluting with HPW,
treating with sufficient sodium citrate to attain pH = S, and then
filtering through a 0.2 um filter (Millipore). The 100 mM CuSO,
stock was prepared in water and sterilized by passage using a 0.2 ym
filter.

Growth of Cells. S. cerevisiae W303 cells were grown under
respiring conditions in complete synthetic media (Sunrise Science)
supplemented with 3% glycerol and 1.7 g/L YNB prior to autoclaving.
To cooled autoclaved media was added 1% ethanol, 1 uM CuSO,,
and 10 uM S7Fe citrate from stock solutions (all final
concentrations).

Mitochondria Isolation. All steps after harvesting cells were
performed in a refrigerated anaerobic glovebox. All buffers were
degassed on a Schlenk line prior to import into the box. The cells
(typically 70 g wet) were resuspended in ABC buffer (100 mM
ammonium bicarbonate pH 7.5 and 1 mM EDTA) and 10 mM DTT
for 10 min at 30 °C. (Buffer names are indicated in bold when defined
and are compiled in Table S2.) The resuspended cells were treated
with zymolyase (2.5 mg/g of wet cells) that had been dissolved in
ABCSN buffer (20 mM ABC buffer pH 7.5, 1.2 M sorbitol, 60 mM
NaCl, and 1 mM EDTA). The samples were incubated for 1-1.5 h
until the OD600 of a 1:100 dilution of the sample in buffer was
reduced to <20% of the original OD600 and centrifuged at 5000g to
pellet spheroplasts. The resulting spheroplasts were washed in
ABCSN buffer and then resuspended in ~200 mL of ABCSE buffer
(20 mM ABC pH 7.4, 0.6 M sorbitol, and 1 mM EDTA) with 1 mM
PMSF. The spheroplast suspensions were homogenized in 40 mL
fractions for 25 strokes with a Dounce homogenizer (ACE glass) and
a “B” pestle. The resulting lysate was spun by centrifugation at 2000g
for S min (Sorvall Lynx 6000). The supernatant was collected, and the
pellet was resuspended in ABCSE buffer. The resuspended pellet was
rehomogenized for 10 additional strokes. The resulting lysate was
spun by centrifugation at 2000g for S min. The second supernatant

was collected and combined with the first supernatant, and the
resulting solution was centrifuged at 4000g for S min. The supernatant
was collected and recentrifuged under the same conditions. The
supernatant was collected and recentrifuged at 12,000g for 10 min.
The pellet containing crude mitochondria was resuspended in ~10
mL of ABCS buffer (20 mM ABC pH 7.4 + 0.6 M sorbitol but no
EDTA or PMSF). An aliquot of the resuspension was diluted 1:50
with HPW, and the protein concentration was determined (typically
10—15 mg/mL) using the BCA assay (Pierce). The remaining
suspension (10 mg per gradient) was carefully overlaid on six 32—
60% (w/v) sucrose in 20 mM ABC pH 7.5 buffer gradients (10 mL in
each layer) and centrifuged for 1 h at 150,000g with no break applied
(Beckman Optima L-90k Ultracentrifuge, 32.1Ti rotor, 32,000 rpm).
For a typical preparation, 3 rounds of centrifugations (18 gradients
total) were required. The brown bands at the 32—60% sucrose
interfaces were collected, combined, and diluted 3X with B buffer (20
mM ammonium acetate pH 6.5 plus 0.6 M sorbitol). The resulting
suspension was centrifuged at 12,000¢ for 10 min. The pellet was
typically resuspended in 10 mL of B buffer. The resulting suspension
was defined to be isolated mitochondria. The concentration of protein
in the suspension was determined as described above. The typical
yields ranged from 100 to 170 mg mitochondrial protein.

Western Blots. The purity of isolated mitochondria was
determined via western blot.>* In brief, an SDS—PAGE of isolated
mitochondria and whole cell lysate was run (Nupage 10% Bis-Tris
acrylamide gel), and the gel was transferred to a PVDF membrane.
The membranes were incubated for 1 h in a milk-TBST (Tris-
buffered saline with 0.1% Tween 20) solution while rocking prior to
adding primary antibodies. The membranes were incubated overnight
while rocking at 4 °C and then washed 5X for S min each in TBST.
The membranes were incubated in secondary antibody-HRP for 1 h
at RT. After being washed SX for S min in TBST, the membranes
were incubated in the enhanced chemiluminescence (Pierce) solution
for 1 min before being imaged (Fujifilm LAS 4000 mini).

Iron Import into Mitochondria. In this and the other two assays
described below, mitochondria were used without freezing within 30
min of isolation. The resuspended mitochondria were divided into 15
mg aliquots in 2 mL plastic epi-tubes and centrifuged at 12,000g for
10 min (Southwest Science microcentrifuge). Assays were initiated (¢
= 0) by resuspending the mitochondrial pellets in 1.5 mL of either
buffer B or buffer BF (the same as B but with either 2 or 10 yM 3*Fe!
ascorbate, from the stock) that had been chilled to —5 °C (Boekel
MicroCooler II). Some suspensions were centrifuged (as above)
immediately after mixing (¢ = 0); others were incubated for ¢ = 10 or
20 min and then centrifuged. Supernatants were passed through a 0.2
pm filter (Titan3 17 mm filter RC membrane, Thermo Scientific) and
typically injected onto the LC column (see below).

Soluble Mitochondrial Extracts. Pellets from the experiment
just described were washed (resuspended with 1.5 mL of buffer B,
centrifuged, and supernatant decanted) and then resuspended in S00
uL of SME buffer (20 mM AA pH 6.5 + 2% triton). Suspensions were
vortexed briefly and then centrifuged at 14,000¢ for 15 min. The
supernatant, designated soluble mitochondrial extract (SME), was
passed through a 10 kDa filter (Amicon Ultra 0.5 mL ultracel 10k).
The resulting flow-through solution (FTS) (100 uL) was injected
onto a Superdex Peptide or 30 Increase column (Cytiva) equilibrated
in 20 mM ammonium acetate pH 6.5 mobile phase flowing at 0.6
mL/min. The corresponding retentate was diluted to 500 uL using
HPW, then passed through a 0.2 ym filter, and injected onto either a
Superdex 200 or a Superdex 200 Increase column (Cytiva).

Export or Release of LMM Mitochondrial Iron into Buffer.
The isolated mitochondria suspended in buffer B were typically
divided into 7—12 aliquots (15 mg protein each) and centrifuged as
described above. Each pellet was resuspended in 1.5 mL of BF buffer
(10 mg/mL, final concentration of mitochondrial proteins) at 30 °C
(Fisher Mini Dry Bath) and incubated for 15 min. The resulting >*Fe-
loaded mitochondria were centrifuged for 10 min at 12,000g.
Supernatants were passed through a 0.2 pm filter prior to LC
injections. The corresponding pellets were washed with buffer B,
resuspended in either buffer B or BAC (t = 0), and incubated at either
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—5 or 30 °C. Buffers were brought to room temperature prior to
incubation. After various incubation times (t = 0..120 min), the
suspensions were centrifuged for 10 min at 12,000g. The resulting
supernatants were filtered for LC-ICP-MS analysis, and SMEs were
prepared as described above for eventual analysis.

Export of Mitochondrial Iron into the Cytosol. Cytosol was
isolated as described® using buffer B. Aliquots (15—20 mL) of the
resulting Beyt buffer (isolated cytosol in B buffer) were frozen for
later use. BACcyt buffer was prepared similarly but also adding (as
powders) all AC components present in BAC buffer to aliquots of Bcyt
buffer, achieving the same final concentrations as in BAC buffer. The
assay was performed as described above but using buffer Bcyt or
BACcyt rather than B or BAC. If Beyt and BACcyt buffers contained
<0.75 mg/mL protein, they were concentrated using a 3 kDa
centrifugal filter as needed to achieve that concentration.

An assay was initiated (t = 0) by resuspending a **Fe-loaded
mitochondrial pellet in either Beyt or BACcyt buffer. Assay solutions
were incubated for t = 0—120 min at 30 °C and then centrifuged for
10 min at 12,000g. SMEs were prepared from the resulting pellets, and
supernatants were passed through a 10 kDa centrifuge filter,
concentrating the retentate fractions ~3X. Retentates (~500 pL)
were passed through a 0.2 um filter and then injected onto the
Superdex 200 or 200 Increase column using 20 mM ammonium
acetate pH 6.5 mobile phase buffer flowing at 0.6 mL/min. The LC-
ICP-MS system has been described.** Some samples were injected
onto a “ghost column” consisting of PEEK (polyetheretherketone)
tubing in place of the column. Standard solutions of ATP, NADH,
GTP, ADP, GSH, GSSG, and cysteine were prepared as described.”

Various proteins (thyroglobulin, alcohol dehydrogenase, albumin,
amylase, carbonic anhydrase, and cytochrome ¢) and low mass
molecules (cyanocobalamin and GSH) were used as standards for a
calibration curve. Standards were injected onto the Superdex 200
column and detected at 280 nm. Thyroglobulin was used to
determine the void volume as it was above the resolving capacity of
the column. A calibration curve was constructed (log molecular
weight of standards vs ratio of elution/void volumes) to estimate
apparent molecular masses.

Iron Concentration Determinations. The samples were
prepared as described.>® Briefly, the samples were digested in
concentrated trace-metal-grade nitric acid (final concentration 5%)
overnight in a 70 °C oven, sealed in conical screw-top tubes with an
electrical tape wrapped around the seal. If the samples were cells or
organelles, hydrogen peroxide [final concentration 2.5% (v/v)] was
added to cooled samples, which were then incubated for 1 h at 70 °C.
The cooled samples were diluted with HPW to S or 10 mL final
volume and autoinjected into the ICP-MS.

Respirometry. Isolated mitochondria (5—10 mg) were pelleted
anaerobically and stored on ice. Respirometer (Oroboros O2K)
chambers were washed 3X with ETOH, 3X with aerobic water, and
1X with aerobic respirometry buffer before being filled with
respirometry buffer (20 mM HEPES pH 7.4, 0.6 M mannitol, 1
mM EGTA, and 0.2% wt/vol BSA). The chambers were sealed with
Peek stoppers and incubated for 30 min until O, levels were
stabilized. The pelleted mitochondria were resuspended in 1.0 mL of
respirometry buffer, and then 0.025—0.100 mg of the suspended
mitochondria was injected with a Hamilton syringe into the
respirometry chamber. Sodium succinate (S mM), disodium ADP
(2 mM) and potassium phosphate (4 mM), antimycin A (1 uM),
sodium ascorbate and TMPD (1 mM each), and KCN (5§ uM; all
final) were added sequentially, with sufficient time between each
addition for the O, consumption rate to stabilize.

Confocal Microscopy. A suspension of isolated mitochondria was
incubated on ice with 100 nM Mitotracker (Molecular Probes) for 10
min before being added to a slide pretreated with poly-L-lysine.
Coverglass no. 1.5 was applied and sealed with clear nail polish.
Confocal imaging used a Leica SP8 confocal microscope equipped
with a HC PL APO CS2 100X/1.40 oil immersion objective, hybrid
detectors, and a white light laser. The excitation wavelength was 578
nm, and the emission wavelengths were 586—652 nm. Image z-stacks
were acquired using the Lightning wizard in the LASX software (ver.

3.5.5), with a pinhole size of 0.84 AU, line averaging (n = 2), a voxel
size of 51 X S1 X 234 nm, and default processing parameters in the
Lightning deconvolution module.

B RESULTS

We had four objectives for this study. First, we wanted to
determine whether aqueous Fe'" could be imported into intact
mitochondria. Second, if so, we wanted to determine whether
the imported iron could be incorporated into mitochondrial
iron-containing proteins and under what conditions. Third, we
wanted to determine whether a LMM iron-containing species
was exported from intact mitochondria. Fourth, we wanted to
determine whether mitochondrial iron could be incorporated
into cytosolic proteins. Figure 1 provides an overview of the
study and our approach.

We first isolated mitochondria and assessed their purity by
western blot using antibodies against mitochondrial porin,
vacuolar CPY, cytosolic protein PGK, and endoplasmic
reticulum (ER) protein Kar2 (Figure 2A). The two batches
whose blots are shown were significantly enriched in porin
relative to the enrichment of whole cell lysates. Isolated
mitochondria were not noticeably contaminated by vacuoles
and cytosol, as monitored by CPY and PGK blot intensities,
respectively. Endoplasmic reticulum as monitored by Kar2 was
a minor contaminant. This was not surprising as mitochondria
and ER interact.” Six different western blots with one to two
batches per blot were obtained in the study, all giving similar
results.

Isolated mitochondria exhibited a membrane potential as
revealed by the confocal fluorescence microscopic images of
mitotracker-treated organelles (Figure 2B). The potential was
abolished when the decoupler CCCP was added. The isolated
mitochondria exhibited high O, consumption activity (Figure
2C). Upon adding succinate, the rate of O, consumption
increased due to the flow of reducing equivalents through the
ETC. The rate of O, consumption declined after adding
antimycin A, an inhibitor of respiratory complex III
Subsequent addition of TMPD (an artificial substrate for
respiratory complex IV (RCIV)) and the reductant ascorbate
increased O, consumption, indicating RCIV activity. Sub-
sequent addition of KCN, an inhibitor of RCIV, abolished O,
consumption, again as expected. Similar results were obtained
using three additional batches of mitochondria (Figure S1).

Interestingly, the observed substrate-dependent O, con-
sumption pattern differed from that of aerobically isolated
mitochondria. The anaerobically isolated mitochondria ex-
hibited O, consumption upon addition of succinate alone
(Figures 2C and S1), while traditional mitochondrial
respirometry requires both succinate and ADP for activity to
develop.’® This may have arisen because in anoxia,
mitochondrial ATPases function in reverse, hydrolyzing ATP
to ADP to maintain a proton gradient.”” Thus, there might be
an abundance of ADP in anaerobically isolated mitochondria
such that only succinate is required to stimulate O,
consumption activity.

Mitochondrial Iron Import/Export Assay. We modified
the (Fe—S);, assay of Pandey et al. to directly detect exported
iron by LC-ICP-MS. The assay was performed anaerobically in
a refrigerated glovebox using fresh mitochondria immediately
after isolation. Radiolabeled cysteine was replaced with a 10X
higher concentration of unlabeled cysteine.

The components of our assay routinely contained significant
levels of contaminating natural abundance iron (92% SFe,
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Figure 2. Characterization of isolated mitochondria: Panel (A):
Western blot of isolated mitochondria. Left to right lanes: WC (whole
cell sample), Cyt (isolated cytosol), M1 (gradient-purified isolated
mitochondria), and M2 (equivalent mitochondria from another
batch). Numbers on the left indicate masses of molecular markers.
Antibody staining: CPY, vacuolar carboxypeptidase Y; KAR2,
endoplasmic reticula protein; PGK, cytosolic phosphoglycerate
kinase; PORI, mitochondrial porin. 30 pg of protein was added per
well. Panel (B): Confocal microscopic images of untreated
mitochondria labeled with a mitotracker without (left) and with
CCCP (right). Panel (C): Rate of O, consumption vs time using 25
ug of isolated mitochondria. Added components were (in final
concentrations) 5 mM succinate, 2 mM ADP, 4 mM phosphate, 1 uM
antimycin, 1 mM each ascorbate and TMPD (tetramethyl-p-
phenylenediamine dihydrochloride), and S uM cyanide.

5.8% *Fe, and 2.1% “’Fe). The ATP used in the activation
cocktail was especially contaminated. To distinguish contam-
inating iron from that of interest, mitochondria were isolated
from the cells grown in media enriched in *’Fe, and then the
’Fe isotope was monitored by ICP-MS. Furthermore, we
incubated *"Fe-enriched mitochondria with *Fe™ ascorbate (in
BF buffer) to monitor iron “loading”. We also monitored *°Fe
in LC runs but used those results only to estimate the
contaminating **Fe contribution which was then subtracted
from overall **Fe intensities. To do this, we multiplied the
intensity of the observed *°Fe trace by the *Fe/*°Fe intensity
ratio as obtained from a separate injection of a standard natural
abundance iron solution. Then, we subtracted the resulting

intensity-adjusted *°Fe trace from the observed **Fe trace to
reveal the **Fe intensity arising exclusively from intentionally
added **Fe. This strategic use of isotopes allowed us to
distinguish mitochondrial (*’Fe), loaded (**Fe), and contam-
inating (*%Fe) iron.

Typically, a pellet of *’Fe-enriched mitochondria was
resuspended in either buffer B, BF, BAC, Bcyt, or BACcyt.
Buffer B served as a negative control. Buffer BF was used to
load mitochondria with >*Fe, BAC was used to stimulate
mitochondrial ISC assembly, and BACcyt was used to do the
same within cytosol.’’*® After incubation, reactions were
halted by pelleting the mitochondria via centrifugation and
separating the supernatant. Supernatants (ak.a. post-incuba-
tion buffers) were analyzed by LC-ICP-MS. Post-incubation
mitochondria were lysed with a detergent, and the resulting
SMEs were separated into retentates and FTS. Depending on
the experiment, either or both fractions were subjected to LC-
ICP-MS chromatography. The Superdex 200 and 200 Increase
columns were used for retentates, and the Superdex Peptide or
30 Increase column was used for FTSs.

Iron Adsorption to and Import into Mitochondria. To
address our first objective, S7Fe-enriched mitochondria were
incubated in BF buffer. This step was monitored from two
perspectives, namely, from the loss of >*Fe from the buffer and
from the gain of >*Fe into the mitochondria. In six independent
experiments, **Fe in BF buffer declined when incubated with
mitochondria (Figures 3 and S2). In the experiment of Figure
3, left panel, BF buffer was incubated with mitochondria
anaerobically at —5 °C for 0, 10, and 20 min. The
chromatogram of preincubation buffer BF (Figure 3, left
panel, A) displayed a broad **Fe peak in the LMM region. This
peak comigrated with a standard composed of dilute acidic
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Figure 3. 3*Fe-detected LC-ICP-MS chromatograms of BF buffer (2
UM >*Fe) before and after incubation with ’Fe-enriched mitochon-
dria (15 mg). Left panel: (A) BF buffer prior to incubation; (B—D)
same as (A) but 0, 10, and 20 min post-incubation. Right panel: (E)
buffer used to generate SMEs; (F) FTS of SME from the
mitochondria before treating with BF buffer; (G—I) FTSs from
SMEs generated from the mitochondria incubated for 0, 10, and 20
min in buffer BF. Traces in right and left panels were from the same
experiment, except for the untreated sample which was from another
experiment. Samples were injected onto the Superdex Peptide
column.
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Figure 4. Chromatograms of SME retentates from *’Fe-enriched and **Fe-loaded mitochondria showing incorporation of **Fe into mitochondrial
proteins. Color coding for all figures: *’Fe (blue) and **Fe (black). SMEs (500 uL) were concentrated to ~100 L using a 10 kDa Centricon and
then diluted to S00 yL with HPW. SME retentates were filtered through a 0.2 um filter before being run on a Superdex 200 (high-mass) column.
Panel (A): Incorporating aqueous **Fe'’ into mitochondrial proteins requires activation components. (a) Buffer used to generate SMEs (20 mM
ammonium acetate pH 6.5 + 2% Triton x-100); (b) SME retentate from the untreated *’Fe-enriched mitochondria; (c) same as (B) except the
mitochondria were treated with buffer B (30 min; 30 °C; same for all subsequent traces unless noted); (d) same as (c) except the mitochondria
were treated with buffer BF; (e) same as (d) except treated with buffer BCF (BF + 100 uM cysteine); (f) same as (d) except treated with buffer
BAF (BF + A activation components); and (g) same as (d) except treated with buffer BACF (BF + AC activation components). Observed >*Fe
traces were corrected assuming a >*Fe/>Fe ratio of 0.65% rather than 1.7%, which was used for other traces. Panel B: Temperature dependence of
iron incorporation into mitochondrial proteins: (a) SME buffer and (b) from the mitochondria incubated in BAC buffer for 0 min at —5 °C. (c—f)
Same as (b) but incubated for 10, 20, 30, and 60 min, respectively and (G) from the mitochondria incubated in BAC buffer for 60 min at 30 °C.
Panel (C): >*Fe incorporated into mitochondrial proteins at 30 °C. (a—f) From the mitochondria incubated in BAC buffer for 0, 10, 30, 60, 90, and

120 min, respectively.

S*Fe'! plus excess ascorbate. The Mdssbauer spectrum of a

similarly prepared *'Fe standard exhibited a quadrupole
doublet with parameters typical of aqueous high-spin Fe'.
Thus, we will describe **Fe in BF buffer as “aqueous **Fe'"”.
The broadness of this peak is due to the interaction of aqueous
Fe' with the column.”

The intensity of the aqueous >*Fe' peak in traces from all
the three post-incubation supernatants was ~26% of the
preincubation buffer intensity (Figure 3, left panel, B—D). This
suggested that even at —5 °C, the mitochondria-dependent
decline in **Fe concentration was complete at “O min”, which
included a 12 min deadtime required to halt the reaction. At 30
°C, the optimal growth temperature of S. cerevisige, the
mitochondria-dependent decline of **Fe would undoubtedly
occur faster.

The decline of iron concentration from pre- to post-
incubation buffers was unaffected by adding 5% O, to the assay
or by adding 50 yM CCCP to oxygenated samples (Figure
S3). These results suggested that a membrane potential was
not required for the incorporation of aqueous Fe' into the
mitochondria. Another reasonable possibility is that most of
the added iron adhered to the organelle in a CCCP-
independent manner, but that the small fraction that entered
the organelle was CCCP dependent but undetected in our
experiment.

To assess whether the decrease of **Fe in post-incubation
supernatants was due to iron adsorbing on the column, the
samples were injected onto a “ghost” column in which the real
column was replaced with Peek tubing. In the experiment of
Figure S2A, 10 uM **Fe was included in BF buffer (top group),
while in another, 2 M **Fe was included (bottom group). In
both cases, the **Fe peak intensity declined within the
processing deadtime and then plateaued for the duration of
the experiment. Thus, the observed decline was not due to iron
adsorption onto the column. The iron concentrations in the 2
and 10 M preincubation BF buffers were determined to be
2.2 and 12 uM, respectively (including contaminating iron);
post-incubation samples contained ~0.7 and ~1.6 uM Fe,
respectively (Table S3).

A 85% decline of 10 yM **Fe in 1.5 mL of buffer
corresponds to ~12 nmoles **Fe. That iron was either
imported and/or surface-adsorbed by the mitochondria (15
mg of protein). “Neat” mitochondria contain ~85 mg/mL
mitochondrial protein,*”**~* which suggests that ~180 uL of
the mitochondria were used in the assay and that they
imported or adsorbed ~70 uM *Fe. Mitochondria from iron-
replete WT cells contain ~750 uM Fe,****~** suggesting that
the >*Fe loading process increased the iron content of the
organelle by ~ 9%. We caution that these are crude
approximations.
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We initially considered that **Fe which remained in the
buffer post-incubation (in the plateau region) reflected the
cessation of mitochondrial iron import once the capacity of an
internal iron pool had been exceeded. Accordingly, we
expected that a greater percentage of **Fe would decline
after treating mitochondria with a lower concentration of **Fe
(e.g., 2 rather than 10 uM **Fe'"). Surprisingly, this expectation
was not realized (Figure S2, left panel); a greater percent
declined when 10 yuM Fe was used. In three earlier
experiments, the samples were incubated for 15 min at 30
°C. In two of those, nearly all added **Fe disappeared (Figure
S2C,D). In the third, a significant residual intensity remained
(Figure S2E). Further studies are needed to determine whether
the proportion of iron remaining in these experiments might
be temperature dependent.

We investigated the same process from the perspective of
the mitochondria. Post-incubation mitochondria were washed
with B buffer to remove any excess iron, and then they were
used to generate SMEs. SMEs were separated into retentate
and FTSs using a 10 kDa centrifugal filter. SMEs prepared
from >*Fe-loaded mitochondria exhibited a broad LMM **Fe
LC peak that was absent in untreated mitochondria or in the
SME buffer used in the experiments (Figure 3, right panel).
Two other experiments displayed a similar LMM **Fe peak in
post-incubation FTSs (Figure S4, panels A and B).

We used a ghost column to confirm that **Fe in this type of
experiment was not adhering to the column (Figure S4, panel
C). **Fe peaks were evident in the 0 min sample but did not
increase at later times. The SME from an experiment in which
the mitochondria were incubated with 10 uM *Fe had 3X
more iron than when incubated with 2 uM **Fe. ICP-MS of
SMEs obtained from two batches of mitochondria that had
been treated with 10 uM *Fe had ~3 and ~8 uM 5*Fe,
corresponding to ~0.3 and ~1% of total iron in the organelle.
These estimates are 10—30X less than estimated from the loss
of 3*Fe from the buffer. We suspect that a large portion of the
3*Fe which declined adhered to the mitochondrial surface and
that portion was removed during washing. Alternatively, some
mitochondria may not have lysed during SME preparation.

In summary, the iron content of buffer that initially
contained 2 or 10 uM aqueous Fe" declined to about ~75%
of their initial concentration when mixed with the mitochon-
dria for ~12 min at —5 °C (essentially deadtime). The
mitochondria-dependent decline did not require activation
components ATP, GTP, NADH, and cysteine nor did it
require O,. The decline would undoubtedly occur faster at 30
°C. The mitochondria either imported **Fe from the buffer or
adsorbed it onto their surface only to release it in a soluble
form during the preparation of SMEs. An order-of-magnitude
calculation suggested that when 10 uM **Fe was used in the
assay, ~9% of total mitochondrial iron was imported or
adsorbed. Of that, only a fraction was detected in the washed
mitochondria, suggesting significant **Fe weakly bound to the
surface.

Loaded **Fe Was Installed into Mitochondrial
Proteins When ISC Assembly Was Stimulated. In
addressing our second objective, we reasoned that if some
5*Fe had been imported into the mitochondrial matrix, it might
be used in ISC assembly and thus become incorporated into
mitochondrial ISC proteins. To investigate, we incubated *"Fe-
enriched mitochondria with buffers known to activate ISC
assembly (and others with control buffer). We then isolated
the organelle, prepared SMEs, and injected the retentate

fraction onto a “high mass” LC column to detect iron-
containing proteins. ISC assembly in the mitochondria is
stimulated by incubating with an activation cocktail that
includes ATP, GTP, NADH, Mg acetate, potassium acetate,
and cysteine.”'

Soluble iron-containing proteins from SMEs from untreated
Fe-enriched mitochondria eluted as a broad peak between 14
and 18 mL (Figure 4A(b)). The peak was absent in the SME
buffer (Figure 4A(a)). A similar result was obtained with the
mitochondria treated with B buffer (Figure 4A(c)). The
inclusion of O, had no noticeable effect (Figure SSD,E). The
intensity of the *'Fe peak was virtually constant for each
condition tested in the experiment of Figure 4 and thus served
de facto as an internal standard. Although the peak appeared
Gaussian, multiple unresolved °’Fe-enriched proteins likely
contributed to it; calibration using proteins of known
molecular weight indicated an apparent mass range traversing
the peak between approximately 120—20 kDa. Over 80% of
mitochondrial iron-containing proteins contain ISCs or heme
groups, with masses within this range.'”

There was a slight >*Fe peak in the SMEs from mitochondria
treated with BF (2 uM **Fe) buffer (Figures 4Ad and S5B).
The **Fe peak intensity was similar when cysteine was included
(Figure 4A(e)). The *'Fe peak intensity was significantly
greater when the mitochondria were treated with BF buffer +
activation cocktail (Figure 4A(f)) and most intense when
treated with both the activation cocktail and cysteine (BAC
buffer) (Figures 4A(g) and SSC,E). Some *’Fe and **Fe traces
additionally exhibited a broad peak at ~9.5 mL, near the void
volume. This high-mass peak could have originated from a
protein or from an Fe aggregate/nanoparticle.

Using the BAC buffer to activate ISC assembly, we examined
the kinetics of this process. At —S °C, the intensity of the *"Fe
and **Fe peaks at 15 mL elution volume increased marginally
over a 60 min incubation (Figure 4B(a—f)). However, the
intensity increased 2-fold in matched samples at 30 °C (Figure
4B(g)). At that temperature, S4Fe incorporation into
mitochondrial proteins increased during a 120 min incubation
(Figure 4, panel C). These experiments were repeated twice
with similar results (Figures S6 and S7).

In summary, these experiments demonstrated that some **Fe
that was loaded into “"Fe-enriched mitochondria became
incorporated into mitochondrial iron-containing proteins, but
only when ISC assembly was activated. Thus, at least some of
the added aqueous **Fe' was imported into the organelle and
did not adhere to its surface. We speculate that the imported
S*Fe contributed to an existing S7gell pool in the matrix, and
that this pool, containing both isotopes, served as a feedstock
for ISC assembly. Although we could not quantify the rate of
this process, the incorporation of iron from this pool into
mitochondrial iron-containing proteins was significantly slower
than aqueous Fe'' import into the organelle (since peaks
developed over 1-2 h at 30 °C).

Low-Molecular-Mass Iron Was Exported from Mito-
chondria When ISC Assembly Was Stimulated. To
address the third objective of the study, we loaded *’Fe-
enriched mitochondria with **Fe. We washed the organelle to
remove excess >‘Fe and incubated the loaded mitochondria in
either BAC buffer, to stimulate ISC activity, or B buffer as a
negative control. After increasing the incubation times, we
centrifuged the suspensions and injected supernatants onto a
low-mass LC column to monitor time-dependent increases in
LMM *Fe and/or *’Fe peaks.
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Figure 5. **Fe and *"Fe chromatograms of supernatants before and after **Fe-loaded and *’Fe-enriched mitochondria were incubated in B or BAC
buffers and then separated. *’Fe-enriched mitochondria were pretreated with BF buffer (10 uM **Fe) for 15 min at 30 °C and then washed 1X
before resuspending in buffers B or BAC. Left panel: Mitochondria isolated from aerobic respiring cells. (A) Buffer B and (B) same as (A) but
incubated with 3*Fe-loaded and *’Fe-enriched mitochondria for 60 min at 30 °C and then separated by a 10 min 12,000g spin down. (C) Buffer
BAC. (D—F) are the same as (C) but incubated in **Fe-loaded and *’Fe-enriched mitochondria for 0, 30, and 60 min at 30 °C and then separated
as described above. Right panel: Mitochondria isolated from hypoxic fermenting cells. (A) Buffer BAC. (B—D) Supernatants after mitochondrial
incubation for 0, 30, and 60 min, respectively, and then separation by spin down. All samples were passed through a 0.2 ym filter before being run

on a Superdex 30 Increase (low-mass) column at 0.6 mL/min.

In one experiment, we used *’Fe-enriched and **Fe-loaded
mitochondria that had been isolated from aerobic respiring
cells. No LMM Fe peaks were obtained after a 60 min
incubation in B buffer (Figure S, left panel, A and B), but 2 Fe
peaks were observed when BAC buffer was used, including one
at 18 mL and the other at 19.5 mL (Figure S, left panel, C—F).
The intensity of the latter peak increased over a 60 min
incubation period whereas that at 18 mL remained
approximately constant. Both **Fe (black) and *’Fe (blue)
exhibited the same behavior. A second experiment using *"Fe-
enriched and **Fe-loaded mitochondria from fermenting cells
exhibited similar results (Figure S, right panel). We concluded
from these and earlier studies (Figures S8—S11) that two
LMM iron species were exported from intact mitochondria,
but only when ISC assembly activity in the mitochondria was
stimulated by AC. The LMM Fe species at 18 mL developed
fully within the 12 min deadtime of the experiment, whereas
the 19.5 mL species developed over the course of 60 min at 30
°C. In Figure 5, a third broad peak at ~25 mL is evident, which
probably reflected aqueous or weakly bound Fe. Whether the
two dominant species were exported from the matrix or from
the mitochondrial surface is uncertain. Also uncertain is
whether two distinct complexes were exported or if a single
species was exported after which portions became coordinated
by different ligands to generate the two major peaks.

In two batches, we quantified the concentration of iron
exported from AC-activated mitochondria, obtaining ~1 M
for one batch and ~9 uM for the other (Table S4).
Calculations were like those described previously for iron
import, but they also involved subtracting the background iron

13563

in B buffer and summing **Fe and *’Fe contributions. The
resulting concentrations corresponded to 1 and ~10% of total
mitochondrial iron, respectively. Previous studies have
suggested that the labile Fe' pool in the mitochondria
represents 3—20% of the total mitochondrial iron content,
depending on the carbon source used in the growth media.*’
These numbers seem similar, suggesting that the LMM Fe
species originated from this pool, but further studies are
needed to confirm this.

Earlier experiments exhibited similar results except that the
two low-mass Fe peaks were less well resolved, and their
elution volumes were slightly shifted due to differences in
column conditions (Figures S8—S11). The experiments of
Figure S8 show that the activation components were required
for these peaks to develop (left panel), and they revealed that
the kinetics of the process was slower at —5 °C than at 30 °C
(right panel). Qualitatively, the rate of this process (export of
LMM Fe species) was slower than Fe import and comparable
to the rate of incorporating loaded **Fe into mitochondrial
ISCs.

Both **Fe and “"Fe traces exhibited similar—even parallel—
behavior in the region containing the two major peaks. This
implied that the exported iron originated from a common pool
of mitochondrial iron, to be referred to as the “entry” pool, that
contained both loaded **Fe and pre-existing *"Fe.

Careful inspection of the traces in Figure S8 show that some
minor *'Fe peaks were observed at lower elution volumes
(indicating higher mass species including proteins and iron
aggregates/nanoparticles)—but intriguingly without parallel
S4Fe peaks (see Figure S8, left panel, D and F and right panel,
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trace G). These high-mass *’Fe peaks appeared when the
mitochondria were incubated in BAC buffer but not in B
buffer. The same effect was observed with greater clarity in the
experiment of Figure S9. Using BAC buffer to stimulate export,
the same LMM **Fe and *"Fe peaks developed over 120 min
incubation. During that period, an intense *’Fe peak developed
in a time-dependent fashion in the high-mass region—but no
parallel **Fe peak developed (see traces C — G). Also, the rate
at which the high-mass *"Fe peak developed seemed to
increase with time. One explanation is that the mitochondria
degraded during incubation in AC, releasing high-mass forms
of pre-existing *'Fe in the process but not **Fe and *’Fe from
the entry pool. How such a selective release might happen is
difficult to envision. Alternatively, the intact AC-activated
mitochondria may have exported a ’Fe species from a pre-
existing “established” pool that contained mostly *’Fe. The
exported species may have been a HMM protein or a LMM
species that aggregated during the time between sample
collection and analysis.

The same type of experiment was analyzed from the
perspective of the mitochondria; we anticipated a decline of a
LMM iron species (from the entry pool). SMEs were prepared
using post-incubation mitochondria, and the FTSs were
analyzed by LC-ICP-MS. The intensity of the LMM iron
species in the SMEs indeed declined after treatment with BAC
buffer (Figure S4Bf—k), consistent with the export of Fe from
the mitochondria.

To characterize the two exported LMM Fe species, we
compared their elution volumes to those of various candidate
Fe standards. Activation buffer contained ATP, GTP, NADH,
and cysteine, all potential ligands to iron. We prepared iron
complexes by mixing 2 #M FeSO, with each of these potential
ligands and then injected the solutions onto the low-mass 30
increase column. In a recent study, we prepared an Fe-ATP
complex™ and found using Mdssbauer spectroscopy that the
complex was oxidized to Fe(III)ATP unless reductants
dithionite, ascorbate, or glutathione were included. The elution
volume of the Fe-ATP standard was slightly greater than that
of Fe-GTP and was not significantly altered by the oxidation
state.

In the current study, Fe-ATP nearly comigrated with the
“fast-developing” LMM Fe species that was exported from
intact mitochondria in an AC-dependent fashion (Figure 6, B
vs F). Solutions in which FeSO, was mixed with cysteine and
NADH exhibited no Fe peaks (Figure 6D,E) are consistent
with previous results.”” The absence of Fe peaks in the traces
of Figure 6D,E arose because aqueous Fe" adsorbed onto the
30 Increase column. None of the components of BAC buffer
comigrated exactly with the “slow-developing” Fe species that
was exported from the mitochondria upon AC activation. This
implied that the “slow-developing” LMM Fe species was not a
complex involving the activation ligands (though a combina-
tion of those ligands cannot be excluded).

Also noteworthy was that a P-detected peak developed in
parallel with the slow-developing species, and it comigrated
exactly. No comigrating peak was evident in the S trace. This
suggested that the slow-developing LMM Fe species had a P-
containing ligand but not a S-containing one (we caution that
S and P detection by our ICP-MS is less sensitive than that of
Fe, which could complicate the analysis).

We also performed a control experiment in which **Fe was
added to BAC buffer in the absence of mitochondria. As
expected, the Fe-ATP complex formed (Figure S12). A second
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Figure 6. LC-ICP-MS chromatograms of candidate iron standards:
(A) BAC buffer and (B) same as (A) except incubated with >*Fe-
loaded and *"Fe-enriched mitochondria as in Figure S for 60 min at 30
°C and then separated. All standards were prepared with 2 M FeSO,
+ 1 mM (final concentrations) of the following ligands; (C) GTP;
(D) cysteine; (E) NADH, (F) ATP; (G) ADP; (H) GSSG; and (I)
GSH. Traces A and B are from Figure S left traces C and D, and trace
F is from ref 39. Intensities have been scaled for improved
visualization. Color coding: *'P (green), S (gold), *°Fe (red), and
’Fe (blue). Samples were run on a Superdex 30 Increase column.

Fe species also formed at an elution volume similar to (but not
the same as) the “slow-developing” species observed in
standard assays. The corresponding phosphorous traces
exhibited two peaks, suggesting that both species in the
control were nucleotide phosphates (e.g, ATP, ADP, and
GTP).

Mitochondrial Iron Was Incorporated into Cytosolic
Proteins. The fourth and final objective of this study was to
determine whether exported mitochondrial iron could become
incorporated into cytosolic iron-containing proteins, and if so,
the conditions for that export. To address this, we isolated
cytosol in B buffer from cells grown using natural abundance
unenriched iron. To that was added either nothing (Bcyt) or
AC powders (BACcyt). The resulting solutions were incubated
with “’Fe-enriched and >**Fe-loaded mitochondria. After
increasing the incubation times at 30 °C, we isolated post-
incubation solutions by centrifugation, concentrated them with
a 10 kDa cut-off membrane, and then injected the retentates
onto the high-mass column. S7Fe, S*Fe, *°Fe, and absorbance at
420 nm (A420) were monitored simultaneously. A420 is
associated with the brown color of ISCs and heme centers.

In three independent experiments in which cytosol was
mixed with BAC buffer, ’Fe became incorporated into iron-
containing cytosolic proteins over 60—120 min (Figure 7). In
each experiment, four distinguishable *’Fe peaks developed,
with matching A420 peaks for three of them. From left to right,
we labeled these peaks HM (high mass), NA (no A420), MA
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Figure 7. Incorporation of mitochondrial *’Fe into cytosolic proteins: **Fe-loaded and *’Fe-enriched mitochondria were incubated in BACcyt
buffer at 30 °C for 0—120 min. After incubation, the supernatants (1.5 mL) were concentrated to 500 L using a 10 kDa Centricon, and retentates
were passed through a 0.2 ym filter and injected in a Superdex 200 Increase (high-mass) column. Color coding as in other figures except A420
(brown line). Left panel A: (a) BAC buffer post 60 min of incubation with mitochondria; (b) BACcyt buffer + 2 uM >*Fe without mitochondria for
60 min; (c) BACcyt buffer (containing 0.75 mg/mL cytosolic protein); (d) same as (c) but incubated with S*Fe-loaded and *"Fe-enriched
mitochondria for 0 min; (e) same as (d) but for 30 min; and (f) same as (d) but for 60 min. Peaks were labeled HM (high-mass), NA (no
absorption), MA (max absorption), and DI (dominant intensity). Middle panel B: (a) BACcyt buffer (containing 0.8 mg/mL cytosolic protein);
(b) same as (a) but incubated in **Fe-loaded and *’Fe-enriched mitochondria for 0 min; (c) same as (b) but for 10 min; (d) same as (b) but for 30
min; (e) same as (b) but for 60 min; and (f) same as (b) but for 120 min. Right panel C: Repeat of middle experiment. (a) BACcyt buffer
incubated with *Fe-loaded and *’Fe-enriched mitochondria for 0 min; (b) same as (a) except incubated for 30 min; (c) same as (a) but for 60

min; (d) same as (a) but for 90 min; and (e) same as (a) but for 120 min.

(max A420), and DI (dominant iron). See Table SS for specific
elution volumes. Calibration against protein standards
suggested approximate apparent masses ranging between 180
and 70 kDa. There are ~34 iron-containing proteins in the
cytosol of S. cerevisiae, most of which contain ISCs or hemes."”
We have not assigned the observed peaks to them.
Interestingly, the rates at which iron was incorporated into
the proteins associated with the observed peaks varied, as did
the ratio of *’Fe/A,,. Different ratios probably reflected
different extinction coefficients at 420 nm. The corresponding
>*Fe peaks were not observed in the experiments of Figure 7;
however, in an experiment using twice the concentration of
cytosol and a longer assay time, **Fe peaks did develop (Figure
S13).

Three important controls were performed. When buffer Beyt
was used instead of BACcyt, minimal peak intensities
developed (Figure S14). This control was not “clean” because
the cytosol likely contained endogenous activation compo-
nents. Consistent with that, the samples made from older
cytosol exhibited less incorporation into proteins, perhaps due
to the hydrolysis of endogenous cytosolic nucleotide
triphosphates. We attempted to deplete endogenous NTPs
from cytosol by removing the low-mass species using a 3 kDa
filter and washing the retentate with NTP-free B buffer. This
treatment showed a modest reduction in the high-mass iron
that was incorporated into the cytosol. Despite this
complication, our results show that AC activation of ISC

assembly stimulated the incorporation of mitochondrial iron
into cytosolic proteins.

The second important control was to exclude the
mitochondria. In this experiment, Fe'' and the AC activation
components were added to the cytosol, but no iron or A420
peaks developed after 60 min of incubation (Figures 7Ab and
S15). This indicated that cytosolic Fell, e.g, from the labile
iron pool, is not incorporated into cytosolic proteins. This
reinforced our conclusion that the iron that incorporated into
cytosolic proteins originated from the mitochondria.

The third and final control was to exclude the cytosol from
this experiment and to confirm that mitochondria alone do not
export a high-mass Fe species. In this experiment, no HMM Fe
species was observed (Figures 7Aa and S16). This also
indicated that the iron detected in cytosolic samples did not
originate from mitochondrial degradation products.

B DISCUSSION

In this study, we found that a portion of the aqueous **Fe' that
was added to isolated *’Fe-enriched mitochondria was
imported into the organelle. Another portion likely adhered
to the mitochondrial exterior, consistent with earlier results.**
We estimate that only a few percent of total mitochondrial iron
was imported, with the majority surface-bound. However,
some of the imported iron was installed into mitochondrial
iron-containing proteins, but only when the ISC assembly
system in the organelle was activated. The imported iron likely

https://doi.org/10.1021/jacs.2c13439
J. Am. Chem. Soc. 2023, 145, 13556—13569


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13439/suppl_file/ja2c13439_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13439/suppl_file/ja2c13439_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13439/suppl_file/ja2c13439_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13439/suppl_file/ja2c13439_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13439/suppl_file/ja2c13439_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13439/suppl_file/ja2c13439_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13439?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13439?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13439?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13439?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

entered the pool used as a feedstock for ISC assembly (Figure
8). Prior to loading with **Fe, this “entry pool” contained pre-
existing *"Fe, consistent with both isotopes becoming installed
in mitochondrial iron-containing proteins.

Pre-incubation

Activation

Fast and Slow LMM or HMM
LMM species 57Fe species
54Fe + Fe

Cytosolic

57Fe-proteins

Figure 8. Working model to explain our results: The model assumes
that the Fe-enriched mitochondria contain two pools of dynamic
iron, namely, an entry pool (yellow) and an established pool (brown).
The entry pool, viewed here as located in the matrix, contains
nonheme high-spin *"Fe'’ ions that are used as a substrate for ISC
assembly. The established pool contains the products of that
assembly. Most of that iron, in the form of ISCs, will ultimately be
installed into apo forms of mitochondrial ISC proteins. The aqueous
*Fe" used in loading is imported quickly into the entry pool and
mixes with existing ’Fe'! in that pool. When the ISU system is
activated (by adding the AC activation cocktail), iron from the entry
pool is slowly used to generate ISCs that mix with *’Fe ISCs in the
established pool. Simultaneously, the two observed LMM *Fe/*"Fe
species (called fast and slow) are exported into the supernatant/
buffer/cytosol. Simultaneously, an unidentified form of iron is
exported from the established pool. This form of iron is installed
into client ISC proteins by the CIA. The exported iron is primarily
S’Fe because the processing of **Fe from the entry pool is slow
relative to the incubation times of our experiments.

Aqueous Fe' was imported into the organelle without
including any activation components or exposure to O,, which
are typically required to generate a membrane potential, nor
was the process inhibited by adding the uncoupler CCCP.
Import of cytosolic Fe'' by Mrs3/4, high-affinity iron importers
on the inner mitochondrial membrane, requires a membrane
potential.* A membrane potential might not be required if
other importers were involved.”® Another reasonable possi-
bility is that only the small portion of added iron that was
actually imported into the organelle required a membrane
potential.

We also examined the import of >*Fe" from the perspective
of the mitochondria. Prior to treatment, mitochondrial SMEs
exhibited a low-intensity LMM “’Fe peak which likely
originated from the labile Fe" pool previously described.”
Earlier studies in which “Fe580” was detected used EDTA in
the buffers and 50 mM Tris mobile phase.® For our current
preparations, a smaller pool of aqueous Fe was present,
perhaps because no EDTA and a different mobile phase were
used. Further studies are required to investigate the
composition of the labile iron pool in the mitochondria and
whether it is synonymous with the entry pool suggested here.

Some mitochondrial iron, both loaded **Fe and pre-existing
37Fe, was exported into the buffer or cytosol in the form of two
LMM species. This process required activating the mitochon-
dria for the synthesis of ISCs. The two species developed at
different rates. The “fast-developing” species was fully
developed within the 12 min deadtime of our assay, whereas
the “slow-developing” species developed gradually over an
hour.

The fast-developing species approximately comigrated with
Fe-ATP. One possibility is that iron ions were exported from
the mitochondria and immediately coordinated by the ATP
present in the activation buffer. Another possibility is that a
more complex iron-containing species, conceivably a cluster,
was exported, but that it degraded in the time needed to
process the samples, and that the released iron bound ATP. A
third possibility is that surface-bound iron, not released by
simple washing, was released from the organelle upon exposure
to the activation components. ATP and GTP both bind Fe™
and Fe' tightly, and they could serve as weak chelators for this
process.”

The slow-developing LMM Fe species did not exactly
comigrate with any of the activation components. It developed
in parallel with a P peak, suggesting that it was associated with
a P-containing ligand. The presence of a comigrating P peak
and the absence of a S peak do not support assigning it to
[Fe,S,](GS),. The comparable intensity of the P peak relative
to that due to free ATP suggests significant (mM)
concentrations of a P-containing species. The slow-developing
species comigrated approximately with Fe-ADP. One scenario
is that Fe-ADP developed as ADP was generated. However, the
activation buffer contained 4 mM ATP and no ADP, yet the
two peaks ultimately had almost equal intensity. This scenario
would require export of sufficient ADP to generate ~4 mM in
the assay solution. Moreover, Fe binds ATP about 10 times
more tightly than it binds ADP* and so even higher
concentrations of ADP would be required. All things
considered, we find this scenario possible (recall that under
anerobic conditions, the mitochondria convert ATP into ADP
to maintain membrane potential) but not especially likely.
Another possibility is that the actual LMM exported Fe species
degraded during processing time to generate the slow-
developing species (ISCs are generally unstable in aqueous
solutions). Further studies are required to settle these
intriguing issues.

The kinetics of these processes was qualitatively assessed.
Iron import into the mitochondria was fastest, followed by
mitochondrial ISC assembly and LMM iron export. The
slowest of the examined processes was the installation of iron
into cytosolic proteins.

Finally, our results demonstrate that some mitochondrial
iron, when stimulated for ISC assembly, is used by the cytosol
to generate ISCs which are installed into numerous cytosolic
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proteins. (Our assay does not distinguish ISCs from hemes.)
The majority of the iron utilized for cytosolic ISC was mostly
’Fe, with **Fe only appearing when the cytosolic protein
concentration was doubled and longer assay times were used.
The implication is that the iron used in the assembly of
cytosolic ISC originates from an “established” pool of iron that
is mostly *’Fe. This pool would differ from the “entry” pool in
which newly arriving **Fe was mixed with pre-existing *'Fe.

Unexpectedly, these considerations imply that the two LMM
Fe species that are exported from activated mitochondria may
not be used for cytosolic ISC assembly. The exported Fe
species could be a HMM species such as a protein or a LMM
species that degraded quickly and aggregated to migrate as a
HMM species or adhered to the column. We caution that the
HMM *"Fe species observed in some experiments (stimulated
by BAC buffer) was not evident in every such experiment.
Another possibility is that a cytosolic apo-protein receives Fe
from the mitochondrial donor species in a direct transfer such
that the donor is never released from the organelle into the
supernatant/cytosol.

Our results are most comparable to those of Pandey et al.
who found that the mitochondria export a species (Fe—S);,,
that incorporates into a cytosolic apo-ferredoxin.>’ Their assay
involved incubating mitochondria with buffers that contained
the same activation cocktail as we used except with radioactive
35S-cysteine. It also included an apo-ferredoxin that served to
receive the exported species. Although they did not directly
detect, isolate, or identify (Fe—S),,, they showed that
installation of an ISC into the apo-ferredoxin depended on
(a) mitochondria that had been incubated with aqueous Fe'
and the activation cocktail; (b) mitochondrial proteins
involved in ISC assembly (Isul, Ssql, and Nfsl), as well as
the mitochondrial inner membrane transporter Atm1; and (c)
cytosolic proteins involved in the CIA (Dre2 and Cfd1). They
directly detected *>S in the native gel band due to ferredoxin.
ISCs could be installed into apo-ferredoxin using activated
mitochondria in the absence of cytosol. They showed that the
solution obtained after removing activated mitochondria,
hypothesized to contain (Fe—S);,, was effective in incorporat-
ing ISC into cytosolic proteins. However, nearly 4X more ISCs
were installed when mitochondria were activated in the
presence of cytosol. This boost due to the presence of cytosol
led the authors to suggest that mitochondria sense the
cytoplasmic demand for ISC biogenesis and then export
(Fe=S),, as needed.

Our results are generally consistent and supportive of their
results and conclusions. Our results confirm that cytosolic iron-
containing proteins require an iron-containing species exported
from the mitochondria. Whether that species is low-mass or
high-mass or whether it is released free into the cytosol or
transferred directly from the mitochondria to a recipient apo-
protein remain uncertain. Also uncertain is the identity of the
transporter that imports the added aqueous Fe'' into
mitochondria and the transporter that exports (Fe—S);,./X—
S. Another intriguing uncertainty is whether the same pathway
is used by mammalian cells where the iron chaperone proteins
PCBP1/2, absent in yeast, play a major role in iron trafficking.

B CONCLUSIONS

The main conclusions of this study are as follows:

13567

Some of the aqueous **Fe'’ that was added to isolated
’Fe-enriched mitochondria was imported into the
organelle.

Upon activation with a cocktail that included ATP,
GTP, NADH, and cysteine, some of the **Fe that had
been loaded into *’Fe enriched mitochondria became
incorporated into mitochondrial iron-containing pro-
teins.

When mitochondria were activated, two low-molecular-
mass **Fe- and 57Fe—containing species were exported or
released from *Fe-loaded, *'Fe-enriched intact mito-
chondria. One of these, called the fast-developing
species, was likely an Fe-ATP complex. The other
slow-developing species was not assigned, but it could be
a complex involving another activation component or a
degradation product of an unstable exported species.
Whether these iron species were exported from
mitochondria via a protein transporter (e.g., Atml) or
released from the mitochondrial surface upon activation
remains unestablished.

When mitochondria were activated, some mitochondrial
iron was incorporated into cytosolic proteins. In most
experiments, only *’Fe-enrichment was observed. Using
higher concentrations of cytosol, some S4Fe-enrichment
was observed.

Results of this study were interpreted using a “two-pool”
working model of mitochondria, in which **Fe is loaded
into an “entry” pool that already contains *’Fe. The
exported or released low-molecular iron species may
have come from this pool. The mitochondrial iron
installed into cytosolic proteins may have originated
from the second “established” pool.
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Materials used; buffers used; iron concentrations of BF
buffers and supernatants; iron concentrations of BAC
buffers and supernatants; elution volumes for high-
molecular mass cytosolic iron-containing species;
respirometry traces using isolated mitochondria; con-
centration of aqueous >*Fe in buffer declined when the
mitochondria were resuspended in BF buffer; 4Fe in BF
buffer declined when resuspended with the mitochon-
dria when O, or O, and CCCP were present;
concentration of LMM 3*Fe species in SMEs increased
after the mitochondria were exposed to BF buffer; LMM
iron added to the mitochondria became incorporated
into mitochondrial proteins when the mitochondria were
activated with AC; iron loaded into the mitochondria
became incorporated into mitochondrial proteins upon
activation with AC; repeat experiment of Figure S6;
LMM iron species were exported from the mitochondria
when ISC assembly was stimulated; LMM iron species
were exported from AC-activated, S4Fe-loaded, >"Fe-
enriched mitochondria for 120 min at 30 °C; export of
LMM Fe was stimulated primarily by A and less so by C;
two LMM iron species were exported from the AC-
activated mitochondria regardless of whether the cytosol
was included in buffer BAC; *'P, *Fe, and >°Fe traces of
buffers BAC, BACF, and heated BACF; incorporation of
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54Fe into cytosolic proteins; little *’Fe and **Fe were
incorporated into cytosolic proteins when **Fe-loaded
and *"Fe-enriched mitochondria were incubated in Byt
buffer; mitochondria are required for iron to be
incorporated into cytosolic proteins; and *Fe-loaded
and *’Fe-enriched mitochondria exported modest
amounts of >"Fe proteins (PDF)
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