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ABSTRACT: Liquid chromatography was used with an
online inductively coupled plasma mass spectrometer to
detect low-molecular-mass (LMM) transition metal complexes
in mitochondria isolated from fermenting yeast cells, human
Jurkat cells, and mouse brain and liver. These complexes
constituted 20—40% of total mitochondrial Mn, Fe, Zn, and
Cu ions. The major LMM Mn complex in yeast mitochondria,
called Mn, o, had a mass of ~1100 Da and a concentration of
~2 puM. Mammalian mitochondria contained a second Mn
species with a mass of ~2000 Da at a comparable
concentration. The major Fe complex in mitochondria isolated
from exponentially growing yeast cells had a mass of ~580 Da;
the concentration of Fegg, in mitochondria was ~100 pM.

Mnj100

—» RN Zn1200

= Co01200

When mitochondria were isolated from fermenting cells in postexponential phase, the mass of the dominant LMM Fe complex
was ~1100 Da. Upon incubation, the intensity of Fe;;o, declined and that of Fegg, increased, suggesting that the two are
interrelated. Mammalian mitochondria contained Fegg, and two other Fe species (Feyyo and Fe;jo) at concentrations of ~50
UM each. The dominant LMM Zn species in mitochondria had a mass of ~1200 Da and a concentration of ~110 yM.
Mammalian mitochondria contained a second major LMM Zn species at 1500 Da. The dominant LMM Cu species in yeast
mitochondria had a mass of ~5000 Da and a concentration in yeast mitochondria of ~16 uM; Cusyy, was not observed in
mammalian mitochondria. The dominant Co species in mitochondria, Co,y, had a concentration of 20 nM and was probably a
cobalamin. Mammalian but not yeast mitochondria contained a LMM Mo species, Mo, at a concentration of ~1 uM.
Increasing Mn, Fe, Cu, and Zn concentrations 10-fold in the medium increased the concentration of the same element in the
corresponding isolated mitochondria. Treatment with metal chelators confirmed that these LMM species were labile. The
dominant S species at 1100 Da was not free glutathione or glutathione disulfide.

Many transition metal complexes are labile, meaning that
their coordinating ligands are weakly bound and rapidly
exchanging with other ligands in solution. This behavior adds a
significant challenge to the isolation, identification, and
characterization of such labile metal pools (LMPs) in cells.!
These pools have been detected by incubating live intact cells
with custom-designed fluorescence-based chelators, also known
as sensors or probes.” Chelator probes penetrate cell
membranes and coordinate the metal ions that compose such
pools; they can also be targeted to specific organelles within the
cell. Binding metal ions either enhances or quenches the
fluorescence properties of the probes, thereby reporting on the
existence and size of such pools.

The use of chelator probes has dramatically improved our
awareness of LMPs in cells, yet many details, including the
composition, structure, and function of the metal pools, remain
unknown. LMPs likely participate in metal ion trafficking,
regulation, signaling, and storage and release. Such processes
require that metals coordinate ligands weakly enough such that
the metals can be transferred from one species to another, or
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that the metals can dynamically bind to regulatory sites in a
concentration-sensitive manner. These processes play vital roles
in metal ion metabolism and are often altered in metal-
associated diseases. These considerations motivate our efforts
to identify and characterize LMPs, the challenges associated
with their lability notwithstanding.

The benefits of detecting LMPs in live intact cells and
organelles using fluorescence-based probes are counterbalanced
by the fact that the sought-after complexes are destroyed during
detection; i.e., the endogenous ligands associated with LMPs
dissociate when the probe coordinates the metal. This is a
major disadvantage because the ligand environment dictates
many properties of these complexes. Also, the binding strength
required to chelate a particular metal ion pool is unknown, such
that stronger probes might overestimate the size of a pool and
weaker ones might underestimate it. LMPs may be
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heterogeneous, with more than one metal complex contribu-
ting. Probes are often championed as being specific for a
particular metal ion, but they actually need to be specific for a
particular metal ion complex, a far more difficult requirement.
Deciphering the molecular-level function of each complex that
composes a heterogeneous LMP based solely on the overall
chelation properties of the pool seems virtually impossible.

Ligand-exchange rates of LMPs are likely to be fast, but if
they were faster than the rates of relevant biochemical
reactions, e.g, binding of a complex to a receptor, the
complexes would lack a defined shape, a requirement of
receptor recognition. With such extreme fluxionality, how could
cells use such complexes in trafficking, regulation, signaling, or
storage? Would not their coordination sites become available
for deleterious Fenton and Haber—Weiss reactions? Should not
there have been a selective advantage to minimize such chaos?

Motivated by these considerations, we hypothesized that the
rates of ligand exchange associated with LMPs are actually slow
enough for individual metal complexes to be isolated. Perhaps
exchange rates have been reduced during evolution by the use
of polydentate ligands and donor atoms that afford relatively
strong metal—ligand binding interactions.

With the goal of isolating labile metal complexes, we have
designed a refrigerated anaerobic liquid chromatography system
interfaced with an online inductively coupled plasma mass
spectrometer. Our LC—ICP-MS system can split a portion of
the eluent to the ICP-MS for detection and send the remainder
to a fraction collector. This arrangement allows us to detect,
isolate, and eventually characterize the complexes that compose
LMPs.

In this study, we have focused on LMPs in mitochondria
isolated from fermenting Saccharomyces cerevisiae cells. LMPs
were assumed to be composed of metal complexes with masses
of <10 kDa, rationalized as follows. Most mitochondrial
metalloproteins are encoded by nuclear DNA and imported
into mitochondria as unfolded polypeptides threaded through
the TOM/TIM protein complexes on the outer and inner
membranes (OM and IM, respectively).” Once in the matrix, a
signal sequence is typically clipped, and the apo-metalloprotein
folds and is metalated. Metalloproteins encoded by mtDNA are
probably metalated by similar mechanisms. In either case, most
of the metal ions used in metalation must be transported into
the matrix. Because the IM is “tight”, these metal ions must
enter the matrix through channel-containing IM transport
proteins, thereby excluding high-molecular-mass (HMM)
species.*> Metal donors must be small enough to pass through
pores in the OM, which is limited to masses of less than ~3
kDa.’ Metalloproteins that localize to the IMS might be
metalated by metal complexes that enter the IMS via the OM.”
However, the Cu ions that metalate IMS metalloproteins have
been proposed to pass from the cytosol to the matrix and then
to the IMS.*

Here we report detection of LMM P, S, Mn, Fe, Co, Cu, Zn,
and Mo species, some of which probably function to metalate
mitochondrial apo-metalloproteins. We assessed the reprodu-
cible occurrence of such species, determined their approximate
molecular masses, and estimated their concentrations within
the organelle. Our results set the stage for more advanced
downstream characterizations.

B EXPERIMENTAL PROCEDURES

Strains, Media, and Cell Growth. BY4741 cells (MATq,
ura3A0, leu2A0, met1SAO, his3A1) were grown on standard
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yeast peptone agar plates with 2% glucose (YPD) for 3—4 days.
Colonies were inoculated into minimal medium containing 2%
(w/v) glucose, 100 mg/L leucine, SO mg/L adenine hemisulfate
dihydrate, 20 mg/L wuracil, 20 mg/L histidine, 20 mg/L
methionine, and 50 mg/L tryptophan. The endogenous metal
ion concentrations of minimal medium were 10 uM Zn, 2 uM
Mn, 2 uM Co, 0.3 uM Fe, 0.2 uM Cu, and 5 nM Mo (n = 2).
For standard growth, Cu" sulfate and *’Fe' citrate were added
to the medium to final concentrations of 1 and 10 uM,
respectively. In two metal supplementation experiments, 10 yuM
Cu" sulfate or 100 uM Fe' citrate was added to standard
medium. In two other supplementation experiments, 100 yM
Zn(acetate), or 20 yM MnCl, (final concentrations) was
added. Cells were grown in 24 L batch cultures using a custom-
built water-jacketed iron-free glass/titanium bioreactor at 30 °C
with O, gas bubbled through the medium at a rate of 0.9 L/
min. For most batches, cells were harvested in exponential
growth phase at an ODgj, of 0.8 (1 cm path length). Other
batches were harvested at an ODy, of 1.2—1.6 when cells were
undergoing the transition into postexponential growth mode.
At the start of each harvest, the bioreactor was set to 5 °C.
Human Jurkat cells were grown on 10 uM Fe'' citrate as
described.® C57BL/6 mice were raised and organs dissected as
described.”

Mitochondrial Isolation and LMM Fractionation.
Mitochondria were isolated and manipulated anaerobically in
either of two refrigerated (~10 °C) Ar atmosphere glove boxes
containing ~5 ppm of O,. Mitochondria from yeast, human
Jurkat cells, and mouse brain and liver tissues were isolated as
described.*"* Isolated mitochondria were washed two or three
times in SO mM Tris (pH 7.4). For yeast and mammalian
mitochondria, 82% and 65% of the packed volume of the
isolated organelle were previously determined to be due,
respectively, to the mitochondria themselves.""'> Assuming
these packing efficiencies, pellets were resuspended in 1.0 mL
of the same buffer but with 2% Triton X-100. This typically
afforded a final volume of 1.4 mL. After being incubated for 15
min while being constantly vortexed, the solution was
centrifuged at 12000g for 15 min. The resulting supernatant,
called the soluble mitochondrial extract (SME), typically
constituted all but ~50 uL of the solution volume. The SME
was transferred to an Amicon stirred cell concentrator
containing a 10 kDa cutoff membrane, and the flow-through
solution (FTS) was collected. Relative to concentrations in
intact isolated yeast mitochondria, both SME and FTS were
typically 4 times more dilute [1.4/(0.4 X 0.82) ~ 4].

For each batch, 75 uL aliquots of the SMEs and FTSs were
placed in 15 mL nitric acid-rinsed screw-capped polypropylene
tubes. Samples were incubated with 100 uL of concentrated
trace metal grade nitric acid, sealed with plastic electrical tape,
digested for 12 h at 90 °C, and then diluted with water to 10
mL. Resulting solutions were analyzed by ICP-MS. Concen-
trations were calibrated using primary P, S, Mn, S6Fe, S'Fe, Co,
Cuy, and Zn standards (Inorganic Ventures, S000 ug of metal/L
each). Secondary standards (0, 10, S0, and 100 pg/L for each
metal and 0, 1000, 5000, and 10000 ug/L for P and S) were
used for calibration.

LC—ICP-MS experiments were performed in a refrigerated
anaerobic glovebox (MBraun Labmaster) at 10 °C and ~S ppm
of O,. FTSs (500 uL) were injected onto two 10 mm X 300
mm Superdex peptide columns connected in series. The
resulting double-length column was equilibrated with 50 mM
Tris-HCl (pH 7.4). After injection, the same buffer was
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Table 1. Average Concentrations of Selected Elements in Mitochondria®

P (mM) S (mM) Mn (uM) Fe (uM) Co (nM) Cu (uM) Zn (uM) Mo (uM)
average (HMM+LMM) 28 6.6 16 530 89 71 300 1.4Y;6.3M
standard deviation 3 0.9 3 150 27 34 60 0.4Y;1.2M
10-fold M - - 25 780 - 140 480 -
previous average (HMM+LMM)'#+~ 165! - - 20 630° - 70¢ 280 -
standard deviation - - 9 100 — 28 38 -

Ave (LMM) 24 54 3.1 116 65 32 140 0.02Y;1M
standard deviation 3 0.6 1.0 32 18 9 21 SY;0M
10-fold M - - 8 170 - 120 280 -

% LMM 86 82 19 22 73 45 47 1.5Y;16M
standard deviation S S 6 6 14 20 6 0.9Y;3M

“The top group of rows refers to total mitochondrial concentrations. The second group refers to previous reports of metal concentrations in
fermenting yeast mitochondria. The third group refers to LMM species only. The bottom group indicates the percent of each selected element that is
found in mitochondria as LMM species (based on data from this study). ®The Fe concentration from ref 15 (1190 uM) was excluded. “The Cu
concentration from ref 51 (220 #M) was excluded because those cells were grown under respiration conditions where cytochrome ¢ oxidase levels
are higher. In the Mo column, Y refers to yeast and M to mammalian mitochondria. Numbers in the bottom two rows are given as a percentages, not

concentrations.

pumped through the column at a rate of 0.350 mL/min for 166
min using an Agilent Bioinert high-performance liquid
chromatography system with titanium pump heads and all-
PEEK tubing. The total elution volume (58 mL) corresponded
to 2 column volumes (CVs), as determined using Blue Dextran.
The eluent passed through a diode array UV—vis detector and
into the nebulizer of an Agilent 7700x ICP-MS. The ICP-MS
detected 3P, 3*S, Mn, *°Fe, $Fe, ¥Co, ®*Cu, ®Zn, and *Mo
in He collision mode with a dwell time of 0.1 s. After every
other run, columns were cleaned with 10 CVs of a chelator
cocktail."® Elution volumes were calibrated to molecular masses
using a series of standards (Figure S1 and Table S1 of the
Supporting Information).

The metal concentration corresponding to each peak in the
chromatograms was determined as follows. The column was
replaced with tubing, and 500 uL of the same elemental
standards were injected onto the “phantom column”. The
resulting “eluent” flowed into the ICP-MS, affording a
chromatogram, for each element, composed of a single peak.
Each area:concentration ratio was obtained by dividing the
integrated areas under the peak by the concentration of the
standard injected.

A second method for determining metal concentrations was
also used to evaluate the fraction of metal ions that adsorbed
onto the column. Areas associated with each peak were
determined by fitting. Each peak area was divided by the sum of
all areas in the chromatogram. The resulting fractions reflected
the proportion of each metal associated with a particular peak.
The sum of these areas was assumed to correspond to the total
concentration of the metal in the FTS.

If no metals adsorbed onto the column during a run, the
concentrations obtained by the second method would equal
those obtained by the first. In practice, the two differed by
<10%, indicating that the vast majority of the metals in the
FTSs eluted from the column.

Five independent batches of mitochondria were isolated
from WT yeast cells grown on medium supplemented with 10
uM Fe'™ citrate and 1 uM CuSO,. The cells were harvested at a
low ODgy, of 0.8 during the exponential phase. Aliquots were
subjected to the LC—ICP-MS system immediately (at t = 0)
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after mitochondria were isolated. To highlight these batch-
dependent characteristics (Yeast, Low, t = 0), we will refer to
the batches as YLOA, YLOB, YLOC, YLOD, and YLOE (Table S2
of the Supporting Information). Aliquots of YLOA and YLOB
were re-run after being incubated for S days in the glovebox;
those runs will be called YLSA and YLSB.

Four other batches were prepared from WT yeast cells grown
on the same medium but spiked one at a time with 100 #M Fe,
10 uM Cu, 100 yM Zn, and 20 yuM Mn. These batches will be
called YLOFe, YLOCu, YLOZn, and YLOMn, respectively. Three
other batches were harvested at higher culture densities
(postexponential phase), including YHOA, YHOB, and YHOC.
An aliquot of YHOB was re-run 5 days after it was initially
prepared, generating trace YHSB. A batch prepared under
respiring (glycerol) conditions will be called YRLOA. Three
other batches of mitochondria were prepared, including one
each from mouse brain, human Jurkat cells, and mouse liver.

B RESULTS

Concentrations of selected elements in isolated mitochondria
are listed in Table S3 of the Supporting Information; rounded
averages are listed in Table 1. Previous studies'*™'¢ afforded
comparable yeast mitochondrial metal concentrations. Con-
centrations for mammalian mitochondria were similar except
for that of Mo, which was ~4 times higher than in the yeast
organelle. Increasing Mn, Fe, Cu, and Zn concentrations 10-
fold in the yeast growth medium, one at a time, significantly
increased the concentration of that element in isolated
mitochondria. The concentrations of the other detected
elements, whose concentrations were not increased in the
medium, were unaffected. This sensitivity between the medium
and mitochondrial metal ion concentrations must be mediated
by changes in cytosolic metal ion levels, but the pathways
involved are unknown. The absence of secondary perturbations
suggests that the homeostatic systems regulating the concen-
trations of these metals in mitochondria are largely
independent of each other.

The concentrations of the LMM forms of these elements in
mitochondria are listed in Table S4 of the Supporting
Information, with averages again listed in Table 1. No
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Figure 1. Phosphorus-detected chromatograms of LMM mitochondrial FTSs.
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Table 2. LMM Metal Complexes and P and S Compounds in Mitochondria®

peak name center (mL) width (mL) molecular mass (Da) [yeast] (uM) [mouse] (uM) [Jurkat] (uM) R value (%)
Poo 334 + 02 09 + 0.1 1000 + 200 400 + 100 500 400 100
Pgoo 34.6 + 0.1 1.3 +02 800 + 200 300 + 100 400 400 100
Psy0 371 £02 0.7 + 0.1 520 + 100 20000 + 4000 24000 24000 100
Proo 42.7 £ 0.2 14+ 0.1 200 + S0 230 + 140 100 100 80
S1100 32.8 + 03 1.0 + 0.1 1100 + 150 4900 + 40 6300 6300 100
Soeo 348 + 0.1 14 + 05 780 + 200 500 + 400 nd nd 60
M0 305 + 02 12 + 0.1 2000 + 200 nd 2 3.5 nd
Mny 0 326 + 0.1 09 + 01 1100 + 160 19 = 02 2 0.5 100
Feys0 30.8 + 0.1 0.8 + 02 1500 =+ 300 nd 15 nd nd
Fey100 327 + 01 13 +£02 1100 + 250 6+2 10 nd 80
Fegr 341 + 05 07 + 0.1 870 + 100 12+9 2 nd 60
Fegso 356 + 0.4 L1+ 04 680 + 130 20 + 10 2 nd 50
Fegso 366 + 0.3 14 + 0.1 575 + 150 90 + 20 26 110 100
Feyo 433 + 02 12 + 08 200 + 40 241 1 nd 90
Cors00 30.8 + 0.3 0.8 + 02 1500 + 300 nd 0.01 0.02 90
Co500 323 +02 09 + 0.1 1200 + 180 0.03 + 0.02 0.04 0.04 90
Cogyo 343 £03 1.7 £ 0.6 840 + 270 0.02 + 0.01 0.01 0.02 90
Cosso 382 + 0.5 24 + 09 450 + 200 0013 + 0.002 nd nd 70
Cosy 39.8 + 0.2 1.8 + 04 340 + 100 0.006 + 0.004 nd nd 90
Coso 411 + 04 20 + 1.5 300 + 10 0.002 + 0.001 nd nd 80
Cusgoo 23.1 £ 0.1 14 +£02 5000 + 1000 16 +7 nd nd 90
Znyso 30.8 + 02 07 + 0.1 1500 + 200 nd 8 6 nd
Zn,590 322+ 02 0.6 + 0.2 1150 + 100 110 + 20 100 100 100
Znggo 34.1 + 0.1 18+ 13 900 + 300 6+1 nd nd 100
Moss, 350 + 0.1 07 + 0.1 730 + 100 nd 04 03 100

“Values were obtained by fitting to Gaussian functions as described in the text."> nd means not detected. The R value indicates the confidence in

yeast traces only.

significant differences between yeast and mammalian mitochon-
dria were observed except that the average concentration of
LMM Mo in mammalian mitochondria was 50 times higher
than in yeast. Approximately 80% of P, S, and Co in
mitochondria were LMM, while only 20% of Mn and Fe
were LMM. Nearly half of the Cu in mitochondria was in the
form of LMM complexes. However, some LMM Co and Cu
may not be physiologically relevant (see below), lowering these
percentage estimates. In mammalian mitochondria, ~16% of
Mo in the organelle was present in LMM forms. Nearly half of
mitochondrial Zn ions was LMM. Atkinson et al.'” reported
that nearly half of the Zn in sonicated yeast mitochondrial
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homogenates was soluble; the two results together suggest that
most soluble Zn in mitochondria is LMM.

LC—ICP-MS Characterization of FTSs. Mitochondrial
FTSs were subjected to anaerobic liquid chromatography.
Eluents were monitored for LMM P, S, Mn, Fe, Co, Cu, Zn,
and Mo using an online ICP-MS. The abscissas for all
chromatograms (Figures 1—7) were adjusted slightly (+0.3
mL) to align two particular phosphorus peaks [Figure 1, Py
and Pg, (see below)]. Plots of all of the other monitored
elements in the same run were adjusted identically (i.e., based
on the P alignment).

Concentrations of the reproducibly observed LMM species
are listed in Table 2. HMM peaks were often observed at
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elution volumes near the void volume (15.3 mL). Such peaks
were used in concentration determinations but were not
analyzed for molecular mass because the species that migrated
in this region were not sufficiently well resolved to allow for
accurate molecular mass determinations.

Phosphorus. Yeast mitochondrial FTSs exhibited four
major LMM P species with approximate masses of 1000, 800,
520, and 200 Da (Figure 1 and Table 2). We will refer to these
as Pigooy Psooy Psaor and Py, respectively. Psy, exhibited the
greatest intensity, followed distantly by Pigg, Pgooy and Py
The concentration of Py, in isolated mitochondria was
approximately 20 mM. It essentially comigrated with ATP
(507 Da). Thus, the majority of the Pg,, peak was assigned to
ATP, with ADP (427 Da) thought to contribute to the
broadening on the low-mass side of the peak. If this is assumed,
the concentration of Pg,, in mitochondria would be ~7 mM
(20/3). Yeast mitochondria reportedly contain 7.8 mM ATP."®
This supports our assignment and adds confidence that our
methods of estimating concentrations and masses were
reasonably accurate.

Piooor Pgoy and P,y were not assigned. However, the
apparent masses of Pgy, and P,;, were similar to those of
NADPH (744 Da) and pyrophosphate (174 Da). If these
assignments were correct, the concentrations of these species in
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mitochondria would be 100 and 200 uM, respectively.
Reported concentrations of NADPH in mitochondria and
cytosol range between 45 and 235 uM,"” which are in the same
ballpark.

The P content of mammalian mitochondria was similar to
that of yeast; Py, again dominated, and the same minor-
intensity species were evident. In the P chromatogram of
mitochondria from Jurkat cells, the same minor-intensity peaks
were present, but their intensities were lower than in the other
mammalian samples. The chromatograms of liver and brain
mitochondrial FTSs exhibited additional P-containing species
that were not assigned.

Sulfur. Mitochondrial FTSs consisted of two major S peaks,
corresponding to masses of 1100 and 780 Da (Figure 2 and
Table 2). S;;o0 dominated and was reproducibly present at
concentrations near S mM. The presence of S5 was more
sporadic. Surprisingly, neither species comigrated with
glutathione (GSH, 307 Da) or glutathione disulfide (GSSG,
612 Da); further studies are needed to explain this given the
abundance of glutathione in mitochondria. Authentic GSSG
migrated in accordance with its mass, including in a run of FTS
spiked with GSSG. Authentic GSH appears to oxidize as it
migrates through the column, but the details of this are under
investigation.
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Zinc. Yeast mitochondrial FTSs exhibited an intense Zn
peak corresponding to a mass of 1200 Da (Figure 3 and Table
2). The concentration of Zn,,q, in yeast mitochondria was 110
UM, nearly half of the total Zn in the organelle and almost all of
the soluble Zn. The same species was in FTSs from mammalian
mitochondria. A minor-intensity species with a mass of ~900
Da (Zngqy) was in yeast mitochondria at a concentration of ~1
UM. Mitochondria from yeast grown on medium containing 10-
fold more Zn than normal exhibited a 2.5-fold increase in the
intensity of Zn,,o, whereas the intensities for the other peaks
were not significantly affected. A higher-mass species (Zn;sq)
was detected in mitochondria from brain and liver but not
yeast.

Manganese. A single LMM Mn species with a mass of 1100
Da (Mn,;y) dominated the chromatograms of fermenting
yeast mitochondrial FTSs (Figure 4 and Table 2). A minority
species of higher mass (Mn,gy) was in some FTSs. The
concentration of Mn,o, in yeast mitochondria was ~2 uM,
while that of Mn,y, was 23-fold lower. The Mnq
concentration increased 4-fold in mitochondrial FTS from
yeast cells grown in media containing 10-fold normal Mn; the
concentration of Mn,, also increased, albeit more modestly.

Both Mn,;y, and Mn,;,, were in mitochondrial FTSs from
human cells and mouse tissues, but the relative intensities
differed significantly from those in yeast. In mitochondria from
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Jurkat cells, Mnyy, represented ~95% of the Mn in the
organelle, with minor contributions from Mnjo. The
concentrations of these two species in mitochondria from
mouse brain and liver were more balanced, affording
concentrations of 1-2 M each. We previously observed a
single LMM Mn species in yeast mitochondria with a mass
between 2000 and 3000 Da.*® Such a species was not observed
currently in fermenting yeast mitochondria but was observed in
our one batch of respiring yeast mitochondria (YRLO1). A
systematic study is required, but we currently suspect
metabolism-dependent effects.

Iron. Yeast mitochondrial FTSs exhibited two major Fe
species (Fesgy and Fe;jqo), with either species dominating
depending on (a) the mode of growth of the cells at the time of
harvesting and (b) whether the FTS was chromatographed
immediately after it was prepared or 5 days later. Mitochondrial
FTSs isolated from cells harvested during exponential growth
and run immediately exhibited Fegg, (Figure S and Table 2). A
low-intensity peak corresponding to a higher-mass species
(Fey100) was also evident. The chromatogram from mitochon-
drial FTS obtained from cells grown on medium containing
100 M Fe'™ citrate (rather than the standard 10 M) exhibited
a 1.7-fold increase in the intensity of the Fegg, peak.

Fe-detected chromatograms of FTSs isolated from cells
harvested during the postexponential growth phase and run
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Figure 6. Copper chromatograms of LMM mitochondrial FTSs.

immediately after isolation were dominated by Fe ;4. Fesgy was
present but at a reduced intensity. Unexpectedly, when a FTS
dominated by Fe, o, was left in a refrigerated glovebox for S
days, the resulting chromatogram was dominated by Fegg,, with
Fe, 190 downgraded to a minor component. In that chromato-
gram, another Fe-containing species with an intermediate mass
was also evident. For reasons that we do not understand, trace
YLOMn exhibited a more highly resolved species with a mass of
870 Da (Feg;,) (Figure S). During incubation, Fe;jo, may
convert into Fegg, via intermediate Fegy,. The only other Fe
species present exhibited a very low intensity peak associated
with a mass of 200 Da. Because hexaqua Fe has a mass of ~160
Da, we assign Fe,q, as such. The concentration of Fe,y, in our
isolated mitochondria samples was 1—3 uM, which we regard as
an upper limit of what it might be in intact mitochondria (one-
half of 1% of the Fe in mitochondria). Fe,y, may be an artifact
of the isolation procedure, with healthy mitochondria devoid of
this species.

Iron chromatograms of FTSs from mitochondria isolated
from mammalian cells and tissues were similar to those of yeast,
but with additional peaks. The chromatogram of FTS from
mitochondria of Jurkat cells was similar to that of yeast
harvested during the exponential growth phase, with Fegg,
dominating. The chromatogram from mouse tissues also
exhibited Fesg, but intense peaks corresponding to masses of
2000 and 1200 Da (Feyyy and Fey,y, respectively) were also
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observed. Fe,y,, was not present in yeast mitochondria. Fe
in mouse mitochondria may or may not correspond to Fe,;(, in
yeast mitochondria; the two migrated near each other, but they
did not comigrate. Concentrations of Fe,o, and Fe;;oo/Fe;50
in mammalian mitochondria were ~10 yM each.

Copper. FTSs from mammalian mitochondria exhibited Cu
peaks near or slightly beyond the 10 kDa cutoff (Figure 6, top
panel). The observed intensities of Cu species with masses of
>10 kDa may be less than proportional to their actual
concentration in mitochondria, as some of these species may
have been retained by the cutoff membrane. These cutoffs are
not exact, such that some proportion of higher-mass Cu species
also passes into the FTS, as observed. Also, our size-exclusion
column has some resolving power beyond 10 kDa. For
example, cytochrome ¢ (Table S1 of the Supporting
Information, 12384 Da) fell nicely on the calibration line
(Figure S1 of the Supporting Information), although its mass is
beyond the formal resolving limit of the column. Thus, a Cu
complex with a mass of ~13 kDa would be detected and
resolved by our experiment; indeed, such features are observed
in FTSs from mammalian mitochondria.

The region between 10000 and 2000 Da exhibited the
greatest reproducibility (Figure 6, top panel). Cu-detected
chromatograms of the FTS of mitochondria from yeast cells
were dominated by a peak corresponding to a mass of 5000 Da;
the corresponding concentration was ~16 uM. Cugggg
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accounted for ~60% of the Cu in the FTS and ~20% of Cu in
yeast mitochondria. With a mass of 5000 Da, Cusgg might be
proteinaceous. The intensity of this species increased 4-fold
when the Cu concentration in the medium was increased 10-
fold. Curiously, the Cu-detected chromatograms of the
mammalian system did not exhibit Cugy, or any other peak
in 2000—10000 Da region. This was similar to the results of our
previous study of mouse brain LMM extracts, in which no
LMM Cu species were reproducibly evident but many HMM
Cu species (8—48 kDa) were observed."

For mitochondrial FTSs, the region between 200 and 2000
Da exhibited minor-intensity peaks with significant preparation-
to-preparation variation (Figure 6, bottom panel). At the high
sensitivity required to observe these peaks, some baseline drift
is evident. Peaks corresponding to masses of ~300 Da may
reflect hydrated Cu ions. The poorer reproducibility and low-
intensity character of these LMM Cu-based peaks suggest that
some Cu ions may dissociate from their endogenous complexes
during mitochondrial isolation, and that the released ions
coordinate to various ligands.

Cobalt. The Co-detected chromatograms of mitochondrial
FTSs exhibited many peaks between 1200 and 300 Da (Figure
7 and Table 2), albeit with more batch-to-batch variability than
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Figure 7. Cobalt chromatograms of LMM mitochondrial FTSs.

for most other metals. The concentration of the dominant peak
at 1200 Da (Coy,q) was 30 nM, 3 orders of magnitude lower
than for many other LMM metal species. The similar masses of
various cobalamins (1300—1700 Da) suggest that Coy,q is a
cobalamin. FTS from yeast mitochondria exhibited other Co
peaks, corresponding to masses between 840 and 200 Da, but
the batch-to-batch variation in the intensity of these peaks was
significant. Peaks in the 200 Da region were probably hydrated
Co ions. Peaks corresponding to masses between 300 and 800
Da were probably not cobalamins as their masses were too low;
their concentrations were in the nanomolar range.

Co chromatograms of mammalian samples were similar to
each other, except that the intensities of the Co peaks in the
Jurkat sample were very low. FTSs of mammalian mitochondria
contained Co,,, as well as another cobalamin (Co,y,) with a
mass of 1700 Da.

Molybdenum. Chromatograms of mammalian mitochon-
dria FTSs exhibited a single Mo peak (Mo;;,) at 730 Da
(Figure S2 of the Supporting Information and Table 2). No Mo
species were detected in fermenting yeast mitochondrial FTSs.

Lability of LMM Metal Complexes. We assessed whether
1,10-phenanthroline (phen) and bathophenanthroline disulfo-
nate (BPS) could chelate the metal ions in the detected
complexes. The FTS from a batch of yeast mitochondria was
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subjected to the LC—ICP-MS system, and Fe, Zn, Co, Mn, and
Cu chromatograms were obtained (Figure S3 of the Supporting
Information, black lines). Fractions containing LMM metal
complexes were pooled and treated with BPS, but this had little
effect. After being treated with BPS, phen, and the reductant
dithionite, the same pool exhibited chromatograms whose
peaks were significantly changed (Figure S3 of the Supporting
Information, red lines). The changes were numerous and
dramatic, such that further systematic studies are required to
interpret them. It is clear, however, that the dominant LMM
metal complexes in yeast mitochondria can be labilized by
metal chelators.

B DISCUSSION

In this study, we detected numerous LMM P, S, Mn, Fe, Co,
Cu, and Zn compounds in mitochondria isolated from yeast
and mammalian cells. A LMM Mo complex was detected
exclusively in mitochondria from mammalian cells. We
cataloged each and estimated their molecular mass and
concentration within the organelle. The model of Figure 8
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= Co01200 (|
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Zn]500
Fe1500
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.Fenoo

Zn1200

I Mngo00

[ Mnjjoof
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Figure 8. Model of LMM metal complex speciation in yeast and
mammalian mitochondria. The sizes of the colored squares represent
the relative concentrations of various LMM species. Other details are
given in the text.

illustrates the major detected species, including concentrations
and suggested locations in the organelle. Most of these metal
complexes are presumed to be in the matrix and used to
metalate apo-metalloproteins. Cusgg in yeast mitochondria and
Mo,;, in mammalian mitochondria may be located in the IMS.
Further studies are required to establish their locations,
compositions, structures, and biochemical and physiological
functions.

We previously detected a single Mn species in yeast
mitochondria and proposed that it metalated apo-SOD2.*°
We now assign this role to Mn,,, despite a slightly lower mass.
Mammalian mitochondria contain a second Mn enzyme, Type
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Il arginase,”"** that catalyzes the synthesis of ornithine and

may regulate the production of NO by nitric oxide synthase. An
enzyme precursor is imported into the matrix where a signal
sequence is clipped, and the protein folds and is metalated,
perhaps by a second Mn complex in these organelles, Mn, .

Zn,, in yeast mitochondria and Zn, 5o, Zngg, and Zn, 5y, in
mammalian mitochondria probably compose the labile Zn pool
that metallates various mitochondrial Zn proteins.'"” High
concentrations of mitochondrial Zn inhibit respiration.*>**
Perhaps ferrochelatase installs Zn,,, rather than Fe' into
protoporphyrin IX.** Mitochondria from neuronal cells contain
Zn that can be mobilized and released when the IM is
depolarized.>® Mobilized Zn ions may correspond to one or
more detected LMM Zn species.

Using fluorescence resonance energy transfer-based sensors,
Palmer and co-workers detected labile Zn in mitochondria of
HeLa cells.”” McCranor et al.*® used human carbonic anhydrase
II variants to detect labile Zn in rat mitochondria. Labile Zn was
detected in mitochondria from mammalian cells using modified
GFP fused to calmodulin.***® Chyan et al.** used a synthetic
fluorescent probe to detect labile Zn in prostate cells. When the
medium was spiked with 50 uM Zn, the fluorescence intensity
of the mitochondria in normal cells increased 2.3-fold.

We anticipated that the Zn species detected in our study
would be the same as those detected by fluorescence-based
methods. However, if the reported concentration of the
fluorescence-detected Zn species is accurate, we have not
detected them. McCranor et al”® concluded that the
concentration of labile Zn in mitochondria isolated from a rat
cell line was 0.15 pM. Virtually the same concentration was
reported for the labile Zn pool in mitochondria of HeLa cells.””
These concentrations are 1 billion times lower than our
estimates for the concentration of Zn;,5. Our LC—ICP-MS
system simply cannot detect picomolar concentrations (1 pM
Zn = 0.07 ppt), so our ability to detect Zn species implies that
they are present at concentrations greater than hundreds of
picomolar.

Another consideration is that the collective volume of
mitochondria in cells is just a few percent of the volume of a
yeast cell, suggesting a mitochondrial volume of ~107" L.
Within this volume, a concentration of 0.15 pM would
correspond to 107* molecules of labile mitochondrial Zn per
cell. This implies that just 1 of every 10000 cells would contain
mitochondria with a single labile Zn ion, a property that should
be easily distinguished from that in which all mitochondria in a
cell population uniformly fluoresce when treated with a sensor.
As far as we are aware, there have been no reports of stochastic
single-molecule fluorescence in these organelles. This implies
that each mitochondrion contains a sizable number of labile Zn
ions, which implies, in turn, a labile Zn concentration orders of
magnitude higher than reported.

In contrast, our Zn results are fully consistent with those of
Atkinson et al,'” who used LC to detect a LMM cationic Zn
pool in the matrix of yeast mitochondria. Their reported pool
probably corresponds to Znj,y. The Zn ions in their pool
migrate through a Sephadex G25 column in accordance with a
mass slightly lower than that of vitamin By, (1355 Da), within
error of the mass of our Znj,y. The size of their Zn pool
increases when the growth medium is supplemented with Zn,
similar to what we observed with Zn,y. The Zn species
composing their pool is cationic (implying ligands that on
average are uncharged), resistant to boiling, and inert toward
proteinase K digestion (implying that it is nonproteinaceous).
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This species was proposed to metalate numerous Zn enzymes
in the matrix, including alcohol dehydrogenases, Leu9, and
cytochrome ¢ oxidase. Depleting this pool (by placing the apo
form of a Zn enzyme into the matrix) causes a respiratory
growth defect, consistent with Zn;, serving to metalate
proteins required for respiration.

Lutz et al.>" discovered that 1,10-phenanthroline inhibits Fe/
S cluster assembly in intact mitochondria. Similar results were
obtained by Amutha et al.>* and Pandey et al,** who speculated
that mitochondria must contain a pool of Fe that is used as
feedstock for Fe/S cluster assembly. Phen was thought to
penetrate the matrix and coordinate the pool, making it
unavailable for Fe/S cluster assembly. Unaware of those results,
Holmes-Hampton et al.>* performed the same experiment in
which phen was added to intact *’Fe-enriched mitochondria.
Using Mossbauer spectroscopy, they discovered a pool of non-
heme high-spin (NHHS) Fe' ions that were selectively
chelated by phen. When considered with the results of Lutz,
Amutha, and Pandey, the pool of NHHS Fe!l jons very likely
functions as feedstock for Fe/S cluster biosynthesis. The
associated Mossbauer parameters indicate an Fe' species with
five or six oxygen and nitrogen donors but no sulfurs. This HS
Fe''(O/N)_¢ species appears to be in equilibrium with a HS
Fe' species and with Fe' oxyhydroxide nanoparticles.'*** The
concentration of NHHS Fe'' that constitutes this pool depends
on the metabolic state of the cells from which the mitochondria
are isolated. In fermenting mitochondria, the concentration of
the NHHS Fe! was ~150 uM, whereas in respiring
mitochondria, it was much lower. Because the concentrations
of respiratory complexes are 3 times higher in respiring
mitochondria, Morales et al.'* proposed that this decline was
due to an increased rate of Fe/S cluster assembly (and an
invariant rate of import of Fe into the pool) under respiration
conditions.

Rauen et al.>® detected a labile Fe pool in mitochondria using
rhodamine-based fluorescence sensors and estimated a
concentration of ~16 uM.> It is intriguing to consider that
the same species detected by fluorescence is the NHHS Fe'
species detected by Mossbauer spectroscopy and used for Fe/S
cluster assembly. The 10-fold disparity in concentration may
reflect differences in the cells used or different metabolic
conditions.

In this study, we have detected two LMM Fe complexes in
mitochondria, Fe;;qy and Fegg,. This contrasts with our
previous results in which a single LMM Fe complex with a
mass of ~3000 Da was detected in soluble extracts of
mitochondria isolated®® from fermenting yeast cells harvested
as they entered postexponential growth. There may have been a
systematic error in calibrating masses, but we cannot identify
any. More likely, different Fe species may be present,
depending on metabolic conditions or preparation methods.

The collective concentration of Fe;;, and Fegg, in
mitochondria was ~100 pM; some chromatograms were
dominated by one Fe species, while others were dominated
by the other. Fe oy and Fegy, appear to be related, as the
former transformed into the latter by simple incubation of the
FTS for S days in a refrigerated inert atmosphere. Although
much remains to be learned regarding this relationship and the
function of these species, we tentatively suggest the following
model:
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The key feature of this relationship is that the level of Fe/S
clusters in the matrix inhibits the conversion of Fe;;q, to Fegg.
During exponential growth, the steady-state level of Fe/S
clusters is low because the clusters are quickly being installed
into various apoprotein targets. This relieves the inhibition,
such that Fejjo, levels decline and Fegy, levels rise (as
observed). As cell growth declines, the steady-state level of
Fe/S clusters builds, which strengthens the inhibition of the
transforming reaction. Thus, Fe o, accumulates, and Fegq,
declines (again as observed). This model must be tested
further; it currently serves merely to organize our results. The
role of Fe sy in mammalian cells remains unknown.

Curiously, the dominant S, Mn, Zn, and Fe (at high culture
density) species in fermenting yeast mitochondria all have
molecular masses of ~1100—1200 Da. One interesting
possibility is that all of these complexes possess a similar
coordination environment that includes sulfur as a ligand. Metal
glutathione complexes have been proposed as trafficking ligands
in eukaryotic cells.”’” Conceivably, these metal complexes
might be related to [M(SG),]*”, which would have a mass of
~1300 Da. Further studies are required to evaluate this
possibility.

Winge and Cobine reported that 70—85% of the Cu in
mitochondria is a nonproteinaceous species that serves
trafficking and/or metallating functions.**~** They considered
this species (Cuy ) to be “low-molecular weight”, but it migrates
in accordance with a 13 kDa globular protein.*” The complex
with characteristics most like those of Cuy is Cugyg. Like that of
Cusgoo, the concentration of Cuy is sensitive to the
concentration of Cu in the medium; the level of Cu increases
6-fold in cells grown in medium supplemented with 500 M
Cu.***" One difference is that Cuy is found in both yeast and
mouse liver mitochondria, while we have detected Cusgy, in
only yeast mitochondria. More of the Cu ions in mammalian
mitochondria are in a HMM form, including some Cu species
with masses near 13 kDa.

Cusggo accounted for 22% of the Cu in mitochondria (16 uM
of 71 uM total). Morales et al.'* estimated that the
concentration of cytochrome ¢ oxidase in fermenting yeast
mitochondria was ~8 uM, implying ~24 uM Cu (there are
three Cu ions per enzyme molecule). Combining these two
concentrations (16 + 24 = 40 uM) leaves ~30 uM for all other
Cu-binding proteins in mitochondria, including Sco1/2, Cox17,
CuZn SODI1, CCSI, and Cu;. Cu;, has been estimated to
represent 85% of the Cu in yeast mitochondria.** In our
preparations, this would correspond to 60 uM. The region
between 2000 and 200 Da was devoid of any peak with an
intensity corresponding to anywhere near 60 uM (observed
peaks are roughly 1/100th of this concentration).

Many studies have detected labile Cu in mitochondria, all of
which have been attributed to Cuy. Dodani et al.** developed a
fluorescent sensor (Mito-CS1) that selectively targets the
mitochondria of HEK293T cells and human fibroblasts where it
binds a labile Cu' species. Yang et al.** used a custom-designed
fluorescent sensor along with synchrotron X-ray fluorescence to
detect labile Cu in mitochondria. Their data indicate a Cu'
complex with linear or trigonal geometry and primarily sulfur
coordination.

Our experiment with phen suggests that Cugyg is labile,
raising the possibility that the fluorescence-detected labile Cu in
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mitochondria might arise from Cugy, rather than (or in
addition to) Cu;. However, the absence of Cugp, or other
LMM Cu species in mitochondria from mammalian cells would
seem to argue against this possibility. Also uncertain is the
question of whether Cugyy, (or Cuy or some other Cu-
trafficking species) is used to metalate cytochrome ¢ oxidase.
Cu is thought to be imported into the matrix via Pic2, a
mitochondrial carrier family protein.*® Cu; in the matrix has
also been suggested to metalate the Cu-containing proteins in
the IMS," but further studies are required to establish this.
Given the size of Cusg, transporting it across the IM from the
matrix to the IMS seems unlikely. The possibility that the Cu
used to metalate cytochrome c¢ oxidase travels from the cytosol
directly to the IMS should be reconsidered. Cusyy, may be just
small enough to pass through the pores of the OM. However,
further studies are needed to evaluate these ideas.

The concentrations of LMM Co species observed here were
very low, leading us to wonder whether they are physiological.
They may correspond to cobalamin degradation products,
possibly including hydrated Co ions at ~200 Da. Cobalamins
are noncovalently attached to proteins, and tiny quantities may
have been released during isolation. Alternatively, the observed
species may be trafficking complexes that metalate methyl-
malonyl-CoA mutase, the only known cobalamin-containing
mitochondrial enzyme.*® Cobalamins are not synthesized by
mammalian cells but are imported as vitamin Bj,. The
mechanism by which B;, enters mitochondria involves
trafficking proteins CblB, CbIC, and CbID.*®

The presence of a LMM Mo species (Mo,3,) in mammalian
mitochondria and its absence in yeast mitochondria are
consistent with the presence of mitochondrial amidoxime
reducing components 1 and 2 (mARC1/2) in mammalian
mitochondria and the absence of these and any other Mo-
containing enzymes in yeast. mARCI1/2 are molybdopterin-
containing proteins found in the OM of mitochondria,*’ where
they catalyze the reduction of NO,” to NO and might be
involved in a signaling pathway that regulates NADH-
dependent hypoxic NO production.”® The mass of Mo, is
within the range of molybdopterins (albeit with two pterin
coenzymes coordinated). Mo,;, may be associated with the
metalation of mARC1/2. Alternatively, it may reflect a tiny
amount of a molybdopterin released into solution during
mitochondrial isolation.

We have used the same LC—ICP-MS system to detect LMM
metal complexes in mouse brain homogenates, including
complexes found in mitochondria and other regions of the
brain."> At this early stage of investigation, we have focused
solely on identifying common species. We suggest the following
correspondences: Pu(brain) =~ Pg,o(mito), Sgye(brain)
Si100(mito), Fejsyo(brain) = Fe goo(mito), Fego(brain)
Feggo(mito), Zn;se0(brain) & Zn;s0(mito), Mn,,;o(brain)
Mn,gq0(mito), and Mn,,o(brain) & Mn,;;,(mito). More work
is needed to establish these associations.

The regulatory mechanisms used to sense the concentrations
of these metals in the environment and to control the
corresponding concentrations in the cytosol and mitochondria
are not understood. The increased concentrations of particular
LMM metal complexes when cells were grown on media that
contained higher-than-normal concentrations of the same metal
ion undoubtedly reflect such mechanisms. We suspect that (a)
the rate of import of metal into the cytosol increases with the
increase in nutrient metal concentration and (b) the increased
cytosolic metal concentration increases the rate of import of
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metal from the cytosol into the mitochondria. Systematic
studies are required to probe the specific nature of this
regulation.

In summary, we have detected numerous labile LMM metal
complexes in mitochondria using an LC—ICP-MS approach.
The major advantage of this approach, relative to the more
popular fluorescence-based metal binding probes, is that a
portion of the detected metal complexes need not be destroyed.
Keeping the complexes intact will allow for further downstream
characterizations. The LC—ICP-MS method also allows
individual metal complexes to be separated and cataloged
such that the vague “pool” concept can eventually be
discontinued. Also, the area under each chromatography peak
can be quantified, thereby allowing estimates of the metal
complex concentrations within cells and organelles.

The LC—ICP-MS approach does suffer some disadvantages,
the most important being that cells must be disrupted during
the preparation of extracts. Doing so could mix cellular
compartments, altering the pH and redox state of the
environment in which the metal complexes exist. This might,
in turn, induce ligand exchange or other reactions, resulting in
artifacts that could easily be mistaken for bona fide endogenous
metal complexes. Indeed, some metal complexes that we have
detected here might be artifacts. Both the LC—ICP-MS
approach and the fluorescence-based chelator approach will
ultimately be required to detect, catalog, identify, and
characterize the structure and function of these recalcitrant
cellular components. Doing so will afford a far more
sophisticated view of transition metal ion trafficking and
regulation in cells, which should, in turn, provide significant
new insights into metal-associated diseases.
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FTS (or FTSs), flow-through solution (or solutions); HMM,
high-molecular-mass; ICP-MS, inductively coupled plasma
mass spectrometry (or spectrometer); LC, liquid chromatog-
raphy; LC—ICP-MS, a system consisting of an LC in a
refrigerated argon atmosphere glovebox interfaced online to an
ICP-MS; LMM, low-molecular-mass; ODgg, optical density at
600 nm; SME, soluble mitochondrial extract; YLOA, YLOB,
YLOC, YLOD, and YLOE, five independent LC experiments
using mitochondria from yeast cells that were harvested at a low
ODygy and applied immediately (t = 0) to the LC column;
YLOFe, YLOCu, YLOZn, and YLOMn, same as above but with
the growth medium supplemented with 10-fold normal levels of
Fe, Cu, Zn, and Mn, respectively; YHOA, YHOB, and YHOC,
three independent LC experiments using mitochondria from
yeast harvested at a high ODy and applied immediately to the
column; YLSA, YLSB, and YHSB, three LC experiments in
which samples were applied to the LC column 5 days after
YLOA, YLOB, and YHOB, respectively, were prepared; YRLOA,
batch prepared under respiring (glycerol) conditions.
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